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ABSTRACT 

	Cordyceps militaris has emerged as a valuable medicinal fungus and sustainable alternative to endangered Ophiocordyceps sinensis. This review synthesizes current knowledge on C. militaris taxonomy, bioactive compounds, therapeutic applications, and cultivation technologies. The fungus produces valuable nucleosides, particularly cordycepin and adenosine, exhibiting anticancer, immunomodulatory, and ergogenic effects. Traditional cultivation methods have been enhanced through elicitation strategies including nutrient supplementation and environmental manipulation. Iron supplementation notably increases cordycepin production by 70%, while UV-B exposure enhances multiple bioactive compounds. Recent nanotechnology advances present promising opportunities for biofortification, with metal sulfate nanoparticles showing potential for improving fungal growth and secondary metabolite biosynthesis. However, systematic investigation of nanoparticle applications in C. militaris cultivation remains unexplored. The global cordycepin market value emphasizes the economic importance of efficient production methods. Current cultivation challenges include optimizing defined media for industrial-scale fruiting and developing standardized protocols. This review identifies significant research gaps in nanotechnology applications for medicinal mushroom cultivation and highlights opportunities for sustainable production enhancement to meet increasing global demand while supporting wild species conservation.
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1. INTRODUCTION

Mushrooms are considered an important functional food due to their extensive contributions to human health and nutrition, including roles in disease prevention and management. The famous quote by Hippocrates, “Let food be thy medicine and medicine be thy food,” underscores the importance of nutrition in disease deterrence, treatment, and overall health maintenance. In common usage, the term "mushroom" often refers to any visible fungal fruiting body, whether edible or poisonous. Mushrooms are neither plants nor animals but belong to their own kingdom called Fungi. They play crucial ecological roles as decomposers, breaking down organic matter and recycling nutrients in ecosystems. Unlike plants, mushrooms cannot photosynthesize and instead obtain nutrients by decomposing organic matter (saprophytic), parasitizing living organisms, or forming symbiotic relationships with plant roots (mycorrhizal). Mushrooms do not require access to arable land or significant capital investment, and they can be grown on substrates prepared from clean agricultural waste. Mushrooms provide nutritious food, are fast-yielding, and can also serve as a good source of income. Mushroom farming requires minimal maintenance and can be done on a part-time basis, making it a viable and attractive activity for urban, peri-urban, and rural dwellers, including women and persons with disabilities. Mushrooms can increase economic opportunities for individuals and communities by strengthening livelihood assets. Not only does successful cultivation benefit growers, but the downstream trading and transport of mushrooms can also improve livelihoods. The diversification of edible mushroom cultivation beyond just button and oyster mushrooms has given people opportunities to cultivate many other species (1). Fungi and mushrooms also provide significant environmental benefits. For example, they are often cultivated on lignocellulosic wastes (e.g. crop residues, sawmill logs), which are produced abundantly via free solar energy. If not used, these wastes would be burned and negatively impact air quality and the environment. Naturally, mushrooms are found in diverse agro-climatic environments ranging from arid regions to evergreen forests. Globally, mushrooms are a significant agricultural product. The spent substrate or compost from mushroom cultivation can be repurposed as fodder for livestock, fertilizer, soil conditioner, or even as a substrate for growing other mushroom species, and can be used for environmental bioremediation (2). In 2022, world mushroom production was about 48.3 million tonnes, while India’s production was around 280,000 tonnes (3).
In recent years, the declining income of traditional farmers has highlighted the need for diversification in agriculture. Mushroom cultivation offers such diversification by requiring very little space and being feasible for year-round indoor growth under controlled conditions. In India, mushroom cultivation is mostly seasonal for varieties like oyster, milky, and paddy-straw mushrooms, which use simple cultivation techniques. Button mushrooms have historically been grown as a seasonal crop in cooler hill climates, but improved cropping systems and technology have increased India’s annual button mushroom production from 5,000 tonnes in the 1970s to about 100,000 tonnes today. Mushroom production in India occurs in two systems: seasonal cultivation and high-tech commercial cultivation. Numerous small- and medium-scale enterprises across states such as Punjab, Gujarat, Maharashtra, Andhra Pradesh, Tamil Nadu, Goa, Haryana, and Uttarakhand now contribute approximately 85% of India’s button mushroom output, with the remaining 15% from seasonal growers. Marketing of mushrooms is still not well-organized. The sector is globally competitive and requires long-term strategies to lower production costs through good agricultural practices and mechanization of indigenous machinery. India needs to adopt technologies for better productivity - e.g. strain improvement, molecular mechanisms for lignocellulose conversion, ecosystem management, post-harvest handling, genetic conservation, market intelligence, and quality/safety standards - to further promote mushroom productivity (4).

2. Types of mushrooms

Mushrooms can be broadly divided into five categories based on their characteristics and uses: Edible, Medicinal, Psychotropic (psychedelic), Poisonous, and Bioluminescent. (Some literature also recognizes an emerging category of radio-trophic mushrooms). The bioluminescent and radio-trophic mushrooms are among the latest discovered types and are now in research focus at various countries.


2.1 Edible mushrooms
Edible mushrooms are fungi that are safe for humans to eat, coming in a wide variety of shapes, sizes, and colors. Many edible macro-fungi have fleshy fruiting bodies that make them suitable for commercialization and human consumption. Some edible mushrooms are cultivated, while others are gathered from the wild. Growing awareness of the nutritional and therapeutic value of these mushrooms has increased their inclusion in daily diets. Commonly consumed edible mushrooms worldwide include white button mushrooms (Agaricus bisporus, Agaricus bitorquis), shiitake (Lentinula edodes), oyster (Pleurotus ostreatus), paddy-straw mushroom (Volvariella volvacea), enoki (Flammulina filiformis), morels (Morchella esculenta), winter mushroom (Flammulina velutipes), milky mushroom (Calocybe indica), and black ear mushroom (Auricularia spp.), among others (5).

2.2 Medicinal mushrooms
Medicinal mushrooms are fungi used for their potential health benefits. They are often called nature’s miniature pharmaceutical factories and have been used in traditional medicine for thousands of years for their therapeutic properties. Medicinal mushrooms exhibit a broad spectrum of pharmacological activities and are used in the prevention, alleviation, or treatment of multiple diseases. They can be consumed as powdered supplements, hot-water extracts, tinctures, or incorporated into a balanced diet. Common medicinal mushrooms include reishi (Ganoderma lingzhi), shiitake (Lentinula edodes), maitake (Grifola frondosa), yarsagumba (Cordyceps sinensis), chaga (Inonotus obliquus), turkey tail (Trametes versicolor), lion’s mane (Hericium erinaceus), etc. (6). These mushrooms are believed to provide various health benefits, including immune system boosting, anti-inflammatory effects, and even anti-cancer properties.

2.3 Psychotropic (Psychedelic) Mushrooms
Psychedelic mushrooms (sometimes called “psychotropic” or colloquially “magic mushrooms” or “shrooms”) are mushrooms that can cause hallucinations and other psychoactive effects. These contain psilocybin, a compound that shows promise as a treatment for depression and other mental disorders by increasing the brain’s neuroplasticity (7). Psychedelic mushrooms form a polyphyletic informal group of fungi containing psilocybin, which binds to serotonin receptors in the brain, causing changes in perception, mood, and thought. Examples include Psilocybe semilanceata, Psilocybe cubensis, Psilocybe bohemica, Psilocybe tampanensis, Psilocybe azurescens, etc. (8). These mushrooms can also cause physical side effects such as nausea, vomiting, and anxiety.

2.4 BIOLUMINESCENT MUSHROOMS
Bioluminescent mushrooms are those that emit light in the dark due to internal chemical reactions. The light emitted is typically yellow-green (and in some cases red), resulting from the oxidation of compounds (like hispidin or luciferin) catalyzed by luciferase enzymes. Examples include Filoboletus manipularis, Panellus stipticus, Gerronema viridilucens, Mycena lucentipes, Roridomyces roridus, Neonothopanus gardneri, etc. (12,13). The pattern of luminescence can differ among species and even among different tissues of the mushroom. For instance, Mycena jingyinga is luminescent in its mycelium, Mycena luxarboricola glows in both mycelium and fruiting body, whereas Mycena kentingensis shows luminescence in the mycelium and cap (pileus) but not in the stem (stipe).

2.5 RADIO-TROPHIC MUSHROOMS
Radio-trophic fungi are an unusual group of organisms that can utilize ionizing radiation as an energy source. Radio-trophism refers to the ability of some fungi to grow towards and harness energy from sources of radiation (e.g. gamma radiation in environments such as nuclear reactors). Wild mushrooms can also serve as bioindicators of radionuclide contamination, as they tend to concentrate radioactive elements similarly to how they accumulate heavy metals from the environment. Certain fungi isolated from extremely high radiation environments exhibit high melanin content post-exposure to ionizing radiation, suggesting a role for melanin in energy capture and protection. Examples of radiation-assimilating fungi include Cryptococcus neoformans, Cladosporium sphaerospermum, Wangiella dermatitidis, etc. (14, 15). Heavily radiocontaminated mushrooms like Xerocomus badius and Russula ochroleuca have been recorded (e.g., in the Czech Republic, X. badius showed 11.8 kBq/kg of ¹³⁷Cs) (16, 17). Such fungi not only serve as bioindicators of environmental radioactivity but also have potential applications in bioremediation of radioactive wastes. Melanotic (high-melanin) fungi can harness a broad spectrum of electromagnetic radiation for their physiological processes and may be exploited to mitigate radioactive pollution. Some mushroom species known to strongly accumulate radionuclides include Xerocomus chrysenteron, Rozites caperata, Suillus variegatus, and Hydnum repandum.

3. Mushroom Cultivation: An Agri-Entrepreneurial Perspective

From an agri-entrepreneurial standpoint, mushroom cultivation represents a transformative opportunity for sustainable business development in the agricultural sector. Unlike traditional crop farming, mushroom production offers rapid returns on investment with harvest cycles as short as 4-6 weeks, making it attractive for entrepreneurs seeking quick cash flows (18). The scalable nature of mushroom farming allows agri-entrepreneurs to start with minimal capital investment in controlled environments and gradually expand operations based on market demand (19). Modern entrepreneurs are leveraging technology integration, including automated climate control systems, IoT monitoring, and precision cultivation techniques, to optimize yields and ensure consistent quality (20). The diverse market applications-from fresh produce to value-added products like dried mushrooms, extracts, and nutraceuticals-provide multiple revenue streams for entrepreneurial ventures. Additionally, the growing consumer awareness of functional foods and health benefits creates expanding market opportunities. Agri-entrepreneurs are also exploring innovative approaches such as urban farming, vertical cultivation systems, and direct-to-consumer marketing strategies, positioning mushroom cultivation as a cornerstone of modern agricultural entrepreneurship that addresses both profitability and sustainability challenges (21).

3.1. Mushrooms as Functional and Bio-Fortified Foods 
Cultivated mushrooms are highly valued for their nutritional and therapeutic benefits (22). Biofortification-enriching mushrooms with additional micronutrients - is an emerging strategy to enhance their nutritional profile and combat “hidden hunger” (micronutrient deficiencies in the human population). Micronutrient-enriched mushrooms could reduce the need for industrial supplementation and contribute to nutritional security. Edible mushrooms are suitable targets for biofortification of minerals like selenium (Se), iron (Fe), zinc (Zn), and lithium (Li), as they readily accumulate elements from their substrate (23). Agronomic practices (e.g. supplementation of mushroom substrate with mineral salts) have already achieved fast and effective biofortification in various mushroom crops. Traditional breeding for improved micronutrient content is often impractical in mushrooms due to low recombination rates and long generation times, whereas direct substrate supplementation is efficient. Advanced approaches such as nano-chelation of nutrients and the use of nano-fertilizers are being explored as future prospects for sustainable crop biofortification (24).
Selenium (Se) is an essential trace nutrient for human health, and mushrooms can be biofortified with selenium to act as a functional food source of this element. Selenium is required for the biosynthesis of various selenoproteins (e.g. thioredoxin reductase, iodothyronine deiodinase, glutathione peroxidase, selenoprotein W, selenoprotein P) that play roles in antioxidant defense, detoxification, immune modulation, anti-inflammation, carcinogenesis prevention, and even in sperm motility and thyroid function. Notably, Cordyceps militaris has been successfully biofortified with inorganic selenium (selenate [Se(VI)] and selenite [Se(IV)]), resulting in enhanced biological efficiency and a marked increase in the abundance of cordycepin and adenosine in the fruiting bodies (25). Scientist reported that selenium-enriched C. militaris showed significantly higher cordycepin and adenosine content without any reduction in fruiting body yield. The Se-biofortified C. militaris also exhibited enhanced antioxidant activity (26). Consumption of selenium-enriched mushrooms is beneficial in the prevention and adjunct treatment of various conditions, including HIV infection, immunological and neurodegenerative diseases, aging-related disorders, and cardiovascular diseases (27). Beyond Cordyceps, other mushrooms such as Pleurotus eryngii, Pleurotus ostreatus, and Pholiotanameko have been biofortified with iron (using FeCl₃·6H₂O or FeSO₄·7H₂O), offering a promising functional food to combat widespread iron-deficiency anemia (28). In a recent study, supplementing substrates with different forms of iron (including ferrous sulfate and ferric chloride) in these species significantly increased their iron content, with minimal adverse effects on mushroom growth (28).

3.2. Environmental Impact of Mushroom Cultivation 
Mushroom cultivation and production using agricultural waste significantly reduce environmental pollution. By bioconverting lignocellulosic biomass into valuable food products, mushrooms help lower the burden of crop residues on the environment. The spent mushroom substrate (SMS), which remains after harvesting the fruiting bodies, has multiple positive uses: it can enrich soils as a fertilizer or conditioner, serve as manure in horticulture, be converted to biochar or briquettes for fuel, and assist in bioremediation and wastewater treatment. SMS has a high cation exchange capacity and slow mineralization rate, which helps retain organic matter quality and soil nutrients. It can also be used as a carrier for biocontrol agents or biofertilizers, and for extracting industrial enzymes like laccases (29). The increasing production of mushrooms will concomitantly increase SMS volumes, necessitating efficient management to prevent environmental issues (e.g. water contamination from improper disposal). Recycling and cascading use of SMS in a bio-economy framework is encouraged to improve resource efficiency and reduce waste, and efforts are needed to minimize the use of non-biodegradable cultivation materials (such as plastic bags for substrates) to further reduce the environmental footprint of mushroom farming.
4. Introduction to Cordyceps
The name Cordyceps is derived from the Greek words kordýlē (κορδύλη), meaning “club,” and kephalḗ (κεφαλή), meaning “head,” referring to the club-shaped fruiting body. (The Tibetan name Yartsa Gunbu translates to “summer grass, winter worm,” reflecting its parasitic nature on insect hosts.) Cordyceps has numerous local names: Keera jadi/Keera ghas in parts of India, Chong Cao (“insect plant”) in Chinese, Yarsagumba in Nepalese, Tochukaso in Japanese, Himalayan Viagra/Himalayan Gold, etc. (30, 31).
Cordyceps has been used for revitalizing various body systems and is among the oldest traditional remedies in Tibetan (Sowa Rigpa), Chinese, and other Asian medicine systems. It has been employed as a medicinal tonic for endurance, longevity, and vitality for centuries by communities in China, Tibet, Nepal, and India. Historically, people in high-altitude regions consumed Cordyceps to help their bodies adapt to harsh mountain conditions (low temperature, low oxygen). Because of these tonic effects, Cordyceps is considered an adaptogen, believed to strengthen the immune system and reduce fatigue. In modern times, Cordyceps has gained widespread use as a medicinal mushroom with abundant natural products offering multiple biological uses. Polysaccharides extracted from C. militaris are used in skin care cosmetics as stable, safe, and effective bioactive ingredients. Cordyceps is marketed as a health and wellness supplement, and its bioactive components are incorporated into various nutraceutical products and functional foods.
Cordyceps is often described as a panacea for all ailments in ethnopharmacology and is valued as both a medicinal and edible mushroom. It possesses numerous clinically documented medicinal, nutraceutical, pharmacological, and therapeutic activities benefiting human health, giving it a broad-spectrum bioactivity profile (32). Cordyceps can be utilized as a functional food ingredient, for example in multi-functional foods aimed at reducing chemotherapy side effects (33). It is increasingly popular as a dietary supplement, particularly among athletes and fitness enthusiasts, for its potential to enhance physical performance and energy levels. Cordyceps contains several compounds that may improve oxygen uptake and endurance, and it exhibits anti-inflammatory and antioxidant effects. Notably, the composition of Cordyceps metabolites – especially cordycepin and adenosine – is thought to help the fungus survive the extreme environmental conditions of high altitudes (low temperature, low oxygen, high UV exposure) (30). The fruiting bodies of Cordyceps also contain fat-suluble and water-soluble vitamins.

4.1. Taxonomy and Life Cycle
Cordyceps militaris is classified as: Kingdom: Fungi; Phylum: Ascomycota; Class: Sordariomycetes; Order: Hypocreales; Family: Cordycipitaceae; Genus Cordyceps; Species: militaris. Within the genus Cordyceps (sensu lato) there are hundreds of described species (approximately 750 reported, though many have been reclassified into the separate genera Ophiocordyceps, Metacordyceps, etc.). In older classifications, Cordyceps was divided into subgenera based on spore morphology and stroma characteristics (34). Modern molecular phylogenetics now separates the old Cordycipitoid fungi into families Cordycipitaceae, Ophiocordycipitaceae, and Clavicipitaceae (35). C. militaris remains in Cordycipitaceae. Notably, Cordyceps sinensis was reclassified to the genus Ophiocordyceps (Ophiocordyceps sinensis), reflecting these taxonomic revisions. Cordyceps militaris, sometimes called the orange caterpillar fungus, is one of the most widely studied Cordyceps species due to its ease of cultivation and medicinal importance (36).
Cordyceps fungi have a complex life cycle with an infectious stage (parasiting a living host) and a saprophytic stage (growing on the dead host remains). After a Cordyceps spore infects a suitable insect host and evades its immune defenses, the fungus proliferates inside the host, eventually killing it. A club-like fruiting body (stroma) then emerges from the cadaver. In C. militaris, the orange-colored stromata (2-5 cm high) typically sprout from the head region of a buried insect pupa. The fruiting body consists of a fertile head (capitate tip containing perithecia) and a stem. Within flask-shaped perithecia embedded in the stroma, asci produce ascospores. Ascospores of Cordyceps are long and filamentous, often breaking into smaller part-spores. In nature, these part-spores disperse and infect new hosts (37; 38). Cordyceps can also reproduce asexually (anamorphic stage) by producing conidiospores when grown in culture. The life cycle includes meiotic (teleomorph) and mitotic (anamorph) stages with distinct morphologies.
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Fig.1. Life cycle of Cordyceps species
4.2. Morphology of C. militaris
Cordyceps militaris has a characteristic club-shaped orange fruiting body. Macroscopically, the stromata are usually 1-5 cm tall, with the top fertile portion (cap) being a deeper orange-red (around 10-30 × 5-12 mm in size) and studded with tiny perithecial dots, and the lower stem portion (3-40 × 5-10 mm) slightly paler and sterile. When cut open, the interior tissue is whitish to pale yellow. Under artificial cultivation on various substrates, C. militaris fruiting bodies maintain the bright orange coloration, whereas the wild O. sinensis fruiting body is dark brown to black with a yellow-brown caterpillar mummified base. Dried wild O. sinensis specimens weigh around 300-500 mg (39). Microscopically, C. militaris has smooth, hyaline (transparent) ascospores that are long and thread-like, often septate (with cross-walls). Its perithecia are partially embedded in the stroma and oval in shape (550-700 × 250-400 µm), each ascus being long and cylindrical (350-400 × 3-4 µm) and containing eight ascospores that fragment into multitudes of part-spores 3-7 × 1-1.2 µm in size (40). In culture, the mycelium of C. militaris starts as a cream-white fluffy growth and becomes orange or yellowish-red and densely woolly when the fungus begins to form fruiting structures (41; 42).

4.3. Geographical Distribution
Cordyceps militaris is found in humid temperate and subtropical regions of the Northern Hemisphere, including East and Southeast Asia, Europe, and North America. It is reported from countries such as China, Nepal, India, Bhutan, Thailand, Vietnam, Korea, Japan, and parts of Europe (31). Cordyceps species are closely associated with the distribution of their insect hosts, typically occurring in alpine and subalpine grasslands at elevations of 3500–5000 m (for O. sinensis) and in lower altitude forested areas for C. militaris. Ophiocordyceps sinensis (the caterpillar fungus) is mainly found on the Tibetan Plateau (in provinces like Sichuan, Qinghai, Yunnan, Gansu, Tibet of China, and neighboring Himalayan regions). Over 60 Cordyceps-related species are documented in China, but C. sinensis and C. militaris are the most commercially and medicinally important (42). In Nepal, Cordyceps collection occurs in at least 27 high-Himalayan districts (Dolpa, Bajhang, Manang, Mustang, Gorkha, etc.). In India, Cordyceps species (primarily O. sinensis) are found in alpine meadows of Uttarakhand (Kumaon and Garhwal Himalayas), Himachal Pradesh, Sikkim, and Arunachal Pradesh at 3200-4500 m altitude (43; 44; 45). Overharvesting of wild Cordyceps in some regions has led to sharp declines in natural populations and raised conservation concerns (43). The rush to collect yarsagumba each spring has also caused environmental damage (soil erosion, litter, campfire impacts) in fragile alpine ecosystems (44). The occurrence of C. militaris itself has been recorded in thousands of geo-referenced locations (e.g., over 7,600 records in the GBIF database, 2023), reflecting its broader distribution compared to O. sinensis (46).

4.4. Historical Records
The use of Cordyceps has been documented for about 2000 years. According to some sources, Himalayan herders may have first observed the effects of Cordyceps 1,500 years ago, noticing that yak and cattle became energetic after grazing on grass-like fungi later identified as Cordyceps (47; 39). Cordyceps is mentioned in the 1st-century Chinese text ShennongBencao Jing (“Divine Farmer’s Herb Root Classic”) and in the 15th-century Tibetan Sowa-Rigpa medical texts by Nyamnyi Dorje (1439-1475) (48). It appeared in the 1694 Chinese Ben-Cao-Bei-Yao and a scientifically credible description was included in Wu Yiluo’s 1757 Ben Cao Cong Xin (“New Compilation of Materia Medica”) (49). Cordyceps was introduced to the West in the 1700s; Carl Linnaeus first described it as Clavaria militaris in 1753, and later Elias Fries named it Cordyceps militaris in 1818. Cordyceps gained international fame in 1993 when three Chinese female athletes broke world records in distance running and attributed their performance in part to Cordyceps supplementation (50; 51). Subsequent research suggested Cordyceps might improve aerobic performance by enhancing oxygen utilization and blood flow, increasing maximal oxygen consumption (VO₂ max) and delaying fatigue (50). Despite its long history of use, Cordyceps remains an active area of research to fully validate its health benefits and understand any risks. It is generally considered safe for most people when used as directed, though potential side effects or drug interactions should be noted.

4.5. Traditional Use of Cordyceps
Traditional healers have long claimed that Cordyceps consumption improves energy, stamina, libido, and sleep patterns. In countries like China, Japan, Korea, India, and Nepal, various Cordyceps species were used as folk remedies for a wide range of ailments. For example, in traditional Chinese medicine (TCM), Cordyceps is used as a general tonic and to treat fatigue, respiratory illnesses, renal and hepatic disorders, hyperglycemia, and sexual dysfunction (21). It has been used for over 400 years in China, with 21 distinct ailments reportedly treated by Cordyceps formulations (52). Local practitioners in North Sikkim (India) use wild Cordyceps for conditions like erectile dysfunction, general weakness, as a female aphrodisiac, for infertility, tumors, liver and kidney diseases, low blood pressure, backache, and coronary heart disease (39). This diverse range of traditional uses hints at the broad pharmacological potential of Cordyceps, which modern science is gradually validating through bioactive compound research.
Ascomycete Cordyceps mushrooms have a long history of use in Asian ethnomedicine due to their adaptogenic and tonic properties, as well as their capacity to reduce fatigue and boost the human immune system. Cordyceps militaris in particular is considered a potent substitute for the rarer Ophiocordyceps sinensis because of its similar medicinal properties and chemical composition. Over-harvesting of wild O. sinensis (known as “yarsagumba”) in the arid alpine regions, combined with its parasitic dependence on moth larvae in high-altitude habitats, has led to O. sinensis being designated as a vulnerable species (IUCN Red List, 2019) and listed in China’s Biodiversity Red List, 2018 (53). Cultivating C. militaris domestically is an ecologically sustainable alternative to wild collection of O. sinensis, helping to meet market demand for Cordyceps while reducing environmental damage and preserving biodiversity. Since C. militaris produces many of the same bioactive compounds as the threatened O. sinensis, its cultivation can relieve pressure on wild populations and provide similar health benefits.

5. Bioactive Compounds of Cordyceps militaris

Cordyceps species produce a plethora of secondary metabolites during infection of the host and in culture, many of which have potent bioactivities beneficial to human health. C. militaris, in particular, is known to contain a variety of compounds including nucleosides (especially cordycepin and adenosine), other nucleotides like guanosine, polysaccharides (e.g., beta-glucans and exopolysaccharides), proteins such as cordymin, cyclic peptides, ergosterol (provitamin D₂), mannitol (historically called “cordycepic acid”), unsaturated fatty acids, γ-aminobutyric acid (GABA), phenolic acids and flavonoids, and biominerals (elements) like magnesium, potassium, selenium, and sulfur (54; 55). Notably, the concentrations of cordycepin and adenosine in cultivated C. militaris are higher than those found in wild C. sinensis, which is a major reason C. militaris is considered an excellent alternative for harvesting these bioactives.

5.1. Adenosine – Molecule of Interest
Adenosine (chemical formula: C₁₀H₁₃N₅O₄) is a nucleoside consisting of the purine base adenine attached to a ribofuranose sugar via a β-N9-glycosidic bond. It is an endogenous purine that plays crucial roles in cellular energy transfer (e.g., as part of ATP/ADP) and signaling. Extracellularly, adenosine modulates physiological activity by engaging G-protein-coupled adenosine receptors. Adenosine and its derivatives from Cordyceps have been reported to exhibit antitumor and anti-cancer activities, often through pathways involving adenosine signaling and induction of autophagic cell death (56). Clinically, adenosine itself is used as an anti-arrhythmic agent (for certain supraventricular tachycardias) and has cardioprotective effects. It has a very short half-life (<10 seconds in circulation). Adenosine can act as an analgesic (pain reliever) without causing loss of consciousness and is a known vasodilator (via A₂A adenosine receptor activation). It also has anti-platelet and anti-inflammatory actions mediated through A₂ receptors. On the other hand, in chronic pulmonary diseases like COPD and asthma, adenosine may act as a pro-inflammatory mediator. The presence of adenosine in Cordyceps is one indicator of quality, and this compound likely contributes to some of Cordyceps’ pharmacological effects (e.g., improving circulation and modulating inflammation). Adenosine content is often used as a standard for evaluating Cordyceps products because of its consistent presence and bioactivity (56).
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Picture 1 : Adenosine

5.2. Cordycepin
Cordycepin (3′-deoxyadenosine, also abbreviated as 3′-dA or COR) is the signature bioactive compound of Cordyceps militaris, first isolated in the 1950s (57). It is a water-insoluble nucleoside with molecular formula C₁₀H₁₃N₅O₃ (mol. weight: 251.24 Da) and is structurally an analog of adenosine, lacking a hydroxyl group at the 3′ position of the ribose ring. The structure of cordycepin is identical to adenosine except for the absence of the 3′-OH on the ribose. This seemingly small difference has major biochemical implications: because many enzymes cannot distinguish cordycepin from adenosine, cordycepin can be incorporated into RNA chains or interact with metabolic pathways, but the missing 3′-OH prevents further elongation or proper binding, thereby interfering with nucleic acid synthesis and other cellular processes. 
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Picture 2 : Cordycepin (3-Deoxyadenosine)
For instance, cordycepin (especially in its 5′-mono-, di-, or triphosphate forms) inhibits key enzymes in purine biosynthesis, such as 5-phosphoribosyl-1-pyrophosphate amidotransferase and ribose-phosphate pyrophosphokinase, effectively down-regulating purine production (21). It also can terminate RNA chain elongation prematurely, as it can be incorporated in place of adenosine but lacks the 3′-OH needed for the next phosphodiester bond (leading to chain termination in RNA/DNA). Cordycepin has been shown to inhibit heterogeneous nuclear RNA polyadenylation in HeLa cells at ~50 μg/mL, and it can inhibit 45S ribosomal RNA synthesis in eukaryotic cells (58).
Cordycepin exhibits a wide range of pharmacological activities. It is reported to be antitumor, anti-leukemic, antimetastatic, antibacterial, antiviral, immunomodulatory, anti-inflammatory, neuroprotective, anti-diabetic, anti-obesity, anti-aging, and anti-senescent, among other effects (59; 60; 61). It also shows antiparasitic activity (e.g., anti-trypanosome). The global market price of pure cordycepin is very high (approximately USD $440,000 per kilogram in 2022), reflecting its value and demand (60). Recently, cordycepin has garnered attention for its antiviral properties- for example, studies suggest cordycepin can enhance comprehensive treatment of COVID-19 by inhibiting viral replication and modulating immune responses (62).  This broad spectrum of bioactivity makes cordycepin a promising therapeutic molecule, and it is the primary reason Cordyceps is extensively studied in pharmaceutical contexts.
Traditionally, cordycepin was obtained by extraction from wild-harvested Cordyceps fruiting bodies, which occur in small amounts and made cordycepin extremely expensive. This has driven the development of artificial cultivation and fermentation techniques to produce cordycepin more efficiently. Several studies have focused on enhancing cordycepin production by optimizing cultivation conditions. For example, mutagenesis and strain improvement efforts led to a high-producing strain (C. militaris mutant G81-3) that yielded up to 14.3 g/L cordycepin in surface culture (63). Media supplementation strategies have also proven effective. The addition of specific amino acid precursors (such as adenine, adenosine, glycine, or glutamine) can significantly increase cordycepin yield by providing building blocks for its biosynthesis (64). Scientists achieved 2.5 g/L cordycepin in surface culture with 1 g/L adenine and 16 g/L glycine (65), while (30) reported an increase from 6.69 g/L to 8.57 g/L cordycepin (~28% boost) by adding 6 g/L adenosine to the medium. In submerged (liquid) culture, trace mineral supplementation has dramatic effects on cordycepin biosynthesis. It was found that adding 1 g/L ferrous sulfate (FeSO₄·7H₂O) at inoculation increased cordycepin production by 70% (reaching 596.6 mg/L vs. 350 mg/L in control) (66). This was the most effective among several metal ions tested, as Fe²⁺ likely acts as a cofactor in enzymes of the purine synthesis pathway, upregulating cordycepin’s biosynthetic route. In the same study, Fe supplementation also altered purine pathway gene expression (significantly upregulating adenylosuccinate synthetase). Manganese (Mn²⁺) at low levels (0.1 mM) was reported to stimulate cell growth and the synthesis of nucleosides like adenosine and guanosine, which could in turn favor cordycepin production. By contrast, zinc (Zn²⁺) had varying effects: one report documented that ZnSO₄ supplementation promoted C. militaris mycelial growth and increased cordycepin content by approximately 35% (67), yet Fan et al. observed that Zn²⁺ at certain concentrations dramatically reduced cordycepin production, indicating a potential inhibitory effect. These discrepancies suggest that the impact of Zn may depend on its concentration and the specific growth conditions. Copper (Cu²⁺), another micronutrient, was found to inhibit certain enzymes in Cordyceps; for instance, a novel fibrinolytic enzyme from C. militaris showed increased activity with Mg²⁺ and Fe²⁺ but was inhibited by Cu²⁺ ions. This implies that excessive Cu²⁺ might be detrimental to Cordyceps metabolism, though optimal low levels could potentially act as an elicitor. In addition to chemical additives, physical factors like light can influence metabolite yields: for example, exposure of C. militaris to ultraviolet-B (UV-B) light for 2 hours was shown to increase the content of vitamin D₂ (by conversion from ergosterol) and significantly increase adenosine, cordycepin, and ergothioneine levels by 32-128% (68). Similarly, the plant growth regulator naphthalene acetic acid (NAA) was recently found to significantly improve cordycepin yield while inhibiting mycelial biomass, with transcriptomic analysis revealing upregulation of purine metabolic genes under NAA treatment (62) In that study, an optimal NAA concentration roughly doubled the cordycepin content relative to control (62). Moreover, using mineral-rich water sources can boost yields: deep ocean water (DOW) containing high Mg²⁺, Ca²⁺, and other minerals nearly doubled cordycepin production in C. militaris fruiting bodies (from 6.6 to 11.4 mg per g dry weight). Proteomic analysis indicated that DOW stimulated glycolysis and the pentose phosphate pathway, providing more ATP and nucleic acid precursors, thereby enhancing cordycepin biosynthesis (69). These findings collectively highlight that environmental and nutritional factors have a profound impact on cordycepin (and adenosine) biosynthesis in Cordyceps, and strategic “elicitation” can dramatically increase production of these target compounds.

5.3. Pentostatin and Other Notable Compounds
In addition to cordycepin and adenosine, C. militaris can produce other significant bioactive compounds. Pentostatin (also known as 2′-deoxycoformycin), a purine analog with the formula C₁₁H₁₆N₄O₄, is a potent anticancer and immunosuppressive drug (an adenosine deaminase inhibitor) traditionally sourced from bacteria. Interestingly, researchers have managed to produce pentostatin using Cordyceps: (70) cultivated a genetically modified C. militaris on Hypsizygus marmoreus SMS (spent medium) and achieved pentostatin production. This showcases Cordyceps’ biosynthetic versatility. Pentostatin has been used in the treatment of certain leukemias and lymphomas (71) and its production via fungal fermentation could open new avenues for biotechnological production of pharmaceuticals.
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6. Cultivation and Enhancement of Cordyceps militaris Production
Several papers report the use of cereal grains and millets a as substrates for the cultivation of the Cordyceps militaris. Various grains like rice, wheat, jowar, bajra, maize, sugarcane bagasse etc., have been used in several studies for the solid-state fermentation. The increase in adenosine and cordycepin content derived from the mushroom grown on these substrates provides a commercial interest.   
6.1. Traditional and Elicitation Strategies
Given the high value of cordycepin and adenosine, significant efforts have been devoted to developing efficient cultivation methods for C. militaris. C. militaris can be grown both in liquid fermentation (submerged culture) and on solid substrates (solid-state culture), including synthetic media, grains, and insect-based substrates. Researchers have experimented with silkworm pupae and other insect residues as natural substrates to mimic the fungus’s wild habitat (37). Sericulture waste (spent silkworm rearing materials) has shown promise as a substrate component, potentially providing an added income stream for silk farmers and valorizing agro-waste. However, achieving fruiting body formation on purely defined artificial media has been challenging, and no universally optimal defined medium has been reported so far for C. militaris fruiting on an industrial scale. C. militaris does grow on various cereal grains (rice, wheat, etc.) and agar media for laboratory purposes, but yield and consistency can be issues. There is ongoing research to screen and improve germplasm (different C. militaris strains) for higher metabolite production and to optimize culture conditions (temperature, light, aeration, nutrient composition) for maximal cordycepin yield.
According to a study, post-harvest UV-B exposure is one simple method to enhance certain nutrients in C. militaris: a 2-hour UV-B treatment boosted vitamin D₂ content from essentially 0 to up to 1.11 mg/g in fruiting bodies (by converting ergosterol to vitamin D₂) and concurrently increased adenosine, cordycepin, and ergothioneine levels significantly (68). This indicates that controlled stressors can induce C. militaris to produce more secondary metabolites (possibly as a protective response).
6.2. Spent Mushroom Substrate (SMS) of Cordyceps
In the context of C. militaris, after harvesting fruiting bodies, the residual mycelial substrate still contains valuable compounds. Studies suggest that C. militaris mycelial biomass left after cordycepin extraction could be used as a nutraceutical ingredient itself (for polysaccharides, etc.) or as a substrate for producing other products like pentostatin (70). In India, integrating Cordyceps cultivation with sericulture waste management is being explored to create a sustainable circular economy – using silkworm litter to grow Cordyceps, and then using Cordyceps SMS as fertilizer or feed (37). This approach could support rural communities and add value to existing agricultural practices.
6.3. Nanotechnology in Mushroom Cultivation
In recent years, the use of nanoparticle-based supplements has emerged as an innovative approach to further improve mushroom growth and bioactive compound yield. According to reports, nanotechnology applications in agriculture have increased significantly in the past few years (72). The extremely small size of nanoparticles can improve the delivery and bioavailability of nutrients or elicitors to fungal cells, potentially enhancing absorption and reducing the quantities needed. Research on edible mushrooms suggests that certain nanoparticle treatments can positively affect mycelial growth, yield, and metabolite synthesis. For instance, zinc sulfate nanoparticles added to oyster mushroom (Pleurotus florida) cultivation improved growth and productivity compared to conventional zinc supplements (72). Similarly, selenium nanoparticles were used to fortify Pleurotus ostreatus, resulting in higher Se content and improved antioxidant profiles (73). Our own preliminary studies (unpublished) have shown that specific nanoparticle treatments (e.g., nano-Fe and nano-Zn) can stimulate the mycelial growth and fruiting body development of other edible mushrooms. However, to date no such nanoparticle elicitation study has been reported in Cordyceps militaris. It is quite possible that applying iron, copper, or zinc in nanoparticle form could similarly influence C. militaris - potentially enhancing its growth dynamics and elevating the levels of bioactive metabolites like cordycepin and adenosine. The rationale is that nanoparticles might more readily penetrate fungal cells or release ions in a more controlled manner, thereby activating biosynthetic pathways or enzyme systems related to secondary metabolite production. We hypothesize that the use of metal sulfate nanoparticles (FeSO₄, CuSO₄, ZnSO₄) will enhance the cordycepin and adenosine content in Cordyceps militaris by improving micronutrient uptake and possibly inducing stress responses that up-regulate the corresponding biosynthetic genes. This hypothesis and its investigation form the basis of the present study’s focus.
Overall, the literature indicates that Cordyceps militaris is a fungus of high medicinal significance, and numerous biotechnological interventions – from nutrient supplementation (including metal ions and now nanoparticles) to physical elicitation (light, etc.) - can be employed to enhance its production of target compounds like cordycepin and adenosine. Developing an optimal combination of these strategies (e.g., enriched media + elicitors like metal sulfate nanoparticles + controlled environmental cues) could pave the way for economically viable, large-scale production of cordycepin and adenosine, meeting the growing demand for these compounds in pharmaceutical and nutraceutical markets. The current study aims to contribute to this effort by systematically evaluating the effect of iron, copper, and zinc sulfate nanoparticles on the growth of Cordyceps militaris and the biosynthesis of cordycepin and adenosine, thereby advancing the scientific understanding and practical methodologies for Cordyceps cultivation and biofortification.
7. Biological Activity and Therapeutic Potential
Modern pharmacological studies have confirmed many of the traditional claims and uncovered new potential therapeutic applications for Cordyceps. Cordyceps is reported to relieve fatigue and promote longevity, and exhibits a myriad of therapeutic effects: analeptic (stimulating), anti-aging, antibiotic, anti-cancer, anti-diabetic, anti-depressant, anti-fungal, anti-metastatic, anti-microbial, anti-oxidant, anti-proliferative, anti-protozoal, anti-tumor, antiviral, aphrodisiac (enhancing sexual function by regulating steroidogenesis and spermatogenesis), ergogenic (enhancing physical performance), hypoglycemic (blood sugar-lowering), hypocholesterolemic, hypotensive (blood pressure-lowering), hepatoprotective, nephroprotective, immunomodulating (both immune-boosting and immunosuppressive effects reported), pro-apoptotic (in cancer cells), and vasorelaxant, among others (37; 59; 20; 61; 74; 75; 41; 76). Such a wide spectrum suggests Cordyceps could be a poly-pharmacological agent, affecting multiple targets in the body. Indeed, Cordyceps has significant potential as a naturopathic adjunct or integrative therapy (77).
Specifically, Cordyceps has shown promise in respiratory ailments (reducing chronic bronchitis symptoms, as noted in TCM), in asthma (as an inhalational or oral supplement improving lung function), and even in influenza management due to its antiviral components. Studies on animals and cell lines have demonstrated anticancer effects of Cordyceps extracts and isolated compounds. For instance, aqueous extracts of C. militaris induced cell-cycle arrest at G₂/M phase and apoptosis in human tumor cell lines by upregulating p53/p21 and activating caspases 8, 9, and 3 (78). In vivo, researchers showed that oral administration of C. militaris extract to nude mice implanted with human small-cell lung cancer (NCI-H460) significantly reduced tumor size and prolonged survival, indicating Cordyceps’ efficacy against tumors in an animal model (79). Cordycepin itself triggers apoptosis in leukemia cells via a ROS (reactive oxygen species)-mediated pathway, involving mitochondrial dysfunction and caspase activation, ultimately leading to PARP cleavage and cell death (80).
Cordyceps also shows potential in metabolic disorders. Researchers found that C. militaris extracts significantly lowered blood glucose levels in diabetic rats and also reduced total cholesterol and triglyceride levels, suggesting an antidiabetic and cholesterol-lowering effect (81). Polysaccharides isolated from Cordyceps, such as CPS-1, have demonstrated strong antioxidant activities (82, 83). One such polysaccharide, named CP70, showed potent free-radical scavenging ability (84). These antioxidants could help in treating diseases related to oxidative stress.
From an immunological perspective, Cordyceps can regulate cytokine expression. Extracts from C. militaris have been shown to increase IL-18 and IFN-γ levels in murine immune cells (30, 85, 86, 87, 88). This suggest properties that activate the Th1 immune response, may help with cancer prevention or managing infectious diseases (30, 86, 87). Research indicates that Cordyceps extract boosts IL-18 gene transcription in mouse brain and liver tissues while increasing IFN-γ production in macrophage cell cultures. This highlights its role as an immune booster or adjuvant, which may support anti-tumor immune responses (89). Cordyceps also affects inflammatory processes; notably, cordycepin can inhibit NF-κB pathway activation, leading to reduced production of pro-inflammatory factors. This mechanism accounts for the anti-inflammatory and possibly anti-autoimmune effects observed in various experimental models (30, 89, 90).
The net result is that Cordyceps spp. (and their purified constituents like cordycepin) show immense possibility for development into treatments or supplements for a range of conditions, from cancer and chronic diseases to metabolic and immune disorders (30, 90). However, dosage, bioavailability, and long-term safety are aspects that require further research. The ongoing interest and growing body of literature reflect Cordyceps’ promising role in modern complementary medicine (30, 85, 89).
8. Environmental Concerns 
It is important to note that the booming trade in wild Cordyceps (especially O. sinensis in the Himalayas) has led to ecological and social issues (44, 91). Unregulated harvesting has damaged fragile alpine ecosystems, leading to soil erosion and loss of biodiversity (60, 92, 93). Seasonal influxes of collectors camping in alpine meadows result in pollution and habitat disturbance. Thus, cultivating C. militaris not only provides a sustainable supply for medicinal use but also helps protect the environment and the livelihoods of local communities by offering an alternative to wild harvesting (60).
9. Future Prospects
Future studies could delve into transcriptomic and proteomic profiling to elucidate the precise molecular mechanisms and regulatory genes activated by nanoparticle exposure. In particular, understanding how these nanoparticles influence purine metabolism, reactive oxygen species signaling, and stress-response pathways can help tailor strategies for maximizing metabolite yield. Additionally, the role of nanoparticles in enhancing antioxidant and immunomodulatory properties of Cordyceps militaris could offer new therapeutic avenue.
Another exciting approach includes the integration of these findings into bioreactor-based cultivation and smart farming systems, using sensors and AI to monitor and adjust nanoparticle delivery in real-time. Environmental risk assessments and biosafety validations will also be essential to ensure that nanoparticle-enriched mushrooms are safe for long-term human consumption. Ultimately, this study provides a solid foundation for nanobiotechnology-driven advancements in mushroom biofortification, therapeutic compound synthesis, and sustainable nutraceutical development.
10. Conclusion
Cordyceps militaris represents a paradigm of sustainable biotechnology that addresses contemporary challenges in medicine, agriculture, and environmental conservation. This review demonstrates that C. militaris serves as an exceptional substitute for endangered O. sinensis, offering comparable therapeutic benefits while supporting biodiversity conservation through reduced pressure on wild populations. The fungus's remarkable ability to produce high concentrations of cordycepin and adenosine, compounds with proven anticancer, immunomodulatory, and ergogenic properties, positions it as a cornerstone in the rapidly expanding functional foods and nutraceuticals industry. Cultivation enhancement strategies reveal significant opportunities for optimizing bioactive compound production through strategic interventions, with iron supplementation achieving 70% increases in cordycepin production and UV-B exposure enhancing multiple therapeutic compounds. The emerging field of nanotechnology applications presents unprecedented opportunities for advancing C. militaris production systems, though systematic investigation of nanoparticle applications remains largely unexplored. From an environmental perspective, C. militaris production offers sustainable solutions to ecological damage caused by overharvesting while utilizing agricultural waste substrates and creating additional revenue streams. However, critical research gaps require immediate attention, including development of standardized chemically defined media for industrial-scale production and comprehensive safety assessments of nanotechnology applications. Nanotechnology-driven cultivation of C. militaris can reduce dependence on endangered O. sinensis, contributing to biodiversity conservation and sustainable nutraceutical markets. Future research should integrate genomic and transcriptomic approaches to understand molecular mechanisms underlying bioactive compound biosynthesis. The strategic application of advanced cultivation technologies, particularly nanotechnology-enhanced systems, holds the key to unlocking the full potential of this extraordinary medicinal fungus, creating sustainable solutions that benefit human health while preserving natural ecosystems.
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