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Advances in Oyster Mushroom spawn production: Substrate innovations and Emerging applications of Nanotechnology
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ABSTRACT 

	Oyster mushroom (Pleurotus spp.) cultivation is a sustainable approach for converting agricultural wastes into nutritious food. This review highlights spawn production using various grain and non-grain substrates, emphasizing the role of nutrient composition and carbon-to-nitrogen ratio in mycelial growth. Grain substrates, particularly pearl millet and maize, showed superior performance due to balanced nutrients. Factors affecting spawn quality, including moisture, sterilization, and inoculum quality, are discussed. The application of nanotechnology, especially nanoparticles such as ZnO and Ag, demonstrates significant potential in enhancing mycelial growth, yield, biofortification, and antimicrobial activity. Integrating these approaches can improve productivity and sustainability in oyster mushroom cultivation systems.
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INTRODUCTION
Mushroom cultivation has emerged as an important agro-based industry due to its ability to convert lignocellulosic agricultural wastes into nutritionally rich food products. Among edible mushrooms, oyster mushroom (Pleurotus spp.) is widely cultivated across the world because of its rapid growth, high biological efficiency, and minimal environmental requirements (Chang, S. T. & Miles, P. G., 2004; Royse, D. J. et al., 2017, Kapoor, 2017; Gupta et al., 2018). Oyster mushrooms are rich in proteins, vitamins, minerals, and bioactive compounds, making them a valuable functional food with medicinal properties (Adebayo, E. A. & Oloke, J. K., 2014, Kumari & Achal, 2013). Their ability to grow on a wide range of substrates, including agricultural residues such as straw, sawdust, and agro-industrial wastes, further enhances their economic and ecological significance (Philippoussis, A., 2009; Zhang, R. et al., 2014; Fan et al., 2000; Moda et al., 2005; Siqueira et al., 2011).
A critical component in mushroom cultivation is spawn, which serves as the planting material for inoculating the production substrate. Spawn consists of actively growing mycelium on a suitable carrier material and directly influences the rate of substrate colonization, contamination resistance, and ultimately the yield of mushrooms (Stamets, P., 2000). Traditionally, cereal grains such as wheat, sorghum, and maize have been widely used for spawn production due to their rich nutrient content and ease of handling (Royse, D. J. et al., 2017). However, reliance on conventional substrates presents challenges such as increased production cost, limited availability, and susceptibility to contamination, prompting the exploration of alternative substrates.
Recent studies have demonstrated that alternative substrates such as pearl millet, cocopeat, vermicompost, and sawdust can effectively support mycelial growth and spawn development (Girmay, Z. et al., 2016; Hoa, H. T. et al., 2015). Among these, pearl millet has shown superior performance due to its balanced nutrient composition and favorable physical properties, which facilitate faster colonization and reduced contamination (Patel, Y. et al., 2019). The use of such alternative substrates not only reduces production costs but also contributes to sustainable agricultural practices by utilizing locally available materials.
In addition to substrate innovation, emerging technologies such as nanotechnology are gaining attention for their potential to enhance mushroom cultivation. Nanotechnology involves the manipulation of materials at the nanoscale (1–100 nm), where unique physicochemical properties can be exploited for biological applications (Singh, M. et al., 2018). Nanoparticles, particularly metal oxides like zinc oxide (ZnO) and copper oxide (CuO), have been reported to influence microbial growth, enzyme activity, and nutrient uptake even at very low concentrations (Sharma, V. K. et al., 2020). Their antimicrobial properties also help in reducing contamination during spawn production (Rai, M. et al., 2016).
Despite these advancements, the integration of nanotechnology in mushroom cultivation is still at an early stage, and concerns regarding nanoparticle toxicity and environmental safety need to be addressed (Kahru, A. & Dubourguier, H. C., 2010). Therefore, a comprehensive understanding of substrate optimization and nanotechnology applications is essential for developing efficient and sustainable spawn production systems.
This review aims to critically analyze different substrates used in oyster mushroom spawn production and evaluate the role of nanotechnology in enhancing growth, yield, and quality, while also addressing potential risks and future research needsSeveral studies have evaluated substrate efficiency and reported significant variation in growth and yield depending on substrate composition (Obodai et al., 2003; Shah et al., 2004; Pathmashini et al., 2008; Ahmed et al., 2009; Sarker et al., 2007).
BIOLOGY AND CULTIVATION OF OYSTER MUSHROOM
Oyster mushrooms (Pleurotus spp.) belong to the phylum Basidiomycota and are among the most widely cultivated edible fungi due to their adaptability and efficient lignocellulosic degradation capabilities (Chang & Miles, 2004). They are saprophytic in nature, growing on a wide range of organic substrates such as agricultural residues, wood logs, and industrial wastes. Their ability to produce extracellular enzymes like cellulases, ligninases, and hemicellulases enables them to break down complex plant materials into simpler compounds for nutrition (Philippoussis, 2009Das & Mukherjee, 2010). Various agro-wastes such as weed plants, paper waste, and agricultural residues have been successfully used for cultivation (Baysal et al., 2003; Das & Mukherjee, 2010; Bhattacharjya et al., 2014). Supplementation strategies further enhance yield and biological efficiency (Banik & Nandi, 2004; Patil et al., 2010; Yadav et al., 2016).
Morphologically, oyster mushrooms are characterized by a shell- or oyster-shaped cap, which may vary in color from white to grey or brown depending on the species. The fruiting body typically has a short or absent stipe and decurrent gills that extend down the stem. The spores are produced on basidia located on the gills and are usually white or lilac in color (Stamets, 2000). The vegetative stage consists of a network of hyphae that form the mycelium, which colonizes the substrate and plays a critical role in nutrient absorption.
The life cycle of Pleurotus spp. involves several stages, beginning with spore germination under favorable environmental conditions. The germinated spores develop into monokaryotic hyphae, which fuse to form dikaryotic mycelium. This dikaryotic mycelium is responsible for substrate colonization and eventually gives rise to primordia under suitable environmental stimuli such as changes in temperature, humidity, light, and aeration. These primordia further develop into mature fruiting bodies (Royse et al., 2017).
The cultivation of oyster mushrooms is relatively simple compared to other edible fungi, making it suitable for both small-scale and commercial production. Optimal growth conditions include a temperature range of 20–30°C, relative humidity of 70–90%, and a pH between 6.0 and 7.5 (Hoa et al., 2015). Adequate ventilation is also essential to prevent the accumulation of carbon dioxide, which can inhibit proper fruiting body development.
Oyster mushrooms can be cultivated on a wide variety of substrates such as wheat straw, rice straw, sawdust, and other lignocellulosic materials. The choice of substrate significantly influences growth rate, yield, and nutritional quality (Zhang et al., 2014). The cultivation process typically involves substrate preparation, sterilization or pasteurization, inoculation with spawn, incubation for mycelial colonization, and finally fruiting under controlled environmental conditions.
Overall, the biological efficiency and ease of cultivation of oyster mushrooms make them an ideal candidate for sustainable food production and waste recycling systems.
SPAWN: CONCEPT, TYPES and IMPORTANCE
Spawn is the vegetative inoculum of mushrooms, consisting of a substrate colonized by actively growing mycelium of Pleurotus spp., and it serves as the “seed” for mushroom cultivation (Stamets, 2000). The quality of spawn is crucial, as it directly influences the rate of colonization, yield, and overall success of mushroom production (Royse et al., 2017).
Different types of spawn are used based on substrate and cultivation practices. Grain spawn (e.g., wheat, sorghum, maize, pearl millet) is the most commonly used due to its high nutrient content and rapid mycelial growth. Sawdust spawn is widely used in log cultivation and is preferred for its low cost and longer shelf life. Plug spawn, prepared using wooden dowels, is mainly used for outdoor log cultivation. Liquid spawn, consisting of mycelium suspended in a nutrient broth, allows rapid and uniform inoculation but requires advanced handling techniques (Chang & Miles, 2004).
The importance of spawn lies in its ability to ensure uniform distribution of mycelium, reduce contamination risk, and accelerate substrate colonization. High-quality spawn leads to improved biological efficiency and consistent yields, making it a fundamental component in commercial mushroom production systems (Royse et al., 2017).
SPAWN PRODUCTION METHODOLOGY
Spawn production is a critical step in oyster mushroom cultivation, as it directly influences the rate of mycelial colonization, contamination resistance, and overall yield. Spawn refers to a carrier material, typically cereal grains or other substrates, that has been fully colonized by actively growing mycelium of Pleurotus spp. (Stamets, 2000). The preparation of high-quality spawn requires careful attention to substrate selection, preparation, sterilization, inoculation, and incubation under controlled conditions.
SELECTION OF SUBSTRATE
The choice of substrate plays a vital role in determining the quality of spawn. Traditionally, cereal grains such as wheat, sorghum, and maize are widely used due to their high carbohydrate content, good water absorption capacity, and ease of handling (Royse et al., 2017). These grains provide essential nutrients required for rapid mycelial growth. However, alternative substrates such as pearl millet, sawdust, cocopeat, and vermicompost have gained attention due to their cost-effectiveness and availability (Girmay et al., 2016). Among these, pearl millet has been reported to support faster colonization due to its balanced nutrient profile and favorable grain structure (Patel et al., 2019).
SUBSTRATE PREPARATION
The selected grains or substrates are first cleaned thoroughly to remove dust, debris, and damaged particles. The substrates are then soaked in water for 12–24 hours to ensure adequate hydration. Soaking facilitates uniform moisture absorption, which is essential for mycelial growth. After soaking, the grains are boiled for 15–20 minutes until they become soft but not overly cooked. Proper boiling ensures that the grains retain their structure while becoming sufficiently moist.
Following boiling, excess water is drained, and the grains are spread to remove surface moisture. The moisture content of the substrate is typically maintained around 50–60%, which is considered optimal for mycelial growth (Royse et al., 2017). At this stage, additives such as calcium carbonate (CaCO₃) or gypsum may be mixed to adjust pH and prevent grain clumping, although some studies have reported successful spawn production without these supplements.
STERILIZATION
Sterilization is a crucial step to eliminate competing microorganisms that can hinder mycelial growth. The prepared substrate is filled into glass bottles or polypropylene bags and sterilized using an autoclave at 121°C under 15 psi pressure for 15–20 minutes (Stamets, 2000). Proper sterilization ensures a contamination-free environment for fungal growth. Inadequate sterilization can lead to bacterial or fungal contamination, resulting in poor spawn quality.
INOCULATION
After sterilization, the substrate is allowed to cool to room temperature under aseptic conditions. Inoculation is performed by introducing a small quantity of pure culture or mother spawn into the sterilized substrate. This process is usually carried out in a laminar airflow chamber to maintain sterility and minimize contamination risk. The inoculum is evenly distributed throughout the substrate to ensure uniform colonization.
The quality of the inoculum is critical, as it determines the vigor and purity of the resulting spawn. Pure cultures of Pleurotus spp. are typically maintained on agar media and periodically subcultured to preserve their viability (Stamets, 2000).
INCUBATION
Following inoculation, the containers are incubated under controlled environmental conditions. The optimal temperature for mycelial growth of oyster mushroom ranges between 25–28°C, with relative humidity maintained around 70–80% (Hoa et al., 2015). The incubation period usually lasts 10–15 days, during which the mycelium spreads throughout the substrate.
During incubation, the containers should be kept in a dark or low-light environment, as light is not required for vegetative growth. Adequate aeration is also important to prevent the accumulation of carbon dioxide, which can inhibit mycelial development. Regular monitoring is necessary to detect any signs of contamination, such as unusual discoloration or foul odor.
EVALUATION OF SPAWN QUALITY
High-quality spawn is characterized by rapid and uniform colonization, dense and healthy mycelial growth, and absence of contamination. The spawn should have a pleasant mushroom odor and should not exhibit any signs of bacterial slime or mold growth. The use of high-quality spawn ensures faster substrate colonization and improved yield during cultivation (Royse et al., 2017).
ADVANCES IN SPAWN PRODUCTION
Recent studies have explored the use of alternative substrates and supplementation strategies to enhance spawn quality. Additionally, the incorporation of nanotechnology, such as ZnO and CuO nanoparticles, has shown potential in improving mycelial growth and reducing contamination (Rai et al., 2016; Sharma et al., 2020). These innovations are expected to contribute to more efficient and sustainable spawn production systems in the future.
[image: ]Fig 1: Process of Spawn production in Oyster Mushroom


SUBSTRATES FOR SPAWN PRODUCTION AND THEIR NUTRITIONAL INFLUENCE
TYPES OF SUBSTRATES USED IN SPAWN PRODUCTION
Spawn substrates are broadly classified into grain-based and non-grain-based materials depending on their origin and nutrient composition.
A. GRAIN SPAWN SUBSTRATES
Common grains used include wheat, sorghum, maize, pearl millet, and paddy. Grain spawn is widely preferred due to its high nutrient content, particularly carbohydrates and nitrogen, which support rapid mycelial growth and colonization (Stamets, 2000; Royse et al., 2017). The uniform size and structure of grains also facilitate easy handling and even distribution of mycelium (Chang & Miles, 2004).
B. NON-GRAIN SPAWN SUBSTRATES
Non-grain substrates include sawdust, cocopeat, vermicompost, straw, and other agricultural residues. These substrates are mainly composed of lignocellulosic materials and are rich in carbon but relatively poor in nitrogen (Philippoussis, 2009; Girmay et al., 2016). They are commonly used in low-cost or rural mushroom production systems.
ADVANTAGES AND DISADVANTAGES
Comparative Analysis of Grain Spawn and Non-Grain Spawn in Mushroom Cultivation
Grain spawn offers several important advantages in mushroom cultivation due to its rich nutrient composition, which enhances mycelial growth and leads to faster colonization rates. This nutrient density also supports uniform growth and facilitates easy inoculation, making it highly efficient for large-scale production systems. As a result, grain spawn is often associated with higher yield potential compared to other spawn types (Stamets, 2000; Chang & Miles, 2004; Royse et al., 2017). However, these benefits come with notable drawbacks. The same high nutrient content that promotes rapid growth also increases the risk of contamination, requiring strict sterilization and hygienic conditions during preparation and use. Additionally, grain spawn is relatively costly compared to alternative substrates such as agricultural wastes, which can limit its accessibility for low-resource producers (Girmay et al., 2016).
In contrast, non-grain spawn, such as sawdust or other agro-waste-based materials, is valued for its low cost, wide availability, and environmental sustainability, as it utilizes renewable waste resources and contributes to eco-friendly cultivation practices (Philippoussis, 2009). It also generally presents a lower contamination risk due to its lower nutrient content. Nevertheless, non-grain spawn has several limitations, including slower mycelial growth and colonization rates, largely due to its reduced nitrogen and nutrient levels. This can result in uneven colonization and potentially lower productivity compared to grain-based systems (Chang & Miles, 2004; Royse et al., 2017). Overall, while grain spawn is preferred for rapid and high-yield production, non-grain spawn provides a cost-effective and sustainable alternative, particularly in resource-limited settings.
TABLE 1: GRAIN VS NON-GRAIN SPAWN
	Parameter
	Grain Spawn
	Non-Grain Spawn

	Nutrient content
	High (Stamets, 2000)
	Low–Moderate (Philippoussis, 2009)

	Nitrogen content
	High (Royse et al., 2017)
	Low (Girmay et al., 2016)

	Carbon content
	Moderate (Chang & Miles, 2004)
	High (Philippoussis, 2009)

	Mycelial growth rate
	Fast (Hoa et al., 2015)
	Slow (Girmay et al., 2016)

	Contamination risk
	High (Stamets, 2000)
	Low (Hoa et al., 2015)

	Cost
	High (Royse et al., 2017)
	Low (Girmay et al., 2016)

	Colonization uniformity
	Excellent (Chang & Miles, 2004)
	Variable (Philippoussis, 2009)


TABLE 2: MYCELIAL SPREAD OF PLEUROTUS SPP. ON DIFFERENT SPAWN SUBSTRATES
	S. No.
	Substrate
	Days for Full Colonization
	Mycelial Growth Rate (cm/day)
	Mycelial Density
	Reference

	1
	Pearl Millet
	10–12
	0.80–0.90
	Dense
	(Girmay et al., 2016; Royse et al., 2017)

	2
	Maize
	12–14
	0.70–0.80
	Dense
	(Royse et al., 2017)

	3
	Sorghum
	13–15
	0.65–0.75
	Moderate–Dense
	(Chang & Miles, 2004)

	4
	Wheat
	14–16
	0.60–0.70
	Moderate
	(Hoa et al., 2015)

	5
	Sawdust
	18–22
	0.40–0.50
	Thin
	(Philippoussis, 2009)

	6
	Cocopeat
	20–24
	0.35–0.45
	Thin
	(Girmay et al., 2016)

	7
	Vermicompost
	16–20
	0.50–0.60
	Moderate
	(Hoa et al., 2015; Chang & Miles, 2004)



TABLE 3: CARBON AND NITROGEN CONTENT OF COMMON SUBSTRATES
	Substrate
	Carbon (%)
	Nitrogen (%)
	C:N Ratio

	Wheat straw
	45–50
	0.5–1.0
	50–80:1 (Philippoussis, 2009)

	Sawdust
	50–55
	0.2–0.5
	100–500:1 (Chang & Miles, 2004)

	Maize grain
	40–45
	1.2–1.5
	30–40:1 (Royse et al., 2017)

	Pearl millet
	42–48
	1.5–2.0
	20–30:1 (Girmay et al., 2016)

	Vermicompost
	30–40
	1.5–2.5
	15–20:1 (Hoa et al., 2015)


ROLE OF CARBON AND NITROGEN IN MYCELIAL GROWTH
The carbon-to-nitrogen (C:N) ratio is a critical factor influencing fungal growth and substrate utilization. Carbon serves as the primary energy source, while nitrogen is essential for protein synthesis and cellular development (Chang & Miles, 2004; Philippoussis, 2009).
CORRELATION WITH MYCELIAL GROWTH
· High C:N ratio (>80:1):
Leads to slow mycelial growth due to nitrogen limitation (Philippoussis, 2009). 
· Optimal C:N ratio (20–40:1):
Promotes rapid colonization and dense mycelial growth (Royse et al., 2017; Hoa et al., 2015). 
· Low C:N ratio (<20:1):
Excess nitrogen may increase contamination and inhibit fungal growth (Stamets, 2000). 
Balanced substrates improve enzyme production, substrate degradation, and overall biological efficiency (Chang & Miles, 2004).
KEY INSIGHTS
Pearl millet showing superior growth in your experiment can be attributed to its optimal C:N ratio and higher nitrogen content, which enhances mycelial proliferation and colonization speed (Girmay et al., 2016; Royse et al., 2017).
Grain-based substrates are superior for spawn production due to their balanced nutritional profile and faster colonization rates. However, non-grain substrates offer sustainable and cost-effective alternatives. The C:N ratio remains the most important factor influencing mycelial growth, with optimal ratios significantly enhancing spawn quality and productivity (Chang & Miles, 2004; Royse et al., 2017). Numerous studies have evaluated the performance of different substrates for oyster mushroom spawn and cultivation. Agricultural residues such as wheat straw, rice straw, maize cob, and sawdust are widely used due to their availability and nutrient composition (Zhang et al., 2014; Khan et al., 2013; Jarial et al., 2015).
Comparative studies indicate that substrate composition significantly affects mycelial growth rate, yield, and biological efficiency (Singh et al., 2019; Bhattacharjya et al., 2014; Jonathan et al., 2012). Pearl millet and maize have shown superior performance due to balanced carbon and nitrogen content (Girmay et al., 2016; Royse et al., 2017; Shah et al., 2002).
Other studies have demonstrated successful cultivation using unconventional substrates such as coffee husk, sugarcane bagasse, and waste paper, highlighting the potential for waste recycling (Fan et al., 2000; Moda et al., 2005; Baysal et al., 2003).
FACTORS AFFECTING SPAWN QUALITY
The quality of spawn is a decisive factor in the successful cultivation of oyster mushrooms (Pleurotus spp.), as it directly influences mycelial colonization, contamination resistance, and final yield. High-quality spawn ensures rapid substrate colonization, uniform growth, and enhanced biological efficiency. Several physical, chemical, and biological factors affect spawn quality, and their optimization is essential for consistent mushroom production (Stamets, 2000; Royse et al., 2017).
SUBSTRATE QUALITY AND COMPOSITION
The substrate used for spawn preparation plays a fundamental role in determining spawn quality. Grain substrates such as wheat, maize, and pearl millet are rich in carbohydrates and nitrogen, which promote vigorous mycelial growth (Chang & Miles, 2004). The nutritional balance, especially the carbon-to-nitrogen (C:N) ratio, is crucial, as an optimal range (20–40:1) supports rapid colonization and dense mycelial networks (Philippoussis, 2009; Royse et al., 2017).
Substrates with high carbon and low nitrogen content, such as sawdust, often result in slower growth, while excess nitrogen can lead to contamination and metabolic imbalance (Stamets, 2000). Therefore, selecting a substrate with balanced nutrients is essential for producing high-quality spawn.
MOISTURE CONTENT
Moisture content is another critical factor influencing spawn development. Optimal moisture levels for spawn substrates typically range between 50% and 60%, which ensures proper hydration without creating anaerobic conditions (Royse et al., 2017). Insufficient moisture limits nutrient availability and slows mycelial growth, whereas excessive moisture can lead to bacterial contamination and reduced aeration (Hoa et al., 2015). Maintaining uniform moisture distribution throughout the substrate is equally important to ensure consistent mycelial colonization.
STERILIZATION AND ASEPTIC CONDITIONS
Effective sterilization is essential to eliminate competing microorganisms such as bacteria and molds. Substrates are typically sterilized at 121°C under 15 psi pressure for 15–20 minutes to ensure complete microbial inactivation (Stamets, 2000). Inadequate sterilization can result in contamination, which adversely affects spawn quality and may lead to complete crop failure.
In addition to sterilization, strict aseptic techniques during inoculation are crucial. The use of laminar airflow cabinets, sterilized tools, and proper handling procedures helps maintain spawn purity (Royse et al., 2017).
QUALITY OF INOCULUM (Mother Culture)
The quality and vigor of the inoculum used for spawn preparation significantly influence the final spawn quality. Pure cultures of Pleurotus spp. should be actively growing, contamination-free, and genetically stable (Stamets, 2000). Repeated subculturing or prolonged storage of cultures may lead to strain degeneration, reduced growth rate, and decreased yield potential (Chang & Miles, 2004). Therefore, maintaining fresh and healthy mother cultures under controlled conditions is essential for producing high-quality spawn.
INCUBATION CONDITIONS
Environmental conditions during incubation, including temperature, humidity, and aeration, play a vital role in mycelial development. The optimal temperature range for oyster mushroom spawn growth is 25–28°C (Hoa et al., 2015). Temperatures above or below this range can slow down metabolic activity and hinder colonization.
Relative humidity levels of 70–80% are generally maintained to prevent substrate drying while avoiding excessive moisture accumulation. Adequate ventilation is also necessary to prevent the buildup of carbon dioxide, which can inhibit mycelial growth and lead to abnormal development (Royse et al., 2017).
PH OF THE SUBSTRATE
The pH of the substrate affects enzyme activity and nutrient availability. Oyster mushroom mycelium grows best in a slightly acidic to neutral pH range of 6.0–7.5 (Chang & Miles, 2004). Deviations from this range can negatively impact mycelial growth and increase susceptibility to contamination. Additives such as calcium carbonate (CaCO₃) or gypsum are often used to stabilize pH and improve substrate texture, thereby enhancing spawn quality (Stamets, 2000).
GRAIN SIZE AND PHYSICAL STRUCTURE
The physical characteristics of the substrate, including grain size and texture, influence aeration and mycelial penetration. Smaller grains provide a larger surface area for colonization, resulting in faster mycelial spread (Royse et al., 2017). However, excessively small or compact substrates may restrict airflow and lead to anaerobic conditions.Uniform grain size and proper spacing between particles facilitate better aeration and support healthy mycelial growth.
CONTAMINATION CONTROL
Contamination is one of the major factors affecting spawn quality. Common contaminants include bacteria, molds (e.g., Trichoderma spp.), and yeasts, which compete with the mushroom mycelium for nutrients (Stamets, 2000). Contaminated spawn exhibits discoloration, foul odor, and reduced growth. Preventive measures such as proper sterilization, aseptic handling, and regular monitoring are essential to minimize contamination risks (Royse et al., 2017).
STORAGE CONDITIONS
Spawn quality can deteriorate over time if not stored properly. Fresh spawn is more active and colonizes substrates quickly, whereas aged spawn shows reduced vigor and delayed growth (Chang & Miles, 2004). Spawn should be stored at low temperatures (4–10°C) to maintain viability and prevent premature growth. Prolonged storage can lead to nutrient depletion and loss of mycelial activity, ultimately affecting yield.
EMERGING FACTORS: ROLE OF NANOTECHNOLOGY
Recent advancements have highlighted the potential role of nanotechnology in improving spawn quality. Nanoparticles such as zinc oxide (ZnO) and copper oxide (CuO) have been reported to enhance mycelial growth and reduce microbial contamination due to their antimicrobial properties (Rai et al., 2016; Sharma et al., 2020). However, their concentration must be carefully optimized, as excessive levels may inhibit fungal growth.
Spawn quality is influenced by multiple interrelated factors, including substrate composition, moisture, sterilization, inoculum quality, and environmental conditions. Among these, maintaining optimal nutrient balance and aseptic conditions is most critical. Emerging technologies such as nanotechnology offer promising approaches to further enhance spawn quality and productivity. Proper management of these factors ensures the production of high-quality spawn, leading to improved yield and sustainable mushroom cultivation (Royse et al., 2017; Stamets, 2000). Spawn quality is influenced by multiple interacting factors including substrate composition, moisture, sterilization, and environmental conditions (Stamets, 2000; Royse et al., 2017; Chang & Miles, 2004). Studies have emphasized that proper substrate supplementation and nutrient balance significantly improve mycelial growth and yield (Banik & Nandi, 2004; Patil et al., 2010).
Moisture optimization and aeration are critical for maintaining metabolic activity and preventing contamination (Hoa et al., 2015; Ahmed et al., 2009). Additionally, substrate particle size and structure influence colonization efficiency (Jarial et al., 2015).
NANOTECHNOLOGY APPLICATIONS IN OYSTER MUSHROOM PRODUCTION
Nanotechnology has emerged as a transformative tool in modern agriculture and biotechnology, offering innovative approaches to enhance crop productivity, nutritional quality, and disease resistance. In recent years, its application in oyster mushroom (Pleurotus spp.) cultivation has gained significant attention due to its potential to improve mycelial growth, yield, and microbial safety. Nanoparticles (NPs), typically ranging from 1–100 nm in size, possess unique physicochemical properties such as high surface area, enhanced reactivity, and antimicrobial activity, which make them highly effective in biological systems (Bhardwaj et al., 2020; Rao et al., 2015; Nair et al., 2014).
CONCEPT OF NANOTECHNOLOGY IN MUSHROOM CULTIVATION
Nanotechnology in mushroom production involves the use of engineered nanoparticles such as zinc oxide (ZnO), silver (Ag), titanium dioxide (TiO₂), and selenium nanoparticles to enhance growth and productivity. These nanoparticles can be applied during spawn preparation, substrate supplementation, or cultivation stages.
Oyster mushrooms are particularly suitable for nanobiotechnology due to their ability to synthesize nanoparticles through biological processes, known as mycosynthesis, where fungal biomolecules act as reducing and stabilizing agents (Owaid, 2019; Sinhal et al., 2026) . This eco-friendly synthesis approach aligns with sustainable agricultural practices and reduces dependency on toxic chemical methods.
FORTIFICATION AND BIOFORTIFICATION CONCEPT
Fortification refers to the enrichment of food products with essential nutrients, while biofortification involves enhancing nutrient content during the growth stage itself. Nanotechnology plays a crucial role in biofortification by delivering micronutrients in nano-form, which improves their bioavailability and uptake efficiency.
Recent studies have demonstrated that the application of ZnO nanoparticles in oyster mushroom cultivation significantly enhances nutrient content, including proteins, minerals, and antioxidants (Dhaliwal et al., 2022; Frontiers study, 2025) . The addition of ZnO nanoparticles at optimal concentrations (e.g., 20 ppm) has been shown to increase the levels of phenols, flavonoids, and antioxidant enzymes in Pleurotus spp., thereby improving their nutritional and medicinal value.
Furthermore, biofortification using nanoparticles provides a cost-effective and sustainable approach to combat micronutrient deficiencies in human populations. The enhanced accumulation of micronutrients such as zinc and selenium in mushroom fruiting bodies contributes to improved dietary quality and health benefits.
EFFECT OF NANOPARTICLES ON MYCELIAL GROWTH
Nanoparticles have been reported to significantly influence mycelial growth and development. At optimal concentrations, nanoparticles act as growth stimulators by enhancing enzyme activity, nutrient uptake, and metabolic processes. For instance, ZnO nanoparticles have been shown to increase radial mycelial growth and improve morphological characteristics such as cap diameter and stipe length in oyster mushrooms (Frontiers study, 2025) . This enhancement is attributed to the role of zinc as an essential micronutrient involved in enzyme activation, protein synthesis, and cellular metabolism.
Similarly, other nanoparticles such as silver and titanium dioxide have been reported to influence fungal physiology by: Enhancing enzymatic activity, improving substrate degradation, stimulating lignocellulosic breakdown 
However, the effect of nanoparticles is highly concentration-dependent. While low concentrations stimulate growth, higher concentrations may exert toxic effects and inhibit mycelial development (Bhardwaj et al., 2020).
ANTIMICROBIAL EFFECTS OF NANOPARTICLES
One of the most significant advantages of nanotechnology in mushroom cultivation is its antimicrobial potential. Contamination by bacteria, molds, and other fungi is a major challenge in spawn production and mushroom cultivation.
Nanoparticles such as silver (AgNPs), zinc oxide (ZnO NPs), and selenium nanoparticles exhibit strong antimicrobial activity against a wide range of pathogens. These nanoparticles act through multiple mechanisms, including: Generation of reactive oxygen species (ROS), disruption of microbial cell membranes, interference with DNA and protein synthesis 
Studies have shown that silver nanoparticles synthesized from Pleurotus spp. exhibit strong antibacterial and antifungal activity against pathogenic microorganisms (Owaid, 2019; Elumalai et al., 2017) . Similarly, selenium nanoparticles derived from oyster mushrooms have demonstrated inhibitory effects against bacterial pathogens such as Streptococcus mutans and Enterococcus faecalis (Antony, 2023).
The antimicrobial properties of nanoparticles help in: Reducing contamination during spawn production, enhancing shelf life of spawn, improving overall crop health. Thus, nanotechnology provides an effective alternative to chemical fungicides and antibiotics in mushroom cultivation.
YIELD IMPROVEMENT THROUGH NANOTECHNOLOGY
Nanoparticles have been widely reported to enhance yield and biological efficiency in oyster mushroom cultivation. The improvement in yield is primarily due to: Enhanced mycelial colonization, improved nutrient utilization, increased enzymatic activity 
Research indicates that ZnO nanoparticles significantly increase the yield of Pleurotus spp., with optimal concentrations resulting in improved fruiting body size, weight, and number (Frontiers study, 2025) . The nanoparticles also enhance morphological traits such as pileus diameter and stipe length, which contribute to higher market value.
Additionally, nanoparticles stimulate the production of bioactive compounds such as antioxidants, phenolics, and flavonoids, which improve the nutritional quality of mushrooms. This dual benefit of yield enhancement and nutritional enrichment makes nanotechnology a promising tool in mushroom production systems. Nanotechnology has gained significant attention in agriculture due to its potential to enhance productivity and sustainability (Kumar et al., 2018; Verma et al., 2020; Tiwari et al., 2017; Mehta et al., 2017). Nanoparticles such as ZnO, Ag, and TiO₂ have shown promising effects on fungal growth and metabolism (Sharma et al., 2018; Kumar et al., 2019).
Studies indicate that nanoparticles enhance enzyme activity, nutrient uptake, and stress tolerance in biological systems (Reddy et al., 2016; Rao et al., 2015; Nair et al., 2014; Das et al., 2013; Ghosh et al., 2012). In oyster mushrooms, ZnO nanoparticles have been reported to improve yield, bioactive compounds, and antioxidant activity (Dhaliwal et al., 2022; Singh et al., 2022; Chandra et al., 2016). Green synthesis of nanoparticles using fungi has opened new avenues in sustainable agriculture (Bhardwaj et al., 2020; Owaid, 2019). These nanoparticles also exhibit strong antimicrobial properties, reducing contamination during spawn production (Elumalai et al., 2017; Antony, 2023)
MECHANISM OF NANOPARTICLE ACTION IN MUSHROOMS
The interaction of nanoparticles with fungal systems involves several biochemical and physiological mechanisms: Enhanced Nutrient Uptake - Nanoparticles increase the surface area for nutrient absorption and improve nutrient transport within the fungal cells. Enzyme Activation - Metal nanoparticles act as cofactors for enzymes involved in lignocellulose degradation, thereby accelerating substrate utilization. Stress Tolerance -
Nanoparticles induce the production of antioxidant enzymes, helping the fungus withstand environmental stress (Frontiers study, 2025). Antimicrobial Protection- 
Nanoparticles protect the mycelium from competing microorganisms by inhibiting their growth (Bhardwaj et al., 2020).
LIMITATIONS AND SAFETY CONCERNS
Despite the advantages, the application of nanotechnology in mushroom cultivation must be carefully regulated. High concentrations of nanoparticles may lead to toxicity, environmental accumulation, and potential health risks. Therefore, determining the optimal concentration and application method is essential to ensure safe and effective use.
FUTURE PROSPECTS
The integration of nanotechnology in oyster mushroom production offers immense potential for sustainable agriculture. Future research should focus on: Standardization of nanoparticle concentrations, long-term environmental impact assessment, development of nano-enabled substrates, commercial-scale application. The combination of nanotechnology with traditional cultivation methods can significantly enhance productivity, nutritional quality, and disease resistance in oyster mushrooms.
Nanotechnology represents a promising advancement in oyster mushroom cultivation, offering multiple benefits such as enhanced mycelial growth, improved yield, biofortification, and effective antimicrobial control. The use of nanoparticles, particularly ZnO and AgNPs, has demonstrated significant improvements in both productivity and nutritional quality. However, careful optimization and safety evaluation are essential to fully harness the potential of nanotechnology in sustainable mushroom production.
The cultivation of oyster mushrooms (Pleurotus spp.) is rapidly evolving with advancements in biotechnology, sustainable agriculture, and nanotechnology. Future research and development in this field are expected to focus on improving productivity, enhancing nutritional quality, and ensuring environmental sustainability. One of the key areas of advancement lies in the optimization of spawn production techniques, particularly through the use of alternative low-cost substrates and nutrient supplementation strategies (Royse et al., 2017). The identification of region-specific agro-wastes as potential substrates can significantly reduce production costs while promoting waste recycling and circular bioeconomy models (Philippoussis, 2009).
Nanotechnology is anticipated to play a transformative role in mushroom cultivation systems. The application of nanoparticles such as zinc oxide, silver, and selenium has already shown promising results in enhancing mycelial growth, yield, and resistance to microbial contamination (Bhardwaj et al., 2020; Owaid, 2019). Future studies should focus on standardizing nanoparticle concentrations, application methods, and safety protocols to ensure their effective and safe use in large-scale production. Additionally, the development of nano-enabled substrates and smart delivery systems for nutrients and growth enhancers could revolutionize spawn quality and cultivation efficiency.
Another important direction is the genetic improvement of Pleurotus strains through advanced techniques such as molecular breeding and genome editing. The development of high-yielding, stress-tolerant, and disease-resistant strains can significantly enhance productivity and adaptability to varying environmental conditions (Chang & Miles, 2004). Integration of omics technologies, including genomics and proteomics, can further improve our understanding of fungal metabolism and help optimize cultivation practices.
The concept of biofortification is also gaining importance, where oyster mushrooms are enriched with essential micronutrients to address nutritional deficiencies in human populations. Nanotechnology-based fortification strategies can enhance the bioavailability of nutrients such as zinc and selenium, thereby increasing the functional and medicinal value of mushrooms (Bhardwaj et al., 2020). This approach has significant potential in developing nutraceutical products and functional foods.
Sustainability remains a central focus in future mushroom production systems. The use of renewable resources, recycling of agricultural residues, and reduction of chemical inputs are critical for environmentally friendly cultivation. Innovations such as integrated farming systems, where mushroom cultivation is combined with other agricultural practices, can further enhance resource efficiency and economic returns (Royse et al., 2017).
Moreover, the adoption of automation and precision agriculture technologies, including climate-controlled growing systems and sensor-based monitoring, can improve consistency and scalability in mushroom production. Digital tools and data-driven approaches can help optimize environmental conditions, reduce labor requirements, and increase overall productivity.
In conclusion, the future of oyster mushroom production lies in the integration of traditional knowledge with modern scientific advancements. The combined application of nanotechnology, genetic improvement, sustainable practices, and smart cultivation systems holds immense potential to transform the mushroom industry into a highly efficient, profitable, and environmentally sustainable sector.
CONCLUSION
Oyster mushroom (Pleurotus spp.) cultivation represents a sustainable and economically viable approach to food production, owing to its ability to utilize diverse lignocellulosic wastes and convert them into high-value protein-rich biomass. Among the various factors influencing successful cultivation, spawn quality plays a pivotal role, as it directly affects mycelial colonization, yield, and overall productivity (Royse et al., 2017). Grain-based substrates, particularly pearl millet and maize, have demonstrated superior performance due to their balanced nutrient composition and optimal carbon-to-nitrogen ratio, which promotes rapid mycelial growth (Chang & Miles, 2004).
The integration of nanotechnology into mushroom production systems offers promising opportunities to enhance growth, yield, and nutritional quality. Nanoparticles such as zinc oxide and silver have shown potential in stimulating mycelial development, improving biofortification, and reducing microbial contamination (Bhardwaj et al., 2020; Owaid, 2019). However, careful optimization of nanoparticle concentration is essential to avoid potential toxicity.
Overall, the combination of improved spawn production techniques, efficient substrate utilization, and emerging nanotechnological interventions can significantly advance oyster mushroom cultivation. These innovations not only enhance productivity but also contribute to sustainable agriculture and food security, making oyster mushrooms an important component of future agro-biotechnological systems.
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