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Introduction

Mold contamination, particularly from green and orange molds, poses a serious threat during the growing stage in mushroom cultivation, exacerbated throughout the hot and humid summer months. Despite extensive studies on green mold, orange mold remains underexplored. Consequently, this study comprehensively investigated orange mold contamination, focusing on identifying the causal agent, assessing its pathogenicity, and exploring potential countermeasures.





Methods

Internal transcribed spacer (ITS) region sequencing was used to confirm the causative entity, while the dual confrontation plate method was employed to assess pathogenicity. Furthermore, control strategies, including plant extract, in vitro media performance, and substrate characteristics, were explored. For estimated substrate qualities, Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) studies, along with analysis of physicochemical properties including the C:N ratio, carbon, protein, and mineral content were assessed. 





Results

The result confirmed Neurospora sitophila as the causal entity. The pathogenicity assessments indicated that this mold impedes the colonization of mushroom mycelium by competing for nutrients and space. The in-vitro studies of media performance demonstrated that Neurospora sitophila growth was inhibited at varying rates in nitrogen supplemented media in the presence of available carbon. Notably, SEM analysis revealed Neurospora sitophila heavily colonized sawdust but not rice straw, attributed to a higher C:N ratio in sawdust.





Discussion

These findings suggest that lower C:N ratio negatively affects orange mold growth, highlighting nitrogen supplementation in sawdust or using rice straw as effective strategies to manage orange mold contamination in mushroom cultivation. This strategy could also be applied to other food industries where Neurospora is used.
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Introduction

Mushrooms are extensively valued for their nutraceutical and therapeutic benefits and serve as key recyclers in the natural ecosystem by decomposing organic substrate. Successful commercial cultivation of edible mushrooms relies heavily on the quality of the growing substrate, including the carbon-nitrogen (C:N) ratio, the amounts of cellulose, hemicellulose, and lignin (Suwannarach et al., 2022; Balan et al., 2022). Environmental conditions, particularly high humidity, and optimal temperature are crucial for the establishment of mushroom mycelium on the substrate (Zhan et al., 2021). However, unwanted intrusions of foreign microorganisms such as various mold, bacteria, insects, and mites pose challenges for mushroom cultivation.

In recent years, the threat of mold contamination in the mushroom industry has intensified due to climate change and rising temperatures. Competitor molds, like green and orange mold significantly hinder the colonization of mushroom mycelium on the substrate. Green mold outbreaks, caused primarily by Trichoderma, and sporadically by other fungi such as Penicillium and Aspergillus, have been a persistent issue in oyster mushroom cultivation across the globe (Allaga et al., 2021; Ahedo-Quero et al., 2024; Šašić Zorić et al., 2023; Cao et al., 2024). Similarly, orange mold, while a more recent concern in Bangladesh, poses a serious threat to the mushroom industry. This issue has been notably problematic during the spawn running stage, where distinctive orange color contamination rapidly overwhelms the farms, often within a week. The problem is exacerbated during the moist summer months, with temperatures exceeding 32°C and relative humidity reaching 70–80%. Moreau in 1956 asserted that orange mold on mushroom beds is caused by the obligatory aerobes Neurospora spp., which naturally thrive in moist tropical or subtropical climates, as their latent ascospores are activated by high temperatures. Despite being a contaminant in the mushroom industry, Neurospora spp. has been utilized in the food industry, particularly as a pigment producer in the traditional Indonesian dish oncom merah (Nout and Aidoo, 2010). Interestingly, no evidence has been obtained that Neurospora is the causal agent of any disease or infection in humans and animals (Perkins and Davis, 2000).

The quick colonization of lignocellulose substrates by orange mold, along with its ability to produce profound spores within a short time at an ambient temperature, underscores the urgency of controlling its spread before causing irreparable damage (Collier et al., 2020). In mushroom cultivation, sterilization, and pasteurization are commonly employed to eliminate competitive mold from substrates; however, these methods do not prevent the reintroduction of new inoculum after treatment (Jaramillo and Albertó, 2013). Chemical control using fungicides is another approach, but this raises environmental and health concerns, especially since mushrooms have a short cropping cycle and are known to bioaccumulate toxic metals (Sharma et al., 2007). Furthermore, the choice of fungicides must be highly selective, given that both molds and mushrooms are fungi. Beyond the substrate treatment methods, mold contamination also depends on substrate qualities including carbon content, protein levels, and the C:N ratio (Osunde et al., 2019). Research has demonstrated that the gene expression pattern of Neurospora crassa during its asexual growth stages is regulated by both external environmental stimuli and internal signals (Wang et al., 2019; Ebbole, 1998; Horowitz et al., 1976). Notably, genes associated with carbon and nitrogen metabolism are particularly sensitive to changes in nutrient availability, adapting their expression to fluctuating conditions (Wang et al., 2019). This interplay between nutritional factors and Neurospora morphogenesis is crucial for developing strategies to optimize mold control in mushroom cultivation systems.

The present study sets out to address the challenges posed by orange mold through a series of multifaced objectives. Accordingly, the research focused on identifying and characterizing the organisms responsible for orange mold and assessing their pathogenicity in relation to Pleurotus ostreatus. In addition, the research explored diverse control measures, including applying natural plant extract, in vitro analysis of different carbon and nitrogen sources, and evaluating substrate properties. The findings revealed the importance of substrate physiochemical characteristics, particularly the C:N ratio, in controlling orange mold. Importantly, this study represents the first comprehensive report on managing orange mold in the mushroom industry, offering valuable insight into controlling Neurospora sitophila, with potential applications extending beyond mushroom cultivation to the broader food industry.





Materials and methods




Pure culture preparation and microscopic observation of mold

Orange mold-contaminated sawdust mushroom spawn packets were gathered from the local mushroom farm in Savar, Dhaka. A 10 gm of sawdust sample was taken into a 100 mL conical flask containing 90 mL of sterile distilled water, and then shaken briefly to ensure thorough mixing. A 10−3 dilution was prepared from this mixture, and 1mL aliquots were spread onto a Petri dish containing Potato Dextrose Agar (PDA). After incubating the dishes at room temperature for 24 hours, a pure culture of mold was obtained. This pure culture was then subjected to microscopic examination to observe its morphological characteristics. A loopful of the culture was placed on a slide, stained with lactophenol cotton blue, and observed under a light microscope at 40x magnification.





Molecular identification of fungi and phylogenetic tree

The molecular identification of the fungi was performed using Polymerase Chain Reaction (PCR) with oligonucleotides specific for the internal transcribed spacer (ITS) regions of rDNA. DNA extraction and quantification of DNA followed the protocol provided with the Maxwell Blood DNA extraction kits (Model AS1010, Promega Corp, Madison, WI, USA). The fungal DNA was further purified using The Wizard® Genomic DNA purification Kit (A1120, Promega Corp., Madison, WI, USA). The extracted DNA was quantified at 40.9ng/µL using a NanoDrop 2000c Spectrophotometer. PCR reactions were carried out in a final volume of 25µL using the GoTaq ® Green Master Mix Kit (M7122, Promega Corp, Madison, WI, USA), with a concentration of 1x. The reaction mix included 5µM of the ITS1-Forward primer, 5µM of ITS4-Reverse primer, and 25 ng of genomic DNA. Amplification was performed in a C1000 thermal cycler (Bio-Rad® Germany) under the following conditions: initial denaturation at 95°C for 5 minutes, followed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 45 seconds, and extension at 72°C for 45 seconds, with a final extension at 72°C for 10 minutes. The PCR products were separated by agarose gel electrophoresis (2%) at 80V for 40 minutes and visualized using SYBR Gold® (Invitrogen, Carlsbad, CA, USA). DNA fragments of approximately 700 base pairs were selected for purification using ExoSAP-IT (N/P 78200, USB Affymetrix, Inc., Cleveland, OH, USA). The purified fragments were sequenced with the ABI PRISM BigDye® Terminator sequencing kit v3.1 (P/N4336917, Applied Biosystems, Foster City, CA, USA) using the ITS1 forward primer (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4-Reverse primer (5′-TCCTCCGCTTATTGATATGC-3′). Fragment analysis was conducted on a Genetic Analyzer 3130 sequencer (Applied Biosystems® HITACHI Tokyo, Japan). Sequences were assembled using SeqMan software 8 (LaserGene) (DNASTAR®, Madison, WI, USA) and analyzed using the GenBank database (“National Center for Biotechnology Information,” n.d.). The top hit from the BLAST analysis in GenBank was used to identify the fungal species.





Dual confrontation assays

A dual culture technique was employed for assessing the aggressiveness of Neurospora sitophila isolates on Pleurotus ostreatus. Initially, 6 mm diameter agar plugs of P. ostreatus mycelium were positioned 1.5 cm from the edge of PDA Petri dishes and incubated at room temperature for 5 days to allow mycelial growth. Notably, P. ostreatus demonstrated a significantly slower growth rate, taking approximately 12 to 15 days to achieve full mycelial coverage. Afterward, similarly prepared mycelial plugs of N. sitophila, were placed on the opposite side of the same plate, also 1.5 cm away from the edge. The plates were then incubated for an additional 24 hours at ambient temperature as N. sitophila exhibited rapid mycelium expansion. The interaction between the N. sitophila and P. ostreatus mycelia was meticulously observed and documented.





Preparation of carbon and nitrogen-enriched media and measurement of inhibition rate

An in-vitro experiment was conducted to evaluate the growth rate of Neurospora on various carbon, and nitrogen-enriched media, including N-Acetylglucosamine (GlcNAc), D-glucose, D fructose, Yeast extract, Peptone, and Sodium nitrate. For the assessment of carbon and nitrogen sources, PDA media supplementation with 5% (w/v) of mentioned carbon, and nitrogen sources, while PDA without supplements served as a control. Specifically, a 6mm Neurosopra mycelium plug was inoculated in the center of the Petri dish and subsequently incubated at ambient temperature for 24 hours. Notably, all experiments were performed in triplicate to ensure accuracy and reproducibility. The inhibition percentage was determined by measuring the radial growth of the fungus on both control and experimental plates after 24 and 48 hours of incubation. The calculation followed the formula proposed by (Yazid et al., 2023):

	

Where: (I%) represents the inhibition percentage of fungal growth on tested media. (R1) denotes the average radial growth in control plates. (R2) represents the average radial growth in experimental plates.





Preparation of plant extract and antifungal activity assay

In this study, four locally available wild plants – Ocimum tenuiflorum, Leucas aspera, Persicaria hydropiper, and Helitropium indicum – were selected based on their documented antimicrobial properties from traditional knowledge and literature (Chandini et al., 2022; Rahman and Islam, 2013; Ayaz et al., 2020). The leaves of these plants were thoroughly washed under running water, sterilized for 2 minutes in 2% sodium hypochlorite, rinsed with sterile water, and then dried with absorbent paper. Subsequently, the leaves were dehydrated in an oven at 50°C for three days and ground using a conventional blender. The extracts were obtained by maceration (Hernández-Ceja et al., 2021) using three solvents including ethanol, acetone, and water. For each extraction, 15g of the dry and ground materials were mixed with 100 mL of the respective 100% solvent. Each mixture was placed in separate 200 mL beakers, kept in the dark, and left to stand for 3 days at room temperature. The extracts were then filtered through muslin cloth and centrifuged at 14,000 rpm for 20 min. The resulting supernatant was concentrated at 500°C using a rotary evaporator (model no). All the extracts were re-dissolved in methanol, adjusted to the concentration of 100 mg/mL, and stored at 40°C until further use. A total of 12 extracts were obtained. 5mg/mL of each plant extract stock solution was added to 20 mL of sterilized potato dextrose agar (PDA) in Petri dishes. A 6mm of the actively growing mycelium plug of the orange mold was placed in the center of the dishes and incubated at room temperature. Plates without plant extract served as negative control. Each treatment was conducted in triplicates, and the entire experiment was repeated three times.





Determination of physico-chemical properties of substrates (sawdust and rice straw)




FTIR analysis

The Fourier-transform infrared (FT-IR) spectra of sawdust and rice straw were obtained using an FTIR Spectrometer (model: IRAffinity-1S, Shimadzu Co., Japan) according to (Hamidu et al., 2020). Potassium bromide (KBr) was used as a window material to prepare the sample. The ratio of sample and KBr was 1:100, and the mixture was thoroughly mixed and ground in a porcelain-made mortar and pestle to achieve a homogenous mixture. The mixture was pressed into the pellet die at a high pressure of about 8 Tons to form a transparent pellet. In the FTIR analysis of rice straw and sawdust, a beam of light was directed at the prepared sample pellets to obtain transmission spectra within the wavenumber range of 4000–400 cm−1, facilitating the identification of all functional groups within this region (Ernest, 2015). The procedure involved conducting 45 scans at a resolution of 2 cm−1 to ensure precision and accuracy of the data.




Physical properties of substrates

The pH was analyzed in the aqueous extract, prepared by 1: 10 (w/v) fresh substrates and deionized water, using a standard hydrogen electrode, connected with a pH meter (model: pH 211, Hanna Instrument, Italy). The C:N ratio of the substrates were obtained based on the total nitrogen, determined by the Kjeldahl method, and the total carbon content that was determined by the dry ashing method (Kalra, 1997; Sáez-Plaza et al., 2013).





Determination of holocellulose content

Holocellulose determination was carried out according to the chloride method (Wise and John, 1952). Briefly, 1g oven-dried samples were taken in a 250 mL flask with the addition of a mixture of 3mL of nitric acid and acetic acid (1:10 ratio), diluted with 100 mL distilled water incubated in a water bath at 100°C for 30 min. After centrifuging at 3000 rpm, the supernatant was discarded, and the residual was washed with distilled water. Then, 10 mL of 67% sulphuric acid was added and allowed to react for 1 hour. From this solution, I mL was taken and mixed with 10 mL of anthrone reagent and boiled in a water bath for 10 min until the green color was developed. After cooling, the absorbance was measured with a spectrometer at 630 nm. The cellulose content (%) was then determined relative to the initial full dry weight. About 1 g of powdered sample was placed in a refluxing flask and 10 mL of neutral detergent solution was added. The mixture was mixed with 2 mL of deca-hydro-naphthalene and 0.5 g sodium sulfite and then kept in a water bath at 70°C, refluxed for 60 min and filtered through Gooch crucible. The residue in the crucible was first washed with 100 mL of 8.3% NaOH solution, then with 15 mL of 10% acetic acid and 250 mL of distilled water, finally dried at 100°C, and weighed. Finally, % hemicellulose content was determined relative to oven dried sample.






Determination of minerals of substrate samples




Sample digestion

The substrates were oven-dried at 60 ± 2°C until a constant weight was achieved. The dried samples were ground into a fine powder using a mortar and pestle. For analysis, all samples were mineralized by the wet digestion method. Specifically, 0.5 g of powdered samples were placed into the Teflon vessels with 5mL 65% Nitric Acid (Analar Grade, Merck, Germany) and 2mL 30% Hydrogen peroxide (Merck, Germany). The digestion process was carried out in a Microwave Digester (Model: Ethos One, Milestone, United States) at 180°C for 45 min (Lao et al., 2023). After digestion, the digests were transferred into 50 mL volumetric flasks and made up the volume with Class 1 (18MΩ) deionized water.





Determination of mineral elements

The analyses of mineral elements calcium (Ca), and Magnesium (Mg), were conducted using Flame Atomic Absorption Spectrophotometry (FAAS) as described by Brzezicha et al., 2019. The analytical conditions of the FAAS instrument (Model: AA-7000, Shimadzu Co. Japan) including detection limits, wavelength (nm), cathode lamp current (mA) slit width (ranging from 0.2 to 0.7), and air-acetylene flame mixture, were optimized according to established literature guidelines for each metal. The standard recovery percentages of the analytes were within the range of 95 to 105%. The total phosphorus (P) of the digested substrate samples was determined by Visible Spectrophotometric (model: UV-1800, Shimadzu Co. Japan) analysis through Ascorbic Acid reduction method (USEPA Method 365.3).







Screening electron microscopic study

Fresh sawdust and rice straw were randomly collected, fixated, dehydrated, and covered with gold in an Emscope sputter coater. Subsequently, samples were examined using a scanning electron microscope (ZEISS EVO 18 Model).






Results




Contamination symptoms, fungal isolation, and microscopic study

To investigate the pathogen responsible for orange mold contamination, fungi were isolated from the contaminated spawn packet (Figure 1A) and cultured on PDA media. The results showed that the young colony of fungi appeared off-white with a fluffy or cottony texture (Figure 1B). As the colony matured, its color transitioned to orange (Figure 1C). Microscopic examination of the isolates revealed distinctive features, including conidia, and conidiophores (Figure 1D). According to Koch’s postulate, the pure culture was inoculated onto a sawdust substrate to verify whether isolated fungi were responsible for orange mold (Byrd and Segre, 2016). The characteristic orange color symptoms subsequently developed in the newly inoculated sawdust packets, indicating that the isolated fungus is a causal organism of orange mold. The fungus starts as an orange-white wisp but rapidly transforms into a bright orange, powdery patch. If allowed to progress, these patches develop into round, lumpy formations. Considering the above characteristics, our isolated fungi presumed Neurospora spp.




Figure 1 | Contamination symptoms, fungal isolation, and microscopic study. Contaminant spawn packet (A), initial colony (B). Mature colony (C) conidia, and conidiophores (D).






DNA sequencing and phylogenetic analysis

Identification based on cultural features was confirmed by sequence analysis of the isolates. The universal primer for fungi identification in the ITS (internal transcribed spacer) region was amplified using PCR and then sequenced. The ITS region is a highly variable genetic marker found in all fungal species, making it an essential tool for distinguishing closely related species (White et al., 1990). The ITS region comprises two variable segments, ITS1 and ITS2, which are separated by the more conserved 5.8S rRNA gene (Schoch et al., 2012). Typically, ITS4 refers to the region that includes ITS2 and occasionally parts of the flanking regions (Gardes and Bruns, 1993). In this study, the ITS region of a presumptive Neurospora species was amplified, and the resultant sequence, designated as Neurospora_ITS_4, was analyzed. Basic Logical Alignment Search Tool (BLAST) results of ITS region in the National Centre for Biotechnology Information (NCBI) database revealed relationships and similarities with reference sequences in GenBank. DNA sequencing of the ITS 4 region showed the highest similarity to Neurospora sitophila (Accession No. ON712132.1) with 100% query coverage and 100% identity match, followed by Neurospora crassa with 100% query coverage and 98% identity match (Accession No. MH790467.1). A phylogenetic tree was constructed using BLAST Tree View provided by the National Center for Biotechnology Information (NCBI) BLAST tool (Altschul et al., 1990), incorporating Neurospora_ITS_4 and other highly similar sequences identified in the BLAST analysis. The phylogenetic tree revealed that Neurospora_ITS_4 clusters closely with Neurospora crassa (MH790549.1) and Neurospora sitophila (OW982620.1), indicating a close evolutionary relationship with these species. This placement suggests that Neurospora_ITS_4 is the Neurospora genus fungal species shown in Figure 2.




Figure 2 | Phylogenetic tree based on ITS gene using BLAST Tree View. Branch length indicates evolutionary distance.








Dual confrontation assays

The plate dual culture experiments were conducted to assess the impact of N. sitophila on P. ostreatus. The results revealed that N. sitophila neither inhibited nor exhibited any antagonistic effect on the growth of P. ostreatus (Figure 3). However, within 24 hours, Neurospora mycelium had completely overrun the mushroom mycelium. The mycelium growth of Neurospora notably faster than that of P. ostreatus, eventually producing an irregular cluster of orange-red conidial as it expanded, the same as shown in Figure 1C.




Figure 3 | Dual cultivation of Neurospora sitophila and Pleurotus ostreatus Mycelium.






In-vitro effect of plant extracts on mycelial growth of Neurospora

Botanical extracts are widely recognized for their efficacy in controlling fungal pathogens in the food industry, given their safety for human consumption. This study conducted in vitro experiments to find potential botanical extracts that could suppress Neurospora sitophila growth with minimal or no effect on the host mycelium, Pleurotus ostreatus. In our study, we evaluated the leaf extracts of four locally available medicinal plants: Ocimum tenuiflorum, Leucas aspera, Persicaria hydropiper, and Helitropium indicum. The results indicated that the aqueous extracts (Lane 1, Figure 4) from these plants showed no inhibitory effects on N. sitophila. In contrast, acetone extracts (Lane 3, Figure 4) from Ocimum tenuiflorum, and Helitropium indicum, as well as ethanol extracts (Lane 2, Figure 4) from Leucas aspera, and Persicaria hydropiper demonstrated initial antifungal activity against Neurospora, which diminished over time. Importantly, none of the extracts achieved complete inhibition N. sitophila.




Figure 4 | Effect of different botanical extracts on neurospora (Lane 1: aqueous extraction, Lane 2: ethanol extraction, Lane 3: acetone extraction).








Neurospora growth in different media

In our study, we meticulously evaluated different carbon and nitrogen sources to understand their impact on Neurospora sitophila growth. We tested various carbon forms, including N-Acetylglucosamine (GlcNAc), D-glucose, and D-fructose, along with nitrogen sources such as yeast extract, peptone, and potassium nitrate. Results revealed that D-glucose (control PDA) and D-fructose promoted robust mycelial density without inhibition (Figures 5B, C), whereas GlcNAc-enriched media markedly restricted mycelial development (Figure 5A). Notably, GlcNAc, the second most abundant carbohydrate after cellulose, is a monosaccharide that typically polymerizes linearly through (1,4) β-linkages and potentially serves as both a carbon and nitrogen source. Conversely, in nitrogen-enriched media, Neurospora mycelial growth showed varying levels of restriction: 11.50% with yeast extract, 38.45% with peptone, and complete inhibition (100%) with sodium nitrate (Table 1; Figures 5D–F).




Figure 5 | Effect of different carbon and nitrogen mediums on Neurospora sitophila: (A) supplemented with N-Acetylglucosamine (GlcNAc); (B) supplemented with Glucose (Control); (C) supplemented with Fructose; (D) supplemented with Potassium Nitrate; (E) supplemented with Peptone; (F)supplemented with Yeast Extract.




Table 1 | Inhibition percentage of Neurospora sitophila in different carbon and nitrogen-enriched media.







FTIR analysis of sawdust and rice straw

The FTIR spectra of both rice straw and sawdust are very similar, though there are subtle differences in the intensity of the transmittance peaks (Figure 6). Rice Straw exhibits distinct peaks at various wavenumbers, noticeable around 3450 cm−1, 2800–2900 cm−1, 1690–1720 cm−1, 1500–1600 cm−1, 1400 cm−1, and 1100 cm−1. Sawdust also shows peaks in similar regions, indicating similar functional groups such as cellulose, hemicellulose, and lignin (Table 2). However, the intensity and position of these peaks in sawdust differ from those in rice straw. Rice straw has a higher transmittance than sawdust, suggesting that these differences can be attributed to the varying chemical composition and structure. Furthermore, it was predicted that rice straw has more complex polysaccharide structures, while sawdust has a higher lignin content.




Figure 6 | FTIR spectrum of rice straw and sawdust.




Table 2 | FTIR Spectrum assignment.







Determination of physicochemical properties of substrate

In addition to carbon and nitrogen, several macronutrients and tress elements, such as phosphorus (P), potassium (K), magnesium (Mg), iron (Fe), zinc (Zn), and manganese (Mn), are crucial for fungal growth and various function (Carrasco et al., 2018). Interestingly, Neurospora can thrive in a medium containing carbon, an inorganic nitrogen source, and several inorganic salts in the presence of vitamin biotin (Beadle and Tatum, 1945). In Bangladesh, farmers primarily cultivate mushrooms on rice straw and sawdust. Therefore, to evaluate the suitability of sawdust and rice straw substrates for Neurospora growth, we carefully assessed their nutrient content. The results showed that rice straw contained 39% cellulose, 24% hemicellulose, and 12% lignin, whereas sawdust had 55% cellulose, 35% hemicellulose, and 25% lignin. Moreover, the C:N ratio of sawdust was notably high at 244:1, compared to the lower ratio of 63:1 in rice straw. Furthermore, rice straw is rich in protein and phosphorus, while sawdust contains higher levels of total carbon, calcium, and magnesium, as presented in Table 3.


Table 3 | Physicochemical properties of rice straw and sawdust substrate (dry weight basis).







Scanning electron microscope study

The microstructural alterations of rice straw and sawdust during degradation by Neurospora sitophila were analyzed using scanning electron microscopy (SEM), as depicted in Figures 7A–E. Initially, both substrates exhibited uniform, smooth, and compact surfaces, reflecting their structural stability before fungal exposure (Figures 7A, B). However, we observed notable transformation, particularly in the sawdust, after 10–12 days of exposure to Neurospora sitophila, Its surface became more porous, with visible cracks and fissures, indicating the degradation of its structural components (Figure 7D). In contrast, the rice straw remained unchanged before and after treatment, suggesting that it was resistant to degradation by Neurospora sitophila (Figure 7C). However, the cultivation of mushrooms on rice straw resulted in substantial degradation, as Figure 7E illustrates.




Figure 7 | Scanning electron microscope (SEM) study of sawdust and rice straw.








Discussion

This study intended to identify the organism responsible for orange mold, understand its pathogenic effect on Pleurotus ostreatus, and determine effective control measures. Following Koch’s postulates, the isolated pure culture of mold displayed the characteristic orange color when reintroduced to new sawdust packets, confirming its role in causing orange mold. The colony morphology and the presence of macroconidia observed under a bright light microscope suggested that this fungus is likely Neurospora spp (Kuo et al., 2014). It is noted, however, that identifying fungal species solely through morphological and microscopic studies can be challenging without concurrent DNA analysis. To further confirm the identity, we sequenced the internal transcribed spacer-4 (ITS-4) region. The BLAST search against ITS-4 region showed a 100% query coverage and 100% identity match with the Neurospora sitophila (Accession No. ON712132.1) and 100% query coverage and 98% identity match, with Neurospora crassa (Accession No. MH790467.1). Furthermore, molecular phylogenetic analysis revealed that Neurospora_ITS_4 clusters closely with Neurospora crassa (MH790549.1) and Neurospora sitophila (OW982620.1), indicating a close evolutionary relationship with these species. Thus, we concluded that the causal entity of orange mold is Neurospora sitophila.

To examine the nature of Neurospora sitophila pathogenicity with the oyster mushroom Pleurotus ostreatus, an in vitro confrontation assay was meticulously carried out. According to several studies, fungal pathogenicity mechanisms can be broadly categorized into antagonism, inhibition, and competition (Asad, 2022; Zeilinger et al., 2016). Antagonism is characterized by the mycelium growing in the opposite direction, leading to the formation of mycelial cords. Inhibition is marked by the presence of a distinct clear zone, primarily caused by the release of enzymes or metabolites. Competition, however, arises from the rivalry for space and nutrition. The results revealed that the rapidly growing Neurospora mycelium covered the entire Petri dish within 24 hours, forming irregular orange-red conidial clusters over time. These findings indicate that Neurospora significantly impedes mushroom mycelium colonization on lignocellulose substrate by aggressively competing for space and nutrients rather than through antagonism or inhibition. This aggressive competition resulted in the demise of mushroom mycelium growth and the eventual destruction of the mushroom spawn packets. A similar pattern of pathogenicity has also been extensively documented in Trichoderma spp. (Lombardi et al., 2023; Allaga et al., 2021).

Contamination is commonly understood to result from the inoculum’s potential and its capacity for rapid growth in the substrate. As previously stated Neurospora sitophila is a natural contaminant, and its abundant production of airborne powdery conidia leads to rapid growth on the substrate (Gmoser et al., 2017). Therefore, our strategy to control contamination was specifically targeted at inhibiting the proliferation and growth of Neurospora sitophila. Biopesticides, which are based on living microorganisms or natural products, including plant extracts, have great promise in effectively controlling pests and pathogens without decreasing the product quality (Hassan et al., 2021; Kumar et al., 2021). The tested hypothesis assumed that natural plant extracts would suppress mold growth with minimal or no effect on the host mycelium, Pleurotus ostreatus. The results indicated that none of the tested extracts completely inhibited the growth of Neurospora sitophila. Furthermore, the efficacy of the extracts gradually waned as the experiment progressed. The results claimed that this limited spectrum of activity often confines their application to niche situations. However, a noteworthy drawback of this section of our research is its exclusive focus on locally available, low-cost plant species.

A significant step in optimizing fungal growth is adjusting media composition, particularly nitrogen concentration. Consequently, we investigated Neurospora sitophila growth in different carbon and nitrogen media, including GlcNAc, D-glucose, D-fructose, peptone, yeast extract, beef extract, and potassium nitrate. Intriguingly, a notable finding was observed that the growth of Neurospora sitophila was considerably slower on GlcNAc compared to the other carbon media, suggesting that it struggles to utilize GlcNAc as a carbon source. Our results are consistent with the findings of a study (Gaderer et al., 2017) reporting that GlcNAc inhibited Neurospora crassa growth in the presence of other carbon sources. In the context of nitrogen-supplemented media, varying degrees of inhibition were observed. Importantly, beef extract and sodium nitrate supplementation completely inhibit Neurospora sitophila mycelium extension. Taking together it is suggested that Neurospora sitophila cannot efficiently utilize certain nitrogen forms in the presence of an available carbon source. This aligns with reports that Neurospora crassa, exhibits nitrogen metabolite repression, expressing genes necessary for secondary nitrogen sources utilization including nitrate, nitrite, purines, amino acid, and protein in the absence of favored nitrogen sources (ammonia and glutamate) (Marzluf, 1981; Fu and Marzluf, 1987). Genes involved in nitrogen metabolic repression are also integrated with the dynamic balance of asexual and sexual development, which is characteristic of N. crassa. Nitrogen starvation inhibits asexual reproduction (conidiation) and upregulates genes involved in sexual development, resulting in slower dispersal (Park et al., 2008). Conversely, carbon starvation promotes conidiation (Rodriguez-Romero et al., 2010; Ebbole, 1998; Nelson and Metzenberg, 1992). When both carbon and nitrogen are abundant, asexual growth is favored, leading to rapid dispersal. Thus, it is evident that the C:N ratio significantly influences Neurospora growth. Furthermore, saprophytic fungi secrete an array of catabolic enzymes such as protease, into their growth environment to break down the substrate (Hu and St Leger, 2004). The activation of protease is associated with nutrient limitations, including nitrogen, or carbon (Drucker, 1972). Moreover, the addition of different amino acids can suppress the secretion of proteases (Cohen and Drucker, 1977).

Our investigation disclosed a notable disparity in mold growth between sawdust and rice straw substrates. Specifically, contamination was prevalent in sawdust spawn packets, whereas rice straw packets remained unaffected. To assess their susceptibility, we re-inoculated the substrate, and the results were conclusive, sawdust is highly prone to orange mold contamination, while rice straw shows a natural resistance. Scanning electron microscope images provided further validation of the findings. As shown in Figures 7C, D, the sawdust substrate exhibited significant structural changes, becoming porous with visible cracks and fissures following the cultivation of Neurospora sitophila. In contrast, the rice straw substrate remained structurally intact even after 12 days of incubation with Neurospora sitophila. Subsequently, to gain deeper chemical insights, the physical and chemical properties of the substrates, including FTIR analysis were explored. The FTIR spectrum highlighted differences in infrared transmittance between the two substrates, attributable to their distinct chemical compositions and structural characteristics. Remarkably, rice straw exhibited more complex polysaccharide structures, whereas sawdust had a higher lignin content. Additionally, qualitative assays further confirmed these findings. As presented in Table 3, rice straw contains a substantial amount of protein and minerals, and a low amount of carbon including cellulose, hemicellulose, and lignin. Most importantly, rice straw exhibits a lower C:N ratio and calcium (Ca) content compared to sawdust, which contributed to the inhibition of Neurospora growth in rice straw. This finding aligned with the results of invitro media performance in this study and other studies, which have shown that substrates with high levels of carbohydrates and low levels of protein are prone to mold contamination, resulting in poor performances for mushroom growth (Bilal et al., 2014; Girmay et al., 2016; Mandeel et al., 2005). Furthermore, a high cytoplasmic calcium gradient is essential for Neurospora growth, as reported by Silverman-Gavrila and Lew, 2003.

The proliferation of fungal mycelia is primarily driven by the enzymatic breakdown of lignocellulosic biomass like rice straw and sawdust (Saini and Sharma, 2021). Like other saprophytic fungi, Neurospora species are known to secrete key enzymes including cellobiose dehydrogenase, cellulase, β-glycosidase, and xylanase (Østby et al., 2020; Oguntimein et al., 1992; Kanti and Sudiana, 2018). Interestingly, Pedraza-Zapata et al., 2017 demonstrated that the production of the above-mentioned lignocellulolytic enzymes by fungi like Penicillium sp. and Pleurotus ostreatus is significantly influenced by the availability of carbon and nitrogen. Several studies have claimed that substrates with a minimal C:N ratio ranging from 45 to 60/1 are conducive to Oyster mushroom (Pleurotus sp.) hyphal growth, but it depends on the species (Rani et al., 2008; Zhou and Parawira, 2022; Grimm and Wösten, 2018; Chang and Miles, 1989).

However, our study concluded that Neurospora mycelium growth is naturally inhibited in a substrate with a low C:N ratio. Our previous studies demonstrated that supplementing sawdust with nitrogen-enriched waste tea leaves significantly enhanced mushroom yield and increased mineral content compared to using sawdust alone (Ahmed et al., 2024).





Conclusion

The rapid spread of orange mold caused by Neurospora sitophila in the mushroom industry often likened to a wildfire, has garnered less research attention than other molds. Mushrooms are both nutrient-rich foods and hyperaccumulators of metals, contamination prevention strategies must prioritize health and environmental sustainability. Our study demonstrated that controlling orange mold contamination is strongly associated with the carbon-to-nitrogen (C:N) ratio of the substrate, with lower ratios playing a crucial role in its control.
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