Solid State Fermentation Using Fungal Isolates Enhances Lignocellulose Breakdown in Cotton Stalks

Abstract:
Methodology
Lignocellulosic biomass, such as cotton stalks, holds great potential for conversion into value-added products but remains underutilized due to its high lignin content. This study aimed to isolate and identify efficient lignocellulolytic fungi for enhanced degradation of cotton stalks through solid-state fermentation, addressing agricultural waste management challenges. Twenty-six fungal isolates were obtained from soil samples collected in Nagpur District, Maharashtra, and screened for cellulolytic and lignolytic enzyme activities. The most efficient strains were identified through ITS gene sequencing, and enzyme assays were conducted to evaluate cellulase, β-glucosidase, and FPase activities under solid-state fermentation conditions.
Results
Four potent isolates-Trichoderma asperellum, Trichoderma sp., Penicillium chrysogenum, and Alternaria sp.-were identified. P. chrysogenum CICR3 exhibited the highest Carboxymethyl Cellulase (2.85 IU/ml) and β-glucosidase (40.8 IU/ml) activities, while Alternaria sp. CICR4 showed superior FPase activity (25.6 IU/ml). Co-culturing P. chrysogenum CICR3 with T. asperellum CICR1 enhanced lignocellulose degradation efficiency.
Conclusion
The study concludes that selected fungal strains, individually and in co-culture, significantly improve cotton stalk degradation under solid-state fermentation. These findings offer a sustainable, eco-friendly strategy for lignocellulosic waste valorization and efficient bioresource utilization.
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GRAPHICAL ABSTRACT
[image: ]

Introduction
Lignocellulosic crop residues serve as feed-stock for agricultural and industrial applications (Hiloidhari et al., 2014; Zhang et al., 2018) and represent a huge potential for the generation of high-value products (Ning et al., 2021) through the action of specific physical, chemical, or biological processes, including the utility of microorganisms and their enzymes for feed-stock hydrolysis (Irmak, 2016). Growing concerns related to the deterioration of soil health due to the deficiency of organic manures for agricultural use also led researchers to evaluate the potential of lignocellulosic-based residues for the generation of organic manures to reduce or supplement inorganic fertilizer usage in agriculture (Velmourougane & Blaise, 2017). 
Cotton stalks are a prime lignocellulosic agricultural waste with potential agricultural and industrial applications (Mandhyan, 2016; Dukare et al., 2024). Although cotton stalks are seasonal wastes, depending on the cotton species, soil, climate, and agronomic practices, about 2-4 tons of stalks are generated per hectare of land (Velmourougane et al., 2021). Although some quantities of cotton stalks are used for industrial applications, such as the particle board preparation, briquetting, and biogas generation, the bulk of farm-generated cotton stalks are used as domestic fuel or burned off in the field, thereby creating detrimental effects on soil and the environment (Isci & Demirer, 2007; Balasubramanya et al., 2008). Cotton plant stalk is composed of 68% holocellulose, 26% lignin, and 7% ash (Keshav et al., 2021). The higher lignin content in cotton stalks makes them less amenable to bioconversion, especially through biological means, and makes them underutilized (Xing et al., 2018; Li et al., 2021). Among several delignification processes for lignocellulosic crop residues, including cotton stalks, biological options utilizing microorganisms represent the most amenable, cost-effective, and ecofriendly option as an environmental stand point (Li & Zhang, 2014; Wang et al., 2019). Our study focuses on identifying and evaluating indigenous fungal isolates from cotton-growing soils, which have not been extensively explored for their potential to produce cellulases and laccases specifically targeting cotton stalks. Fungi play a prominent role in the degradation of recalcitrant lignocellulosic agricultural wastes through the production of lignocellulolytic enzymes (Li et al., 2022). Several fungi, including Pleurotus ostreatus, Phanerochaete chrysosporium, Agaricus bisporus, and Trichoderma spp. The lignocellulolytic activities of Aspergillus niger have been extensively studied (Fernandez-Fueyo et al., 2016; Gupta et al., 2016; Weng et al., 2021; Gill et al., 2022; Suryadi et al., 2022; Velmourougane et al., 2022; Li et al., 2025). However, further research is ongoing to identify potential lignocellulolytic microorganisms that could be useful for the efficient bioconversion of cotton stalks for further agricultural or industrial applications. The current work advances existing knowledge by screening multiple native fungal isolates for enzyme activities under solid-state fermentation conditions, providing insight into their potential practical applications for cotton stalk bioconversion.

Materials and Methods
Isolation of fungal strains
Soil samples were collected from seven locations in Nagpur district, Maharashtra (Table S1), at a depth of 10-15 cm. The collected samples were stored at 4°C until analysis. Standard serial dilution was performed with 1g of sample, and 1mL of 10-3 dilution with triplicate were spread on potato dextrose agar medium (HiMedia Laboratories, India) and incubated at 28 ± 2°C to isolate the fungi. The fungal colonies were further purified using the streak plate method on to the same medium and identified morphologically using phase-contrast microscopy. The fungal isolates were stored at 4°C until further analysis	Comment by JAPE ATMAJA ATUL: What is the Selection criteria for sample

Qualitative and quantitative screening of fungal isolates for cellulolytic activity
A 5-mm fungal disc was placed on mineral salts medium with carboxymethyl cellulose (CMC) as the sole carbon source to induce cellulase (1.4 g/L (NH4)2SO4, 2.0 g/L KH2PO4, 0.4 g/L CaCl2, 0.3 g/L MgSO4, 1.56 mg/L MnSO4.H2O, 5.0 mg/L FeSO4.7H2O, 1.4 mg/L ZnSO4.7H2O and 2.0 mg/L CoCl2 containing 10.0 g/l of CMC (pH 5.0)) and incubated at 30°C for 4 days to evaluate cellulolytic activity. A 5ml volume of 0.25% Congo red was then added to each plate. After 2min, the solution was discarded and the cultures were washed with 1-2ml of 1 M NaCl. The observed clear hydrolytic zone around the fungal colony indicated cellulase production (Fig. S1). The cellulolytic index of fungal isolates was calculated according to the protocol described by Namnuch et al. (2021). 
For quantitative assays, fungal isolates grown for 7 days were inoculated into mineral salts medium with CMC (pH 5.0)] and incubated at 30°C under shaking (150 rpm) for 7 days. The respective fungal crude enzymes were extracted by centrifugation (10,000 rpm, 4°C, 15 min) and assayed for endoglucanase (CMCase), exoglucanase (FPase) (Namnuch et al., 2021), and β-glucosidase activities (Karthika et al., 2020). Endoglucanase activity was quantified by incubating the diluted crude enzyme with 1% CMC in sodium citrate buffer (pH 4.8) at 50°C for 30 min, followed by the addition of 3,5-dinitrosalicylic acid (DNS) reagent and boiling. The FPase activity was quantified using filter paper strips in sodium citrate buffer for 60 min. The β- glucosidase activity was estimated using P-Nitrophenyl β-D-glucopyranoside (PNPG) as a substrate and quantifying p-nitrophenol release at 400 nm. The effects of temperature on the cellulolytic enzyme activities of selected fungal isolates were quantified using standard established procedures. 

Qualitative and quantitative screening of fungal isolates for lignolytic activity
To evaluate fungal lignolytic activities, guaiacol (Fen et al., 2014) and ABTS (2-azino-bis 3- ethylbenzothiazoline-6-sulphonic acid) (Dhouib et al., 2005) methods were used. In the guaiacol method, 5-mm fungal discs were placed on agar medium containing guaiacol, incubated at 30°C, and monitored for laccase activity by observing the reddish-brown zone around the disc. In the ABTS method, 5-mm fungal disks were placed on the ABTS-enriched medium, and laccase activity was monitored by observing green halos around the fungal discs, which indicated ABTS oxidizing activity. For quantitative assay of laccase activity, the reaction mixture comprising of 500 µL of sodium citrate buffer, 500 µL of fungal culture filtrate, and 100 µL of ABTS (5 mM ABTS in sodium citrate buffer; pH 4.8) was prepared. The absorbance of the reaction was measured for around 3 min with a time interval of 30 s at 420 nm using an ELISA plate reader. The laccase enzyme activity was expressed as IU mL-1, defined as the amount of enzyme oxidizing ABTS per minute (Bourbonnais et al., 1998).	Comment by JAPE ATMAJA ATUL: Comparison of shake flask and SSF is not presented, 

Bottom of Form
Screening fungal isolates for Indole Acetic Acid (IAA) production
Seven-day-old fungal cultures were mixed with a double volume of Salkowski reagent (1 mL of 0.5 mol/L FeCl3 in 50 ml of 35% HClO4) and incubated in the dark for 30 min. IAA production was estimated by measuring the absorbance at 530 nm using an ELISA plate reader (Gordon & Weber et al., 1951).

Quantitative estimation of enzyme activity in solid-state cotton stalk fermentation
Chopped cotton stalks (5 cm in size) were used as a substrate for solid-state fermentation (SSF) to evaluate the lignocellulolytic potential of fungal isolates. For the SSF studies, 10g of cotton stalk in conical flasks was added with 7 ml of inorganic nutrient solution [2 g (NH4)2SO4, 2 g KH2PO4, 0.3 g MgSO4, 0.3 g CaCl2, 0.5 g NaCl, 0.005 g FeSO4, 0.016 g MnSO4, 0.017 g ZnCl2 per L] and fungal isolates (1×107spores/g of substrate). After the SSF (21 days), 80 ml of sterile distilled water was added to the mixture, and the mixture was incubated for 2 h in a shaking incubator at 180 rpm. Cellulases and laccase were extracted from the SSF mixture by centrifugation at 3500 rpm for 10 min. Quantitative assays of cellulases (CMCase, FPase, and β-glucosidase) and laccase were performed as described in the previous section.	Comment by JAPE ATMAJA ATUL: Relative humidity, biomass formation with time, aerobic conditions is important, comment on availability  of oxygen in conical flask and effect on biomass and enzyme activity

Amplification and sequencing of the ITS regions
Total fungal DNA was isolated for fungal identification, as described by Gonzalez-Mendoza et al. (2010). The internal transcribed spacer (ITS) region was amplified using PCR with the primers ITS1 and ITS4, as described by White et al. (1990). The 25 μl PCR reaction contained the primers, Taq DNA polymerase, dNTPs, MgCl2, buffer, and DNA template. Thermal cycling included denaturation at 95°C for 8 min, followed by 30 cycles of 95°C for 1 min, 57°C for 1 min, and 72°C for 1 min, with a final extension at 72°C for 8 min. The PCR products were purified using a QIAquick PCR Purification Kit (Eurofins Genomics, Bengaluru, India). The sequences were analyzed, and contigs were assembled using BioEdit v7.1.9. The sequences were compared with the NCBI GenBank nucleotide database using BLAST to confirm identity based on maximum sequence similarity.	Comment by JAPE ATMAJA ATUL: Correct the chemical formula, 2 as subscript

Results and Discussion
Isolation, Screening, and Molecular Characterization
A total of 26 fungal strains were isolated from soil samples collected in Nagpur District, Maharashtra. Based on qualitative screening for lignocellulolytic activity, four promising isolates were selected for further quantitative evaluation. These isolates were identified through ITS gene sequencing as Trichoderma asperellum (GenBank OQ165158), Trichoderma sp. (GenBank OQ165165), Penicillium chrysogenum (GenBank OQ168243), and Alternaria sp. (GenBank OQ165167). Among them, T. asperellum CICR1 and P. chrysogenum CICR3 exhibited notable lignocellulolytic activity in guaiacol and ABTS assays, indicating strong oxidative enzyme systems essential for lignin degradation. Their cellulolytic enzymatic indices were 1.18 and 1.39, respectively. Although Trichoderma sp. CICR2 and Alternaria sp. CICR4 did not show lignolytic activity, they exhibited comparable cellulolytic indices (1.18 and 1.20), confirming their potential in cellulose hydrolysis.
These observations align with previous reports highlighting Trichoderma and Penicillium as dominant soil fungi with remarkable lignocellulolytic capabilities (Vaishnav et al., 2018; Vassileva et al., 2022). Their presence in cultivated soils enhances nutrient cycling and soil microbiome health, which are crucial for sustainable agriculture (Lima et al., 2024).
Indole Acetic Acid (IAA) Production
Among the four isolates tested for IAA production, Trichoderma sp. CICR2 produced the highest IAA concentration (31.6 µg mL⁻¹), followed by Alternaria sp. CICR4 (25.8 µg mL⁻¹), while T. asperellum CICR1 recorded the lowest (19.2 µg mL⁻¹). The ability of these isolates to produce IAA suggests their potential as plant growth-promoting fungi (PGPF), offering dual benefits in both waste degradation and soil fertility enhancement.
Cellulolytic Enzyme Activities
Quantitative analysis revealed significant variation in enzyme production among the isolates. P. chrysogenum CICR3 exhibited the highest CMCase activity (2.85 IU mL⁻¹), followed by T. asperellum CICR1 (2.30 IU mL⁻¹). In contrast, Alternaria sp. CICR4 showed the lowest CMCase activity (1.3 IU mL⁻¹). The highest β-glucosidase activity was recorded in T. asperellum CICR1 (40.8 IU mL⁻¹), followed by Trichoderma sp. CICR2 (22.9 IU mL⁻¹). Conversely, P. chrysogenum CICR3 exhibited the lowest β-glucosidase activity (9.2 IU mL⁻¹). Alternaria sp. CICR4 demonstrated superior FPase activity (25.6 IU mL⁻¹), followed by T. asperellum CICR1 (23.6 IU mL⁻¹), indicating its ability to degrade crystalline cellulose components effectively.	Comment by JAPE ATMAJA ATUL: Timeline of enzyme production is important add the data 
These findings indicate that different fungal isolates possess distinct enzymatic strengths, a characteristic that can be strategically harnessed in biotechnological applications. Similar enzyme diversity has been observed in Trichoderma and Penicillium species by Müller et al. (2021), underscoring their role in efficient lignocellulose breakdown.
Effect of Temperature on Cellulolytic Enzyme Activity
Temperature significantly influenced enzyme production across the isolates. Alternaria sp. CICR4 showed the highest CMCase activity at both 30°C (30.4 IU mL⁻¹) and 35°C (21.9 IU mL⁻¹). Trichoderma sp. CICR2 displayed reduced activity at higher temperature, decreasing from 23.3 IU mL⁻¹ (30°C) to 2.5 IU mL⁻¹ (35°C). The β-glucosidase activity was strongly temperature-dependent, with T. asperellum CICR1 exhibiting maximum activity (40.8 IU mL⁻¹) at 30°C, while Alternaria sp. CICR4 retained moderate activity (10.5 IU mL⁻¹) at 35°C. FPase activity also peaked in Alternaria sp. CICR4 (25.6 IU mL⁻¹) and T. asperellum CICR1 (23.6 IU mL⁻¹) at 30°C, but declined at elevated temperatures.	Comment by JAPE ATMAJA ATUL: Reports say optimum growth temp for Trichoderma is between 25-30 degree C, explain high activity at 30 degree C than 25 degree C, and what about relative humidity parameter and its  effect  
These results suggest that moderate temperatures (around 30°C) are optimal for maximum cellulolytic enzyme production in these fungal species. The sensitivity of enzymatic activity to temperature variations reflects the adaptive metabolic mechanisms of soil fungi involved in biomass degradation.
Lignocellulolytic Activities under Solid-State Fermentation (SSF)
Under solid-state fermentation of cotton stalks, only P. chrysogenum CICR3, T. asperellum CICR1, and their co-culture were evaluated due to the absence of laccase activity in Alternaria sp. CICR4. The co-culture treatment exhibited a significant improvement in enzyme activities compared to individual inoculations. CMCase activity increased to 28.4 IU mL⁻¹ in co-culture, representing a 32% and 89% enhancement over P. chrysogenum CICR3 and T. asperellum CICR1 alone, respectively. Similarly, β-glucosidase activity increased to 21.7 IU mL⁻¹ in co-culture, a 29–30% improvement over the individual inoculations. FPase activity also rose markedly to 24.4 IU mL⁻¹, corresponding to 52% and 105% increases compared with P. chrysogenum CICR3 and T. asperellum CICR1, respectively.	Comment by JAPE ATMAJA ATUL: Explain how did you calculate the activity of cellulolytic enzymes
Interestingly, co-culturing resulted in a 14% reduction in laccase activity compared with P. chrysogenum CICR3 alone, possibly due to competitive interactions between the isolates. These findings align with Guo et al. (2024) and Kolasa et al. (2014), who reported that co-culturing complementary fungi can synergistically enhance enzyme yields by promoting cross-feeding and cooperative metabolism, though not all enzyme systems benefit equally.
The results emphasize the strong lignocellulolytic potential of the isolated fungal strains, particularly Trichoderma asperellum CICR1 and Penicillium chrysogenum CICR3. The enhanced enzymatic activities observed under co-culture conditions highlight the synergistic interactions between these fungi, leading to more efficient cellulose and hemicellulose degradation. Co-culturing promotes complementary enzyme production pathways, thereby accelerating lignocellulose decomposition and improving substrate utilization efficiency.
The ability of these fungi to produce IAA further strengthens their potential role as bioresources in sustainable agriculture, contributing to both waste valorization and soil fertility enhancement. As noted by Choudhary et al. (2015, 2016), fungal-mediated degradation of agricultural residues offers a viable alternative to burning, reducing greenhouse gas emissions and improving soil organic matter.
The findings also demonstrate that enzyme activities are strain-specific and temperature-dependent, indicating the importance of optimizing fermentation conditions for maximum bioconversion efficiency. The consistency of these results with previous studies (Civzele & Mezule, 2024; Lima et al., 2024) confirms that Trichoderma and Penicillium species remain among the most promising candidates for large-scale lignocellulosic waste bioconversion.
The study successfully identified and characterized four lignocellulolytic fungi with significant enzymatic potential for degrading cotton stalks under solid-state fermentation. Among them, P. chrysogenum CICR3 and T. asperellum CICR1 demonstrated the highest enzymatic efficiencies, and their co-culture exhibited synergistic improvements in cellulase and FPase activities. These findings underscore the potential of fungal-based bioconversion as an eco-friendly strategy for managing lignocellulosic agricultural residues. Future research should focus on optimizing SSF parameters and exploring large-scale applications for bioresource recovery and sustainable soil management.
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Table 1 Qualitative and quantitative screening of fungal isolates for lignocellulolytic enzyme activities
	[bookmark: _Hlk193356763][bookmark: _Hlk194745305]Fungal isolates
	NCBI GenBank Accession No.
	Cellulolytic enzyme index
	CMCase (IU ml-1)
	β-Glucosidasease (IU ml-1)
	Fpase
(IU ml-1)
	Lignolytic assay

	
	
	
	
	
	
	Guaiacol
	ABTS

	T. asperellum CICR1
	OQ165158
	1.18c
	8.63 ± 0.08d
	40.80 ± 0.84a
	23.60 ± 0.56b
	Positive
	Positive

	Trichoderma sp. CICR2 
	OQ165165
	1.18c
	23.35 ± 0.17b
	22.90 ± 1.16b
	12.50 ± 1.45c
	Negative
	Negative

	P. chrysogenum CICR3
	OQ168243
	1.39a
	16.36 ± 0.14c
	9.20 ± 0.05c
	12.70 ± 0.75c
	Positive
	Positive

	Alternaria sp. CICR4
	OQ165167
	1.20b
	30.46 ± 0.33a
	19.80 ± 0.62d
	25.60 ± 1.57a
	Negative
	Negative

	LSD0.05
	
	0.03
	0.30
	1.05
	1.58
	
	


All the values are mean of 4 replications. Means followed by a common letter in a column are not significantly different according to the Tukey's honestly significance difference (HSD) test (p<0.05).

[bookmark: _Hlk194745976]Table 2 Effect of temperature on fungal cellulolytic enzyme activities
	[bookmark: _Hlk194746423]Fungal isolates
	CMCase (IU ml-1)
	β-glucosidase (IU ml-1)
	FPase (IU ml-1)

	
	[bookmark: _Hlk194746345]30ºC
	35ºC
	30ºC
	35ºC
	30ºC
	35ºC

	T. asperellum CICR1
	8.63 ± 0.08d
	7.26 ± 0.27c
	40.80 ± 0.84a
	5.50 ± 0.45d
	23.60 ± 0.56b
	7.90 ± 0.28b

	[bookmark: _Hlk194746579]Trichoderma sp. CICR2 
	23.35 ± 0.17b
	2.45 ± 0.37d
	22.90 ± 1.16b
	6.40 ± 0.34c
	12.50 ± 1.45c
	14.60 ± 0.51a

	P. chrysogenum CICR3
	16.36 ± 0.14c
	12.81± 1.59b
	9.20 ± 0.05c
	4.60 ± 0.27e
	12.70 ± 0.75c
	6.60 ± 0.34c

	Alternaria sp. CICR4
	30.46 ± 0.33a
	21.98 ± 0.58a
	19.80 ± 0.62d
	10.50 ± 0.70a
	25.60 ± 1.57a
	15.10 ± 0.41a

	LSD0.05
	0.30
	1.18
	1.05
	0.69
	1.58
	0.60


All the values are mean of 4 replications. Means followed by a common letter in a column are not significantly different according to the Tukey's honestly significance difference (HSD) test (p<0.05).









Table 3 Solid substrate fermentation of cotton stalk using fungal isolates for lignocellulolytic activity 

	[bookmark: _Hlk194749988]Treatments
	CMCase (IU ml-1)
	β-glucosidase (IU ml-1)
	FPase (IU ml-1)
	Laccase (IU ml-1)

	P. chrysogenum CICR3
	21.58±0.63b
	16.70±0.70c
	16.10±0.42b
	111.73±0.79a

	T. asperellum CICR1
	15.10±0.40c
	16.80±0.53b
	11.90±0.95c
	92.59±1.54c

	P. chrysogenum CICR3 + T. asperellum CICR1
	28.48±1.43a
	21.70±0.43a
	24.40±1.40a
	95.68±1.19b

	Control
	0.27±0.03d
	7.30±0.16d
	3.90±0.24d
	6.17±0.27d

	LSD0.05
	1.08
	0.66
	1.17
	1.42


All the values are mean of 4 replications. Means followed by a common letter in a column are not significantly different according to the Tukey's honestly significance difference (HSD) test (p<0.05).









Fig. 1 Indole acetic acid (IAA) production potential of fungal isolates used in the study. Error bars indicate the standard deviation of the means from three biological replicates, each having five technical replicates; Histograms with different letters are statistically different according to the Tukey’s honestly significance difference (HSD) test (p<0.05)
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	Lat and long details
	Sampling area

	1
	[bookmark: _Toc71141566][bookmark: _Toc71141567]21°04’56.0”N 79°06’59.4”E

	Besa-Pipla, Manewada, Nagpur, Maharashtra

	2
	[bookmark: _Toc71141568][bookmark: _Toc71141569]21°10’08.0”N 79°03’50.9”E

	Seminary Hills, Nagpur, Maharashtra

	3
	[bookmark: _Toc71141570][bookmark: _Toc71141571]21°06’00.7”N 79°03’24.2”E

	Amrai, Parate Nagar, Sonegaon, Nagpur, Maharashtra

	4
	[bookmark: _Toc71141572][bookmark: _Toc71141573]21°08’38.2”N 79°04’27.5”E

	Gorepeth, Nagpur, Maharashtra

	5
	[bookmark: _Toc71141574][bookmark: _Toc71141575]21°03’21.4”N 79°06’54.2”E

	Kanhalgaon, Nagpur, Maharashtra

	6
	[bookmark: _Toc71141576][bookmark: _Toc71141577]21°09’41.1”N 79°03’55.9”E
	Seminary Hills, Nagpur, Maharashtra

	7
	[bookmark: _Toc71141578][bookmark: _Toc71141579]21°02’11.2”N 79°03’21.6"E

	ICAR-CICR, Panjari farm, Nagpur, Maharashtra



Table S1 Details of soil sampling locations	Comment by JAPE ATMAJA ATUL: Biomass quantification is must, add the data	Comment by JAPE ATMAJA ATUL: Explain the rationale for selecting these sites for soil sample collection
































Fig. S1 Qualitative screening of fungal isolates for cellulase and laccase activity. a, cellulase activity in carboxy methyl cellulose agar medium; b, laccase activity in guaiacol- enriched agar medium; c, laccase activity in ABTS-enriched medium 
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