



Optimization of Cellulase Production by Daldinia concentrica through Variation of Incubation Time and Lignocellulosic Substrate under Solid-State Fermentation
Abstract
A significant portion of agricultural and industrial by-products, such as sugarcane bagasse, rice husks, and eucalyptus sawdust, are underutilised despite their potential as abundant sources of cellulose. Fungal species are excellent producers of cellulases that hydrolyze cellulose into fermentable sugars for various industrial applications. This study optimised cellulase production by Daldinia concentrica through variation of incubation time and lignocellulosic substrates under solid-state fermentation (SSF). A confirmed Daldinia concentrica culture was grown on untreated sugarcane bagasse, rice husks, and eucalyptus sawdust using Bushnell-Haas medium, a mineral salt medium providing essential nutrients (Mg²⁺, Fe²⁺, K⁺, and trace elements) that act as enzyme cofactors, supporting fungal metabolism, and moisture for fungal growth. Enzyme activities (FPase, endoglucanase, and exoglucanase) were measured every two days for ten days. Statistical analysis using one-way ANOVA (R v4.5.0) and Tukey’s post hoc test (p ≤ 0.05) revealed significant effects of both substrate type and incubation period on enzyme yield. The results showed maximum FPase activity (2.41 ± 0.08 IU/mL) on rice husks at day 6, the highest endoglucanase (4.77 ± 0.11 IU/mL) on sugarcane bagasse after eight days, and the highest exoglucanase (1.43 ± 0.04 IU/mL) was observed on eucalyptus sawdust after eight days. These findings suggest that Daldinia concentrica is a promising cellulase producer, and scaling up could offer a cost-effective approach for agro-waste valorization.
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1. Introduction
Lignocellulosic biomass, consisting of lignin, cellulose, and hemicellulose, represents one of the most abundant renewable resources worldwide (Kadoguchi et al., 2024). According to recent statistics, nearly 180 billion tonnes of lignocellulosic materials are produced worldwide each year, but only 8.3 billion tonnes of this material are actually used across various applications. For instance, sugarcane production alone contributes nearly 280 million tonnes of bagasse each year (Ungureanu et al., 2022). In Kenya, agro-industrial residues such as rice husks, sugarcane bagasse, and eucalyptus sawdust accumulate in large quantities, contributing significantly to waste generation and posing serious environmental disposal challenges (InfoNile, 2022; Kenya Biochar Initiative, 2023; Kirinyaga County Government, 2022; Naher et al., 2021; Bokinsky et al., 2011). Rice milling alone produces approximately 26% husk by weight of paddy, translating to over 8,000 tonnes annually in Kirinyaga County (Kirinyaga County Government, 2022). However, most of these residues remain underutilised despite their high potential as feedstocks for bioenergy and bioproduct generation.
Enzymatic hydrolysis of such residues into fermentable sugars offers pathways to biofuels, biochemicals, and value-added products (Korsa et al., 2023; Sikiru et al., 2024). However, the high cost and inefficiencies of cellulase production remain major bottlenecks (Kadoguchi et al., 2024; Munyasi et al., 2024). Fungi represent the primary source of industrial cellulases, with Trichoderma, Aspergillus, and Daldinia caldariorum species extensively studied under various culture conditions (Soni et al., 2010; Peng et al., 2021). In particular, the study on Daldinia caldariorum D263 revealed a broad spectrum of highly active cellulolytic enzymes distinguished via zymography and proteomics (Lin et al., 2021). Despite these studies, there is limited information on Daldinia concentrica’s cellulase kinetics on untreated agro-wastes and the temporal profile of enzyme activity under solid-state fermentation conditions (Abdullah et al., 2021).
Solid-state fermentation (SSF) was adopted in this study because it mimics the natural habitat of filamentous fungi, enhances enzyme yield, and requires minimal free water, making it economically and environmentally superior to liquid-state fermentation (LSF) (Egbune et al., 2025; Londoño-Hernandez et al., 2020; Krishna, 1999). SSF also allows the direct use of unprocessed agricultural residues as substrates, thereby reducing energy and chemical pretreatment costs while promoting waste valorisation (Naher et al., 2021). Lignocellulosic biomass primarily comprises three structural polymers, cellulose (35–50%), hemicellulose (20–35%), and lignin (10–25%), which together form the rigid framework of the plant cell wall. These components are intricately interwoven in a heterogeneous three-dimensional matrix (Akhtar et al., 2019; Singhvi et al., 2019). Among them, cellulose stands out as the most available natural polysaccharide, composed of D-glucose monomers linked through β-1,4-glycosidic bonds arranged in linear chains. Cellulases hydrolyse these β-1,4 linkages, releasing soluble sugars such as glucose and cellobiose (Ferrand et al., 2020; Srivastava et al., 2015). Although lignocellulosic polymers can be hydrolysed using concentrated acids such as sulfuric acid, enzymatic hydrolysis is preferred because it is affordable and produces higher yields of simple sugars (Akia et al., 2014). Microorganisms such as fungi, bacteria, and protozoans are known to produce cellulases that hydrolyse lignocellulosic substrates into fermentable sugars (Benocci et al., 2017).
Cellulases are essential biocatalysts with wide industrial applications in textiles, brewing, laundry detergents, paper production, bioethanol generation, agriculture, and food processing (Mohana et al., 2008; Kuhad et al., 2011). The enzyme complex comprises exoglucanases, endoglucanases, and β-glucosidases. Endoglucanases randomly cleave the internal β-1,4 bonds within cellulose chains, producing new reducing and non-reducing ends; exoglucanases catalyse the stepwise hydrolysis of these chains from their terminal ends to further release cellobiose units, whereas β-glucosidases convert cellobiose into glucose monomers (Wu et al., 2020; Badoni et al., 2025). The combined activity of these enzymes allows cellulose to be fully broken down into fermentable sugars suitable for bioenergy and other biotechnological processes.
Compared to submerged fermentation, solid-state fermentation can increase total cellulase yield by up to twelvefold (Manan et al., 2018). This study, therefore, explores Daldinia concentrica as a potential source of low-cost cellulases for the valorisation of agro-industrial residues, supporting sustainable waste management and bioenergy production. The use of fungi in such green biotechnological processes represents a cost-effective and environmentally friendly approach to resource recovery, aligning with global trends toward circular bioeconomy and sustainable industrial biotechnology (Perumal et al., 2024). The objective was to optimise cellulase production, specifically FPase, endoglucanase, and exoglucanase, by Daldinia concentrica through variation of incubation time and lignocellulosic substrate under solid-state fermentation. It was hypothesized that both substrate type and incubation duration significantly influence cellulase productivity, with mid-incubation periods (6–8 days) expected to yield peak enzyme activities.
2. Materials and Methods
2.1 Study Location 
The study was conducted at the Science Laboratory Complex, Kenyatta University (1.1815° S, 36.9345° E), Nairobi, Kenya. The facility provides controlled laboratory conditions suitable for fungal culture, enzyme extraction, and biochemical assays.
2.2 Preparation of Fungal Media
2.2.1 Preparation of Potato Dextrose Agar (PDA)
Two hundred grams of Irish potatoes were diced and transferred to a one-litre conical flask containing 0.5 L of distilled water. The mixture was covered with aluminium foil to prevent microbial contamination (Westphal et al., 2021) and heated on a hot plate until boiling. The resulting broth was filtered into a sterile one-litre conical flask, after which 20 g of dextrose and 15 g of agar were added. Finally, the volume was adjusted to one litre with distilled water. The culture medium was sterilised at 121°C under 15 psi pressure. After cooling to approximately 45°C, gentamicin (100 mg L⁻¹) was added. The medium was subsequently dispensed into sterile Petri plates. PDA served as a general-purpose medium for culturing and maintaining the fungal strain, providing the nutrients necessary for vigorous mycelial growth prior to production assays (Talib et al., 2022; Pitt and Hocking, 2009).
2.2.2 Preparation of 1% Carboxymethyl Cellulose (CMC) Agar
15 g of agar powder, 1.0 g of glucose, 1.88 g of carboxymethyl cellulose, and 10 mL of a 1% Congo Red stock solution were combined, and the mixture was brought to a final volume of one litre with distilled water (Legodi et al., 2019). The agar medium was sterilised in an autoclave at 121°C under 15 psi pressure for exactly 20 minutes. After cooling, 2.5 mL of gentamicin (100 mg L⁻¹) was added aseptically before the medium was poured into sterile Petri plates (Munyasi et al., 2024). This medium was used for screening and isolating cellulase-producing fungi since carboxymethyl cellulose acts as the carbon source while Congo Red enables visualisation of hydrolysis zones (Sandra et al., 2022; Sazci et al., 1986). 
2.2.3 Isolation and Maintenance of Cellulase-Producing Fungi
Tissue fragments measuring approximately 0.5–1 cm were surface-sterilised in 1% sodium hypochlorite (NaOCl) for 30 seconds, then rinsed thoroughly with distilled water and gently dried on sterile paper towels (Munyasi et al., 2024). The sterilised samples were subsequently inoculated onto potato dextrose agar supplemented with gentamicin (100 mg L⁻¹). Each Petri plate was clearly labelled for accurate identification and properly sealed with parafilm prior to incubation at 25°C (Jobita et al., 2025). Plates were monitored daily for fungal growth, and emerging colonies were sub-cultured onto carboxymethyl cellulose agar for pure culture isolation.
2.3 Substrate Preparation
Three lignocellulosic substrates were used: rice husks (Oryza sativa), sugarcane bagasse (Saccharum officinarum), and eucalyptus sawdust (Eucalyptus sp.). Samples were collected from local sources: sugarcane bagasse from Kisumu (0.0917° S, 34.7680° E), rice husks from Mwea (0.6753° S, 37.3690° E), and eucalyptus sawdust near Kenyatta University (1.1815° S, 36.9345° E). The residues were cleaned, oven-dried at 65°C for 72 hours, and ground to 1–3 mm particle size (Ravindran et al., 2016). Proper handling and storage are critical to minimise contamination from environmental fungi, such as Fusarium oxysporum, which are commonly found in plant residues and can affect experimental outcomes (Zeeshan et al., 2023). The dried substrates were properly sealed in sterile containers and stored at 25°C until further use.
2.4 Solid-State Fermentation Setup
Twelve millilitres of Bushnell-Haas (BH) medium, a carbon-free mineral medium commonly used to support microbial enzyme production by providing essential minerals without additional carbon sources (Atlas, 2010), was prepared with the following composition (g/L): MgSO₄ - 0.1; CaCl₂ - 0.05; K₂HPO₄ - 1.0; NaNO₃ - 1.0; FeCl₃ - 0.05 (Brijwani & Vadlani, 2011). The use of a mineral-based medium ensured adequate nutrient supply to stimulate fungal metabolism and cellulase synthesis under solid-state fermentation, as previously demonstrated for Trichoderma viride under similar nutritional conditions (Irfan et al., 2012). The pH of the medium was adjusted to 4.9 before dispensing the solution into 350 mL bottles, each containing 5 g of untreated lignocellulosic substrate (rice husks, sugarcane bagasse, or eucalyptus sawdust). A total of 45 bottles were used, 15 for each of the substrates.
The bottles were then sterilised at 121°C under 15 psi pressure for 20 minutes (Dessie et al., 2018). After cooling, 1.5 mL of prepared fungal inoculum (1 × 10⁶ spores/mL) was added aseptically to each bottle. The inoculated bottles were incubated at 30°C for 14 days under static conditions (Hasanin et al., 2020). Bottles were loosely capped to allow air exchange while preventing microbial contamination.
2.4.1 Experimental design
The study employed a Completely Randomised Design (CRD) with three substrate types representing the lignocellulosic materials (sugarcane bagasse, rice husks, and eucalyptus sawdust). Each experimental group was replicated three times across the incubation intervals of 2, 4, 6, 8, and 10 days, resulting in a total of 45 experimental units. Enzyme extraction was carried out every two days throughout the ten-day incubation period. On each sampling day, cellulases were extracted from nine bottles, three randomly selected from each substrate type, to determine enzyme activity.
2.5 Enzyme Extraction
Crude enzyme extraction was performed by adding 50 mL of 50 mM citrate buffer (pH 4.8) to each 350 mL bottle. The mixture was shaken for 15 minutes at 120 rpm to facilitate enzyme release and allowed to stand for 2 hours. 
The contents were then filtered through Whatman No. 1 filter paper to separate fungal mycelia and residual substrates from the liquid portion. The filtrate was centrifuged at 12,000 rpm for 12 minutes at 4°C to remove residual debris, and the resulting clear liquid (supernatant) was carefully collected as the crude enzyme extract (Legodi et al., 2019). The enzyme extract was frozen at −21°C for subsequent enzyme bioassays (Mandels & Weber, 1969; Gautam et al., 2012).
2.6 Enzyme Assays
2.6.1 Preparation of Reagents
3,5-Dinitrosalicylic acid (DNS) reagent: A mixture containing 9 g of DNS, 9 g of NaOH, 1.5 g of phenol, and 1.0 g of sodium sulphite was dissolved in distilled water, and the volume was adjusted to one litre. The reagent was stored in a dark bottle to prevent light-induced degradation. In a separate container, a potassium sodium tartrate solution (350 mg L⁻¹) was prepared using distilled water (Jobita et al., 2025).
2.6.2 Filter Paper Assay (FPase)
The overall cellulase activity in the crude enzyme extract was quantified using the standard Filter Paper Assay (FPA) protocol described by Mandels et al. (1976). Approximately 50 mg (1 × 6 cm strip) of Whatman No. 1 filter paper served as the cellulose substrate. Each strip was placed in a 2 mL microcentrifuge tube containing 0.5 mL of 50 mM citrate buffer (pH 4.8) to maintain optimal enzymatic conditions. Subsequently, 0.5 mL of the crude enzyme filtrate was added to each tube, gently mixed, and incubated in a water bath at 50°C for an hour. 
After incubation, the reaction was stopped by adding 0.7 mL of DNS reagent, followed by heating at 100°C for 5 minutes to develop a red–brown colour. The tubes were cooled under running tap water, and 0.3 mL of potassium sodium tartrate was added to stabilise the colour complex. The absorbance was then measured at 540 nm using a UV–Vis spectrophotometer (Miller, 1959; Ghose, 1987).
2.6.3 Endoglucanase (CMCase) Assay
0.5 mL of a one-percent carboxymethyl cellulose prepared in 50 mM citrate buffer (pH 4.8) was added to a two-millilitre microcentrifuge tube. An equal volume (0.5 mL) of the crude enzyme extract was then added, and the mixture was incubated at 50°C for half an hour in a water bath. The reaction was stopped by introducing 0.7 mL of 3,5-dinitrosalicylic acid (DNS), after which the tubes were heated at 100°C for 5 minutes to allow colour development. After cooling under running water, 0.3 mL of potassium sodium tartrate was added to stabilise the red-brown colour complex. The absorbance was measured at 540 nm using a UV–Vis spectrophotometer against a reagent blank containing buffer and substrate without enzyme (Gautam et al., 2012; Miller, 1959).
2.6.4 Exoglucanase (Avicelase) Assay
For exoglucanase activity, 0.5 mL of a one-percent Avicel solution prepared in 50 mM citrate buffer (pH 4.8) was transferred into a pre-labelled two-millilitre microcentrifuge tube. Thereafter, 0.5 mL of diluted crude enzyme extract was incorporated, the contents were swirled gently to ensure homogeneity, and the tubes were then incubated at 50°C for two hours. The enzymatic reaction was terminated by introducing 0.7 mL of 3,5-dinitrosalicylic acid, followed by heating at 100°C for 5 minutes to develop colour (Alemu, 2021). After cooling under running water, 0.3 mL of potassium sodium tartrate was added to stabilise the red-brown colour complex. Absorbance was read at 540 nm using a UV–Vis spectrophotometer (Wood & Bhat, 1988).
 All assays were conducted in triplicate to ensure reproducibility and accuracy, and control reactions without enzyme were included to correct for background absorbance. Enzyme activities were expressed in International Units (IU/mL), where one unit corresponds to the amount of enzyme releasing 1 µmol of glucose per minute under assay conditions (Hasanin et al., 2020).
2.7 Determination and Statistical Analysis of Enzyme Activity
2.7.1 Determination of Enzyme Activity
Absorbance values obtained from enzyme assays were recorded in Microsoft Excel and used to calculate cellulase activities, expressed in International Units per millilitre (IU/mL).
A glucose standard curve (Figure 1) was prepared using known concentrations of glucose reacted with 3,5-dinitrosalicylic acid, and absorbance was measured spectrophotometrically at 540 nm. Glucose levels in the enzyme assay samples were quantified based on their absorbance values. The relationship between absorbance and glucose concentration followed the standard calibration equation shown below:
Y = 0.3975x + 0.04058 
 R2 = 0.9925
( Y ) is representing absorbance,  ( x ) is denoting the corresponding glucose concentration, and  ( R2 ) is representing the coefficient of determination.
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Figure 1: Glucose standard curve
2.7.2 Statistical Analysis
The corresponding enzyme activities were calculated based on the measured glucose concentrations and presented as international units per millilitre (IU/mL) following Hasanin et al. (2020). Data were compiled in Microsoft Excel and subsequently processed using R statistical software (version 4.5.0). The influence of incubation duration and substrate type on cellulase activity was evaluated through one-way analysis of variance (ANOVA), while Tukey’s Honest Significant Difference (HSD) test was applied to determine significant differences among the means at a 5% probability level (p ≤ 0.05). All results are shown as the mean ± standard error of the mean (SEM) for each substrate and incubation period to maintain precision and comparability.
3. Results
3.1 Filter Paper Assay (FPase) Activity
The results showed a significant increase in FPase activity from day 2, reaching peak levels between days 6 and 8, depending on the substrate type. Rice husks yielded the highest FPase activity (2.41 ± 0.08 IU/mL, day 6), followed by sugarcane bagasse (2.04 ± 0.04 IU/mL, day 8) and eucalyptus sawdust (0.99 ± 0.10 IU/mL, day 8). Differences were statistically significant (p ≤0.05).
Table 1. Mean ± SEM of FPase Activities of Daldinia concentrica cultured on different lignocellulosic substrates
	Incubation time (Days)

	Substrate
	2
	4
	6
	8
	10

	Sugarcane Bagasse
	1.54±0.07b
	1.44±0.03b
	1.88±0.07a
	2.04±0.04a
	1.40±0.04b

	Rice Husks
	1.28±0.05c
	0.33±0.01e
	2.41±0.08a
	1.84±0.04b
	0.89±0.05d

	Eucalyptus sawdust
	0.86±0.03ab
	0.69±0.01b
	0.96±0.05ab
	0.99±0.10a
	0.85±0.07ab

	P value
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001


In the same column, means with the same letter superscripts are not significantly different
3.2 Endoglucanase (CMCase) Activity
Maximum endoglucanase activity was recorded on day 8 for sugarcane bagasse (4.77 ± 0.11 IU/mL) and day 6 for both eucalyptus sawdust (4.57 ± 0.11 IU/mL) and rice husks (4.00 ± 0.13 IU/mL). Variations in enzyme activity between days and substrates were statistically significant (p ≤ 0.05).
Table 2. Mean ± SEM of Endoglucanase Activity of Daldinia concentrica cultured on different lignocellulosic substrates.
	Incubation time (Days)

	Substrate
	2
	4
	6
	8
	10

	Sugarcane Bagasse
	1.91±0.17c
	2.18±0.16c
	3.89±0.17b
	4.77±0.11a
	1.58±0.01b

	Rice Husks
	1.78±0.18b
	3.78±0.16a
	4.00±0.13a
	1.64±0.04b
	0.74±0.07b

	Eucalyptus
	1.21±0.05d
	3.69±0.16b
	4.57±0.11a
	2.66±0.09c
	3.40±0.05a

	P value
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001


In the same column, means with the same letter superscripts are not significantly different
3.3 Exoglucanase (Avicelase) Activity
The highest exoglucanase activity occurred on day 8 for eucalyptus sawdust (1.43 ± 0.04 IU/mL) and sugarcane bagasse (1.26 ± 0.00 IU/mL), while rice husks showed maximum activity (0.98 ± 0.03 IU/mL) on day 6. A decline in activity was observed after day 8 across all substrates, with statistically significant differences (p ≤ 0.05).
Table 3. Mean ± SEM of Exoglucanase Activity of Daldinia concentrica cultured on various lignocellulosic substrates
	Incubation time (Days)

	Substrate
	2
	4
	6
	8
	10

	Sugarcane Bagasse
	0.55±0.03c
	0.55±0.04c
	1.03±0.02b
	1.26±0.00a
	0.39±0.00d

	Rice Husks
	0.41±0.01b
	0.93±0.05a
	0.98±0.03a
	0.41±0.01b
	0.19±0.02c

	Eucalyptus sawdust
	0.10±0.02e
	0.48±0.00d
	0.99±0.04b
	1.43±0.04a
	0.74±0.04c

	P value
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001


In the same column, means with the same letter superscripts are not significantly different
4. Discussion
Cellulase production by Daldinia concentrica followed a bell-shaped temporal profile, with low activity during early growth (days 2 - 4), peaks between days 6 - 8, and a decline by day 10. This temporal pattern agrees with reports from other microbial systems where enzyme synthesis is linked to growth phase and substrate availability (Potprommanee et al., 2017; Naher et al., 2021). The post-peak decline observed here is likely multifactorial: progressive substrate depletion, accumulation of inhibitory sugars (glucose or cellobiose) that repress cellulase expression, and possible enzyme instability at prolonged incubation, mechanisms previously noted in cellulase kinetics studies (Zhang & Lynd, 2004). Differences in the exact timing of peaks between studies may reflect strain-specific regulation, inoculum load, moisture content, and the physical nature of the substrate, which all influence growth rate and induction timing (Rodríguez-Ramos et al., 2025; Naher et al., 2021; Reķēna et al., 2023).
Comparative analysis of FPase (total cellulase) activity shows our Daldinia concentrica performed comparably to some reported fungal systems under certain conditions: we measured a maximum FPase of 2.41 ± 0.08 IU/mL on rice husks (day 6), while Aspergillus terreus NIH2624 produced 3.35 U/mL FPase under submerged fermentation (Parveen et al., 2020). The somewhat lower FPase here likely reflects differences between submerged fermentation and solid-state fermentation. Generally, solid-state fermentation concentrates microbial metabolism on solid particles and can enhance some enzyme yields per unit substrate, but also imposes mass-transfer limitations (oxygen, moisture) that modulate total soluble enzyme recovery (Samantaray et al., 2024; Bhargav et al., 2008). Methodological differences in assay conditions, substrate pretreatment, and units reported (IU vs U) further complicate direct numerical comparisons (Beck et al., 2015).
Endoglucanase (CMCase) peaked at different times and magnitudes across substrates, highest on sugarcane bagasse (4.77 ± 0.11 IU/mL, day 8), consistent with the idea that substrate chemical composition strongly influences specific enzyme induction. Sugarcane bagasse’s balanced cellulose–hemicellulose matrix may present more accessible amorphous regions that preferentially induce endoglucanases, explaining the elevated CMCase (Bhardwaj et al., 2021). Other studies using Trichoderma spp. or Aspergillus spp. have reported optimal CMCase production in mid-incubation windows (days 5–8), which aligns with our findings and supports a conserved induction pattern for endo-acting enzymes across fungal taxa (Nanjundaswamy et al., 2020).
Exoglucanase (Avicelase) activity showed the highest values on eucalyptus sawdust (1.43 ± 0.04 IU/mL, day 8). That substrate-specific dominance for exoglucanase may be explained by particle size, lignin content, and surface properties: eucalyptus sawdust’s finer particles and higher lignin proportion can favour surface-associated enzyme secretion and localisation of exo-acting enzymes that attack chain ends (Yuan et al., 2021). According to Rovera et al. (2022), the higher silica and crystalline cellulose composition of rice husks may explain their comparatively elevated FPase but reduced exoglucanase activity relative to eucalyptus sawdust. These variations indicate that differences in substrate crystallinity and mineral composition can distinctly affect the balance and expression pattern of cellulase enzymes.
Beyond physical and structural properties, the nutritional composition of lignocellulosic substrates may also influence fungal enzyme production. Rice husks, for instance, are known to contain B-complex vitamins (thiamine, riboflavin, and niacin) and essential minerals such as calcium, magnesium, iron, and zinc, which can serve as cofactors or metabolic enhancers during fungal growth (Panpatte et al., 2019; Norizan et al., 2022; Gupta, 2023). Similarly, sugarcane bagasse and eucalyptus sawdust provide trace nutrients that can modulate enzyme biosynthesis by supporting coenzyme-dependent metabolic pathways. The combined effects of these micronutrients and substrate chemistry likely contributed to the observed substrate-dependent variations in cellulase activities across fermentation periods.
Where our results differ from some published reports, several technical and biological reasons can be invoked. Firstly, inter-strain differences are important: Daldinia concentrica likely possesses a distinct complement and regulation of cellulase genes compared with model producers such as Trichoderma reesei or Aspergillus spp., producing a different balance of FPase, CMCase, and Avicelase activities (Amore et al., 2013; Somchart et al., 2019). Secondly, the use of untreated agro-wastes (no chemical or physical pretreatment) preserves structural barriers that change enzyme accessibility and induction patterns compared with studies that use pretreated substrates; untreated substrates often require longer induction times but can still yield useful enzymes for low-cost solid-state fermentation systems, as noted by Aashikha et al. (2025), Naher et al. (2021), and Singh et al. (2022). Furthermore, several parameters, such as Bushnell-Haas solution, inoculum concentration, incubation temperature, and the use of constant solid-state fermentation conditions, all interact to shape enzyme kinetics and can differ across laboratories (Thite et al., 2020; Shaikh et al., 2025; Hasanin et al., 2020; Brijwani & Vadlani, 2011). Ultimately, assay protocols, standard curves, and units (IU/mL) vary across studies and can create apparent differences even when biological performance is similar.
Regarding the 3,5-dinitrosalicylic acid (DNS) method used for reducing sugar determination, it is important to note that some compounds, such as furfural and 5-hydroxymethylfurfural (5-HMF), may interfere with absorbance readings, potentially leading to slight overestimations of reducing sugars (Deshavath et al., 2020). Nevertheless, the DNS method remains one of the most reliable, rapid, and widely accepted assays for cellulase activity quantification, balancing simplicity with sufficient accuracy for comparative studies.
Taken together, the similarities between our temporal patterns and those reported for other fungi (mid-incubation peaks, bell-shaped curves) increase confidence that the observed dynamics are biologically robust (Potprommanee et al., 2017; Naher et al., 2021). The substrate-specific differences we observed, rice husks favouring maximum FPase, sugarcane bagasse yielding the highest CMCase, and eucalyptus sawdust promoting peak Avicelase, are consistent with known links between substrate chemistry/physicality and enzyme induction, and they highlight the importance of matching fungal strains to locally available agro-residues for cost-effective enzyme production (Ravindran et al., 2018; Kadoguchi et al., 2024; Soni et al., 2010).
5. Conclusion 
This study demonstrated that Daldinia concentrica effectively produces cellulases using untreated agro-wastes under solid-state fermentation. Enzyme activity followed a bell-shaped pattern, with peak yields occurring between days 6 and 8, representing the optimal harvest window for maximizing productivity and cost-efficiency. Rice husks favoured FPase, sugarcane bagasse enhanced endoglucanase, and eucalyptus sawdust promoted exoglucanase activity, underscoring the influence of substrate composition on enzyme induction. These findings highlight Daldinia concentrica as a promising, low-cost cellulase source for sustainable bioresource utilization. Employing solid-state fermentation on untreated agro-wastes not only reduces production costs but also supports circular bioeconomy initiatives by converting agricultural residues into invaluable bioproducts. The enzymes produced can be applied in bioethanol production, composting, paper pulping, and textile processing, demonstrating the industrial potential of Daldinia concentrica in advancing environmentally friendly bioprocesses.
5.1 Limitations and Future Work
This study utilised a morphologically identified Daldinia concentrica isolate without molecular verification, which may limit taxonomic precision. Future research should incorporate ITS-based molecular identification, optimise environmental parameters (pH, temperature), and purify enzymes to characterise isoforms. Additionally, substrate pretreatment could be tested to enhance enzyme yield and activity stability.
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