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The present study aimed to obtain a fungal isolate and enhance its cellulolytic activity through various mutational 
techniques, focusing on achieving results comparable to those obtained from extensively researched isolates of 
Trichoderma sp. An Aspergillus niger Tiegh. strain was obtained from environmental samples collected in Vadodara, 
Gujarat, and its cellulolytic-enzyme production was assessed and found to be akin to Trichoderma viride and 
Trichoderma reesei. Utilizing rice straw in solid-state fermentation (SSF), this research evaluated optimal conditions 
for enzyme activity at diverse pH and temperatures for both wild-type and mutant strains modified employing NTG 
(Methylnitronitrosoguanidine), EMS (Ethyl Methane Sulphonate), and UV radiation treatments. NTG-induced 
mutations significantly enhanced enzyme yields, particularly at pH 5 and 27°C. The NTG-treated A. niger mutants 
exhibited remarkable increases in endoglucanase activity, achieving 30.36 Units/mL, which corresponds to an increase 
of 22.91 Units/mL (4.12-fold) compared to the untreated strain. Similarly, T. viride and T. reesei showed significant 
increases to 29.18 and 25.58 Units/mL, respectively. Also, A. niger NTG-treated mutants showed avicelase activity 
of 245.73 ± 14.9 Units/mLat pH 5 and 27°C, compared to untreated strains with 85.62 Units/mL, representing a  
2.43-fold increase. Moreover, the addition of cellulose significantly boosted enzymatic activity, increasing 
endoglucanase activity in A. niger from 4.76 Units/mL to 6.29 Units/mL.The findings of this study highlight the capacity 
of NTG-mutagenesis to enhance the production of cellulase. This opens up encouraging prospects for optimizing the 
utilization of enzymes in industrial settings and promoting sustainable waste management via bioconversion technologies.
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INTRODUCTION

In the current decade, the world has witnessed a notable upswing 
in waste production, primarily fuelled by the rapid expansion of the 
human population and the brisk pace of economic growth [1]. This 
surge has resulted in the generation of millions of metric tons of organic 
waste, from both municipal and agricultural sectors as a consequence 
of anthropogenic activities [1]. Within the Indian context, agricultural 
activities play a substantial role in waste generation, yielding an 
estimated 550 million tonnes of agricultural residues annually. In the 
current decade, the rapid increase in waste production, particularly 
agricultural residues, has become a pressing environmental concern, 
with millions of metric tons generated annually. Effective utilization 
of lignocellulosic biomass through enzymatic degradation offers a 
promising solution for waste management and bioresource utilization. 
Fungi, with their ability to produce diverse extracellular enzymes, play 
a pivotal role in breaking down lignocellulosic materials into usable 

compounds. Key contributors include rice, wheat, sorghum, pearl 
millet, and maize, which together contribute approximately 236 million 
tonnes of agricultural residues as straw [1]. These primary materials, 
including rice straw, corn stover, sugarcane bagasse, and sawdust, 
comprise substantial quantities of lignocelluloses [2]. Cellulose 
constitutes the primary component of lignocellulosic materials, 
accompanied by hemicellulose and lignin. Cellulose, a linear polymer 
of D-glucose units connected through β-1,4-glycosidic bonds, stands 
out as a predominant element in plant biomass. Approximately 45% of 
the total dry weight of wood is composed of this polymer [3,4].

The demand for food drives continuous crop production, often leading 
farmers to resort to field burning after harvest [5]. In India, particularly 
in regions like Haryana, rice and wheat sowing predominantly occurs 
in June-July and November-December, followed by harvesting in 
October-November and April-May [6]. However, this short timeframe 
allows farmers only a brief window of three to four weeks to transit to 
the next growing season. Additionally, there is a lack of cost-effective 
technologies applicable to small-scale agricultural fields for the 
collection of residual agricultural biomass [7]. Consequently, farmers 
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often resort to in-situ crop waste burning as a quick, cost-effective, and 
efficient method for preparing the fields for subsequent crop cycles [8].

The hydrolytic degradation of cellulose is contingent upon the 
synergistic catalytic activity of three enzymes: endoglucanase, 
cellobiohydrolase, and β-glucosidase. Cellulases facilitate cellulose 
hydrolysis, yielding glucose, cellobiose, and cello-oligosaccharides 
as principal products [9-11]. Subsequently, these agricultural residues 
are an exceptional carbon substrate for microbial cellulase synthesis. 
Cellulases can be generated by various species of fungi, bacteria, and 
yeast and can utilise lignocelluloses as their primary carbon substrate. 
Nevertheless, fungi emerge as promising microorganisms for 
synthesising these enzymes because of their ability to produce a diverse 
array of extracellular enzymes. Among these, A. niger stands out as an 
optimal candidate due to its robust enzyme production, adaptability to 
diverse environmental conditions, and ability to thrive on a variety of 
lignocellulosic substrates. This makes it particularly advantageous for 
industrial applications compared to other fungi. However, a significant 
need remains to enhance its cellulolytic activity to levels comparable 
to extensively studied Trichoderma species. This enables them to 
efficiently break down complex lignocellulosic substrates into soluble 
compounds, with their enzyme levels surpassing those observed in 
yeast and bacteria [12,13]. Cellulases find extensive application in 
various sectors such as biofuel, food, animal feed, beverages, textiles, 
pulp and paper, pharmaceuticals, agriculture, and more [12-14]. In 
agricultural applications, introducing cellulolytic fungi optimizes 
compost quality through their efficient degradation of agricultural 
waste substrates [12,15]. Furthermore, utilizing agricultural waste for 
compost production is a significant alternative to sustainable waste 
management. In the context of employing enzymes in the pulp and 
paper industry, alkaliphile enzymes exhibit significant activity at 
alkaline pH levels. This characteristic presents considerable potential 
for their application in dewatering and refining steps and bleaching 
processes without requiring pH adjustments [16]. 

Soil microbial activity is impacted by agricultural practices, fertilizer 
input, organic residues, and crop rotation. Soil respiration, a vital 
indicator of microbial activity, is crucial for understanding biological 
processes in soil ecosystems. Additionally, soil bioactivity is closely 
connected to pH, organic matter, texture, climate, moisture, and 
temperature, influencing enzyme production by fungal species. 
Therefore, changes observed in the host, such as age and environmental 
factors like climate and geographical location, can affect the biology of 
fungi [17-19]. Thus, the present study aimed to address the burgeoning 
issue of waste management by considering the influence of agricultural 
practices, soil factors, and climate. The objective was to isolate a local 
fungal strain that flourishes on the decomposed agricultural wastes 
in the unique soil conditions of Vadodara, where reports on such 
strains are currently unavailable. Furthermore, it investigates diverse 
random mutagenesis approaches to enhance the cellulolytic activity 
of the tested fungi. These efforts were driven by the need for efficient 
degradation of lignocellulosic materials, utilizing rice residues as 
substrate. By bridging the gap between waste management challenges 
and enzymatic solutions, the present research aims to contribute to 
the advancement of sustainable practices in agricultural as well as 
industrial sectors. Thus, the objective of this study is to isolate and 
enhance the cellulolytic activity of A. niger through mutagenesis 
techniques, evaluating its potential to produce industrially viable 
cellulase enzymes using rice straw under solid-state fermentation. 
This approach aims to address the twin challenges of agricultural 
waste management and the demand for efficient enzyme production in 
biofuel and other industrial processes.

2. MATERIALS AND METHODS

2.1 Isolation and Procurement of Cellulase-Producing Fungal 
Strains
Four distinct agricultural field sites near Parul University, Vadodara, 
were randomly selected to collect lignocellulosic material, specifically 
rice straw, with aseptic techniques followed throughout the collection 
procedure. Rice straw was carefully collected in sterile polythene 
bags using sterile tools from each site and brought to the laboratory 
for further processing. Upon arrival at the laboratory, the collected 
biomass underwent aseptic oven drying at 60°C for 6 h to eliminate 
moisture and contaminants while preserving material integrity. A 
designated 6 x 10 feet plot at the Parul University experimental fields 
adjacent to the Research and Development Cell was chosen for the 
decomposition study of unseparated straw (excluding seeds). Each rice 
straw sample from the selected sites was enclosed in perforated nylon 
bags with a pore size of 100 microns. A total of 12 blocks measuring 
30 x 30 cm were marked out in the experimental plot, with four nylon 

Table 1: Qualitative and quantitative distribution of fungal species isolated 
aseptically from decomposed wheat straw, rice straw, and bagasse using 
serial dilution plate method after 30 days of decomposition.

Fungal Species Dilutions

1:100 1:1000 1:10000 1:100000

  TI PI TI PI TI PT TI PI

Aspergillus niger 21 41.2 12 63.16 7 50 7 63.64

Aspergillus 
luchuensis

4 7.8 - - - - - -

Aspergillus terreus 3 5.9 - - - - - -

Alternaria citri 1 2.0 1 5.26 - - - -

Cladosporium sp. - - - - 1 7.14 - -

Curvularia lunata 2 3.9 2 10.53 - - - -

Drechslera sp. - - - - 2 14.29 - -

Fusarium 
incarnatum

7 13.7 - - 4 28.57 - -

Neurospora sp. - - - - - - 1 9.09

Penicillium 
crysogenum

9 17.6 - - - - - -

Penicillium 
crysogenum

- - - - - - 1 9.09

Penicillium 
digitatum

- - 3 15.79 - - - -

Penicillium sp. 4 7.8 - - - - - -

Trichoderma viride - - 1 5.26 - - - -

Verticillium sp. - - - - - - 2 18.18

Number of species 8 5 4 4

Total Isolates 51 19 14 11

Simpson’s  
index (D) 0.22 0.41 0.31 0.4

Simpson’s index of 
diversity (1-D) 0.78 0.59 0.69 0.6

Simpson’s 
Reciprocal Index 
(1/D) 4.51 2.44 3.25 2.5
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2.4 Enzyme Assay(s) and Calculations for the Quantification 
of Cellulolytic-Enzyme Activity of Test Fungal Strains 
The endoglucanase activity (CMCase, Endo-1,4-β-D-glucanase) 
was evaluated with a 1 mL reaction mixture containing 0.5 mL 
of culture supernatant (crude enzyme) and 0.5 mL of 1% (w/v) 
CMC (Sigma-Aldrich Co. St Louis, mo. USA) solution in sodium 
citrate buffer (50 mM, pH 4.5). The reaction mixture was incubated 
at 50ºC for 30 m, and reducing sugar was determined using the 
3,5-dinitrosalicylic acid (DNS) (HiMedia Laboratories) method at  
540 nm spectrophotometrically [35].

The Fpase activity was determined following the method suggested by 
Wood and Bhat with minor modifications by incubating 0.1 mL culture 
supernatant (enzyme) with 50 mg of sterile filter paper (Whatman no. 1)  
in 1.9 mL sodium citrate buffer (50 mM, pH 5). The reaction mixture 
was incubated at 50ºC for 60 m. The released reducing sugar amount was 
estimated by the DNS method at 540 nm spectrophotometrically [36].

For estimating avicelase activity, a total reaction mixture of 4 mL, 
containing 1 mL of crude enzyme and 3 mL of 1% Avicel (Sigma-
Aldrich Co. St Louis, mo. USA) in 50 mM citric acid buffer (pH 4.8) 
was prepared. This resulting reaction mixture was incubated at 50ºC 
for 1 h, with measurements following the same method as adopted for 
CMCase [37].

As a substrate, the β-Glucosidase Activity was estimated using 
p-nitrophenyl-β-D-glucopyranoside (pNPG) (Sigma-Aldrich Co.  
St Louis, mo. USA). The total assay mixture (1 mL) consisting of 
0.9 mL of pNPG (1 mM) and 0.1 mL of culture supernatant (crude 
enzyme) was incubated at 50ºC for 30 m. The developing yellow 
colour signifying the release of p-nitrophenol (pNP) by enzymatic 
hydrolysis was estimated at 420 nm spectrophotometrically  [35,38].

To determine the concentration of unknown proteins, standard curves 
were plotted employing glucose (for determining endoglucanase, 
FPase and avicelase activity) and p-nitrophenol (for determining 
β-glucosidase activity) standards. The equation gives the relationship 
between absorbance (O.D.) and concentration:

Y = MX + C

Where:

	 Y is the absorbance (O.D.),

	 M is the slope of the standard curve,

	 C is the intercept (in this case, C is 0),

	 X is the concentration of glucose or p-nitrophenol.

Calculation of slope for the standard curve:
M = Y2-Y1/X2-X1

Where:

	 Y2 and Y1 are two succeeding obtained optical densities,  
	 X2 and X1 are two succeeding concentrations

The calculated slope values for glucose and p-nitrophenol standard 
curve were 0.00226 and 0.046 respectively. 

Enzyme Activity Calculation from Concentration:
Unit Activity is defined as the amount of enzyme which produce 
1µM of the product per minute and per ml under standard assay  

bags (triplicate) containing biomass from each site placed in separate 
blocks at a depth of 60 cm for 30 days [20].

After the 30-day decomposition period, the decomposed biomass 
from each block was collected under aseptic conditions. To isolate 
the mycobiota from each sample, a working solution was prepared 
following serial dilution plate methods [21] with 10−1, 10−2, 10−3, 
and 10−4 dilutions for each sample and Potato Dextrose Agar (HiMedia 
Laboratories) Medium [22] supplemented with 30 ppm Streptomycin, 
were used as a growth medium. The Petri dishes containing PDA 
medium were inoculated with specified dilutions and incubated at 27 ± 
2°C for 5 days. The resulting fungal strains [Table 1] were subsequently 
subcultured onto fresh Petri plates containing Potato Dextrose Agar 
Medium for further examinations and the preparation of axenic 
cultures. To compare the cellulolytic activity of the isolated strain with 
superior cellulolytic activity, prominent cellulase producers, namely  
T. viride (1051) and T. reesei (992) sourced from the National 
Collection of Industrial Microorganisms (NCIM), Pune (India).

2.2 Preparation of Inoculums
For inoculum preparation, mature fungal colonies exhibiting full 
sporulation were used, and spores were harvested using aseptic 
methods and subsequently suspended in 30 ml of distilled water 
supplemented with 0.2% Tween 20 (Sigma-Aldrich Co. St Louis, MO, 
USA), followed by dilution to achieve a concentration of 1.0 x 106 
cells per mL through enumeration utilizing a Neubauer chamber [23].

2.3 Parameters for Solid State Fermentation (SSF)
The solid rice wastes were collected in an aseptic manner from 
agricultural areas located in close proximity to Parul University in 
Vadodara, Gujarat. These wastes were subsequently brought to the 
laboratory in sterile zip-lock bags. The biomass was classified into 
distinct nutrient classes and subsequently underwent a drying process 
in an oven at a temperature of 60°C for a duration of 6 h to attain 
a reduction in moisture content ranging from 10% to 12%, which is 
in accordance with the desired moisture content for feed applications, 
ensuring the absence of contaminations. 

Two subsets for SSF were prepared. The first subset consisted of  
60 mL of Mendel mineral salt medium [24], cellulose (1.2 g), and 
2.4 g of rice in a 750 ml Erlenmeyer flask, while the second subset 
contained the same components except for the absence of added 
cellulose. Both sets were adjusted to a pH of 4.5 and then incubated at 
27ºC. Additionally, similar sets were prepared for the conditions viz. 
pH 4.5 at 30ºC, pH 5 at 27ºC, and pH 5 at 30ºC following the existing 
body of work [25-34]. These modifications enabled investigation of 
the impact of pH and temperature on the SSF process. For each pH 
and temperature subset, two triplicate sets without added inoculum 
served as control and consisted of 0.8 grams of rice straw mixed with 
20 mL of Mandel’s mineral salts medium containing cellulose (0.4 g). 
Additionally, another control group contained 20 mL of Mandel’s 
medium, and 0.8 grams of rice straw without added cellulose. These 
subsets were incubated for a period of 5 days. After SSF, the residual 
fermented mixtures were added with 60 mL of sodium citrate buffer 
(50 mM, pH 4.5) in each flask, this mixture was agitated in an orbital 
shaker at 180 rpm and 27ºC for 60 m and samples were intermittently 
taken, filtered using Whatman no. 1 filter paper, and then subjected 
to centrifugation at 9000 rpm and 4ºC for 20 m to collect the culture 
supernatant containing crude enzymes.
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conditions [39]. Therefore, the unit activity was calculated following 
the given equation,

Enzyme 
Activity  
(U ml−1) 

Product concentration × Total volume of assay

Molecular weight of liberated sugar ×  
Amount (ml) of enzyme extract in assay ×  
Incubation time

=

All spectrophotometric estimations were performed using a Shimadzu 
UV-1900i UV-VIS-NIR Spectrophotometer at the Research and 
Development cell, Parul University. The enzymatic activities of 
CMCase, FPase, and Avicelase were measured in micromoles of 
reducing sugar released per gram (Units/mL). In contrast, beta-D-
galactosidase activity was quantified as micromoles of p-nitrophenol 
released per minute per gram of reaction mixture (Units/mL). All 
assays were meticulously performed in triplicate, and the graphs and 
tabulated data reflect the mean values obtained.

2.5 Mutagenesis and Screening of Survivor Fungal Mutant
In the physical mutagenesis procedure, 1 mL of fungal spore 
suspension of wild-type fungi was evenly dispersed onto CMC-PDA 
plates containing congo-red dye  (0.1% −0.2% w/v), under aseptic 
conditions. These plates were exposed to UV-radiations using 6W 
UV lamp (λ= 240 nm), positioned at a distance of 10 cm from the 
sample. The exposure was carefully conducted using a sequence 
of irradiation times, viz. 15 sec, 1 min, 5 min, 15 min, 30 min, to  
60 min, maintaining consistency across all plates containing the 
three test fungi in triplicates and subsequently, subjected for a 7-day 
incubation period at 30°C along with control plates [40]. All UV 
treatments were conducted in a closed UV exposure chamber with 
protective barriers to minimize researcher exposure. Appropriate 
personal protective equipment (PPE), including UV-blocking goggles 
and gloves, were used during handling.

For chemical mutagenesis, a phosphate buffer solution containing 
the mutagenic agent Methylnitronitrosoguanidine (NTG or MNNG, 
HiMedia Laboratories) was prepared. Fully sporulated plates of three 
wild-type test fungi, aged seven days, were employed for microbial 
inoculation. Each fungal strain was distributed into six 15 mL 
centrifuge tubes. 1 mL of the NTG (7mM) containing citrate buffer 
solution (100 mM, pH 7) was added to each tube, containing 9 mL 
of fungal suspension [41]. These tubes were incubated for different 
incubation time intervals i.e. 30 min, 60 min, 90 min, 120 min,  
150 min, and 180 min, for each fungal strain having similar 
compositions. Each tube was centrifuged at 5000 rpm for 10 m, 
separating fungal cells from the NTG solution. The supernatant, 
containing excess NTG, was discarded, and fungal cell pellets were 
collected carefully, without disturbing the tubes. These pellets were 
inoculated at the center of Carboxymethyl Cellulose-Potato Dextrose 
Agar (CMC-PDA) plates and incubated at 27°C for 4 days. As suggested 
by El-Ghonemy et al. [42] the expression of induced mutations in 
survivor fungal strains was assessed based on the halos formed around 
the fungal colonies due to cellulolytic-enzyme activity and compared 
to appropriate control plates. For Ethyl Methane Sulphonate (EMS) 
(HiMedia Laboratories) based chemical mutagenesis, seven-day-old 
fully sporulated plates of wild-type strains of test fungi were harvested 
and suspended in 50 mL of sterile distilled water with 50 µl of Tween 
80 and 2.9 g of NaCl (Sigma-Aldrich Co. St Louis, mo. USA) to 
improve spore dispersion and stability. Six flasks per fungal species 
were prepared, each containing 50 mL of distilled water with varying 

concentrations of Ethyl Methane Sulphonate (EMS): Flask 1 (250 µg/mL), 
Flask 2 (200 µg/mL), Flask 3 (150 µg/mL), Flask 4 (100 µg/mL), 
Flask 5 (50 µg/mL), and Flask 6 (25 µg/mL), and kept for 24 h of 
incubation. Subsequently, from each flask, 1 mL of fungal suspension 
was inoculated onto different CMC-PDA plates and incubated at 27°C 
for 4 days along with control plates [43].

To ensure safety, NTG and EMS, both classified as potential 
carcinogens, were handled exclusively within a fume hood. Waste 
materials were securely contained in sealed containers for proper 
hazardous waste disposal in compliance with established protocols. 
Appropriate personal protective equipment (PPE), including nitrile 
gloves and respiratory masks, was employed throughout the preparation 
and disposal processes. Contaminated glassware and waste materials 
were neutralized using a 10% sodium thiosulfate solution before final 
disposal to mitigate associated risks.

2.6 Estimation of Cellulase Enzyme Production by Survivor 
Fungal Mutants
As described by Oetari et al. [44] the CMCase test was carried out 
to evaluate the fungal enzymatic activity of survivor fungal mutants. 
Endoglucanase (CMCase) activity was determined using a 5% (w/v) 
Congo red solution (HiMedia Laboratories). Positive CMCase activity 
was confirmed by a clear zone around fungal colonies. The Enzymatic 
Index (EI) was calculated as R/r, where R is the diameter of the clear 
zone and r is the diameter of the fungal colony, enabling quantitative 
assessment of enzymatic activity.

Cellulase-producing mutant fungi were then evaluated for their ability 
to degrade agricultural residues under various conditions, including 
pH 4.5 and 27°C, pH 5 and 30°C, and pH 5 and 27°C and compared 
with wild-type strains. Similar to wild-type strains, extracellular 
enzyme assays were conducted for endoglucanase, FPase, Avicelase, 
and β-Glucosidase activities for the screening of superior mutants.

2.7 Statistical Analysis 
All experiments were conducted in triplicate, and the data were 
presented as the mean ± standard deviation in accordance with scientific 
protocol. To assess significant differences (p < 0.05) between pairs of 
group means for the variable, a Post hoc analysis using Tukey’s HSD 
(Honest Significant Difference) test was employed following a single-
factor ANOVA.

3. RESULTS 

3.1 Isolation and Procurement of Fungi and Their 
Morphological Characterization
A total of 15 fungal isolates were obtained during the primary screening 
of fungi obtained through the serial dilution method of the decomposed 
biomass [Table 1]. Among these, A. niger was chosen for further 
investigation due to its dominant growth observed on Potato dextrose 
agar (PDA) plates. This dominance suggests its possible potential 
for advanced cellulolytic activity. To complement the study, T. viride 
(1051) and T. reesei (992) strains were procured from the National 
Collection of Industrial Microorganisms (NCIM) at the National 
Chemical Laboratory, Pune, India for carrying out the comparative 
assessment of cellulolytic activities.  Based on their morphology 
and cultural traits, the fungal species were identified following  
Gilman [45], Subramanian [46], Barnett and Hunter [47], and  



Singh, et al.: Journal of Applied Biology & Biotechnology 2025;13(3):194-207198

Figure 1: Growth patterns and photomicrogrpahs (100X magnification) depicting morphological characteristics of Aspergillus niger (isolated from soil), 
Trichoderma viride and Trichoderma reesei (procured from NCIM-Pune) strains on PDA plates. 

Figure 2: Comparative assessment of Endoglucanase, FPase, Avicelase and 
β-glucosidase production (unit/ml) by A.niger, T. viride, and T. reesei at varied 

pH and temperature in cellulose-free medium.

Nagmani et al. [48]. The macroscopic properties of A. niger, T. viride, 
and T. reesei on culture plates are depicted in Figure 1, together with 
their microscopic features as seen at 100X magnification using a 
Magnus-MX21iLED bright field microscope. 

3.2 Effect of Cellulose, pH and Temperature on SSF
Carbon source serves as an energy source for fungi and is vital to 
stimulate cellulase production. In the present study, the effect of 
added cellulose (carbon source) on SSF and enzyme production 
by fungi was evaluated. The test fungal strains were cultured in 
Mandel’s mineral salts medium with and without added cellulose. 
Exposure of the fungal strain to added cellulose in the medium 
at pH 4.5 and a temperature of 27°C resulted in a notable increase 

Figure 3: Comparative assessment of Endoglucanase, FPase, Avicelase and 
β-glucosidase production (unit/ml) by A.niger, T. viride, and T. reesei at varied 

pH and temperature in the cellulose-containing medium.

in endoglucanase activity for A. niger, escalating from 4.76 to 
6.29 Units/mL.  The effect of cellulose on the Fpase activity of  
T. reesei was notably significant, with a substantial increase in Fpase 
activity observed, rising from 1.77 to 8.33 Units/mL under varying 
conditions. Also, temperature and pH substantially impacted enzyme 
activity, with different enzymes and strains having variable optimum 
values. A. niger demonstrated increased enzymatic activity at 27°C and 
pH 5, particularly for avicelase, where activity reached a maximum of 
85.62 Units/mL in the presence of cellulose. Furthermore, T. reesei 
often presented a preference for elevated temperatures and higher pH 
levels. It is worth noting that the presence of cellulose as an additional 
carbon source significantly increased enzyme activity, suggesting 
an intricate relationship between environmental conditions and the 
availability of the substrate [Figures 2 and 3].
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Table 4: Screening of survivor mutants and effect of treatment-time intervals 
on the extent of cellulase activity assessed on on carboxymethyl-cellulose 
(CMC) containing PDA plates based on clear zones (in cms) resulted from 
CMCase activity subsequent to EMS-based mutagenesis in A. niger, T. viride 
and T. reesei.

Treatment 
time (min)

Mean zone of clearance (cm) exhibited by survivor 
strains

Aspergillus 
niger

Trichoderma 
viride

Trichoderma 
reesei

Control 1.52 ± 0.36 1.07 ± 0.22 0.30 ± 0.1

30 min 0.58 ± 0.05 0.55 ± 0.17 0.43 ± 0.13

60 min 0.54 ± 0.34 1.63 ± 0.22 1.45 ± 0.25

90 min 2.18 ± 0.13 0.50 ± 0.08 0.88 ± 0.19

120 min 0.30 ± 0.14 0.48 ± 0.21 0.55 ± 0.21

150 min 0.18 ± 0.13 0.18 ± 0.10 0.15 ± 0.10

180 min 0.13 ± 0.05 0.40 ± 0.42 0.11 ± 0.06

*The f-ratio value is 0.24636. The p-value is 0.784231. The result is not 
significant at p < 0.05. Bold values indicates the corresponding superlative 
values, representing the highest observed measurements or the most significant 
results within each category.

Figure 4: Screening of superior mutants on carboxymethyl-cellulose (CMC) 
containing PDA plates based on clear zones resulted from CMCase activity 
following UV, NTG, and EMS followed mutagenesis. The most extensive 

clearing zone is exhibited by (A) T. reesei following UV treatment,  
(B) A. niger after NTG mutation, and (C) A. niger through EMS mutation.

Table 2: Screening of survivor mutants on carboxymethyl-cellulose (CMC) 
containing PDA plates based on clear zones (in cms) resulted from CMCase 
activity after UV-induced mutation in A. niger, T. viride and T. reesei.

Exposure 
time

Distance 
from UV 

lamp (cm)

Mean zone of clearance (cm) exhibited by 
survivor strains

A. niger T. viride T. reesei

Control 10.0 0.30 ± 0.1 1.07 ± 0.22 1.52 ± 0.36

15 sec 10.0 0.68 ± 0.13 1.43 ± 0.10 2.70 ± 0.12

1 min 10.0 0.65 ± 0.17 1.33 ± 0.13 2.53 ± 0.10

5 min 10.0 0.65 ± 0.10 1.23 ± 0.17 3.00 ± 0.08

15 min 10.0 0.09 ± 0.01 0.93 ± 0.10 2.40 ± 0.08

30 min 10.0 0.75 ± 0.21 0.80 ± 0.14 2.60 ± 0.14

*The f-ratio value is 46.5357. The p-value is < 0.00001. The result is significant at  
p < 0.05. Bold values indicates the corresponding superlative values, representing the 
highest observed measurements or the most significant results within each category.

Table 3: Screening of survivor mutants and effect of treatment-time 
intervals on the extent of cellulase activity assessed on on carboxymethyl-
cellulose (CMC) containing PDA plates based on clear zones resulted from 
CMCase activity subsequent to NTG-based mutagenesis in A. niger,  
T. viride and T. reesei.

Treatment time 
(min)

Mean zone of clearance (cm) exhibited by survivor 
strains

Aspergillus 
niger

Trichoderma 
viride

Trichoderma 
reesei

Control 1.52 ± 0.36 1.07 ± 0.22 0.30 ± 0.1

30 min 1.93 ± 0.15 1.65 ± 0.34 1.50 ± 0.14

60 min 2.10 ± 0.08 0.60 ± 0.16 0.43 ± 0.22

90 min 1.93 ± 0.05 0.60 ± 0.32 0.45 ± 0.17

120 min 3.20 ± 0.52 0.18 ± 0.05 0.15 ± 10

150 min 0.18 ± 0.22 0.05 ± 0.10 0.05 ± 0.06

180 min 0.03 ± 0.05 0.10 ± 0.14 0.05 ± 0.10
*The f-ratio value is 4.22274. The p-value is 0.031354. The result is significant at  
p < 0.05. Bold values indicates the corresponding superlative values, representing the 
highest observed measurements or the most significant results within each category.

A B

Figure 5: Fold increase in enzyme production following UV mutation and incubation at (A) pH 5, 27°C and (B) pH 5, 30°C studied observed A. niger,  
T. viride and T. reesei.
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Table 6: Comparative cellulase activity (unit/ml) of A. niger, T. viride, and T. reesei wild-type and NTG-mutated strains at pH 5, temperature 27°C and pH 5, 
temperature 30°C in the cellulose-containing medium.

Enzyme pH 5/ Temperature 27°C

A. niger A. niger (M) T. viride T. viride (M) T. reesei T. reesei (M)

Endoglucanase 7.37 ± 1.5 30.36 ± 9.73 9.73 ± 1.8 29.18 ± 6.6 9.14 ± 1.7 25.58 ± 7.1

FPase 4.05 ± 0.8 9.52 ± 0.67 5.67 ± 1.1 11.91 ± 0.98 8.33 ± 1.6 17.32 ± 2.3

Avicelase 85.62 ± 16.2 208.06 ± 18.24 53.64 ± 13 100.31 ± 12.14 89.75 ± 8.4 225.27 ± 16.5

β-Glucosidase 0.06 ± 0.01 0.19 ± 0.03 0.16 ± 0.02 0.31 ± 0.02 0.28 ± 0.01 0.56 ± 0.03

pH 5/ Temperature 30°C

Endoglucanase 1.18 ± 0.35 3.77 ± 1.1 3.68 ± 0.92 7.41 ± 2.4 0.88 ± 0.34 1.72 ± 0.02

FPase 0.66 ± 0.07 1.90 ± 0.2 3.46 ± 0.35 7.69 ± 0.23 0.59 ± 0.06 0.98 ± 0.05

Avicelase 5.16 ± 2.32 14.70 ± 2.4 34.04 ± 2.39 70.81 ± 4.8 92.84 ± 3.17 171.76 ± 12.12

β-Glucosidase 0.03 ± 0.02 0.10 ± 0.06 0.08 ± 0.02 0.18 ± 0.02 0.12 ± 0.06 0.17 ± 0.03
*(M) = Mutant strain.

Table 7: Comparative cellulase activity (unit/ml) of A. niger, T. viride, and T. reesei wild-type and EMS-mutated strains at pH 5, temperature 27°C and pH 5 and 
temperature 30°C in the cellulose-containing medium.

Enzyme pH 5/ Temperature 27°C

A. niger A. niger (M) T. viride T. viride (M) T. reesei T. reesei (M)

Endoglucanase 7.37 ± 1.5 23.58 ± 4.85 9.73 ± 1.8 27.53 ± 4.39 9.14 ± 1.7 10.96 ± 1.19

FPase 4.05 ± 0.8 12.00 ± 2.52 5.67 ± 1.1 12.48 ± 3.15 8.33 ± 1.6 15.82 ± 3.1

Avicelase 85.62 ± 16.2 245.73 ± 14.9 53.64 ± 13 131.42 ± 12.2 89.75 ± 8.4 167.83 ± 16.6

β-Glucosidase 0.06 ± 0.01 0.19 ± 0.03 0.16 ± 0.02 0.43 ± 0.08 0.28 ± 0.01 0.47 ± 0.05

pH 5/ Temperature 30°C

Endoglucanase 1.18 ± 0.35 3.57 ± 0.12 3.68 ± 0.92 7.52 ± 1.3 0.88 ± 0.34 1.77 ± 0.02

FPase 0.66 ± 0.07 1.83 ± 0.03 3.46 ± 0.35 7.62 ± 0.98 0.59 ± 0.06 1.22 ± 0.03

Avicelase 5.16 ± 2.32 13.31 ± 0.5 34.04 ± 2.39 69.45 ± 3.9 92.84 ± 3.17 244.18 ± 12.2

β-Glucosidase 0.03 ± 0.02 0.08 ± 0.01 0.08 ± 0.02 0.20 ± 0.09 0.12 ± 0.06 0.24 ± 0.02

*(M) = Mutant strain.

Table 5: Comparative cellulase activity (unit/ml) of A. niger, T. viride, and T. reesei wild-type and UV-mutated strains at pH 5, temperature 27°C and pH 5 and 
temperature 30°C in the cellulose-containing medium.

Enzyme pH 5/ Temperature 27°C

A. niger A. niger (M) T. viride T. viride (M) T. reesei T. reesei (M)

Endoglucanase 7.37 ± 1.5 13.26 ± 2.5 9.73 ± 1.8 17.02 ± 3.2 9.14 ± 1.7 10.96 ± 2.1

FPase 4.05 ± 0.8 7.09 ± 1.3 5.67 ± 1.1 6.24 ± 1.2 8.33 ± 1.6 15.82 ± 3.0

Avicelase 85.62 ± 16.2 136.99 ± 21 53.64 ± 13 60.62 ± 11 89.75 ± 8.4 167.83 ± 19.1

β-Glucosidase 0.06 ± 0.01 0.11 ± 0.02 0.16 ± 0.02 0.22 ± 0.04 0.28 ± 0.01 0.47 ± 0.03

pH 5/ Temperature 30°C

Endoglucanase 1.18 ± 0.35 1.77 ± 0.21 3.68 ± 0.92 3.83 ± 0.87 0.88 ± 0.34 0.97 ± 0.29

FPase 0.66 ± 0.07 0.98 ± 0.08 3.46 ± 0.35 3.81 ± 0.42 0.59 ± 0.06 0.62 ± 0.07

Avicelase 5.16 ± 2.32 7.48 ± 1.95 34.04 ± 2.39 36.43 ± 2.81 92.84 ± 3.17 139.26 ± 8.4

β-Glucosidase 0.03 ± 0.02 0.05 ± 0.03 0.08 ± 0.02 0.09 ± 0.01 0.12 ± 0.06 0.12 ± 0.04

*(M) = Mutant strain.
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A B

Figure 6: Fold increase in enzyme production following NTG mutation and incubation at (A) pH 5, 27°C and (B) pH 5, 30°C observed in A. niger,  
T. viride and T. reesei.

A B

Figure 7: Fold increase in enzyme production following EMS mutation and incubation at (A) pH 5, 27°C, and (B) pH 5, 30°C observed in A. niger,  
T. viride and T. reesei.

3.3 Comparative Assessment of Total Cellulolytic Potential of 
Mutant and Wild-type Fungal Strains 

The experimental exploration of UV, NTG, and EMS mutagenesis on 
enzyme activities in A. niger, T. viride, and T. reesei on carboxymethyl 
cellulose reveals a complex setting of enzymatic responsiveness to 
genetic alterations. The enzymatic breakdown of CMC served as a 
prerequisite for the subsequent clearance of congo red dye present in 
the medium. This dye clearance was contingent upon both substrate 
presence and the attainment of adequate cellulase activity by the 
microorganisms [49].

In UV-induced mutation, notable variability in enzyme activity was 
observed. While control conditions depicted lower enzyme activities, 
post-UV exposure notably increased the activity, peaking at 3.00 cm 
clearance in mutant T. reesei after five m. However, A. niger exhibited a 
decrease to a mere 0.09 cm after 15 m, suggesting potential detrimental 
effects of UV mutations, a finding signified by a statistically significant 
p-value of < 0.00001 [Table 2]. Conversely, NTG-based mutagenesis 
exhibited a different pattern, where A. niger showed a rise in 
cellulolytic activity, peaking at 3.20 cm after 120 m, whereas T. viride 
and T. reesei demonstrated a declining trend with increased exposure, 
possibly due to an overload of detrimental mutations. The significance 
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Table 8: Comparative analysis of enzyme productivity between current study and previous research across various fungal strains, substrates, and environmental 
conditions.

Enzyme Microbial Strain Productivity Substrate/Medium Conditions Ref.

pH Temp. 
 (°C)

Endoglucanase A. niger 30.36 ± 9.73 U ml−1 Rice straw 5 27 Present study

T. viride 29.18 ± 6.6 U ml−1 Rice straw 5 27 Present study

T. reesei 25.58 ± 7.1 U ml−1 Rice straw 5 27 Present study

A. niger 2.37 IU ml−1 Wheat straw and waste paper deinking 8 45 [54]

A. brasiliensis 40.50 U g−1 Theobroma grandiflorum residue - - [71]

A. niger 3.92 IU ml−1 M3 medium 6 40 [55]

A. niger 0.153 µmol/ml/min Corn starch, sodium nitrate 3 28 [72]

A. niger 4.165 U ml−1 Prickly pear 3-8 29.56-31.22 [73]

A. nidulans 68.58 ± 0.55 U ml−1 Wheat straw 6 30 [74]

A. niger 1.19 U ml−1 Municipal waste 6-7 40 [75]

Rhizopus sp. 7.859 U ml−1 Prickly pear 3-8 30.41-27.86 [73]

Trichoderma sp. 1.95 U ml−1 Municipal waste 6.5 45 [75]

F. oxysporum 0.445 IU ml−1 PDA-CMC 4−9 50 [56]

Penicillium 
oxalicum

9.2 U g−1 Sorghum waste 4 40 [57]

Aspergillus sp. IN5 3.83.80 ± 0.30 U g−1 Soybean meal 6 35 [76]

Pleurotus ostreatus 0.868 U ml−1 Bean straw 4 30 [60]

P. ostreatus 0.444 U ml−1 Wheat straw 4 30 [60]

FPase A. niger 12.00 ± 2.52 U ml−1 Rice straw 5 27 Present study

T. viride 12.48 ± 3.15 U ml−1 Rice straw 5 27 Present study

T. reesei 17.32 ± 2.3 U ml−1 Rice straw 5 27 Present study

A. nidulans 12.0 ± 0.06 U ml−1 Wheat straw 6 30 [74]

A. niger 1.504 U ml−1 Municipal waste 6-7 40 [75]

Trichoderma sp. 1.77 U ml−1 Municipal waste 6.5 45 [75]

F. oxysporum 9.25 IFPU ml−1 PDA-CMC 4−9 50 [56]

Aspergillus sp. IN5 0.24 ± 0.00 U g−1 Soybean meal 7 35 [76]

A. fumigatus SB12 0.358 ± 0.05 IU/mL PDA-CMC - 40 [77]

Pleurotus ostreatus 0.191 U ml−1 Bean straw 4 30 [60]

P. ostreatus 0.216 U ml−1 Wheat straw 4 30 [60]

Penicillium 
oxalicum

4.2 U g−1 Sorghum waste 4 40 [57]

A. niger 245.73 ± 14.9 U ml−1 Rice straw 5 27 Present study

T. viride 131.42 ± 12.2 U ml−1 Rice straw 5 27 Present study

T. reesei 225.27 ± 16.5 U ml−1 Rice straw 5 27 Present study

Avicelase Penicillium 
oxalicum

8.4 U g−1 Sorghum waste 4 40 [57]

Aspergillus flavus 799.23 U g−1 Clover Husk 6 50 [78]

A. terreus RWY 10.3 ± 0.66 U g−1 Bagasse - 45 [58]

A. niger 67 U g−1 Bagasse - - [59]

β-Glucosidase A. niger 0.19 ± 0.03 U ml−1 Rice straw 5 27 Present study

T. viride 0.43 ± 0.08 U ml−1 Rice straw 5 27 Present study

T. reesei 0.56 ± 0.03 U ml−1 Rice straw 5 27 Present study

A. nidulans 1.89 ± 0.037 U ml−1 Wheat straw 6 30 [74]

Aspergillus sp. IN5 176.94 ± 7.72 Ug−1 Soybean meal 5 35 [76]

Pleurotus ostreatus 0.389 U ml−1 Bean straw 4 30 [60]

P. ostreatus 0.245 U ml−1 Wheat straw 4 30 [60]
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of these findings is supported by a p-value of 0.03 [Table 3]. EMS-
followed mutagenesis revealed inconsistent effects on enzyme activity 
across the strains, with no statistically significant improvements  
(p-value = 0.784231), suggesting the variability in fungal response 
to EMS and possibly random, non-beneficial mutations [Table 4]. 
Building on the findings discussed in the mutagenesis studies,  
Figure 4 provides a representative visual presentation of the clear zones 
observed on carboxymethyl-cellulose (CMC) PDA plates following 
UV, NTG, and EMS induced mutations for the fungal species A. niger, 
T. viride, and T. reesei.

3.4 Specific-Cellulolytic Potential of Fungal Mutants in SSF
To enhance the accuracy of the results, the cellulase enzyme activity 
using mutant fungal strains was examined for 12 generations. Building 
upon preliminary studies that established optimal pH and temperature 
conditions (pH 5 at temperatures of 27°C and 30°C), a comparative 
analysis was conducted to assess the enzyme activities between 
wild-type and mutant strains of A. niger, T. viride, and T. reesei in 
a cellulose-containing medium. This analysis aimed to evaluate the 
impacts of UV, NTG, and EMS mutagenesis on the cellulase systems 
of the mutants. The results revealed that at 27°C, UV-mutated strains 
across all fungi showed a significant increase in enzyme activity, with 
endoglucanase activity in A. niger notably ascending from 7.37 Units/
mL in the wild-type to 13.26 Units/mL in the mutated strain. Although 
there were increases at 30°C, they were less pronounced, suggesting 
that lower temperatures might better support the enzyme activity of 
mutated strains post-UV exposure [Table 5 and Figure 5]. Furthermore, 
NTG mutagenesis demonstrated even more dramatic effects at 27°C, 
with mutant A. niger showing a two- to three-fold increase in avicelase 
activity, from 85.62 to 208.06 Units/mL, indicating a potent activation 
of cellulase gene expression or enzyme structure stability post-mutation. 
This pattern was consistent at 30°C, particularly for avicelase activity in 
T. reesei, which more than doubled [Table 6 and Figure 6]. 

EMS mutagenesis also resulted in enhanced enzymatic activity, though 
with variable increases. For instance, A. niger showed a significant rise 
in endoglucanase activity at 27°C from 7.37 to 23.58 Units/mL, with 
the effects being less surprising but still notable at 30°C, especially 
in avicelase activity across all strains, where T. reesei experienced an 
increase from 92.84 to 244.18 Units/mL. These findings suggest that 
EMS mutagenesis can effectively enhance cellulase activity, albeit 
with some dependence on temperature [Table 7 and Figure 7]. 

4. DISCUSSION

In the present investigation, a diverse range of fungal isolates were 
obtained following isolation procedures and A. niger was selected 
based on its frequency in the culture plates. The T. viride, and T. reesei 
strains were chosen for their documented proficiency in cellulase 
production and compared with A. niger strain for the cellulolytic 
activities. Extensive literature has highlighted the industrial 
significance of lignocellulolytic enzymes, particularly cellulase, 
and both Aspergillus and Trichoderma species are recognized 
as potential producers of cellulase [50]. Among these, T. viride 
and T. reesei have been extensively studied for their cellulolytic  
potential [51]. Nathan et al. emphasized T. viride’s wide distribution 
and its capability as a cellulolytic organism, alongside its ability 
to produce biocontrol agents and growth-promoting factors [52]. 
Similarly, T. reesei, a rapidly growing filamentous fungus commonly 
found in soil environments, has gained tremendous attention for its 

prolific secretion of  cellulolytic enzymes [53]. Consequently, these 
fungi were chosen for comprehensive evaluation alongside A. niger to 
assess their cellulolytic prowess.

The present study exhibited a noteworthy enhancement in enzyme 
production across different fungal strains compared to the strains 
studied in previous studies [Table 8]. For endoglucanase activity,  

A. niger shows significant productivity of 30.36 ± 9.73 Units/
mL using rice straw at pH 5 and 27°C. This is substantially higher 
than previous findings such as 2.37 Units/mL on wheat straw and 
waste paper deinking at pH 8 and 45°C [54] and 3.92 Units/mL on 
M3 medium at pH 6 and 40°C [55]. Similarly, T. reesei exhibited 
an FPase activity of 17.32 ± 2.3 Units/mL using rice straw at pH 5 
and 27°C, surpassing the FPase activity obtained in previous studies 
like 1.95 Units/mL from Trichoderma sp. on municipal waste at pH 
6.5 and 45°C [56]. Additionally, A. niger exhibits FPase activity of 
12.00 ± 2.52 Units/mL , superior to the 1.19 Units/mL reported in 
a previous study using municipal waste as substrate at pH 6-7 and  
40°C [56].

For Avicelase activity, A. niger displayed a remarkable productivity 
of 245.73 ± 14.9 Units/mL  using rice straw at pH 5 and 27°C, 
significantly higher than other studies [57-59]. In the present study 
on β-Glucosidase activity, T. reesei demonstrated 0.56 ± 0.03 Units/
mLenzyme productivity using rice straw at pH 5 and 27°C, improving 
over other reported activities by Pleurotus ostreatus using substrates 
such as bean straw and wheat straw having activity of 0.389 Units/mL 
and 0.245 Units/mL respectively [60]. Therefore, the results from this 
study exhibited higher enzymatic activities across different enzymes 
under study and fungal strains compared to several studies, under 
optimized conditions using rice straw as the substrate. These findings 
highlight the potential of these fungal strains in sustainable industrial 
applications and more efficient biomass conversion processes. 
Enhanced cellulase production from NTG-treated A. niger strains can 
improve the enzymatic hydrolysis of lignocellulosic biomass, boosting 
biofuel production. These strains can also aid waste management by 
accelerating organic waste degradation, reducing landfill use, and 
supporting composting.  

A thorough analysis of the activity of specific enzymes in several 
fungal species under various environmental conditions yields essential 
insights into the regulation of enzyme production. This information is 
crucial for industrial uses, especially in producing biofuels. All tested 
fungal strains exhibit considerably increased enzyme activity when 
cellulose is added. The findings of the present study strongly align with 
those of Bhardwaj et al. [61], who noted that commercial cellulose 
derivatives accelerate the rate of cellulase enzyme production. 
Initially, microorganisms do not need to contend with recalcitrant 
lignin materials and can directly begin producing cellulases to digest 
added cellulose. Therefore, we strongly recommend the inclusion 
of some cellulose or cellulose-like carbon source in the medium for 
the enhanced production of cellulolytic enzymes for industrial and 
agricultural practices.

Avicelase activity in A. niger was consistently strong in all settings, 
indicating a specific capacity to break down cellulose. Conversely, 
under the studied conditions, β-glucosidase appeared to have a less 
substantial role in the fast breakdown of cellulose as evidenced by 
its limited fluctuation and decreased activity. The results highlight 
the importance of adjusting fermentation conditions to the specific 
fungal strains and targeting enzymes to maximize enzyme outputs. 
The notable increase in enzyme activity under particular conditions 
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suggests that new cost-effective and efficient methods of producing 
critical enzymes may be developed. A. niger shows promise in its 
capacity to degrade cellulose, a valuable property for both industrial 
and agricultural uses. 

Developing a thorough understanding of the complex relationship 
between the synthesis of enzymes and the combined influence of 
internal and external stimuli can produce significant benefits for 
genetic engineering methods targeted at enhancing enzyme yields. 
This can be accomplished by adjusting enzyme stability and activity in 
response to changes in pH and temperature or by adjusting regulatory 
components that react to cellulose. This has significant implications 
for biotechnological applications and can direct future investigations 
into the molecular mechanisms underlying these responses and the 
potential industrial uses of these fungi.

Investigating the genetic and molecular mechanisms that control these 
activities in fungi is crucial to building on the understanding gained 
from environmental factors regulating enzyme activity. The synthesis 
and secretion of enzymes that break down cell walls is essential for 
fungi that feed on plant materials. Together, these enzymes break 
down the cell wall and release sugar monomers necessary for energy 
production. The synthesis of enzymes involved in breaking down 
lignocellulosic biomass is critically controlled at the transcriptional 
level and is responsive to the type of substrate present [62,63]. Critical 
transcriptional regulators, such as XYR1, the primary regulator of 
xylanases and cellulases, and CRE1, which governs carbon catabolite 
repression, have been identified. Additional factors influencing these 
regulatory pathways include negatively acting regulators ACE1, RCE1, 
and RXE1, as well as positively acting factors like ACE2 and the 
CCAAT binding complex HAP2/3/5. Notably, XYR1 is recognized as 
the central transcriptional activator for a wide array of genes, including 
those for hemicellulases and cellulases, underscoring its pivotal role in 
enzyme production [64]. Therefore, it becomes significantly important 
to investigate these genes with a larger sample size to have a clearer 
picture of the degradation processes by these fungal species.

The present investigation provided a clearer picture on how UV, NTG, 
and EMS mutagenesis affect enzyme activities in A. niger, T. viride, and 
T. reesei. The enzymatic breakdown of CMC served as a prerequisite 
for the subsequent clearance of Congo red. This dye clearance was 
contingent upon both substrate presence and the attainment of adequate 
cellulase activity by the microorganisms [49]. The research highlights 
both the potential and challenges of using mutagenic treatments to 
boost fungal enzyme production, emphasizing the need for further 
genetic and molecular research to refine mutagenesis strategies 
for more efficient fungal engineering and enhanced enzymatic 
capabilities. Random mutagenesis is a simple method for modifying 
an organism’s genetics and functions. Using successive stepwise 
mutagenesis-selection methods and mutagens with different modes of 
action has been shown to increase product yield [65]. Kumar et al. 
[66] discovered that UV-induced mutation significantly enhances the 
production of endoglucanase and β-glucosidase by microorganisms. 
Present work on UV- and EMS-induced mutations showed variable 
results, with UV mutagenesis being more effective under specific 
conditions than EMS. Also, studies on UV and EMS mutagenesis 
have shown variable outcomes. In a UV-mutagenesis study of A. niger 
FCBP-02, a 1.5- to 2.0-fold enhancement in cellulase activity was 
observed [67], while in another study, a maximum cellulase production 
of 330 µM/min/mg with 10 minutes of UV treatment was exhibited 
[68]. These findings indicate that while UV mutagenesis enhances 
enzyme activity, the improvements are less pronounced than NTG 

mutagenesis.  Furthermore, the present study demonstrates that NTG 
mutagenesis significantly enhances cellulase production in A. niger. 
This finding aligns with previous research indicating the efficacy of 
NTG in boosting cellulase activity. For instance, in a recent report, 
a 4.5-fold increase in endoglucanase B activity in A. niger with NTG 
treatment was recorded, achieving 428.5 µM/mL/min compared to 94 
µM/mL/min in the native enzyme [69]. Our results corroborate these 
findings, with NTG-treated mutants exhibiting a 4.12-fold increase 
in endoglucanase activity, reaching 30.36 Units/mL under optimal 
conditions of pH 5 and 27°C. No reports have been encountered 
stating the role of NTG mutagenesis in demonstrating an increase in 
avicelase activity. To the best of our knowledge, the present work is 
the first-ever report suggesting enhanced avicelase activity in A. niger 
following NTG mutagenesis.These treatments have the potential to 
increase the rate of enzyme production and could aid in managing 
lignocellulosic waste materials in situ through SSF. Current study 
also highlights the advantages of solid-state fermentation (SSF) over 
submerged fermentation (SmF) for industrial applications. SSF offers 
benefits such as higher product yields, lower energy requirements, and 
reduced wastewater production. This aligns with findings from a study 
conducted by Ahmed et al., which optimized cellulase and xylanase 
production by A. niger using brewery-spent grain in SSF, achieving 
significant enzyme activities [70]. Using rice straw as a substrate in 
SSF further underscores the potential of this method for sustainable 
industrial enzyme production. The results of the present study 
support this notion, as mutant strains of A. niger exhibited improved 
endoglucanase and β-glucosidase activity. This enhancement could be 
valuable in addressing the ongoing issue of indiscriminate burning, 
which contributes to significant environmental pollution. Ultimately, 
the presented work confirms that NTG mutagenesis is a potent method 
for enhancing cellulase production in A. niger, with improvements 
surpassing those achieved through UV or EMS treatments. The 
application of SSF using agricultural residues like rice straw presents 
a viable strategy for large-scale enzyme production, contributing to 
both waste valorization and industrial biotechnology advancements.

5. CONCLUSION

The present study highlighted the role of UV, NTG, and EMS  
mutagenesis on cellulase production in A. niger, T. virid, and T. reesei 
under controlled conditions. Genetic modifications significantly 
enhanced the cellulolytic efficacy, with notable enzyme activity 
enhancements at pH 5 and temperatures of 27°C and 30°C, using 
externally provided cellulose as substrate. NTG treatments consistently 
yield the highest enzyme activity fold increases, followed by UV 
and EMS treatments, signifying its role in mutagenesis practices. 
In addition, environmental conditions are crucial components in 
maximizing genetic modification potential, influencing enzyme 
stability and functionality. 

This study highlights the transformative potential of mutagenesis 
in enhancing cellulase production in A. niger, particularly through 
NTG treatment. The NTG-induced mutants achieved significant 
improvements in endoglucanase and avicelase activities, demonstrating 
their potential for industrial applications. The findings suggest that 
these optimized fungal strains could be valuable in various industries, 
including biofuel production, pulp and paper processing, textile 
manufacturing, and sustainable waste management. Collaboration 
with commercial enzyme manufacturers or industries focused on 
agricultural waste valorization could accelerate the transition of this 
research to large-scale applications.
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Future work should focus on assessing the long-term stability and 
performance of these mutants in industrial settings, where factors 
such as substrate heterogeneity and varying environmental conditions 
could impact their enzymatic efficiency. Additionally, exploring 
combinations of mutagens, such as NTG with UV or EMS, could yield 
synergistic effects, potentially enhancing enzyme activity beyond 
current levels. Investigating the molecular mechanisms underlying 
the observed improvements through transcriptomic and proteomic 
analyses would further aid in optimizing enzyme production. Finally, 
scaling up the production process in pilot studies using industrial 
fermenters will be crucial to demonstrating the feasibility of these 
approaches on a commercial scale.
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