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ABSTRACT 
 
 

his study optimized cellulase production from 
Trichoderma asperelloides RS1 using coconut coir as 
a substrate through solid-state fermentation. A Box-
Behnken response surface methodology was 
employed to optimize three independent factors: 

fermentation time (3, 6.5, and 10 days), initial media pH (4, 6, 
and 8), and initial moisture content (80%, 140%, and 200%). 
Response surface methodology showed significant models for 
FPase and CMCase activities with p-values <0.0001. Optimal 

FPase activity (0.762 Uglc/gds) was achieved at pH 6.0, 140% 
moisture, and 6.5 days. The highest CMCase activity (0.295 
Uglc/gds) occurred after 3 days at pH 8.0 and 140% moisture. The 
regression model showed strong agreement between predicted 
and actual cellulase activities, with percent errors of 0.74% and 
1.83% for FPase and CMCase, respectively. 
 
 
INTRODUCTION 
 
The Philippines is considered one of the leading producers of 
coconut globally, contributing significantly to the world's 
coconut industry (Rodriguez et al. 2017). Often referred to as the 
"Tree of Life", coconut offers a variety of products derived from 
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its various parts, including coconut fruit, water, oil, and milk. 
Coconut husk constitutes forty percent (40%) of the fruit, where 
the fibrous outer layer called coconut coir represents a 
substantial by-product of the coconut industry. According to 
Khalil et al. (2006), the coir’s composition is approximately 
44% cellulose, 33% lignin, 12% hemicellulose, 6% extractives, 
and 2% ash. Traditionally utilized for crafting ropes, brushes, 
padding, and floor mats (Ali et al. 2022), coconut coir has 
garnered attention for its potential in modern industrial 
applications, yet comprehensive studies exploring its utilization 
for enzyme production remain scarce. 
 
Cellulase enzymes are essential for facilitating the breakdown of 
cellulose into simpler sugars, making them vital for applications 
in biofuel production, textile processing, and the food and 
beverage industry (Campos et al. 2024). Their versatility and 
importance are underscored by their substantial contribution to 
the global enzyme market, which accounts for 8% of industrial 
demand (Poddar et al. 2017). These enzymes are primarily 
derived from filamentous fungi, such as Aspergillus spp. and 
Trichoderma spp., which are adept at producing complex 
enzymes like cellulases (Keshavarz and Khalesi 2016; Peij et al. 
1998; Phitsuwan et al. 2013). Trichoderma species are often 
used in biofuel industries due to their ability to produce highly 
active cellulase systems that hydrolyze polymers present in 
lignocellulosic agricultural wastes like cellulose, hemicellulose, 
lignin, and chitin (Druzhinina et al. 2018). 
 
Enzymes are industrially produced through submerged 
fermentation (SmF), which utilizes liquid substrates for the 
fermentation of specific microorganisms (Ouedraogo and Tsang 
2021). Typical enzyme production methods often face 
challenges related to cost, sustainability, and efficiency. This 
underscores the need for exploring alternative substrates and 
fermentation techniques to enhance enzyme production 
economically and sustainably. 
 
Solid-state fermentation (SSF) is increasingly recognized as a 
viable approach in this context. Unlike submerged fermentation, 
SSF facilitates microbial growth on solid substrates under 
conditions with limited or no free water, offering distinct 
advantages for various bioprocesses. This method offers several 
advantages for enzyme production, including higher product 
concentrations, reduced water usage, and the ability to utilize 
agricultural and industrial residues effectively (Abu Yazid et al. 
2017). Harnessing SSF could potentially overcome limitations 
associated with traditional fermentation methods, thereby 
enhancing the efficiency and sustainability of cellulase 
production. In addition, filamentous fungi have advantages on 
SSF as they can thrive in various solid substrates with diverse 
conditions, such as low water content (Hewedy et al. 2020). 
 
Transitioning to SSF through filamentous fungi for cellulase 
production using coconut coir presents substantial potential. The 
fibrous nature of coconut coir creates an optimal environment 
for fungal growth and enzymatic activity under solid-state 
conditions. This aligns closely with ongoing efforts to leverage 
lignocellulosic biomass in advancing industrial biotechnology 
applications. Thus, this study aims to investigate the viability of 
utilizing coconut coir in SSF for cellulase production by 
Trichoderma asperelloides RS1. Through the optimization of 
fermentation parameters using Response Surface Methodology 
(RSM), the study endeavors to improve cellulase production 
efficiency from coconut coir. This study contributes to 
advancing sustainable practices in enzyme biotechnology by 
exploring the potential of cellulase-producing Trichoderma 
asperelloides using coconut coir as a substrate via SSF. 
 
 
 

MATERIALS AND METHODS 
 
Materials and microorganism 
Coconut coir fibers were sourced from fresh coconut husks 
collected in San Andres, Catanduanes, Philippines. All 
chemicals and reagents utilized in this study were of analytical 
grade and procured from commercial suppliers. 
 
Trichoderma sp. RS1 was the microorganism used in this study. 
It was isolated from rice straw and maintained at the Feeds and 
Specialty Products Laboratory, BIOTECH, UPLB, Laguna, 
Philippines. The pure cultures were preserved on potato dextrose 
agar (PDA) slants at 4°C for short-term storage. For long-term 
storage, spore suspensions were prepared in a 1:1 (v/v) glycerol 
solution and kept at -20°C. 
 
Molecular identity confirmation of fungi 
The genomic DNA of Trichoderma sp. RS1 was extracted using 
the InstaGene™ Matrix (Bio-Rad, California, USA) via the 
boiling method. Isolated fungal tissues were transferred into 
duplicate microcentrifuge tubes and resuspended in 1 mL of 
sterile water. The suspension was centrifuged at room 
temperature for 2 min at 10,000 rpm to collect the pellet. The 
supernatant was discarded, and 200 µL of InstaGene™ Matrix 
was added to each pellet. The samples were incubated at 56°C 
for 30 min with shaking using a thermal mixer. Following 
incubation, the tubes were vigorously shaken for 10 s using a 
vortex mixer and then placed in a heat block at 100°C for 8 min. 
After boiling, the samples were centrifuged again at 10,000 rpm 
for 5 min at room temperature. The supernatant containing the 
isolated genomic DNA was carefully collected and transferred 
to sterile cryovials for storage at -20°C. The quality and integrity 
of the extracted DNA were assessed by measuring the 
absorbance ratio at 260 nm and 280 nm using a NanoDrop 
(Thermo Fisher Scientific, Massachusetts, USA) 
spectrophotometer. 
 
The internal transcribed spacer (ITS) region was amplified using 
standard ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-3’) 
and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) primers 
(Macrogen, Inc., South Korea). The PCR parameters used were: 
(1) initial denaturation at 95°C for 5 min; (2) 31 cycles of 
denaturation at 95°C for 0.5 min, annealing at 57°C for 0.5 min, 
and extension at 72°C for 1.4 min; and (3) final extension at 
72°C for 10 min. The amplified ITS regions were submitted to 
Macrogen, Inc. for purification and sequencing. The obtained 
ITS region sequences were compared with reference sequences 
using the Basic Local Alignment Search Tool (BLAST) to 
confirm fungal identification. 
 
Trichoderma sp. inoculum preparation 
The inoculum used in SSF was prepared by adding 10 mL of 
0.9% (w/v) sterile NaCl solution to the fungal strain grown in 
PDA slant to harvest the spores. The spore suspension was then 
collected and standardized using a hemocytometer to obtain a 
final spore count of 107 per mL. 
 
SSF optimization of cellulase production by response surface 
methodology 
The Box-Behnken design (BBD), generated using Design-
Expert® DX13 software (Stat-Ease, Inc., Minnesota, USA), was 
employed to optimize the fermentation time (days), initial media 
pH, and initial moisture content (%) of the substrate (Table 1). 
This optimization aimed to enhance cellulase production by 
Trichoderma sp. during SSF, utilizing coconut coir as the 
substrate. 
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Table 1: Independent variables and their factorial levels used in the optimization of cellulase production. 
 
Factor 

Factorial Levels 
-1 0 +1 

Fermentation time, days 3 6.5 10 
Initial pH of fermentation medium 4 6 8 
Initial moisture content of substrate, %  80 140 200 

(-1) - low level factorial; (0) - mid level factorial; (+1) - high level factorial 

These independent variables were studied at three levels with 
five replicates at the center point with a total of seventeen 
experimental runs. A second-order polynomial equation was 
applied for the analysis of cellulase activity, and the data were 
fitted into the second-order polynomial equation according to 
Equation 1.  
 
𝑌 = 𝛽! + 𝛽"𝜒" + 𝛽#𝜒# + 𝛽$𝜒$ + 𝛽"#𝜒"𝜒# + 𝛽"$𝜒"𝜒$

+ 𝛽#$𝜒#𝜒$ + 𝛽"#𝜒"# +	𝛽##𝜒## +	𝛽$#𝜒$# 
 

Equation 1 
 
where Y is the predicted response (cellulase activity); 𝜒1, 𝜒2, and 
𝜒3 are the fermentation time, initial media pH, and initial 
moisture content, respectively; β0 is an intercept; β1, β2, and β3 
are the linear coefficients; β12, β13, and β23 are the interaction 
coefficients; β1

2, β2
2, and β3

2 are the quadratic coefficients. 
 
Cellulase production via SSF was carried out in 500-mL 
Erlenmeyer flasks containing 5.0 g of the prepared coconut coir 
substrate. The fermentation medium (300 g/L glucose, 150 g/L 
KH2PO4, 5.0 g/L (NH4)2SO4, 1.0 g/L MgSO4·7H2O, 1.0 g/L 
NaCl, 5.0 mg/L FeSO4·7H2O, 1.6 mg/L MnSO4, 3.45 mg/L 
ZnSO4·7H2O, and 2.0 mg/L CoCl2·6H2O adjusted to the desired 
pH using either 1.0 N HCl or 1.0 N NaOH) was added to the 
substrate to achieve the target moisture content based on 
experimental parameters. The moistened substrate was then 
sterilized at 121ºC for 15 min, and subsequently inoculated with 
1.0 mL of the prepared inoculum. Fermentation proceeded at 
room temperature for varying durations according to the 
experimental setup.  
 
Enzyme extraction and activity assay  
After fermentation, the contents of each flask were mixed with 
45 mL of 0.2 M sodium acetate buffer at pH 4.8 to extract the 
crude cellulase (Pirota et al. 2013). The flasks were gently 
shaken at room temperature for 10 min, and the solid residue 
was separated from the extract by filtering through gauze, 
followed by centrifugation at 10,000 rpm at 4oC for 20 min. The 
supernatant was taken as a crude enzyme extract and stored at 
2oC until further analysis.  
 
Cellulase activity was evaluated using two assays: the filter 
paper (FPase) assay for total cellulolytic activity and the 
carboxymethyl cellulose (CMCase) assay for endoglucanase 
activity, following the method described by Ryu and Mandels 
(1980). 
 
For the FPase assay, a strip of filter paper (1 cm x 6 cm, 50.0 
mg) was placed in a tube and saturated with 1.0 mL of 0.05 M 
sodium citrate buffer (pH 4.8). Subsequently, 0.5 mL of crude 
enzyme extract was added to the tube and incubated exactly for 
1 h at 50°C. For the CMCase assay, a 0.5 mL aliquot of enzyme 
was added to 0.5 mL of 2% w/v CMC in 0.05 M sodium acetate 
buffer (pH 5.0). The reaction was allowed to proceed by 
incubating at 50oC for exactly 30 min.  
 
The reactions for all assays were stopped by heating at 100oC 
for 5 min, followed by the addition of 100 μL of 1% w/v 3,5-
dinitrosalicylic acid reagent (in 0.5 N NaOH) to a 100 μL aliquot 
of the reaction mixture. The final mixture was then heated at 

100oC for 10 min to allow color development, which was read 
using a spectrophotometer at 540 nm absorbance. The amount 
of reducing sugar was interpolated from a standard glucose 
calibration curve, and the activity was calculated using the 
equation: 
 

𝐸𝑛𝑧𝑦𝑚𝑒	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 2
𝑈%&'()/+,+'()

𝑔𝑑𝑠 7 =

					𝐴					
9	𝑚(
𝑉(
;
	𝑥𝐷𝐹	

𝑡  

Equation 2 
 
where A is the interpolated reducing sugar (as glucose 
equivalent in µmol/L); ms is the mass of dried substrate (in g); 
Vs is the volume of buffer used to extract the enzyme (in L); t is 
the incubation time (in min); and DF is the dilution factor. 
 
The total cellulolytic activity (UFPase) and endoglucanase activity 
(UCMCase) units were defined as the amount of enzyme per gram 
dry substrate (gds) that liberates reducing sugar at a rate of 1.0 
µmol/min under the assayed conditions. 
 
Effect of pH and temperature on cellulase activity 
The impact of pH and temperature on crude cellulase activity 
was evaluated by measuring CMCase activity under varying pH 
and temperature conditions. For the pH assessment, 2% w/v 
CMC was dissolved in different buffers: 0.050 N sodium acetate 
buffer adjusted to pH 3.0, 4.0, and 5.0 using either 1.0 N NaOH 
or 1.0 N HCl, and 0.050 N phosphate buffer adjusted to pH 6.0, 
7.0, and 8.0 using 1.0 N NaOH or 1.0 N phosphoric acid. For 
temperature sensitivity, the reaction mixture containing 2% w/v 
CMC in the 0.050 N buffer at the determined optimal pH was 
incubated for 30 min at temperatures ranging from 30°C to 80°C 
at 10°C increments. 
 
 
RESULT AND DISCUSSION 
 
Identity and phylogeny of Trichoderma sp. RS1 
Genomic DNA isolation, ITS region amplification via PCR, and 
DNA sequencing were conducted to obtain the ITS region 
sequence of Trichoderma sp. RS1. Sequence alignment and 
phylogenetic analysis identified isolate RS1 as Trichoderma 
asperelloides. Nucleotide BLAST analysis of the ITS region 
sequence showed that isolate RS1 has a very high similarity of 
100% identity to Trichoderma asperelloides isolate STAL. The 
ITS region sequence of isolate RS1 was submitted to the 
National Center for Biotechnology Information (NCBI) and 
assigned the accession number PP989906.1. 
 
The phylogenetic tree was generated using sequences retrieved 
from GenBank, including the following accession numbers: 
OP821901.1 (Chen 2022), MH371292.1 (Rajyalakshmi et al. 
2018), NR_120297.1 (Robbertse et al. 2018a), NR_138435.1 
(Robbertse et al. 2018b), NR_134436.1 (Robbertse et al. 2018c), 
NR_111348.1 (Schoch 2018), and OM280457.1 (Shelke et al. 
2022). Phylogenetic analysis of closely related species further 
confirmed the identification of isolate RS1 as T. asperelloides. 
Figure 1 shows the phylogenetic relationships between T. 
asperelloides RS1 and related species generated using the 
ClustalW algorithm for multiple sequence alignment and the 
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Neighbor-Joining method (Maximum Composite Likelihood 
model) in MEGA 11, with 1000 bootstrap replicates. Analysis 
of the neighbor-joining tree confirmed the correct classification 
of isolate RS1 within the Trichoderma genus. The high bootstrap 
value supports the robustness of the branch where Trichoderma 
sp. RS1 clusters with Trichoderma asperelloides isolate STAL 

and Trichoderma asperellum isolate Manik Chaman. This 
indicates that these three species share a more recent common 
ancestor compared to the other fungi included in the 
phylogenetic tree. 
 
 

 
Figure 1: Neighbor-joining tree showing the phylogenetic relationships of ITS region sequences of Trichoderma asperelloides RS1 and related species, 
with Aspergillus niger as the outgroup.

SSF optimization of cellulase production by response surface 
methodology 
BBD was utilized in this study to systematically evaluate the 
effects of the three independent variables (initial pH of 
fermentation medium, initial moisture content, and fermentation 
time) on the cellulase production by T. asperelloides RS1 via 
SSF. Using the Design-Expert® DX13 software, an experimental 

design matrix was generated to explore the interactions between 
these variables and to identify the conditions that yield the 
highest cellulase activity (measured as FPase and CMCase). The 
actual levels of the variables and responses for each 
experimental run are summarized in Table 2.  
 

Table 2: Box-Behnken design matrix for the optimization of cellulase (FPase and CMCase) production by T. asperelloides RS1 via solid-state 
fermentation using coconut coir. 

Run A B C FPase activity* CMCase activity* 
1 3 6 200 0.665 2.397 
2 6.5 6 140 0.735 2.562 
3 10 6 200 0.562 1.893 
4 6.5 8 200 0.725 2.582 
5 6.5 6 140 0.72 2.527 
6 6.5 6 140 0.762 2.525 
7 6.5 4 200 0.533 1.772 
8 3 8 140 0.74 2.951 
9 6.5 6 140 0.733 2.515 
10 6.5 4 80 0.441 1.12 
11 10 4 140 0.507 1.526 
12 10 8 140 0.68 2.073 
13 6.5 8 80 0.665 1.985 
14 3 6 80 0.505 1.707 
15 6.5 6 140 0.733 2.349 
16 3 4 140 0.507 1.474 
17 10 6 80 0.488 1.333 

A – fermentation time (days), B – initial media pH, C – initial moisture content (%) 
*Expressed as U/g coconut coir (gds) 

Based on Table 2, it can be observed that lower FPase activity 
than the corresponding CMCase activity is obtained given the 
same fermentation conditions. This observation can be attributed 
to several factors related to the nature of the enzymes and the 
substrate used in the assay. β-1,4-endoglucanase, or simply 
endoglucanase, represented by CMCase activity, primarily 
cleaves internal β-1,4-glycosidic bonds in cellulose, creating 
new chain ends and reducing the degree of polymerization of 
cellulose, making the cellulose more accessible for further 
enzymatic action (Srivastava et al. 2018, Tomás-Pejó et al. 

2009). In contrast, FPase represents the total cellulolytic activity 
on a more crystalline and complex substrate, like filter paper 
(Sahin and Arslan 2008). Filter paper is a crystalline form of 
cellulose, making it harder for cellulases to act upon compared 
to the more accessible and amorphous CMC used in CMCase 
assays. Also, CMC is soluble in water, which allows easier 
access for endoglucanases, resulting in higher measurable 
activity. On the other hand, filter paper is insoluble, requiring 
more synergistic action of different cellulase components, which 
can reduce the overall observed activity.  
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To identify the most suitable model for cellulase production, 
several statistical criteria were assessed, including the Predicted 
Residual Sum of Squares (PRESS), adjusted R², and predicted 
R² (Tables 3 and 4). Four models were examined in this study: 
linear, two-factor interaction (2FI), quadratic, and cubic. The 
PRESS values for the model optimizing cellulase production 
measured as FPase activity were 0.1374, 0.2260, and 0.0223, 
respectively, while the cubic model has a leverage of 1.0000, 

wherein PRESS statistics cannot be defined. On the other hand, 
for the model optimizing cellulase production measured as 
CMCase activity, the same trend follows where linear, 2FI, and 
quadratic have 2.43, 3.34, and 0.29 values of PRESS, 
respectively. Among these, the quadratic model has the lowest 
PRESS value, suggesting a better model’s predictive ability 
compared to other models. 
 

Table 3: Model summary for the selection of the best-fitting model to optimize cellulase production measured as FPase activity. 
Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear  0.0844 0.5366 0.4297                  0.3119 0.1374  
2FI  0.0946 0.5517 0.2827 -0.1319 0.2260  
Quadratic  0.0179 0.9887 0.9742 0.8881 0.0223 Suggested 
Cubic  0.0154 0.9952 0.9810   Aliased 

Table 4: Model summary for the selection of the best-fitting model to optimize cellulase production measured as CMCase activity. 
Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear  0.3487 0.6436 0.5613 0.4515 2.43  
2FI  0.3687 0.6935 0.5095 0.2466 3.34  
Quadratic  0.0790 0.9901 0.9775 0.9339 0.29 Suggested 
Cubic  0.0839 0.9937 0.9746   Aliased 

The PRESS value serves as a key indicator of a model's ability 
to predict responses for new data, with lower values reflecting 
higher predictive accuracy. Along with PRESS, adjusted R² and 
predicted R² were also used to guide model selection. In both 
experimental matrices, the quadratic models exhibited high 
adjusted R² and predicted R² values, suggesting not only a good 
fit to the data but also strong predictive accuracy (Manikandan 
et al. 2013). Consequently, the quadratic model was chosen as 
the best fit for deriving the predictive equation for cellulase 
production. 
 

Supplementary analysis using ANOVA and sequential model 
sum of squares determined that the chosen quadratic model was 
the most fitting. In Tables 5 and 6, the data were used to compare 
different statistical models to find the best fitting model for the 
generation of the regression equation for FPase and CMCase 
activity. Both models showed a high F-value and a p-value 
<0.0001, indicating model terms are significant. These results 
indicate that the quadratic model significantly explains the 
variability in cellulase production data with minimal error.   
 
 

Table 5: Comparison of different statistical models to find the best fitting model for the generation of the regression equation for FPase activity. 

Source Sum of  
Squares df Mean  

Square F-value p-value  

Mean vs Total 6.74 1 6.74    
Linear vs Mean 0.1071 3 0.0357 5.02 0.0158  
2FI vs Linear 0.0030 3 0.0010 0.1119 0.9511  
Quadratic vs 2FI 0.0872 3 0.0291 90.39 < 0.0001 Suggested 
Cubic vs Quadratic 0.0013 3 0.0004 1.83 0.2818 Aliased 
Residual 0.0009 4 0.0002    
Total 6.94 17 0.4080    

Table 6: Comparison of different statistical models to find the best fitting model for the generation of the regression equation for CMCase activity. 

Source Sum of  
Squares df Mean  

Square F-value p-value  

Mean vs Total 73.26 1 73.26    
Linear vs Mean 2.85 3 0.9513 7.82 0.0031  
2FI vs Linear 0.2212 3 0.0737 0.5425 0.6641  
Quadratic vs 2FI 1.32 3 0.4385 70.26 < 0.0001 Suggested 
Cubic vs Quadratic 0.0156 3 0.0052 0.7378 0.5821 Aliased 
Residual 0.0281 4 0.0070    
Total 77.70 17 4.57    

ANOVA was also performed to test the statistical significance 
of the model. It was used to determine whether to include or 
exclude the coefficients for linear, interaction, and quadratic 
terms in the model based on their p-values. Conversely, if the p-
value is greater than 0.05, it indicates no significant effect of the 
varying input levels on the response (Awotwe-Otoo, 2012).   
 
Shown in Tables 7 and 8 are the significant terms for the 
optimization of cellulase production measured as FPase activity 
and CMCase activity, respectively. For FPase activity, initial 
moisture content (A), initial media pH (B), fermentation time 
(C), the interaction between moisture content and fermentation 

time (AC), and the quadratic terms of moisture content (A²), 
fermentation time (B²), and initial moisture content (C2) were 
identified to be significant. In contrast, all model terms in the 
quadratic model for optimized cellulase production measured as 
CMCase activity were significant, except for the interaction 
between fermentation time and initial moisture content (AC) and 
between initial media pH and moisture content (BC).   
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Table 7: ANOVA and Lack of Fit analysis of the quadratic model for optimized cellulase production measured as FPase activity. 
Source  Sum of Squares df Mean Square F-value p-value 
Model  0.1974 9 0.0219 68.17 < 0.0001* 
A 0.0040 1 0.0040 12.59 0.0094* 
B  0.0845 1 0.0845 262.51 < 0.0001* 
C  0.0186 1 0.0186 57.89 0.0001* 
AB  0.0009 1 0.0009 2.80 0.1383ns 
AC  0.0018 1 0.0018 5.75 0.0477 ns 
BC  0.0003 1 0.0003 0.7957 0.4020 ns 
A²  0.0283 1 0.0283 88.10 < 0.0001* 

B²  0.0089 1 0.0089 27.75 0.0012* 
C²  0.0417 1 0.0417 129.69 < 0.0001* 
Residual  0.0023 7 0.0003   
Lack of Fit  0.0013 3 0.0004 1.83 0.2818ns 

Pure Error  0.0009 4 0.0002   
Cor Total  0.1996 16    

A – fermentation time (days); B – initial media pH; C – initial moisture content (%) 
*Significant (p-value <0.05); nsNot significant (p-value >0.05) 
 
Table 8: ANOVA and Lack of Fit analysis of the quadratic model for optimized cellulase production measured as CMCase activity. 

Source  Sum of Squares df Mean Square F-value p-value 
Model  4.39 9 0.4879 78.16 < 0.0001* 

A 0.3630 1 0.3630 58.15 0.0001* 
B 1.71 1 1.71 274.03 < 0.0001* 
C  0.7806 1 0.7806 125.07 < 0.0001* 
AB  0.2162 1 0.2162 34.64 0.0006* 
AC  0.0042 1 0.0042 0.6769 0.4378ns 

BC  0.0008 1 0.0008 0.1212 0.7380ns 

A²  0.2867 1 0.2867 45.93 0.0003* 

B²  0.2202 1 0.2202 35.28 0.0006* 
C²  0.6810 1 0.6810 109.11 < 0.0001* 
Residual  0.0437 7 0.0062   
Lack of Fit  0.0156 3 0.0052 0.7378 0.5821ns 

Pure Error  0.0281 4 0.0070   
Cor Total  4.43 16    

A – fermentation time (days); B – initial media pH; C – initial moisture content (%) 
*Significant (p-value <0.05); nsNot significant (p-value >0.05) 

Moreover, the model F-values obtained were 68.17 for FPase 
activity and 78.16 for CMCase activity, indicating that the terms 
in the model have significant effects on cellulase activity (Peng 
et al. 2020). The probability of these F-values occurring due to 
noise is only 0.01%. Additionally, the Lack of Fit F-values were 
2.39 and 3.07, respectively, which were not significant relative 
to the pure error. This result, with a 28.18% and 58.21% chance 
of occurring due to noise, respectively, suggests that the models 
fit the experimental data well. 
 

The statistical evaluation of the model's goodness-of-fit was 
conducted, and the data are listed in Table 9 for the two models. 
The standard deviation for FPase activity was 0.0179 and 0.0790 
for CMCase activity, indicating that the data points are closely 
clustered around their mean values.  The coefficient of variations 
obtained (2.85% for FPase and 3.81% for CMCase) were within 
the acceptable limits of less than 5%, further indicating that the 
model has high precision and the variability in the data is 
minimal relative to the mean (Selvan et al. 2018).  

Table 9: Regression analysis for the determination of the model’s goodness-of-fit for predicting FPase and CMCase activity. 

Source Value 
FPase activity CMCase activity 

Std. Dev. 0.0179 0.070 
Mean 0.6295 2.08 
C.V. % 2.85 3.81 
R2  0.9887 0.9901 
Adjusted R2  0.9742 0.9775 
Predicted R2  0.8881 0.9339 
Adeq. Precision  23.0243 30.3275 

The coefficient of determination (R²) was close to 1, 
demonstrating that 98.87% of the variability in cellulase 
production in terms of FPase activity can be explained by the 
model, while 99.01% of the variability in cellulase production in 
terms of CMCase activity can also be explained by the model. 
These high R² values signify an excellent fit between the model 
predictions and the actual experimental data. The difference 
between the Predicted R² and the Adjusted R² in each model is 
less than 0.2. This means that the former value is in reasonable 
agreement with the latter value due to their small difference 
(Sahoo 2011).   
  

Although the predicted R², which assesses the model's predictive 
capability for new data, is slightly lower than the adjusted R², it 
still indicates that the model can reliably forecast cellulase 
production under different experimental conditions. 
Furthermore, the adequate precision values, representing the 
signal-to-noise ratio, were 23.0243 for FPase activity and 30.327 
for CMCase activity. These values significantly exceed the 
recommended threshold of 4, demonstrating a strong signal and 
confirming the model's ability to efficiently explore the design 
space. 
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Considering the established relationship between the predicted 
and actual responses, the regression coefficients were fitted to a 
second-order polynomial equation to derive a coded equation 
that can be used to predict the response based on the levels of 

each factor. The coded mathematical equations in terms of 
experimental variables as determined by BBD are given in 
equations 3 and 4: 
 

𝐹𝑃𝑎𝑠𝑒	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 2
𝑈
𝑔𝑑𝑠7

= 	+0.7366 − 	0.0225	(𝐴) + 	0.1028	(𝐵) + 	0.0483	(𝐶) − 	0.0150(𝐴𝐵) − 0.215	(𝐴𝐶) − 	0.0080(𝐵𝐶)
− 	0.0820	(𝐴#) − 	0.0460	(𝐵#) − 	0.0995	(𝐶#)

Equation 3 
 
 

 

𝐶𝑀𝐶𝑎𝑠𝑒	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 2
𝑈
𝑔𝑑𝑠7

= 	+2.50 − 		0.2130	(𝐴) + 	0.4624	(𝐵) + 	0.3124	(𝐶) − 0.2325(𝐴𝐵) − 0.0325	(𝐴𝐶) − 	0.0138	(𝐵𝐶)
− 	0.2609	(𝐴#) − 	0.2287	(𝐵#) − 	0.4022	(𝐶#) 

Equation 4 

where A is fermentation time (days); B is the initial media pH; 
and C is the initial moisture content. 
 
Individual and interaction effects of independent factors on 
cellulase production    
To study the individual effects of the independent factors on 
cellulase production, one-factor-at-a-time graphs were obtained 
from the Design-Expert® DX13 software. These results 
analyzed the effects of fermentation time, initial media pH, and 
initial moisture content on cellulase activity, measured in terms 
of filter paper (FPase) and carboxymethyl (CMCase) activity. 
 

The effect of fermentation time on FPase activity and CMCase 
activity was depicted in a bell-shaped curve, as shown in Figures 
2A and 3A, respectively, illustrating the relationship between 
fermentation time and cellulase activity. As the fermentation 
time progressed, the FPase and CMCase activities increased. 
The graph showed that the FPase activity reached its peak 
between day 5 and day 6, while the CMCase activity started to 
decline after day 4.  
 
 
  

 
Figure 2: Effects of varying fermentation time (A), initial media pH (B), and initial moisture content (C) on the FPase activity.

  

 
Figure 3: Effects of varying fermentation time (A), initial media pH (B), and initial moisture content (C) on the CMCase activity.

Figures 2B and 3B illustrate the influence of initial media pH on 
FPase and CMCase activities, demonstrating a positive 
correlation between these factors. This suggests that T. 

asperelloides is capable of efficiently producing cellulase under 
higher or alkaline pH conditions. A similar pattern was observed 
with respect to initial moisture content, as shown in Figures 2C 
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and 3C, where the optimal moisture level for cellulase 
production was at the upper end of the tested range, highlighting 
the importance of adequate moisture for maximizing enzyme 
yield. 
 
Additionally, the interactive effects of the independent variables 
on FPase and CMCase activities were examined through 3D 
surface plots, which were generated by varying two independent 
factors while keeping the third constant. The 3D surface curves 
and contour plots, depicting the interactions among the variables 

for FPase and CMCase activities, are presented in Figures 4–9. 
 
Figures 4–5 illustrate that the highest FPase and CMCase 
activities were achieved when the initial moisture content was at 
the central level (140%), whereas the lowest enzyme activity 
occurred at the lower moisture content (80%). This pattern 
underscores the role of increased moisture in improving nutrient 
transport and promoting fungal growth in solid-state 
fermentation, thereby enhancing enzyme production. 
 

 
Figure 4: 3D surface graph for an interactive effect of fermentation time and initial media pH on FPase activity when initial  moisture content is at (A) 
low, (B) central, and (C) high levels.

 
Figure 5: 3D surface graph for an interactive effect of fermentation time and initial media pH on CMCase activity when initial moisture content is at (A) 
low, (B) central, and (C) high levels.

Similar trends have been reported in other studies on SSF, where 
optimal moisture content is significant for maintaining the 
balance between substrate hydration and microbial activity 
(Kalsoom et al. 2019, Ortiz et al. 2015). However, in this study, 
the lowest initial moisture content set was 80% due to the high-
water absorbing properties of the coconut coir. In addition, it 
was observed that substrate porosity and particle size may 
influence optimum moisture content. 
 
Illustrated in Figures 6 and 7 are the interactive effects of 
fermentation time and initial moisture content when the initial 
media pH is at low, center, and high levels. The positive 
correlation between pH and enzyme activity suggests that T. 

asperelloides RS1 prefers neutral to slightly alkaline conditions 
for optimal cellulase enzyme activity under SSF. This contrasts 
with several studies that reported the optimal pH for maximum 
cellulase activity by Trichoderma sp. is acidic, ranging from 3.0 
to 6.0, when using pure cellulose as the carbon source (Juhasz et 
al. 2004, Ryu and Mandels 1980). Moreover, Delabona et al. 
(2012) showed that T. harzianum was also able to produce 
cellulase enzymes at pH 6.0 when using sugarcane bagasse as 
substrate. The observed difference in optimal pH can be 
attributed to the nature of the substrate and fermentation 
conditions. 
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Figure 6: 3D surface graph for an interactive effect of fermentation time and initial moisture content on FPase activity when initial pH is at (A) low, (B) 
central, and (C) high levels.

 
Figure 7: 3D surface graph for an interactive effect of fermentation time and initial moisture content on CMCase activity when B: initial pH is at (A) low, 
(B) central, and (C) high levels.

Figures 8 and 9 illustrate the effect of interactions between initial 
media pH and initial moisture content when fermentation time 
is at low, center, and high level on the FPase and CMCase 
activities. The enzyme activities showed a clear increasing trend 
as the fermentation time progressed, peaking between 5 and 6 
days of fermentation. After reaching this peak, a noticeable 
decline in activity was observed. This suggests that the optimal 
fermentation period for maximum enzyme activity by T. 
asperelloides under the given conditions is around this period. 
This trend suggests that prolonged fermentation beyond this 
optimal point may lead to the depletion of nutrients or the 
accumulation of inhibitory by-products, which negatively affect 
the production of cellulase.  
  
This trend is consistent with findings from other studies, where 

the enzyme activity of Trichoderma species generally increases 
with fermentation time, reaching an optimum before declining 
due to product inhibition (Thakur et al. 2023, Mrudula and 
Murugammal 2011). This decrease in activity is likely caused by 
the accumulation of cellobiose, a byproduct of cellulose 
hydrolysis, which inhibits the activities of CMCase and FPase 
by competing with cellulose for the enzyme’s active site (Ojumu 
and Betiku 2003). In addition, phenolic compounds released 
from residual lignin during hydrolysis may further suppress 
cellulase activity (Qin et al. 2016). Enzyme denaturation, 
potentially due to interactions with other substances present in 
or released from the substrate, could also contribute to the 
observed reduction in enzyme efficiency (Ramesh and Lonsane 
1987). 
 

 
Figure 8: 3D surface graph for an interactive effect of initial media pH and initial moisture content on FPase activity when fermentation time is at (A) 
low, (B) central, and (C) high levels.
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Figure 9: 3D surface graph for an interactive effect of initial media pH and initial moisture content on CMCase activity when fermentation time is at (A) 
low, (B) central, and (C) high levels.

Confirmation of the generated model for the optimization of 
cellulase activity 
For optimum CMCase and FPase activities, various 
combinations of experimental factors were generated through 
numerical optimization following the analysis of responses. The 
software provided 100 solutions, all with 1.000 desirability, and 
a random solution was chosen for verification having the 
following fermentation conditions: 3.6 fermentation days, an 
initial media pH of 7.88, and 163.71% moisture content.   
 

Upon experimental validation of the optimum generated model, 
the average FPase and CMCase activities were found to be 0.770 
U/gds and 2.919 U/gds, respectively, which corresponds to a 
percent error of 0.74% and 2.9%. Both have a low standard 
deviation implying that the experimental values are clustered 
tightly around their mean value.  

 

Table 10: Percent error of FPase activity (U/gds) from the selected optimized fermentation conditions. 
Trial Predicted FPase Activity, U/gds Experimental FPase Activity, U/gds Percent Error 

1 
0.7742 

0.7686 0.73 
2 0.7648 1.23 
3 0.7686 0.24 

Mean 0.7698 ± 0.0057 0.74 ± 0.0049 

Table 11: Percent error of CMCase activity (U/gds) from the selected optimized fermentation conditions. 
Trial Predicted CMCase Activity, U/gds Experimental CMCase Activity, U/gds Percent Error 

1 
2.9724 

2.9033 2.38 
2 2.8958 2.65 
3 2.9585 0.47 

Mean 2.9192 ± 0.0342 1.83 ± 0.0119 

Potential sources of error include fluctuations in environmental 
conditions, such as temperature and humidity, as the setup was 
not conducted in an incubator to precisely control incubation 
temperature. Additionally, minor inaccuracies in measuring the 
initial moisture content and pH, along with biological variability 
in fungal growth and enzyme production, may have contributed 
to discrepancies between the predicted and actual values. The 
physical properties of the coconut coir fibers, such as the particle 
size, could also contribute to the observed deviation between 
predicted and experimental cellulase activity. Differences in 
fiber size may influence the surface area available for microbial 
colonization, affecting fermentation efficiency and enzyme 
production. Despite these deviations, the overall mean percent 
error remains low, indicating that the optimized conditions 
provide reproducible cellulase activities within acceptable limits 
under the experimental conditions tested.  
 
 
CONCLUSION 
 
This study highlights the first report of Trichoderma 
asperelloides RS1 isolated from rice straw to produce cellulase 
via SSF using coconut coir as substrate. RSM optimization was 
done to investigate three independent factors, namely initial 
media pH, initial moisture content, and fermentation time, that 
could affect enzyme production under SSF. By analyzing the 
response surfaces and contour plots, this study generated a 
quadratic model to predict the most favorable combination of 
initial media pH, initial moisture content, and fermentation 
period for maximizing cellulase yield. The FPase activity was 

found to be optimal when the initial media pH, initial moisture 
content, and fermentation time were pH 6.0, 140%, and 6.5 days, 
respectively, yielding 0.762 Uglc/gds. On the other hand, the 
fermentation conditions for maximum CMCase activity are at 
day 3 of fermentation with an initial media pH of 8.0 and a 
moisture content of 140%, which yielded 2.951 Uglc/gds. 
Validation of the predicted optimum models yielded 0.74% and 
2.9% errors for FPase and CMCase activities, respectively. The 
results presented in this study showed the potential of T. 
asperelloides RS1 to produce cellulase from coconut coir under 
optimized solid-state fermentation. It is recommended for future 
studies to investigate pretreatment methods for coconut coir in 
order to reduce lignin content, which could possibly enhance 
cellulose accessibility, thereby increasing enzyme yield. 
Additionally, expanding the optimization parameters to include 
other factors as well as scale-up studies that yield cellulase in 
larger quantities suitable for industrial applications. 
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