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Abstract. Firsty IM, Setyaningsih R, Sugiwati S, Das AK, Maryana R. 2025. Fungal diversity for enhanced sugar production comparing 
rotting and non-rotting fungi in pretreatment of empty palm oil bunches. Biodiversitas 26: 2117-2129. Empty Palm Oil Bunch (EPOB) 
is an abundant lignocellulosic biomass in Indonesia with significant potential for conversion into valuable products. This study explores 
various types of fungi in enhancing sugar production from EPOB. This study compared white-rot fungi (Trametes versicolor and 
Pycnoporus cinnabarinus) with non-white-rot fungi (Aspergillus niger, Aspergillus terreus, Trichoderma harzianum, and Trichoderma 
viride) to see the effect on lignin and cellulose content, as well as enzyme activities. Using Response Surface Methodology (RSM), this 
study optimized temperature, pH, and substrate concentration. Among the fungi, A. niger showed the best results for lignin removal 

(7.58 ± 1.5%) and cellulose increase (33.56 ± 0.00%). P. cinnabarinus had the highest laccase and MnP activities (9.26 and 123.81 
U/mL), while A. niger produced the highest LiP activity (3276.8 U/mL). X-Ray Diffraction (XRD) analysis revealed a reduction in 
crystallinity in the pretreated samples. The best pretreatment conditions with A. niger were found to be 30°C, pH 5, and 7 g of EPOB, 
achieving the highest lignin removal (14.21 ± 0.50%). A. niger also led to the highest cellulose content (53.08%) at 25°C. Enzyme 
hydrolysis of A. niger-pretreated EPOB produced 1.09 g (36.30%) of reducing sugar after 48 h at 50°C. This study highlights how 
leveraging fungal diversity can optimize biomass pretreatment processes. 

Keywords: Cellulose, fungi, lignin, pretreatment, sugar 

Abbreviations: EPOB: Empty Palm Oil Bunch; RSM: Response Surface Methodology; LiP: Lignin Peroxidase; MnP: Manganese 

Peroxidase; DNS: 3,5-Dinitro Salicylic Acid 

INTRODUCTION 

Oil palm is one of the most efficient oil-producing 

plants in terms of cost. Production of oil palm generates 

various types of waste, including empty palm oil bunches 

(25%), fibers (14%), shell waste (7%), liquid waste and 

palm sludge (Bolong et al. 2016). Empty Palm Oil Bunches 

(EPOB), a major Indonesian commodity and abundant 

biomass, exhibit a recalcitrant lignocellulosic composition: 

9.4 ± 0.2% ASL, 23.0 ± 0.6% AIL, 53.8 ± 0.3% holocellulose 

(40.8 ± 0.7% cellulose, 13.1 ± 0.3% hemicellulose), 7.2 ± 

0.4% ash, and 3.9 ± 0.5% extractives (Simanullang et al. 

2023). Lignocellulosic biomass is the largest source of 
carbon worldwide (Behera and Ray 2016; Cortes-Tolalpa 

et al. 2017) and is recognized as a valuable carbohydrate 

source for biofuel production (Mustafa et al. 2017). EPOB 

is a potentially biomass for producing monomeric sugars, 

glucose and xylose (Solihat et al. 2017; Rizal et al. 2018). 

Breakdown of lignocellulose complexes can produce 

lignin, cellulose, and hemicellulose. Lignin isolation with 

optimization has been carried out by Hidayati et al. (2023) 

with good results. The isolated lignin can be used as a 

functional material. Purified cellulose can also be used as a 

valuable product. Anwar et al. (2024) have studied the 
synthesis and characterization of cellulose acetate from 

sugar palm stem. Conversion of carboxymethylcellulose 

obtained from EPOB cellulose has been carried out by 

Yimlamai et al. (2021). EPOB must undergo several 

processes to release glucose, the key component that can be 

transformed into a variety of valuable products. One 

promising approach is biomass bioconversion, where EPOB 

is used as a substrate for bioethanol production. Under 

optimized conditions, this process not only helps reduce 

environmental pollution and production costs but also 

boosts renewable energy sources (Fasiku and Wakil 2022).  
Pretreatment is a crucial first stage that aims to remove 

compounds that probably inhibit the hydrolysis rate, one of 

which is by partly or completely degrade lignin (Sjulander 

and Kikas 2022) of the biomass so that cellulose can easily 

bind to enzymes for hydrolysis. Pretreatment of biomass 

involves many types of method; physical methods for size 

reduction (ball milling, ultrasonication, steam, pyrolysis, 

gamma irradiation), chemical delignification using acids, 

and biological methods with microorganisms or enzymes. 

Biological pretreatment is a green approach due to its mild 

conditions and the absence of inhibitory byproducts or 
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hazardous waste (Ummalyma et al. 2019). However, this 

method has some limitations, including a lengthy fungal 

growth period on lignocellulosic media and the fact that its 

ligninolytic activity depends on the compatibility between 

the substrate and the fungus used (Yadav and Vivekanand 

2021).  

Many fungi act as saprobes, deriving nutrients from 

various types of dead organic matter. Among these saprobes, 

fungal species that thrive on wood or in contaminated 

environments have developed efficient mechanisms for 
producing degrading compounds, such as ligninolytic enzymes. 

Fungi are increasingly used for biomass pretreatment due 

to their ability to degrade complex organic materials. 

Among them, rot fungi—adapted to woody substrates—are 

particularly notable for their diverse enzymatic capabilities. 

They fall into three main groups: white-rot, brown-rot, and 

soft-rot fungi, each with distinct mechanisms for lignin 

degradation. Key enzymes involved include laccase, Lignin 

Peroxidase (LiP), and Manganese Peroxidase (MnP) (Weng 

et al. 2021). 

While previous studies have investigated white-rot 
fungi such as Pycnoporus cinnabarinus and Trametes 

versicolor (Sahu and Pramanik 2015), and brown-rot fungi 

like Trichoderma viride and Trichoderma harzianum (Safari 

et al. 2022; Zhang et al. 2023) and Aspergillus terreus, 

there is limited research on the comparative effectiveness 

of diverse fungi for pretreatment. This study focuses on 

Aspergillus niger, evaluating their lignin degradation 

capabilities and enzyme activity using a novel pretreatment 

approach with a 14-day fungal suspension. Response Surface 

Methodology (RSM) is employed to optimize conditions, 

including temperature, pH, and substrate concentration. 

MATERIALS AND METHODS 

Sample collection 

EPOB obtained from Sulawesi, Indonesia, was dried in 

the sun to reduce moisture content to under 10%. The dried 

EPOB was then ground and screened to achieve a particle 

size of 40 mesh. The six fungal isolates were obtained from 

the Indonesian Culture Collection (InaCC), Research Center 

for Biology, Indonesian Institute of Science, Cibinong, Bogor. 

They were Trametes versicolor InaCC F200, Aspergillus 

terreus InaCC F30, Pycnoporus cinnabarinus InaCC F780, 
Trichoderma viride InaCC F241, Trichoderma harzianum 

InaCC F87, Aspergillus niger InaCC F539. Potato Dextrose 

Agar (PDA) was used as a growth medium for fungi. The 

fungal isolates were grown under conditions of 30°C and 

pH 6 for 7 days. 

Fungal pretreatment of EPOB 

EPOB 40 mesh, approximately 5 g in weight-that had 

been sterilized using an autoclave at 121°C for 20 min-

added with distilled water in a 1:2 ratio, was placed in an 

erlenmeyer flask. Fungal isolates, with an incubation time 

of 7 days, were dissolved in 10 mL of distilled water. The 
fungal spores were measured using a haemocytometer. 

Fungal suspension about 1 mL was then aseptically poured 

onto the EPOB, and then incubated at 28°C for 14 days 

with a pH of 6 (Sugiwati et al. 2020). The fungal treatment 

was conducted with variations in temperature (25, 30, and 

35°C), pH (4, 5, and 6), and substrate concentration (5, 7, 

and 9 g) in the pretreatment process (Figure 1). 

 
 

 

 
 

 
 
Figure 1. Scheme of fungal treatment using fungal suspension. a: Lignin, b: Cellulose, c: Hemicellulose 
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Determination of lignin and cellulose content 

The analysis was conducted to determine the content of 

lignin, cellulose, and hemicellulose in EPOB before and 

after pretreatment. Referring to Sluiter et al. (2008), 0.3 g 

of 40 mesh TKKS, were added with 3 mL of 72% H2SO4, 

then incubated for 2 hours at 30°C, and homogenized with 

a vortex regularly. The sample was then diluted to 87 mL, 

then vacuum autoclaved, and filtration was carried out, 

using a 0.45 μm cellulose acetate membrane. The filtrate 

was collected in a test tube and then used to calculate 
dissolved lignin and sugar content. 

Lignin dissolved content was measured by 

spectrophotometry at a wavelength of 205 nm. Non-dissolved 

lignin content was calculated with the ash content obtained 

from the filtrated biomass sediment. 

 

 

 

 
 

 

 

The neutralized filtrate was filtered using a syringe 

filter, and then injected into the High Performance Liquid 
Chromatography-Refractive Index Detector (HPLC-RI) for 

measurement of cellulose and hemicellulose content: 

 

 
 

 
 

 
 

CGS is the concentration of glucose or xylose detected 

by High Performance Liquid Chromatography (HPLC). Hs 
is the area of the sample detected by HPLC, HSTD is the 

area of the standard detected by HPLC. CSTDG is the 

concentration of glucose and xylose standard, ODW is the 

oven dry weight, and AC is the anhydro correction, which 

is 0.9 for glucose, and 0.88 for xylose. 

Ligninase activity 

Laccase activity 

Laccase activity measurement method refers to Kalra et 

al. (2013), where 1 mL of crude fungal enzyme extract was 

mixed with 3 mL sodium acetate buffer (pH 5). The 

mixture was then added with 1 mL of 2 mM guaiacol (2-

methoxyphenol), then incubated for 15 minutes at room 
temperature. After that, the absorbance was measured with 

a spectrophotometer at 450 nm. At the same time, a blank 

solution was prepared using 1 mL of distilled water as a 

sample, which reacted similarly to the enzyme sample. The 

amount of guaiacol reduction was calculated using the 

Lambert-Beer equation, with a molar absorbance of guaiacol 

of 12,100/M/cm. 

Manganese Peroxidase (MnP) activity 

MnP enzyme activity was determined by measuring the 

oxidation of guaiacol as a substrate at 465 nm with an 

extinction coefficient of 465 = 12100 M/cm (Wunch et al. 

1997). A total of 0.25 mL of 0.5 M phosphate citrate buffer 

(pH 5.5), 0.5 mL of 4 mM guaiacol, 0.25 mL of 50 mM 

MnSO4, 0.25 mL of crude extract of the fungal enzyme, 

and 0.25 mL of 50 mM H2O2 were mixed. The absorbance 

of the solution was measured at incubation times 0 and 30 

minutes. A blank was made without adding MnSO4 and 
with the addition of distilled water.  

Lignin Peroxidase (LiP) activity 

The method refers to del Pilar Castillo et al. (1997) with 

modifications. LiP activity was determined based on the 

oxidation reaction of veratryl alcohol to veratryl aldehyde. 

Crude extract of fungal enzyme about 0.2 mL; 0.05 mL of 

5 mM H2O2; 0.1 mL of 8 mM veratryl alcohol; 0.2 mL of 

0.05 M tartrate buffer pH 3, and 0.45 mL of distilled water 

were put into a cuvette and shaken. The absorbance was 

read at 310 nm at time intervals of 0 and 30 minutes. The 

extinction coefficient of veratryl alcohol is 9.300 M/cm. 
Measurement of ligninolytic enzyme activity: 

 

 
 

Where: 

EA : Enzyme Activity (U/mL) 

A : Absorbance as a spectrophotometry result 

V : Total mixture volume in a reaction (mL) 

v : Volume of crude extract enzyme in a reaction 
t : Incubation time (s) 

e : Extinction coefficient 

Cellulase activity 

Carboxymethylcellulase (CMCase) activity 

CMCase activity determination is based on the reducing 

sugar content produced by the degradation of 

carboxymethylcellulose (CROMOLINE) at 2% (p/v). 

Referring to Dos Santos et al. (2012), the reaction assay 

was performed by mixing 0.5 mL of 50 mM sodium citrate 

buffer pH 4.8 with 0.5 mL of crude extract of the fungal 

enzyme, and 0.5 mL of CMC (2% by volume) as a 

substrate into a test tube. The reaction control used 0.5 mL 
of the buffer solution and 0.5 mL of the crude extract of the 

fungal enzyme. Blank was prepared with 0.5 mL of 3,5-

Dinitro Salicylic Acid (DNS) and 0.5 mL of buffer. Samples 

were incubated at 50°C for 10 minutes. The reaction was 

stopped by adding 0.5 mL of DNS and incubated in boiling 

water for 5 minutes. A 6.5 mL of distilled water was then 

added for absorbance measurement at 540 nm. 

 

 

Filter Paper Cellulase (FPAse) activity 

FPase activity consists of a mixture of endoglucanase 
and exoglucanase resulting from the degradation of Whatman 

No. 1 filter paper, which measures 1.0 cm × 6.0 cm (Ghose 
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1987). Referring to Adney and Baker (2008), the enzyme 

assay was carried out by mixing Whatman no.1 filter paper 

strip (1 × 6 cm) with 1 mL of 0.05 M Na-citrate buffer pH 

4.8, and 0.5 diluted crude extract of fungal enzyme (with 

glucose concentration more than 2 mg and less than 2 mg). 

The enzyme control solution was prepared by mixing 1 mL 

of buffer and 0.5 mL of crude extract of fungal enzyme. 

Substrate control was prepared by mixing 1.5 mL of buffer 

with 1 strip of filter paper. Blank was prepared using 1.5 

mL of buffer. Standard solution was prepared by making 
glucose stock solution with dilutions (2 mg/mL, 3.3 mg/mL, 

5 mg/mL, 6.7 mg/mL). Blank, control, and standard solutions 

were incubated with the enzyme assay at 50°C for 60 min. 

The reaction was stopped by adding 3 mL of DNS and then 

incubated in boiling water for 5 minutes. Distilled water 

was added for dilution. The absorbance was measured at 

540 nm. Calculate Filter Paper Unit (FPU): 

 

Analysis of Cellulose Crystallinity Index (CCI) 
The powdered sample was prepared for analysis using 

X-Ray Diffraction (XRD). CCI was calculated from the 
resulting XRD pattern, with the following equation (Shankar 
et al. 2022). 

 

 
Where:  

Imax  : Diffraction intensity at 2θ = 22.37° corresponding 
to crystalline region 

Imin  : Diffraction intensity at 2θ = 9.87° corresponding 

to amorphous region 

Enzymatic hydrolysis 
Following the method of Maryana et al. (2022) with a 

few modifications, 15% EPOB (solid loading) of the total 
volume of 20 mL was used. A total of 3.00 g of the 
substrate was placed in Erlenmeyer flask. Citrate buffer 
solution about 15.68 mL of 0.05 M pH 4.8 was added. 
Surfactant tween 20 about 0.223 mL was added, followed 
by the addition of 2 types of enzymes, 0.860 mL cellulase 
and 0.171 mL β-glucosidase (5:1). The mixture was 
incubated for 3 × 24 hours using a shaker incubator at 
50°C, 100 rpm. Sampling was taken every 12 hours, and 
the reducing sugar was measured using DNS method. 

Measurement of reducing sugar 
A sample volume of 0.5 mL hydrolyzed EPOB (every 

12 hours sampling) was mixed with 0.5 mL of DNS 
reagent. The mixture was then incubated in boiling water 
for 5 minutes. After that, the mixture was cooled at room 
temperature, and then 1.5 mL distilled water was added. 
The absorbance was measured spectrophotometrically at 
540 nm. A standard curve was prepared by dilution of 
standard glucose solution (100-800 ppm) (Johnston 2002). 

Data analysis  
Lignin, lignin removal, and cellulose after fungal 

pretreatment were processed with RSM using Statistical 
Package for the Social Sciences (SPSS). Analysis of Variance 

(ANOVA) to obtain a linear regression function, which 
was further used for graph visualization with MathCad to 
obtain an optimum response surface and response contour. 
XRD patterns were obtained and processed with Origin. 
The software was used to determine and visualize the 
optimal conditions of temperature, pH, and substrate in the 
pretreatment process of EPOB by fungal isolate suspension. 

RESULTS AND DISCUSSION 

EPOB contains a lignocellulose complex. High lignin 
content in biomass can inhibit the access of cellulases to 
cellulose, thus reducing the hydrolysis rate. Various types 
of fungi have their own ability to degrade lignin. The 
differences in the enzymes produced lead to different 
abilities. This study was conducted using 6 types of fungi 
from the white rot (Pycnoporus cinnabarinus InaCC F780 
and Trametes versicolor InaCC F200) and non-white rot 
(Aspergillus terreus InaCC F30, Trichoderma viride InaCC 
F241, Trichoderma harzianum InaCC F87, and Aspergillus 
niger InaCC F539) groups.  

Chemical composition of untreated and fungal treated 

EPOB  
 Untreated EPOB contained 32.27% cellulose and 6.65% 

hemicellulose. The lignin content of EPOB was 36.41%. 

The increase in cellulose content is due to cellulose that is 

exposed after lignin removal (Shirkavand et al. 2017). The 

pretreatment with the six types of fungi resulted in varying 

reductions in lignin content, ranging from 1.02% to 7.58% 

(Table 1). This variability highlights the diverse abilities of 

the fungi in lignin removal and their impact on cellulose 

and hemicellulose content, which has implications for the 

potential bioethanol yield from EPOB, and can be observed 

by its morphology (Figure 2). 

Ligninase activity 
The degradation of lignocellulosic biomass leads to a 

loss of lignin and an increase in sugars (cellulose and 
hemicellulose), which is caused by the activity of ligninolytic 

enzymes. Numerous fungal species generate Lignin-
modifying Enzymes (LEs) and have intricate enzyme systems 

for lignin degradation, such as Laccase (LCC), Lignin 
Peroxidase (LiP), Manganese Peroxidase (MnP), and 

Versatile peroxidase (Vp) (Asemoloye et al. 2020; Wang et 
al. 2020). Rot fungi species have different abilities to 

degrade these complexes. All six fungi produced laccase, 
an enzyme known for its role in breaking down lignin 

(Figure 3). However, the production levels varied, with P. 
cinnabarinus demonstrating the highest activity for MnP 

among the fungi tested. This suggests that P. cinnabarinus 
is particularly effective in utilizing MnP for lignin 

degradation. On the other hand, A. niger showed the highest 
activity for LiP, indicating its superior capability in lignin 

breakdown compared to the other fungi, which showed 
relatively low LiP activity. This variation in enzyme 

production highlights the diverse enzymatic profiles of the 
fungi, underscoring the importance of choosing the right 

fungal species for effective pretreatment of lignocellulosic 
biomass. 
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Table 1. Lignin, cellulose, and hemicellulose content of before and after fungal pretreatment of EPOB 
 

Isolate Lignin content (%) Lignin removal (%) Cellulose (%) Hemicellulose (%) 

Untreated 36.41  - 32.27 ± 0.00 6.65 ± 0.00 
InaCC F780 Pycnoporus cinnabarinus 34.23 ± 0.5  5.99 ± 2.8  42.03 ± 0.00   15.21 ± 0.00 
InaCC F200 Trametes versicolor 35.61 ± 1.1  2.2 ± 0.0   42.84 ± 0.00   15.24 ± 0.00 
InaCC F30 Aspergillus terreus 35.11 ± 0.9  3.58 ± 2.5  44.31 ± 0.00   17.92 ± 0.00 
InaCC F241 Trichoderma viride 35.65 ± 0.1  2.08 ± 0.3  47.38 ± 0.00   18.72 ± 0.00 

InaCC F87 Trichoderma harzianum 36.04 ± 0.3  1.02 ± 0.9  43.57 ± 0.00   15.30 ± 0.00 
InaCC F539 Aspergillus niger 33.65 ± 0.6  7.58 ± 1.51  48.57 ± 0.00   8.81 ± 0.00 

Note: 1Isolate selected for optimization pretreatment 
 
 
 

   
A B C 

   
D E F 

 
Figure 2. Fungal pretreatment of EPOB for 14 days, on 7 g substrate, at 30°C; A. InaCC F780 Pycnoporus cinnabarinus; B. InaCC 

F200 Trametes versicolor; C. InaCC F30 Aspergillus terreus; D. InaCC F241 Trichoderma viride; E. InaCC F87 Trichoderma 
harzianum; F. InaCC F539 Aspergillus niger 
 
 
 

   
A B C 

 
Figure 3. Ligninase enzyme activity: A. Laccase activity; B. MnP activity; C. LiP activity produced by fungal enzyme crude extract 
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A B 

Figure 4. Cellulase activity of fungal enzyme crude extract: A. CMCase activity; B. FPase activity 
 

 

 
 
Figure 5. XRD spectra of control and fungal pretreated EPOB 

 

Cellulase activity 
One of the challenges in biological pretreatment is that 

microorganisms also digest cellulose for their growth 
needs, so the cellulose content that should increase after 

pretreatment decreases. All fungi, except A. niger, produced 
CMCase, which is crucial for breaking down carboxymethyl 

cellulose into simpler sugars. However, A. niger stands out 
by producing the highest level of FPase, an enzyme 

essential for breaking down the more complex cellulose 
structures found in filter paper. In contrast, the other five 

fungi exhibited very low FPase activity (Figure 4). This 
disparity in enzyme production highlights the diverse 

enzymatic profiles among the fungi, underscoring the 
specialized roles each fungus plays in cellulase activity and 

the potential for targeted applications in biomass degradation. 

Cellulose Crystallinity Index (CCI) 

In the pretreatment process, fungi can act through 

various mechanisms, such as altering the crystalline structure 
of cellulose. XRD analysis was utilized to explore the CCI 

of the untreated sample and the pretreated sample using the 

six fungi. The CCI of the untreated sample was 49.93%. 

Among the six fungi, T. harzianum managed to decrease 

crystallinity by 3.84% (the highest). P. cinnabarinus and T. 

versicolor were also capable of reducing the CCI of EPOB 

(Table 2). This study also showed the spectra of untreated 

and pretreated EPOB (Figure 5). 
 

 

Table 2. CCI of sample pretreated using six different fungi 
 

Sample CCI (%) 

Untreated 49.93 
InaCC F780 Pycnoporus cinnabarinus 49.51 
InaCC F200 Trametes versicolor 48.48 

InaCC F30 Aspergillus terreus 52.08 
InaCC F241 Trichoderma viride 56.46 
InaCC F87 Trichoderma harzianum 48.01 
InaCC F539 Aspergillus niger 53.90 

 

 
Fungal pretreatment optimization on lignin removal and 
cellulose response 

One fungal isolate with the highest ability to degrade 
lignin was selected for further pretreatment optimization. 
Besides its ability to degrade lignin, A. niger can also increase 
cellulose content (Table 3). A. niger is also capable of 
producing high LiP activity. Optimization of pretreatment 
conditions was conducted to obtain optimal conditions for 
the fungi to achieve the highest lignin degradation and an 
increase in cellulose and hemicellulose content from 
pretreatment conditions. As a result, 3D plot surface is 
made of optimization result in lignin removal response 
(Figure 6) and cellulose response (Figure 7). 

The results showed an increase in cellulose of up to 
20.71%. A decrease in lignin causes an increase in cellulose 
content. However, this was not shown in all experiments in 
this study. The highest cellulose yield (optimal) was 
obtained in experiments R7 and R13, with optimal conditions 
of a temperature of 25°C temperature, while pH and the 
amount of substrate had no significant effect. Experiments 
R1, R2, R3, R4, R5, R9, and R10 showed an increase in 
lignin removal followed by increasing cellulose content, 
which means that the main material to be processed into 
yield is also being increased. Meanwhile, the decrease in 
lignin content followed by decreasing cellulose can be 
caused by fungi, which also digest cellulose for their 
growth. 

Enzymatic hydrolysis 
The saccharification process was carried out for 48 

hours, with sampling every 12 h, and the optimal results 
were obtained at the 48th hour with 1.09 g of reducing 
sugar (Figure 8), which means 36.30% of reducing sugar 
present in 3 g of EPOB that has been pretreated and 
hydrolyzed. Based on the mass balance calculation of 7 g 
of initial EPOB biomass, the resulting reducing sugar 
amounted to 1.788 g. 
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Table 3. RSM table of pretreatment conditions using A. niger on EPOB towards lignin, lignin removal and cellulose response 
 

Runs 
Conditions 

Lignin (%) Lignin removal (%) Cellulose (%) 
Temp. (°C) pH Substrate cons. (g) 

Untreated 30 6 5 36.41 - 32.37 ± 0.00 
R1 30 5 7 31.24 ± 0.00 14.21 ± 0.50 51.11 ± 0.00 
R2 35 5 7 35.33 ± 0.00 4.72 ± 0.00 46.29 ± 0.00 
R3 35 4 9 33.74 ± 0.00 2.96 ± 2.44 46.45 ± 0.00 

R4 30 5 9 31.58 ± 0.00 13.26 ± 0.55 52.43 ± 0.00 
R5 25 4 5 34.18 ± 0.00 6.12 ± 0.61 51.4 ± 0.00 
R6 30 5 7 32.32 ± 0.00 10.16 ± 2.88 45.59 ± 0.00 
R7 25 5 7 33.98 ± 0.00 6.68 ± 0.00 52.81 ± 0.00 
R8 35 6 9 35.05 ± 0.00 3.73 ± 0.00 48.26 ± 0.00 
R9 25 4 9 35.72 ± 0.00 1.90 ± 1.71 48.87 ± 0.00 
R10 30 5 7 33.46 ± 0.00 8.10 ± 0.70 51.19 ± 0.00 
R11 30 5 7 32.92 ± 0.00 9.58 ± 2.67 47.23 ± 0.00 

R12 30 4 7 34.52 ± 0.00 5.20 ± 1.27 48.79 ± 0.00 
R13 25 6 9 35.51 ± 0.00 2.46 ± 0.00 53.08 ± 0.00 
R14 30 5 7 33.12 ± 0.00 9.03 ± 0.70 50.81 ± 0.00 

 
 
 

  
 

Figure 6. 3D plot of surface response to lignin removal response on 7 g substrate with temperature and pH variation 
 
 
 

  
 

Figure 7. 3D plot of surface response to cellulose response on 25°C with pH and variation of substrate concentration 
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Figure 8. Reducing sugar content of hydrolyzed EPOB by cellulase 

 

Discussion 

Fungi, with their remarkable diversity and enzymatic 
capabilities, were employed in the pretreatment process as 

a critical preliminary step in enhancing sugar production. 

The effectiveness of fungal pretreatment of Empty Fruit 

Bunches (EFB) is highly influenced by factors such as the 

secretion of ligninolytic enzymes, the moisture content of 

the EFB, the incubation duration, and the type of fungal 

species used (Janusz et al. 2017; Suksong et al. 2020). Due 

to their versatile enzymatic capabilities (Payne et al. 2015), 

fungi are employed in a range of applications, including the 

decomposition of EPOB (Tahir et al. 2019; Rasyid et al. 

2020; Kusumaningtyas et al. 2022), biodecolorization 

processes (Nurhayat et al. 2022), and the degradation of 
petroleum hydrocarbons (Novianty et al. 2021). 

The primary benefit of biological such as fungal 

delignification lies in its safe and eco-friendly nature, as it 

avoids the use of chemicals, acids, alkalis, or any reactive 

substances, thereby minimizing waste generation and lowering 

processing costs downstream, minimal production of 

inhibitors and byproducts that do not interfere with the 

hydrolysis process, enhances the specificity of enzyme 

reactions, preventing substrate loss or toxic byproducts that 

may result from chemical modifications. Fungal pretreatment 

can reduce lignin derivatives (such as vanillin, 4-
hydroxybenzaldehyde, and salicylic acid) in the pretreated 

liquor, which in turn helps minimize inhibition of hydrolase 

activity (Hidayatullah et al. 2020). 

As shown in Table 1, six fungi are quite effective for 

the pretreatment process due to their ability in degrading 

lignin and increasing cellulose and hemicellulose content. 

This ability is attributed to the presence of ligninolytic 

enzymes, which selectively break down lignin without 

degrading cellulose into its monomers. All six fungi were 

effective in reducing the lignin content of EPOB and 

increasing the cellulose and hemicellulose levels. P. 
cinnabarinus as a basidiomycete fungus, a genus of bracket 

fungi that produces annual fruiting bodies, bright vermilion 

in color and console-shaped, on decaying wood (Téllez-

Téllez et al. 2016). P. cinnabarinus have been studied 

(Mohtashami et al. 2023) for its diverse bioactivities, which 

are naturally occurring (Schinagl et al. 2023) and shown to 

have the ability in degrading lignin (Sahuand and Pramanik 

2017; Cerutti et al. 2021), depolymerization of lignin (Gil 

et al. 2023) due to its ligninolytic enzyme. All strains of P. 

cinnabarinus exhibited strong tolerance to temperatures up 

to 42°C, with optimal growth occurring within the temperature 

range of 35-37°C (Schinagl et al. 2023). T. versicolor was 

found to remove 8.86% of lignin in EPB biomass 

(Kamcharoen et al. 2014). Safari et al. (2022) investigated 

the use of T. viride in biomass pretreatment for bioethanol 

production; however, the extent of lignin removal was not 

quantified in their study. T. harzianum has been shown to 

reduce lignin content in various biomasses, with the extent 

of reduction varying depending on several factors 
(Sijinamanoj et al. 2021). This process is mediated by the 

production of ligninolytic enzymes, as demonstrated by 

Zhang et al. (2023). Among them, A. niger exhibited the 

highest lignin removal, alongside an increase in cellulose 

content compared to the raw material. A. niger is known as 

a cellulolytic fungus capable of degrading cellulose, yet 

until now, no research has focused on its ability to reduce 

lignin content in lignocellulosic biomass during pretreatment. 

Fungal growth in the pretreatment process is 

characterized by the spread of hyphae on the surface of the 

substrate in the Erlenmeyer tube. Mycelium began to be 
visible with the characteristics of each fungus, on the 5th 

day. The fungal growth is seen in the Figure 2 shows the 

appropriate environmental factors. Environmental factors 

greatly affect the growth of fungi. Among other things, the 

pH of the substrate is crucial. In their original environment, 

fungi grow at an optimum pH of 5-6. Substrate moisture 

also affects the growth of fungi. The moisture of the water 

causes the hyphae to spread on the surface of the substrate. 

The abundance of water in the surrounding environment 

can maintain water content in fungal cells and play a role in 

nutrient transport. The environmental temperature range for 
fungal growth is 30-40°C and optimal at 20-30°C. Mycelia 

density and color change in pretreated substrates are good 

indicators for the estimation of fungal growth. Fungi at the 

optimal incubation time are at their highest growth, and 

able to fully adapt to the environment, and efficiently 

catabolize the carbon source contained (Manan and Webb 

2016).  

Microbial degradation and conversion of lignin involve 

a complex enzymatic system comprising various enzymes 

and their intermediate and final products. These enzymes 

collaborate synergistically to break down lignin into 

smaller molecules with different chemical properties. The 
diverse types of C-C linkages in the phenylpropane units 

contribute to the resistance of lignin to degradation. Fungi 

growing on wood or other biomass break down 

lignocellulosic materials through a coordinated enzymatic 

system involving both hydrolytic and oxidative enzymes 

(Chan et al. 2020). Lignin degradation by fungi is closely 

associated with the activity of specific enzymes, as 

illustrated in Figure 3. The enzymes laccase and microbial 

lignin peroxidase such as MnP and LiP, play key roles in 

this process (Biko et al. 2020). Lignin degradation and enzyme 

activity are influenced by various factors. As demonstrated 
in the study by Pazla et al. (2020), supplementing with 

calcium and minerals enhances the activity of ligninase 

enzymes and the lignin-degrading capacity of white-rot 

fungi. This led to the lowest crude fiber content, the highest 
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ligninase activity, a reduction in lignin levels, and an 

increase in crude protein content. 

In this study, P. cinnabarinus can produce high lignin 

removal due to its high laccase and MnP activities despite 

lacking LiP activity. Several gene models for laccases and 

AA2 peroxidases, such as MnP, LiP, and VP, were found 

in this species, and were used for enzymatic treatment for 

lignin modification (Marlic-Garajova et al. 2023). P. 

cinnabarinus was identified as a highly efficient fungal 

strain for producing lignocellulolytic enzymes involved in 
the delignification process, outperforming other white rot 

fungi. Additionally, the research showed that solid-state 

fermentation yielded higher delignification efficiency 

compared to submerged fermentation (Sahu and Pramanik 

2015). The recently identified aryl-alcohol:oxidoreductase 

from P. cinnabarinus was found to share homology with 

AAO. This enzyme effectively reduced radical intermediates, 

such as guaiacol and sinapic acid, which are produced by 

laccase (Mathieu et al. 2016). Pinheiro et al. (2020) found 

that T. versicolor is capable of producing laccase, with 

production levels varying depending on the microorganism, 
the culture medium, and the fermentation conditions. High 

laccase gene expression has been explored in various 

applications (Ottoni et al. 2016). Their study highlighted 

the environmental and industrial significance of achieving 

high laccase production from T. versicolor by utilizing 

vinasse and cotton gin waste as carbon sources. Ranimol et 

al. (2018) and Zhang et al. (2023) demonstrated that T. 

harizanum could produce laccase. They performed induction 

treatments on T. harzianum to enhance its lignocellulolytic 

enzyme production. They found that acid-treated substrates 

effectively induced the production of cellobiohydrolase, 
whereas substrates treated with alkaline solutions or sodium 

chlorite specifically induced β-xylosidase. Additionally, the 

expression of the laccase gene from A. terreus has been 

studied for its potential use in biodegradation of raw oil 

(Alharbi et al. 2022). In contrast, A. niger, which achieves 

the highest lignin removal, exhibits relatively low laccase 

and MnP activities but compensates with very high LiP 

activity. Different types of fungi contribute to lignin and 

cellulose degradation in distinct ways. Some white rot 

fungi degrade lignin and cellulose simultaneously by 

producing extracellular oxidative enzymes and hydrolytic 

enzymes. White-rot fungi possess versatile extracellular 
enzymes that generate H2O2, which are crucial in the lignin 

degradation process carried out by class II peroxidases, 

such as Aryl-Alcohol Oxidase (AAO) and Glyoxal Oxidase 

(GLOX) (Daou et al. 2016). The expression of these H2O2-

generating enzymes varies depending on the fungal species, 

the type of wood substrate, and physiological conditions. 

Different H2O2-generating enzymes are involved at various 

stages of fungal decay (Presley et al. 2018). Brown rot fungi 

can degrade polysaccharides (cellulose and hemicellulose), 

as well as modify lignin. This fungi produce a limited array 

of enzymes for lignocellulose depolymerization. Notably, 
they lack certain cellulose-degrading enzymes, such as 

cellobiohydrolases (CBHs), and do not possess lignin-

modifying heme peroxidases. This leads to a significant 

loss of wood strength due to the depolymerization of 

cellulose and hemicellulose, while lignin undergoes only 

minor modifications. As a result of this type of decay, the 

biomass shrinks and shows a brown discoloration of the 

biomass due to oxidation, and becomes small, coarse cubical 

pieces. Soft-rot fungi are capable of secreting cellulases but 

are unable to degrade lignin, which usually results in an 

oxidized brownish color on the biomass, like brown-rot 

fungi. 

One of the major obstacles faced by cellulase enzymes 

is their limited access to the bulk of cellulose buried within 

the highly organized and tightly packed fibrillar architecture 
of cellulose microfibrils. Figure 4 shows that the fungi are 

still able to produce cellulolytic enzymes, while still 

increasing the cellulose content. P. cinnabarinus is a group 

of white rot fungi that have shown to have the highest 

CMCase activity. This shows that P. cinnabarinus can 

produce cellulase and digest cellulose in TKKS. T. 

versicolor, A. terreus, T. viride, and T. harzianum produce 

CMCase activity. T. versicolor is a white rot fungus that is 

reported to be able to secrete endoglucanase (Manavalan et 

al. 2015), and this is proven by the presence of CMCase 

activity in T. versicolor. A. niger is one of the fungi that 
have been widely studied regarding its cellulase activity, 

however, it did not show in this research.  

The presence of enzyme activity was demonstrated by 

enzyme extracts from fungi, but they were not able to 

hydrolyze the cellulose in EPOB. Cellulose serves as a 

natural reinforcing agent, with hemicelluloses and lignin 

acting as a matrix, providing high mechanical cohesion to 

maintain its structure. Cellulose is a homopolymer made up 

of β-D-glucopyranose (C6H12O6) units, linked together by 

β-(1-4)-glycosidic bonds. Each unit, containing three 

equatorial hydroxyl groups and adopting a chair conformation, 
twists by 180° in relation to its neighboring units. When 

two β-D-glucopyranose units combine, they form cellobiose 

(C12H22O11), the monomeric unit of cellulose (Suhas et al. 

2016). Cellulases are divided into 3 (three) main groups, 

namely endoglucanase, exoglucanase, and beta-glucosidase. 

Endoglucanases catalyze random bonds in cellulose chains 

by releasing cellobiose or cellooligosaccharides Figure 4 

shows that the six fungi have endoglucanase activity, proven 

by CMCase activity. This shows that P. cinnabarinus 

(white-rot fungi) produced cellulase and digest cellulose 

well. CMCase is also produced by T. versicolor (Manavalan 

et al. 2015), A. terreus, T. viride, T. harzianum (brown and 
soft-rot fungi). In contrast, A. niger produced the highest 

FPase activity compared to the other five fungi. This can 

happen if A. niger produces exoglucanase and beta-

glucosidase quite high. The cellulase activity of fungi can 

also be utilized for enzymatic hydrolysis so that in the 

future, pretreatment not only degrades lignin but also 

converts cellulose into glucose, which can be directly used 

in the fermentation process. This utilization will save the 

cost of enzyme consumption. However, further research is 

needed to determine the best conditions for this process. 

Exoglucanase can disrupt the crystal structure of 
cellulose and convert long molecular chains into soluble 

short molecular fragments. Since the crystalline form of 

cellulose is very difficult to disrupt, exoglucanase activity 

is the decisive factor for hydrolyzing cellulose (Chen 

2014). The slight decrease in the intensity peak after fungal 
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pretreatment indicates the simultaneous dissolution of 

lignocellulosic during fungal pretreatment. Reduction of 

cellulose crystallinity provides higher rates of bioconversion. 

However, some case studies mention that high digestibility 

is associated with an increase in crystallinity. This proves 

that crystallinity is a characteristic that greatly influences 

digestibility, but not the only one. Other factors are 

accessible surface area, porosity, lignin and hemicellulose 

content, and particle size. The ability of fungi to reduce 

cellulose crystallinity in EPOB is due to the enzyme 
activity produced. Based on the result, T. harzianum was 

able to reduce crystallinity by 3.84% (the highest). P. 

cinnabarinus and T. versicolor were also able to reduce the 

CCI of EPOB, as shown in Table 2. This indicates that 

fungal pretreatment not only reduces lignin but also breaks 

the inter- and intra-hydrogen bonds of cellulose fibrils and 

destroys the crystalline structure, which is shown in the 

peak decrease (Figure 5). This will make it more accessible 

for the substrate to be accessed by enzymes during 

hydrolysis (Karimi et al. 2016). Meanwhile, A. terreus, T. 

viride, and A. niger increased the CCI.  
The results (Table 3) showed that the highest lignin 

degradation during the 14-day incubation was obtained under 

conditions of 30°C, pH 5 of EPOB, in R1, R4, and R6 with 

a percentage of lignin degradation of 14.21 ± 0.50%, 13.26 ± 

0.55%, and 10.16 ± 2.88%. The decrease in lignin content 

caused by fungi is due to the ligninase enzyme produced. 

This ability follows the optimal temperature of 30°C for the 

growth of A. niger (Astoreca et al. 2007), which is also 

shown in Figure 6, the lower and the higher temperature, 

the color change proves that the further away from the 

optimal conditions (red-colored area), which has the highest 
lignin removal. Optimization data with lignin removal 

response was processed using SPSS ANOVA to model the 

effect of temperature (X1), pH (X2), and substrate 

concentration (X3) variables on lignin removal response 

(Y1). Temperature, pH, and substrate concentration 

simultaneously influenced lignin removal (F<0.05 and 

t<0.05). The convex response surface indicates a well-defined 

optimal variable (Nyakuma et al. 2020). Each addition of 

levels/concentration results in higher lignin removal, until 

it reaches the optimum and will decrease with the addition 

of levels afterward. The lower quantity of substrate in the 

flask has great advantages in efficient gas exchange and 
heat transfer. Thus, providing a greater supply of oxygen 

for mold growth, and easier removal of carbon dioxide and 

the heat generated (Manan and Webb 2016). 

The results of optimization with RSM produced 

cellulose response data which then modeled the effect of 

temperature (X1), pH (X2), and substrate concentration (X3) 

variables on cellulose response (Y2). The results of SPSS 

ANOVA analysis showed that there was a significant effect 

(F<0.05) of temperature, pH, substrate concentration on 

cellulose. These variables also simultaneously affect the 

response (t<0.05). Figure 7 shows the results of optimum 
conditions in increasing cellulose content obtained at 25°C, 

which is represented by the red-colored area. Sulyman et al. 

(2020) stated that A. niger produced the highest cellulase at a 

temperature of 40°C, which means at 25°C, the increase in 

cellulose occurs because there is no cellulose digestion 

process, leading to the high levels detected. Meanwhile, pH 

variation and substrate concentration did not significantly 

affect the cellulose content. The curve shows that 

pretreatment at 25°C exposed cellulose optimally at a pH 

around 5, and 7 g of EPOB. The convex response surface 

indicates a well-defined optimal variable (Nyakuma et al. 

2020). Each addition of levels/concentrations produces 

higher cellulose levels, until it reaches the the optimum and 

will decrease with the addition of levels afterward. 

Saccharification was monitored over 48 hours with 
samples taken every 12 hours. The best results were achieved 

at 48 hours, producing 1.09 g of reducing sugar, as shown 

in Figure 8, which means 36.30% of reducing sugar present 

in 3 g of EPOB that has been pretreated and hydrolyzed. 

Maryana et al. (2022) mentioned that enzymatic hydrolysis 

with lignocellulosic substrates is optimum with cellulase 

(Ctec 2 Sigma Aldrich (Novozyme)) and β-glucosidase (Htec 

2 Sigma Aldrich (Novozyme)) enzyme concentrations of 

20 FPU/g. Cellulose hydrolysis by cellulase enzymes is 

optimum at a temperature of 45-50°C and a pH of 4.8. The 

correct combination of enzymes, temperature, and pH 
significantly impacts the sugar yield. Sample R4 produced 

high cellulose of 52.43 ± 0.00% and lignin removal of 

13.26 ± 0.00%. Therefore, this sample was selected for 

enzymatic hydrolysis. The high cellulose content will be 

converted to glucose with high levels as well. Cellulose is a 

polymer composed of thousands of D-glucose units with β-

(1-4)-glycosidic bonds. Hemicellulose is a highly branched 

heteropolymer containing sugar residues such as hexoses (D-

galactose, L-galactose, D-mannose, L-rhamnose, L-fucose), 

pentoses (D-xylose, L-arabinose), and uronic acid (D-

glucuronic acid) with various bond structures, namely α- or 
β-(1-2, 1-3, 1-4, 1-6). enzymatic hydrolysis uses enzymes 

from the cellulase and hemicellulase groups that can 

degrade polysaccharides (cellulose and hemicellulose) into 

fermentation-ready sugars. The specific structure of 

cellulose favors the arrangement of polymer chains into a 

tight, crystalline structure that is insoluble in water and 

resistant to depolymerization, while hemicellulose is more 

easily hydrolyzed due to its amorphous structure. Although 

cellulose is a homopolymer, its degradation requires at 

least three enzymatic activities: endoglucanases randomly 

hydrolyze the internal β-(1-4)-glycosidic bonds in cellulose 

chains, cellobiohydrolases cleave cellobiose units from the 
chain ends and β-glucosidases convert cellobiose to glucose. 

These enzymes work synergistically to degrade cellulose 

by creating new accessible access sites and reducing product 

inhibition. The optimal conditions for most cellulases are a 

temperature of 50°C (Ezeilo et al. 2020) and pH values 

ranging from 4-5. 

In conclusion, the pretreatment of lignocellulosic biomass 

like EPOB using six fungi-P. cinnabarinus, T. versicolor 

(white rot), A. terreus, T. viride, T. harzianum, and A. 

niger (brown/soft rot)-proved effective for enhancing sugar 

production by degrading lignin and increasing cellulose/ 
hemicellulose content. A. niger InaCC F539 showed the 

highest lignin removal and cellulose enhancement. Key 

enzymes like Laccase, LiP, MnP, and cellulases drove 

lignin degradation and cellulose hydrolysis. Optimal 

conditions for lignin degradation were 30°C and pH 5, 
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while cellulose increase peaked at 25°C. This study 

highlights the potential of fungi, particularly A. niger, for 

biomass pretreatment. Future research should explore 

scaling up, fungal consortia synergies, genetic engineering 

for enhanced enzyme activity, and the economic and 

environmental sustainability of fungal-based methods to 

advance industrial applications in biofuels and biorefineries. 
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