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ABSTRACT

This study aims to optimize the fermentation conditions of Bacillus sp.01 for the simultaneous production of 
cellulase and reducing sugars from oil palm empty fruit bunch (OPEFB). Milled OPEFB was used as the sole 
carbohydrate source in a mineral salt medium to investigate the effects of temperature (30-45 °C), pH (5.0-8.0), 
and nitrogen sources on the fermentation performance of Bacillus sp.01. The results showed that the highest sugar 
and cellulase production were achieved at pH 7.0 and 35 °C, yielding 2.52 mg/mL and 0.93 U/mL, respectively, in 
a 100 mL batch system enriched with 1% milled OPEFB. Regression analysis showed that the optimum sugar and 
cellulase production conditions were pH 6.73 and 32.5°C. Organic nitrogen sources (beef extract and peptone) 
showed better performance in promoting sugar and cellulase production than inorganic nitrogen sources (NH4NO3 
and (NH4)2SO4). These results show the potential of using OPEFB as a substrate for bioconversion by Bacillus 
sp.01, which could contribute to developing sustainable waste management strategies in the palm oil industry.
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INTRODUCTION

The Oil Palm industry is growing rapidly in 
Southeast Asia, particularly Indonesia and Malaysia. In 
Indonesia, the total plantation area has increased by 
7.04% in 4 years, from 14.33 million hectares in 2018 
to 15.34 million hectares in 2022 (Directorate of Food 
Crops Horticulture and Estate Crops Statistics, 2023) and 
became 15.44 million hectares in 2023 (BPS-Statistics 
Indonesia, 2024). In 2022, Indonesia’s Crude Palm Oil 
and Palm Kernel Oil production reached 46.82 and 9.36 
million tons, respectively (Directorate of Food Crops 
Horticulture and Estate Crops Statistics, 2023). This 
increase is expected to lead to the production of more 

solid (Oil Palm Empty Fruit Bunch, OPEFB) and liquid 
waste (Palm Oil Mill Effluent, POME) of approximately 
40.97 and 117.05 million tons, respectively. Wu 
et al. (2010) reported that POME generation was 
approximately 2.5 times the amount of CPO produced, 
while Susi et al. (2023) stated that the composition 
of alpha-cellulose of 0.89 times the amount of OPEFB 
generated.

OPEFB is a lignocellulose material that consists 
of 3 polymers, namely cellulose (52.7-83.7%), 
hemicellulose (5.6-27.17%), and lignin (1.7-16.8%) 
(Mohtar et al., 2017; Yimlamai et al., 2021). Lignin’s 
function in cellulose structure is multifaceted. It 
provides structural support to plant cell walls (Welker 
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et al., 2015), influences the efficiency of enzymatic 
hydrolysis of cellulose (dos Santos et al., 2019), and 
interacts with cellulose at the molecular level. Several 
studies have shown that innovation is needed to solve 
the solid-waste problem by converting lignocellulolytic 
materials into other valuable products. Appropriate 
bacteria and conditions are essential for the conversion 
of lignocellulolytic materials.

Previous studies have suggested the use of 
Trichoderma harzianum (Bagewaand di et al. 2018), 
Bacillus licheniformis (Helianti et al., 2014), and 
Streptomyces spp. Nurkaya et al. (2017) used OPEFB 
as a potential substrate for fermentation. However, 
indigenous microorganisms remain a critical factor in 
efficiently using OPEFB. The current study isolated a 
potential lignocellulolytic bacterium Bacillus sp.01. from 
the OPEFB in the palm oil industry of East Kalimantan 
Province, Indonesia. The bacterial fermentation system 
is preferred over the fungal fermentation system 
because of its simplicity. The optimal fermentation 
conditions (pH, temperature, and nitrogen source 
type of medium) of Bacillus sp.01 for simultaneous 
sugar and cellulase production using milled OPEFB as 
cellulose were reported. The optimization procedure 
was analyzed using a regression analysis. The results 
are expected to help overcome the waste problem 
among palm oil industries by increasing the efficiency 
of OPEFB utilization to support zero-waste production in 
the agroindustry.

METHODS

Materials
OPEFB was collected from a palm oil industry in 

Muara Badak Sub-District, Kutai Kartanegara District, 
East Kalimantan Province, Indonesia. The bunch was 
sterilized at 121 °C for 15 minutes, dried at 105 °C 
for 4 hours, and manually cut into small pieces with 
a knife. Subsequently, it was milled using a crusher 
machine (crusher machine multifunction PLC180, 
Maksindo, Indonesia) and sieved with a size of 100 
mesh (fiber particle size of fiber–1-2 mm) (Nurkaya, 
2013). Carboxymethyl cellulose (CMC), dinitro salicylic 
acid (DNS), KH2PO4, NaCl, MgSO4.7H2O, FeSO4.7H2O, 
MnSO4.H2O, and (NH4)2SO4 were purchased from 
Sigma–Aldrich. 

Isolation of Cellulolytic Bacteria
Cellulolytic bacteria were isolated using the CMC 

minimal agar method suggested by Ariffin et al. (2008). 
In addition, 1 gram of milled OPEFB was inoculated in 
CMC minimal medium (1.00 g KH2PO4, 0.50 g NaCl, 0.5 

g MgS04.7H2O, 0.01 g FeSO4.7H2O, 0.01 g MnSO4.H2O, 
0.03 g (NH4)2SO4, and 5.0 g CMC diluted in 1 L distilled 
water) at pH 7.0. The culture was incubated for 10 days 
at 30°C with agitation at 200 rpm in a shaking water 
bath (VS-1205SWL-Vision, USA). After incubation, 
the culture was streaked onto CMC minimal medium 
agar and incubated at 30 °C. The clear zone (halo) 
surrounding the colonies was detected by staining with 
Congo red and de-staining the color 3 times with 1 M 
NaCl, each for 15 minutes. Cellulolytic bacteria were 
selected from colonies that showed a clear zone. The 
potential isolate named Bacillus sp.01 showed the best 
CMC-ase activity and was further reported in this study 
for cellulase production optimization by fermentation 
using OPEFB.  

Optimization of the Cellulase Production 
Procedure

In this study, 1 mL CMC broth of overnight 
incubated Bacillus sp.01 was poured into 100 mL OPEFB 
medium, a mineral salt medium (1 g KH2PO4, 0.5 g NaCl, 
0.5 g MgSO4.7H2O, 0.01 g FeSO4.7H20, 0.01 g MnSO4.
H2O, 0.03 g (NH4)2SO4 per L) enriched with 1.0 g OPEFB.

In the system with 100 mL and fermentation time 
up to 48 hours, the fermentation reached an optimum 
result for sugar and cellulase production at 24 hours 
(Figure 1a). Based on these results, the fermentation 
optimization procedure was carried out in a 100 mL 
system at 150 rpm and an incubation time of 24 hours. 

The optimization conditions for sugar and cellulose 
production experiments were conducted separately in 3 
steps, namely (i) investigation of the effect of pH (5, 6, 7, 
and 8), (ii) determination of fermentation temperature 
(30, 35, 40, and 45 °C), and (iii) application of different 
nitrogen sources (ammonium nitrate, ammonium 
sulfate, peptone, and beef extract) of 0.03 g/L medium. 

Reducing Sugar and Cellulase Activity Assay
Sugar content reduction was determined using the 

DNS method (McCleary & McGeough, 2015). Cellulase 
activity against CMC was assayed according to Naseeb 
et al. (2015) with some modifications, such as one-half 
milliliter of supernatant was added to 0.5 ml of 1% CMC 
prepared in 0.05 M phosphate buffer (pH 7.0 in a 10 mL 
test tube and incubated at 50 °C for 60 minutes. The test 
tubes were closed during the assay. The supernatant 
was collected by centrifuging the fermenter at 10,000 
rpm for 2 minutes (IEC Centre-M2 Centrifuge, USA). The 
reaction was stopped by adding 3.0 mL of DNS reagent 
and placing the tubes in a water bath at 100 °C. After 
5 minutes, the tube was immediately transferred into a 
cold-water bath and placed at room temperature for 5 
minutes each, then 10 mL of distilled water was added. 
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The reducing sugars in the mixture were read at 540 nm 
(UV-Vis Spectrophotometer Shimadzu U-1800, Japan) 
against a blank (using distilled water instead of sample/
supernatant). In addition, 1 unit of cellulase activity was 
defined as the amount of enzyme that released 1 μmole 
per minutes of glucose from CMC. 

Experimental Design and Data Analysis
Each experimental step was a single-factor 

experiment arranged in a completely randomized 
design, in 4 treatments (5.0, 6.0, 7.0, and 8.0 for pH; 
30, 35, 40, and 45 °C for temperature; beef extract, 
peptone, ammonium sulfate, and ammonium nitrate 
for nitrogen sources) and repeated 3 times. Data were 
analyzed by non-parametric statistics using the Kruskal-
Wallis test (the data did not normally distribute nor had 
equal variance) and plotted using regression analysis by 
SigmaPlot v.12.3. Dunn’s test at alpha of 0.05 tested the 
significant differences between treatments. Polynomial 
regression analysis was used to optimize the conditions 
for simple sugar and cellulase production.

RESULTS AND DISCUSSION

Lignocellulose Composition of OPEFB
Chemical composition of the OPEFB was determined 

by proximate analysis according to AOAC (Alemayehu et 
al., 2021). The OPEFB from East Kalimantan consisted 
of 10.08% moisture content and 64.86% carbohydrate 
content, comprising cellulose, hemicellulose, and lignin 
of 34.89, 13.85, and 11.68%, respectively. Meanwhile, 
the protein, lipid, and ash content of the OPEFB were 
9.56, 6.90, and 8.60%, respectively. Haqiqi et al. 

(2021) reported higher cellulose content of OPEFB from 
the same location (Muara Badak Sub-District, Kutai 
Kartanegara District, Indonesia). Medina et al. (2016) 
also reported that different methods could lead to 
varying results in the cellulose assay. 

The chemical composition of OPEFB from Ecuador 
was 47, 25, and 25% for cellulose, hemicellulose, and 
lignin, respectively (Aguilar et al., 2022), while that 
from Malaysia was 52.7-59.7, 21.6-27.2, and 12.3-
16.8%, respectively (Ibrahim et al., 2013; Mohtar et 
al., 2017), and from Thailand was 83.7, 5.6, and 1.7%, 
respectively (Yimlamai et al., 2021). 

Lignocellulolytic Bacteria from Composting 
OPEFB

Among the cellulolytic bacteria, 9 colonies 
showed positive enzyme activity, and the potential 
1 colony (Bacillus sp.01) that showed the largest 
clear zone on CMC minimal agar was selected to be 
explored by optimizing the cellulase activity in this 
study. Bacillus sp.01 was a gram-negative bacterium 
with a morphological colony of white color, irregular, 
translucent, with a low convex and undulated edge. The 
growth profile and the extracellular CMC-ase activity of 
the Bacillus sp.01 were presented in Figure 1. 

In a 100 mL medium system, Bacillus sp. 01 showed 
an optimum growth at 24 hours (10.08 CFU/mL), while 
the Bacillus sp.01 received abundant food, specifically 
carbon sources, in the form of CMC. In addition, Bacillus 
sp.01 produced extracellular CMC-ase, as showed by a 
clear zone surrounding the colony. 

Sikder et al. (2024) showed cellulose nanocrystals 
with a yield of 22. 53% (w/w) could be produced from 
OPEFB fibers using cellulases. The OPEFB acted as a 

Figure 1. Characteristics of Bacillus sp.01 isolates. Growth profile in 100 mL of 
OPEFB-medium (a) and CMC-ase activity in CMC-medium is shown by the yellowish 

circle area in the center of the medium (b).
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potential inducer for cellulase production from Bacillus 
sp.01, as the species could grow well in the OPEFB 
medium (Figure 1a). The cellulase production from 
E. coli, Bacillus, Pseudo, and Serratia was induced by 
groundnut cake, coconut cake, rice bran, and soy cake 
(Sethi et al., 2013). However, lignocellulosic waste 
(straw) was a potential inducer of cellulase production 
by Aspergillus terreus (Narra et al., 2014). This study of 
Bacillus sp.01, an indigenous bacterium in composted 
OPEBF, led to the utilization and overcoming of the 
waste problem in the oil palm industry.

According to the results of this study, Bacillus spp. 
were commonly found in composts. During bacterial 
succession at 20 days of palm oil mill effluent (POME) 
composting, gram-negative Bacillus (Lysinibacillus 
massiliensis) dominated the bacterial population 
(Zainudin et al., 2014). Chandna et al. (2013) showed 
that the bacterial composition of waste from cereals 
processing (rice bran, wheat bran, rice husk, grass, 
and leaves enriched by cow dung, mustard oil cake, 
cow urine, and molasses) was dominated by Bacillus 
(78%), and 15% of the whole population was gram-
negative. However, the complexity and diversity of 
the bacterial community in OPEFB compost remained 
uncertain. Kusumaningtyas et al. (2022) showed that 
uncultured gamma and beta proteobacteria, as well as 
many unclassified uncultured bacteria, were identified 
by molecular methods. 

The Bacillus sp.01 produced cellulase, which was 
classified as a thermostable enzyme. In addition, the 
cellulase showed optimum activity at pH 7.0 and a 
temperature assay of 50 °C. Some reports showed that 
lignocellulolytic bacteria produced endoglucanase with 

a broad pH range. Chelab & Yang (2016) reported a 
Bacillus sp.RL1 had optimum assay conditions at pH 4.8 
and 50.0 °C, while Mahmoud et al. (2014) reported a 
Streptomyces sp. with optimum enzyme assay at pH 
6.0-6.5 and 50 °C. 

Fungal cellulases were reported as potential 
sources for hydrolyzing the OPEFB (Onyia et al., 2023; 
Triwahyuni et al., 2024). However, some reports showed 
bacterial cellulases had significant potency in hydrolyzing 
the lignocellulose (Awan et al., 2023; Priya et al., 2016; 
Shyaula et al., 2023), including OPEFB (Amraini et al., 
2023; Dini & Afriani, 2022; Gusmawartati & Sari, 2023). 

Optimization of Fermentation Conditions for 
Using OPEFB as the Sole Carbon Source

The fermentation conditions for cellulase and 
reducing sugar production were optimized within 24 
hours of incubation. Figure 2 showed that in a 100 mL 
system medium, Bacillus sp.01 produced the highest 
cellulase activity and reduced sugar at about 24 hours. 
Sreena et al. (2016) reported the same phenomenon for 
endoglucanase, exoglucanase, and FP-ase from Bacillus 
subtilis in a medium supplemented with 1% CMC, 
except for glucosidase, which showed a maximal result 
at 48 hours. However, Chelab & Yang (2016) reported 
a slightly longer incubation time for Bacillus sp.RL1 to 
produce endoglucanase during fermentation using 1% 
CMC as a substrate to reach the maximum result, which 
was in the 48-72 hours range. 

The effect of fermentation conditions (pH of the 
medium, incubation temperature, and nitrogen source) 
after 24 hours of fermentation on the production 
of reducing sugar and cellulase using a medium 

Figure 2. Cellulase and reducing sugar production profile of Bacillus sp.01 isolate at different incubation 
temperatures. The experiment was conducted in 100 mL OPEFB medium with ammonium sulfate as 

the nitrogen source.
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supplemented with OPEFB as the sole carbon source 
was presented in Table 1. 

Data in Table 1 showed the simultaneous 
production of reducing sugar and cellulase in a 100 
mL OPEFB medium incubated for 24 hours. The 
best fermentation condition for reducing sugar and 
cellulase production was reached at the temperature 
of 35 °C, using the OPEBF medium set to pH 7.0, 
and finally enriching the medium with peptone as the 
nitrogen source. In addition, the optimization of the 
fermentation conditions (in 100 mL OPEFB medium for 
24 h) for sugar and cellulase production was analyzed 
using the regression technique. This showed that the 
optimum result of fermentation using OPEFB medium 
was reached at an incubation temperature of 32.5 °C, 
a pH medium of 6.73, and enriched the medium with 
peptone as a nitrogen source. Based on these results, 
the OPEFB was a potential carbon source for Bacillus 
sp.01 in using the solid waste from the oil palm industry 
for various products, such as sugar and cellulose.

In this study, the limitation was that there were 
outlier data. The 2 replications’ data were used instead 
of the 4 replicated data points available, and the use of 2 
replications of data was based on considering removing 
the outlier data. 

Effects of Fermentation Temperature
The optimum incubation temperature for cellulase 

production was studied by culturing cellulolytic 
bacteria isolates in 1% (w/v) OPEFB medium at 

several temperatures (30-45 °C). In addition, the 
Bacillus sp.01 was cultured in OPEFB at pH 7.0 and 
an agitation rate of 150 rpm for 2 days of incubation. 
Figure 3 showed the optimization of fermentation 
temperature for sugar and cellulose production by 
Bacillus sp.01 in a minimal medium supplemented by 
OPEFB powder as a cellulose source. 

Production of reducing sugar and cellulase in the 
OPEFB medium at pH 7.0, 35 °C was slightly higher 
than that at 33 °C, but decreased intensively at 40 
°C by approximately 37.22 and 37.19%, respectively. 
The same value of regression determination of 
both reducing sugar and cellulase production model 
(R2=0.9926) showed that both parameters, namely 
production of reducing sugar and parallel with cellulase 
production, in the fermentation system of using OPEFB 
medium enriched with (NH4)2SO4 as nitrogen source, 
were parallel regarding fermentation temperature. In 
addition, the fermentation system reached the optimum 
condition at 32.55 °C, which pointed about 2.60 mg/
mL and 0.96 U/mL for sugar and cellulase, respectively. 
Some reports justified that lignocellulolytic bacteria 
expressed endoglucanase optimally at 30 to 40 °C. The 
optimization model was very significant, which was 
shown by the value of R2 was very close to one.

Bacillus subtilis showed a cellulase activity of 0.204 
U/mL against OPEFB at pH 7.0 and a temperature of 
40 °C (Amraini et al., 2023). Streptomyces. hirsutus 
12.3.A, B. subtilis and B. subtilis sp. RL1 optimally 
produced endoglucanase when cultured at 30, 35, and 

Table 1. Effect of fermentation conditions on reducing sugar and cellulase production using OPEFB

Treatment/Parameter Level of treatments
Incubation temp. (oC)*) 30.0 35.0 40.0 45.0
Reducing sugars (mg/mL) 2.351±0.037 b 2.426±0.074 b 1.523±0.108 ab 1.094±0.012 a
Cellulase activity (U/mL) 0.871±0.014 B 0.898±0.027 B 0.564±0.040 AB 0.405±0.004 A
pH medium**) 5.0 6.0 7.0 8.0
Reducing sugars (mg/mL) 1.819±0.007 a 2.195±0.071 ab 2.351±0.037 b 2.036±0.073 ab
Cellulase activity (U/mL) 0.674±0.003 A 0.813±0.026 AB 0.871±0.014 B 0.754±0.027 AB
Nitrogen source (0.03 g/L medium***) Beef extract Peptone (NH4)2SO4 (NH4)NO3

Reducing sugars (mg/mL) 2.494±.004 b 2.523±0.009 b 2.351±0.037 a 2.408±0.106 ab
Cellulase activity (U/mL) 0.924±0.001 B 0.935±0.003 B 0.871±0.014 A 0.892±0.039 AB

Note: Data (average ± SD) were calculated from two replicates and analyzed using the Kruskal-Wallis test. Data within the same row, 
followed by different letters, show significantly different (Dunn’s test, p<0.05). Reducing sugars were determined by the DNS method. One 
unit of cellulase activity was expressed as one mmol reducing sugars released per minute. All the fermentation was conducted in a 100 mL 
system with 150 rpm for 24 h. *) The treatment was performed using OPEFB medium with (NH4)2SO4 as nitrogen source at pH 7.0, **) 
The treatment was conducted using OPEFB medium with (NH4)2SO4 as nitrogen source at 35 oC, ***) The treatment was performed using 
OPEFB medium with different nitrogen source of pH 7.0 at 35 oC.
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Figure 3. Optimization of fermentation temperature on production of reducing sugar 
and cellulase of B. subtilis sp.01. See notes in Table 1 for detailed experiments.
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40 °C (Chelab & Yang, 2016; Nurkaya et al., 2017; Sethi 
et al., 2013). 

Effect of pH Medium
Figure 4 showed the optimization of medium pH 

on sugar and cellulase production of Bacillus sp.01. The 
curves for reducing sugar and cellulase exhibited the 
same characteristics, giving the optimum pH medium 
for sugar and cellulase production of 6.73. 

Using the OPEFB medium (1% OPEFB) at pH 7.0, 
the reducing sugar and cellulase production expressed 
as enzyme activity reached 2.35 mg/mL and 0.871 U/
mL, respectively. This suggested that the yield of CMC-
ase activity was 87.1 U/g dry OPEFB. The equal value 
of the regression determination of both the production 
of reducing sugar and the cellulase regression model 
(R2=0.9437) showed that the pH medium showed the 
mimic effect. Incubation using OPEFB medium with 
(NH4)2SO4 as nitrogen source at 35 °C maximized the 
production of sugar and cellulase to 2.33 mg/mL and 
0.86 U/mL for reducing sugar and cellulase activity, 
respectively, at pH 6.73. A similar fermentation 
condition to Bacillus sp.01 in this experiment on cellulase 
production was reported. Soil isolated Bacillus subtilis 
grew in media containing 0.05% glucose, 0.075% 
peptone, 0.001% FeSO4, 0.05% KH2PO4, and 0.05% 
MgSO4 expressed the highest cellulase activity (0.55 U/
mL) at pH 7.0 by adding coconut cake in the medium of 

pH range of 6.0 to 11.0 compare to by adding soy cake, 
groundnut cake, and wheat bran, which show cellulase 
activity of 0.44, 0.40, and 0.28 U/mL, respectively (Sethi 
et al., 2013). Chelab & Yang (2016) reported that the 
soil isolated Bacillus sp.RL1 expressed 18-fold (3.41 U/
mL) and 14-fold (3.43 U/mL) for endoglucanase and 
glucosidase in pineapple shell containing beef extract 
medium at pH 7.0, compared to the activity expressed 
from the same medium with CMC and peptone instead. 
Another isolate from OPEFB, Streptomycetes hirsutus 
12.3.A, produced the highest cellulase activity and 
reducing sugar content during fermentation at a pH 
medium of 7 (Nurkaya et al., 2017). 

Effect of Nitrogen Source in The Medium
The effect of 4 types of nitrogen sources as growth 

medium on sugar and cellulase production of Bacillus 
sp.01 was shown in Figure 5. 

Ammonium nitrate showed a slight increase in sugar 
and cellulase production of Bacillus sp.01 compared 
to ammonium sulfate. However, the organic nitrogen 
source (beef extract and peptone) was affected better. 
The peptone was the nitrogen source that showed the 
highest sugar and cellulase production of the Bacillus 
sp.01 in the OPEFB medium. A similar phenomenon 
was reported by Akintola et al. (2019) and Ariffin et 
al. (2008), that organic nitrogen increased cellulase 
production more than inorganic nitrogen of Enterobacter 

Figure 5. Effect of nitrogen source type on sugar and cellulase production of B. 
subtilis sp.01. The Bar coded by different letters (uppercase for reducing sugar, and 
lowercase for cellulase activity) within the same bar type shows significantly different 

(Dunn’s test, p<0.05). See the note in Table 1. detailed experimental procedure.
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cloacae and Bacillus pumilus, respectively. Different 
responses to some nitrogen sources were reported 
for bacterial cellulase. The organic nitrogen source 
increased the cellulase activity of Bacillus sp. in the row 
of yeast extract > beef extract > peptone (Thomas et 
al., 2018). Meanwhile, Mahmoud et al. (2014) and Sethi 
et al. (2013) showed that organic nitrogen repressed 
the production of cellulase of Streptomyces sp. and 
4 other bacteria (E. coli, Pseudomonas, Bacillus, and 
Serratia), respectively. Among the inorganic nitrogen, 
the ammonium sulfate produced higher cellulase of B. 
pumilus than ammonium nitrate (Ariffin et al., 2008), 
which showed the opposite phenomenon experiment.

CONCLUSION

In conclusion, an indigenous bacterial species 
from composted OPEFB, Bacillus sp.01, has been 
isolated. In a system of 100 mL medium containing 
milled OPEFB, Bacillus sp.01 shows the optimum growth 
and production of cellulase after 24 h of fermentation. 
This species can simultaneously use milled OPEFB to 
produce simple sugar and cellulase. The optimal batch 
fermentation condition of Bacillus sp.01 to produce 
cellulase with higher activity and produce simple sugar 
in a 100 mL OPEFB medium system for 24 hours, 150 
rpm is observed at pH 6.73 and 32.55 °C. Peptone is the 
best nitrogen source among the 2 other sources (beef 
extract, ammonium sulfate, and ammonium nitrate). 
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