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Abstract

This study optimized the physico-chemical parameters for immobilized cellulolytic β-glucosidase 
produced by Trichoderma harzianum Rifai strain Th12 using oil palm frond leaves, an agro-industrial 
waste substrate, via solid state fermentation. The enzyme was evaluated as an eco-friendly alternative to 
synthetic chemical fungicides for managing Ganoderma boninense, Fomitopsis meliae, Bipolaris sorokiniana 
and Phoma herbarum, the causal agents of basal stem rot, brown rot, root rot and leaf spot diseases in oil 
palm, respectively. Optimization of cultivation conditions was performed using Taguchi orthogonal array 
design based on five factors: pH, incubation period, temperature, surfactant concentration, and enzyme 
loading, each at four levels. The maximum activity of free β-glucosidase was 30.50U/g. Under optimized 
conditions-pH 7.0, 6 days incubation, 30 ℃, 2.0mg/mL enzyme concentration, and 0.05%v/v surfactant 
the immobilized β-glucosidase exhibited a peak activity of 92.40U/g. The linear model generated by 
Taguchi analysis accurately predicted the optimal cultivation parameters for T. harzianum Rifai Th12. 
Antifungal efficacy assays revealed that the immobilized β-glucosidase produced inhibition zones of 
92.59%, 82.39%, 81.35%, and 86.21% against G. boninense, F. meliae, B. Sorokiniana, and P. herbarum, 
respectively, under in vitro conditions. The crude immobilized enzyme demonstrated superior antifungal 
activity compared to synthetic fungicide tested. These findings demonstrate that immobilized cellulolytic 
β-glucosidase from T. harzianum Rifai Th12 is a viable, sustainable biocontrol agent. It offers a promising 
alternative to synthetic fungicides for protecting oil palm against major fungal diseases..

Keywords: Immobilization; Biological agent; β-glucosidase; Taguchi orthogonal array design; Enzyme 
loading; Optimization; Solid state fermentation; Eco-friendly alternative

Introduction
Fungal pathogens such as Ganoderma boninense, Fomitopsis sp., Bipolaris sorokiniana and 

Phoma herbarum are among the causal agents that cause devastating disease in crops espe-
cially in oil palm. They can cause enormous losses in both quantity and quality of crop yields 
in more than 500 plant species of monocots and dicots viz. legumes plant, cereals plant, veg-
etables, fruits, and oil seed plant, and this is a major economic issue in the global agricultural 
sector [1-4]. To eliminate these devastating plant diseases, various agriculturalists use differ-
ent synthetic chemicals, but the technique is ineffective due to its poisonous or toxicity effect 
to the living system present in the environment as well as the economic infeasibility. Even 
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though, active pesticide ingredients may be effective as a means of 
preventive measures of fungal pathogens especially in oil palm, the 
soil born nature of the fungal pathogens renders the effort futile. 
Apart from being costly, the continuous application of synthetic 
chemicals pesticides could hinder the nature of the delicate balance 
of beneficial soil born microorganisms, leading to pesticide resis-
tance microorganism [2-5]. The antagonist (T. harzianum sp.) has 
been widely used against the G. boninense and other fungal patho-
gens of oil palm as biocides [6]. T. harzianum is among the various 
potential antagonistic fungal species which is potent for improving 
the systemic resistance and act as plant growth promoters [2,5,7,8]. 
Aside to the familiar microbial control mechanisms such as compe-
tition for nutrient or shelter and ability to produce microbial me-
tabolites [9], T. harzianum also produces hyphae that penetrate into 
the G. boninense, B. sorokiniana, F. meliae and P. herbarum fungal 
pathogens and which later secrete extracellular enzymes such as 
β-glucosidase to digest the cell walls and eventually kills the fungal 
pathogens [2,9,10].

It is well known that the cellulolytic β-glucosidase secreted by T. 
harzianum sp. is evolutionary adapted to specifically hydrolyze the 
cell wall components of G. boninense, B. sorokiniana, F. meliae and 
P. herbarum [11-16]. This β-specific cellulase enzyme targets and 
explicitly hydrolyzes the β-linkage of amorphic β-1,3:1,6-β-glucan 
filling material of the chitin-based cell wall of G. boninense [12-
14]. The cellulase secreted by T. harzianum hydrolyze the cell wall 
components of B. sorokiniana targets and explicitly hydrolyzes the 
β- linkage of amorphic β-1,4-chitin-based filling material of the cell 
wall of B. sorokiniana [11,3,17], and also target and hydrolyze the 
β-linkage of endo-1,4-glucan in F. meliae [16] as well as β-1,3:1,6-
glucan in P. herbarum [15]. By such excellent behavior of T. harzia-
num, it was hypothesized that direct application of immobilized cel-
lulolytic enzymes especially β-glucosidase to suppress the growth 
of these pathogens could be likely feasible. The technique suggest-
ed here may be a promising and environmentally friendly. The tech-
nique proposed here could increase the cellulolytic β-glucosidase 
production and reduces the initial costs of raw materials using the 
agro-industrial waste oil palm frond leaves substrate [2]. Another 
important aspect is the optimization of the cultivation media of the 
immobilized cellulolytic β-glucosidase produced. Due to the inca-
pability of conventional approach in optimization processes [18-
21]. Therefore, one of the best statistical method Taguchi was used. 
In fact, it has been proved importance and successful in optimizing 
the cultivation conditions of immobilized enzymes [22-26]. The 
present research aimed at immobilization and optimization of cel-
lulolytic β-glucosidase produced in batch cultures of T. harzianum 
Rifai using agro-industrial waste oil palm frond leaves as suitable 
substrate. The optimization process uses 4-level-5-factors Taguchi 
design of experiment to evaluate five parameters which includes 
pH, incubation time, temperature, surfactant and enzyme concen-
trations to provide the maximum cellulolytic β-glucosidase activity. 
Additionally, plate inhibition assays were used to confirm the effec-
tiveness of the immobilized cellulolytic β-glucosidase produced to 
suppress the G. boninense, B. sorokiniana, F. meliae and P. herbarum 
fungal pathogens of oil palm.

Materials and Methods
Sample collections of oil palm frond leaves substrate, T. 
harzianum Rifai and fungal pathogens

Fresh oil palm frond leaves were collected from oil palm plan-
tation province of University Teknologi Malaysia in Johor, Malay-
sia. Then, air dried, grounds using a table grinder (Wellmac RT-08, 
Taiwan) follow by sieved through 1.18-3mm Endecott’s test sieves 
(London, UK). The T. harzianum Rifai utilized in the present study 
were graciously collected from [5]. Following the method described 
by [2], the axenic culture of T. harzianum Rifai strain Th12 was sub 
cultured on potato dextrose agar (PDA; Oxoid Ltd, Basingstoke, En-
gland). The mycelia of fungus grown on potato dextrose agar (PDA; 
Ltd, Basingstoke, England) slants were kept in an incubator at 30 
℃ for 7 days and then kept at 4 ℃ before use. The fungal pathogens 
viz; G. boninense, B. sorokiniana, P. herbarum and F. meliae were 
obtained from Malaysia Palm Oil Board (MPOB) as well as Federal 
Land Development Authority (FELDA) Kulai Johor Malaysia. Then, 
sub cultured on potato dextrose agar (PDA; Oxoid Ltd, Basingstoke, 
England). The pure mycelia of the fungi grown on potato dextrose 
agar (PDA; Ltd, Basingstoke, England) slants were kept in an incu-
bator at 30 ℃ for 7 days and then kept at 4 ℃ before use. The in 
vitro antagonistic efficacy of crude extract of T. harzianum Rifai uti-
lized in this study was reported in our previous work Muhammad 
et al. [27].

Cellulolytic β-glucosidase production by Solid State Fer-
mentation (SSF) using oil palm frond leaves substrate

In this study, β-glucosidase was produced using the grounded 
OPFL as the suitable substrate, following the method described by 
[2] with slight modifications, the SSF was conducted in 250ml Er-
lenmeyer flasks at 30 ℃ containing 5 grams of raw OPFL to stim-
ulate the production of crude cellulolytic β-glucosidase from the 
cultures of T. harzianum Rifai Th12. The sieved 5g of raw OPFL 
was moistened with 20ml of a modified Mandel production medi-
um containing 1.4g/L (NH4)2SO4, 2g/L KH2PO4, 0.3g/L urea, 0.3g/L 
CaCl2, MgSO4 0.005g/L, FeSO4 0.0016g/L, MnSO4 H2O 0.0014g/L, 
ZnSO4 7H2O 0.002g/L, CoCl2 0.75g/L, Peptone 1.0g/L, and 1ml/L 
Tween 80 (pH 5.2) [28-30] to achieve a final moisture level of 80% 
with the help of commercial moisture analyzer (MX50, A&D Weigh-
ing Co., Ltd., Japan). All flask was autoclaved (5 minutes at 121 ℃ 
20psi) and allowed them to cool at room temperature. 5ml (104-
105 spores/mL) spore suspension was inoculated and incubated at 
30 ℃ for 7 days followed by extraction of cellulolytic β-glucosidase 
cocktail.

Extraction of cellulolytic β-glucosidase enzyme cocktail

To extract the cellulolytic β-glucosidase enzyme cocktail after 7 
days of incubation, cold sodium citrate buffer (0.05M, pH 4.8) in a 
1:10 ratio was suspended into the culture medium containing the 
fermented substrate in the Erlenmeyer flask and shake at 120r/
min for maximum 30 minutes. Then the mixture was centrifuged 
for 30 minutes at 4000rpm, the pellet was discarded, and superna-
tant was used as the crude cellulolytic β-glucosidase enzyme and 
checked for its activity [2].
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Enzyme assay for crude cellulolytic β-glucosidase activ-
ity

Cellulolytic activity of β-glucosidase was assayed as described 
by [2] using p-nitrophenyl-β-D-glucopyranoside (pNPG, Sigma 
Plot) as a substrate. In which equal amount of enzyme and substrate 
(25µL of enzyme and 25µL of pNPG) 10mmol/L was suspended in 
50µL of phosphate buffer (pH 7.0) and incubated at 45 ℃ for 30 
minutes. Then the reaction was stopped by the addition of 100µL of 
NaOH-glycine buffer (0.4mol/L, pH10.8). The developed color was 
read at 430nm, by using a spectrophotometer (T60 V; S/N:21-1610-
1-0091; AC230V [31-41] HZ 150W). The amount of sugar released 
was quantified using glucose standard calibration curve. One unit 
of cellulolytic β-glucosidase activity was defined as the amount of 
enzyme needed to liberate 1µmol/L of pNPG per minute under the 
assay conditions. The specific activity was expressed in µmol min-
1mg-1 protein. The dilution series of pNPG standard curve for de-
termining the β-glucosidase activity was expressed in Table 1.

Table 1: Standard curve of pNPG for determining the 
β-glucosidase activities Dilution series of pNPG (430nm).

Tube pNPG Stock 
(µL)

Sodium 
Acetate Buffer 

(µL)

β-Glucosi-
dase Enzyme 

(µL)

pNPG Conc. 
(mM)

0 0 100 25 0

1 0.02 65 25 1

2 0.04 55 25 2

3 0.06 45 25 3

4 0.08 35 25 4

5 0.1 25 25 5

Determination of cellulolytic β-glucosidase protein con-
tent and total reducing sugar assay

The concentration of the protein in the cell extracts of crude 
cellulolytic β-glucosidase was measured using the Bradford assay 
method [42]. 1.0mL of the crude β-glucosidase was mixed with 
1.5mL of Bradford reagent and the optical density of the mixture 
was measured immediately at wavelength of 430nm. A standard 
curve of protein concentration was constructed using Bovine Se-
rum Albumin (BSA), BSA of 0.2% (w/v) and used as a stock solu-
tion. The preparation of BSA a series of diluted standard solutions 
was summarized in Table 2. The concentrations of protein in en-
zyme sample were determined using the standard curve for pro-
tein concentration. Then, the optical densities were plotted on a 
graph against their respective concentrations using Microsoft Ex-
cel software. Following the method described by Miller GL [43] the 
total reducing sugar in the crude enzyme cocktail was determined 
through the 3,5-dinitrosalysalic acid method, using the glucose as 
the standard. 1mL of 3,5-dinitrosalysalic acid and 2 drops of 0.1 M 
NaOH were mixed with an aliquot 1mL of the sample. The mixture 
was then boiled at 100 ℃ for 5 mins and cooled at room tempera-
ture prior to read the absorbance at 430nm. The hydrolysis efficien-
cy of total reducing sugar concentrations was expressed in mg/g of 
the substrate (oil palm frond leaves) and calculated as in equation 
(1) [44]:

( ) 100 (1)
( 1.11) ( 1.12)

Concentration of sugar released
cellulose hemicellulose concentration

= ×
× + ×



Table 2: Standard BSA dilution series for the determina-
tion of the crude cellulolytic β-glucosidase protein content 
(430nm).

Tube (mg/
mL)

BSA Conc. 
(mL)

BSA Stock 
pH7.0

Phosphate 
Buffer (mL)

Bradford 
Reagent 

(mL)

1 0.5 0.1 5 1.5

2 1 0.2 4 1.5

3 1.5 0.4 3 1.5

4 2 0.6 2 1.5

5 2.5 0.8 1 1.5

6 3 1 0 1.5

Where “Є” represents the percentage (%) of the hydrolysis effi-
ciency and the concentration of sugar released represents the total 
reducing sugar released in the crude enzyme cocktail. Cellulose and 
hemicellulose concentrations are expressed in g/g oil palm frond 
leaves substrate and values 1.11 and 1.12 are the standard conver-
sion factors for calculating the levels of liberated sugar monomers 
from the hydrolyses of their respective sugar polymers.

Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis for determination of T. harzianum Rifai cellulo-
lytic β-glucosidase molecular weight

To determine the molecular weight of the T. harzianum Rifai 
cellulolytic β-glucosidase, an SDS-PAGE (TGXTMFastcast, Bio-Rad, 
Sigma-Aldrich, United States) 5% stacking and a 12% separating 
gel, respectively, was used as described by [45]. A 50μL buffer sam-
ple (0.05% bromophenol blue, 5% β-mercaptoethanol, 10% glycer-
ol, and 1% SDS in 0.25 M Tris-HCl buffer; pH 6.8) was added into a 
100μL of protein sample in an Eppendorf tube, boiled in hot water 
bath for 5mins, cooled to room temperature and electrophoresed. 
The protein bands were visualized by staining with Coomassie Bril-
liant Blue G (Sigma-Aldrich, United States) and distained in diluted 
acetic acid overnight. The molecular weight of the β-glucosidase 
was determined in comparison to marker protein (standard pro-
tein marker, 15-250kDa; Sigma, USA).

Optimization of cultivation parameters for the cellulo-
lytic β-glucosidase produced by T. harzianum Rifai using 
One Variable at A Time (OVAT) method

Optimization of cultivation conditions for the activity of the 
crude β-glucosidase was performed and the influence of fermenta-
tion production parameters pH (3.0-9.0), incubation temperature 
(25-55 ℃), incubation time (1-7 days), enzyme concentration (2, 
4, 6, 8 and 10mg/mL) and surfactant concentration (0.1-0.5) was 
study.

Effect of pH 

The effect of cellulolytic β-glucosidase optimum pH activi-
ties was determined by incubating the crude enzyme cocktails 
(produced under optimal SSF conditions) by T. harzianum Th12 
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in various buffers solution (sodium citrate buffer 100mM pH 
3.0,4.0,5.0,6.0,7.0,8.0 and 9.0) sodium phosphate buffer 100Mm pH 
7-10, glycine- NaOH buffer 100Mm pH 9.0, and sodium hydroxide 
buffer 100mM pH10.0) at a ratio of 1:1 and incubated for 12h, in 
dissolved pNPG. For the assessment of pH stability, the crude en-
zyme was incubated at optimum temperature in buffers of different 
pH (3.0-9.0) with incubation time of 30-300 minutes.

Effect of incubation temperature 

The effects of optimum incubation temperature on enzyme 
activity were determined by incubating the enzyme-substrate mix-
ture for 30 minutes at varying temperature (25, 30, 35, 40, 45, 50, 
and 55 ℃) in sodium acetate buffer (20mM) at pH 7.0. Aliquots 
were withdrawn at regular intervals, cooled in an ice bath and the 
residual activity was calculated using pNPG assay. The thermal sta-
bility study was carried out by pre- incubating the enzyme solution 
at 25 ℃ to 55 ℃ at regular periods of 12 hours intervals. The activ-
ity and stability of the crude enzymes produced by the T. harzia-
num Th12 fungi was assessed between 25-55 °C. For stability, crude 
enzyme was incubated at the various temperatures (25-55 °C) for 
30-300mins, respectively. Result was expressed as the % of residual 
activity, assayed at regular time intervals [30].

Effect of incubation time

For the evaluation of the effect of incubation time, the crude en-
zyme was incubated at optimum temperature in buffers of different 
pH (3.0-9.0) with incubation time of 24-168 hours (7days). (24, 48, 
72, 96, 120, 144, and 168hrs).

Effect of enzyme concentrations (mg/mL)

The effect of the amount of enzyme loaded for the optimum in-
oculum level that would give the best enzyme activity were deter-
mined, by inoculating varying amount (1-5mL) of freshly prepared 
crude cellulolytic β-glucosidase in (50mL) of the fermentation pro-
duction media in duplicates flasks and incubate for 1-7 days under 
optimum pH and temperature conditions.

Effect of surfactant concentrations

Surfactant (Tween 80) at different concentrations (0.1, 0.2, 0.3, 
0.4, and 0.5) (% v/v) were used. For the effect of surfactants, 50µL 
of crude β-glucosidase was incubated in 50µL of the surfactants for 
I hour under optimum conditions of pH and temperature. Then, the 
residual activity was determined. The activities of assayed in the 
absence surfactants were designated as the negative control, ex-
pressed as 100%.

Screening of immobilization process by OFAT and opti-
mization of immobilized cellulolytic βeta-glucosidase 
using Taguchi method

Screening of immobilization process by OFAT was conduct-
ed by the addition of dried composite (5.0g) in 25mL cellulolytic 
β-glucosidase in a shaker for 18h at 4 ℃. After washing with deion-
ized water three times, the immobilized beads were stored in a ves-
sel containing 0.01M of acetate buffer (pH 3.5) at 4 ℃. To develop a 

stable support based on the maximum yield of β-glucosidase pro-
duced from the T. harzianum Rifai Th12. The beads were function-
alized in aqueous solution of surfactant (0.01, 0.02, 0.03, and 0.04 
%) for 7h at room temperature. The beads were removed from the 
surfactant solution, and wash with ultra-pure water then keep in a 
desiccator overnight to dry. The beads were then bathed in 25mL 
of filtered β-glucosidase solution (0.25, 0.50, 0.750, and 1.0mg/
mL) and monitored at different immobilization times (2h, 6h, 15h, 
and 24h) and temperatures (25, 30, 35 and, 40 ℃). The influence 
of pH (pH 3-9) on the immobilization method was monitored using 
different buffers system (50mM) which includes acetate buffer (pH 
3-5), potassium phosphate buffer (pH 6-7), Glycine-NaOH buffer 
(pH 8-9). The immobilized β-glucosidase obtained was detached 
from the solution followed by washing with buffer to remove the re-
maining un-immobilized β-glucosidase (if any) from the surfaces of 
the beads. Then, the beads were kept overnight in a desiccator prior 
further use. The parameter that yielded a maximum percentage of 
specific activity of β-glucosidase was considered the optimum and 
then used in the optimization of β-glucosidase immobilization us-
ing Taguchi design from Design Expert 7.1.6 robust statistical soft-
ware using L16 orthogonal array. In the present study, the produc-
tion factors optimized were; immobilization temperature (30, 40, 
50, and 60 ℃), immobilization time (2, 4, 6, and 8 days), pH (5, 7, 9, 
and 11), enzyme concentration (0.5, 1.0, 1.5, and 2.0mg/mL), and 
surfactant concentration (0.025, 0.050, 0.075, and 0.1). The experi-
ment was conducted in triplicate.

Quantification of immobilized β-glucosidase protein 
content and activity

The Bradford method at 595nm was use for the quantification 
of immobilized β-glucosidase and BSA was used as the protein stan-
dard. The Immobilization Protein (IP) and immobilization yield 
was determined by using the equations below:

C1-V1-(Cs Vs + Cw Vw)IP(mg/g)= (2)
W

	 C1V1-(Cs Vs + Cw Vw)IY(%)= 100 (3)
C1V1

×

Where: IP refers to the amount of β-glucosidase loaded on the 
bentonite composite support (mg protein/g support); IY is the 
immobilization yield (%); C1, Cs and Cw are the concentration of 
β-glucosidase (mg/mL) of initial, final and for the wash solution re-
spectively; V1, Vs, and Vw are the volumes of β-glucosidase (mL) of 
initial, final and for the wash solution and W refers to as the weight 
of bentonite support used in immobilization of β-glucosidase.

Recovery and esterification activities of immobilized 
β-glucosidase

The recovery activity of the immobilized β-glucosidase was 
conducted with slight modifications from that of what previously 
reported by 35 and 36. Here, the levulinic acid and 1-butanol (ratio 
2:1) esterification reaction was used for determining the recovery 
activity. This was achieved by comparing the activity of immo-
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bilized β-glucosidase with that of free β-glucosidase activity. The 
esterification reaction of β-glucosidase was conducted in a 25mL 
of screw-capped vial which contained a mixture of 1-butanol and 
levulinic acid (340mM and 180mM) with an appropriate amount of 
immobilized β-glucosidase. The mixture was vortexed at 200rpm in 
heptane at 40 ℃ for 2h and a 300µl aliquot was taken at zero hour 
(0h) and 45min intervals. Acetone: Ethanol (50%v/v) was used to 
terminate the reaction prior titration with NaOH (0.1M) to estimate 
the total acid content using phenolphthalein solution as indicator 
[46]. The experiment was conducted in triplicate and calculation 
of β-glucosidase esterification was done using equation 4 and a re-
covery activity of immobilized β-glucosidase was determined using 
equation 5.

V0-V1 X M X 1000Esterification activity (U/g protein)= (4)
E X T

Where: V0 and V1=Volumes (mL) of NaOH used to neutralize 
unreacted levulinic acid in the reaction mixture with and without 
β-glucosidase respectively.

M = Concentration (mol/L) of NaOH

E = Weight of protein in immobilized β-glucosidase

T= Time (mins) of incubation

cosRecov 100 (5)
cos

specific activity of immobilized glu idaseery activity
specific activity of free glu idase

β
β

−
= ×

−

Fourier Transform Infrared (FTIR) and X-Ray Diffraction 
(XRD) patterns of neat bentonite, free and immobilized 
β-glucosidase

In the present study, the Fourier Transform Infrared (FTIR) 
spectra of bentonite support material, immobilized and free 
β-glucosidase from the region of 4000 to 1000cm-1 were obtained 
by using a Frontier FT-IR spectrometer (Perkin-Elmer Company, 
USA) serial number 96064. The experiment was carried out at C19, 
UTM Johor Bahru Malaysia. Whereas the X-Ray Diffraction (XRD) 
patterns of bentonite, immobilized and free β-glucosidase were ob-
tained using X-Ray Diffractor meter (XRD) model RIGAKU SMART-
LAB (2018) serial number BD680001165-01. The experiment was 
performed at T05, UTM Johor Bahru Malaysia.

Experimental design and optimization of cellulolytic 
β-glucosidase produced by T. harzianum Rifai strain 
Th12 using Taguchi statistical analysis method

The present study used a robust Taguchi statistical analysis 
method to evaluate the parametric interactions and determine 
the set of optimal parameters to yield the highest production of 
β-glucosidase produced by the T. harzianum Rifai fungi via solid 
state fermentation process. In this study, a five-factor, four level of 
orthogonal array Taguchi design from the Design Expert 7.1.6 sta-
tistical software was used. The L16 array has 16 experimental runs 
that evaluate the effect of five parameters and their levels viz. pH 
(3-9), incubation time (2-8 days), incubation temperature 30-60 ℃, 
surfactant concentration (0.025-0.1% v/v) and enzyme concentra-
tion (0.5-2.0mg/mL).

Analysis of Variance (ANOVA) for optimization using 
Taguchi

To evaluate the suitability of the model for defining the re-
sponse and optimized conditions, analysis of variance is important. 
The Sum of squares and Fisher’s value would suggest the effect of 
optimum response and significance of the model as well as the ef-
fect or influence of individual factors contributed to the high pro-
duction yield of β-glucosidase. The p-value determine the probabil-
ity of getting the values by noise where; <0.05 p-value considered 
to be significant [47]. The regression coefficient R-squared (R2) 
values describe the model fit quality and express the optimization 
conditions variability. The predicted and adjusted R2 experimental 
data express the nature of the model. The final stage of optimiza-
tion using the Taguchi software is to validate the result, which was 
done by selecting the triplicated verification runs at maximum con-
ditions. Followed by calculating the percentage (%) contribution of 
individual factors in the process using the equation below:

SSfContribution factor (%)= ×100 (6)
SST

Where; SSF=The sum of squares for the fth variable and SST=-
Sum of squares of all variables

Biocontrol activity of immobilized β-glucosidase in the 
inhibition of fungal pathogens in a plate

The inhibition of growth of fungal pathogens caused by im-
mobilized cellulolytic β-glucosidase was performed in a petri dish 
as described by [2,48,49], with slight modification using PDA as 
substrate. A 5mm disc from the active 5-days old of fungal patho-
gens mycelia margins was placed on a PDA plate at the center of 
the plate. Wells were made on the fungal mycelia then filled with 
15µL of immobilized cellulolytic β-glucosidase and synthetic fungi-
cide (benomyl) as control followed by incubation at 30 ℃ for 72h 
before examination. The diameters of the halo Zones of Inhibition 
(ZOI) indicating complete inhibition were measured by compar-
ing with that of control plates without the cellulolytic immobilized 
β-glucosidase as described by [49,48,2]. The percentage of inhibi-
tion was calculated using the (Eqn. 7).

R1-R2Percentage (%) of inhibition= ×100 (7)
R1

R1 refers to the radius of the radial growth of the pathogen to-
wards the opposite side in the control plate. The term R2 describes 
the pathogens’ radius of radial growth towards the cellulolytic 
β-glucosidase in the test plate.

Statistical analysis

Statistical analysis was performed using IBM SPSS version 
22.0 software. Statistical inference for the normality of the data of 
percentage in plate inhibition of immobilized β-glucosidase exper-
iments in the inhibition of fungal pathogens tested was analyzed 
using non parametric test (Mann-Whitney) due to the fact that, the 
data was not normally distributed at significance level of 0.05% by 
considering the Shapiro-Wilk as described by [50,51].
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Results and Discussion
Cellulolytic β-glucosidase production through solid 
state fermentation using oil palm frond leaves substrate

Production and extraction of extra-cellular β-glucosidase by T. 

harzianum Rifai was successful using the oil palm frond leaves as 
suitable substrate. The schematic representation of the preparato-
ry steps involved in the production of β-glucosidase by T. harzia-
num was depicted in Figure 1(a-d).

Figure 1: Preparation of extra-cellular β-glucosidase production via solid state fermentation. a. Trichoderma harzianum 
Rifai (Th12) culture, b. Trichoderma harzianum Rifai harvested spores c. Dried and grinded OPFL unsterilized d. 

Sterilized and grinded OPFL (1.18 and 3mm particle size) with fermentation production media.

Enzyme assay for determining the crude cellulolytic 
β-glucosidase activity and protein content

In this study, the activity of free cellulolytic β-glucosidase was 
determined by considering the ρNPG (4-Nitrophenyl-β-D-gluco-
pyranoside) and Bovine Serum Albumin (BSA) standard curve 
for the protein content. High R-square value (0.9954 and 0.9984) 
observed in the standard curves of ρNPG and BSA respectively 

showed a correlation between the absorbance (enzymatic activity) 
and protein content concentration. This is clear indication of suit-
able measurement of β-glucosidase activity and protein content of 
the β-glucosidase produced. Based on the outcomes of the standard 
curve seen in this study (Figure 2a, 2b), the β-glucosidase activities 
were 10.42U/mL. Whereas, 30.50mg/mL protein content in the 
stock solution of β-glucosidase was obtained.

Figure 2: Standard curve of a. ρNPG and b. Bovine Serum Albumin (BSA) for determining the activity of β-glucosidase 
and protein content.
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Determination of cellulolytic β-glucosidase total soluble 
protein and total reducing sugar assay

In this study, the total soluble protein content reached the high-
er level of 4.40±0.01 on day 4 of incubation (Table 3). This lead to 
have higher concentration of total reducing sugar of 10.53±0.05 
(Table 3). The positive growth observed on fungi in SSF is related to 
the nature and structural components such as cellulose, hemicellu-
lose and lignin present in the oil palm frond leaves substrate. This 
is in consistent to findings reported by [52]. The concentrations of 
total reducing sugar and total soluble protein content was depicted 
in Table 3.

Table 3: Concentrations of Total Reducing Sugar (TRS) 
and Total Soluble Protein (TSP).

Data are presented as mean ± standard deviation and the 
experiment was conducted in triplicate.

Day Total Reducing Sugar (mg/g 
Substrate)

Total Soluble Protein (mg/g 
Substrate)

1 8.81±0.02 3.44±0.01

2 7.22±0.07 3.03±0.03

3 4.73±0.03 2.26±0.01

4 10.53±0.05 4.40±0.01

5 8.19±0.02 4.35±0.04

6 8.64±0.02 2.18±0.02

7 6.28±0.01 1.49±0.03

Determination of T. harzianum Rifai cellulolytic 
β-glucosidase molecular weight by SDS

Figure 3: SDS-PAGE analysis of β-glucosidase produced 
from T. harzianum Rifai.

Note: The arrow showed the estimated location for 
β-glucosidase on lane 2 (L2).

The SDS-PAGE of β-glucosidase produced by the T. harzianum 
Rifai revealed a single band with estimated 96kDa in the present 
study. This is in consistent with the findings reported by the previ-
ous researchers [53-56]. Lane 1 (L1) is the DNA molecular weight 
marker. Based on the molecular weight, the estimated location for 
β-glucosidase was labelled on lane 2 (L2) in this study (Figure 3).

Optimization of SSF parameters for the production of 
β-glucosidase by T. harzianum Rifai using One Variable 
at A Time (OVAT) method

Effect of initial fermentation pH: Initial fermentation pH 
is very important parameter that affects the β-glucosidase pro-
duction. The effect of initial fermentation pH for the activity of 
β-glucosidase produced by T. harzianum Rifai was investigated at 
pH range 3-9 (Figure 4a). In this study, there was an increase of 
β-glucosidase activity at pH 7.0 after which the activity declined at 
pH 8 to pH 9 (Figure 4a). In the present study, the β-glucosidase 
activity was increased from pH 3.0 (5.9U/mL) to pH 7.0 (93.6U/
mL). A serious reduction of activity was seen at pH 8 and pH 9. 
The lower activity observed at pH 3 is attributed to the slight loss 
of β-glucosidase catalytic active structure. The low pH tends to 
produce negatively charge enzyme whereas, the high pH tends to 
cause reversible protonation of the amino acid functional groups 
leading to produce positively charge enzyme. The outcome for the 
pH stability of the β-glucosidase produced by T. harzianum Rifai 
strain Th12was investigated by pre incubating the β-glucosidase 
solution at pH 3-9 for 12h (30, 60, 120, 180, 240, 300mins) at 30 
℃ and the outcomes are shown in (Figure 4b). The result of the 

pH in the present study, showed that the structure of β-glucosidase 
remained unaffected at its optimum pH level 7.0 with (93.6U/mL) 
activity which is in consistent with findings previously reported by 
[57,55]. Therefore, the β-glucosidase produced in the present study 
was found to be effective in the wide range of pH 3-9 and the result 
infer good management of oil palm plant in the field against fungal 
pathogens affecting oil palm.

Effect of incubation temperature: Temperature is very 
essential factor that influence the activity and stability of the 
β-glucosidase produced. In this study, Figure 4c showed that 
β-glucosidase activities increase with increasing temperature. It 
was observed that as the temperature increased the activity of cel-
lulolytic β-glucosidase is increased (55 ℃ 90.03U/mL) (Figure 4c) 
and the lower the temperature, the lower the activity (25 ℃ 15.9U/
mL) (Figure 4c). This is because of the rigidity of the β-glucosidase 
structure and its ability in unfolding enzyme protein are not 
achieve to its catalytic active form [20]. So, in vivo approach for the 
control of fungal pathogens affecting the economic crops especially 
oil palm in our concern may be economically ineffective. Therefore, 
formulation of β-glucosidase from the potential T. harzianum Rifai 
strain Th12 as an active ingredient of biocides for the management 
of various fungal diseases affecting oil palm is important. Thermal 
stability investigated in the present study (Figure 4d) showed that 
β-glucosidase was able to resist high temperature (55 ℃) and long 
incubation period (300mins). This corresponds to findings report-
ed by [57]. It has been reported that, different β-glucosidase from 
thermophilic fungi range between 40 ℃ and 50 ℃ [57]. Therefore, 
β-glucosidase produced by T. harzianum Rifai Th12 in this study 
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is stable, recommending its utilization for industrial and agricul-
tural applications. Such thermal stability observed in the present 
study may be advantageous for in vitro enzymatic hydrolysis of 
lignocellulose biomasses which may also be useful for controlling 

the pathogenic fungi such as G. boninense, F. meliae, B. sorokiniana, 
and P. herbarum by degrading their protective cell walls. This was 
reported in our study somewhere else [58].

a                                                                               b

       
c                                                                            d

      
e                                                                                f

          
g

Figure 4: Effect of various fermentation production parameters for the activity of free β-glucosidase produced by T. 
harzianum Rifai (Th12) through SSF. a. effect of different pH on the activity of β-glucosidase b. pH stability c. effect 
of incubation temperature on the activity of β-glucosidase d. Thermostability e. effect of incubation time on the 
activity of β-glucosidase f. effect of enzyme concentration on the activity of β-glucosidase and, g. effect of surfactant 

concentration on the activity of β-glucosidase.
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Effect of incubation time: Incubation time is another vital fac-
tor in production of β-glucosidase by T. harzianum Rifai strain Th12. 
In this study, the cellulolytic β-glucosidase production via SSF was 
conducted for seven (7) days of incubation, where the optimum lev-
el of β-glucosidase activities was established at day 4 of incubation 
time (Figure 4e) with the highest β-glucosidase activity 92.4U/mL 
and lower activity (9.8U/mL) which was observed at day 1 (Figure 
4e). The result of the optimum activity of free β-glucosidase pro-
duced by T. harzianum Rifai strain Th12 on day four (4) of incuba-
tion is consistent with the findings reported by [59]. In this study, 
the activity starts to decrease when it reaches the maximum activ-
ity at 4 days. It has been previously reported that, the longer the 
incubation times in SSF process, the higher the yields of cellulolytic 
enzymes produced. However, β-glucosidase were produced in large 
quantity at 7 days as reported by [60]. Considering the different re-
ports on cellulolytic β-glucosidase produced by T. harzianum Rifai, 
it is clear indication of its excellent potential activities.

Effect of enzyme concentration: Enzyme concentration in the 
production of β-glucosidase by T. harzianum Rifai strain Th12 is an-
other important factor that influence the activity of β-glucosidase. 
In this research, the optimum enzyme concentrations for 
β-glucosidase production were 5mg/mL with highest activity of 
10.53 and lowest activity 4.73 (U/mL) (Figure 4f). Insufficient inoc-
ulum size would adversely affect the entire microbial growth when 
cultivating conditions for the growth of fungus in the production of 
cellulolytic β-glucosidase. It has been reported that large amount 
of inoculum size tends to cause reduction in nutrient for the fungal 
growth which leads to poor enzyme yield produced. Similarly, little 
amount of inoculum size in SSF would tends to bring very minute 
mycelial biomass which resulted into low enzyme production. The 
optimum β-glucosidase of T. harzianum activity of (10.53U/mL) at 
5mg/mL enzyme concentration (Figure 4f) corresponds to the pre-
vious findings reported by [10].

Effect of surfactant concentration: Surfactant is another cru-
cial factor in the production of β-glucosidase by T. harzianum Rifai 
strain Th12. The outcomes of the present study revealed that the 
best surfactant concentration for β-glucosidase production was 
0.1v/v % of Tween 80 (Figure 4g). Most of the surfactants are able 
to increase the enzymatic reactions and increase the availability of 
nutrients in the active site [60]. Due to the polar heads present on 
non-ionic group of surfactants they cannot easily pass-through wa-
ter-soluble protein and they have little protein denaturing potential 
[41]. Tween 80 has the larger hydrophobic surface that can easily 
to attached to protein and form some structural conformations to 
the proteins [31]. In this study, the higher the concentration of the 
surfactant the lower the activity. Here, the activity (80.8U/mL) was 
higher at the concentration of 0.1%v/v than 29.5 at the concentra-
tion of 0.5 % v/v surfactant concentration (Figure 4g). The activ-
ity of cellulolytic β-glucosidase in SSF at different concentrations 
of surfactant (Tween 80) in comparison to control was shown in 
Figure 4g.

Screening of immobilization process by One Factor at A 
Time (OFAT) method

Effect of immobilization pH: For determining the effect of im-
mobilization pH on β-glucosidase onto the bentonite composite, the 
support activation and the subsequent immobilization stage (25 ℃, 
3h) were conducted at different pH values (3, 5, 7, and 9). The result 
revealed that immobilization pH 7 in phosphate buffer reveals the 
optimum protein content with highest amount of 16.64 ± 7.2mg/g 
(Figure 5a) with activity 98.66U/mL (Figure 5b) p<0.05. Whereas 
the lowest amount of protein content (4.75mg/g) with less activi-
ty of 84.66U/mL (<0.05) was observed (Figure 5b). The optimum 
activity of immobilized β-glucosidase seen on pH 7 (98.66U/mL) 
(Figure 5b) could be attributed to the ionization of the acidic and 
basic amino acid residues in the active site’s micro-environment. 
The lower activity 84. 66U/mL (Figure 5b) observed could be due 
to acidic buffer solution rich in hydrogen ions (H+ ions). This corre-
sponds to the previous studies on lipase immobilization reported 
by [18,23,32,33,47,34,35].

Effect of immobilization temperature: The effect of immobi-
lization temperature was determined using a various immobiliza-
tion temperatures ranging from 25 ℃-40 ℃ (25, 30, 35, and 40 ℃). 
The results are expressed in Figure 5c. The results reveals that there 
were significance activities of immobilized β-glucosidase assessed 
at various temperature (<0.05). The highest activities of immobi-
lized β-glucosidase were observed at 30 ℃ with optimum protein 
content 37.21±0.2mg/g (Figure 5c) and immobilization specific 
activity of 98.96±4.2U/mL (Figure 5d). The observed result is con-
sistent with findings reported by [23]. The lower protein content 
25.42mg/g observed at 40 ℃ (Figure 5c) was due to the thermal 
deactivation occurred on the β-glucosidase. The obtained result 
seen here showed that the amount of immobilized β-glucosidase 
formulated onto the bentonite composite at 30 ℃ temperature is 
adequate to catalyze the optimum β-glucosidase production.

Effect of immobilization time: The effect of immobilization 
time onto the bentonite immobilization support of β-glucosidase 
was assessed. The outcome of the protein content and specific 
activity of immobilized β-glucosidase was determined and the 
results are expressed in (Figures 5e & 5f). The result of the opti-
mum protein content revealed 25.76mg/g of support with specific 
activity of 90.90±4.8U/mL (Figure 5e & 5f) when the immobilized 
β-glucosidase incubated at different incubation time ranging from 
2h, 6h, 15h, and 24h (Figure 5e). Here, the results revealed that the 
least protein content of 14.21mg/g of support at immobilization 
time of 24h revealed the lower immobilized β-glucosidase specific 
activity of 81.9±4.8 (p<0.05). The longer the immobilization time 
(24h) the lesser the specific activity. This indicated that, the 2h im-
mobilization time of β-glucosidase is sufficient for the production 
of β-glucosidase. The lower specific activity observed in this study 
is attributed to the gradual denaturation of β-glucosidase. Our 
findings are in consistence with the findings reported on lipase by 
[23,47].
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a                                                                                      b

c                                                                                             d

e                                                                                        f

g                                                                                         h

i                                                                                           j

Figure 5: Efficacy of immobilized β-glucosidase on bentonite composite support on the enzymatic production of 
cellulolytic β-glucosidase catalyzed by immobilized β-glucosidase within 2h of reaction at optimum pH 7, temperature 

30 ℃, 1.0mg/mL concentration of β-glucosidase, and 0.04 % v/v surfactant concentration.
Note: a & b immobilization pH, c & d temperature of immobilization, e & f time of immobilization of β-glucosidase, g & 

h concentration of immobilized β-glucosidase, and i & j concentration of surfactant.
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Effect of concentration of β-glucosidase: The effect of con-
centration of β-glucosidase onto the bentonite composite support 
was carried out at various concentrations ranging from 0.25 mg/
mL to 1.0mg/mL (0.25, 0.50, 0.75, and 1.0mg/mL of freeze dried 
β-glucosidase in 10mL phosphate buffer). The total amount of op-
timum β-glucosidase protein content bound to the support (ben-
tonite composite) was (36.45mg/g) at 1.0mg/mL concentration in 
which the specific activity (99.85±6.9 U/mL) was observed and the 
result was expressed in Figure 5g. The results showed the optimum 
protein content is 36.45mg/g (Figure 5g) with optimum specif-
ic activity 99.85±6.9U/mL (Figure 5h). The result showed that as 
the β-glucosidase concentration increases, the number of enzymes 
loaded rises (Figure 5g). Therefore, 1.0mg/mL of β-glucosidase 
concentration is sufficient for immobilization process. This result 
corresponds to the findings on lipase reported by [23,36].

Effect of surfactant (Tween 80): The Figure 5i shows the pro-
tein contents of immobilized β-glucosidase on bentonite conducted 
at various concentrations of surfactant (Tween 80). In which the 
result revealed a highest protein content of 0.083mg/g for 0.04% 
concentration. This revealed the highest activity of 97.19±5.6U/mL 
(Figure 5j). The result is consistent with findings reported by [23]. 
Therefore, this study discovered that a 0.04%(v/v) of surfactant 
(Tween 80) was optimal to produce the highest β-glucosidase ac-
tivity of (97.19U/mL, p\0.05) (Figure 5j).

Quantification of immobilized β-glucosidase protein 
content and activity

Table 4: a. Factors for estimating the protein content of 
immobilized β-glucosidase b. Specific and residual activ-
ities of free and immobilized betaglucosidase c. recovery 
activity of free and immobilized β-glucosidase.

Note: Specific activity = number of enzyme units per mL 
divided by protein concentration.

(a).

Total volume of β-glucosi-
dase (mL) 25

Initial β-glucosidase content 
(mg) 0.5

Final β-glucosidase (mg) 0.04

Different content x total vol-
ume 11.5

Protein concentration Specific activity Relative activity (mg/mL) (U/g) 
(%)

(b).

Free β-glucosidase 5 0.33±0.04 110

Immobilized β-glucosidase 5 0.60±0.02 199

(c). Recovery activity = 0.55±0.2

For the determination of β-glucosidase immobilization pro-
tein content and immobilization yield percentage, equation 2 and 
3 were use and equation 4 and 5 were used for the determination 
of immobilized β-glucosidase esterification activity and recovery 
activity respectively. The evaluation on the immobilized protein 
revealed a maximum enzyme loading of 5mg/g. Therefore, im-
mobilization of β-glucosidase on to the bentonite composite sup-
port had a great effect on the specific activity of the immobilized 
β-glucosidase. The β-glucosidase reached its optimum specific 
activity of 0.60±0.02 (Table 4) U/mg and relative activity of 199 
(%) (Table 4), here the relative activity of the obtained results was 
higher than that of free β-glucosidase 110 (%) and lower specific 
activity was observed in free β-glucosidase (Table 4). These results 
revealed that immobilized β-glucosidase has great impact when ac-
tivated onto the support. The esterification result in this study did 
not occur in the negative control. This is clear that an esterification 
assay of the activated bentonite composite without β-glucosidase 
has no any impact of the catalytic activity. Therefore, the catalytic 
activity seen here is attributed to the availability of β-glucosidase 
absorbed by the support after immobilization process.

Fourier Transform Infrared (FTIR) of bentonite, immo-
bilized and free β-glucosidase

The FTIR spectra for (a) bentonite, (b) immobilized 
β-glucosidase and (c) free β-glucosidase are expressed in Figure 
4 (a-c). The bentonite spectrum (Figure 4a) revealed a broad ad-
sorption band at 3268 cm-1 could be associated with the stretching 
vibration of -OH group caused by H2O in the hydrogen bond [37-
39]. Whereas, other bands observed at 2932, 1555, and 1409 cm-1 
in bentonite were asymmetric and symmetric stretching vibrations 
peak of -COOH [38-40]. Another broad adsorption bands were ob-
served in immobilized and free β-glucosidase at 3309 cm-1 (Figure 
4b & 4c). The bands spectra of immobilize and free β-glucosidase 
revealed a shifted prominent band at 2110, 1638, 2118, and (1646 
cm-1) as shown using arrow (Figure 4b & 4c) which give the C-O 
vibration. Another band 1078 cm-1 was also observed in immo-
bilized β-glucosidase. These outcomes are clear indication of the 
presence of Amide I (C-O), II (N-H binding) and Amide III (C-N, C-C) 
stretching vibrations from peptide chains in β-glucosidase which 
corresponds to findings on immobilization of candida rugosa lipase 
onto a montmorillonite composite support reported by [24]. Here, 
crosslinking of β-glucosidase and bentonite is successful and the 
aromatic - CH, vibrations of the hydrophilic interactions of the ma-
trix rings with β-glucosidase forms the peak spectra observed. The 
migration of -OH vibration is a clear indication of larger hydrogen 
bond that form the OH of carbohydrate with OH of β-glucosidase 
(Figure 6). The outcomes of our research are consistence with find-
ings reported by [38-40].



906

J Biotech Biores Copyright © Muhammad Muhammad

JBB.MS.ID.000636. 6(3).2026

Figure 6: FTIR spectra of a. neat bentonite b. immobilized β-glucosidase c. free β-glucosidase.

X-Ray Diffraction pattern (XRD) of bentonite, immobilized and free β-glucosidase

Figure 7: X-Ray Diffraction pattern (XRD) of a. bentonite b. immobilized βeta-glucosidase and c. free βeta-glucosidase.



907

J Biotech Biores Copyright © Muhammad Muhammad

JBB.MS.ID.000636. 6(3).2026

In this research, the crystallinity of the bentonite which contain 
the montmorillonite, beidellite, nontronite as well as hectorite clay 
minerals, free β-glucosidase and immobilized β-glucosidase were 
evaluated by x-Ray Diffraction (XRD) method (Figure 7(a-c)). The 
crystal structure of bentonite was found to have the relative intensi-
ties peaks of 7.34, 19.74, 21.96, 28.33, 35.10 and 54.36 respective-
ly at 2 Theta degrees (Figure 7a). The relative intensities peaks of 
immobilized β-glucosidase were found to have 10.33, 13.35, 22.48, 
32.18, 40.55, and 45.42 respectively at 2 Theta degrees (Figure 
7b). For the free β-glucosidase, the peak intensities of 9.55 (Figure 

7c) was observed in the present study. This corresponds with the 
standard information of International Center for Diffraction Data 
(ICDD). The crystalline structure of the peaks obtained in immo-
bilized β-glucosidase (Figure 7b), is a clear indication of the sup-
port (bentonite) proved to be a successful polymer material for 
β-glucosidase immobilization. The XRD patterns of the obtained 
result revealed the existence of pure peaks of bentonite crustal 
structure, immobilized and free β-glucosidase which is in consis-
tent with findings reported by [48,51-63].

Optimization of immobilization process of cellulolytic βeta-glucosidase using L16 orthogonal array of Taguchi 

Table 5: Taguchi L16 orthogonal array experimental design with the actual and predicted values of immobilized β-glu-
cosidase.

Std Experimental Parameters Activity (U/g)

pH Incubation Time 
(days)

Incubation Tem-
perature (℃)

Surfactant Con-
centration (% 

v/w)

Enzyme Concen-
tration (mg/mL) Run 1 Run 2 Run 3 Actual Predicted

1 3 2 30 0.025 0.5 61 58.9 60.4 60.1 60.13

2 3 4 40 0.05 1 69.9 70.4 70.3 70.2 69.91

3 3 6 50 0.075 1.5 80.8 80.6 80.7 80.7 79.69

4 3 8 60 0.1 2 88.9 89.5 89.2 89.2 89.47

5 5 2 40 0.075 2 76.7 77.7 76.9 77.1 77.04

6 5 4 30 0.1 1.5 80.3 79.8 82.9 81 82.76

7 5 6 60 0.025 1 80.3 70.9 60.9 70.7 70.58

8 5 8 50 0.05 0.5 74.7 75.6 76.5 75.6 76.3

9 7 2 50 0.1 1 69.6 67.7 72.1 69.8 70.48

10 7 4 60 0.075 0.5 73.5 59.9 67.6 67 67.25

11 7 6 30 0.05 2 92.9 91.8 92.5 92.4 89.84

12 7 8 40 0.025 1.5 87.8 89.3 82.4 86.5 86.61

13 9 2 60 0.05 1.5 72.6 70.8 69.3 70.9 69.86

14 9 4 50 0.025 2 77.5 75.9 79.7 77.7 79.53

15 9 6 40 0.1 0.5 85.9 83.5 81.1 83.5 81.3

16 9 8 30 0.075 1 92.6 85.8 89.5 89.3 90.97

The optimization of β-glucosidase immobilization process onto 
the bentonite composite support using the L16 orthogonal array for 
optimizing the activity of the parametric conditions was success-
ful in this study (Table 5). The actual and predicted values are ex-
pressed in Table 5 expressing the combination of best parameters 
and optimum activity (run 11) (Table 5). The result of the statistical 
analysis of variance revealed that all the five parameters were sig-
nificance at (p<0.05) significance level (Table 6). The linear model 
and effect of individual process parameters on response were clear-
ly observed in this study. The sum of squares (1232.64) and f-value 
102.66 signify the linear of the model at 95% confidence level (Ta-
ble 6). Also, the result of statistical analysis showed the model was 
significant in optimization process in the selected levels of process 
factors. In the present study, the contribution of incubation time 
with 47.93 % is higher than all other factors followed by enzyme 
concentration (28.65 %), surfactant concentration (8.15), tempera-
ture (7.79 %) and pH (5.58 %) (Table 6). The standard deviation 
(1.55), the residual sum of square (24.01), R-square value (0.9809), 

adjusted R-square (0.9713) and predicted R-square (0.9502) (Ta-
ble 6) reveal the fitting model and identify the best β-glucosidase 
immobilization conditions.

The regression model equation obtained from ANOVA signify 
the significance factors with 95% confidence in the present study. 
Equation in terms of actual factor activity in this study is presented 
below:

Actual activity (U/g)= +77.61+2.81*A+8.23*B-
3.32*C+3.39*D+6.35*E.

Where A=is pH, B=incubation time (day), C=incubation tem-
perature (℃), D=surfactant (% v/v) and E=enzyme concentration 
(mg/mL).

Here, the regression model equation by which actual activity 
of the parametric conditions is compared with that of predicted 
(Figure 8). In this study, the experimental data was closely similar 
with the predicted values. Therefore, the model is absolutely effec-
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tive in optimization of immobilization process of β-glucosidase. In 
the present study, the effect of each individual significant parame-
ters of β-glucosidase immobilization process was assessed for the 
optimum β-glucosidase immobilization activity in which the con-
tribution of each parameter was found to be significance (p>0.05) 
(Table 6). The effect of immobilization pH in the present study was 
evaluated between pH 3-9 and the result s was presented in Fig-
ure 9a. The maximum pH was seen at pH 7 with highest activity 
of (88.73U/mL). Increasing the pH level to pH 9 lower the activ-

ity of immobilized β-glucosidase to (75.65U/mL) (Figure 9a). In-
creasing the incubation time of immobilization to 8 days in this 
study decreased the activity of the immobilized β-glucosidase from 
(95.69U/mL) to (71.47U/mL) (Figure 9b). Increasing the immobili-
zation time of the β-glucosidase leads to the formation of multilayer 
of β-glucosidase molecules overlaying the immobilization support 
and disrupt the products and substrate. Our results are consistent 
with findings reported by [23].

Table 6: (a) ANOVA of factors affecting the process of immobilization and (b) statistical variables analyzed by ANOVA.

Source Sum of Squares Degree of Freedom Mean Square F-Value P-Value (Prob>F) Contribution Factors (%)

(a)

Model 1232.64 5 246.53 102.66 < 0.0001

pH 70.13 1 70.13 29.2 0.0003 5.58 (%)

Incubation time 602.25 1 602.25 250.8 < 0.0001 47.93 (%)

Inc. Temperature 97.9 1 97.9 40.77 < 0.0001 7.79 (%)

Surfactant concen-
tration 102.38 1 102.38 42.63 < 0.0001 8.15 (%)

Enzyme concentra-
tion 359.98 1 359.98 149.9 < 0.0001 28.65 (%)

Residual 24.01 10 2.4

Corrected total 1256.65 15

Factor Value Factor Value

(b)

Standard deviation 1.55 R-squared 0.9809

Mean 77.61 Adjusted R-squared 0.9713

Coefficient of variance (%) 2 Predicted R-squared 0.9502

PRESS F62.53 Adequate precision 32.507

Figure 8: Actual and predicted response on the activity of immobilized β-glucosidase.
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Figure 9: The effect of parameters a. pH, b. incubation temperature c. incubation time, d. enzyme concentrations and 
e. surfactant concentrations.

The effect of immobilization incubation temperature ranging 
from 30-60 ℃ in the present study was evaluated and the result 
is clearly seen and depicted in Figure 9c. The optimum activity of 
immobilized β-glucosidase was observed at 30 ℃ temperature with 
the optimum activity of immobilized β-glucosidase (93.94U/mL) 
(Figure 9c). Further increased in immobilization temperature above 
30 ℃ leads to lower the activity of the enzyme (Figure 9c). The ef-
fect of surfactant (Tween 80) in the optimization of β-glucosidase 
immobilization process was evaluated here (Figure 9d). The activ-
ity of immobilized β-glucosidase was found to be higher (99.79U/
mL) at the concentration of 0.050%v/v. High amount of surfactant 
in the optimization of β-glucosidase immobilization process may 
lower the activity of the enzyme. In this research, addition of sur-
factant beyond 0.05% v/v concentration decreased the activity of 
immobilized enzyme from (99.79U/mL) to (72.48U/mL) (Figure 
9d). The reduction in the activity of immobilized β-glucosidase is 

attributed to the ability of surfactant in promoting the complexity 
of the enzymatic reactions and equilibrium or suppress the enzyme 
itself [47]. In this research, the influence of various concentration 
of immobilized β-glucosidase ranging from 0.5-2.0mg/mL for op-
timization process was evaluated, in which the maximum activity 
was observed at 2.0mg/mL (Figure 9e) with maximum activity of 
99.57U/mL (Figure 9e). The activity of immobilized β-glucosidase 
is increasing as the concentration rises. This is associated with the 
effective collision between the amino groups of β-glucosidase with 
carbonyl groups of activated immobilization support. Moreover, 
this study discovered a significance interaction between the pH and 
immobilization incubation time, incubation time and immobiliza-
tion incubation temperature, surfactant concentration and enzyme 
concentration as well as enzyme concentration and pH. The results 
are depicted in Figure 10(a-e) respectively. The result was validated 
in Table 7.
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Figure 10: Interactive effect and contour plots of a pH and b incubation time, b incubation time and c incubation 
temperature, d surfactant concentration and e enzyme concentration, e enzyme concentration and a pH to influence 

the activity of immobilization process of β-glucosidase.
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Table 7: Validation of the optimum conditions to immobilize β-glucosidase onto bentonite composite support.

Run Number pH Incubation Tem-
perature (℃)

I n c u b a t i o n 
Time (days)

Enzyme Conc. 
(mg/mL)

S u r f a c t a n t 
Conc. (v/v)

Predicted Ac-
tivity (%)

Actual Activi-
ty (%)

D e v i a t i o n 
(%)

1 7 30 4 1.5 0.025 89.84 91.42 1.58

2 7 35 4 2 0.015 89.79 88.72 1.07

3 7 30 3 2.5 0.05 89.1 88.42 0.68

Biocontrol activity of immobilized β-glucosidase in the inhibition of fungal pathogens in a plate

                      a                                              b                                       c

                         d                                          e                                         f

                            g                                          h                                   i

 
                          j                                              k                                        l

Figure 11: Efficacy of immobilized β-glucosidase in the inhibition of fungal pathogens tested in a plate a. Immobilized 
β-glucosidase against G. boninense, b. Benomyl against G. boninense c. G. boninense control d. Immobilized 
β-glucosidase against F. meliae, e. Benomyl against F. meliae f. F. meliae control g. Immobilized β-glucosidase against 
B. sorokiniana h. Benomyl against B. sorokiniana i. B. sorokiniana control, and J. Immobilized β-glucosidase against 

P. herbarum, k. Benomyl against P. herbarum and l. P. herbarum control.
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Figure 12: Percentage (%) of inhibition caused by a. immobilized β-glucosidase and b. Benomyl synthetic fungicide 
against G. boninense, F. meliae, B. sorokiniana and P. herbarum fungal pathogens.

The results of the inhibition caused by immobilized 
β-glucosidase in the inhibition of fungal pathogens in a plate (Fig-
ure 11(a,d,g,j)) revealed 92.59%, 82.39%, 81.35% and 86.21% 
(Figure 12a) inhibited G. boninense, F. meliae, B. sorokiniana and 
P. herbarum fungal pathogens respectively compared to control 
(78.34%) (Figure 12a). Whereas, in benomyl (Figure 11(b,e,h,k)), 
74.63, 71.41, 69.11,71.11 percentage (%) of inhibition with 88.76 
(%) in control was observed (Figure 12b). Our study is consistent 
with findings of inhibitory effect of immobilized enzyme on the 
growth of Fusarium oxysporum and penicillium digitatum report-
ed by [37]. Similarly, our findings correspond to the recent findings 
reported by [2] on inhibition caused by free β-glucosidase on the 

management of M. phaseolina causative agent of charcoal rot in soy-
bean. Due to the abnormality of the data, the Mann Whitney test of 
statistic was performed for comparison between the effect of im-
mobilized β-glucosidase and that of synthetic chemical (benomyl) 
in a plate inhibition assay. Using the Mann-Whitney U-test, the data 
were analyzed, and the effects of both immobilized β-glucosidase 
and benomyl were determined compared to controls. In this study, 
the effect of immobilized cellulolytic β-glucosidase and benomyl 
were separately recorded for the inhibition of fungal pathogens fol-
lowed by comparison between the two. The data of the effects and 
that of controls were recorded and tabulated in Table 8.

Table 8: The effect of immobilized β-glucosidase and benomyl in plate inhibition assay on fungal pathogens tested.

Pathogens Tested
Immobilized Β-Glucosidase Benomyl

Control Immobilized β-Glucosidase Control Benomyl

G. boninense
88.76NS

(78.67-98.87)

92.54S

(85.24-98.53)

78.34NS

(64.22-92.66)

74.54S

(68.65-83.33)

F. meliae
88.76NS

(78.67-98.87)

81.06S

(73.76-89.26)

78.34NS

(64.22-92.66)

71.27S

(65.32-80.15)

B. sorokiniana
88.76NS

(78.67-98.87)

81.86S

(70.62-90.35)

78.34NS

(64.22-92.66)

69.15S

(62.16-79.08)

P. herbarum
88.76NS

(78.67-98.87)

86.04S

(75.02-99.10)

78.34NS

(64.22-92.66)

68.07S

(61.09-78.00)

The effect of immobilized cellulolytic β-glucosidase and ben-
omyl synthetic fungicide on G. boninense, F. meliae, B. sorokiniana 
and P. herbarum fungal pathogens. The data of the actual effects are 
recorded and presented as median (range). Mann-Whitney U test 
was used for comparing the pathogens tested with either immobi-
lized β-glucosidase or benomyl with the level of significance of 0.05. 
S and NS represent significance (p<0.05) and not significant differ-

ences (p>0.05) for comparisons between individual treatment, re-
spectively. In the present study, significance difference (<0.05) was 
seen in G. boninense, F. meliae, B. sorokiniana and P. herbarum with 
median 92.54, 81.06, 81.86 and 86.04, having range (85.24- 98.53), 
(73.76-89.26), (70.62-90.35) and (75.02-99.10) respectively (Ta-
ble 8) using immobilized β-glucosidase (Table 7). Similarly, anoth-
er significance difference (<0.05) was observed in the pathogens 
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tested using a benomyl in plate inhibition assay with median 74.54, 
71.27, 69.15 and 68.07 range (68.65- 83.33), (65.32-80.15), (62.16-
79.08), and (61.09-78.00) in G. boninense, F. meliae, B. sorokiniana 
and P. herbarum respectively (Table 8). In comparison to the out-
comes observed among the group (immobilized β-glucosidase and 
benomyl) after tested on fungal pathogens revealed a large medi-
an difference in pathogens tested with immobilized β-glucosidase 
rather than that of synthetic fungicide (benomyl) (Table 7). The out-
comes clearly showed the advantage of immobilized β-glucosidase 
on the inhibition of fungal pathogens over the synthetic fungicide 
(benomyl). This is because β-glucosidase immobilized on to sup-
port material bentonite in our own case by physical absorption 
method can easily absorb and bind with substrates due to the pres-
ent of its large surface area. Therefore, the influence of immobilized 
β-glucosidase in the inhibition of fungal pathogens appears to be 
effective, reliable and recommendable.

Conclusion
Enzymes are commonly applied in production of several sub-

stances that need excessive cost for their production by chemical 
processes. So, the optimization of different culture conditions for 
improving β-glucosidase production is of immense interest but the 
enzymatic processes have unfavorable drawbacks including sensi-
tivity to harsh environmental conditions, studies are demanded to 
find out the mechanism of fugal degradation of cellulosic materials 
as well as the mechanism of antifungal activity. It was thought to 
use fungal enzyme to convert them to useful material for produc-
tion of β-glucosidase. Hence, the novelty of this work is presented 
by production of β-glucosidase and biocontrol of phytopathogenic 
fungi using purified fungal β-glucosidase. The potent antagonistic 
potency of culture filtrates against fungal pathogens of oil palm 
highlights the ability to apply novel and safe biofungicides. In this 
study, Trichoderma harzianum Rifai strain Th12 was utilized for 
cellulolytic β-glucosidase production via solid-state fermentation 
using oil palm frond leaves as substrate. Process parameters were 
optimized using one-variable-at-a-time approach. The crude en-
zyme was successfully immobilized onto a bentonite-composite 
polymer support, which demonstrated high efficiency for enzyme 
binding. Immobilized β-glucosidase exhibited superior catalytic ac-
tivity compared to the free enzyme and effectively hydrolyzed sub-
strate to release reducing sugars. In vitro assays revealed that im-
mobilized β-glucosidase from T. harzianum Th12 showed stronger 
inhibitory effects against Ganoderma boninense, Fomitopsis meliae, 
Bipolaris sorokiniana, and Phoma herbarum than the synthetic fun-
gicide Benomyl. These results position immobilized β-glucosidase 
from T. harzianum Th12 as a promising biotechnological candidate 
for plant protection. Its enhanced stability and antifungal potency 
offer broad prospects for sustainable management of fungal diseas-
es. Further research is warranted to elucidate the mechanisms of 
cell wall degradation and the antifungal mode of action of this en-
zyme against phytopathogenic fungi.
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