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Abstract 
The substrate plays an important role in solid state fermentation (SSF) in the production of exo-
polygalacturonase (one type of the pectinase enzymes). The aim of this study was to investigate a 
pretreatment method on Nephrolepis biserrata leaves as a substrate for the production of exo-
polygalacturonase. The pretreatment steps improved the decomposition of the lignocellulosic 
material in the structure of N. biserrata leaves as a substrate and allowed Aspergillus niger better 
access of the substrate to the enzymatic reaction. This optimised both exo-polygalacturonase activity 
and the growth of A. niger in SSF. Pretreatment was performed under alkali, acidic, autohydrolytic 
and control conditions. The highest exo-polygalacturonase activity was 39.16 U/g and biomass of A. 
niger was 0.39 mg/gdsf at 120 h was found for the autohydrolysis pretreatment, as compared to alkali 
pretreatment, acid pretreatment and control. Scanning electron microscope images showed a 
marked change in the physical appearance of treated N. biserrata leaves as compared to untreated 
N. biserrata leaves, especially following autohydrolysis pretreatment. 
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INTRODUCTION 
Pretreatment is an important step for the process of 

biochemical conversion of lignocellulosic biomass. It is 
necessary to alter cellulose biomass structure to enable 
the enzyme to work more effectively in converting 
carbohydrate polymers to simple sugars (Göçmen et al. 
2015). Various pretreatment strategies have been 
developed to improve cellulose reactions and to improve 
the fermentation of sugar. All the pretreatment process 
is to be considered for increase the sugar content in 
enzyme hydrolysis (Brodeur 2011, Yüksel et al. 2015). 

Ceballos et al. (2015), stated that cellulose is the 
main component of plant cell walls and is almost never 
found in nature, but rather bound to another substance, 
namely lignin and hemicellulose, in the form of 
lignocellulosic material. Young plant cell walls are 
composed of cellulose, hemicellulose, and pectin, and 
lignin is incorporated into the cell wall as the plant grows. 
Hemicellulose and lignin bind to phenolic compounds 
through covalent bonds between cellulose and lignin are 
not yet fully known the crystalline structure of lignin, 
hemicellulose and cellulose is a major obstacle 
concerning the hydrolysis of cellulose. Crystalline 

cellulose and lignin form fibrils of lignocellulosic 
compounds that are difficult to degrade by 
microorganisms. 

This problem can be overcome by pretreatment. 
Pretreatment is a method to open up the structure of 
lignocellulose, usually via microorganism-mediated 
degradation (Harmsen et al. 2010). Cellulose is a 
polymer of glucose with α-1,4-glucoside bonds 
containing with about 50-90% crystallinity; the rest is 
composed of α-1,4 glucoside bonds in cellulose fibres 
that can be broken down into glucose monomers by 
hydrolysis or fermentation (Perruzza 2010). 
Hemicellulose is more easily hydrolysed by pretreatment 
and can be degraded into monomers of glucose, 
mannose, galactose, xylose, and arabinose. Lignin 
contributes not only to hardening cellulose microfibrils, 
but is also physically and chemically bonded with 
hemicellulose in a hydrophobic matrix. Thus, 
pretreatment can break bonds and lead to the 
degradation of lignin, which is a method used to increase 
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the access and penetration of the enzyme into the 
substrate (Taherzadeh and Karimi 2008). 

The goal of pretreatment also includes the removal 
of lignin and breakdown of the cellulose crystal structure. 
Fig. 1 shows the results of the pretreatment process of 
lignocellulosic biomass. The pretreatment process leads 
to an increase in the enzymatic hydrolysis of 
lignocellulosic materials, increases the surface area and 
porosity, structurally alters and removes lignin, 
depolymerises hemicellulose, and reduces the 
crystallinity of cellulose. Alkali and acid pretreatment, 
which are commonly used, are convenient, cheap and 
effective. In addition, steam explosion treatment is often 
also used as a pretreatment for lignocellulosic material 
because it does not involve chemicals and is more 
environmentally friendly; however, it involves the use of 
energy. This method is carried out at high pressure and 
saturated steam is injected into the reactor containing 
the biomass. During the injection of steam, the 
temperature rises to 160-260°C, and then the pressure 
is suddenly to allow the biomass to undergo explosive 
decompression, which degrades hemicellulose and 
lignin. It is important to note that steam explosion 
treatment is affected by time, temperature, particle size, 
and the moisture content (Agbor et al. 2011). 

The effectiveness of pretreatment to increase the 
digestibility of lignocellulosic biomass depends on the 
structure and composition of the substrate in both 
pretreatments conditions. The pretreatment methods 
were compared regarding their ability to remove lignin 
from the lignocellulosic matrix (Ceballos et al. 2015). 
Usually, cellulose is the dominant fraction in the plant 
cell wall (35–50%), followed by hemicellulose (20–35%) 
and lignin (10–25%) (Mussato et al. 2012). The result of 
fractionation of lignocellulose content of N. biserrata 
leaves most is lignin (43.29%) pectin-oligosaccharide 
(34.7%), followed by cellulose (20.66%) and at least is 
hemicellulose (1.78%) (Pagarra et al. 2014). According 
to Essuman et al. (2014), found that N. biserrata flour 

contains a high carbohydrate amounting to 43.01% 
(g/g). In this case, the purpose of this study was to 
evaluate the effect of pretreatment of autohydrolysis, 
alkali treatment, and acid. on the structure, composition, 
and susceptibility to enzymatic hydrolysis on the N. 
biserrata leaves. Then dried leaves with oven was used 
as the control treatment. 

MATERIALS AND METHODS 
Pretreatment N. biserrata Leaves 
N. biserrata leaves were obtained from palm trees at 

the Universiti Teknologi Malaysia, Johor Bahru, Johor, 
Malaysia. Three different methods of pretreatment, i.e. 
acid, alkali, and autohydrolysis, were performed. Oven 
drying the leaves at 60°C for six days was used as the 
control treatment in this study to solve and eliminate 
lignin lignocellulose. A total 10 g of dried N. biserrata 
powder was then treated with acid, alkaline and 
autohydrolysis treatment methods. The substrate from 
each pretreatment and control is used in SSF for the 
production of exo-polygalacturonase and biomass of A. 
niger to obtain the best pretreatment. Then the best 
results between these three methods are used as a 
substrate in the fermentation of exo-polygalacturonase 
and biomass of A. niger. Acid pretreatment was 
performed using hot liquid H2SO4 at a concentration of 
0.01 M (Yang and Wyman 2009). Alkali pretreatment 
was performed using 0.2 N NaOH (Yoon et al. 2012). 
Autohydrolysis pretreatment was performed in an 
autoclave at 121°C, 15 psi (Myoung et al. 2008). 

Enzyme Extraction 
Fermented samples were collected every 24 h. At 

each sampling, 1 g of the sample was drawn out and 
mixed with 25 mL of citrate phosphate buffer (pH 4.0). 
The mixture was then placed on a vortex for 1 min to 
ensure that the enzyme or sugars on the surface were 
well-mixed with the buffer. Next, the suspension was 
centrifuged at 4000 rpm at 4°C for 20 min to separate 

 
Fig. 1. The effect of pretreatment of lignocellulosic biomass (Kumar et al. 2009) 
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the solid and liquid phases. The supernatant was used 
as the crude enzyme for various assays. 

Analytical Procedures 
The determination of enzyme activity was based on 

the DNS (dinitro salicylic acid reagent) method with 
some modifications. This method provides information 
on the carbonyl groups of reducing sugars. Exo-
polygalacturonase activity is identified by a change in 
colour intensity using a spectrophotometer at a 
wavelength of 540 nm. One unit of exo-
polygalacturonase is amount per μM of reducing sugars, 
which is measured in terms of glucose, produced as a 
result of the action of enzymes in the extract (1.0 mL for 
1 min at 35°C ± 1°C) (Ali et al. 2010). 

Determination of A. niger Biomass 
The determination of biomass was carried out using 

the indirect biomass estimation method proposed by 
Ramachandran and Kurup (2013). Fungal biomass 
estimates were performed to determine the amount of 
N-acetyl-glucosamine produced by acid hydrolysis of 
chitin contained in the fungal cell wall. A total of 0.5 g of 
fermentation material was mixed with 2 mL of 
concentrated sulphuric acid and put in a 500 mL conical 
flask, the mixture was held at 30°C for 24 h. The mixture 
was then diluted with distilled water to make a 1 N 
solution and autoclave (15 psi for 1 h at 121°C) and then 
filtered through filter paper. This solution was then 
neutralised with 4 N NaOH and made up to 100 mL with 
distilled water. Then, 1 mL of this solution was mixed 
with 1 mL of acetyl acetone and incubated in a boiling 
water for 20 min. After cooling, 6 mL of ethanol was 

added, followed by the addition of 1 mL Ehrlich reagent, 
then incubated at 65°C for 10 min. After cooling, the 
optical density of the reaction mixture was read on a 
spectrophotometer at 530 nm. The results are 
expressed as milligrams of glucosamine per gram of 
dried substrate fermentation (mg/gdsf). 

Scanning Electron Microscopy (SEM) 
SEM analysis was conducted using VEGA TESCAN 

microscope. For sample preparation, the fibres were 
dried and mounted onto a stub. A gold coating was 
applied to the surface of the stub by a sputter coater. 

RESULTS AND DISCUSSION 
Effects of the Pretreatment of N. biserrata 

Leaves on Exo-polygalacturonase Activity and 
A. niger Biomass 

The production of exo-polygalacturonase activity and 
A. niger biomass with the different pretreatment 
methods are shown in Fig. 2. Generally, the three 
pretreatment methods used to treat N. biserrata leaves 
led to significantly increased enzyme activity and A. 
niger biomass compared to the control treatment using 
a drying oven. This occurred because oven drying the 
leaves did not result in the destruction of structures that 
would allow the fungus to use the leaves as a substrate. 
These findings clearly show the importance of 
pretreatment to increase the growth rate of 
microorganisms and thus increase the production of 
enzymes. 

Fig. 2 ((a) to (d)) shows the production of exo-
polygalacturonase with an incubation time from 24 to 

 
(a) 

 
(b) 

Fig. 2. Effects of pretreatment on N. biserrata leaves with exo-polygalacturonase activity and biomass of A. niger in the 
incubation time of 24 to 192 h: (a) NaOH pretreatment and (b) H2SO4 pretreatment 
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192 h. The effects of the pretreatment of N. biserrata 
leaves at the 24-h incubation time point shows increased 
exo-polygalacturonase activity and A. niger biomass, 
which was almost the same for all three pretreatments, 
taking into account the experimental error. In this case, 
the cell mass increases, while the cell density remains 
constant. In this study, N. biserrata leaves treated with 
alkali (NaOH) (Fig. 2(a)) and sulphuric acid (H2SO4) 
(Fig. 2(b)) showed an increase in activity and total 
biomass of A. niger after 72 h of incubation (30.07 U/g; 
0.28 mg/gdsf) (Fig. 2(a)) and 96 h of incubation (31.99 
U/g; 0.31 mg/gdsf) (Fig. 2(b)). Fig. 2(c). 

In terms of enzyme activity, both pretreatments were 
less effective than N. biserrata leaves treated by 
autohydrolysis. Moreover, in terms of the total weight of 
the leaves that were treated, the chemical treatment 
processes were in efficient, as the total mass loss of the 
leaves around was 70-80% of the total leaf mass before 
being treated. However, the leaves that were treated by 
autohydrolysis only lost around 20-30% of the total leaf 
mass before treatment. Oven drying the leaves did not 
result in the destruction of structures that would allow the 
fungus to use the leaves as substrate. 

The chemical treatments (acid and alkali) destroyed 
most of the leaves and required the use of water in the 
washing process after treatment. In addition, the 
chemical pretreatments had some negative impact on 
the operating efficiency, energy, and material costs due 
to erosion of the chemical pretreatment equipment, 
although these methods were very effective at breaking 

lignin and hemicellulose and cellulose outline, leading to 
improved enzymatic hydrolysis (Yang et al. 2011). The 
removal of lignin increased the surface area and porosity 
of the leaves and further facilitated the growth and 
reproduction of microorganisms, thus improving 
enzymatic hydrolysis (Canilha et al. 2012). 

Alkali treatment of N. biserrata leaves produced the 
optimum exo-polygalacturonase level within 72 h, while 
sulphuric acid pretreatment and the drying oven 
methods were slower, requiring 96 h. Pretreatment is 
necessary because the treated leaf structure (substrate) 
are more suitable to be used for the growth of A. niger 
and the secretion of enzymes. Pretreatment in the oven 
drying the leaves (control) led to lower activity compared 
to the other methods, with exo-polygalacturonase 
activity of 13.374 U/g; the autohydrolysis pretreatment 
generated the highest exo-polygalacturonase activity at 
39.16 U/g and biomass of A. niger at 0.39 mg/gdsf in 120 
h. A reduction in exo-polygalacturonase activity was 
observed with all pretreatment methods after 120 h. The 
reduction in exo-polygalacturonase activity and biomass 
of A. niger after the optimal incubation time. Increased 
and decreased production of enzyme-polygalactonase 
enzymes closely related to the amount of A. niger 
biomass. Increased activity of the enzyme-
polygalacraconase enzyme is followed by the rapid and 
large growth of A. niger. The rapid growth of A. niger and 
the number of cells is increasing as this period is called 
the exponential phase and subsequently the decreased 
production of exo-polygalacturonase is followed by the 

 
(c) 

 
(d) 

Fig. 2 (continued). Effects of pretreatment on N. biserrata leaves with exo-polygalacturonase activity and biomass of A. 
niger in the incubation time of 24 to 192 h: (c) Autohydrolysis pretreatment and (d) Control by using N. biserrata leaves 
pectin (oven drying) 
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reduced amount of A. niger biomass. According to 
Vaughan (2005), that after the lag phase, where cells 
adapt to the new environment will begin to multiply 
rapidly and so the cell count will increase rapidly with 
time. Thus, this period is called the exponent or 
logarithm of the growth phase. The next phase is the gel 
phase in which cell division begins to decline and 
progressively gradually due to a deficiency of one or 
more important nutrients or also to the collection of toxic 
by-products of the growth. The next is the death phase 
in which the dead cells are released into the medium. 

Effects of Pretreatment on the Structure of N. 
biserrata Leaves 

A comparison of the structure of fresh N. biserrata 
leaves and the leaves after pretreatment, after 
autohydrolysis, and after fermentation was performed 
using SEM micrographs. Significant differences were 
seen, as the fresh leaf structure had a cohesive and 
unbroken surface. This is because the fresh leaves 
contained intact lignin in a natural polymer complex that 
provided a bond between the walls of the leaf cells. 

Pretreatment was required for the production of exo-
polygalacturonase in this study. The autohydrolysis 
treatment, both before and after the fermentation 

process (Fig. 3), led to a modified, broken structure that 
was split and hollowed. This effect was caused by the 
removal of lignin, which opened spaces and made the 
substrate accessible to microorganisms for use as a 
substrate in SSF. Pretreatment broke the connections 
between the external surface and the internal structure 
of N. biserrata leaves and shows the structure of 
microfibrils were clearer than untreated N. biserrata 
leaves. Microfibrils of hemicellulose and cellulose were 
separated from the initial connecting structure and were 
completely exposed and ready for the enzyme reaction. 
The pretreatment results of autohydrolysis showed a 
decrease in lignin content and increased cellulose and 
hemicellulose content. Results before pretreatment by 
Pagarra et al., 2014, ie lignin 43.29% decreased to 
16.5%, cellulose 20.66% to 37.3% and hemicellulose 
from 1.78% to 26.7%. Hemicellulose and cellulose were 
then degraded and converted into fermentable sugars 
by A. niger, because Aspergillus sp. is one of the main 
agents of decomposition and decay of lignoselulose 
residues and has the ability to produce various types of 
enzymes and at high glucosidase levels to complete the 
conversion of lignosellulose biomass to simple sugars 
(Mostafaei et al. 2014). One typical index used to 
evaluate the performances of the cellulase and 

  
   (a)      (b) 

     
       (c) 
Fig. 3. SEM micrograph of the leaf N. biserrata, (a) fresh leaves, (b) pretreatment of auto hydrolysis, and (c) leaves 
fermented in the solid state 
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hemicellulose preparations during fermentation is the 
conversion rate to say the obtained glucose 
concentration per time required to achieve it. As Ali et al. 
(2000) stated before, that one enzyme unit rather than 
ekso-polygalacturase is a μM quantity of reducing sugar 
measured in terms of glucose, produced as a result of 
the action of 1.0 ml of enzyme extract in 1 min. 

Various pretreatment processes have been reported 
for the treatment of lignocellulosic materials. 
Autohydrolysis pretreatment of wheat straw waste is 
best to obtain fermentable sugars as a raw material for 
bioethanol production (Tutt et al. 2014). In addition, the 
autohydrolysis pretreatment process was also found to 
improve the enzymatic hydrolysis of bulrush stems and 
sweet grass (Bohorquez et al. 2014, Tao et al. 2011). 
Autohydrolysis pretreatment can also dissolve most of 
the hemicellulose and cellulose and improve the 
digestibility for fermentation to produce ethanol from 
wheat straw. Autohydrolysis is considered as one of the 
best pretreatment technologies and has been used for 
the pretreatment of various forms of lignocellulosic 
material (Özel et al. 2017). 

The advantages of autohydrolysis in industrial 
research and technology include the ability to hydrolyse 
more hemicellulose and the reduction in the complexity 
of cell wall components by degradation. During the 
autohydrolysis process, water vapour rapidly escapes 
from inside and between cells, thus destroying cell walls 
and tissue connections (Chen and Qiu 2010). 

As a result, a porous or hollow structure is formed 
after this process and the surface area of the 
lignocellulosic material is increased, thus increasing the 
mass transfer rate (Zhang and Chen 2012). 
Furthermore, the purity of the product can be enhanced 
after separating the hydrolysate of hemicellulose and 
lignin from other water-soluble components (Peng and 
Chen 2012). Therefore, it is clear that autohydrolysis 

pretreatment is effective and efficient without the need 
for additional chemicals; moreover, the process is easy 
to run (Chen and Qiu 2010). This study shows that 
autohydrolysis pretreatment increases the efficiency of 
the production of exo-polygalacturonase by A. niger, 
while a thermal pretreatment, such as using a oven 
drying, is less suitable for enzyme production, which was 
three-fold lower than with the autohydrolysis method. 
Based on these results, it is clear that the pretreatment 
step can change the structure of N. biserrata leaves and 
provide better access to the enzymatic reaction of the 
substrate and thus improve the process of 
decomposition of lignocellulosic materials. According to 
Darah et al. (2016), that lignocellulose containing large 
amount of celluloses, hemicelluloses and pectin, that 
could serve as a carbon and inducer source for the 
production enzymee. 

CONCLUSION 
Autohydrolysis is the best way to alter the physical 

structure of N. biserrata leaves, and leads to higher exo-
polygalacturonase activity by A. niger. Exo-
polygalacturonase activity with autohydrolysis was 
39.16 U/g and the biomass of A. niger was 0.39 mg/gdsf 
after 120 h. Pretreatment of N. biserrata leaves is 
important to enhance and accelerate the exo-
polygalacturonase substrate reaction to obtain products. 
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