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Abstract
Cellulose is the most abundant renewable material in nature, which is converted to simple sugar, glucose, by cellulase 
enzymes. Cellulase enzymes are one of the most important industrial enzymes that are widely used in the production of 
biofuels. This study aimed to use wheat straw as a carbon source for Saccharomyces cerevisiae yeast cells to produce bioetha-
nol. Physical grinding and phosphoric acid plus hydrogen peroxide chemical pretreatment methods were carried out for the 
removal of lignin and hemicellulose from the structure of wheat straw and obtaining a cellulose-rich material. Thermophilic 
filamentous fungi were isolated from cow manure, and two isolates were selected based on the levels of endoglucanase, 
exoglucanase, and total cellulase activities and identified based on DNA sequences of internal transcribed spacer regions. 
Hydrolysates were obtained from enzymatic hydrolysis of pretreatment wheat straw by thermophilic cellulase enzymes. 
Fermentation of Saccharomyces cerevisiae yeast cells was performed in hydrolysates for bioethanol production. Aspergil-
lus fumigatus isolate indicated 147.11, 515.9, and 453.78 U/mg wheat straw for exoglucanase, endoglucanase, and total 
cellulase activities, respectively. These activities were, respectively, measured as 380.35, 730.24, and 372.76 U/mg wheat 
straw for Rhizomucor pusillus isolate. Pretreatment procedures functioned efficiently and increased the cellulose part of 
wheat straw up to 88.91%. Hydrolysates of pretreated wheat straw (obtained from Aspergillus fumigatus and Rhizomucor 
pusillus cellulase activities) resulted in 21.88 and 24.02 g/L (4.05 and 5.31%) bioethanol by Saccharomyces cerevisiae yeast 
fermentation, respectively. It seems that utilizing thermophilic cellulase enzymes and wheat straw is a promising economic 
process for bioethanol production.
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1  Introduction

Fossil fuels, as non-renewable sources, are mainly respon-
sible for emitting greenhouse gases such as CO2, CH4, and 
NO2, which lead to global warming. Some factors such as 
excessive consumption of fossil fuels, increasing demand 
for energy, fluctuating fuel prices, and rising greenhouse 
gas emissions have changed the global trends from fossil 
fuels to biofuels [1]. Biofuels divide into three categories 

according to the type of raw materials: first-generation 
biofuels (using food, mainly corn and sugarcane as raw 
materials), second-generation biofuels (utilizing non-food 
materials such as wheat straw, rice straw, and other crop 
residues for bioethanol production), and third-generation 
biofuels (using algae, sludge, and municipal wastes). 
Second-generation biofuels are the most suitable option 
due to the abundance of raw materials and lack of com-
petition with food [2]. Wheat straw (containing lignocel-
lulosic compounds) is a promising solution for liquid fuel 
production (such as bioethanol). Lignocellulosic biomass 
is mainly composed of three parts: cellulose, hemicellu-
lose, and lignin. Several processes should be performed 
to produce bioethanol from cellulose and hemicellulose 
[3]. Annually, about 850 million tons of wheat are pro-
duced worldwide, and the European Union, China, India, 
the USA, and Canada are the leading countries in the field 
of wheat cultivation. It is possible that 93 million liters of 
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gasoline are processed with these amounts of wheat [4]. 
Wheat is one of the major grain crops in Iran and accounts 
for about 14.28% of all agricultural products. Due to the 
high capacities of wheat in Iran, wheat straw can be used 
as a raw material to produce bioethanol [5]. Pretreatment 
of lignocellulosic materials using different physicochemi-
cal methods is necessary to decompose the strong and rigid 
structure of lignocellulose into cellulose, hemicellulose, 
and lignin. Lignin is a substance that inhibits the effect of 
cellulase enzymes on cellulose, and one of the goals of 
the pretreatment phase is to separate this inhibitory com-
pound. Pretreatment would also increase the access of cel-
lulase enzymes to cellulose polymers. Cellulases convert 
these polymers into sugar monomers. Then, using the fer-
mentation process by microorganisms, the created sugar 
is converted to bioethanol [6]. Cellulase enzymes include 
three groups of enzymes: (1) endoglucanases (hydrolyze 
internal binds of cellulose polymers), (2) exoglucanases 
(attack to ends of cellulose chains), and (3) β-glucosidases 
(breakdown cellobiose to glucose). Cellobiose is the prod-
uct of the activity of the two first enzymes. As a result of 
the synergistic functions of these three enzymes, ligno-
cellulosic materials would be degraded to simple sugars 
[7]. Filamentous fungi are one of the primary sources of 
cellulase enzymes in nature; several thermophilic fungi 
grow at 40°C and produce all three cellulase enzymes 
significantly. These enzymes show high hydrolysis activi-
ties at high temperatures, cause enzymatic degradation of 
pretreated lignocellulosic materials, and provide the sugar 
for the yeast cell fermentation and bioethanol production 
[8]. Currently, the phosphoric acid plus hydrogen peroxide 
(PHP) method is a new and developed pretreatment proce-
dure. PHP is a mixture of phosphoric acid and hydrogen 
peroxide, which efficiently separates lignin and hemicel-
lulose from grinned wheat straw, and finally provides cel-
lulose for cellulase enzymes in an amorphous and porous 
structure. It was obtained a cellulose-rich part (39.7 g) 
from dry straw (100 g) [9].

In this study, we aimed to utilize wheat straw as a raw 
material for bioethanol production. Thermophilic cellu-
lase-producing fungi were isolated from cow manure for 
the enzymatic hydrolysis step, and harvested sugar solu-
tions were converted to ethanol by Saccharomyces cerevi-
siae fermentation. Different filamentous fungi have vari-
ous capabilities in cellulase enzyme production, and their 
cellulase activity levels could be varied at a wide range. 
Screening new fungus isolates might be resulted in find-
ing strong cellulase enzyme cocktails.  We screened and 
selected two thermophilic fungal isolates among more than 
20 isolates. These two showed the best cellulase enzyme 
activities, and bioethanol production was performed using 
these new cellulase enzyme cocktails. It seemed that they 

are good economic candidate for utilization in bioethanol 
produce processing.

2 � Materials and methods

2.1 � Wheat straw

Wheat straw samples were washed and cleaned, then dried 
at 50°C for 72 h, and stored in zippered plastic. The straw 
was ground into small pieces by a mill and passed through a 
sieve with a mesh of 30 until the size of the pieces reached 
about 1 mm [10]. This straw was also very crushed and 
passed through a sieve with 100 mesh. The straw particle 
size reached about 0.1 mm. These straw particles were used 
for chemical pretreatment and fungal isolates cultivations. 
The crushed straw was dried at 50°C for 24–48 h and stored 
in zippered plastic. To ensure complete drying of the straw, 
it was weighed several times during this time, and when 
the weight loss occurred no longer, the drying process was 
completed [9].

2.2 � Wheat straw components

Wheat straw consisted of three main parts: cellulose, hemi-
cellulose, and lignin. The percentages of dried wheat straw 
components were determined based on neutral detergent-
insoluble fiber method (NDF) and acid detergent-insoluble 
fiber method. Wheat straw was also placed at 550°C for 4 h 
for determining the percentage of ash [11].

2.3 � Chemical pretreatment of wheat straw 
by phosphoric acid plus hydrogen peroxide 
method

Phosphoric acid plus hydrogen peroxide (PHP) pretreatment 
was performed on wheat straw as the following protocol:

1)	 Wheat straw was collected, ground, and passed through 
mesh 100, so that the particles size was 150–250 µm.

2)	 PHP pretreatment was performed in a 250-ml bottle 
containing 10 g of dried wheat straw and 100 g of PHP 
solution. PHP solution was prepared by mixing 82.6 g 
(85% H3PO4 w/w) with 17.4 g (30% H2O2 w/w) (final 
concentration of 70.2% phosphoric acid and 5.2% hydro-
gen peroxide, respectively).

3)	 The resulting mixture was incubated at 50°C, 180 rpm 
for 2 h, and at 40°C, 180 rpm for 3 h.

4)	 The treated mixture was mixed with 250 ml of 95% etha-
nol and filtered through filter paper. The solid part was 
washed three to five times using 95% ethanol.
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5)	 The solid part was washed with distilled water until the 
pH reached 5. This cellulose-rich solid part was stored 
at −20°C until use.

6)	 The washing solution of step four was distilled to recover 
acid and ethanol [9].

2.4 � Thermophilic fungal isolates

The aim of this section was to isolate thermophilic filamen-
tous fungi with the ability of producing cellulase enzymes. 
These fungi survive and grow in the temperature range of 
20 to 60°C. These fungi were isolated from animal manure 
samples. Different dilutions of samples were prepared and 
transferred onto plates containing carboxymethyl cellulose 
(CMC) and cellulose culture medium. These plates were 
incubated at 45°C for 12–14 h. Fungal colonies were isolated 
and cultivated on PDA culture medium [12]. After primary 
growth of fungi, single spore colonies were prepared for 
each isolate [13, 14].

2.4.1 � Qualitative endoglucanase test

Thermophilic fungal isolates (a 1-cm circle of young myce-
lium) were transferred onto CMC media. Clear zones (fungal 
growth regions) were determined by Congo red dye, and 
their diameters were measured after 24 and 48 h [15]. Seven 
isolates with the largest clear zones (the highest levels of 
CMCase enzymes) and higher growth rates on potato dex-
trose agar (PDA) medium were selected for the next step.

2.4.2 � Optimization of cellulase enzyme reaction conditions

The cellulase enzymes of thermophilic fungal isolates show 
the highest hydrolysis activities at specialized pHs and tem-
peratures. Optimization of cellulase enzyme (endoglucanase, 
exoglucanase, and total cellulase) activities was carried out 
for the temperature (at the range of 35–60°C) and pH (at the 
range of 3.5–6.5) parameters.

CMC (2% w/v), Avicel PH 101 (2% w/v), and What-
man filter paper No. 1 were utilized as the substrates for 
quantitative endoglucanase, exoglucanase, and total cel-
lulase (FPase) activity assays, respectively. The reaction 
mixtures were prepared with substrates and crude enzyme 
solutions obtained from thermophilic fungi cultivation. 
They were incubated at the temperature range of 35–60°C 

for 30 (endoglucanase and exoglucanase assays) and 60 min 
(FPase assay), respectively. The concentration of enzymatic 
reaction production (glucose) was determined by dinitro-
salicylic acid (DNS) method. Glucose standard curves were 
prepared for each enzyme assay and utilized for enzyme 
activity calculations. Each unit of enzyme is equivalent to 
the amount of enzyme in the reaction mixture that produces 
1 μmol of product per 1 min. Cellulase enzyme activities 
were expressed based on unit enzyme per mg wheat straw 
[16–18]. Cellulase enzyme assays were repeated at opti-
mized temperature and pH for each crude enzyme solution.

2.4.3 � Identification of filamentous fungal isolates

DNA extraction was done for two thermophilic fungal iso-
lates that had been indicated the highest cellulase enzyme 
activities. Polymerase chain reactions (PCR) were per-
formed using general primers ITS5 (5′-TCC​TCC​GCT​TAT​
TGT​ATG​C-3′) and ITS4 (5′-GGA​AGT​AAA​AGT​CGT​AAG​
G-3′) (manufactured by Sinuhe Biotechnology Company, 
Iran) to amplify ITS region of template DNAs according 
to Table 1 [19]. Red Master mix PCR was prepared from 
Amplicon company.

The PCR product of each sample was electrophoresed on 
agarose gel, and DNA bands were observed by gel documen-
tation. Then PCR products were sequenced, and  the result-
ing nucleotide sequences were utilized for nucleotide 
BLAST in NCBI database for filamentous fungi identifica-
tion [20]. These sequences were analyzed by BOLD system 
software version 4. Phylogenetic tree was constructed using 
MEGA software version X, based on maximum likelihood 
statistical method, bootstrap method with 5000 replications, 
and Tamura–Nei model using ITS sequences.

2.5 � Filamentous fungi and yeast cultivations

Primary cultivations of two selected fungal isolates were 
performed by adding fungal spores (107/ml) to the YPD 
medium culture. These incubated at 45°C and 100 rpm 
for 24  h. Growing mycelia were transferred to solid-
state fermentation flasks including wheat straw powder 
(10.0 g) and salt solution (30 mL). Salt solution con-
tained (g/L) KH2PO4, 1; (NH4)2SO4, 0.5; MgSO4.7H2O, 
0.5; yeast extract, 0.5; and CaCl2, 0.5, and mineral solu-
tion (mg/L) contained FeSO4.7H2O, 7.5; MnSO4.H2O, 

Table 1   Polymerase chain 
reaction program for ITS region 
amplification

Step Primary dena-
turation

Denaturation Annealing Extension Final extension

Temperature 94°C 94°C 59°C 72°C 72°C
Time 5 min 45 s 30 s 90 s 10 min
Number of cycles 1 40 1
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2.5; ZnSO4.7H2O, 3.6; CoCl2, 3.7; and ampicillin, 100 
[12]. These cultures were incubated at 45°C for 5 days. 
The moisture of cultures was kept at 75%. Then 30-mL 
citrate buffer (50 mM) was added into every flask and 
shaken gently. Citrate buffer pH was adjusted at optimal 
pH of cellulase enzyme activities. Enzyme solutions were 
obtained by passing culture media through Whatman filter 
paper No.1. Enzyme solutions and pretreated wheat straw 
were mixed (5% w/v) and incubated at optimal tempera-
tures of cellulase activities for 48 h. Hydrolysates were 
separated by centrifugation at 5000 g for 10 min. Hydro-
lysate concentration (five times) was carried out by boil-
ing method. Glucose concentration of these hydrolysates 
was measured using DNS method. Finally, they were used 
for yeast cell cultivation and bioethanol production.

Saccharomyces cerevisiae PTCC 5052 yeast cells were 
prepared from Persian Type Culture Collection (Iran). 
These cells were cultivated in YPD culture medium at 
25°C and 150 rpm. Yeast cells were harvested from cul-
ture medium in exponential phase (OD600 = 0.5–1) and 
added to hydrolysates (production of fungal crude enzyme 
solution and treated wheat straw reaction) for fermenta-
tion phase and bioethanol production [21].

2.6 � Determination of ethanol concentration

Potassium dichromate reagent was utilized for deter-
mining ethanol concentration in Saccharomyces cerevi-
siae culture medium. A simple distillation apparatus 
was provided, 10 ml of ethanol-containing solution was 
placed at the beginning of the condenser, and 4 ml of 
potassium dichromate reagent was placed at the end of 
the condenser. Distillation was performed for half an 
hour at 76°C. After this time, depending on the per-
centage of soluble ethanol, the reagent color changed 
from orange into bright green to black. Then, the optical 
absorbencies were read at 600 nm. The ethanol standard 
curve was prepared for calculating produced ethanol 
percentage [22].

2.7 � Statistical analysis

Data were analyzed using GraphPad Prism version 9.3.0 
and reported as mean ± SEM (standard error of the mean). 
It considered the significant differences among cellulase 
enzyme activities obtained from various fungal isolates at 
p < 0.05. Analysis of variance was performed by one-way 
ANOVA method.

3 � Results and discussion

3.1 � Qualitative CMCase test

The qualitative CMCase test was performed to assess the 
ability of different isolates of fungi to consume CMC as 
their carbon source. According to this test, the higher levels 
of CMCase activity of thermophilic fungal isolates resulted 
in faster decomposition of CMC and more growth of isolates 
onto the CMC culture medium. We selected seven thermo-
philic fungal isolates for the next steps of the study, based 
on the results of this test, and also based on the growth rates 
of fugal isolates onto PDA medium. These isolates, respec-
tively, indicated 8 cm clear zones and growth zones onto 
CMC and PDA culture media during 48 h (Table 2).

3.2 � Quantitative cellulase enzyme assays

Primarily, the optimization of pH and temperature of enzy-
matic reaction (endoglucanase, exoglucanase, and total 
cellulase) were carried out for enzyme solutions obtained 
from fungal isolates (Figs. 1 and 2), and then their cellulase 
enzyme activities (U/mg wheat straw) were calculated under 
optimal conditions (Table 3). Isolates of thermophilic fungi 
in this study had high enzymatic activity at the pH range 
of 4.5 to 5.5. The expected optimum pH for the enzymatic 
activity of fungal cellulases was also at the acidic range. The 
enzymatic cocktails acquired from co-cultivation of different 
filamentous fungi indicated the highest activities at pH 5–6 
[23]. Some other studies also determined the optimum pH 

Table 2   Qualitative CMCase 
test of thermophilic fungal 
isolates

Isolate No. Clear zone diam-
eters (24 h, mm)

Clear zone diam-
eters (48 h, mm)

Isolate No. Clear zone diam-
eters (24 h, mm)

Clear zone 
diameters (48 h, 
mm)

1 50 × 53 80 × 80 8 45 × 45 80 × 80
2 40 × 50 80 × 80 9 45 × 48 80 × 80
3 54 × 52 80 × 80 10 50 × 52 80 × 80
4 55 × 55 80 × 80 11 35 × 40 65 × 68
5 48 × 46 80 × 80 12 10 × 10 30 × 25
6 50 × 55 80 × 80 13 15 × 15 30 × 30
7 50 × 45 80 × 80 14 15 × 15 35 × 30
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Fig. 1   Variation of cellulase 
enzyme activities at different 
temperatures. Effects of various 
temperatures (35–60°C) on 
endoglucanase, exoglucanase, 
and total cellulase activities of 
thermophilic filamentous fungi 
A isolate 3, B isolate 9, and 
C isolate 10. Quantitative cel-
lulase reactions were performed 
at pH 5
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Fig. 2   Variation of cellulase 
enzyme activities at different 
pHs. Effects of various pHs 
(3.5–6.5) on endoglucanase, 
exoglucanase, and total cel-
lulase activities of thermophilic 
filamentous fungi A isolate 3, 
B isolate 9, and C isolate 10. 
Quantitative cellulase reactions 
were performed at optimal 
temperature of each cellulase 
enzymes
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of filamentous fungal cellulase at acidic pH 4–6 [24–26]. 
The temperature range for enzymatic activity of thermo-
philic fungal isolates has been reported from 40 to 80°C [23, 
26–28], and the optimum temperature for our thermophilic 
fungal isolates was in the range of 45–50°C.

Each unit of enzyme is equivalent to the amount of 
enzyme in the reaction mixture that produces 1 μmol of 
product per 1 min. Figures 3, 4, and 5 compare the cellu-
lase enzyme activities of seven thermophilic fungal isolates. 
According these results, two isolates (numbers 3 and 4) 
were selected for fermentation and bioethanol production 
phase. These two fungal isolates showed the highest endo-
glucanase activity among seven isolates. Exoglucanase, and 
FPase activities of them placed in the second rank. Although 
fungal isolate 6 indicated the highest levels of exoglucanase 
and FPase activities, its endoglucanase activity was weak. 
We forecasted that isolates 3 and 4 would be more suc-
cessful in hydrolyzing of pretreated wheat straw because 
of primary and important role of endoglucanase enzymes. 
Endoglucanases are the first enzymes that attack to cellulose 
fibers. These enzymes cut internal glucoside bonds and cre-
ate new ends on cellulose fibers which could be utilized by 

Table 3   Optimal reaction 
conditions of fungal cellulase 
enzymes

Optimal pH Optimal temperature (°C)

Fungal isolates Endoglucanase Exoglucanase FPase Endoglu-
canase

Exoglucanase FPase

1 and 3 4.5 4.5 4.5 50 50 45
5, 6, and 10 5.5 5.5 4.5 45 45 45
4 and 9 5.5 5.5 4.5 45 45 45

Fig. 3   CMCase activities of thermophilic fungal isolates. Endo-
glucanase (CMCase) activities of seven thermophilic fungal iso-
lates were measured at optimal pHs and temperatures. The levels of 
enzyme activity represent as mean ± SEM. Different letters indicate 
the significant differences between CMCase activities of fungal iso-
lates at 0.05 level (least significant differences test). SEM, standard 
error of the mean

Fig. 4   Exoglucanase activities of thermophilic fungal isolates. Exo-
glucanase (avicelase) activities of seven thermophilic fungal iso-
lates were measured at optimal pHs and temperatures. The levels of 
enzyme activity represent as mean ± SEM. Different letters indicate 
the significant differences between avicelase activities of fungal iso-
lates at 0.05 level (least significant differences test). SEM, standard 
error of the means

Fig. 5   Total cellulase activities of thermophilic fungal isolates. Total 
cellulase (FPase) activities of seven thermophilic fungal isolates were 
measured at optimal pHs and temperatures. The levels of enzyme 
activity represent as mean ± SEM. Different letters indicate the sig-
nificant differences between FPase activities of fungal isolates at 0.05 
level (least significant differences test). SEM, standard error of the 
means
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exoglucanase enzymes and result in more degradation of 
cellulose [29]. By increasing the cellulase activities of ther-
mophilic fungal isolates, the hydrolysis of pretreated wheat 
straw and amounts of produced glucose would be increased. 
Most studies utilize industrial enzymes that are pure and 
high in concentration. We applied the enzymes secreted by 
isolated thermophilic fungi for assessing the probability of 
utilizing these enzymes in bioethanol production process and 
reducing the cost of process.

3.3 � Molecular identification of fungal isolates

Genomic DNA was extracted from isolates 3 and 4 with 
the highest cellulase activities and used to amplify the 
ITS region (600 bp) by polymerase chain reaction method 
(Fig. 6). The nucleotide BLAST of the DNA fragments 
resulted in identifying these isolates as Aspergillus fumig-
atus (isolate 3) and Rhizomucor pusillus (isolate 4). Both 
isolates indicated 100% identity with registered sequences 

in NCBI database and also BOLD system software related 
to Aspergillus fumigatus and Rhizomucor pusillus (Fig. 7). 
Phylogenetic tree categorized isolate 3 with known Asper-
gillus fumigatus and isolate 4 with known Rhizomucor 
pusillus. Related species were classified in distinct groups 
(Fig. 8).

Aspergillus fumigatus is a cellulase-producing filamen-
tous fungus. Various strains of this fungus grew at the 
range of 30–55°C [30, 31]. Thermostable and thermophilic 
cellulases were extracted from A. fumigatus. Mehboob 
et al. [32] examined the optimum conditions for produc-
ing endoglucanase enzyme by A. fumigatus fungus. They 
earned the maximum amounts of the enzyme after 72 h, 
at 55°C, pH 5.5, and 70% moisture level. The CMCase 
enzyme showed the highest activity at 55°C and pH 4.8. 
Another study reported a thermophilic CMCase enzyme 
from A. fumigatus that had the optimal activity at 80°C 
and pH 4 [28]. A thermostable endoglucanase enzyme was 
obtained from A. fumigatus JCM 10253 which showed the 
highest activity at 50°C and pH 6. Some cations such as 
Ni+2, Fe+2, Cu+2, Mn+2, Mg+2, and Ca+2 increased the 
enzyme activity [33]. We cultured A. fumigatus fungus 
at 45°C and pH 4, while optimum temperature and pH of 
its cellulase enzymes were determined 50°C and pH 4.5.

We incubated R. pusillus fungus onto wheat straw at 
45°C and acidic pH for obtaining cellulase enzymes. These 
enzymes indicated the highest activities at 45°C and pH 
4.5–5.5.

3.4 � Components of wheat straw and PHP 
pretreatment

3.4.1 � Untreated wheat straw contents

The main components of wheat straw are cellulose, hemi-
cellulose, and lignin. Amounts of these ingredients (of pre-
treated and untreated wheat straw) were determined using 
ADF and NDF methods. NDF method detected lignin, 
cellulose, and hemicellulose, and other components with 
a lower percentage were separated from wheat straw. The 
three main  ingredients compose 71.38–72.22% of wheat 
straw. ADF value can vary from 44 to 48% depending on 
the type of wheat straw and growing conditions. The ADF 
value was 46.64 to 47.68% in our study. This value was 
in agreement with some other studies [34]. Wheat straw 
lignin, cellulose, and hemicellulose contents were calcu-
lated as 8.38, 38.59, and 24.7%, respectively (Table 4). 
The main part of wheat straw is cellulose, and the ultimate 
goal of pretreatment is to separate this part from the wheat 
straw for hydrolysis and conversion to glucose. The final 
ash content of wheat straw was about 5.64–5.886%.

Fig. 6   Amplification of internal transcribed spacer region of fungal 
isolates. ITS region of genomic DNA of fungal isolates (isolates 3 
and 4) was amplified by polymerase chain reaction technique. DNA 
bands (600 nucleotide length) are observed on agarose gel using 
electerophoresis technique



16597Biomass Conversion and Biorefinery (2024) 14:16589–16601	

1 3

3.4.2 � Confirming efficient wheat straw pretreatment 
by physicochemical method

Lignin and hemicellulose act as inhibitors for the function of 
cellulase enzymes. Therefore, they were removed from the 

wheat straw structure during the pretreatment phase, and the 
only remaining material was cellulose, as far as possible. As 
a result, the cellulase enzymes would easily affect cellulose 
and provide the required glucose sugar for the fermenta-
tion phase. To confirm the functionality of pretreatment 

Fig. 7   Identification of fungal isolates based on ITS sequences. Fungal isolates 3 (A) and isolate 4 (B) were, respectively, identified as Aspergil-
lus fumigatus and Rhizomucor pusillus based on nucleotide blasting of ITS sequences by using NCBI database

Fig. 8   Phylogeny of thermophilic fungal isolates. Phylogenetic tree 
of Aspergillus fumigatus and Rhizomucor pusillus isolates from 
cow manure samples was constructed based on maximum likeli-
hood method, Tamura–Nei model, and 5000 replications using ITS 

sequences. A. fumigatus and R. pusillus isolates showed as Fungus 
YU-3 and Fungus YU-4, respectively. Rozella allomycis was utilized 
as the out group
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methods (grinding and PHP) on wheat straw, the percentage 
of residual cellulose was determined using ADF and NDF 
methods after wheat straw pretreatment. It was found that 
high percentages of lignin and hemicellulose was removed 
from the structure of wheat straw and the pretreated wheat 
straw mainly contained cellulose (88.91%) (Table 4).

Wheat straw pretreatment using this method was very 
efficient because cellulose content of wheat straw increased 
from about 38.5 to 88.9%, while lignin and hemicellulose 
contents reduced markedly (from about 31 to 11%). Wheat 
straw used in this study contained lower amounts of lignin 
than other straws, and therefore, cellulose separation was 
probably done more efficiently. Rice straws of different Chi-
nese rice varieties possessed 14–28% lignin, while the wheat 
straw was applied in the present study was composed of 
about 9% lignin [35]. The lignin and silica in straws are a 
barrier to chemical pretreatment. High amounts of wood is 
composed of lignin (up to 40% lignin), and it causes high 
hardness for penetration and pretreatment. Rice straw usu-
ally has more lignin than wheat straw (5–24% for rice straw 
and 10–30% for wheat straw), and additionally, there is a 
significant amounts of silica in rice straw. It is expected that 
rice straw requires a longer pretreatment process, and the 
percentage of obtained cellulose is lower in comparison with 
wheat straw [9, 36, 37]. Other methods, including alkaline 
pretreatment or acid pretreatment, also separate 80 to 90% 
of cellulose from wheat straw, but PHP method can main-
tain the cellulose up to 95%. In acidic or alkaline methods, 
the bonds between lignin and cellulose are reversible, and 
the separation of lignin is not done very effectively. On the 
contrary, PHP method separates lignin and hemicellulose 
from the solid tissue of cellulose efficiently and remains the 
cellulose with a very low lignin content [9].

Tabka et al. [38] utilized wheat straw, one of the most 
abundant and cheap lignocellulosic biomass for bioethanol 
production. They performed acid pretreatment and steam 
blasting to make cellulose available for enzymatic diges-
tion. These pretreatments partially destroyed the cell wall 
polysaccharides and decomposed the lignocellulosic fibers. 
This pretreatment recovered 51% of wheat straw cellulose, 
and then, 81% of cellulose was decomposed into glucose. 
Tsegaye et al. [39] applied alkaline pretreatment of wheat 
straw using different concentrations of sodium hydroxide 
to remove lignin and release polysaccharides. They tried to 
eliminate lignin and reduce the carbohydrate lost during the 

pretreatment phase. They prepared an enzymatic mixture 
by culturing microorganisms that had been isolated from 
termites. It was resulted in simple sugar production from 
pretreated wheat straw and eventually led to bioethanol pro-
duction. The maximum conversion of polysaccharides to 
glucose and xylose was 83.68%.  Alkaline hydrogen perox-
ide method is another pretreatment method of wheat straw 
that exploits hydrogen peroxide and sodium hydroxide under 
mild temperature and pressure conditions. This procedure 
caused the efficient separation of lignin and easy hydrolysis 
of biomass. At the next step, enzymatic hydrolysis of cel-
lulosic compounds and fermentation of glucose resulted in 
ethanol production with an approximate concentration of 
31.1 g/L [10]. Another study carried out an alkaline and 
hydrothermal pretreatment on wheat straw and removed 
efficiently lignin, that it subsequently increased the effect 
of the enzymes on the cellulose substrate with less barriers 
and obtained glucose and xylose were fermented to 18.6% 
bioethanol [40].

3.4.3 � Confirming efficient wheat straw pretreatment 
by FTIR spectrum

Changes in the main components of wheat straw (lignin, 
hemicellulose, and cellulose) were analyzed for each of them 
by observing the appearance or disappearance of adsorp-
tion bands in FTIR spectrum. Absorption bands between 
3100 and 3500 cm−1 were assigned to lignin vibration. For 
untreated straw, high lignin vibrations, large and wide bands 
were observed, which were related to O–H tensile. After 
pretreatment of wheat straw, vibration and band intensity 
was decreased. The specialized vibrations of lignin, which 
were caused by the aromatic ring, disappeared in 1508 cm−1 
at the pretreated spectrum. However, these vibrations were 
quite evident at the untreated spectrum. Peak 1245 cm−1, 
which was related to the hemicellulose structure and ten-
sile C-O, was completely removed from the band after pre-
treatment. Band 13 for pretreated wheat straw in 1157 cm−1 
corresponded to the glucose tensile ring for cellulose. In 
practice, this band appeared after pretreatment of straw for 
cellulose. Band 1064 or 1052 cm−1 also corresponded to 
cellulose. Loss of hemicellulose bands meant the removal 
of a high percentage of hemicellulose in the straw structure, 
which caused releasing of cellulose from the wheat straw 
matrix. Efficient pretreatment of wheat straw was confirmed 
by FTIR spectral method via reducing the intensity of hemi-
cellulose and lignin peaks at the spectrum (Fig. 9).

3.5 � Ethanol production phase

Hydrolysates (containing glucose as the carbon source of 
yeast cells) were obtained from enzymatic hydrolysis of 
pretreated wheat straw. Hydrolysates were concentrated five 

Table 4   The main components of wheat straw

Data present as mean ± SEM, SEM, standard error of the mean

%Lignin % Cellulose %Hemicellulose

Untreated wheat straw 8.38 ± 0.70 38.59 ± 0.35 24.7 ± 0.08
Pretreated wheat straw 1.38 ± 0.07 88.91 ± 0.99 9.7 ± 0.94



16599Biomass Conversion and Biorefinery (2024) 14:16589–16601	

1 3

times by heating and evaporating the extra water. Then 1 g 
of peptone water (as the nitrogen source of yeast cells) was 
added to every 50 mL hydrolysate. Saccharomyces cerevisiae 
yeast cells were added into these hydrolysates for fermenta-
tion and bioethanol production. Figure 10 showed decreasing 
the glucose concentrations during the fermentation stage. It 
was observed that the highest amounts of glucose were con-
sumed during the first 48 h. Glucose consuming rate was 
relatively high until 72 h of fermentation  and then glucose 
concentration decreased with a gentle rate to 120 h (Fig. 10) 
[41]. The highest ethanol production occurred during the first 
72 h of the yeast fermentation, according to high consump-
tion of glucose in this period. It seemed that ethanol produc-
tion process was stopped after 72 h and ethanol concentra-
tions were approximately unchanged. The highest amounts 

of ethanol produced were measured 5.31% (24.02 g/L) and 
4.05% (21.88 g/L) for hydrolysates 4 (the 96-h yeast cul-
tivations) and 3 (the 72-h yeast cultivations), respectively 
(Fig. 11) [41]. It was considered that the control samples 
(yeast cells cultivated in YPD culture medium) significantly 
produced ethanol lower (approximately 3 and 4 times) than 
hydrolysates 3 and 4. Hydrolysates 3 and 4 were obtained 
from pretreated wheat straw by A. fumigatus and R. pusillus 
cellulase enzymes, respectively.

In this process, thermophilic fungal cellulase enzymes 
were used to hydrolysis cellulose and convert it to glucose. 
Most studies have been utilized industrial enzymes for this 
phase, whereas these enzymes are expensive and probably 
not economical for ethanol production. Therefore, produced 
enzymes by isolated thermophilic fungi were consumed in 

Fig. 9   FTIR spectrum of wheat 
straw. FTIR spectrum of A 
untreated wheat straw and B 
pretreated wheat straw are 
presented. Grinding and phos-
phoric acid plus hydrogen 
peroxide (PHP) methods were 
utilized for wheat straw pretreat-
ment. The intensity of lignin 
and hemicellulose peaks in this 
spectrum has been reduced
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the present study. The main part of culture medium of these 
fungi was wheat straw, which was cheap and available. Pep-
tone water was added to the hydrolysates which increased 
ethanol production significantly. Bioethanol (5.3 and 4% 
or 24 and 21 g/L) was produced markedly more than some 
previous methods [41, 42]. Several fungi, such as white-
rot fungi, have been reported to produce enzymes that are 
capable of hydrolyzing cellulose and hemicellulose. The 
production of bioethanol from wheat straw was conducted 
using Aspergillus cereus for microbial hydrolysis and Sac-
charomyces cerevisiae for fermentation. After microbial 
hydrolysis and fermentation of pretreated wheat (10 g/L), 
ethanol (3 g/L) was obtained [43].

4 � Conclusion

Isolated thermophilic fungi including Aspergillus fumiga-
tus and Rhizomucor pusillus from animal manure produced 
efficient cellulase enzymes onto the pretreated wheat straw 
medium. Wheat straw pretreatment by grinding and PHP 
methods was very effective because the cellulose of ligno-
cellulosic materials was maintained up to 88.91% and this 
cellulose was converted to glucose using fungal cellulase 
enzymes. Hydrolysates were obtained from cellulase enzyme 
activities of Aspergillus fumigatus and Rhizomucor pusil-
lus resulting in 4.3% and 5% (v/v) or 21.88 and 24.02 g/L 
ethanol production, respectively. It seems that utilizing ther-
mophilic cellulase enzymes and wheat straw is a promising 
economic process for bioethanol production.
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