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Abstract
Background Lignocellulosic biomass provides a great starting point for the production of energy, chemicals, and 
fuels. The major component of lignocellulosic biomass is cellulose, the employment of highly effective enzymatic 
cocktails, which can be produced by a variety of microorganisms including species of the genus Aspergillus, is 
necessary for its utilization in a more productive manner. In this regard, molecular biology techniques should 
be utilized to promote the economics of enzyme production, whereas strategies like protoplast fusion could be 
employed to improve the efficacy of the hydrolytic process.

Results The current study focuses on cellulase production in Aspergillus species using intrageneric protoplast fusion, 
statistical optimization of growth parameters, and determination of antioxidant activity of fermentation hydrolysate. 
Protoplast fusion was conducted between A. flavus X A. terreus (PFFT), A. nidulans X A. tamarii (PFNT) and A. oryzae X A. 
tubingensis (PFOT), and the resultant fusant PFNT revealed higher activity level compared with the other fusants. Thus, 
this study aimed to optimize lignocellulosic wastes-based medium for cellulase production by Aspergillus spp. fusant 
(PFNT) and studying the antioxidant effect of fermentation hydrolysate. The experimental strategy Plackett-Burman 
(PBD) was used to assess how culture conditions affected cellulase output, the best level of the three major variables 
namely, SCB, pH, and incubation temperature were then determined using Box-Behnken design (BBD). Consequently, 
by utilizing an optimized medium instead of a basal medium, cellulase activity increased from 3.11 U/ml to 7.689 U/ml 
CMCase. The following medium composition was thought to be ideal based on this optimization: sugarcane bagasse 
(SCB), 6.82 gm; wheat bran (WB), 4; Moisture, 80%; pH, 4; inoculum size, (3 × 106 spores/ml); and incubation Temp. 
31.8 °C for 4 days and the fermentation hydrolysate has 28.13% scavenging activities.

Conclusion The results obtained in this study demonstrated the significant activity of the selected fusant and the 
higher sugar yield from cellulose hydrolysis over its parental strains, suggesting the possibility of enhancing cellulase 
activity by protoplast fusion using an experimental strategy and the fermentation hydrolysate showed antioxidant 
activity.
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Background
The use of plant biomass as a renewable raw material, 
particularly as an unending supply of low-cost carbohy-
drates, has been gaining traction. It is a potential sub-
strate to produce a range of valuable products [1]. The 
phrase “lignocellulosic biomass” refers to plant biomass, 
which includes forestry, agricultural, agro-industrial, 
and food wastes [2]. Because lignocellulose from various 
agricultural residues varies in composition, it is primarily 
made up of lignin, cellulose, hemicelluloses, and pectin in 
plant cell walls, the process of hydrolyzing lignocellulose 
to produce simple monomeric sugars requires complex 
enzyme mix [3]. Effective cellulase manufacturing tech-
niques are essential to meet the growing need for afford-
able and sustainable enzymatic processes, as cellulases 
are significant industrial enzymes utilized in a range of 
sectors [4].

Numerous bacteria and filamentous fungi are known to 
release enzymes that hydrolyze lignocelluloses [4]. Fungi 
are essential sources of hydrolytic enzymes in industry. 
Lignocellulolytic fungi are extensively spread throughout 
the fungal kingdom, and many of them are filamentous 
fungi because they are simple to grow and produce a lot 
of extracellular enzymes [5]. The genus Aspergillus has 
been used successfully as a host to produce recombinant 
proteins of commercial enzyme cocktails [6]. According 
to the development of genetic transformation systems, 
scientists may now convert foreign DNA into filamen-
tous fungus and produce the desired strains for usage 
in industry. A variety of techniques are used to develop 
industrially important microorganisms, protoplast fusion 
is the most straightforward and widely applied method 
which permits the recombination of genomes from many 
parental strains [7, 8]. It can be seen as one of the recom-
binant DNA technologies that offer the ability to enhance 
the dosage and expression of genes from potent promot-
ers, eliminate undesirable genes from the fungal genome, 
modify metabolic pathways, and create fungal strains 
that can generate heterologous proteins [9].

Agro-industrial by-products are becoming more and 
more sought-after as a source of antioxidant compounds 
worldwide. As a result, efforts to extract antioxidant 
compounds using alternative green methods have been 
developed. Traditional extraction methods that use 
organic solvents hurt the environment. Enzymes are used 
to release bioactive substances through antioxidant activ-
ity [10].

Therefore, the current study aimed to generate 
improved recombinant strains through intrageneric 
protoplast fusion between local Aspergillus spp. isolates 
which is a promising way to increase cellulase output, 

those can utilize sugarcane bagasse and wheat bran as 
agriculture residues under solid-state fermentation (SSF) 
to overproduce cellulases and evaluate their activities, 
refine the fermentation medium to achieve the highest 
level of productivity, and determining antioxidant effect 
of the fermentation hydrolysate.

Methods
Fungal strains
The identified fungal isolates Aspergillus flavus RCMB 
002F003(3), A. nidulans RCMB 002F021(1), A. ory-
zae RCMB 002F018(1), A. tamarii RCMB 002F005(1), 
A. terreus RCMB 002F007(1) and A. tubingensis RCMB 
002F032(1) were obtained from the Collection of Micro-
organisms from the Regional Center for Mycology and 
Biotechnology, Al-Azhar university, Cairo, Egypt. These 
strains were selected according to their cellulase produc-
tion as described in Table 1. All strains were maintained 
on Potato Dextrose Agar media (PDA) plates and grown 
for 7 days at 30 °C and then stored at 4 °C.

Protoplast preparation and fusion
Protoplasts were produced via actively developing Asper-
gillus mycelium employing enzyme lysis following the 
method of Kaur et al. [11] with a few alterations. One ml 
of a homogeneous spore suspension (105 spores/ml) of 
Aspergillus spp. was added to 25 ml of broth potato dex-
trose medium enhanced with 1.5% yeast extract. The flask 
was then kept on shaker at 30  °C and 150  rpm for six-
teen hours, then 1 ml from mycelial content was centri-
fuged for ten minutes at 10,000 rpm. After discarding the 
supernatants, an osmotic stabilizer was used three times 
to wash the mixture. For the release of protoplasts, add 
8  mg/mL of lysing enzyme (from T. harzianum, Sigma-
Aldrich) produced in 0.2 M phosphate buffer pH 6.0 with 
0.6 M KCl for three hours at 30 °C and 100 rpm., the cul-
tures filtered via four sterilized sections of cheesecloth, 
the supernatant with protoplasts were carefully agitated 
for two minutes at 2,000  rpm. Next, a concealed quan-
tity of osmotic stabilizer was used to resuspend the pro-
toplasts. For two minutes, one milliliter of 106 milliliter− 1 
protoplasts from each parental strain was combined and 
centrifuged at 2,000  rpm. Following the formation of 
the protoplast pellet, it was again suspended in 2 milli-
liters of freshly made polyethylene glycol (30%, w/v; PEG 
4000  MW), which was made in 0.05  M NaOH-glycine 
buffer (pH 7.5) with 0.05 M CaCl2. After giving the mix-
ture a gentle shake, it was left at room temperature for 
45 min. Following dilution, 0.1 ml of the fused protoplast 
sample was combined with 4 ml of soft agar regeneration 
medium. After that, the mixture was spread out across 
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plates that included hard agar regeneration medium with 
sucrose added as an osmotic stabilizer. After that, plates 
were incubated at 30  °C to promote colony growth and 
protoplast production. The new resultant fusants were 
namely A. flavus X A. terreus (PFFT), A. nidulans X A. 
tamarii (PFNT), and A. oryzae X A. tubingensis (PFOT).

Enzyme production in solid-state fermentation (SSF) at 
flask scale
SSF experiments were carried out according to the 
method of [12] with minor modifications, for inoculum 
preparation (spores’ suspension) the parental strains and 
the fusants were grown separately in a PDA medium and 
incubated for 5–7 days at 30  °C, then the SSF medium 
prepared as the following :2.5 g of raw sugarcane bagasse 
(SCB) and 2.5 g of raw wheat bran (WB) were combined 
in a ratio of 1:1 and supplemented with nutrient solution 
(w/v%: (NH4)2SO4, 0.35; KH2PO4, 0.3; MgSO4.7H2O, 
0.05; and CaCl2, 0.05) for a 65% moistening level, then 
autoclaved. Following sterilization, each flask of each 
parental strain and fusants was inoculated with 1  ml of 
(2 × 106 spores’ suspension) and incubated at 30  °C in 
duplicate.

Evaluation of cellulase activity
The enzyme extract was generated by mixing fermented 
ingredients with 50 ml of sterile distilled water, homog-
enizing then incubated it at 150  rpm for 60  min. Later, 
the components were filtered through cheesecloth and 
centrifuged twice for 10  min at 10,000  rpm. The result-
ing supernatants have been separated and used as crude 
enzymatic lysates for quantitative evaluation. After that 
the cellulase activity was measured by the method of 
[13] using 0.5% Carboxymethyl Cellulose (CMC) as a 
substrate at pH 4.8 (0.05 M Citrate buffer) and 50 °C. At 
540 nm, the soluble fraction’s absorbance was calculated 
in relation to the blank. With glucose, a standard curve 

was produced. Under the experimental conditions, one 
unit of cellulase activity was defined as the amount of 
enzyme that released one µmol of glucose per minute.

SSF Statistical optimization for cellulase production
The parameters of cellulase production under SSF were 
statistically optimized with the Plackett-Burman Design 
(PBD) for factors screening, and then the most impor-
tant parameters that affect the enzyme production were 
submitted to Box-Behnken Design (BBD) for enhanced 
activity according to [14].

The PB experimental design was used to assess the rela-
tive importance of seven variables (SCB, WB, moisture %, 
pH, T (◦C), incubation time, and inoculum size) affect-
ing the PFNT fusant ability to produce cellulase in SSF, 
across a set of 12 trials. PBD used the first-order model: 
the response (Y) = the model intercept (β0) + Σ [the vari-
able estimate (βi) * the variable (xi)]. The standard regres-
sion p-value evaluated the significance of the variables. 
The investigated factors and the assessed values of each 
component are shown in Table  2. Each component was 
compared at high (+ 1) and low (-1) levels (Table 2).

Table 3, the BB experimental design for Response sur-
face methodology (RSM) was exploited to get the opti-
mal values of the most significant three variables, across 
a set of 14 trials with two central points, three levels 
(high + 1, medium 0, and low − 1) for the chosen variables 
and the measured response [15]. Performing the statis-
tically designed trials, estimating the coefficients of the 
structured mathematical model, projecting the response, 
and evaluating the model’s suitability were the three pri-
mary processes in this optimization process [16]. Utiliz-
ing each variable’s coefficient data, the developed model 
was applied [17]. BBD used the second-order polynomial 
structured model according to [14].

The statistical evaluation of data
The enzyme activity variation for the fusants and the 
parental strains was analyzed by using the data analy-
sis tools in the Microsoft Excel program. For the fusant 
PFNT-related enzyme activity data, the JMP program 
was used to estimate the t values, p values, confidence 
levels, and the p values as a percentage to assess the 
activity’s optimal value. A three-dimensional graph cre-
ated by STATISTICA 8.0 software was used to illustrate 
the simultaneous effects of the three most significant 
independent factors on each response [14].

Antioxidant activity (DPPH-free radical-scavenging assay)
The scavenging activity of the fermentation hydrolysate 
after the optimization process was assessed through 
free radical scavenging activity (RSA) using 1,1-diphe-
nyl-2-picrylhydrazyl (DPPH), and the RSA efficiency 
was compared to ascorbic acid using a minor modified 

Table 1 Enzyme activity of Aspergillus parents and fusants 
isolates using solid substrate SCB and WB combined in a ratio of 
1:1 as carbon source for cellulose production
Culture Cellulase (CMCase) activity

(U/ml)
2nd day 4th day

Flv 1.78 c 1.29 c

Nid 4.53 a 2.04 b

Ory 1.54 c,d 1.19 c

Tam 1.98 c 2.37 a,b

Ter 1.9 c 0.98 c

Tub 0.87 e 1.21 c

PFFT 1.17 d,e 0.87 c

PFNT 3.11 b 2.64 a

PFOT 1.8 c 0.93 c

Note The same letters within a column indicate that the values are not 
significantly different at the p = 0.05 level
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method described previously [18]. Briefly, 400 µL of 
hydrolysate solutions (The enzyme hydrolysate produced 
by fusant PFNT after the optimization process was 
extracted as mentioned before) were mixed with 1 mL of 
100 µM DPPH. To prepare the negative control test, 400 

µL of absolute methanol was added to 1 mL of DPPH. 
The reactions were kept in the dark for 30 min at room 
temperature, and the discoloration of DPPH was seen at 
a wavelength of 517 nm.

Table 2 Funding this research factors influencing cellulase production by the fusant (PFNT) using solid substrate SCB and WB 
combined in a ratio of 1:1 as carbon source
Trials Variables Cellulase (U/ml)

X1 X2 X3 X4 X5 X6 X7 Experimental Predicted Residual
1 -1 -1 -1 1 -1 -1 1 1.592715 1.807955 -1.09599
2 1 1 1 -1 -1 -1 1 3.710501 3.433152 1.412246
3 -1 1 -1 1 1 1 -1 1.367739 1.090389 1.412246
4 -1 1 1 1 -1 -1 -1 1.92526 2.032159 -0.54432
5 1 1 1 1 1 1 1 1.977767 2.166343 -0.96022
6 -1 -1 1 -1 -1 1 -1 2.669111 2.535549 0.680089
7 -1 -1 1 -1 1 1 1 1.592715 1.726277 -0.68009
8 1 -1 -1 1 -1 1 1 2.966651 2.751411 1.095987
9 1 1 -1 -1 -1 1 -1 2.996641 3.300654 -1.54802
10 -1 1 -1 -1 1 -1 1 1.592715 1.547927 0.228061
11 1 -1 -1 -1 1 -1 -1 2.327815 2.34594 -0.09229
12 1 -1 1 1 1 -1 -1 2.039026 2.02090 0.092292
Variables Code Coded level and actual level

-1 1
SCB (gm) X1 2 4
WB (gm) X2 2 4
Moisture (%) X3 60 80
pH (value) X4 4 6
Temp. (°C) X5 30 37
Time (days) X6 4 8
Inoculum size (sp/ml) X7 1 × 106 3 × 106

Table 3 BB designed matrix for the selected 3-variables (X1 Sugarcane bagasse, X2 pH and X3 Temperature) influencing cellulase production by 
the fusant (PFNT) using solid substrates SCB and WB.

Variables Cellulase (U/ml)
Trial X1 X2 X3 Experimental Predicted Residual
1 -1 -1 0 3.692999 4.617845 -0.92485
2 1 -1 0 7.269158 7.323616 -0.05446
3 -1 1 0 7.428098 7.373640 0.05445
4 1 1 0 8.343898 7.419052 0.92484
5 -1 0 -1 5.489357 5.500473 -0.01112
6 1 0 -1 4.404210 5.285714 -0.88150
7 -1 0 1 5.307947 4.426443 0.88150
8 1 0 1 7.403500 7.392384 0.01111
9 0 -1 -1 4.113056 3.177093 0.93596
10 0 1 -1 4.655629 4.698971 -0.04334
11 0 -1 1 3.833018 3.789676 0.04334
12 0 1 1 4.183065 5.119028 -0.93596
13 0 0 0 5.863292 6.012062 -0.14877
14 0 0 0 6.160833 6.012062 0.14877
Variables code Coded level and actual level

-1 0 1
SCB X1 3 5 7
pH X2 3 4 5
Temp.ºC X3 25 30 35
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The RSA scavenging efficiency was calculated accord-
ing to:

RSA % = [ControlAbsorbance−SampleAbsorbance
ControlAbsorbance  ]*100

Results
Selection and screening of the fusants
The current study reports interspecific protoplast fusion 
between each of the two tested cellulolytic strains 
(Fig.  1a,b,c). The protoplasts were released in the pres-
ence of lysing enzymes (Fig.  1d) and fused in the pres-
ence of 30% PEG then plated on a regeneration medium 
and incubated at 30 °C. Heterokaryons, exhibiting inter-
mediate spore coloration (Fig. 1e,f,g), were further evalu-
ated for extracellular production of cellulase under solid 
substrate culture at 30 °C.

The results in Table 1 show the production of endoglu-
canase (carboxymethyl cellulase) by the parental strains 
A. flavus (Flv), A. nidulans (Nid), A. oryzae (Ory), A. 
tamarii (Tam), A. terreus (Ter), and A. tubingensis (Tub) 
and the fusants PFFT, PFNT and PFOT on solid-state 
production medium (Fig.  2) comprising a combination 
of SCB and WB as carbon source. On the second incu-
bation day, the enzyme activities were higher for most 
of the strains and decreased by the fourth day. On the 

contrary for Tam and Tub strains, activity was increased 
by the fourth day of incubation. Nid and the fusant PFNT 
showed higher enzyme production efficiency 4.53 and 
3.11 U/ml, respectively compared with the other parental 
strains and fusants. To figure out the ideal circumstances 
needed for enzyme activity in crude extract, fusant PFNT 
was selected and examined with different parameters.

According to the ANOVA fixed-test using F distribu-
tion (Fig.  3), Factor A (difference between the enzyme 
activity at the second and fourth incubation day for 
each sample), since the p-value > 0.05, which is the dif-
ference between the sample averages of all groups is not 
big enough to be statistically significant. While Factor B 
(difference between the enzyme activity for each sample), 
since the p-value < 0.05, which is the sample difference 
between the averages of some groups is big enough to be 
statistically significant.

Multifactorial experiment with statistics for cellulase 
synthesis
To assess the relative importance of culture factors influ-
encing cellulase production by Aspergillus fusant strains, 
the PBD design was used. According to the regression 
analysis in Table  4, the correlation coefficient of the 
seven factors, including SCB, WB, moisture, inoculum 

Fig. 1 Protoplast Preparation and Fusion, where (a) spores’ suspensions of A. flavus and A. terreus(b) spores’ suspensions of A. nidulans and A. tamarii, 
(c) spores’ suspensions of A. oryzae and A. tubingensis, (d) protoplasts released in presence of Lysing Enzyme, (e) Heterokaryons exhibiting intermediate 
spore coloration A. flavus X A. terreus, (f) Heterokaryons exhibiting intermediate spore coloration A. nidulans X A. tamari, and (g) Heterokaryons exhibiting 
intermediate spore coloration A. oryzae X A. tubingensis

 



Page 6 of 12Goda et al. Microbial Cell Factories           (2024) 23:73 

size, and cultivation period, had a favorable impact on 
cellulase activity. However, pH and culture temperature 
were discovered to have a deleterious impact. Based on 
the formula confidence level (%) = (1- pvalue) ×100, the 
linear multiple regression analysis approach was used to 
analyze the 7 variables. Aside from that, the major effect 
was essentially determined as the difference between the 
average values of every variable obtained at two levels: 
one at a high level (+ 1) and a second at a low level (-1) 
(Table 2).

The correlation between the variables was examined 
at a 90% or greater level of confidence using the p-value 
from the ANOVA analysis for each response. At a con-
fidence level of 96.13%, the analysis of variance using 
the ANOVA test yields p = 0.0387, indicating that there 
is a statistically significant relation between the vari-
ables. The correlation R-squared value, the fitted model 

accounts for 92.53% of the variability in the measured 
response, which is cellulase activity. The following is a 
possible presentation of the polynomial model describ-
ing the correlation between the cellulase activity and the 
seven factors.: Y = 2.22988805 + 0.43984547 × 1 + 0.031882
69 × 2 + 0.08917534 × 3 − 0.251695 × 4 − 0.4135919 × 5 + 0.03
188269 × 6 +0.00895617 × 7.

The three factors that were chosen for the statistical 
analysis were the amount of SCB, the initial pH, and the 
temperature since they have a considerable impact on 
the production of cellulase and have a confidence level 
of more than 93%. These findings suggest a medium 
with the following conditions: WB, 4 gm; Moisture, 80%; 
inoculum size, (3 × 106 spores/ml); and incubation time, 
4 days, with enzyme activity 3.710501 U/ml, was used 
as the foundational medium for subsequent design. The 
major independent factors (X1, SCB; X2, pH; and X3, 
Temp.) were further investigated, each at three levels, 
to determine the optimal response region for cellulase 
production in terms of activity (U/ml) (Table  3). The 
three variables were examined using a fourteen-trial lin-
ear multiple regression analysis method, and as previ-
ously established percentage confidence levels (%) were 
computed. The value of the determination coefficient 
R2 = 0.834 for cellulase activity (Table  5), being a mea-
sure of fit of the model, suggests that around 16.6% of the 
overall fluctuations are not explained by cellulase activ-
ity. Surface plots, which display the experimental results, 
demonstrate that higher levels of cellulase activity were 
achieved with moderate pH and temperature and higher 
quantities of SCB. (Fig.  4). A non-linear optimization 
approach was used to fit the experimental data with a 
second-order polynomial function in order to predict 

Fig. 3 The Results of means comparisons of enzyme activity between 
Aspergillus parental strains and fusants at the second and forth days of in-
cubation under Solid-State Fermentation

 

Fig. 2 Growth of (a) PFFT, (b) PFNT and (c) PFOT on SSF production medium of carboxymethyl cellulase
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the variable’s ideal location within the constraints of the 
experiment.

Y = 6.012062 + 0.687795 × 1 + 0.712807 × 2 + 0.258159 × 3 
− 0.66508 × 1 × 2 + 0.795175 × 2 × 3-0.0481317 × 1 × 3 + 1.0632
68 (X1)2- -0.39179 (X2)2− 1.424077 (X3)2.

The JMP Desirability prediction profile displays the 
expected ideal coded levels (0.91, 0.037, and 0.0369) for 
the three variables under study—sugarcane, pH, and 
temperature for the fusant’s ability to produce cellulase 
(PFNT) as shown Fig.  5, where the polynomial model’s 
maximum point revealed the following values for the 

three variables under study as the ideal levels: SCB, 6.82 
gm; pH, 4; and incubation temperature, 31.8  °C; with 
predicted estimated enzyme activity equal to 7.689 U/
ml. Eventually, An investigation for verification was con-
ducted under anticipated ideal conditions while keep-
ing an eye on the enzyme activity in the ideal medium 
to assess the quadratic polynomial accuracy. The per-
centage accuracy was determined using the following 
formula to demonstrate the model accuracy: Model accu-
racy is equal to [YExperiment/ YCalculated] / 100.The results of 
the verification test indicate that the Y value is 8.72 U/
ml. The accuracy of the computed model was 113.4%. In 
this work, a statistical technique that combined PB and 
BB designs for determining the best concentrations of the 
statistically relevant components proved to be efficient 
and accurate. Consequently, it is anticipated that the fol-
lowing medium composition will be close to the ideal: 
SCB, 6.82 gm; WB, 4 gm; Moisture, 80%; pH, 4; inoculum 
size, (3 × 106 spores/ml); and incubation Temperature 
31.8 °C for 4 days.

Antioxidant activity ofAspergillus spp.fusant (PFNT) 
fermentation hydrolysate.

The antioxidant activity was assessed using the DPPH 
test of fusant (PFNT) fermentation hydrolysate, it 
showed a positive response in RSA% where it was 27.13% 
scavenging activities (Fig. 6).

Discussion
The natural ability of filamentous fungi to produce huge 
amounts of industrial hydrolytic enzymes on a big scale 
has led to substantial research on heterologous pro-
tein expression in these organisms. In a typical pro-
tein expression, a fungal cell factory expresses a chosen 
gene that encodes the target enzyme [19, 20]. Cellulase 
production using cost-effective raw materials in SSF by 

Table 4 Statistical analysis of PBD showing coefficient values, main effect, t and p values, and confidence level % for each variable 
affecting cellulase production using solid substrates SCB and WB combined in a ratio of 1:1
Term Coefficients Main effect Standard

Error
t Stat P-value Confidence

level (%)
Intercept 2.229888 0.094014 23.71868 0.0000187 96.1301
Sugarcane bagasse 0.439845 0.879691 0.094014 4.678510 0.009458 24.84297
Wheat bran 0.031882 0.063765 0.094014 0.339127 0.751570 60.34304
Moisture 0.089175 0.178351 0.094014 0.948532 0.396570 94.46109
pH -0.251695 -0.50339 0.094014 -2.677210 0.055389 98.83021
Temp. -0.413591 -0.82718 0.094014 -4.399260 0.011698 24.84297
Time 0.031882 0.063765 0.094014 0.339127 0.751570 7.131335
Inoculum size 0.008956 0.017912 0.094014 0.095264 0.928687 24.84297
ANOVA analysis df SS MS F Significance F
Regression 7 5.255258 0.750751 7.078311 0.038698969
Residual 4 0.424254 0.106064
Total 11 5.679513
Multiple R 0.96192563
R Square 0.92530091
Adjusted R Square 0.79457751

Table 5 Statistical analysis of BB design showing coefficients, t 
–and p-values for significant variables (X1 Sugarcane bagasse, X2 pH 
and X3 Temperature) affecting on cellulase production by the fusant 
(PFNT) using solid substrates SCB and WB. 
Term Coefficients Stan-

dard 
Error

t Stat P-value Upper 
95.0%

Intercept 6.012062 0.796165 7.55127 0.00164 8.22257
x1SCB 0.687796 0.398083 1.72777 0.15909 1.79305
x2pH 0.712807 0.398083 1.79060 0.14784 1.81806
x3Temp 0.25816 0.398083 0.64850 0.55200 1.36341
x1SCB*x2pH -0.66509 0.562974 -1.18139 0.30289 0.89797
x2pH*x3Temp 0.795175 0.562974 1.41245 0.23067 2.35824
x1SCB*x3Temp -0.04813 0.562974 -0.08550 0.93597 1.51493
x1SCB*x1SCB 1.063269 0.629424 1.68927 0.16643 2.81082
x2pH*x2pH -0.39179 0.629424 -0.62246 0.56736 1.35576
x3Temp*x3Temp -1.42408 0.629424 -2.26251 0.08644 0.32348
ANOVA df SS MS F Prob > F
Model 9 25.61478 2.846087 2.244976 0.22652
Error 4 5.071034 1.267758
C. Total 13 30.68582
RSquare 0.834
RSquare Adj 0.46
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Fig. 5 JMP Desirability prediction profle showing the predicted optimal coded levels (0.91, 0.037 and 0.0369) of studied three variables Sugarcane ba-
gasse, pH and Temp, respectively for cellulase production by the fusant (PFNT).

 

Fig. 4 Three-dimensional surface and contour plots showing the relationships between the tested variables and the cellulase produced by the fusant 
(PFNT).
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fungal systems and the ability of Aspergillus species to 
hydrolyze a wide range of carbohydrates to simple sug-
ars is well-known [21]. According to our obtained results, 
all Aspergillus spp. and their fusants showed cellulase 
enzyme activity with carboxymethyl cellulose as substrate 
ranging from 0.87 to 4.53 U/ml where Nid was the high-
est cellulase producer. The fungal utilization of low-cost 
sugarcane bagasse (SCB) based SSF media to produce 
lignocellulolytic enzymes minimizes the enzymatic pro-
duction expenses [8, 22]. Also, SCB was the best inducer 
for exoglycanase, endoglucanase, and β-glucosidase pro-
duction and was revealed to be the best carbon source, 
presumably because of its high cellulose and low lignin 
contents [23].

Fungal protoplasts are an important tool in physi-
ological and genetic research [24, 25]. Hence, protoplast 
fusion is one of the crucial methods [26] and a power-
ful tool for promoting genetic recombination and cre-
ating superior hybrid strains [27–30]. Isolation, fusion, 
and regeneration of protoplasts have been achieved in 
the genus Aspergillus mainly in the strain improvement 
program to enhance enzyme production [31]. The con-
trasting character of the parental strains is required for 
selecting the fusants [9]. In that light and according to the 
morphological and growth rate differences between the 
Aspergillus spp., we conducted protoplast fusion and the 
resultant fusants tested for cellulase activity as well as the 
parental strains to observe strain improvement. The goal 
of the current work was to isolate the protoplasts from 
Aspergillus species and perform interspecific protoplast 
fusion in order to look into the possibility of increasing 
the extracellular synthesis of carboxymethyl cellulase 
(CMCase) in the progenies of the fusant. The results 
indicated that protoplast fusion technique successfully 

generated hybrid strain (PFNT) with enhanced and 
rapid cellulase production capabilities (3.11 U/ml by the 
second Incb. day) compared to the parental strain Tam 
highest activity (2.368 U/ml by the fourth Incb. day) in 
the initial SSF experiment. Our results agreed with [32] 
where the native and heterologous enzymes of A. nidu-
lans have been applied in numerous industrial processes. 
It is a versatile filamentous fungal cell factory that is a 
potential resource for industrial enzymes such as cellu-
lases, β-glucosidases, and hemicellulases from low-cost 
substrates such as lignocellulosic waste. Also, A. tama-
rii was identified as the one with the highest xylanase 
activity of 9 strains from the genus Aspergillus [23]. On 
the other hand, the fusant PFOT showed an unremark-
able increase and the fusant PFFT exhibited a decrease in 
activity as compared to the parents. These findings sug-
gest that protoplast fusion may involve partial or total 
genetic recombination, which may have had unfavorable 
consequences for fusants which is consistent with [9].

Cellulase-secreting microorganisms belonging to dif-
ferent species or genera may have distinct cellulase 
genes and control systems. Protoplast fusion could be 
used to recombine them, and strong screening methods 
could then be applied to select the superior recombinant 
strains [33]. Therefore, in the presented study, we devel-
oped a useful strain as a single source of cellulase among 
other enzymes; it was intended to incorporate the char-
acteristics of two parental species of Aspergillus belong-
ing to the high cellulase-producing species A. nidulans 
and the high xylanase-producing species A. tamarii, 
by fusing their protoplasts. The resultant fusant PFNT 
showed enhanced cellulase activity compared with the 
high xylanase-producing parent (Tam) which means that 
protoplast fusion achieved a strain improvement and 
added a new feature to the A. tamarii as cellulase pro-
ducer among its other well-known advantages in the 
enzymes production. Based on that, the fusant PFNT 
with enhanced cellulase activity was selected for further 
optimization to elevate the enzyme activity level.

It’s crucial to shorten the production time to maxi-
mize the efficiency of the enzyme production process 
and finish more batches in a shorter period. In addi-
tion, the ideal duration for achieving the intended level 
of enzyme production is contingent upon the medium’s 
initial inoculum moisture content, concentration, incu-
bation temperature, and interaction of an organism with 
a substrate [34]. Oberoi et al. [35] reported that a fall in 
enzyme activity after 72 or 96  h, for different isolates 
could possibly be due to the organism going to a station-
ary phase of growth; the nutrients running out, the fer-
mentation medium producing additional byproducts, or 
a combination of all of the aforementioned causes. The 
current study agreed with that where enzyme activity 
in the parental strain (Nid), and the fusant (PFNT) was 

Fig. 6 Free radical scavenging efficiency for the fermentation hydrolysate 
(left) and ascorbic acid as positive control (right)
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higher after 2 days of incubation and decreased with 4th 
day, while the parental strain (Tam) took a longer time 
to enter the stationary phase of growth. Initially, fungi 
break down the easily accessible carbohydrates(sugars) 
to create hydrolytic enzymes, However, over time, as the 
concentration of sugar decreases, the fungus start using 
these hydrolytic enzymes to make sugars, which results 
in a decrease in enzyme activity [35].

To increase cellulase production by the protoplast fus-
ant Aspergillus PFNT through the two stages (PB and 
BB), a sequential optimization technique was used. Nor-
mally, it is important to examine as many variables as 
possible and understand their significance when exam-
ining the factors influencing the development of specific 
secondary metabolites [36]. A helpful quick screening 
procedure is offered by the PB design, and it statistically 
calculates the relevance of numerous factors in a single 
trial, saving time and preserving strong evidence for each 
element. Even though this model does not take interac-
tion into account, the screening program does not place 
a high premium on looking at how these numerous ele-
ments interact. Only the most beneficial and successful 
variables would be kept for further optimization, while 
those that significantly harmed the bioprocess may be 
excluded from all upcoming experiments [14]. In this 
investigation, PB results showed a wide range of cellulase 
activity from 1.4 up to 3.7 U/ml. This variant illustrates 
how critical medium-level optimization is to boost pro-
ductivity. The study of the regression coefficients, t-test, 
and p-value for the seven variables clearly shows that 
SCB, pH, and incubation temperature were the three fac-
tors that had the greatest impact on the production of 
cellulase activity, with p-values of 0.009458, 0.055389, 
and 0.011698, respectively.

The goal of RSM use in this study was to increase cel-
lulase yield by reducing time, energy, costs, and manu-
facturing errors. Since changing the independent factors 
caused the dependent elements to change automatically, 
this practice had proven quite successful [37]. SCB, pH 
and incubation temperature greatly impacted cellulase 
synthesis, according to RSM analysis. In agreement with 
[35, 38] where the amount and growth rate of an organ-
ism are both greatly influenced by temperature, which 
also has a significant impact on the manufacturing of 
the desired output. Whereas lower temperature inhibits 
the movement of substrate through the cells, lowering 
product yields. The thermal denaturation of the meta-
bolic pathway’s enzymes causes less product synthesis 
at higher temperatures, which raises the maintenance 
energy demand for cellular growth. The results obtained 
in the present study showed that when three different 
temperatures 25, 30, and 35˚C were tested the higher 
activity attained with 31.8 ˚C as incubation temperature.

In line with our findings, which revealed that high 
enzymatic activity was detected at pH 4, Imran et al. 
[39] demonstrated that increased initial pH content for 
SSF had a negative or restricting influence on cellulase. 
Experimental validation and comparison with the mod-
el’s expected optimum resulted in the determination of 
the ideal circumstances obtained from the optimization 
plan. The polynomial model estimates a value of 7.689 U/
ml, while the estimated cellulase activity was 8.72 U/ml. 
This high level of accuracy (113.4%) shows that the model 
has been verified. under ideal circumstances. Enzyme 
activity in the optimized medium was also approximately 
2.8-fold higher than it was under the initial conditions. 
This illustrated the value of the optimization process and 
its necessity. Cellulase was found to dramatically increase 
phenolic extraction yields and antioxidant capabilities, 
according to [40], because it was able to hydrolyze the 
product’s cell walls, allowing the release and recovery of 
these compounds which is consistent with our findings. 
Along with the rise in cellulase load, Ghandahari et al. 
[41] also noted an increase in the extraction yield of phe-
nolic compounds.

Conclusion
The results indicate that protoplast fusion can be an 
effective strategy for improving cellulase production in 
Aspergillus species. The use of RSM allowed for the iden-
tification and optimization of critical process variables, 
leading to increased enzyme production. This research 
demonstrates the successful development of cellulase 
through protoplast fusion of Aspergillus species and its 
statistical optimization using RSM. The optimized condi-
tions significantly enhanced cellulase production, provid-
ing a basis for further scale-up and application in various 
industries. Future studies should focus on downstream 
processing and purification techniques to maximize the 
commercial potential of the developed cellulase.

Abbreviations
PFFT  Protoplast fusant from A. flavus X A. terreus
PFNT  Protoplast fusant from A. nidulans X A. tamari PFOT:Protoplast 

fusant from A. oryzae X A. tubingensis
PBD  Plackett-Burman design
BBD  Box Behnken design
CMCase  Carboxymethyl Cellulase
SCB  Sugarcane bagasse
WB  Wheat bran
Temp.  Temperature
PEG  polyethylene glycol
PDA  Potato Dextrose Agar
SSF  Solid-State Fermentation
CMC  Carboxymethyl Cellulose
RSM  Response surface methodology
DPPH  1,1-diphenyl-2-picrylhydrazyl
RSA  Radical scavenging activity
Flv  Aspergillus flavus
Nid  Aspergillus nidulans
Ory  Aspergillus oryzae
Tam  Aspergillus tamarii



Page 11 of 12Goda et al. Microbial Cell Factories           (2024) 23:73 

Ter  Aspergillus terreus
Tub  Aspergillus tubingensis 

Acknowledgements
The authors are extremely grateful to Prof. Dr. Nadia A. Soliman for her great 
assistance.

Author contributions
“D.G. designed the experiments of optimization and application, follows up 
the study, interpreted the data, helps in some experimental work and wrote 
the manuscript. H.S. supervising all practical work, reviewing the writing of 
manuscript and participation in preparing the idea and research proposal. 
M.M. performed the main experimental part of the work and writing the 
original draft. H.A. provided advice throughout the work, participating in 
preparing the idea and research proposal and revised the manuscript. MY. 
suggesting research problem and work plan and supervising the practical 
work. All authors read and approved the final manuscript.”

Funding
Funding this research received no specific grant from any funding agency in 
the public, commercial, or not-for-profit sectors.
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Bioprocess Development Department, Genetic Engineering and 
Biotechnology Research Institute (GEBRI), City of Scientific Research 
and Technological Applications (SRTA-City), Universities and Research 
Institutes Zone, P.O. 21934, New Borg El-Arab City, Alexandria, Egypt
2Genetics Department, Faculty of Agriculture (El-Shatby), Alexandria, 
Egypt

Received: 29 November 2023 / Accepted: 19 February 2024

References
1. Kotarska K, Swierczynska A, Dziemianowicz W. Study on the decomposi-

tion of lignocellulosic biomass and subjecting it to alcoholic fermenta-
tion. Renewable Energy. 2015;75:389–94. https://doi.org/10.1016/j.
renene.2014.10.018

2. Sun Z, Bottari G, Afanasenko A, Stuart MCA, Deuss PJ, Fridrich B, Barta K. 
Complete lignocellulose conversion with integrated catalyst recycling 
yielding valuable aromatics and fuels. Nat Catal. 2018;1:82–92. https://doi.
org/10.1038/s41929-017-0007-z

3. Sarkar N, Ghosh SK, Bannerjee S, Aikat K. Bioethanol production from agri-
cultural wastes: an overview. Renewable Energy. 2012;37:19–27. https://doi.
org/10.1016/j.renene.2011.06.045

4. Midorikawa GEO, Correa CL, Noronha EF, et al. Analysis of the Transcrip-
tome in Aspergillus Tamarii during Enzymatic degradation of Sugarcane 
Bagasse. Front Bioeng Biotechnol. 2018;6:123. https://doi.org/10.3389/
fbioe.2018.00123

5. Andlar M, Rezic T, Marđetko N, Kracher D, Ludwig R, Santek B. Lignocel-
lulose degradation: an overview of fungi and fungal enzymes involved 

in lignocellulose degradation. Eng Life Sci. 2018;18:1–11. https://doi.
org/10.1002/elsc.201800039

6. Yacout M, Abd El-Rassoul H, Makhlouf A, Metwally M. Application of gene 
transformation for microbial enzymes production. International Conference 
on Biotechnology and Environment. Alexandria, Egypt.2016.

7. Strom NB, Bushley KE. Two genomes are better than one: history, genetics, 
and biotechnological applications of fungal heterokaryons. Fungal Biology 
Biotechnol. 2016;3(1):1–4. https://doi.org/10.1186/s40694-016-0022-x

8. El-Gendy M, Al-Zahrani S, El-Bondkly A. Construction of potent recombinant 
strain through Intergeneric Protoplast Fusion in Endophytic Fungi for Anti-
cancerous enzymes production using Rice Straw. Appl Biochem Biotechnol. 
2017;183:30–50. https://doi.org/10.1007/s12010-017-2429-0

9. Hassan MM. Influence of protoplast fusion between two Trichoderma spp. 
on extracellular enzymes production and antagonistic activity. Biotechnol 
Biotechnol Equip. 2014;28(6):1014–23. https://doi.org/10.1080/13102818.201
4.978206

10. Leite P, Belo I, Salgado JM. Enhancing antioxidants extraction from agro-
industrial by-products by enzymatic treatment. Foods. 2022;11(22):3715. 
https://doi.org/10.3390/foods11223715

11. Kaur B, Sharma M, Soni R, Oberoi HS, Chadha BS. Proteome-based profiling of 
hypercellulase-producing strains developed through Interspecific Protoplast 
Fusion between Aspergillus nidulans and aspergillus tubingensis. Appl Biochem 
Biotechnol. 2013;169:393–407. https://doi.org/10.1007/s12010-012-9985-0

12. Rodrigues PO, Gurgel LVA, Pasquini D, Badotti F, Neto AG, Baffi MA. Lignocel-
lulose-degrading enzymes production by solid-state fermentation through 
fungal consortium among Ascomycetes and Basidiomycetes. Renewable 
Energy. 2020;145:2683–93. https://doi.org/10.1016/j.renene.2019.08.041

13. Lone MA, Wani MR, Bhat NA, Sheikh SA, Reshi MA. Evaluation of Cellulase 
Enzyme Secreted by Some Common and Stirring Rhizosphere Fungi of Jug-
lans regia L. by DNS Method. Journal of Enzyme Research.2012; 3(1):18–22. 
ISSN: 0976–7657 & E-ISSN: 0976–7665. http://www.bioinfo.in/contents.
php?id=74

14. Goda DA, Bassoons AR, Abdel Monem NM, Soliman NA. Abdel Fattah 
YR.Effective multi-functional biotechnological applications of protease/
keratinase enzyme produced by new Egyptian isolate (Laceyella sacchari 
YNDH). J Genetic Eng Biotechnol. 2020;18:23–35. https://doi.org/10.1186/
s43141-020-00037-7

15. Abdel-Fattah YR, El Enshasy H, Anwar M, Omar H, Abolmagd E, Zahra RA. 
Application of factorial experimental designs for optimization of cyclosporin 
a production by Tolypocladium inflatum in submerged culture. J Microbiol 
Biotechnol. 2007;17:1930–6. https://pubmed.ncbi.nlm.nih.gov/18167438/

16. Abdel-Fattah YR, Soliman NA, Yousef SM, El-Helow ER. Application of 
experimental designs to optimize medium composition for production 
of thermostable lipase/esterase by Geobacillus thermodenitrificans AZ1. 
JGEB. 2012;10:193–200. https://www.sciencedirect.com/science/article/pii/
S1687157X12000376

17. Amara A, Salem SR. Logical and experimental design for phenol degradation 
using immobilized Acinetobacter Sp. Cult IIUM Eng J. 2010;11:89–104. https://
doi.org/10.31436/iiumej.v11i1.32

18. Habib HM, Al Meqbali FT, Kamal H, Souka UD, Ibrahim WH. Bioactive 
Components, antioxidant and DNA damage inhibitory activities of honeys 
from arid regions. Food Chem. 2014;153:28–34. https://doi.org/10.1016/j.
foodchem.2013.12.044

19. Liu E, Li M, Abdella A, Wilkins MR. Development of a cost-effective medium 
for submerged production of fungal aryl alcohol oxidase using a genetically 
modified aspergillus nidulans strain. Bioresour Technol. 2020;305:123038. 
https://doi.org/10.1016/j.biortech.2020.123038

20. Hoffmeister D, Keller NP. Natural products of filamentous fungi: enzymes, 
genes, and their regulation. Nat Prod Rep. 2007;24(2):393–416. https://doi.
org/10.1039/b603084j

21. Leghlimi H, Mihoubi I, Boukhalfa-Lezzar H, Djekrif-Dakhmouche S, Benna-
moun L, Zahia M. Improvement of fungal cellulase production by Solid State 
Fermentation. Int J Sci. 2017;3:46–51. https://doi.org/10.18483/ijSci.1457

22. El-Bondkly AM, El-Gendy AM. Cellulase production from agricultural residues 
by recombinant fusant strain of a fungal endophyte of the marine sponge 
Latrunculia corticate for production of ethanol. Antonie Van Leeuwenhoek. 
2012;101:331–46. https://doi.org/10.1007/s10482-011-9639-1

23. Ramírez-Lagunes H, Aguilar-Uscanga MG, Infanzón-Rodríguez. 
MI.Optimization of xylanase production from aspergillus tamarii SCBH2 using 
response surface methodology. Biomass Conv Bioref. 2021;1–11. https://doi.
org/10.1007/s13399-021-02046-z

https://doi.org/10.1016/j.renene.2014.10.018
https://doi.org/10.1016/j.renene.2014.10.018
https://doi.org/10.1038/s41929-017-0007-z
https://doi.org/10.1038/s41929-017-0007-z
https://doi.org/10.1016/j.renene.2011.06.045
https://doi.org/10.1016/j.renene.2011.06.045
https://doi.org/10.3389/fbioe.2018.00123
https://doi.org/10.3389/fbioe.2018.00123
https://doi.org/10.1002/elsc.201800039
https://doi.org/10.1002/elsc.201800039
https://doi.org/10.1186/s40694-016-0022-x
https://doi.org/10.1007/s12010-017-2429-0
https://doi.org/10.1080/13102818.2014.978206
https://doi.org/10.1080/13102818.2014.978206
https://doi.org/10.3390/foods11223715
https://doi.org/10.1007/s12010-012-9985-0
https://doi.org/10.1016/j.renene.2019.08.041
http://www.bioinfo.in/contents.php?id=74
http://www.bioinfo.in/contents.php?id=74
https://doi.org/10.1186/s43141-020-00037-7
https://doi.org/10.1186/s43141-020-00037-7
https://pubmed.ncbi.nlm.nih.gov/18167438/
https://www.sciencedirect.com/science/article/pii/S1687157X12000376
https://www.sciencedirect.com/science/article/pii/S1687157X12000376
https://doi.org/10.31436/iiumej.v11i1.32
https://doi.org/10.31436/iiumej.v11i1.32
https://doi.org/10.1016/j.foodchem.2013.12.044
https://doi.org/10.1016/j.foodchem.2013.12.044
https://doi.org/10.1016/j.biortech.2020.123038
https://doi.org/10.1039/b603084j
https://doi.org/10.1039/b603084j
https://doi.org/10.18483/ijSci.1457
https://doi.org/10.1007/s10482-011-9639-1
https://doi.org/10.1007/s13399-021-02046-z
https://doi.org/10.1007/s13399-021-02046-z


Page 12 of 12Goda et al. Microbial Cell Factories           (2024) 23:73 

24. Hamari Zs, Pfeiffer I, Kevei F, Ferenczy L. Preparation of mitochondrial DNA 
from fungal protoplasts. J Microbiol Methods. 1997;30:165–6. https://doi.
org/10.1016/S0167-7012(97)00060-2

25. Peberdy JF. Fungi without coats-protoplasts as tools for mycological research. 
Mycol Res. 1989;93:1–20. https://doi.org/10.1016/S0953-7562(89)80129-7

26. Peberdy JF. Protoplasts fusion-a tool for genetic manipulation and breeding 
in industrial microorganisms. Enzyme Microbiol Technol. 1980;2:23–9. https://
doi.org/10.1016/0141-0229(80)90004-6

27. Stasz TE, Harman GE, Weeden NF. Protoplast preparation and fusion in two 
biocontrol strains of Trichoderma Harzianum. Mycologia. 1988;80:141–50. 
https://doi.org/10.2307/3807788

28. Pe’er S, Chet I. Trichoderma protoplast fusion; a tool for improving biocontrol 
agents. Can J Microbiol. 1990;36:6–9. https://doi.org/10.1139/m90-002

29. Sivan A, Harman GE. Improved rhizosphere competence in a protoplast 
fusion progeny of Trichoderma Harzianum. J Gen Microbiol. 1991;137:23–9. 
https://doi.org/10.1099/00221287-137-1-23

30. Mrinalini C, Lalithakumari D. Integration of enhanced biocontrol efficacy and 
fungicide tolerance in Trichoderma spp. by electrofusion. J Plant Dis Prot. 
1998;105:34–40. https://www.jstor.org/stable/43215211

31. Mrinalini C, Lalithakumari D. Protoplast fusion: a biotechnological tool for 
strain improvement of Trichoderma Sp. Curr Trends Life Sci. 1996;21:133–46. 
https://eurekamag.com/research/033/017/033017145.php

32. Kumar A. Aspergillus nidulans: a potential resource of the production of the 
native and heterologous enzymes for industrial applications. Int J Microbiol. 
2020. https://doi.org/10.1155/2020/8894215

33. Zhang YHP, Himmel ME, Mielenz JR. Outlook for cellulase improvement: 
screening and selection strategies. Biotechnol Adv. 2006;24:452–81. https://
doi.org/10.1016/j.biotechadv.2006.03.003

34. Botella C, de Ory I, Webb C, Cantero D, Blandino A. Hydrolytic enzyme 
production by aspergillus awamori on grape pomace. Biochem Eng J. 
2005;26:100–6. https://doi.org/10.1016/j.bej.2005.04.020

35. Oberoi HS, Rawat R, Chadha BS. Response surface optimization for enhanced 
production of cellulases with improved functional characteristics by newly 

isolated aspergillus Niger HN-2. Antonie Van Leeuwenhoek. 2014;105:119–34. 
https://doi.org/10.1007/s10482-013-0060-9

36. Abdel-Fattah YR, El-Enshasy HA, Soliman NA, El-Gendi H. Bioprocess 
development for production of alkaline protease by Bacillus pseudofirmus 
Mn6 through statistical experimental designs. J Microbiol Biotechnol. 
2008;19:378–86. https://doi.org/10.4014/jmb.0806.380

37. Shajahan S, Moorthy IG, Sivakumar N, Selvakumar G. Statistical modeling 
and optimization of cellulase production by Bacillus licheniformis NCIM 
5556 isolated from the hot spring. Maharashtra, India. J King Saud Uni Sci. 
2017;29:302–10. https://doi.org/10.1016/j.jksus.2016.08.001

38. Aiba S, Humphrey AE, Millis NF. Kinetics. Biochemical Engineering. 2nd 
ed. New York: Academic; 1973. pp. 92–127. https://doi.org/10.1002/
aic.690200435

39. Imran M, Anwar Z, Irshad M, Javid A, Hussain A, Ali S. Optimization of Cellu-
lase Production from a Novel strain of Aspergillus Tubingensis IMMIS2 through 
response surface methodology. Biocatal Agric Biotechnol. 2017;12:191–8. 
https://doi.org/10.1016/j.bcab.2017.10.005

40. Trinh LTP, Choi YS, Bae HJ. Production of phenolic compounds and biosugars 
from flower resources via several extraction processes. Ind Crops Prod. 
2018;125:261–8. https://doi.org/10.1016/j.indcrop.2018.09.008

41. Ghandahari Yazdi AP, Barzegar M, Sahari MA, Ahmadi Gavlighi H. Optimization 
of the enzyme-assisted aqueous extraction of phenolic compounds from 
pistachio green hull. Food Sci Nutr. 2019; 7356–366. https://doi.org/10.1002/
fsn3.900

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/S0167-7012(97)00060-2
https://doi.org/10.1016/S0167-7012(97)00060-2
https://doi.org/10.1016/S0953-7562(89)80129-7
https://doi.org/10.1016/0141-0229(80)90004-6
https://doi.org/10.1016/0141-0229(80)90004-6
https://doi.org/10.2307/3807788
https://doi.org/10.1139/m90-002
https://doi.org/10.1099/00221287-137-1-23
https://www.jstor.org/stable/43215211
https://eurekamag.com/research/033/017/033017145.php
https://doi.org/10.1155/2020/8894215
https://doi.org/10.1016/j.biotechadv.2006.03.003
https://doi.org/10.1016/j.biotechadv.2006.03.003
https://doi.org/10.1016/j.bej.2005.04.020
https://doi.org/10.1007/s10482-013-0060-9
https://doi.org/10.4014/jmb.0806.380
https://doi.org/10.1016/j.jksus.2016.08.001
https://doi.org/10.1002/aic.690200435
https://doi.org/10.1002/aic.690200435
https://doi.org/10.1016/j.bcab.2017.10.005
https://doi.org/10.1016/j.indcrop.2018.09.008
https://doi.org/10.1002/fsn3.900
https://doi.org/10.1002/fsn3.900

	Enhancement of cellulolytic enzyme production from intrageneric protoplast fusion of Aspergillus species and evaluating the hydrolysate scavenging activity
	Abstract
	Background
	Methods
	Fungal strains
	Protoplast preparation and fusion
	Enzyme production in solid-state fermentation (SSF) at flask scale
	Evaluation of cellulase activity
	SSF Statistical optimization for cellulase production
	The statistical evaluation of data
	Antioxidant activity (DPPH-free radical-scavenging assay)
	RSA % = [￼ ]*100

	Results
	Selection and screening of the fusants
	Multifactorial experiment with statistics for cellulase synthesis

	Discussion
	Conclusion
	References


