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Abstract

Most of the lignocellulosic biomass residues are decomposed and transformed by a variety of microbes in the natural environ-
ment. The xylanase production from Aspergillus niger strain BG has been produced using wheat bran under solid-state fermen-
tation (SSF). One factor at a time approach (OFAT) was used to optimize the effect of the incubation period, initial pH, moisture
content, and cultivation temperature on the xylanase production. Furthermore, experiments were designed with a Box—Behnken
design (BBD) on the same variables using response surface methodology (RSM). Analysis of variance (ANOVA) was carried
out and the xylanase production was expressed with a mathematical equation depending on the factors. Maximum xylanase yield
after OFAT approach and RSM optimization was significant with maximum values of 4008.25 + 3.73 U/g of dry substrate
(U/gds) and 5427.51 + 4.4 U/gds which have been recorded respectively compared with the initial conditions (1899.02 + 1.6
Ul/gds) after 7 days of fermentation. The effects of individual, interaction, and square terms on xylanase production were
represented using the non-linear regression equations with significant R* and p values. The optimum conditions established by
RSM method for the maximum xylanase production were obtained with a pH media of 2.5 at 37 °C using wheat bran as 84%
humidified substrate after 66 h of incubation, this conditions resulted in 65.01% increased level of the xylanase production than
produced in the initial conditions. Xylanase production from Aspergillus niger strain BG using RSM is considered advantageous
for bioconversion of the agriculture residues.

Keywords Lignocellulosic biomass residues - Optimization - Xylanase - Aspergillus niger strain BG - Solid-state fermentation

Abbreviations ANOVA  Analysis of variance

OFAT One factor at a time Ul/gds Unit per gram of dry substrate
BBD Box—Behnken design SSF Solid-state fermentation
RSM Response surface methodology PDA Potato dextrose agar

Highlights « Optimization of the xylanase production by wheat bran

biodegradation on SSF. 1 Introduction

» Xylanase production was enhanced at the different conditions using

OFAT and RSM approaches. , . o .

* RSM is underline with optimum OFAT conditions to select the optimal The world’s present economic system is highly reliant on
range. diverse fossil energy sources such as oil, coal, and natural

¢ The Xylanase production has been enhanced to 26.15% using RSM. gas [1] Several alternative energies can Change fossil

fuels in the future, such as biomass, solar, wind, hydro,
and ocean thermal energy. Within these energy sources,
biomass is the only carbon-based sustainable energy used
around the world [2]. Lignocellulose is the principle ele-
ment of plant biomass. It consists of three main compo-
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nents: cellulose, hemicelluloses, and lignin.
Lignocellulose and its derivatives are the principal con-
stituents of agricultural waste used as solid substrates in
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both energy and environmental sectors. Xylan is the most
abundant hemicellulose in the cell wall of higher plants
[3]. Xylanase (endo-1,4-3-D-xylanase; EC 3.2.1.8) is the
term generic which utilized to indicate enzyme particular-
ly important to catalyze the cleavage of internal 3-(1,4)-
linked of long-chain xylan into short
xylooligosaccharides, which are further hydrolyzed to D-
xylose by f-1,4-xylosidases (f-D-xyloside
xylohydrolase; EC 3.2.1.37) [4, 5]. This group of enzyme
is produced by various organisms including crustaceans,
protozoans, seeds, snails, insects, marine algae, bacteria,
fungi, and yeast. Owing to secreting high-level xylanase
in the culture medium, among microorganisms, filamen-
tous fungi are within the most potent producers of
xylanase. Furthermore, Aspergillus genus principally
Aspergillus niger is commonly known as xylanase pro-
ducer in industrial plants such as in paper manufacturing,
animal feed, bread-making, juice, and wine industries
[6-8]. In this context, the valorization of lignocellulosic
biomass for the production of the enzymes by either sub-
merged or solid-sate fermentation has been highly studied
[9, 10], and the solid-state fermentation has successfully
applied for biofuels, biotransformation, biological detoxi-
fication, and bioremediation, in solving an energy crisis
and environmental pollution, and the application in envi-
ronmental protection is to enhance their nutritional value
[11]. Optimization of the fermentation conditions to
achieve high enzyme yield. This uni-dimensional ap-
proach is simple and easy but did not respect different
factor interactions. On the other hand, in the RSM meth-
od, it is possible to identify interaction effects between
input parameters [12]. Wheat bran, the agricultural resi-
due is a low-cost resource available in Algeria. In the
present work, wheat bran is used as substrate to reduce
the cost of xylanase production. The aim of this present
study was carried out to optimize fermentation conditions,
using OFAT approach and the RSM experiment based on
the BBD design to select an optimal range of physico-
chemical parameters for maximizing xylanase production
by A. niger strain BG using wheat bran in the solid-state
fermentation (Fig. 1). The optimization of xylanase pro-
duction is believed to open new horizons for a wide range
of industrial applications.

2 Materials and methods

2.1 Substrate and chemicals

Carboxy-methyl cellulose (CMC), Beechwood xylan, and an-
alytical grade reagents were purchased from Sigma Chemical

Company (St. Louis, MO, USA). All other chemicals were of
the analytical grade unless otherwise stated.
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Fig. 1 Estimation of the interactions between the factors using OFAT
method (a) and RSM method (b)

2.2 Microorganisms

The xylanase-producing microorganism was isolated
from soil decaying abundant on olive tree collected from
Akbou area, Bejaia, located in North-east of Algeria.
Carboxy-methyl cellulose (CMC) agar medium supple-
mented with 0.01% gentamycin was used for isolation of
the fungal strain, a soluble cellulose derivative such as
CMC was used as the sole source of carbon and energy,
and was able to induce cellulases and xylanases produc-
tion [13]; 1 gram of sample was transferred to the ali-
quots of 9 ml of physiological water. It was shaken vig-
orously with vortex at a constant rate for 15 min. The
suspension was then subjected to serial dilutions than
inoculated in Petri dishes. The Petri dishes were incubat-
ed for 7 days at 28 °C. The grown has rapidly appeared,
and single colonies were picked up, sub-cultivated on the
medium potato dextrose agar (PDA was purchased from
Thermo Fisher Scientific), and were incubated at 28 °C
for 7 days, then stored at 4 °C; the culture conserved as a
suspension of spores and mycelium in 25% (v/v) sterile
glycerol at — 20 °C [13, 14]. The isolate was identified
based on its morphological characteristics, and the inter-
nal transcribed spacer (ITS) region of the rDNA gene
and its internal transcribed spacer (ITS) sequences were
amplified using a pair of universal primers designed by
White et al. [15], ITS1(5'-TCCGTAGGTGAACC
TGCGG-3') and ITS2 (5'-GCTGCGTTCTTCAT
CGATGC-3"). PCR analysis was performed according
to the method described by Gonzalez-Mendoza et al.
[16].
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2.3 Preparation of spore suspensions

The sample which contains fungi was left at room temperature
(25 °C), then inoculated in PDA medium at pH 5.0, and incu-
bated at 28 °C for 7 days, for xylanase production and opti-
mization under solid-state fermentation (SSF). Spore was har-
vested delicately to prevent detachment of the mycelium by
adding 10 ml of sterile distilled water containing 1% (v/v)
tween 80 and then collected in sterilized bottles for use as an
inoculum for enzyme production, the suspension was diluted
by 1:100 (v/v), and the spore count was performed in a
counting chamber (Malassez REF 06 106 10
MARIENFELD, Germany) [17, 18].

2.4 Xylanase production under solid-state
fermentation

Wheat bran a lignocellulosic substrate was purchased
from the local market of Akbou (Algeria) and was thor-
oughly washed in distilled water, dried at 80 °C for 24 h,
and then stored for further use. Aspergillus niger strain
BG was cultivated using solid-state fermentation in a
500-ml flask containing wheat bran (10 g) dry substrates
moistened at 70% in Mandels medium [19], and the initial
pH medium was adjusted to 5.0. A spore suspension (10’
spores/g) of Aspergillus niger strain BG was inoculated in
a 500-ml flask and incubated at 28 °C for 7 days.
Thereafter, the enzymatic extract was harvested by mixing
the contents of the flasks in 100 ml distilled water with a
glass rod and then shaking on an orbital shaker at
100 rpm for 10 min at room temperature. The filtrate
was centrifuged at 10000g for 10 min at 4 °C. Cell-free
supernatant served as the crude extracellular enzyme, was
stored at 4 °C, and used for further investigations [20].

2.5 Enzyme assay

Xylanase activity was determined according to Bailey et al.
[21], using Beechwood xylan as substrate. The liberation of
reducing sugars was estimated by the dinitro-salicylic-acid
(DNS) method [22]. A 100-pl culture supernatant was added
to 900 pl xylan solution (2%, pH 4.8, 50 mM sodium citrate
buffer) and incubated at 50 °C. After 10 min, then, 1.5 ml of
3,5-dinitrosalicylic acid reagent was added to stop the reac-
tion, and the amount of reducing sugars released in the reac-
tion was estimated by measuring the absorbance at 540 nm
[22] and compared with a standard curve of xylose (0 to 1
pmol/ ml). One unit of the enzyme was defined as the amount
of the enzyme per 1 ml needed to liberate 1 pmol of reducing
sugar from a substrate per minute under the stated assay con-
ditions [23, 24].

2.6 OFAT approach for enhanced xylanase production

Various cultivation conditions were adjusted for optimal
xylanase production, using OFAT approach. Optimized con-
ditions were then used sequentially in the subsequent fermen-
tation [24]. In these experiments, the conditions for xylanase
production by Aspergillus niger strain BG were optimized.
Standard inocula (10”spores/g) were inoculated in each 500-
ml Erlenmeyer flask containing 10 g of wheat bran as
substrate.

2.6.1 Effect of the incubation period

The effect of incubation period was studied by carrying a
fermentation using Aspergillus niger strain BG in
Erlenmeyer flasks (500 ml) containing 10-g wheat bran pow-
der as substrate at 28 °C with 70% of moisture. The initial pH
was adjusted to 5.0. The enzyme activity was measured for 7
days with 24 h as intervals, at the desired initial pH (5.0),
moisture (70%), and temperature (28 °C). The effect of incu-
bation period was studied by carrying a fermentation experi-
ment for up to 7 days, where the enzyme production was
measured at 24-h intervals.

2.6.2 Effect of initial pH value

To estimate the effects of initial culture pH of solid-state fer-
mentation on xylanase production, the initial pH values were
assessed by adjusting the initial pH of production medium at
2.0,2.5,3.0,3.5,4.0,4.5,5.0,5.5,6.0,6.5,7.0,7.5, 8.0, 8.5,
9.0, 9.5, and 10.0 with hydrochloric acid (HCI) or sodium
hydroxide (NaOH) solutions. The production of xylanase by
Aspergillus niger strain BG was studied by incubating the
flasks at 28 °C for the optimum time determined before, and
then xylanase activity was determined.

2.6.3 Effect of moisture level

The effect of moisture level on xylanase production was stud-
ied by varying initial moisture contents at 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, and 95. The prepared flasks
were incubated under optimum pH and incubation period.

2.6.4 Effect of incubation temperature
Incubation temperature was optimized by varying the temper-
ature at 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, and 40 °C and

incubating the inoculated flasks for optimum humidity, pH,
and optimal incubation time, the enzyme activity was assayed.

@ Springer
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2.7 Statistical analysis

In this study, all assays were performed in triplicate measure-
ments and expressed as mean values + SD. The data was
subjected to one-way analysis of variance (ANOVA), using
XLSTAT software (version 2009.1.02), and a p value < 0.05
is deemed as significant.

2.8 RSM approach for enhanced xylanase production
using BBD exploratory model

Optimization of the solid-state fermentation for xylanase pro-
duction focused a single-factor-test to determine the prelimi-
nary range of the extraction variables including A, fermenta-
tion time; B, effect of moisture level; C, initial pH; and D,
incubation temperature (Table 1). Based on the OFAT exper-
imental results, high influence factors and their levels were
confirmed. Twenty-seven experiments with triplicates of the
central point were employed (Table 2) to fit the polynomial
model which is based on a Box—Behnken design (BBD, 4
variables) achieved by Design Expert 10®software
(Version10.0.5.0.USA) and was conducted to optimize the
processes. A three-level and four factors, BBD experimental
design was tested and the number of the trial (V) intended was
defined according to Eq (1):

N =2k (k-1) + CO (1)

k is the number of factors and CO is the number of central
points (3). For each assay, SSF employed 10 g of wheat bran
and the initial pH (C) was adjusted according to the levels
presented in Table 1

The substrate was uniformly distributed into 500-ml
Erlenmeyer flasks and sterilized by autoclave at 121 °C for
20 min at 15 psi. When the medium reached room tempera-
ture, a suspension of 10’spores/g was spread evenly over the
surface of each sample and incubated for three levels at dif-
ferent incubation temperatures (A). Regression analysis of the
data to fit a second-order polynomial equation (quadratic
model) was carried out according to the following general

equation (Eq. (2)) which was, then, used to predict the opti-
mum conditions of the xylanase production.

R =By + BaA+ BB+ BcC + BpD + BaaA® + BapAB
+ BaocAC + BypAD + BypB* + BpcB + BgpBD+
BccC® + BepCD + BppD* + &

(2)

R represents the response surfaces, (3 is the constant term
(intercept), B4, Bp, Bc, and By represent the coefficients of the
linear parameters, A, B, C, and D represent the variables, G44,
Bss, Bce, and [pp represent the coefficients of the quadratic
parameter, Bap, Bac, Baps Bacs Bap, and (cp represent the
coefficients of the interaction parameters, and ¢ is the residual
associated with the experiments, the prediction error, repre-
sents the difference between measured R values and predicted
R and quantifies the random variability in this design of the
experiment. R was used to perform regression analyses and
ANOVA for the regression.

The equation model was put to experimental data to output
the proposed model. The corresponding coefficients of vari-
ables, interaction variables, and response surface graphs were
drawn by Design Expert10. Statistical analysis of the signifi-
cance of the coefficient estimations was performed via Fisher
F test. The optimum values of the selected variables were
obtained by solving the regression equation and by analyzing
the response surface plots, the proposed model was validated
by performing new assays in triplicate [17, 23].

3 Result and discussion
3.1 Strain identification

Based on morphological observations, Aspergillus niger strain
BG had dark brown to black conidial heads, which is indica-
tive of the genus Aspergillus. To identify this strain at the
molecular level, the ITS sequence was amplified and ana-
lyzed. The alignment of this ITS fragment with all related
sequences in the NCBI database by the BLASTN program

Table 1 Independent variables

and levels of variation in Box— Study type Response Surface
Behnken design (BBD) Design type Box-Behnken

Design mode Quadratic

Factor Name

A Temperature

B Moisture

C pH

D Time

Response Name

R1 Xylanase

Subtype Randomized
Runs 27
No blocks
Units Type Minimum Maximum Mean
°C Numeric 32 40 36
% Numeric 80 90 85
Numeric 1 3 2
h Numeric 24 72 28
Units Obs Analysis
Ul/gds 27 Polynomial

@ Springer
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Table 2 The experimental design

layout and corresponding Run Factor 1 Factor 2 Factor 3 Factor 4 Response (R)
responses for BBD based on A: temperature  B: moisture C: pH D: incubation time (h)  Xylanase activity (U/gds)
RSM for xylanase activity ©C) (%)
1 36 80 1 48 2796 £5.5
2 36 85 2 48 5100+ 1.2
3 32 85 1 48 1740 £ 0.6
4 40 80 2 48 24789 +£0.7
5 36 90 2 24 7442 £0.4
6 36 90 2 72 3210.5+0.37
7 36 80 2 72 2850.5+5.2
8 36 90 3 48 2610+0.3
9 32 90 2 48 14822 £0.12
10 36 80 3 48 3044.4£2.0
11 36 85 3 24 14162 £0.6
12 40 85 2 72 5376.8 £ 0.3
13 36 90 1 48 1644.4+22
14 32 80 2 48 2064.6 + 1.5
15 36 85 3 72 4650.5+0.4
16 40 85 2 24 834.6 £ 1.8
17 36 85 1 72 32829+04
18 32 85 2 24 720 £0.5
19 36 85 2 48 4596.2 + 2.6
20 36 80 2 24 2172.8+0.9
21 32 85 2 72 2574.6 £0.9
22 32 85 3 48 1854.1 £0.2
23 36 85 1 24 2526 £1.2
24 36 85 2 48 4920+ 3.2
25 40 85 3 48 43562 +5.7
26 40 85 1 48 2580 +2.5
27 40 90 2 48 25623 £ 1.1

showed that it was identical to those of strain Aspergillus niger
(100% identity). The results reported in this research for the
nucleotide sequence of the 5.8 S rDNA gene (413 bp) were
deposited in the GenBank databases under accession number
MG792343.

3.2 Xylanase optimization using OFAT approach

In this context, wheat bran was used as substrate for xylanase
production by Aspergillus niger strain BG in solid-state fer-
mentation, 1899.02 + 1.6 U/gds activity was registered under
standard condition. Furthermore, varying operating conditions
such as incubation time, effect of moisture level, initial pH,
and temperature were optimized xylanase enzymes in solid-
state fermentation.

The time of incubation plays a vital role in the production
of enzymes and was considered as significant factor affecting
on xylanase production (p value < 0.05). Figure 2a illustrates

the effect of incubation time on the production of xylanase
enzyme. The optimal production of xylanase enzyme was
achieved after 2 days (3478.85 £ 0.6 U/gds) of fermentation;
Okafor et al., Abdel-Sater and El-Said, Thomas et al., and
Singh et al., achieved maximum production of xylanase in 4,
8, 4, and 7 days with Penicillium chrysogenum PCL501,
Trichoderma harzianum, and Aspergillus sp. SH-1 and SH-2
strains respectively [19, 25-27].

To check the optimum initial medium pH for xylanase
production, the experiments showed that maximum en-
zyme production (3894.80 + 2.78 U/gds) was obtained
in pH 2 (Fig. 2b). Different investigations reported that
initial medium pH of 4.5, 6.0, and 6.5 was best for fungal
xylanase production [11, 27, 28]; these reports indicating
that most of the fungi exhibit an acidic environment for
their growth [11].

Xylanase production was significantly affected by the
initial pH with a p value < 0.05, and as shown in Fig. 2b,
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Fig. 2 OFAT approach optimization for the xylanase production by solid-state fermentation with Aspergillus niger strain BG on wheat bran: effect of
incubation time (a), effect of initial pH (b), effect of moisture level (c), and effect of incubation temperature (d)

the pH profile strongly indicates that enzyme production
is influenced by variations in the pH of the medium. In
particular, for an extracellular enzyme, its cell release into
the medium relies on the mechanism of membrane trans-
port, which is regulated by the concentration of the hy-
drogen in the medium and may be the hydrogen ion effect
on the stability of enzymes [29].

The effect of medium humidity on xylanase biosynthesis
was studied for a humidity range of 30-95% and was statisti-
cally significant (p value < 0.05). The optimal humidity was
85% (Fig. 2¢), and the maximum xylanase production
4008.25 + 3.73 U/gds was obtained. Nutrient availability
might influence xylanase production by varying moisture lev-
el [20, 30]. Forty-three percent and 83% were the optimum
moisture level for xylanase production, which were reported
by strains Aspergillus niger and Paecilomyces thermophila
respectively [31, 32].

The results of the test made at different temperature
values showed that the optimal temperature for xylanase
activity (4084.75 £+ 0.30 U/gds) was 36 °C (Fig. 2d). The
effect of incubation temperature was statistically signifi-
cant (p value < 0.05) in xylanase production, and the
results showed that the enzyme production decreased

@ Springer

when the temperature increases above 36 °C. Many
workers have reported different temperatures for maxi-
mum xylanase production. Fusarium oxysporum in shake
flask cultures also produces maximum xylanase yield at
an incubation temperature of 30 °C. Gautam et al. and
Irfan et al. [33, 34] registered the maximum xylanase pro-
duction at 30 °C by Aspergillus foetidus and Aspergillus

flavus ARC-12 respectively, also Zehra et al. [35] report-

ed the maximum xylanase production at 35 °C by
Aspergillus fumigatus MS16. At lower temperature, the
production of xylanase decreased owing to lower transfer
of substrates in the cell membrane; a higher temperature
could induce to reduce growth due to the denaturation of
enzymes, which results in the higher preservation energy
for cellular growth and lower metabolites generation [36].

A classical optimization approach for xylanase produc-
tion by Aspergillus niger strain BG on wheat bran was
measuring xylanase activity at the varied incubation con-
ditions. Production was characterized by short incubation
time (two days), acidity pH (pH 2), large moistening level
(85%), and mesophilic temperature (36 °C); however, the
strain was able to produce higher amounts of xylanase
with an activity of 4008.25 + 3.73 U/gds.
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3.3 Model establishment
3.3.1 Modeling and fitting the model using RSM

BBD matrix and the corresponding results of RSM exper-
iments are shown in Table 2, which are the best design for
response surface optimization. The production was select-
ed with four factors including incubation temperature (A),
effect of moisture level (B), initial pH (C), and incubation
time (D). All factors were kept constant at the optimum
level that they obtained in the OFAT trial. Afterward, the
Box—Behnken design was used to optimize the level of
each of these factors giving the highest production and to
study their interaction.

The ANOVA for the model is grouped in Table 3. This last
demonstrated that the model is highly significant with a p <
0.0001, and the model F value of 13.41 implies the model is
significant. There is only a 0.01 % chance that an F value this
large could occur due to noise. The values of “Prob > F”’ less

than 0.05 are indicated model terms are significant and in
these cases, A, B, C, D, AD, A%, B>, C?, and D* are significant
model terms.

Values greater than 0.1 indicate that model terms are not
significant if there are many insignificant model terms (not
counting those required to support hierarchy). The lack-of-fit
F value of 4.81 signifies the lack-of-fit is insignificant relative
to the pure error. There is an 18.44 % chance that a lack of fit 7’
value this large could occur due to noise. Non-significant lack-
of-fit is suitable; it is desired the model to fit. According to
Bezerra et al. [37], significant regression and a non-significant
lack-of-fit present in the model was well fitted to the
experiments.

Figure 3 shows a good correlation between the actual
and predicted xylanase production and linear distribution
is indicative of a well-fitted model and demonstrates that
the model is quite realistic since it shows no significant
differences between experimental and predicted values
[38].

Table 3 Estimated regression

coefficients for the quadratic Source Sum of squares DF* Mean of squares F- Prob > F
polynomial model and the value
analysis of variance (ANOVA)
for the experimental results of Model 1.419E+006 14 1.014E+005 13.41 < 0.0001 significant
xylanase production Linear
A: temperature 1.391E+005 1 1.391E+005 18.40 0.0001
B: moisture 39330.75 1 39330.75 5.20 0.0416
C: ph 1.019E+005 1 1.019E+005 13.49 0.0032
D: time 5.804E+005 1 5.804E+005 76.79 <0.0001
Quadratic
A? 2.460E+005 1 2.460E+005 32.54 <0.0001
B? 2.428E+005 1 2.428E+005 32.13 0.0001
c 1.374E+005 1 1.374E+005 18.18 0.0011
D? 2.709E+005 1 2.709E+005 35.84 <0.0001
Interaction
AB 3080.25 1 3080.25 0.41 0.5352
AC 19182.25 1 19182.25 2.54 0.1371
AD 50176.00 1 50176.00 6.64 0.0243
BC 552.25 1 552.25 0.073 0.7915
BD 22952.25 1 22952.25 3.04 0.1069
CD 289.00 1 289.00 0.038 0.8482
Residual 90696.75 12 7558.06
Lack of fit 87072.75 10 8707.27 4.81 0 .18 not significant
Pure error 3624.00 2 1812.00 1.5391 0.4571
Corr. total 1.510E+006 26
R 0.9399
Adjusted R* 0.8698
CV. % 19.31
Adequate precision 12.217

? Degree of freedom
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The generated models were employed subsequently to
study the effect of various parameters and their interactions
on the xylanase activity, and the model for the predicted

response could be expressed by the quadratic polynomial
equations (in the form of coded factors) and was achieved as
follows Eq (3):

XylanaseActivity = +812.00 + 107.67-A—57.25-B 4+ 92.17-C 4+ 219.92-D + 27.75-AB + 69.25-AC+ (3)
112.22:-AD—11.75-BC + 75.75-BD + 8.50-CD-214.75-A*~213.37-B*~160.50-C*>—225.38-D*

A is the incubation temperature, B is the effect of moisture
level, C is the initial pH, and D is the incubation time. The
positive sign in front of the terms designates a synergistic
effect, while the negative sign indicates an antagonistic effect.
Negative values of a coefficient estimate denote a negative
influence of parameters on the xylanase enzyme product.
This quadratic model was found to have a coefficient of de-
termination value (R?) of 0.9399 confirming the effectiveness
of the model, which means that 93.99% of the total variation
in the observed results was assigned to the independent vari-
ables. Therefore, the high value of R* obtained in this regres-
sion model indicates a good agreement between predicted and
real xylanase activity. The value of the coefficient of variation
(CV%) was 19.31% and the “Adequate Precision” ratio of
12.21 suggested that the model was reliable and reproducible
agreeing previous reports compare the range of predicted
values at design points with the average prediction error [39,
40]. Ratios greater than four indicate adequate model discrim-
ination [41] It is interesting to examine in Fig. 4 that the
interaction plots of A, B, C, and D on xylanase activity, as
can be seen from Table 3, there is a significant interactions
between incubation temperature vs. incubation time (AD) (p
0.02 < 0.05). By contrast, a no significant interaction is
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Fig. 3 Correlation of actual and predicted values of xylanase activity by
the response surface model
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observed between; incubation temperature vs. effect of mois-
ture level (AB) (p 0.53 > 0.05), incubation temperature Vvs.
initial pH (AC) (p 0.13 > 0.05), effect of moisture level vs.
initial pH (BC) (p 0.79 > 0.05), effect of moisture level vs.
incubation time (BD) (p 0.10 > 0.05), and initial pH vs. incu-
bation time (CD) (p 0.84 > 0.05).

3.3.2 Analysis of response surfaces model

The relationship between parameters and responses can be
explained by studying the contour plot (two dimensional
2D) response surface plots for xylanase activity; this response
was generated from the predicted quadratic model. The 2D
response surface plot can also be used to determine the opti-
mum level of each variable for xylanase activity (Fig. 5a—f).
While maintaining other variables at their optimal level, any
two variables were constructed in the response surface plot.

Figures 5a-b illustrate combinations of the effects of inde-
pendent variables on the xylanase activity, with data obtained
from the surface response graph, a tendency can be observed
of the xylanase activity as a function of A and B (Fig. 5a) and
the interaction between A and C (Fig. 5b). These parameters
are insignificantly influenced xylanase production.
Optimization of fermentation parameters allowed obtaining
values of temperature, effect of moisture level, and initial pH
in studies conducted by Nishio et al., and Yadav [42, 43]
reported that the moisture content and temperature were con-
sidered relevant to SSF process and they were the major pa-
rameters related with the best enzymes production in SSF
using fungi [17, 44].

Figure Sc illustrates the effect of A and D on the xylanase
activity when the initial pH and effect of moisture level were
fixed at level 0. The xylanase activity increases significantly
(p < 0.05) with increasing the temperature and fermentation
time, these parameters to an increase in xylanase activity. The
xylanase activity mainly depends on the temperature and fer-
mentation time as its quadratic and linear effects were highly
significant (p < 0.001), confirming the single-factor experi-
ment results (Table 3). These two parameters may have influ-
enced the metabolism responsible for xylanase production.
Temperature is a very significant factor in the fermentation
process. High- and low-temperature activity may result in
the reduction of microbial growth and consequently lower
production of the enzyme, but Behnam et al. [45] reported
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that the interaction term of temperature and time was insignif-
icant in the optimization of xylanase production by strain
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Mucor indicus through SSF. According to studies conducted
by dos Santos et al., Pathania et al., and Yegin et al. [46-48],
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an interaction between an incubation time and temperature has
an impact on maximum xylanase production by strains
Aureobasidium pullulans Y-2311-1, Aspergillus niger, and
Rhizopus delemar F2, respectively. Similarly, Behnam,
Karimi, and Khanahmadi [49] reported that the interaction
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term of moisture agent level and incubation time was the sig-
nificant effect with strain M. indicus and was insignificant
effect with remaining strains of M. hiemalis and Rhizopus
oryzae for the xylanase and cellulase produced through SSF
on wheat bran.
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Figure 5d—f show the effect of B and C (Fig. 5d), B
and D (Fig. 5e¢), and C and D (Fig. 5f) on the xylanase
activity. These interactions are not significantly influ-
enced by the response. It indicates a not significant
mutual interaction between these parameters. According
to studies conducted by de Almeida Antunes Ferraz
et al. and Azzouz et al. [50, 51], an interaction between
the moisture agent level and an incubation time has
proved to be insignificant on the biomass and xylanase
productions by strains Penicillium roqueforti ATCC
10110 and Trichoderma afroharzianum isolate az 12
using yellow mombin residue and wheat bran under
solid-state fermentation respectively. Also, Behnam
et al. and Cao et al. [45, 52] reported that the interac-
tion term of moisture content, incubation time, and pH
was insignificant in the optimization of xylanase
production.

3.4 Validation of the developed models

Response surface equations were validated by the contrast
between experimental values and the estimated values de-
rived from the response regression; the RSM model and the
regression equation was validated with the optimal condi-
tions proposed by the model. In this study, after establish-
ing the optimum conditions and predicting the response
with these conditions, a new position of the experiment
was calculated with the selected optimal conditions to pre-
dict and verify the precision of the mathematical model. A
new range and level of the variables were studied to further
determine the maximum xylanase production at different
variable levels. The ranges of variable levels were set up
based on the maximum production of xylanase recorded in
the full model; the ranges of used values are presented in
Table 4.

Analyses of residuals emerge to be a very functional
and really simple tool in model construction and model
criticism, and are an important role in adjudicating model
adequacy. The residuals from the regression model are
shown in Fig. 6, which presents plot residuals versus the
predicted response. A random model on these plots
would show model adequacy.
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4 Concluding remarks

Importance of these optimization studies was related to
the valorization of xylanase production using economical
carbon sources such as wheat bran as a substrate, and an
increase in xylanase production with saving time of
fermentation. For the first time, classical optimization
following OFAT was applied for xylanase production at
the varied incubation conditions. Production was charac-
terized by short incubation time (2 days), acidic pH (pH
2), high moisture level (85%), and mesophilic tempera-
ture (36 °C); however, the strain was able to produce
higher amounts of xylanase with an activity of
4008.25 + 3.73 U/gds compared with the initial condi-
tions (1899.02 + 1.6 U/gds). Also, RSM proved to be a
powerful tool for the optimization of culture conditions,
using wheat bran as the solid substrate at 37 °C temper-
ature, pH 2.5, 84% effect of moisture level, and 66-h
fermentation time under these conditions, the xylanase
activity was 5427.51 + 4.4 U/gds, and the xylanase
activity was enhanced by 65.01% compared with the
standard conditions. However, RSM was established to

Table 4 Predicted and

experimental value of xylanase Temperature ~ Moisture ~ pH Time Experimental xylanase Predicted xylanase activity
production under the optimum (A) (B) © D) activity (U/gds) (U/gds)
conditions

37°C 84% 2.5 66 h 542751 +44 5401.219

@ Springer
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be more satisfactory and effective than other methods
due to its efficacy to study many variables simultaneous-
ly with a low number of observations, saving time and
costs.
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