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Abstract

Parthenium hysterophorous, a widespread weed in India, contributes a substantial amount of lignocellulosic biomass. The
key objective of this study is to evaluate the feasibility of producing xylanase enzyme from P. hysterophorus weed biomass
using the fungus Aspergillus niger. The impact of various physiological factors was confirmed through a two-step approach:
first, a one-factor-at-a-time (OFAT) investigation, and subsequently, employing the RSM-based CCD method in statistical
design. This research revealed that the RSM-based model led to the optimization of enzyme activity, resulting in a value
of 2098.08 IU/gds for xylanase. This was achieved with an incubation time of 4.5 days, a medium pH of 6, and a cultiva-
tion temperature of 32.5 °C. Additionally, a pretreatment involving 1% NaOH and a 30-min autoclave treatment was found
to alter the chemical composition of lignocellulose substrates (cellulose 43.87% and xylan 28.7%), thereby enhancing the
efficiency of enzymatic hydrolysis. Moreover, fermentable sugars were produced by autoclave-assisted alkali pretreatment
(NaOH-1.0% w/v) at rates of 219.6 +2.05 mg/gds™" by utilizing the crude xylanase from A. niger and 291.3 + 1.2 mg/gds™!
from commercial xylanase enzyme. Our study revealed that P. hysterophorus served as a viable and affordable substrate for
fermentable sugar liberation, and xylanase is a rate-limiting enzyme in enzymatic saccharification.

Keywords Xylanase - Parthenium hysterophorus - Aspergillus niger - OVAT - Response surface methodology - Enzymatic
saccharification

Introduction

In nature, lignocellulosic biomass is widely distributed, and
xylan (a polysaccharide) is the hemicellulose component of
holocellulose and an essential part of the weed. Xylan is an
important source of renewable biomass and serves as raw
material for manufacturing various goods, including bio-
fuels, inexpensive sources of energy for fermentation, and
enhanced feed for animals. Most bioconversion steps involve
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the conversion of xylan to xylose and xylo-oligosaccharides.
Acid hydrolysis or xylanolytic enzymes (xylanases) that
break down hemicellulose by deconstructing plant structural
components can convert xylan into xylose (Bhardwaj et al.
2019). According to the Brundtland Commission, environ-
mental sustainability is defined as growth that scales up to
satisfy current demands without harming the potential to
meet future needs (Hajian and Kashani 2021). Concerns
about energy security are another motivator for nations
looking for environmentally sustainable methods of energy
production. Various recent research reports showed a sig-
nificant change in environmental research from conventional
technologies to environmentally friendly, sustainable, and
cost-effective technologies known as "green technologies"
(Shan et al. 2021). Enzyme technology, for example, is a
sustainable and effective method that has been employed
in a variety of manufacturing processes as a substitute for
chemical catalysis, with benefits in terms of efficiency and
sustainability (Loi et al. 2021).
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P. hysterophorus, one of the most harmful invasive weeds
in the world, is widespread in Asia, Africa, the United
States, and Australia (Saini et al. 2014). This weed has
proven challenging to control using conventional physical,
chemical, biological, and integrative approaches. However,
there are several microorganisms that produce the enzymes
that can penetrate the cell walls of the lignocellulosic com-
ponents and utilize biomass as a food source. This approach
provides an efficient method for eliminating this weed.
Recently, researchers have tried to use weeds as a biore-
source for various purposes in an effort to take an innova-
tive approach to weed management. For the production of
xylanase (Bharti et al. 2018), p-Glucosidase (Kumar et al.
2022), endoglucanase (Saini and Aggarwal 2019), and cel-
lulase (Saini et al. 2017), Parthenium weed has the potential
to be an affordable substrate. The manufacturing of paper,
textiles, pharmaceuticals, and food are just a few examples
of the many uses for xylanases, which can break down xylan,
the second-most abundant polymer after cellulose (Bhardwaj
et al. 2019). Xylanases are hydrolytic enzymes that cleave
the p-1,4-bonds that make up xylans. They are composed of
D-Xylose monomers, occasionally with some branches of
D-Mannose, L-Arabinose, or b-Galactose (Gupta et al. 2019).

Non-food lignocellulosic biomass is a highly environmen-
tally friendly carbon source for renewable energy sources,
biochemicals, biological materials, and sustainable goods.
In contrast to 1G bioethanol production from food-based
sources, 2G bioethanol generated from non-food lignocellu-
losic material will not put food crops in competition (Huang
et al. 2019). SSF and submerged fermentation (SmF) are
used in commercial and industrial applications to produce
enzymes. However, due to its significant applications over
SmF in current years, SSF has taken over as the preferred
option. SSF gained this trust because of its minimal water
usage, low risks of contamination, low energy requirements,
and effectiveness of the process, including the downstream
process step where a product of superior quality is obtained
and easily separable (El-shishtawy et al. 2014). Furthermore,
because a large amount of biomass is present and catabolic
repression is less during SSF, a higher enzyme production
can be achieved (Kar et al. 2013). For the synthesis of xyla-
nases by SSF utilizing various agricultural wastes, the genus
Aspergillus, especially A. fumigatus, A. oryzae, A. niger, and
A. ibericus, has been used (Amin et al. 2021).

The cost-effective manufacture of xylanase in high quan-
tities is necessary for its industrial uses. Using inexpensive
agricultural waste as a carbon source and superior micro-
bial strains can lower manufacturing costs. The OFAT tech-
nique is commonly used to optimize parameters for enzyme
synthesis, but it does not account for variable interaction
(Kumar et al. 2012). The optimal design of the culture
medium for enzyme production using statistical models
like RSM is an alternative that offers the fewest trials for a
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large number of process parameters and modelling of their
interactions. RSM has been used effectively to increase
production while lowering the cost and time required for
biotechnological process development. RSM is a collection
of statistical methods for designing and simulating the pro-
gression of experiments, examining the effects of various
variables, and identifying the ideal conditions for achieving
the desired outcomes. The predicted outcome of interactions
between different process variables is also made possible by
this methodology (Kumar et al. 2023a, b).

In this study, we used the one factor at a time (OFAT) and
CCD approaches to optimize the xylanase production of A.
niger strain isolated from decayed organic waste cultivated
in SSF with P. hysterophorus as a substrate. The applications
of crude and commercial xylanase enzymes were experi-
ential to liberate reducing sugars from alkali-pretreated P.
hysterophorus biomass by an enzymatic saccharification
process.

Materials and methods
Microorganism

The fungal strain used in this study, Aspergillus niger (acces-
sion no. OP270219), was isolated from decaying organic
matter and soil samples, purified, grown, and stored at 30 °C
on PDA plates. It was obtained from the collection of cul-
tures at the Enzyme and Fermentation Laboratory, Depart-
ment of Microbiology, MDU, Rohtak.

Substrate collection and processing

Parthenium hysterophorus is an annual weed obtained from
the university campus of Kurukshetra University, Kuruk-
shetra, Haryana, India. These weeds further used as a sub-
strate for the synthesis of xylanase in the current study.
Water was used to cleanse any leftover contaminants prior
to its usage. To remove moisture, the collected P. hystero-
phorus was dried in a hot air oven at 60 °C for 48 h. After
washing and drying, it was crushed with a lab grinder and
stored in poly bags for further examination.

Enzyme production

Parthenium hysterophorus was used as the primary carbon
source substrate for stationary cultivation. The isolate was
grown for 7 days at 30 °C on the PDA slant until complete
sporulation was achieved for inoculum formation. P. hys-
terophorus (5 g) and distilled water (10 ml) are both pre-
sent in the production medium. To produce xylanase, the
flasks were allowed to incubate at 30 °C for five days under
static conditions after being injected with 2 x 10° spores/
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ml. The flasks were carefully tapped at the bottom at regular
intervals to stimulate air exchange. Enzyme harvesting was
done using phosphate buffer containing 0.1% Tween 80. The
contents were centrifuged at 4 °C for 20 min at 10,000 rpm
to extract the enzyme. First, a muslin cloth separated the
liquid culture filtrate from the solid mycelial portion. The
clear supernatant was filtered using Whatman filter paper
no. 1 and used as a crude enzyme source in subsequent tests.

Enzyme assay

The DNS test for reducing sugars was used to evaluate xyla-
nase activity in accordance with Miller's method (1959).
Beechwood xylan (1 g in 100 ml of citrate buffer, pH 5)
and the enzyme were introduced to a reaction that contained
1% (w/v) beechwood xylan. After 15 min of incubation at
55 °C in a water bath, the reaction mixture was stopped by
adding 1 ml of the 3,5-dintrosalicylic acid (DNS) reagent
and further heated for 5 min in a water bath at 100 °C. A
spectrophotometer-Shimadzu UV-1900, Japan was used to
measure the absorbance at 540 nm to determine the quan-
tity of sugar liberated by the enzyme. “Under the specified
assay conditions, one unit (U) of xylanase was defined as the
quantity of enzyme that liberated 1 pmol xylose as reducing
sugar equivalents per minute”.

Optimization of xylanase production by OFAT
approach

The impact of different process factors that included incuba-
tion period (1-6 days), cultivation temperature (20—40 °C),
substrate concentration (5-20 g), substrate-to-moisture ratio
wiv (1:0.5-1:2.5), inoculum size (2.0x 10° to 5.0 x 10°), ini-
tial medium pH (3-8), and nitrogen source on xylanase pro-
duction by A. niger was studied under SSF using the OFAT
method.

Table 1 Factors and levels of variation in central composite design (CCD)

Experimental design

Xylanase production optimization was achieved by perform-
ing response surface methodology (RSM). The incubation
period, pH, and temperature, three independent variables,
were further optimized based on the outcomes of OFAT
optimization. RSM optimized the effect of three variables
on xylanase production: incubation duration (A, Days), pH
(B), and temperature (C, °C). The CCD was used for statisti-
cal evaluations in this investigation. Table 1 describes the
CCD levels and their coded values. A '2-Order Polynomial
Model' was fitted to the experimental results using multiple
regression equations.

n n n
Y=Po+ Y BXi+ Y BXP+ Y FXX;, ()
i=0 i=0 i#i=1

“Where Y is the predicted response, 0 is the intercept, n is
the number of factors analyzed, fi, Pii, and pij are the linear
(main effect), quadratic, or interactive model coefficients,
respectively. Accordingly, Xi and Xj indicate the levels of
the independent parameters”. For the RSM design, the sta-
tistical software ‘Design Expert 13.0” Software, Stat-Ease,
Inc., USA, was utilized for the investigation.

Autoclave-assisted NaOH pretreatment

In an autoclave-assisted NaOH pretreatment process, one gram
of weed powder was combined with 10 mL of a 1% NaOH
solution, maintaining a solid-to-liquid ratio of 1:10 (w/v).
These mixtures were then subjected to autoclaving at a tem-
perature of 121 °C and a pressure of 15 psi for a duration of
30 min. This step aimed to break down the biomass through
hydrolysis. Following the treatment, the solid residues were
separated by filtration using a Rocker 300 vacuum pump. A
porcelain crucible was used as a filter to separate the liquid
portion from the solid part of the slurry. The solid portion
was then washed many times with distilled water until the pH

Study type Response Surface

Design type Central composite Runs 20

Design mode Quadratic Blocks—No blocks

Factor Name Units Type Minimum Maximum
A Incubation period Days Numeric 1.98 7.02

B pH Numeric 4.32 7.68

C Temperature °C Numeric 19.89 45.11
Response Name Units Obs Analysis
R1 Xylanase 1U/gds 20 Polynomial
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was stable or no more Na+ was detected (Saroj and Korrapati
2018). The resulting solid waste was subsequently dried until
it reached a consistent weight and then stored at room tem-
perature for compositional analysis and enzyme hydrolysis.

Compositional analysis
Estimation of cellulose

To ascertain the cellulose content in 1 g of oven-dried biomass
(whether it was untreated or subjected to pre-treatment), it was
mixed with a solution containing 10 ml of 80% acetic acid
and 1.5 ml of nitric acid for a duration of 20 min. This process
served to dissolve the lignin and hemicellulose components
present in the biomass (Updegraff 1969). The remaining cel-
lulose content in the solid portion was determined through
gravimetric analysis (Ahmed et al. 2010). The mixture was
then filtered through pre-weighed filtering crucibles (w,) using
a vacuum pump (specifically, a Rocker 300). These crucibles
were subsequently subjected to oven drying at 105 °C until
a constant weight (w,) was reached. The cellulose content
(%w/w) was calculated using the following formula:

WZ_WI

Cellulose content (%) =
Wo

Estimation of Xylan

Xylan extraction from lignocellulosic biomass was carried
out using a modified procedure based on Hauli et al. (2013)
and Ipsit et al. (2013). The lignocellulosic powders (derived
from P. hysterophorus) were first immersed in a 10% NaOH
solution (1:10 ratio) and left to soak with continuous agita-
tion at 60 °C overnight. Subsequently, they were subjected
to steam treatment at 100 °C for 3 h. Following the alkaline
treatment, the liquid phase was separated through centrifuga-
tion at 10,000 rpm for 15 min and then acidified to a pH of 5.0
using 12N HCI. Next, 1.5 times the volume of 95% ethanol
was added to precipitate the xylan. After another round of cen-
trifugation, the xylan was air-dried initially and then further
dried in a hot air oven at 55 °C for 4 h. The resulting pellets
were weighed, pulverized using a mixer, and stored at room
temperature for subsequent analysis. The actual xylan content
was determined using the following formula:

dry weight of extracted xylan(g)

Xylan content(%) = (100).

weight of the sample(g)

Estimation of lignin

The method developed by Yao et al. (2010) was used to
calculate the lignin content. To perform this assessment,
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the dried biomass (referred to as "w,") underwent a two-
hour hydrolysis process using 72% sulfuric acid at a tem-
perature of 20 °C, maintaining a 1:15 bath ratio. During
this procedure, both cellulose and hemicellulose were sub-
jected to hydrolysis (Bhagia et al. 2016). Glass crucibles
were utilized to separate the components, and their initial
weight was recorded as "w;." The solid residue collected
in the crucible was rinsed with hot water and subsequently
dried in an oven at 105 °C until it reached a consistent
weight (labeled "w,"). The difference in weight before and
after acid hydrolysis was utilized to estimate the percent-
age of lignin content (w/w):

WZ_WI

Lignin content(%) = W
0

Hydrolysis of P. hysterophorus from crude and commercial
xylanase enzyme

Enzymatic hydrolysis of alkali-pretreated P. hysterophorus
was conducted in a 100 mL flask with 10% solid loading,
5, 10, 15, and 20 U of crude fungal xylanase and com-
mercial xylanase, 50 mM buffer (Na;C;H;O,, pH 4.8),
maintaining an overall volume of 25 mL, having 0.001%
(w/v) NaN3, and incubated at 50 °C for 96 h with a shaking
speed of 120 rpm. Aliquots of the sample were taken out
at intervals of 24, 48, 72, and 96 h. The collected samples
were centrifuged for 10 min at 10,000 rpm and the super-
natant was used for estimating fermentable sugars using
Miller's DNSA procedure (Miller 1959). The absorbance
values were calculated at 540 nm using the spectrophotom-
eter ' SHIMADZU UV-1900 UV-VIS Spectrophotometer'.

Analysis of reducing sugars by high-pressure liquid
chromatography

High-Performance Liquid Chromatography (HPLC) is a
powerful analytical technique used to separate, identify,
and quantify various compounds in a mixture. In the con-
text of fermentable sugars, HPLC is commonly employed
to analyze the concentration of sugars produced during fer-
mentation processes. The enzymatic hydrolysate of P. hys-
terophorus, pretreated with autoclave-assisted NaOH (1%),
was examined for the existence of different reducing sug-
ars using HPLC (High-Performance Liquid Chromatog-
raphy) with an Agilent instrument and an Aminex HPX87
column from BioRad, USA. Distilled water was employed
as the eluent, and the flow rate was set at 0.3 mL/min. The
oven temperature was maintained at room temperature,
and a refractive index (RI) detector was used for analysis.
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Results and discussion
Xylanase optimization using OFAT approach

In this context, P. hysterophorus is potentially used as a
substrate for the manufacturing of xylanase by A. niger.
Furthermore, various operational parameters were opti-
mized for xylanase enzymes in SSF, including incubation
period, cultivation temperature, substrate concentration,
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substrate-to-moisture ratio, inoculum size, initial medium
pH, and nitrogen source.

The ideal substrate concentration was also evaluated by
varying the concentration from 5 to 20 g in a 250 ml flask.
The carbon source P. hysterophorus (10 g) showed the high-
est level of xylanase activity (468 +8.7 IU/gds) (Fig. 1A).
The primary substrate for the synthesis of the xylanase
enzyme is xylan. However, the costly price of model base
materials makes them unsuitable for industrial use. Ligno-
cellulosic materials are suitable as substrates for commer-
cial enzyme production due to their wide availability and
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Fig. 1 Enzyme activity under OFAT conditions: A substrate, B incubation period, C temperature, D pH, E inoculum size
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affordable cost. Hemicelluloses, which serve as xylanase
inducers, are present in the complex structure of lignocel-
lulosic materials. According to a chemical composition
analysis, P. hysterophorus contains the following percent-
ages of cellulose, hemicelluloses, and lignin: 48.79, 28.66,
and 14.71%, respectively (Kumar et al. 2023a).

In this study, A. niger was incubated for varying peri-
ods, ranging from 1 to 6 days, to determine the impact
of the incubation period on the synthesis of the enzyme.
Under stationary conditions, maximum xylanase activity
(478 +£12.5 TU/gds) was achieved on the 5th day of growth
(Fig. 1B). Enzyme activity decreases as incubation times
are increased above the optimal time. The reasons may be a
lack of nutrition in the medium used for fermentation and the
formation of harmful compounds that interfere with spore
development and xylanase synthesis (kar et al. 2013).

Enzymes are often sensitive to harsh temperature condi-
tions; therefore, finding the optimal process parameters for
the highest enzyme activity will improve the efficiency of
the enzymatic processes. The temperature effect on xylanase
enzyme production by A. niger was studied by raising the
cultivation temperature from 20 to 40 °C at 5 °C gaps. Maxi-
mum enzyme activity (487 +7.6 IU/gds) was observed at
30 °C by A. niger (Fig. 1C). The activity of enzymes further
decreased as the incubation temperature was raised.

Experiments were conducted at varied pH levels of the
medium, ranging from 3 to 8, to determine the ideal initial
medium pH for enzyme synthesis. When the starting pH of
the medium was fixed at 6.0 under static conditions, the fun-
gus exhibited its maximum xylanase activity (485 +7.8 IU/
gds) (Fig. 1D). Changes in pH can affect the stability and
rate of synthesis of fungus enzymes (Prasanna et al. 2016).
The optimal pH for xylanase produced by A. oryzae LC1
was found to be 5.0 (Bhardwaj et al. 2019), but A. fumigatus
SK1 gave superior results at a pH of 4.0 (Ang et al. 2013).

Findings in Fig. 1E indicated the effect of different inocu-
lum sizes on enzyme synthesis by A. niger in SSF using P.
hysterophorus as a substrate. Outcomes reported that the
highest xylanase synthesis was observed with a 4.0 x 10°
inoculum size, yielding an enzyme activity of 451 +6.5 U/
ads.

In the SSF process, moisture content plays an important
role. The synthesis process involved varying the substrate-
to-moisture ratio from 1:1 to 1:6 and measuring the enzyme.
Table 2 contains the data, showing that the most xylanase
was produced at a ratio of 1:1.5 (423 +11.6 IU/gds). When
initial moisture is decreased from 33 to 50%, the correspond-
ing enzyme activity is significantly reduced. Moisture has
a direct impact on the synthesis of enzymes by affecting
nutrient availability and gas flow throughout the course of
fermentation (da Silva Menezes et al. 2018).

Various nitrogen sources were studied for their
impact on xylanase production under static conditions.
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Table 2 Effect of substrate-to-

- - . Substrate: Xylanase
moisture ratio on the production Moisture (w/v)  activity (IU/
of enzyme by A. niger

gds)
1:0.5 183+12.09
1:1.0 280+8.5
1:1.5 423+11.6
1:2.0 379+9.07
1:2.5 316+6.42

Bold values indicate the maxi-
mum xylanase activity

Table 3 Effect of nitrogen sources on xylanase production by A. niger

Nitrogen sources Conc. (%) Xylanase
activity (IU/
gds)

Ammonium sulphate 0.5 333+7.3

1.0 392+4.7
1.5 368+8.3
2.0 357+5.6
Urea 0.5 186 +7.7
1.0 236+7.5
1.5 457+8.5
2.0 312+6.5
Peptone 0.5 383+7.09
1.0 458 +13.4
1.5 464+7.3
2.0 421437
Yeast extract 0.5 240+8.08
1.0 445+5.5
1.5 457+8.5
2.0 312+6.5
Control - 182+6.1

“All the experiments were carried out in triplicate and results were
presented as mean + standard deviation.”

Peptone was the optimum nitrogen source for the fungus's
increased enzyme synthesis under stationary fermentation
conditions. It was found that peptone was most effective
at 1.5% (w/v) in inducing the highest levels of xylanase
synthesis (464 + 7.3 IU/gds) when trying to determine the
ideal peptone concentration for maximizing xylanase out-
put (Table 3). With the addition of 5 g/l of peptone, the
highest xylanase (3069 U mg™") synthesis by A. niger was
also reported by Javed et al. (2017).

Three factors (incubation period, pH, and temperature)
chosen from the OFAT techniques were applied to RSM
under optimum conditions for further statically optimizing
xylanase production (Fig. 2).
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Fig.2 Factors chosen from the OO
OFAT condition o° o

Substrate-10g
468 = 8.7 (IU/gds)

Table 4 Results of CCD of xylanase production (IU/gds)

Factor 1 Factor 2 Factor 3 Response
Run no A:Incuba-  B:pH C: Temperature Xylanase

tion period

(Days) °C) (IU/gds)
1 1.98 432 19.89 1856.56
2 7.02 432 19.89 1775.78
3 1.98 7.68 19.89 1842.46
4 7.02 7.68 19.89 1711.52
5 1.98 432 45.11 1854.76
6 7.02 4.32 45.11 1707.56
7 1.98 7.68 45.11 1878.92
8 7.02 7.68 45.11 1761.58
9 0.2 6 325 1781.82
10 8.7 6 325 1632.42
11 4.5 3.1 325 1998.01
12 4.5 8.8 325 1996.09
13 4.5 6 11.2 1829.28
14 4.5 6 53.7 1859.76
15 4.5 6 325 2098.08
16 45 6 325 2049.06
17 45 6 325 2048.1
18 45 6 325 2078.81
19 45 6 325 2036.08
20 45 6 325 2034.09

Statistical analysis of xylanase production by CCD

According to the outcomes of the OFAT technique, the
incubation period (A), pH (B), and temperature (C) were
selected to be optimized by RSM to produce the most
xylanase. The CCD of RSM determined ideal levels for
these variables. For enzyme production optimization, 20
runs of experimentation are carried out utilizing various
CCD combinations of factors. Table 4 shows the range of
xylanase produced under specific experimental conditions
from 1632.42 TU/gds to 2098.08 IU/gds. ANOVA was used
to determine the equation's statistical significance, and the
results are shown in Table 5.

Incubation
period-5 days
478 £12.5
( IU/gds)

Temperature 30°C pH-6 Inoculum size FPeptone-1.5%

487+ 7.6 485+ 7.8 4.0 x 106 (wiv)
(IU/gds) (1U/gds) 45165 464+7.3
(IU/gds) (IU/gds)

The model's F-value of 44.18 indicates that it is signifi-
cant. A "Lack of Fit F-value" of 2.10 indicates that the lack
of fit is insignificant in comparison to the pure error. A
"lack of fit F-value" of this magnitude has a 21.72% chance
of occurring due to noise. As a result, a non-significant
lack of fit is desirable. The "Pred R-Squared" of 0.8592
is in reasonable agreement with the "Adj R-Squared" of
0.9534. Three linear factors (A, B, and C), all quadratic
factors (Az, B?, and C2), and three interaction factors (AB,
AC, and BC) were all significant.

Y, = +45.37-0.634A —0.030B + 0.057C
—0.0.294B — 0.077AC )
+ 0.232BC — 1.524%— 0.328B%— 0.943C?

The 3D models (Fig. 3) and contour graphs (Fig. 4),
which are represented by a 2nd-order polynomial equation,
were created to explore the interactions between factors
and an ideal level of factors for enzyme synthesis.

Validation of the developed models

By evaluating the model's validity using a random set of
20 experiments, xylanase production was demonstrated
to be accurate. The outcomes demonstrate that the model
was successfully validated because the actual values were
extremely similar to the predicted ones. Furthermore,
these validation trials revealed. As a result, it was deter-
mined that the CCD-based RSM models could accurately
and reliably predict A. niger ability to produce xylanase.
The xylanase enzyme was produced in SSF in the repre-
sented study, and similar studies are given in Table 6.

Autoclave-assisted NaOH pretreatment

The compositional analysis of untreated weed biomass
was found to contain 39.46% cellulose, 29.2% xylan, and
23.26% lignin contents, as shown in Fig. 5. After treat-
ment using 1% NaOH + 30-min autoclave, the biomass had
43.87% cellulose, 28.7% xylan, and 20.64% lignin (Fig. 5).
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Table 5 One-way analysis of

. . Source Sum of Squares df Mean Square F-value p-value
variance for quadratic model
of CCD Model 48.77 9 542 44.18  <0.0001 Significant
A-Incubation period 5.49 1 5.49 4480 <0.0001
B-pH 0.0001 1 0.0001 0.0010 0.9751
C-Temperature 0.0448 1 0.0448 0.3649 0.5592
AB 0.0070 1 0.0070 0.0571 0.8160
AC 0.0478 1 0.0478 0.3898 0.5464
BC 0.4332 1 0.4332 3.53  0.0896
A? 33.44 1 3344 272.69  <0.0001
B’ 1.55 1 1.55 12.64  0.0052
c? 12.83 1 12.83 104.60  <0.0001
Residual 1.23 10 0.1226
Lack of Fit 0.8310 5 0.1662 2.10 0.2172 Not significant
Pure Error 0.3955 5 0.0791
Cor Total 49.99 19
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Fig.3 3D plot showing the effect and interaction of: a pH vs. incubation period; b Temperature vs. incubation period; ¢ Temperature vs. pH on

fungal xylanase production
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pH on fungal xylanase production

Table 6 Comparison of solid-state fermentation xylanase enzyme production from several fungi

Microorganisms Substrate Xylanase (IU gds™") Fermentation condi- References
tions
A. niger CECT 2700 Brewery spent grain 1400.80 SSF Moran-Aguilar et al. (2021)
A. tubingensis JP-1 Wheat straw 6887+16 SSF Pandya and Gupte (2012)
A. niger CECT 2700 Corncob 2926 SSF Pérez-Rodriguez et al. (2014)
A.niger CCUG33991 Wheat bran 2919+ 174 SSF Khanahmadi et al. (2018)
A. niger BG Wheat bran 5427.51+4.4 SSF Azzouz et al. (2020)
A. niger VSRKO09 P. hysterophorus 2098.08 SSF Present study
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Fig.5 Effect of 1% NaOH concentration on P. hysterophorus biomass

Saccharification of alkali-treated P.
hysterophorus biomass with crude
and commercial xylanase

In modern biotechnology, the use of enzymatic sacchari-
fication to liberate sugar from agricultural leftovers is
of particular interest, primarily for bioethanol produc-
tion. In the current research, we attempted the enzymatic
hydrolysis of alkali-pretreated (NaOH-1.0% w/v) weed
biomass using crude xylanase produced by A. niger using
P. hysterophorus under SSF and commercial xylanase.
Each pretreatment technique has a unique impact on the
cellulose, lignin, and xylan contents of the biomass. The

=5U =10U =15U =20U

:-‘ ~
£ 8

Sugar released (mg/gds)
8

50
0 48
ESU 111 182
510U 118 187
E1SU 121 128 219
=200 114 120 210
(A)

essential substrate for the production of bioethanol is cel-
lulose; hence, it should be preserved as much as possible
from the biomass matrix after pretreatment by carefully
selecting the suitable pretreatment techniques and condi-
tions (Tsegaye et al. 2019). Alkali primarily interacts with
lignin, which results in effective delignification. The ether
and ester linkages, in particular, that bind lignin to hemi-
cellulose are broken by sodium hydroxide (Moodley and
Kana 2017). Because pretreatment of biomass improves
enzymatic saccharification, it is extremely important
before hydrolysis (Kucharska et al. 2020). Total liberated
sugars showed that fungal xylanase enzymes from A. niger
strains work effectively in the P. hysterophorus substrate.
The efficiency of hydrolysis significantly increased dur-
ing 48 to 96 h, with releases in fermentable sugar ranging
from 128.3 +6.1 to 219.6 +2.05 mg/gds~", respectively.
The maximum conversion was observed during the 48 to
96 h period, as shown in Fig. 6a.

In the case of commercial xylanase, the efficiency of
hydrolysis significantly increased during 24 to 72 h with
release in fermentable-sugar 182.6+0.9 to 291.3 +1.2 mg/
gds™!, respectively. The maximum conversion was observed
during 72 to 96 h as shown in Fig. 6b. Figure 6 shows that
boosting enzyme dosage from 5 to 15 U/g of P. hystero-
phorus improved fermentable sugar liberation with respect
to each hydrolysis period. The plots shown between sugars
liberated during saccharification vs. hydrolysis periods for
enzyme dosages of 15 and 20 U/g overlap, demonstrating

=5U =10U =15U =20U
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Sugar released (mg/gds)
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E5U 165 201 249 262
=100 178 213 258 280
=150 182 220 266 201
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Fig. 6 Enzymatic hydrolysis of P. hysterophorus by (A) crude xylanase from A. niger and (B) commercial xylanase at temperature 50 °C, pH 4.8

for 96 h. Enzyme doses varied from 5 to 20 U/g of substrate
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that the enzyme dose of 20 U/g of P. hysterophorus had no
effect on fermentable sugar liberation. Table 7 summarizes
earlier studies of lignocellulosic saccharification mediated
by xylanase.

Analysis of sugars using HPLC

The hydrolysis products resulting from the saccharification
process of alkali-pretreated P. hysterophorus using crude
and commercial xylanase were examined using HPLC.
The HPLC profile clearly showed that the crude enzymatic
hydrolysate (Fig. 7A) and commercial enzymatic hydro-
lysate (Fig. 7B) both contained a better peak of glucose
compared to xylose (Fig. 7). The xylose yield was quan-
tified using HPLC; crude enzymatic hydrolysate showed
200+0.1 mg/gds™" of xylose sugar, while commercial
enzymatic hydrolysate showed 250 +0.6 mg/gds ™" of xylose
sugar. Bala and Singh (2019) observed a similar HPLC
profile in the enzymatic hydrolysate of Saccharum munja

and sugarcane bagasse. In the case of corncob hydrolysate,
HPLC analysis revealed the presence of xylose, glucose, and
cellobiose (Ghaffar et al., 2017). Similarly, Birhade et al.
(2017) reported the presence of glucose and cellobiose in the
enzymatic hydrolysate of ammonia-pretreated wheat straw.

Conclusions

The two main reasons why these optimization studies were
important were the value-added xylanase production using
economic carbon sources, like P. hysterophorus as a sub-
strate, and an improvement in enzyme production with a
reduced fermentation period. In this investigation, A. niger
was found to be effective in producing fungal xylanase when
grown in solid-state conditions on P. hysterophorus. The
current work used the response surface methodology via
the CCD to increase A. niger production of xylanase. The
RSM technique was used to optimize the cultural conditions,

Table 7 Overview of xylanase-

) A . Substrates Pretreatment condition Reducing sugar (mg/g) References

mediated saccharification

O.f various lignocellulosic Corn cob 2 N NaOH, 30 °C, 20 h/thermal 63.40 Damaso et al. (2004)

biomasses treatment, 90 min at 121 °C
Wheat straw 15% ammonium, 121 °C for 1 h 193.86 Chapla et al. (2010)
Rice straw Alkaline H,0, 25 h 126.89 Kumar et al. (2017)
P. hysterophorus NaOH-1.0% w/v 219.6+2.05 Present study

291.3+1.2
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Fig. 7 High performance liquid chromatography profile of crude enzymatic hydrolysate (A) and commercial enzymatic hydrolysate (B) of alkali

pretreated P. hysterophorus biomass
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which resulted in a 4.3-fold increase in the production of
xylanase from A. niger. Additionally, because RSM assumes
random errors and reduces the number of experiments, it is
a superior experimental technique to OFAT. OFAT, on the
other hand, is considered a time-consuming and challeng-
ing technique. According to the findings reported here, the
filamentous fungus A. niger can be an effective tool for the
efficient valorization of lignocellulosic by-products through
synthesizing precious hemicellulolytic enzymes like xyla-
nases. Saccharification results indicated the release in reduc-
ing sugar of 219.6 +2.05 mg/gds ™! from crude fungal xyla-
nase and 291.3+ 1.2 mg/gds~! from commercial xylanase.
The result of this study depicts the high hydrolytic potential
of optimized fungal xylanase and makes this bio-process
suitable for scale studies. Importantly, valorizing weed bio-
mass for xylanase production can be used as an effective
method for controlling P. hysterophorus.
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