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Xylanases are crucial hydrolase enzymes that catalyze the breakdown of f-1, 4 glycosidic bonds of the xylan
backbone polymeric chain that comprises xylose monomers. There are a variety of industrial implementations as a
commercial enzyme for heat-stable xylanase. Thermostable xylanases were utilized in a wide range of industries, for
instance, in the pulp and paper industry industries; biofuels; and food and feed manufacturing industries; and textiles
industries. Improvement of the thermostability of xylanase employed commercially or industrially will improve their
efficiency and business success due to improved enzymatic abilities and cost-effectiveness. This study discusses the
development of xylanases industrial stability. Even the different approaches of protein engineering and metabolic
engineering were developed to enhance the operational stability of xylanase. To improve the nutrient content of
livestock feed, thermostable xylanases have been reported. We do have employed directly in bakeries and breweries
including significant use as a bio-bleaching agent in the paper and pulp industries. This review focuses on a few uses

of thermostable xylanase in bioengineering.

1. INTRODUCTION

Thermostable enzymes resist thermal deactivation and are very
useful in industrial processes. Thermostability is substance quality to
resist irreversible change in its physical or chemical structure, often
by resisting polymerization or decomposition, at a high relative
temperature. Archaebacterial and thermophilic eubacterial xylanases
have a relatively higher half-life at 80°C than those produced from other
microbial sources [1]. This thermal resistivity can also be harbor by the
insertion of a disulfide bond in xylanase of Thermoanaerobacterium
and these modifications protect them from thermal destruction [2,3].
The thermozymes accomplish enzymatic action at very high
temperatures. Therefore, the excessive temperature gives rise to high
rates of mass transfer and less viscidity aiding the insolubility of
reactants and products. It also decreases the chance of contamination
of microbes that prefer to grow at moderate temperatures. However,
production achieved from thermophilic microbes is considerably less
than mesophile microorganisms. Thus, the production can be increased
by recombinant DNA technology employing a host-vector system for
heterologous expression. If taking into account simply temperature,
several xylanases which display optimal activity at elevated temperature
were recorded from numerous microbes. These include Bacillus firmus,
Streptomyces sp., and Saccharopolyspora sp. which all generate
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xylanase that displays activity approximately 65°C—90°C. Xylanase
(E.C.3.2.1.8) hydrolyzes xylan into D-xylose by breaking f-1, 4
glycosidic linkage, in lignocellulosic, xylose is the 2" most fermentable
sugar. In general, the cell wall of plant cells incorporates the aromatic
compound of lignocellulose that has 50% cellulose, 30% xylan, and 25%
lignin. Xylan, sustainable hemicelluloses, is the 2™ greatest prevalent
heterogeneous polysaccharide complex consisting of homopolymeric
residues of 1, 4-linked B-D-xylopyranose and branches with a short-
chain composed of residues of o-D-glucuronyl, o-L-arabinofuranosyl,
and O-acetyl. It entails 25% timber and the rest lumber and is the main
element of the plant cell wall. Hemicelluloses may function as flexible
bridges in the matrix and respond as a coat among cellulose fibrils [4].
In different plants, the structural and chemical composition of xylan, as
well as its accumulation, is different. Many eukaryotic microbes employ
xylan as their primary source of carbon. Endo-xylanase hydrolyzes the
xylan and generates several additional enzymes required to break down
the replaced xylan [5].

Xylanases are found in a wide range of organisms including marine
algae, fungi, yeast, crustaceans, protozoans, snails, seeds, insects,
a fungus with filaments, and bacteria but not reported in mammals.
Xylanase is mostly produced by the filamentous fungus, which
produces more than other microorganisms but the mesophilic fungi
may not have the thermal resistivity. Cellulose and xylan trigger
xylanase activity, whereas quickly metabolized glycerol or glucose
reduces its activity. It is likely to obtain it either by submerged
fermentation (SMF) or by solid-state fermentation (SSF) methods.
Enzyme production is stronger by SSF than the SMF [5]. The SSF
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uses typical agricultural waste such as the bran of wheat and another
agricultural leftover as a substrate, whereas forced homing of enzyme
on the nanoparticles to improve the activity. This has numerous usages
in the pulp and paper industries.

Xylanase effectively eliminates the complex of lignin and carbohydrate
which are produced throughout the kraft method and functions as a
barrier to chemicals of toxic bleaching such as chlorine compounds.
The chemical bleaching system creates waste products that are toxic,
mutagenic, bioaccumulative, and can trigger biosystem disturbance.
The government and environmental activists forbid the consumption
of chlorine products for this reason. The best replacement for this
may be the employment of xylanase which guarantees hardly any
harm to pulp fiber tender and utilize to supply good quality along
with the quickly dissolvable pulp. The significant industrial services
incorporate chlorine-free dying of wood mash for making of paper.
This is required to enhance the nutritive value of silage, wheat flour
food additives.

2. IMPOVEMENT IN THERMOSTABILITY OF XYLANASE
USINGADVANCED BIOTECHNOLOGICALTECHNIQUES

Different techniques are applied to enhance the thermostability of
xylanase. Some of the approaches are summarized in Figure 1.

2.1. Immobilization of Enzyme

Immobilization is a key and widely employed method to enhance
the half-life of enzymes and to regain after finishing of reaction as a
result, the strategies are cost effective [6]. In addition, immobilization
approaches notably enhance the stability of enzymes under harsh

environmental conditions such as acidity, an aqueous solution
containing organic solvents, high temperature, and alkalinity.
Immobilization triggers the enzyme rigidification that hinders the
structural destruction mainly in high temperatures. This rigidification
may be enhanced by linking the chemical groups that can covalently
link supporting matric [7]. Recently, researchers have developed LXy
(levan-xylanase) nanohybrid and entrapped them into beads of sodium
alginate. This immobilized levan-xylanase nanohybrid sustains near
80% of activity at different pH (3-10) and temperatures (20-90°C) [8].
At the same, xylanase immobilized on calcium alginate beads showed
optimal temperature 50-60°C and optimal pH 8-9 [9].

2.2. Enzyme Advancement Using Nanotechnology

The progression in nanotechnology has transformed applied science.
Numerous characteristics of industrial enzyme entail xylanase were
improved by nanotechnology [8-10,11]. These techniques involve the
enzyme adsorption on non-material which may increase the activity
and thermal stability of the enzyme [12,13]. Nanoparticles show
distinctive properties as supports to immobilize [8]. Grapheme oxide
nanosheets were decorated with nanoparticles of superparamagnetic
iron oxide (SPGO) which has been developed for xylanase
immobilization, covalently. Immobilized xylanase exhibited its pH
and thermal stability [14].

2.3. Protein Engineering

The activity and stability of the enzyme can be improved by protein
engineering. This can be attained by changing the appropriate
amino acid order or linking the particular molecule on sites of target
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Figure 1: Different approaches used to improve/enhance the thermostability of xylanase.
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that modified the 3D structure of the enzyme. The thermostability
may be achieved by introducing the disulfide bonds, enhancing the
intrahydrogen bond, and modification the surface of enzymes [15,16].
Commonly, the role of the enzyme is identified by its amino acid
sequence. This is important to know about particular regions and
domains accountable for enzyme activities. The knowledge aids to
forecast the probable impact of modification in particular amino acids
on distinct functions [17]. Commonly, three steps are indulged in the
engineering of enzyme: The 1* step encompasses enzyme isolation and
its structure identification. The repositories entailing whole functional
and sequential details such as FRENDA, AMENDA, and BRENDA
have been developed, already [18]. In the 2" step, recorded details are
screened with repositories entailing thermozymes sequence employing
tools for multiple sequence alignment to detect a sequence of an
amino acid (AA) which requires to be replaced and impact on enzyme
function and structure [19]. Molecular modeling is accomplished to
detect to require change. Numerous web-based server-like protein
data bank repositories, MATARA and FATCAT, have been created
to compare the structure and forecast the optimum mutation at the
residue of particular amino acids [20]. In addition, tools for docking
such as AutoDock, AutoDock Vina, and Glide are being employed
to screen the substrate [21]. Finally, the 3" step entails modification
of enzymes employing mutagenesis (site directed) and managed
evolution utilizing genetic engineering method in that chimeric gene
encrypting for an altered sequence of amino acid is expressed in a
host of expression [17,22]. The novel work gene editing is underway
to replace the traditional enzyme engineering method for genetic
alteration [23]. The important tools, namely, clustered regularly
CRISPR-Cas (interspaced short palindrome repeats), TALEN
(transcription activator-like effecter nucleases), and ZFNs (zinc-
finger nucleases) are utilized to alteration of direct gene sequences in
the genome of the host [24,25]. The successful application has been
demonstrated in several studies of enzyme engineering to improve the
thermostability of xylanase [19,22,26,27]. In recent years, the thermal
stability of termite gut endo-B-1, 4-xylanase was improved by cysteine
pairs, which created external disulfide bonds. The enzyme produced
showed a triple increase in catalytic efficiency at pH 9 at 60°C [28].

2.4. Incorporating the Residues of Glutamic Acid and Proline

MSA (multiple sequence alignment) of XynAS9, as well as 6
xylanases belonging to GH10 with distinct optima temperatures
(73°C-90°C) as shown in Figure 2, was achieved. Residues were
established which could be linked to their thermophilic properties
[29]. A frequent sequence was recognized from the consensus
patterns, depending on the outcomes of the MSA [Figure 2]. In
comparison to mesophilic equivalents, thermostable xylanases with
a maximum temperature of 80°C or greater have a pro (P) amino
acid at locations 81 and 185, a greater intensity of glutamic acid at
locations 82 and 186, relating to Val (V), Asp (D), Gly, (G) and Ser
(S) in XynAS9, respectively [29]. By substituting the respective
residual in XynAS9 with glutamic acid and proline, the modeled
structure mutant V81P/G82E/D185P/S186E [Figure 3] specified that
certain mutation locations are located just at end of a long secondary
structure element; that is, genetic changes V81P, as well as G82E,
are situated at the inner -strand 2 of an (o/f8) 8 domain and D185P
and S186E at the surface of the barrel at the fourth o-helix terminus
N [29]. MDS assessment with NAMD demonstrates that such
genetic changes reduced XynAS9’s conformational adaptability at
a temperature of 400 K with reduced RMSD principles, implying
a much more rigid form for the V81P/G82E/D185P/S186E mutant.
Thus, MDS findings have confirmed the critical role of proline and
glutamic acid replacements in thermostability [29].

Numerous researches have shown the stabilizing variables in
barrel enzymes (o/f) can be ascribed to the core of hydrophobic
packaging, cavity filling together with carboxy and aminoterminal
loop stabilization regions, and the existence of c-helices prolines at
N terminal [30]. GthC5Xyl, however, separated from Geobacillus
C5 thermodenitrificans displayed timid thermostability that could be
directly linked to its (0/f) catalytic barrel domain [31]. A descriptive
study of the protein structure of the thermophiles and mesophile
showed greater arginine content on the thermophilic protein surface.
In addition, these thermophilic proteins were relatively quite robust
at elevated temperatures that could be due to higher arginine content
[32]. Mutagenesis technique directed at the site was used by Irfan

Enzymes Sequence of amino acid Optimum
Temperature (°C)
* *

XynAS9 70 QILG-SEFSQITVG-\\-WDVVNEAFEED—GSRRQSVFQQKIGDSYI-\ \-LTELDIRMTLPR 280 73

TmxB 36 EVAR—-REFNILTPE--\--WDVVNEAVSDS--GTYRESVWYKTIGPEYI--\ \-ITEMDVRIPLLSG 249 90

XynC 112 AILDDNTMFGQITPA-\-WDVVNEPFNDD—GTWRTDVFYNTLGTSYV-\ \-ITELDIRMTLPS 327 0

Xy]E 35 KVLK--QNFGEITPA--\\--WDVVNEALNGO—GTFSSSYWYDTIGEEYF--\ \--VTELDVRFSTVP 254 70

Xy] A 71 NIAA--TQFSAITHE--\\--WDVVNEAFNED—GTLRDSIWYRGMGRDY1--\ \--ITELDIRMQMPA 283 80
XYL10C 117 KEYNNTHDFGGTTPA-\\-WDVNNEALSDDPAGSYQNNIWFDTIGPEYV--\ \-VTELDVRLYLPP 341 85

Figure 2: Utilizing the ClustalW system multiple sequence alignment of xylanases belonging to GH 10 with distinct ideal temperature. TmxB: Thermotoga

maritima xylanase; XYL10C, Bispora sp., endo-f-1, 4-xylanase. MEY-1: XylA, Thermobifida alba 3-1,4-endoxylanase; XylE: Endo-1,4-xylanase, Penicillium

canescens; XynC: Phanerochaete chrysosporium xylanase; and XynAS9, Streptomyces sp. xylanase. S9. Catalytic site with asterisks is stated. The sites for the

mutation are dark red and green.
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Figure 3: 3D framework of V81P/G82E/D185P/S186E mutant model. Glu271
and Glul66 are assumed catalytic site.

et al. [30] for the designing of highly thermostable GthC5Xyl
mutants. As per previous data, multisequence alignment temperature
optima derived from GH10 xylanase varieties given the most widely
accessible and direct knowledge about the properties of enzymes.
Glutamic acid is seen as a major factor for enzyme thermostability that
could be caused by anionic carboxylate and helix creating propensities
for the development of salt bridges and bonding with hydrogen [29].
Chen et al., 2015, reported that substitution of Asp (D) with Glu (E)
in Aspergillus awamori glucoamylase, elevated the thermostability.
In place of Chen et al., 2015, that substitution of Asp (D) with Glu
(E) in Aspergillus awamori glucoamylase elevated the thermostability
[33,34].

2.5. Disulfide Bond Introduction

Xylanase is an industrial enzyme that is most essential accessible
widely in industries. The usage of xylanases is, therefore, reduced by its
struggling to manage with different tough circumstances, such as high
temperatures and acidic or alkaline extremes [35,36]. The addition of a
disulfide bond has been recorded in several analyses of GH family 11
xylanases that boosted aromatic interplay and additional intermolecular
forces (IMFs) at the aminoterminus or o-helix, therefore, effectively
going to improve the stability of the whole protein [37-40]. In brief,
effective aminoterminus and o-helix packaging are important for the
xylanases (GH 11 Family) thermostability. Everything is the same,
the N-terminus and o-helix relationships to (3-sheet central are yet to
be elucidated. In research, double disulfide bonds were incorporated
by Tang et al. to link the aminoterminus and o-helix to the core of
the B-sheet. The disulfide bonds are seen as stabilizing the protein
structure by lowering unfolded state entropy. Two disulfide bonds
independently link the aminoterminus and o-helix bonds to the core of
the B-sheet in the Xyn2 mutant. As a consequence, the Xyn2C14-52
as well as the mutants Xyn2C59-149 half-lives were strengthened at
60°C, suggesting that the aminoterminus and o-helix connection to
the core of B-sheet lead to the whole protein stability. In addition, the
Xyn2¢%52 and mutants Xyn2¢'* maintain greater residual activity
compared to wild ones type since incubation at 70°C for 10 min. In
addition, the mutants demonstrate a significantly reduced residual
activity after treatment with 10 mM DDT at 4°C for 12 h, relative to
that of the residual activity untreated mutants with the same situation,
and wild enzyme type reveals hardly any major difference [41].

2.6. Internal Peptide Replacement Method

XylE holds 53% large amino acid sequence ethnicity with the extremely
active and hyperthermophilic XYL10C. Even so, under thermophilic
environments that are frequently found in the biorefinery industry,
its catalytic function is substantially lower. Once [42] substituted
the segment of XylE with its equivalent of XYL10C, they generated
seven hybrid enzymes which displayed xylanase activity, whereas
three hybrids did not. The above indicated that the replacement of
internal peptides could either generate new effective enzymes or create
inert enzymes due to inappropriate folding, often with both similar
equivalents. Even though the peptides M9, M6, and M3 added greatly
to XylE’s catalytic efficiency, replacement with their variations had
no additional effects. In addition, the substitution of main peptides or
residues on a protein’s surface affects its enzymatic characteristics,
such as ideal conditions, catalytic ability, and specific activity [43-45].
Structural analysis revealed that M9, M6, and M3 are all located on
XylE’s surface [Figure 4], and substitution of these residues may
influence the entire protein structure. Therefore, the improvement in
XylE mutants’ catalytic efficiency (kcat’/km) can be ascribed to the
elevation in ¥/, and k_ and lowering in Km. The same findings of
proteases and phytases have been recorded [33,46].

2.7. Genetic Engineering

Carbohydrate-binding modules (CBMs) are grouped into several
families primarily on similarities of sequence, and the online database
CAZy (http://www.cazy.org, viewed on October 10, 2021) now has 88
families [47]. Several CBMs alter enzyme thermostability in addition to
contributing to substrate binding. CBM22 from Thermotoga maritima's
XynA was merged with Trichoderma reesei’s Xyn2, leading to enhanced
thermostability [48]. The thermostability of Bacillus halodurans
xylanase was lowered by fusing CBM22 from hyperthermophilic
Thermotoga neapolitana [49]. The insertion of CBM3 to the catalytic
site of Clostridium thermocellum endoglucanase CelA had no effect
on its thermostability [50]. However, eliminating CBM22 from C.
thermocellum XynC reduced its thermostability, but deleting CBM36
from Caldicellulosiruptor sp. F32°s Xyn11 enhanced its thermostability
[51]. Eighty percent of the CBMs in the present family are somewhere
around 50—100 amino acids long [47]. Larger CBMs do not improve the
characteristics of chimaeras [52] and even lower the thermostability of
wild enzymes [49], according to published studies.

This is because a larger CBM typically has numerous smaller serial
submodules, each with its own set of functions [52,53]. Shorter CBMs
or submodules have a simpler structure of proteins as well as a clearer
impact on the spatial organization of wild enzymes, and they’re
more common [49,53]. Meanwhile, fusing the hyperthermophilic
CBM9 1-2 module generated from . maritima GH10 xylanase A to
the C-terminus of xylanase from Aspergillus niger GH11 has been
shown to lower the heat stability of the Xyn-CBM9 1-2 chimera. The
C2 submodule, however, can greatly increase the performance and
thermostability of 4. niger xylanase by subdividing hyperthermophilic
CBM9 1-2 into two smaller submodules [54].

Even though many investigations on the importance of CBM have been
published [49,50,54], no studies on the impact of adding CBM to the
N-terminus, C-terminus, or both termini on GH11 xylanase (CDBFV),
which possess all of the beneficial properties of N. patriciarum,
however, lack a CBM in the wild xylanase sequence [19].

Submodule C2 from hyperthermophilic CBM9 1-2 was introduced
into the N- and/or C-terminal areas of the CDBFV protein (producing
C2-CDBFV, CDBFV-C2, and C2-CDBFV-C2) by genetic engineering
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Figure 5: Chimeras construction. (a) Chimera model diagram construction
of C2-CDBFV-C2. The C2L, CDBFV-1, and LC2 genes were amplified
using P1/P2, P3/P4, and P5/P6, respectively. Pink represents the C2 gene;
yellow represents the linker gene; purple represents the CDBFV gene; the
arrow represents the direction of amplification. (b) CDBFV-C2, C2-CDBFYV,
and CDBFV model diagrams construction. The CDBFV, C2-CDBFV,
and CDBFV-C2 genes were amplified using P7/P8, P1/P7, and P6/P8,
respectively.

to enhance the action and thermostability of the xylanase CDBFV
from Neocallimastix patriciarum (GenBank accession no. KP691331)
[Figure 5]. In E. coli BL21 (DE3), CDBFV as well as the hybrid
proteins were found to be expressed. The C2 submodule had a
considerable influence on improving the CDBFV’s thermostability,
according to enzymatic property study. The half-lives of the three
chimaeras C2-CDBFV, CDBFV-C2, and C2-CDBFV-C2 are 1.5 times
(37.5 min), 4.9 times (122.2 min), and 3.8 times (93.1 min) higher than
wild-type CDBFV (24.8 min) at the ideal temperature (60.0°C) [55].

2.8. Systems and Synthetic Biology

Soil, the principal habitat for numerous microbes supplying enzymes,
like xylanases, is subjected to varied conditions of changing
environment. The microorganisms must adjust to conditions that
fluctuate, to survive. This is the microbial adjustment that results from
several modifications at different levels, like at proteome genome,
and transcriptome. In addition, many other control systems, such
as regulation of gene expression, allosteric, and post-translational

regulations, are also interested in the adjustment of microorganisms
under unfavorable circumstances. System biology offers full details
as for changes that occur in cells under various situations [56]. Latest
events in omics methods, such as proteomics, genomics, metabolomics,
and transcriptomics, have allowed complete system biology study. The
immense quantity of information was produced and deposited in the
freely available directories. Next-generation sequencing (NGS) allows
sequencing of entire genomes of many thermophilic microbes around
the globe and whole-genome sequences are contained in the datasets
of the genome. NGS may also be employed for inspection of adaptive
landscapes of enzymes, functional screening of single-nucleotide
mutated enzymatic collections, and the essential research of enzyme
behavior, under particular conditions [56]. These data can be used
for determining the canonical sequences of DNA or the responsible
protein sequences for the thermostability of varied enzymes from
numerous microorganisms.

In turn, a descriptive gene study and patterns of amino acids which are
separated from thermophiles supply useful, information about critical
locations, and domains require to be interfered with to increase the
stability of a given enzyme. Analyzing data need different computer
simulations, such as those focused on constraints modeling and
various algorithms based on bioinformatics. Data from system biology
thus include preliminary details for the modular design of enzymes for
the production of various enzymes which are stress tolerant [57]. In
2008, for example, MSA was used to alter histidine kinase response
regulator specificity (HK-RR) of a large number of histidine kinase
response regulator specificity pairs already recorded in databases for
the detection of the residue of amino acids substituted by histidine
kinase [58]. In addition, the approach to synthetic biology often takes
an important involvement in the engineering of the enzyme toward
advancement assets. Due to genetic synthesis technology’s progress,
costs were decreased substantially, which makes de novo synthesis and
gene assembly into greater operons [59]. Thus, employing the data
preserved in datasets and analysis employing the various strategies
which are based on bioinformatics, specific gene coding may be used
for thermostable enzymes de novo synthesized [60].Table 1 summarizes
some of the different ways to enhance xylanase thermostability.

3. APPLICATION

Xylanase with the unique feature of the thermoalkaline-resistant
property makes it more significant for applications in various industries
such as paper and pulp, deinking, use of biomass, and feed and food
industries [Figure 6].

3.1. Xylanase Used in the Feed and food Sector

3.1.1. Baked goods
Xylanase tries to find utilization in food companies like bakeries.
The bread is comprised entirely of wheat which is composed of
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Table 1: Review of thermostability improvement techniques and their impact on the thermostability of xylanase.

Xylanase and source

PcXylA and Penicillium canescens

afxynG1 and Aspergillus
fumigatus RT-1

Xyl-L and Psychrobacter sp. strain
2-17

Xyn2 and Trichoderma ressei

XynA and Thermoascus aurantiacus
CBMAI 756

Orpinomyces strain PC-2 and
Endo-f-1,4-xylanase

Thermomyces
lanuginosus and
Endo-f-1,4-xylanase [xynA]

Geobacillus stearothermophilus
and XT6

GthC5ProXyl from Geobacillus
thermodenitrificans
Cs

T-XynFM from Talaromyces
thermophilus F1208

Metagenomic specimen of termite
gut

symbiont Xyn12.2

Bacillus subtilis and XynA

Streptomyces sp. 9 and XynAS9

Thermomyces lanuginosus and TLX

Orpinomyces sp. PC-2

XYL7novel metagenomic specimen
of termite gut

Thermostability Impact on xylanase thermostability References
improvement techniques
Substitution of a particular amino acid Half-life time enhanced 2-2.5-fold at [1]
50-60°C.
epPCR used in directed evolution Half-life time [t1/2] improved 3.5-fold [22]
[42 min] at 70°C versus wild form.
The novel one-step combination method of Mutant displayed a 4.3°C rise in its T, "* [27]
direct evolution. This includes mutagenesis of value of enzyme.
saturation and focusing on epPCR
Placing two disulfide bonds into Xyn2 The half-life of mutants Xyn2C59-149 and [41]
To link o-helix and B-sheets to the Xyn2C14-52 being thermally deactivated,
aminoterminal expanded around 1.8- and 2.5-fold at 60°C
Of key enzymes. separately.
Mutagenesis geared to the site Thermal stability increased at 70-75°C. [41]
Evolution is driven by epPCR Half-life time [t1/2] rise to 15.3, 401, 33.2, [41]
and 209 min of mutants M4, M3, M2, and
M1 mutants, at 60°C, respectively, relative to
the wild type [7.92 min]
epPCR 71% of the residual activity was detected in [41]
2B7-10 [Mutant] at 80°C for sixty min.
Evolution directed employing epPCR The maximum temperature went up 77 to [37]
87°C and half-life expanded 52-fold.
The sequence, good in proline, was combined At pH 8, an optima higher temperature [30]
with xylanase polypeptide C-terminal [70°C] was observed.
N-terminal Phel-Pro16 substituted with A 55% rise in xylanase residual activity at [122]
Alal-GIn8 and carboxyterminal amino acid 50°C,12 h.
substitution of Phe193 with Ser
Cysteine pair was developed, to produce A 4.2-fold increase in catalytic efficiency at [28]
Outer disulfide bonds 50°C.
Point mutation Expanding of specific activity and greater [123]
half-life duration, 55°C
SDM [Site-directed mutagenesis] The V81P/G82E double-mutant has [123]
improved thermostable properties and heat
resistance.
Insertion of a Q1C — Q24C disulfide bridge The optima temperature was adjusted uphill [124]
into the N-terminal xylanase region. from 10°C to 75°C at pH 6.5 and thermal
inhibition. The temperature rose to about
10°C
Delete 27 residues of amino acid from the Elimination of amino terminus amino acids [121]
amino-terminal triggers greater thermostability and activity
of the enzymes.
Directed evolution Mutants XYL7-TC displayed 4-fold [26]

enhancement, Capability to saccharify at
60°Cin4h

hemicelluloses like arabinoxylan. Xylanase is capable of solubilizing
the WU-AX (water-unextractable arabinoxylan) into WE-AX (water-
extractable arabinoxylan) [61]. It leads to consistent dispersal of water
and improves the development of gluten networks in the dough. The
application of xylanase enhances dough’s rheological qualities such
as extensibility, softness, as well as flexibility, together with a specific
volume of bread and compactness of bread crumbs [61-63]. In bread,
arabinoxylan degradation product, that is, xylooligosaccharides (Xos)
has its health advantage [64]. Butt ez al., illustrated the function of GH11
endoxylanases from B. subtilis in arabinoxylan solubilization [63]. It

enhances viscidity, dough volume, and reduces the agglomeration
of gluten and the compactness of the dough leading to the growth
of unified, good crumbs. Xylanase of family GH11 (0.12 U/g flour)
from Penicillium occitanis Pol6 assisted in improved bread-making
processes, such as decreased absorption of water (8%) and increased
dough rise (36.8%), thickness (17.8%), specific thickness (34.9%), and
cohesiveness. Bread has enhanced sensory and rheological properties
(texture, taste, color, softness, and acceptability overall). The bread
prepared using xylanase was shown to have low gumminess and
springiness [65]. Ghoshal ez al. used slightly filtered bacterial xylanase
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Figure 6: Industrial applications of xylanase.

to generate entire wheat bread with improved sensory characteristics
(shiny color) [66].

Xylanase inclusion also led to an increase in specific volume and
lifespan, with reduced hardness during storing, and decreased
staling. Panzea, a fresh generation of xylanase acquired from
Bacillus licheniformis, may aid in improving dough characteristics
at reduced dosages of enzymes. It allows attaining the perfect
texture, shape, volume of loaf, and structure of crumbs [67].
Equally, r-XynBS27 (recombinant xylanase) attained from Pichia
pastoris (xynBS27 gene from Streptomyces sp. S27) utilized in
making bread as an additive. The recombinant xylanase improved
a specific volume and decreased sugar material with a reduction in
firmness and rigidity [68].

3.1.2. Clearing up fruit juices

The enzymatic method is commonly used in the processing and
clarifying of fruit juices. Organic fruit juices involve polysaccharides
such as hemicellulose, cellulose, pectin, lignin, and starch, which
reduce juice appearance, for example, cloudy color and elevated
viscidity [69]. The enzyme application reduces viscidity and prevents
cluster forming by employing centrifugation and filtration methods
to remove the suspended and undissolved solids. This improves
juice clearness, flavor, and color [69]. Xylanase from Streptomyces
sp. was utilized to clarify the juices of pineapple, mosambi, and
orange, with 27.9%, 23.6%, and 20.9%, clarity, respectively [70].
Immobilized xylanase derived from Bacillus pumilus VLK-1 was
utilized for enrichment with orange (29%) and grape juices (26%)
[70]. Xylanase immobilization on 1,3,5-triazine-functional silica-
encapsulated magnetic nanoparticles was noticed to clarify the three
various kinds of fruit juices at 50°C after 5 h of incubation [71].
Xylanase derived from Streptomyces sp. AOA40 was employed

in the fruit juice company to enhance the transparency of orange
(18.4%), apple (17.8%), and grape (17.9%) juices [72]. Immobilized
xylanase triggered by glutaraldehyde was utilized to clarify tomato
juice. Xylanase from P acidilactici GC25 has been utilized for
the treatment of apple, kiwi, orange, peach, grape apricot, and
pomegranate, with a rise in reducing sugar and a decline in juice
turbidity [73].

3.1.3. Livestock feed

Xylanases perform a significant function in livestock feed by splitting
the arabinoxylan feed component and reducing the viscosity of the
raw resources. Aspergillus japonicus C03 with excellent endoxylanase
and stable cellulase manufacturing capability in the existence of goat
ruminal environment has shown applications for ruminant feed [74].
Several kinds of research have noted the accessibility of dried soluble
grain (DDGS) distillers to be used in livestock feed and the utilize of
exogenous enzyme xylanase in poultry diets to control the high-fiber

quality [75].

The extracellular enzymes have effectively increased the nutrient benefit
of bioethanol coproducts, as recently mentioned with corn-based DDGS
[76]. Xylanases have been engaged in livestock feed for 10 years, as they
decrease digesta viscosity in poultry. Xylanase inclusion demonstrates
an enhancement in gaining weight and increased feed conversion
efficiency due to an enhancement in the digestibility of arabinoxylan in
monogastric animal nutrition [77,78]. Passos et al. reported on the use of
xylanase as a nutritional additive for the nutrient digestibility and digesta
viscosity in young pigs fed corn intestinal morphology diets based on
soybean meal [79]. ECONASE XT is a well-known synthetic endo-1,4-
B-xylanase that was utilized as food supplements for chicken fattening,
piglet weaning, and pig fattening [80].
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Table 2: Synergistic effect and applications of xylanases.
Source of enzyme Enzyme synergy

Trichoderma orientalis
EU7-22

Glucosidase + Xylanase +
Cellulase+f-cellobiohydrolase

Gloeophyllum trabeum
polysaccharide monooxygenase

Yarrowia lipolytica

Microbulbifer strain CMC-5
Alginate lyase

B. sonorensis, Bacillus
amyloliquefaciens

Escherichia coli SD5

Xylanase and cellulase

Xylanase + cellulase
B. velezensis 157

Aspergillus oryzae SBS50

Pseudotheobromae C1136 Cellulase + xylanase + Laccase

Exogenous fibrolytic enzymes
[EFE]

Xylanase + Cellulase

Fungal xylanase + Commercial cellulase +

Xylanase + Cellulase + Lytic polysaccharide

Xylanase + agarase + Cellulase + carrageenase +

Pectinase + xylanase + cellulase + amylase

Xylanase + phytase amylase + cellulase

Application References
Saccharification of biomass [125]
Production of bioethanol [126]
Saccharification of biomass [127]
Saccharification of biomass [128]
Agro-waste; saccharification of [129]
biomass

Waste paper deinking [97]
Agro-waste treatment [SSF] [130]
Saccharification of biomass and [131]
production of biofuel

Saccharification of biomass [132]
Improved animal feed [133]

consistency, high milk
production in cows

3.2. Scope of Xylanase in the Pulp and Paper Industry

3.2.1. Bio-bleaching

The procedures of lignin elimination from wood pulp to generate
shiny and white completed paper are considered bleaching [81].
Chemical blanching stuff (like chlorine) has traditionally been utilized
for bleaching [82]. The usage of ligno-hemicellulolytic bleaching
enzymes has obtained momentum worldwide. Xylanases can hydrolyze
xylan which is connected to the pulp fiber cellulose and lignin. Thus,
interruption of xylan will ultimately contribute to the isolation of such
materials, improve fiber wall swelling, and increase the extraction of
lignin from the pulp [83,84]. Thus, in a mixture with enzymes for lignin
degradation, xylanase assists to boost pulp brightness [85,86]. Cellulose
fiber exposures to pulping with enzyme enhance paper bonding
strength and improve paper qualities through xylan deterioration and
lignin abolition during treatment with enzyme [87]. The enzymatic
approach to bio-bleaching has been extremely selective, non-toxic, and
environmentally sustainable [88]. The manufacturing of the paper and
biomass pulp occurs at differing temperatures and pH. Thermostable
xylanases, however, are essential for the bio-bleaching process. An
alkaliphilic Bacillus strain developed thermoactive cellulase-free
xylanase utilizing elevated temperature 60°C and pH 6-10 active agro-
residues and was used for kraft pulp bio-bleaching [89].

3.2.2. Ink dislodgement from waste paper

Ink dislodging from paper waste is needed for its reuse and recycling.
Chemical-related processes containing compounds based on chlorine
derivatives or chlorine-like ClIO—, NaOH, NaCO,, H,0,, and Na,SiO,
were used to extract the ink from the waste paper. This culminated in
the production of dangerous effluents and lengthy treatment needed
before the environmental disposal [90]. The techniques based on
enzymes using laccase and xylanase have been recommended for

removing ink from effluents of the pulp and paper industries [91,92].

Virk et al., 2013 [93], investigated the ink removal performance of
alkaliphilic bacterial xylanase and laccase along with mechanical
deinking such as ultrasound and microwave processes for waste paper
recycling [92]. The integration of laccase and xylanase enzymes displayed
an expansion in luminosity (21.6%) of various old newspaper pulp
(ONP), (4.1%) inkjet printer paper, (3.1%) laser-printed paper, (8.3%)

pulp of magazine, and xerox paper pulp of xerox (1.9%) only. Gupta et
al. stated that the stimulatory activity of laccase and xylanase enzyme
(coculture of B. halodurans FNP135 and Bacillus sp.) culminated in the
enhancement of mechanical characteristics such as freeness, burst factor,
breaking length, and tear factor by 17.8%, 2.77%, 34.8%, and 2.4% of
the old newspaper, respectively [94]. The newspaper’s appearance has
also enhanced with an 11.8% reflectivity increase and a 39% whiteness
increase. The appropriate treatment of commercial Bacillus halodurans
TSEV1 xylanase and cellulase for deinking was evaluated at 1.2 U/mg
(each enzyme) [95]. The xylanase and cellulase complex acquired from E.
coli SD5 aided the lowering of kappa numbers and hexenuronic acid (Hex
A), increased brightness (10%), and recycled paper tear strength [96].

3.3. Xylanase used in the Textile Industry

The processing of textiles is sometimes wide split into scouring,
bleaching, and desizing. Desizing includes extracting the sticky
substance from plant fiber and scouring for eliminating desized fiber
through an inhibitory substance [97].

The traditional approach utilized to desize and scouring includes
applying extreme temperatures within the alkaline system, underneath
the impact of oxidizing factors. This approach is indeed not chemical
intensive and quite unspecific, hampering the valuable cellulosic
fraction that compromises the ultimate textile fiber stiffness. Hence,
usage of the extremely thermoalkali stabilized xylanolytic cellulase-
free enzyme is utilized effectively to desize and scouring [67,97].
Dhiman et al. illustrated the usage of Bacillus stearothermophilus
SDX alkalothermophilic xylanase to process the micropyle and cotton
fabric. The bioscouring and desizing treatments were conducted at
70°C, pH 9.5, using 5 g/L of xylanase for 90 min. It culminated in
losing weight in micropyle for 0.91% and cotton for 0.83% with just
an aggregate whiteness index of 11.81% for cotton and micropyle for
52.15% [97]. Compared to regulation, the refined fabric has improved
the tensile strength (1.1-1.2%) and tearness value (1.6-2.4%). The
collective action of the enzyme pectinase and xylanase was employed
to scour the cotton fabrics. Bioscouring was undertaken with 5.0 TU
xylanase and 4.0 IU pectinase from Bacillus pumilus strain AJK (MTCC
10414) along with surfactants such as 1.0 mM EDTA and 1% Tween-80



Pandey, et al. Journal of Applied Biology & Biotechnology 2023;11(2):41-54 49
Traditional method Recombinant DNA Bioinformatics &
Technology method Synthetic Biology method
Pick the xylanase
producing b:t;tferla from Tools of
extreme conditions . : bioinformatics to
Identification of gene
. select the xylanase
engaged in Xylanase =
3 synthesis gene
production
Media optimization for r— | .
xylanase production elected gene transfer .
to appropriate Synthetic biology
‘ expression system method to sylntht'esue
: . gene involve in
Purxfn SRR production of xylanase
(signal step) for
elevated protein
recovery
Purified enzyme
characterization

Figure 7: Future prospective for growth in field of xylanase development, utilizing traditional and modern strategies.

at high pH 8.5 for 1 h at 50°C. It was found the progress in whiteness,
clarity, and yellowness by 1.2%, 3.2%, and 4.2%, respectively, which
is stronger than chemical-based alkaline scouring [98]. Abd El ef al.
confirmed an increase in the performance of bio-finishing desizing,
and bio-scouring utilizing xylanase adapted from 7. longibrachiatum
KT693225 hardly any additive requisites [99].

3.4. Xylanase Used in the Chemical and Medicinal Sectors

The indigestible sugars together establish oligomers identified
as xylooligosaccharides (XOS) composed of monomer units of
xylose [100]. XOS has diverse uses in the biotechnology, food
industry [101]. As a prebiotic, XOS plays a critical role because it
is not hydrolyzed or ingested in the gastrointestinal system. Thus,
XOS preferentially promotes the development of essential gut
health controlling gastrointestinal microorganisms [100]. XOS’s
capacity as an effective feed substitute is developed by helping to
minimize cholesterol, prevent starch retrogradation, and enhance
Ca?" bioavailability, thus enhancing the sensory and nutritional
characteristics of foods [35]. Due to its immunomodulatory, anti-
cancer, antimicrobial, antioxidant, anti-allergic, anti-inflammatory,
and anti-hyperlipidemic activity, XOS has demonstrated application
throughout the pharmaceutical industries [25,102-105]. XOS has also
demonstrated herbal medicinal and feed uses, such as fisheries and
chicken development regulatory activities. The existence of uronic
substituents in acidic oligosaccharides may be responsible for these
effects. The XOS production method includes the autohydrolysis,
water-autoionizing hydronium ions, and in sifu organic acids or
enzymatic hydrolysis such as xylanase or B-xylosidase of agricultural
residue abundant in hemicellulose [104]. A few reports indicated that
XOS could be produced enzymatically from various agro-residues
such as wood fibers, straws, corn cobs, bran, sugarcane bagasse, and
bamboo utilizing bacterial xylanases [106-111]. Bacillus mojavensis
A21 alkaline xylanase used corncob xylan to release xylotriose and
xylobiose [112]. Bacillus aerophilus KGJ2 xylanase demonstrated
efficacy for XOS development, such as xylobiose, xylotriose, and

xylose after xylan hydrolysis [113]. Pichia stipitis xylanase hydrolysis
generated 2% XOS consists mainly of 14% xylotetraose, 49%
xylotriose, and 29% xylobiose [114]. Bhardwaj et al. showed that
the slightly purified xylanase extracted from Aspergillus oryzae LC1
resulted in xylotriose, xylobiose, and xylotetraose formation [115].

3.5. Xylanase used in Bio-refineries

Effective transformation of lignocelluloses biomass (LCB)
into ethanol (fuel grade) has set off global priority to generate
environmentally sustainable renewable energies at a fair price for
the transport sector. The method of biotransformation combined with
cellulolytic enzyme, the xylanolytic enzyme plays a significant act in
the processing of hydrolysis. Many studies recommend that xylanase
acquired from many bacteria plays an important function in the
saccharification of lignocellulosic biomass for the biorefinery relying
on lignocellulose [116]. Fermentation and hydrolysis are critical steps
toward the development of bioethanol from biomass of lignocellulose
necessitate pretreated biomass hydrolysis to transform complicated
LCB carbohydrate polymer to the simplistic monomers that will be quite
far transformed by fermentation into ethanol. Hu ef al. indicated that
xylanase induces fiber swelling through enhancing porosity which helps
to improve cellulose accessibility [117]. Concurrent cofermentation
and saccharification (CCFS) are implemented to ferment all hexoses
(C6) derived from xylan which induces ethanol development,
utilizing bacteria cocultivated with xylanase and cellulase producing
strain. Centralized processing, as well as concurrent fermentation,
saccharification, and delignification, involves the culture of strain
for enzyme production in a bioreactor along with ethanol-generating
strain. It can be a monoculture or the coculture of various microbes.
This would help to reduce the process flow investment incurred for
fermenter operation and the manufacturing of different enzymes and
ethanol production [118]. Specific engineered microbes are utilized
to develop a centralized processing system on monoculture, with
lignohemicellulolytic enzymes containing the capability to potentially
produce ethanol. For consolidated lignocellulosic biomass processing,
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Shen et al. developed a thermostable self-splicing bacterial intein-
modified xylanase [119].

4. ISSUES AND FUTURE PERFORMANCE IN
INDUSTRIAL XYLANASE DEVELOPMENT,
PURIFICATION, AND IMPLEMENTATION

Therefore, the investigation for incredible xylanase is on, looking at
the new bacterial source with the capacity to generate extremely stable
and durable xylanase that occurs all over the globe. Strains originating
from different extreme habitats could be useful since they can
withstand a variety of stresses such as changes in pH and temperature.
Another alternative is to select these temperature and pH-resistant
strains and expose them to various optimization techniques for higher
xylanase output. The development of biotechnological techniques and
tools (recombinant DNA technology) offers an ability to pick the DNA
sequences responsible for the production of xylanase, which can be
extracted and transmitted effectively to the expression vector. Such
expression systems can be controlled with required properties for
different industrial purposes for improved development of xylanase.
Using various tools of bioinformatics, the accessibility of a massive
proportion of genomics, metabolomics, and proteomics data may
also be employed to establish various strategies to improve xylanase
development. The combination of modern technologies including
synthetic biology (DNA oligo-synthesis) and traditional genetic
engineering can be employed to achieve the goal of massive yields of
xylanase with required commercial property [Figure 7]. Nonetheless,
before full-scale implementations, problems correlated with copying
the natural process into an artificial model have to be taken care of.

5. SYNERGISTIC USAGE OF XYLANASE AND
CELLULASE

By facilitating several valuable transforms, enzymes provide
significant benefits to the biological base economy in comparison to
chemocatalysts. Biocatalysts provide a major environmental benefit
over chemical catalysts, as well as many other significant advantages
such as specificity, precision, and low-energy consumption. For the
past 10 years, cellulase is the third highest enzyme utilized in different
industrial processes, also xylanase is one of the commonly utilized
enzymes and several commercial applications enable some of these
enzymes to function synergistically [120]. These are applications
[Table 2]that involve the production of bioethanol, waste paper
deinking, the processing of animal feed, the removal of fine synthetic
fibers [stoning], and medical products.

6. FUTURE CHALLENGES

New methods for obtaining novel xylanase genes from metagenomics
libraries have newly been implemented. Essential structural motifs of the
xylanase protein have been stabilized using protein engineering strategies.
The use of a combination of system biology experiments, proteomics, and
genomics methodologies to produce xylanases that perform well at high
temperatures and pH for industrial usage indicates a possible pathway for
the development of xylanases that function well at extreme temperatures
and pH [121]. This would also get the industries excited to transform
to enzyme systems. In addition to the above advantages, the generation
of many tons of industrial waste is preventable. Governments and
environmental conservation body groups around the globe are making
relentless attempts in reduces pollution rates and save money. Certainly,
that approach will lead to this aim. Over the following two decades, these
strategies appear to put the industry on the frontier position and it may

be the center for industrial research and innovation, attracting researchers
and research scientists from all over the world.

7. CONCLUSION

Among the industrially useful enzymes, thermostable xylanase is
a major player. Thermostable xylanases have been derived from
bacteria, Actinobacteria, yeast, and fungi. Many industries, such
as biofuels, pulp and paper, food and feed, and animal feed, need
thermostable xylanase. Since thermostability is a requirement for
xylanases in industrial applications, many attempts have been devoted
to identifying or creating novel thermostable enzymes. Several
molecular methods and protein engineering strategies are discussed in
this study to improve the operational stability of xylanases so that they
can be used in more commercial processes.
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