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Abstract

The utilization of hydrolytic enzymes in various industrial processes worldwide has gained more attention than
chemical catalysts due to the high selectivity of enzymes, their ease of control, and their negligible environmental
impact, as they produce very small amounts of byproducts. Xylanase is one such enzyme that catalyzes the break-
down of the β-1,4 linkage of xylan, the second most abundant renewable heteropolysaccharide and hemicellulosic
constituent of the plant cell wall. Naturally, xylanase can be obtained from various sources such as mollusks, in-
sects, plants, animals, and various microorganisms (bacteria, fungi, yeast, and algae). The utilization of xylanase
could greatly improve the overall economics of processing lignocellulosic materials for the generation of mono-
saccharides, liquid fuels, and chemicals. Microbial xylanase is suitable for applications in food and feed, paper and
pulp, textile, pharmaceutical, and biorefining industries. It has gained global attention due to its substrate speci-
ficities, biochemical properties, and various biotechnological applications. This review focuses on xylanase pro-
duction, sources, fermentation processes, modes of action, purification methods, and applications in various
industries.
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Introduction

Lignocellulosic biomass has been recognized as a su-
stainable source of renewable energy and value-added
products such as animal feed, single-cell protein, etha-
nol, xylitol, organic acids, methane, and monosacchari-
des. However, converting lignocellulosic waste into
these value-added products faces difficulties, including
low selectivity and high cost (Malhotra and Chapad-
gaonkar, 2018). Hemicelluloses consist of heterogene-
ous groups of polysaccharides existing in an irregular
form and located between the cellulose fibrils and lignins
(Peng et al., 2012). The components of hemicellulose in-
clude various sugars, such as the five-carbon sugars or 

pentose sugars (xylose, rhamnose, and arabinose), six-
carbon sugars or hexoses (glucose, mannose, and galac-
tose), and uronic acids (4-o-methyl glucuronic, D-glucu-
ronic, and D-galacturonic acids) (Prasad and Sethi, 2013;
Tarasow et al., 2013; Pandey et al., 2014). The homo-
polymer or heteropolymer backbone of hemicellulose is
mostly linked by β-1,4-glycosidic bonds and occasionally
by β-1,3-glycosidic bonds (Bajpai, 2016). To hydrolyze
hemicelluloses into their constituent sugars, chemical or
enzymatic methods can be employed (Branco et al.,
2019). However, the utilization of chemical methods is
not cost-effective and not environmentally friendly com-
pared to enzymatic methods (Howard et al., 2003).
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Xylan, the dominant hemicellulose in the plant cell
wall, is a hetero-polysaccharide integrated into the ligno-
cellulosic structure, consisting of β-1,4 linked D-xylosyl
residues, and accounts for about 33% of all renewable
organic biomass (Girio et al., 2010; Motta et al., 2013;
Liu et al., 2015). Xylan has many applications that di-
rectly or indirectly affect human life. For example, ara-
binoxylans, a type of xylan found in rye and wheat, influ-
ence the processing, quality, and nutritional values of
bread and the brewing properties of grains (Vinkx and
Delcour, 1996). The corn fiber-bran arabinoxylans of
starch have served as food additives, thickeners, and sta-
bilizers, as well as film formers and emulsifiers (Doner
and Hicks, 1999; Yadav et al., 2009). Xylan is a major
constituent of lignocellulosic biomass for biofuel pro-
duction (Carroll and Somerville, 2009) and animal feed
(Bedford and Partridge, 2010). Lignocellulosic biomass
from softwood and hardwood trees is most commonly
used for construction, pulp and paper products, and bio-
refinery applications that involve separating the biomass
into its individual components to produce various bio-
products (Xavier et al., 2010; Pei et al., 2016; Zhu et al.,
2016).

The existence of xylan in a heterogeneous and com-
plex form makes its hydrolysis difficult; consequently, the
complete breakdown of xylan into its components requi-
res a large variety of enzymes (Subramaniyan and Prema,
2002). Due to the chemical nature of xylan, which is
highly heterogeneous and complex, the complete break-
down of this biomass demands the action of different
hydrolytic enzymes (Subramaniyan and Prema, 2002).

Endoxylanases and $-xylosidases (commonly referred
to as xylanases) are the two major xylanolytic enzymes
responsible for the hydrolysis of xylan into its consti-
tuents (Bajpai, 2022). Endoxylanases produce xylo-oligo-
mers by breaking the homopolymeric backbone of 1,4-
linked β-D-xylopyranose, whereas β-xylosidases act on
xylooligomers to release xylose (Ahmed et al., 2009;
Knob et al., 2010). Endoxylanases are particularly im-
portant as they are directly involved in the cleavage of
glycosidic bonds, liberating short xylo-oligosaccharides
(Verma and Satayanarayana, 2020). Biocatalysts have
gained more attention compared to chemical catalysts
due to their high specificity, ability to operate under
mild pH and temperature conditions, low energy con-
sumption, and positive environmental impact (Girelli
et al., 2020). Xylanase enzymes have been utilized in

various industries such as food, animal feed, pulp and
paper, textiles, and biorefining (Pinheiro et al., 2021).

Thus, this paper presents the classification of xyla-
nase, its mode of action, different xylanase-producing
sources, production methods, and purification methods,
as well as its potential applications in different indu-
stries. The structure of xylan, with its bonds that are
targeted by specific xylanolytic enzymes for the com-
plete hydrolysis of xylan into its constituents, is presen-
ted in Figure 1.

Mode of action of xylanase

Two different mechanisms, retention and inversion,
are involved in the hydrolysis process of the xylan poly-
mer by xylanase enzymes (Subramaniyan and Prema,
2002; Lombard et al., 2014).

Retention

The retention process is a double displacement me-
chanism in which an α-glycosyl enzyme intermediate and
an oxo-carbonium intermediate are formed, with gluta-
mate residues acting as catalysts for hydrolysis. This
double displacement mechanism for anomeric retention
of the product was first proposed by Koshland (1953)
and later reported by Clarke et al. (1993). Primarily, the
two carboxylic acid residues present in the active site
result in the formation of an α-glycosyl enzyme inter-
mediate. This occurs through the protonation of the sub-
strate by one carboxylic acid residue (acting as an acid
catalyst), while another carboxylic acid residue causes
a nucleophilic attack. This process collectively results in
β to α inversion due to the formation of the α-glycosyl
enzyme intermediate (Bhardwaj et al., 2019).

In the second displacement, the anomeric carbon
gives rise to the product with the β configuration (α to
β inversion) through a transition state involving oxo-
carbonium ions (Collins et al., 2005; Lombard et al.,
2014). Generally, the double displacement mechanism
involves an acid catalyst that protonates the substrate,
a carboxyl group of the enzyme, a covalent glycosyl en-
zyme intermediate with carboxylate, in which the ano-
meric configuration of the sugar appears opposite to that
of the substrate, and oxo-carbonium ions that form co-
valent intermediates from both directions along with
various noncovalent interactions (Clarke et al., 1993).
The hydrolysis of xylan by the retention process is pre-
sented in Figure 2A.
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Fig. 1. Schematic presentation of the structure of xylan with its bonds that are attacked by specific xylanolytic enzymes
for the complete hydrolysis of xylan to its constituents. Adapted from the review paper by Bhardwaj et al. (2019)

Inversion

Inversion is a single displacement mechanism, in
which only one carboxylate ion offers for overall acid-
catalyzed group departure. The enzymes that use this
single displacement mechanism (inversion) are like en-
zymes families 8 and 43. These enzymes invert the ano-
meric center with glutamate and aspartate as the major
catalytic residue and also act as the base for activating
a nucleophilic water molecule to attack the anomeric
carbon to cleave the glycosidic linkages and actualize in-
version of anomeric carbon configuration (Collins et al.,
2005; Motta et al., 2013; Lombard et al., 2014). Most of
the polysaccharide hydrolyzing enzymes like cellulases,
cellulohydrolases, and xylanases are known to hydrolyze
their substrates with the retention of the C1 anomeric
con guration (Gebler et al., 1992). The hydrolysis of
xylan by the inversion mechanism process is presented
in Figure 2B.

Sources of xylanase

Inversion is a single displacement mechanism in
which only one carboxylate ion facilitates the overall
acid-catalyzed group departure. The enzymes that use
this single displacement mechanism, such as those in
families 8 and 43, invert the anomeric center with gluta-
mate and aspartate as the major catalytic residues.

These residues also act as the base to activate a nucleo-
philic water molecule, which then attacks the anomeric
carbon to cleave the glycosidic linkages and invert the
anomeric carbon configuration (Collins et al., 2005;
Motta et al., 2013; Lombard et al., 2014). Most poly-
saccharide hydrolyzing enzymes, including cellulases,
cellobiohydrolases, and xylanases, are known to hydro-
lyze their substrates with the retention of the C1 ano-
meric configuration (Gebler et al., 1992). The hydrolysis
of xylan by the inversion mechanism is presented in
Figure 2B.

Fungal xylanases 

Xylanase is produced by various living organisms,
including archaea (Wainø and Ingvorsen, 2003), bacteria
(Chakdar et al., 2016), fungi (Chadha et al., 2019; Singh
et al., 2019), actinomycetes (Hunt et al., 2016), insects
(Brennan et al., 2004), algae (Jensen et al., 2018), plants
and immature seeds (Sizova et al., 2011), protozoa
(Béra-Maillet et al., 2005), mollusks (Yamaura et al.,
1997), and nematodes (Mitreva-Dautova et al., 2006).
Xylanase-producing microorganisms inhabit diverse eco-
logical niches such as marine and terrestrial habitats
with decayed plant biomass, thermophilic and meso-
philic environments, as well as the rumen of ruminants
(Chadha et al., 2019; Singh et al., 2019).
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Fig. 2. Mode of action of xylanase retention (A) and inversion (B); adapted from Bhardwaj et al. (2019)

There are many advantages that make microorga-
nisms the preferred choice over plants and animals.
These advantages include rapid multiplication in a short
period, small space requirements, high potential in
waste biomass biodegradation, production under con-
trolled and closed systems, ease of handling, and low
production costs, as inexpensive substrates are used as
carbon sources (Mitreva-Dautova et al., 2006). Microbial
xylanase also has advantages over conventional chemical
catalysts, such as high catalytic activity, high specificity
to its substrate, high yield of product, easy biodegrada-
bility, environmental friendliness, and economic viability
(Gote, 2004). Bacteria and fungi are widely used for the
industrial production of xylanase; therefore, this study
focuses on fungal xylanase.

Bacterial xylanases

Filamentous fungi are particularly interesting produ-
cers of xylanase from an industrial perspective, as they
produce extracellular xylanases and other auxiliary enzy-
mes involved in the degradation of xylan into its compo-
nents. Furthermore, fungi produce higher amounts of
xylanase than yeasts or bacteria (Li et al., 2022). The
fungal genera commonly producing xylanase include
Aspergillus, Coriolus versicolor, Fusarium, Phanerocha-
ete chrysosporium, Trichoderma, Pichia, and Penicillium
(Singh et al., 2019). The basidiomycete white-rot fungi
(WRF) also produce extracellular xylanases that act on
various hemicellulosic biomasses used as food sources
(Buswell and Chang, 1994) and produce metabolites for
the pharmaceutical, cosmetic, and food industries (Qin-
nghe et al., 2004).

These enzyme-producing white-rot basidiomycetes
include P. chrysosporium (Castanares et al., 1995),
C. versicolor, which produces a complex of xylanolytic
enzymes (Abd El-Nasser et al., 1997), and C. subvermi-
spora (de Souza-Cruz et al., 2004). Fungi are preferred
over bacteria for xylanase production due to their po-
tential to yield higher amounts of enzymes, produce se-
veral xylan-degrading auxiliary enzymes (Polizeli et al.,
2005), and ability to be active at high and low tempera-
tures acidic and alkaline pH levels, and high salt content
(Pandya and Gupte, 2012; Bonughisantos et al., 2015).

Classification of xylanase

Xylanases can be categorized into three types based
on their molecular mass and isoelectric point (PI),
crystal structure, and kinetic properties (Motta et al.,
2013; Liu and Kokare, 2017). When classified based on
molecular mass and isoelectric point, xylanase enzymes
are grouped into two categories: (a) high-molecular
weight with a low isoelectric (acidic) point (HMWLI) and
(b) low-molecular weight with a high isoelectric (basic)
point (LMWHI). However, this classification has a draw-
back as it cannot describe all xylanases since not all xyla-
nases fall under the HMWLI or LMWHI categories (Col-
lins et al., 2002; Basit et al., 2020).

To address this limitation, a more suitable system
was developed, focusing on the primary structure (crys-
tal) and comparison of the catalytic domains (Collins
et al., 2005; Basit et al., 2020). For more curated infor-
mation on the characteristics and classification of en-
zymes, the Carbohydrate-Active Enzyme (CAZy) data-
base, which is involved in the breakdown, modification,
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and assembly of glycosidic bonds in carbohydrates and
glycoconjugates, is appropriate. This database consists
of genomic, sequence annotation, family classifications,
structural (3D crystal), and functional (biochemical) in-
formation from publicly available resources such as the
National Center for Biotechnology Information (NCBI)
(Lombard et al., 2014; Basit et al., 2020). The CAZy
database (http://www.cazy.org) classification categorizes
the xylanases into glycoside hydrolase (GH) families that
include: 5, 7, 8, 9, 10, 11, 12, 16, 26, 30, 43, 44, 51, and
62. Among these families the 16, 51, and 62 GH families
have two catalytic domains with bifunctional properties,
unlike the 5, 7, 8, 10, 11, and 43 GH families that have
a single distinct catalytic domain (Collins et al., 2005).

Fermentation process for xylanase production

The production of xylanase depends on the selected
microorganism, the composition of the growth medium,
physicochemical growth parameters, and the fermenta-
tion method used for enzyme production. The growth
medium contributes 30–40% to the total cost of enzyme
production (Mitreva-Dautova et al., 2006). Xylanase pro-
duction can be affected by the type and concentration of
medium components such as the carbon source, nitro-
gen source, micronutrients, and macronutrients.

Physicochemical growth parameters, such as in-
oculum size, temperature, pH, agitation/aeration, water
content of the substrate, incubation period, trace ele-
ments, and vitamins, significantly influence xylanase pro-
duction (Abhishek et al., 2017; Thomas et al., 2017).
Xylanase production involves two types of fermentation
processes: submerged fermentation and solid-state fer-
mentation (Agnihotri et al., 2010; Motta et al., 2013).

Xylanase production 
under submerged fermentation (SmF)

Submerged fermentation (submerged culture) uses
liquid fermentation media in which the substrate is dis-
solved in water. Despite the limitations related to space,
energy, and water requirements, submerged fermenta-
tion is widely used in industrial processes due to its
higher production yield, lower risk and cost of contami-
nation, and ease of monitoring the fermentation process
(Jain et al., 2013). Additionally, submerged fermentation
is favored due to the lack of equipment for enzyme pro-
duction under solid-state fermentation (Subramaniyam
and Vimala, 2012). Approximately 90% of the total xyla-

nase production worldwide utilizes the submerged fer-
mentation (SmF) process (Polizeli et al., 2005). The
submerged fermentation of aerobic microorganisms is a
well-known and widely used method for producing cel-
lulase and xylanase. SmF is generally preferred when
preparations require more purified enzymes (Garcia-
Kirchner et al., 2002).

Xylanase production under solid-state fermentation

Solid-state fermentation (SSF) is a fermentation pro-
cess that involves a solid matrix without free-flowing wa-
ter, serving as physical support and a source of nutrition
for microbial growth (Pandey et al., 2000; Singhania et al.,
2009). The SSF system offers many advantages over SmF,
such as mimicking the natural habitat of the microor-
ganism, reducing water activity to minimize microbial con-
tamination, providing greater enzyme stability, requiring
less energy, producing enzymes with higher specific acti-
vities, and simplifying downstream processing (Beg et al.,
2001; Singhania et al., 2009; Jain et al., 2013). Additio-
nally, SSF provides higher enzyme yields than submerged
fermentation (Agnihotri et al., 2010).

The SSF process is especially suitable for the growth
of fungi, as these organisms can grow at relatively low
water activities, unlike bacteria and yeast, which cannot
grow at low water activity (Corral and Villasenor-Ortega,
2006). The production of enzymes like xylanase by SSF
from fungi has received special attention due to its eco-
nomic and engineering advantages (Pandey et al., 1999).
Several research reports indicate the suitability of solid-
state fermentation over liquid-state conditions for high
yields of xylanase enzyme (Nair et al., 2008; Roy et al.,
2013; Singh et al., 2013). SSF processes utilize agricul-
tural, forestry, and food processing residues and wastes
such as sugar cane bagasse, wheat bran, wheat straw,
corn cobs, rice bran, rice husks, sawdust, and other
similar substrates for xylanase production (Pandey et al.,
1999; Corral and Villasenor-Ortega, 2006).

Although SSF has tremendous advantages, there are
limitations and challenges that negatively affect this pro-
cess. These include different gradients (moisture, tem-
perature, substrate concentration, and others), biore-
actor design (static bed bioreactor), heat dissipation,
mass transfer, and control of fermentative parameters
(Khanahmadia et al., 2006; Singhania et al., 2009). The-
refore, more research on design, modeling, operation,
and scaling up is necessary to enable the employment of
SSF processes involving bioreactors.
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Purification of xylanase

Enzymes are essential biomolecules with a wide range
of applications in industrial and biomedical fields. There-
fore, purification of these biomolecules is a crucial pre-
requisite for their effectiveness in industrial applications.
The purification of xylanases from different microorganis-
ms began in 1982 (Walia et al., 2014). Conventional puri-
fication methods, such as ultrafiltration, ammonium sul-
fate precipitation, gel permeation chromatography, and
ion exchange chromatography, are commonly used for xy-
lanase enzyme purification (Irfan and Sayed, 2012; Kam-
ble and Jadhav, 2012; Walia et al., 2014).

Several researchers rely on these methods for xyla-
nase enzyme purification from different sources. For
example, Li et al. (2010) used DEAE 52 column and CM
Sepharose Fast Flow chromatography for the purifica-
tion of xylanase produced by Streptomyces rameus
L2001. Taibi and coworkers (2012) purified endo-xyla-
nase enzyme with a molecular mass of 70 kDa from Peni-
cillium using ammonium sulfate fractionation, gel filtra-
tion on BioGel P10, DEAE cellulose, and CM Sephadex
chromatographies (Taibi et al., 2012). Lopez and Es-
trada (2014) purified xylanase from Trichoderma reesei
using ammonium phosphate precipitation, followed by
DEAE-Sepharose CL-6B and Ultrogel AcA 44 (LKB)
chromatographies. Another research report details the
purification of two xylanases, Xyl I, and Xyl II, from the
Trichoderma inhamatum strain using ion exchange
chromatography (diethylaminoethanol DEAE-Sepharose)
and subsequent gel filtration chromatography (Sephadex
G-75) (Silva et al., 2015). de Oliveira Simões and co-
workers (2019) extracted crude enzyme from Mycelio-
phthora heterothallica by precipitating with 96% ethanol
and performed xylanase purification with two steps of
chromatography: gel filtration (Sephadex® G-75) and
anion-exchange (Resource™ Q) (de Oliveira Simões
et al., 2019).

However, the conventional xylanase enzyme purifica-
tion methods mentioned above have drawbacks, such as
being highly time-consuming, not cost-effective, and yiel-
ding low protein quantities (Iqbal et al., 2016; Rama-
krishnan et al., 2016). To overcome these problems,
a single-step liquid–liquid fractionation technique (aque-
ous two-phase system) has been developed (Glyk et al.,
2015). The advantages of the aqueous two-phase system

(ATPS) purification technique over conventional purifica-
tion techniques include low energy consumption with
high yield, use of cheaper materials, higher resolution,
and not affecting the nature of the protein (Glyk et al.,
2015; Iqbal et al., 2016; Ramakrishnan et al., 2016). Due
to these advantages, some researchers have used this
technique for purification. Garai and Kumar (2013) used
this technique for the purification of alkaline xylanase
from Aspergillus candidus. Ng et al. (2018) purified xyla-
nase from B. subtilis using an alcohol/salt ATPS, while
Gómez-García et al. (2018) and Bhardwaj et al. (2019)
used ATPS with a PEG/salt system for purification of
xylanase from Trichoderma harzianum and Aspergillus
oryzae LC1, respectively.

Application of xylanase 

Xylanase is employed in various industries, including
the paper and pulp industry for bleaching pulp, the fruit
juice industry for higher yield and quality products, the
bakery industry for improving the texture of bread, and
as an animal feed additive to improve nutritional value
and reduce feed costs (Pasalari and Homaei, 2022).

Animal feed industry

Xylanase plays a crucial role in enhancing the nutri-
tional values of agricultural residues and animal feeds.
As animal feed additives, xylanase enzymes improve feed
nutritional value by solubilizing and degrading insoluble
feed constituents (Goswami and Pathak, 2013). Several
research findings demonstrate the application of xyla-
nases in animal feed to enhance its nutritional value and
increase the weight gain of animals. For instance, re-
search by Zhang et al. (2014) on broilers fed a wheat-
based diet supplemented with xylanase indicated that
the supplementation degraded the arabinoxylan back-
bone into its monomers (arabinose and xylose) in the
ileum, jejunum, and duodenum, enhancing nutrient di-
gestibility by decreasing digesta viscosity.

Paloheimo and coworkers reported that the utili-
zation of xylanase as feed additives showed improved
weight gain and enhanced feed conversion ratio (Palo-
heimo et al., 2010). Additionally, a study by Passos et al.
(2015) demonstrated that adding xylanase to a corn and
soybean meal-based diet for growing pigs improved
nutrient digestibility and reduced digesta viscosity.
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Paper and pulp industry 

There are two major processes involved in the paper
and pulp industry: pulping and bleaching. These proces-
ses generate organic and inorganic pollutants, including
lignins, tannins, resins, and chlorine compounds, which
are environmental pollutants (Chandra et al., 2011). Cur-
rently, chlorine dioxide is commonly used as a bleaching
agent in paper and pulp industries. However, it forms
organochlorine compounds when combined with organic
matter, causing genetic and reproductive damage to
living organisms (Bajpai, 2012; Sharma et al., 2014).

Bioleaching

Bleaching is the process of removing lignin from pulp
using chemicals, gases, steam, enzymes, etc., to produce
bright and white finished paper (Beg et al., 2001). Uti-
lizing enzymes in the paper and pulp industries not only
avoids the use of hazardous chemicals like chlorine in
the bleaching process (Garg et al., 2011) but also ad-
dresses the limitations of mechanical pulping processes
(Sharma et al., 2016). Conventional pulping strategies
face challenges such as precipitation or re-precipitation
of xylan on the fiber, entrapment of lignin, and variations
in brightness (Mathur et al., 2005).

To overcome these problems associated with tradi-
tional pulping and bleaching strategies, eco-friendly
treatments, specifically enzymatic treatments, have been
used. Among these, enzymatic treatment using xylanase
has gained significant attention in the pulp and paper
industries (Golugiri et al., 2012; Ho and Jamila, 2014).
Xylanase enhances the bleaching process by hydrolyzing
the bond that covalently associates xylan with cellulose
and lignin, causing the separation of cellulose and lignin
(Yang et al., 2019). The application of xylanases im-
proves pulp brightness, and the purity of dissolved pulp,
removes metal cations, reduces overall paper cost, de-
creases the time consumption of the pulping process,
improves the permeability of the fiber surface, restores
bonding, and eliminates the need for chlorine (Nagar
et al., 2013; Yang et al., 2019).

Several reports are indicating the potential applica-
tion of xylanase enzymes in the paper and pulp in-
dustries. Sridevi et al. (2017) demonstrated that pre-
treatment of paper pulp with xylanase produced by Tri-
choderma asperellum resulted in a reduced kappa
number, higher brightness, and the removal of chromo-
phores and hydrophobic compounds. Nair et al. (2010)

reported that the application of xylanase produced by
Aspergillus sydowii SBS 45 on Kraft pulp increased the
brightness of the pulp from 29.42 to 70.42% and reduced
the kappa number from 15.93 to 1.61. Gautam and co-
workers demonstrated that xylanase from white rot
fungi, Schizophyllum commune ARC-11, resulted in
a maximum decrease in kappa number (14.51%) and
a 2.9% improvement in pulp brightness when applied to
ethanol-soda pulp from Eulaliopsis (Gautam et al., 2018).

Pretreatment of hardwood Kraft pulp with xylanase
produced by Paenibacillus campinasensis BL11 increa-
sed brightness (by as much as 4.4 and 3.9%) and visco-
sity (by as much as 0.5 and 0.3 cP) of the pulp after full
chlorine dioxide bleaching for untreated and oxygen-de-
lignified hardwood Kraft pulp (Ko et al., 2010). Raj et al.
(2018) suggested that xylanase produced on wheat bran
from alkaliphilic Bacillus licheniformis used as a pre-
treatment of Kraft pulp showed a 19% reduction in kappa
number compared to control pulp after 2 h of treatment.
The scanning electron microscopy (SEM) and infrared
spectroscopy (FTIR) analysis of xylanase-treated pulp
revealed significant morphological and structural chan-
ges in pulp fibers.

Textile industry

The textile industry comprises three main processes:
desizing (to remove the size or adhesive substance),
scouring (to remove the inhibitory material from desized
fibers), and bleaching (to increase whiteness) (Rouette,
2001). The conventional methods used for these pro-
cesses are chemical-intensive, nonspecific, and involve
the application of high temperatures under alkaline con-
ditions, making them environmentally unfriendly (Bhard-
waj et al., 2019). To combat these issues, several re-
search recommendations advocate for the use of more
environmentally friendly enzyme-based treatments (Len-
ting et al., 2002; Agrawal et al., 2004; Lenting and War-
moesken, 2004).

Among the enzymes used in the textile industry, xyla-
nase is involved in the desizing, bioscouring, biostoning
of denim garments, fabric softening, releasing extra dye,
and biobleaching (Singh, 1999; Polizeli et al., 2005).
Recognizing this, several research groups have con-
ducted studies to find cellulase-free xylanase enzymes
with high thermal and alkaline pH stability for use in
desizing and scouring processes in the textile industry
(Bajpai, 2012). Some reports indicate the successful uti-
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lization of xylanase extracted from B. pumilus and Ba-
cillus stearothermophilus SDX for the desizing of cotton
and micropoly fabrics and bioscouring (Battan et al.,
2012; Saurabh et al., 2008).

Application of xylanase in food Industry

The biocatalyst xylanase has a wide range of appli-
cations in the food industry due to its ethanol tolerance,
stability across a broad pH range, thermal stability, salt
tolerance, and resistance to various metal ions (Qeshmi
et al., 2020).

Baking industry

Xylanase has gained immense interest in the baking
industry for its role in improving dough attributes and
bread quality (Pontonio et al., 2020). Baking industries
use wheat flour as a raw material for making bread.
Wheat grain contains hemicellulose (arabinoxylan) in
water-soluble and water-insoluble forms (Courtin and
Delcour, 2002). The water-insoluble fibers in wheat
grain hinder the quality of bread (Cavella et al., 2008). In
the baking process, xylanase is added to the dough to
convert water-insoluble hemicellulose into a water-so-
luble form, which helps improve the rheological pro-
perties of the dough. These improvements include in-
creased volume, more uniform, and finer crumbs, and
decreased dough firmness (Butt et al., 2008; Camacho
and Aguilar, 2003).

Omar Al-Widyan et al. (2008) reported that xylanases
produced from different types of microorganisms signi-
ficantly improved loaf volume, loaf color, crumb texture,
and firmness of the bread. Similarly, Driss et al. (2013)
demonstrated that the addition of xylanase decreased
the springiness and gumminess of bread. Xylanase also
enhances bread quality and extends shelf life by redu-
cing the staling rate (Harris and Ramalingam, 2010).

Fruit juice clarification

The presence of polysaccharides such as celluloses,
pectins, hemicelluloses, and surface-bound lignin in fruit
juice negatively affects its quality, leading to haze, color,
and viscosity issues (Danalache et al., 2018). Since the
acceptability of cloudy and turbid juices is very low, fruit
juice industries use different plant cell wall-degrading
enzymes such as pectinase, cellulase, and xylanase to
remove these undesired properties (Pinelo et al., 2010;
Kumar et al., 2014). Xylanase acts on the hemicellulose

content present in freshly squeezed juice, clarifying its
excess turbidity and cloudiness (Kaushal et al., 2021).

Nowadays, the utilization of xylanase for the clarifica-
tion and extraction of fruit juices has gained more atten-
tion, with many research outcomes published showing
the potential of xylanase for juice extraction and clari-
fication from various sources. The potential of xylanase
from Streptomyces species was investigated, and the
clarification of juices from different fruits, such as
orange (20.9%), mousambi (23.6%), and pineapple
(27.9%) was reported by Rosmine et al. (2017). Kumar
and his research group demonstrated the potential appli-
cation of immobilized xylanase from B. pumilus VLK-1
for the clarification of orange and grape juice, achieving
29% and 26% clarity, respectively (Kumar et al., 2014).
Additionally, fruit juices from orange, grape, kiwi, apple,
pomegranate, peach, and apricot treated with endo-β-1,4-
xylanase extracted from Pediococcus acidilactici GC25
showed decreased turbidity (Adiguzel et al., 2019).
These research outcomes indicate the potential and ap-
plicability of xylanase in the fruit juice industry.

Application of xylanase in biofuel production

Second-generation biofuels from renewable resources
have gained attention as alternatives to fossil fuels be-
cause they do not compete with food production and can
provide environmental and economic benefits (Viikari
et al., 2012; Sharma and Sharma, 2016). Xylanase, along
with other hydrolytic enzymes, is used for the depoly-
merization of carbohydrate polymers (lignocellulosic bio-
mass) to produce biofuels (Beg et al., 2001; Lee, 2009).
Research indicates the role of xylanase in the sacchari-
fication of lignocellulosic biomass for biofuel production
(Ramanjaneyulu et al., 2017; Basit et al., 2018).

For the production of biofuels from lignocellulosic
biomass, various integrated strategies that improve etha-
nol production have been developed. These processes
include simultaneous saccharification fermentation
(SSF), simultaneous saccharification and co-fermentation
(SSCF), and consolidated bioprocessing (CB) (Sun and
Cheng, 2002; Malhotra and Chapadgaonkar, 2018). Cel-
lulase and xylanase enzymes are used for bioethanol pro-
duction by saccharification and co-fermentation (SSCF)
of anhydrous ammonia-pretreated Napier grass (Yasuda
et al., 2014). Song and coworkers demonstrated that
using xylanase together with cellulase improved the con-
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purification, characterization, and applications

version efficiency of the reducing sugars derived from
corn stover (48.5%) and rice straw (31.1%) (Song et al.,
2016). Figure 3 illustrates the general schematics of
xylanase production, purification, characterization, and
applications.

Future perspectives

Exploring super xylanases with high specific activities
and stability under different physicochemical conditions
is a crucial future task for researchers and academicians.
Isolating extremophile microbial strains that can with-
stand high or low temperatures and pH from various ex-
treme environments and optimizing their growth condi-
tions for xylanase production is essential. Emerging bio-
technological tools such as metagenomics and recombi-
nant DNA technology are used to screen and select the
genes responsible for xylanase production and transfer
them into expression systems, respectively. Combining
synthetic biology (DNA oligosynthesis) and conventional
recombinant DNA technology can be used for high xy-
lanase production with desired industrial properties. To
protect the enzyme from harsh conditions (high tem-

perature, surfactants, and oxidizing agents) and improve
its stability, enzyme immobilization should be carried out.

Conclusion

Xylanase is an enzyme that randomly splits the β-1,4
linkage of xylan, breaking it down into its constituent
components. The most common class of xylanase invol-
ved in xylan hydrolysis is endo-1,4-β-xylanase. Xylanases
are classified into different glycoside hydrolase (GH) fa-
milies, with major xylanases from GH10 or GH11 fami-
lies, and some from GH5, GH7, GH8, and GH43 fami-
lies. Xylanase has potential applications in various indus-
tries, including textile, paper and pulp, food, animal feed,
bioremediation, and bio-refinery industries.

For the production of xylanase with desired cha-
racteristics suitable for the aforementioned industrial
applications, new technologies (synthetic biology and
directed evolution) should be combined with conventio-
nal methods. To meet industrial process requirements
and solve problems related to native xylanase, future
research should focus on sequence-based and function-
based screening of novel xylanases from extreme en-
vironments, genetic engineering, and directed evolution.
This approach should be prioritized over conventional
methods (culture-dependent screening methods), which
can only culture a small fraction of the microbial popula-
tion using commercially available media.
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