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lysis of lignocellulosic biomass
using a novel, thermotolerant recombinant
xylosidase enzyme from Clostridium clariflavum:
a potential addition for biofuel industry

Asma Zafar, †a Attia Hamid, b Liangcai Peng,c Yanting Wang c

and Muhammad Nauman Aftab †*b

The present study describes the cloning, expression, purification and characterization of the xylosidase

gene (1650 bp) from a thermophilic bacterium Clostridium clariflavum into E. coli BL21 (DE3) using the

expression vector pET-21a(+) for utilization in biofuel production. The recombinant xylosidase enzyme

was purified to homogeneity by heat treatment and immobilized metal ion affinity chromatography.

SDS-PAGE determined that the molecular weight of purified xylosidase was 60 kDa. This purified

recombinant xylosidase showed its maximum activity at a temperature of 37 �C and pH 6.0. The purified

recombinant xylosidase enzyme remains stable up to 90 �C for 4 h and retained 54.6% relative activity as

compared to the control. The presence of metal ions such as Ca2+ and Mg2+ showed a positive impact

on xylosidase enzyme activity whereas Cu2+ and Hg2+ inhibit its activity. Organic solvents did not

considerably affect the stability of the purified xylosidase enzyme while DMSO and SDS cause the

inhibition of enzyme activity. Pretreatment experiments were run in triplicate for 72 h at 30 �C using 10%

NaOH. Saccharification experiment was performed by using 1% substrate (pretreated plant biomass) in

citrate phosphate buffer of pH 6.5 loaded with 150 U mL�1 of purified recombinant xylosidase enzyme

along with ampicillin (10 mg mL�1). Subsequent incubation was carried out at 50 �C and 100 rpm in

a shaking incubator for 24 h. Saccharification potential of the recombinant xylosidase enzyme was

calculated against both pretreated and untreated sugarcane bagasse and wheat straw as 9.63% and

8.91% respectively. All these characteristics of the recombinant thermotolerant xylosidase enzyme

recommended it as a potential candidate for biofuel industry.
Introduction

Due to the increased prices of crude oils and depletion of fossil
fuels, access to renewable energy sources has become essential
to maintain the equilibrium of modern economies.1 The
development of alternative fuels is important to reduce the
carbon dioxide emission and use of fossil based fuels, as well as
to face the anxiety of future petroleum sources. At present,
bioethanol is obtained mostly from hydrolysis and fermenta-
tion of corn and sugar cane. However, facing the calculated rise
in biofuels consumption worldwide, it has become obligatory to
design new sources of biofuels and sustainable technologies.
Therefore, there is a rising interest in increasing second and
third generation biofuels, mainly based on ligno-cellulosic
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biomasses, which include agricultural residues, grasses culti-
vated as particular energy crops, wood (from sowood) and
solid urban waste (cardboard, paper etc.).2,3 Lignocellulose
being the most abundant renewable energy reservoir on earth,
has the great potential to be utilized as a substrate for biofuel
production in the biofuel industry. But the main limitation
occurs in its conversion to fermentable sugars due to its rigid
and compact structure.4

Agricultural waste materials like sugarcane bagasse, wheat
straw, rice bran and corn cobs are being utilized in many
countries for the production of biofuels. Wheat straw and
sugarcane bagasse are among the most generated agricultural
waste in the world. The main constituents of wheat straw and
sugarcane bagasse are cellulose, hemicellulose and lignin
whose concentrations vary from region to region but typically
they contain more than 20% hemicellulose in them.5,6 Hemi-
cellulose contents of these agro waste materials can be effi-
ciently converted into fermentable sugars by the microbial
enzymes.
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In nature, cellulose is one of the most plentiful renewable
energy sources; its usage for biofuels has been hindered by the
structural complexity of plant cell walls.7,8 The composition of
the lignocellulosic biomass varies depending on the species to
species that was being considered, but it is mainly composed by
cellulose (35–50%), hemicellullose (20–35%), lignin (10–25%)
and other less represented components.9 Every cellulose mole-
cule is a linear polymer of b1/ 4d-glucose unit. Hemicellullose
is a group of pentoses (arabinose and xylose) and hexoses
(glucose, mannose, and galactose). Hemicellulose is mainly
composed of D-xylose, L-arabinose, D-galactose, D-mannose as
well as, 4-O-methyl-D-glucuronic acid.10

Hemicellulose is widely used as substrate in various indus-
trial applications including biofuel, food, feed, cosmetics as
well as paper industry due to the presence of various types of
pentose sugars in it.11–15 But the degradation of hemicellulose is
the most difficult process due to its high molecular weight and
insoluble nature because of its linkage with cellulose and
lignin. Xylan is the most commonly available hemicellulose
found plant cell walls of angiosperms and herbaceous plants
while in gymnosperm's cell wall, the hemicellulose portion is
comprised of xylans as well as glucomannan.16 Xylans are
composed of 1,4-linked xylosyl residues having a side chain of
various acids like D-glucuronic, arabonic, p-coumaric, ferulic
and acetic at 2,3-OH positions.17,18Hemicellulases are a group of
enzymes which are classied according to their substrates. The
synergistic action of various enzymes is necessary to hydrolyze
cellulose and hemicelluloses.19–22

A pretreatment step is also required in the enzymatic
hydrolysis of lignocellulosic biomasses because of the recalci-
trance nature of cellulose, hemicellulose, and lignin.23 Over the
years, different methods of pretreatments are developed,
counting physical (grinding, milling, and irradiation),24 phys-
ical–chemical (hydrothermolysis, steam pretreatment/
autohydrolysis and wet oxidation),25 chemical methods (dilute
acid, organic solvents, oxidizing agents and alkali)26 and bio-
logical, or a grouping of these methods.27 All above mentioned
processes have some limitations like production of inhibitors
etc. which leads to raise the cost of the processes.28 So there is
a need to develop a pretreatment processes which reduce the
energy requirement as well minimize the production of inhib-
itors during the processes of pretreatment.29

Clostridium clariavum is anaerobic, Gram-positive, rod
shaped, non-motile, moderately thermophilic, cellulose
degrading, and chemo-organotrophic bacterium.30,31 The
sequence of C. clariavum revealed that its genome carries
different genes that encode cellulosomal proteins as well as
polysaccharide-degrading enzymes.32 The thermophilic features
of C. clariavum are of great interest to the research community
of biomass degradation, since it is one of the few thermophilic
cellulosome-producing bacteria known today. Moreover, C.
clariavum is capable of utilizing cellobiose, cellulose and
natural substrates, for example switchgrass. C. clariavum has
got the potential to utilize xylose and xylan as sole sources of
carbon.33

In this study cloning and expression of a novel xylosidase
gene from C. clariavum was performed into E. coli BL21 (DE3).
14918 | RSC Adv., 2022, 12, 14917–14931
The purication, optimization and characterization of
recombinant xylosidase enzyme were carried out in order to
explore it for utilization in plant biomass hydrolysis. Moreover,
the saccharication potential of recombinant xylosidase
enzyme was also investigated and reported in this study.

Methodology
Material

The chemicals and reagents utilized in this work were acquired
from Merck (Germany) and Sigma (USA). Primers were manu-
factured from Gene LinkTM (USA) through World Wide Scien-
tic Corp, Lahore, Pakistan. InsTAclone PCR cloning kit,
QIAquick Gel Extraction kit, Plasmid isolation kit (Expin
plasmid SV Mini, 50p) by GeneAll was used, restriction
enzymes, T4 DNA ligase, DNA ladder, ColorPlus prestained
protein marker, extensive ranging from (10–180 kDa) and
Protino® Ni-TED kit were obtained from Thermo Fisher Scien-
tic. Plant biomass (sugarcane bagasse & wheat straw) were
collected from the elds of Lahore, Pakistan. PCR thermocycler
(Applied Biosystem, Veriti, UK), rotatory shaking incubator
(Ecocell). UV-spectrophotometer (Cecil-CE7200.0, Aquarius,
UK) and SEM analysis was performed by MAIA3 TESCAN (Bartin
University, Turkey). Other chemicals used in this work were of
analytical grade.

Selection of bacterial strain and plasmid

The genomic DNA of C. clariavumwas purchased fromGerman
collection of microorganisms and cell culture, DSMZ. The
expression vector pET-21a(+) and the host organism E. coli BL21
(DE3) were obtained from culture collection of Institute of
Industrial Biotechnology, GC University, Lahore Pakistan. Both
strains were maintained in Lauria Bertani (1% tryptone, 0.5%
yeast extract and 1% NaCl) for further use.

Cloning of xylosidase gene of C. clariavum in pET-21a(+)

Specic pair of primers was designed against the nucleotide
sequence of the xylosidase gene of C. clariavum to amplify the
xylosidase gene. Vector NTI soware was used to designed the
primers. The amplied PCR product of xylosidase gene and
expression vector pET-21a(+) were double digested with NdeI
and HindIII in the presence of their suitable buffers using
Qiaquick DNA purication kit. T4 DNA ligase was used for the
ligation of xylosidase gene and pET-21a(+) vector in the pres-
ence of its specic buffer (10�). The ligated xylosidase gene was
transformed into the competent cells of E. coli BL21 (DE3) that
were freshly prepared. The positive clones were screened by
colony PCR and restriction analysis of the isolated recombinant
plasmid.

Expression of recombinant gene in E. coli BL21 (DE3)

Fresh LB medium was inoculated (1%) by overnight grown
culture of transformed E. coli BL21 (DE3) and incubated in
a shaking incubator at 37 �C until the optical density of the
medium reaches between 0.4-0.6. The cells were induced using
IPTG and incubated for 4 h in a shaking incubator at 37 �C. The
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00304j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

/1
3/

20
24

 9
:1

6:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
medium was then centrifuged for 10 min at 4 �C, 9000 rpm. The
supernatant was separated and pellet was dissolved into Tris–Cl
buffer (pH 6) for sonication. SDS-PAGE was used to examine the
expression of the cloned xylosidase gene in extracellular and
intracellular fractions.

Enzyme activity assay

In the activity assay, the amount of p-nitrophenol emitted by the
enzyme was measured using p-nitrophenyl-D-xylopyranoside as
a substrate by following the protocol given by de Oliveira
Rodrigues et al.34 The amount of p-nitrophenol released during
the reaction, was determined by spectrophotometer at 405 nm.
One unit of enzyme was dened as volume of enzyme that was
needed to liberate 1 mmol of p-nitrophenol under standard
enzyme assay conditions.

Estimation of total protein

Total proteins were determined by Bradford method.35 Bovine
serum albumin was used as a standard. In a 5 mL Bradford and
900 ml buffer and 100 ml of protein sample were added. A blank
was run in parallel which contained 900 ml buffer and protein
sample was replaced with 100 ml dH2O. The absorbance was
taken at 595 nm in a spectrophotometer to determine the total
protein contents.

Optimization of xylosidase gene expression

The optimization of different parameters like pH of medium
(4.0–9.0), incubation temperature of recombinant culture (16–
42 �C), IPTG concentration for induction (0.1–0.6 mM), time of
induction with IPTG (1–6 h) and optical density at 600 nm at the
time of induction (0.2–0.8), was done to observe the maximum
expression of cloned xylosidase gene in E. coli BL21 (DE3).

Xylosidase enzyme purication

Recombinant xylosidase enzyme was puried by utilizing the
methods mentioned below:

Heat treatment

In order to denature host (E. coli BL21 DE3) proteins,
recombinant enzyme was incubated at 70 �C for 30 min. Aer
placing the enzyme for 30 min on ice, the host proteins were
isolated by centrifugation at 10 000 rpm for 20 min.

Immobilized metal ion affinity chromatography

The Protino® Ni-TED kit was used to further purify the partially
puried recombinant xylosidase enzyme to homogeneity. Four
volumes of 1� LEW buffer were added to Protino column, and
the column was held at room temperature to allow the buffer to
travel through it via gravitational force. Partially puried xylo-
sidase enzyme (3 mL) was transferred to pre-equilibrated
column and allowed the enzyme to move through the column
by the gravitational force. Eight bed volume of 1� LEW buffer
was used to wash the column. Xylosidase enzyme was eluted
with 3� elution buffer and collected in separate eppendorf
© 2022 The Author(s). Published by the Royal Society of Chemistry
tubes. Puried recombinant xylosidase protein fractions were
analyzed by SDS-PAGE and protein determination analysis.

Determination of molecular mass

SDS-PAGE was used to determine the molecular mass of the
recombinant puried xylosidase protein by following the
Laemmli method.36 A color plus pre-stained ladder of 10–250
kDa was run in parallel to the protein fraction samples. The gel
was then stained in staining solution and destained in
destaining solution for visualization of protein bands.

Characterization of recombinant xylosidase

Various characters (pH stability, thermostability, effect of
organic solvents on enzyme activity and stability, effect of
different inhibitors on enzyme activity and stability and effect of
various metal ions on enzyme activity and stability) of the
puried recombinant xylosidase enzyme were studied for its
potential use in biofuel industries. Puried enzyme was incu-
bated for 1–3 h at room temperature with buffers of different pH
(4.0–9.0) to assess pH stability, then residual activity was
measured under standard assay conditions. To estimate ther-
mostability, puried xylosidase enzyme was pre-incubated at
different temperatures (50–90 �C) for 1–4 h and then residual
activity of enzyme was calculated under standard enzyme assay
conditions. The effect of organic solvents on the stability of
puried recombinant xylosidase enzyme was determined by
pre-incubating the enzyme for 1 hour at room temperature with
various concentrations (10–30%) of different organic solvents
(methanol, absolute ethanol, n-butanol, isopropanol) and then
estimating its residual activity. The effect of metal ions and
inhibitors on enzyme activity and stability was also investigated
by incubating the enzyme with different concentrations (1–10
mM) of different metal ions (Mg2+, Ca2+, Ni2+, Mn2+, Zn2+, Hg2+,
Cu2+, K1+, Co1+, Na1+) as well as with various concentrations (1–
3%) of different inhibitors/surfactants (tween-20, DMSO, SDS,
tween-80 and urea), respectively, for one hour at room
temperature and then residual activities of puried recombi-
nant enzyme was calculated under standards enzyme assay
conditions.

Collection, characterization and pretreatment of
lignocellulosic biomass

Two types of plant biomass (sugarcane bagasse & wheat straw)
were tested in this study to check the saccharication efficiency
of puried recombinant xylosidase enzyme of C. clariavum.
Both plant biomasses were collected from local elds and dried
at 60 �C for 48 h aer thoroughly washing with tape water. Aer
complete drying, the straws of sugarcane bagasse and wheat
straw were ground in a milling machine and passed through
a sieve to obtain a uniform particle size of plant biomass. Prior
to the saccharication experiment, pretreatment of both plant
biomass (sugarcane bagasse & wheat straw) was carried out by
low temperature alkali method under optimized condition
(temperature, NaOH concentrations, time duration). Pretreat-
ment experiments were run in triplicates for 72 h at 30 �C using
10% NaOH. Aer pretreatment, samples were ltered and solid
RSC Adv., 2022, 12, 14917–14931 | 14919

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00304j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

/1
3/

20
24

 9
:1

6:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
fractions were observed aer air drying using scanning electron
microscope for further use in enzymatic saccharication. The
compositional analysis of the plant biomass used was per-
formed using standard method of NREL for structural analysis
of plant biomass Sluiter et al.37
Fig. 1 Amplified C. clariflavum xylosidase gene is shown on agarose
gel; DNAmarker in lane 1, amplified xylosidase gene in lane 2, amplified
xylosidase gene in lane 3, and single restricted recombinant pET-21a
(+) along xylosidase gene in lane 4.
Saccharication activity of xylosidase enzyme

Hydrolytic activity of puried recombinant xylosidase enzyme
from C. clariavum was checked against pretreated as well as
untreated plant biomass (sugarcane bagasse & wheat straw).
Saccharication experiment was performed in a 250 mL Erlen-
meyer ask using 1% substrate (pretreated plant biomass) in
citrate phosphate buffer of pH 6.5 loaded with 150 U mL�1 of
puried recombinant xylosidase enzyme. Subsequent incuba-
tion was carried out at 50 �C and 100 rpm in a shaking incubator
for 24 h. To avoid the contamination risk, ampicillin (10 mg
mL�1) was added in each experiment. Experimental controls
were run in parallel which contained untreated plant biomass.
The optimization of different experimental conditions (pH,
temperature of incubation, time of incubation, substrate
concentration, enzyme concentration, agitation speed) were
carried to get the maximum saccharication efficiency of
recombinant xylosidase enzyme of C. clariavum. The untreated
and pretreated plant biomass contents were determined by
following the protocol of Sluiter et al.37 The structural
morphologies of pretreated and untreated plant biomass
(sugarcane bagasse & wheat straw) aer enzymatic hydrolysis
were determined by imaged using scanning electron micros-
copy. Reducing sugar residues in the hydro-lysate samples were
estimated as described by Zafar et al.38 The saccharication
percentage was calculated by using the following formula:

Saccharification (%) ¼ xylose yield (mg mL�1) � 0.9 � total

reaction volume � 100
Results
Cloning and expression of xylosidase gene into pET-21a(+)

The concentration of the genomic DNA of C. clariavum
purchased from DSMZ was estimated to be 30 ng ml�1. Xylosi-
dase gene of C. clariavum was amplied by polymerase chain
reaction (PCR). A band of 1650 bp of xylosidase gene was
observed on agarose gel (Fig. 1). The puried, amplied xylo-
sidase gene product was ligated into the pET-21a(+) vector and
successfully transformed into E. coli BL21 (DE3). Positive clones
were screened using colony PCR and single restriction analysis
of the recombinant plasmid with HindIII in the presence of R
buffer. A band of about 7093 bp was observed on agarose gel
that determined the successful ligation of the xylosidase gene
into the pET21a (+) (Fig. 1). Enzyme activity was estimated in
both extracellular and intracellular fractions. The cell pellet was
resuspended in 50 mM Tris–Cl buffer (pH: 8.0) and lyzed with
a sonicator to obtain the intracellular fractions. The substrate
for the enzyme activity assay was p-nitrophenyl-D-
14920 | RSC Adv., 2022, 12, 14917–14931
xylopyranoside. Enzyme units calculated in intracellular sample
were 5.33 U mL�1.
Optimization of enzyme expression

The following parameters were studies in order to determine
the ideal conditions for maximum expression of the recombi-
nant xylosidase gene.
Effect of inducer concentration, time of induction and
incubation temperature

IPTG is an inducer used in the production of recombinant
proteins that are produced under lac operon. Periodic increase
in IPTG concentration resulted in steady increase in the enzyme
production. When 0.5 mM IPTG induction was provided to
recombinant E. coli BL21 (DE3) cells, maximum xylosidase
production (2.06 � 0.47 U mL�1 0.89 � 0.25 mg mL�1) was
calculated. However, a decrease in the recombinant xylosidase
production (1.35 � 0.47 U mL�1) was observed at higher IPTG
concentration (0.6 mM) as shown in Fig. 2A. The xylosidase
enzyme activity was calculated aer performing the activity
assay in triplicate. Effect of time duration of IPTG induction on
the xylosidase production as well as on total protein production
was determined and optimum time of induction for maximum
expression of recombinant xylosidase gene was 4 h incubation
at 37 �C. Maximum xylosidase activity (2.24� 0.21 UmL�1) with
maximum total protein contents (1.14 � 0.11 mg mL�1) was
observed aer 4 h of IPTG induction as shown in Fig. 2B. Aer
6 h of incubation, however, considerable reduction in xylosi-
dase enzyme activity (1.35 � 0.17 U mL�1) was observed. Aer
incubating the recombinant E. coli BL21 (DE3) culture at
different temperatures (16–42 �C) for 4 h along with inducer, the
effect of incubation temperature on the xylosidase gene
expression was determined. Maximum xylosidase enzyme
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimization of xylosidase gene expression. (A) IPTG concentration, (B) induction duration, (C) incubation temperature (D) pH and (E)
optical density.
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activity (2.6� 0.14 U mL�1) and total protein estimation (1.61�
0.04 mg mL�1) was observed when the recombinant E. coli BL21
(DE3) culture was incubated at 37 �C. However, enzyme activity
was decreased when temperature uctuated from 37 �C. At
16 �C, 22 �C, 30 �C, and 42 �C, low enzyme activity like 0.53 �
0.07 U mL�1, 1.36 � 0.09 U mL�1, 1.93 � 0.09 U mL�1, and 1.75
� 0.06 U mL�1 were observed as shown in Fig. 2C.
Effect of pH of culture medium and optical density

By changing the pH of medium ranging from 4.0 to 9.0, the
effect of initial pH on xylosidase gene expression was calculated.
Maximum enzyme production (2.8 � 0.09 U mL�1) and total
protein production (1.97 � 0.01 mg mL�1) was calculated when
the pH of media was 6.0. At pH 9.0, enzyme activity was lowered
to 0.88 � 0.08 U mL�1 as indicated in Fig. 2D. The activity of
recombinant xylosidase was 1.16 � 0.09 U mL�1, 1.58 � 0.06 U
mL�1, 2.21� 0.07 UmL�1, and 1.62� 0.09 UmL�1, at pH values
of 4.0, 5.0, 7.0, and 8.0 respectively as shown in Fig. 2D. The
effect of optical density of medium on xylosidase gene expres-
sion was determined by calculating enzyme activity at various
optical density values ranging from 0.2 to 0.8. When the optical
density of the medium was 0.6 at 600 nm at the time of
© 2022 The Author(s). Published by the Royal Society of Chemistry
induction, the maximum xylosidase enzyme activity (3.12 � 07
U mL�1) and total amount of protein (2.25 � 01 mg mL�1) were
calculated. However, less enzyme units (1.03 � 0.04 U mL�1)
were obtained at optical density 0.8 as shown in Fig. 2E.
Purication of recombinant xylosidase enzyme

The recombinant xylosidase enzyme was partially puried by
incubating it at 70 �C for 30 min to denature the non-specic
host proteins. The denatured host proteins were separated by
centrifuge for 20 min at 10 000 rpm. Recombinant xylosidase
enzyme was further puried by immobilized metal ion affinity
chromatography. The nal eluted fraction was used for the total
protein estimation and activity assay. The purication fold and
specic activity of the recombinant puried xylosidase fraction
was estimated to be 41.96 fold and 141.85 U mg�1 respectively
with 54% recovery as shown in Table 1.
Molecular weight determination

The molecular weight of puried xylosidase protein was deter-
mined by SDS-PAGE. An obvious single band of recombinant
xylosidase protein was observed near 60 kDa position. However,
there was no band at this position in the control; wild culture of
RSC Adv., 2022, 12, 14917–14931 | 14921
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Table 1 Purification steps for the recombinant xylosidase enzyme

Purication steps
Xylosidase
Unit (U)

Total protein
(mg)

Specic activity
(U/mg)

Purication
fold

Recovery
(%)

Crude xylosidase 930 275 3.38 1 100
Heat-treated sample 625 12.5 50.0 14.79 67.20
IMAC sample 505 3.56 141.85 41.96 54.30
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E. coli BL21 (DE3) and non-induced pET-21a(+) vector having
xylosidase gene as shown in Fig. 3.
Characterization of recombinant puried xylosidase enzyme

To characterize the enzyme for industrial utilization, following
parameters were studied.

Thermostability. Thermostability of the puried recombi-
nant xylosidase enzyme was determined by pre-incubating it at
different temperatures ranging from 50–90 �C for 1 to 4 h. It was
noted that the puried xylosidase remained stable up to 90 �C
and for 1 hour and showed considerable residual activity (30%)
at 90 �C. At other temperatures like 60 �C, 70 �C and 80 �C, the
residual activity of recombinant xylosidase enzyme aer 4 h was
calculated as 70%, 56% and 45% respectively as shown in
Fig. 3A. However, aer 4 h incubation at 90 �C, the enzyme
activity was reduced to 8% (Fig. 3A).

pH stability. To determine pH stability, puried enzyme was
incubated for 1–3 h at room temperature with various buffers
Fig. 3 SDS-PAGE analysis of recombinant xylosidase. In lane 1,
a protein prestainedmarker (10–250 kDa) is shown, while in lane 2, cell
lysate from an E. coli BL21 (DE3) wild culture, in lane 3 cell lysate from
an E. coli BL21 (DE3) containing non-induced recombinant pET-21a
(+), in lane 4 cell lysate from an E. coli BL21 (DE3) containing induced
recombinant pET-21a(+), lane 5 presents heat-treated xylosidase
enzymes for 30 min at 70 �C and in lane 6 purified recombinant
enzyme is presented.

14922 | RSC Adv., 2022, 12, 14917–14931
having pH values ranging from 4.0–8.0. Enzyme activity assay
was performed in comparison to control. It was observed that
the puried xylosidase enzyme was stable at pH 6.0 for up to 3 h
and showed 98% residual activity aer 1 h and almost 70% aer
3 h incubation at room temperature. However, at pH 7.0 and 8.0
aer 3 h incubation the enzyme activity was greatly reduced and
calculated as 34% and 15%, respectively as shown in Fig. 3B. At
lower pH values, residual enzyme activity was also reduced as
the time of incubation was raised from 1 h to 3 h (Fig. 3B).

Effect of organic solvents. To determine the stability of
recombinant pure xylosidase enzyme in the presence of organic
solvents, incubation of puried enzyme was carried out for 1
hour at room temperature with varied concentrations of organic
solvents (10–30%). The residual activity of puried enzyme in
comparison to control was calculated aer 1 hour under stan-
dard assay conditions. Even at higher concentrations, enzyme
showed excellent resistance to all organic solvents (30%). Aer 1
hour of incubation in the presence of 30% methanol, absolute
ethanol, n-butanol, and isopropanol, the calculated residual
activity of puried recombinant xylosidase was 71%, 48%, 77%,
and 37%, respectively (Fig. 3C).

Effect of inhibitors and surfactants. To determine the
stability of pure recombinant xylosidase enzyme, different
inhibitors and surfactants (tween-80, tween-20, SDS, urea, and
DMSO) along with enzyme were incubated at room temperature
for 1 h at various concentrations (1–3%) and remaining activity
was measured. The enzyme remained stable in the presence of
all inhibitors, even at higher concentration (3%) as shown in the
Fig. 3D. Aer 1 h incubation, residual activity of the puried
enzyme in the presence of 1% Tween-80 was 72%, while
residual activity of the enzyme in the presence of 1% SDS,
Tween-20, urea, and DMSO was 28%, 52%, 44%, and 32%,
respectively. However, with 2% and 3% inhibitors, a decrease in
the residual activities were observed (Fig. 3D).

Effect of metal ions. In order to determine the effect of metal
ions on residual activity and stability of recombinant puried
xylosidase enzyme, various metal ions were used in concentra-
tions ranging from 1–10 mM. In comparison to a control,
residual enzyme activity was measured aer one hour of incu-
bation with different concentrations of metal ions at room
temperature. In the presence of 1 mM Ca2+, the activity of the
puried xylosidase enzyme was increased up to 115%. However,
in the presence of 1 mM Zn2+, Mn2+, Hg2+ and Cu2+, enzyme
activity was reduced to 42%, 45%, 21% and 28% respectively. At
low concentrations (1 mM), other metal ions such as Na1+, K1+,
Hg2+ and Cu2+ have a low effect on enzyme activity, as illustrated
in Fig. 3E.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Analysis of pretreated plant biomass. SEM analysis of both
plant biomass (sugarcane bagasse & wheat straw) was per-
formed for untreated and pretreated samples. Clear structural
changes were observed in both samples aer pretreatment
under microscope as shown in Fig. 5. In untreated plant
biomass samples, compact dense bers were observed in which
cellulose and hemicellulose microbrils are arranged pin
parallel manner as elongated layers as shown in Fig. 5(A and B).
While in pretreated plant biomass samples, microbrils of
cellulose as well as hemicellulose contents are present in split
way and detached from one another providing an increased
surface area for enzymatic hydrolysis as represented in Fig. 5(C
and D). The results of plant biomass characterization are pre-
sented in Table 2.

Enzymatic hydrolysis of plant biomass. The purpose of this
study was to determine the effectiveness of a recombinant
xylosidase enzyme for hydrolysis of plant biomass; it was
incubated with both pretreated and untreated biomass of
sugarcane bagasse as well as wheat straw. The hydrolysis effi-
ciency of enzyme under study against pretreated and untreated
plant biomass is represented in Table 2. Maximum hydrolytic
activity (9.63%) was observed with pretreated sugarcane bagasse
having 21.5% hemicellulosic contents. A 2.14 mg mL�1 sugar
yield was obtained via enzymatic hydrolysis of processed
sugarcane bagasse. Recombinant xylosidase enzyme also
showed hydrolytic activity against untreated sugarcane bagasse
which was much lesser (3.33%) as compared to alkali treated
sugarcane bagasse. Almost similar pattern of results was
observed against wheat straw. A 8.91% hydrolytic activity was
found against pretreated wheat straw biomass which contained
20% hemicellulose contents with 1.98 mg mL�1 sugar yield.
While from untreated wheat straw 0.57 mg mL�1 sugar yield
was obtained which resulted in 2.56% saccharication. The
structural changes of pretreated and untreated plant biomass
(sugarcane bagasse & wheat straw) aer enzymatic treatment
were observed by Scanning electron microscope and results
obtained are represented in Fig. 5. Untreated plant biomass
(sugarcane bagasse & wheat straw) which resulted in low
percentage hydrolysis displayed compact and rigid structure
morphology (Fig. 5E and F) as compared to the alkali treated
plant biomass which resulted in high hydrolytic efficiency. The
enzymatic treatment of alkali treated plant biomass resulted in
abrasion and ber splitting due to the removal of rigid lignin
barrier as shown in Fig. 5G and H.
Table 2 Saccharification potential of recombinant xylosidase enzyme a

S no. Plant biomass
Sugar release
(mg ml�1)

1 Untreated sugarcane bagasse 0.74
2 Pretreated sugarcane bagasse 2.14
3 Untreated wheat straw 0.57
4 Pretreated wheat straw 1.98

© 2022 The Author(s). Published by the Royal Society of Chemistry
Discussion

For the complete conversion of lignocellulosic materials into
monomeric units, a cocktail of cellulases and hemicellulases is
required. Xylan being the major component of hemicelluloses
especially in agro-industrial residues is converted into xylose
sugar by the action of two major enzymes (xylanase and xylo-
sidase). Xylosidase is an important enzyme for the affective
hydrolysis of xylan into monomeric sugars for the application in
various industrial processes as it acts upon non-reducing ends
of the hemicellulose fragment generated as the result of xyla-
nase enzyme action.39 Xylosidases are absent in most of the
commercial enzyme cocktails and are obtained from microor-
ganisms for industrial applications.40 So cocktail of commer-
cially available biomass degrading enzymes must be
supplemented withmicrobial enzymes in order to attain the full
potential of plant biomass in industrial application.41 The aim
of this study was to purify and characterize the xylosidase gene
of C. clariavum expressed in E. coli BL21 (DE3) using the pET-
21a(+) expression vector for use in industrial applications.

A 1650 bp gene of xylosidase from C. clariavum was
successfully amplied and cloned in pET-21a (+) vector and
transformed into competent cells of E. coli BL21 (DE3). Colony
PCR and restriction analysis of an isolated recombinant vector
were used to screen positive clones. A 7093 bp band of single
restricted recombinant vector conrmed the successful inte-
gration of xylosidase gene in pET-21a (+) as shown in Fig. 1.
Other reports42–46 are present on the cloning and expression of
xylosidase gene in E. coli from various sources but till now no
report is present on the cloning and expression of xylosidase
gene from C. clariavum.

The expression of cloned gene was evaluated by SDS-PAGE
analysis and a very clear band of almost 60 kDa was observed
(Fig. 2). Enzyme production and yield from recombinant
microorganisms is greatly inuenced by various parameters like
pH, temperature, time of incubation, etc.47 Metabolic burden on
the recombinant cell is generated due to the expression of
foreign gene which results in low expression of gene, reduced
cell biomass due to the reduced growth rates as well as plasmid
instability.48–50 Various reports are present on the optimization
of production conditions from recombinant protein.51–54 Opti-
mization of various parameters was carried out in order to get
the maximum recombinant xylosidase enzyme. To induce the
expression of recombinant gene under lac promoter, IPTG is
a very commonly used inducer which offers number of advan-
tages in lab scale experiments.55 Optimization of inducer
concentration is very important factor because it directly affects
gainst plant biomass

d Saccharication
(%)

Hemicellulose concentration
in biomass (%)

3.33 32
9.63 21
2.56 28
8.91 20
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the production of protein per cell as well as its folding. On the
other hand, IPTG also showed inhibitory effect to the cell
growth.56,57 Maximum xylosidase production (2.06 � 0.89 U
mL�1) as found with 0.5 mM IPTG induction. Various
studies51,58 represent the effect of inducer concentration on the
expression of cloned genes.

Induction time is another parameter which directly affects
the cell biomass production and ultimately inuences the
production of enzyme yield. Moreover, it has been reported that
prolonged induction phase of cloned genes in E. coli resulted in
secretion of periplasmic recombinant proteins in the
surrounding environment.59 Maximum expression of cloned
xylosidase gene in this study was obtained aer 4 h of induction
with 0.5 mM IPTG (Fig. 2B). Aer 4 h of IPTG induction, Hamid
and Aab.58 observed the maximum expression of the xylosi-
dase gene from Thermotoga naphthophila in E. coli BL21 (DE3).
In another report Whitehead and Cotta.60 reported the
maximum expression of xylosidase and arabinosidase genes
aer 2 h of induction.

Optimum growth temperature of E. coli ranges from 37 �C to
39 �C but this temperature coincides the maximal expression
activity of many promoter systems61 and in turns affects the
yield of recombinant protein. Similarly, pH of the culture
medium can affect the yield of recombinant protein, secretion
of protein from the cell as well as proteolytic activity.62 Optimal
temperature and pH of recombinant E. coli BL21 for recombi-
nant xylosidase production were observed as 37 �C and 6.0,
respectively in this study. These are in agreement with the
previous results for the growth of recombinant E. coli BL21
(DE3) cells at 37 �C38,58 but the optimized pH for high enzyme
production was 7.0 in these studies. To induce the maximum
expression of foreign genes in host cells in order to get the
maximum yield of foreign proteins, the right time of inducer
implementation during growth cycle of cell is very important
because in many strains the growth and viability of the cells is
affected by the inducer type and concentration.59 Maximum
enzyme production in this study was observed when recombi-
nant E. coli BL21 culture having optical density 0.6 nm, was
induced with IPTG (Fig. 2E).

Heat denaturation and immobilized metal affinity chroma-
tography were used to purify recombinant xylosidase enzyme,
which yielded a recovery of 54.30 percent (Table 1). Xu et al.63

reported b-xylosidase enzyme from Thermoanaerobacterium
aotearoense showing recovery yield less than 55% aer the heat
treatment followed by affinity chromatography. Sumarsih
et al.64 reported the purication of recombinant b-xylosidase
from Bacillus megaterium by affinity chromatographic method
using agarose comprising Ni-NTA (Nickel-Nitrilotriacetic acid).
For industrial applications of recombinant proteins, their
chemical and physical instabilities are taken as bottleneck.
Thermostable enzymes are attractive for industrial applications.
Advantages of the thermostable enzymes in industrial usage
include, higher rate of reaction, high yield of product, increased
stability, low contamination problems and reduce viscosity.65

Similarly, pH stable enzymes have huge application because
they can retain their specicity as well as catalytic activity.66 In
biofuel industry for the production of biofuel from plant
14924 | RSC Adv., 2022, 12, 14917–14931
biomass, the thermostable and pH stable enzymes are consid-
ered as more advantageous due to their cost-effective and effi-
cient process of bioconversion.67 An important aspect of this
study is the thermostability of recombinant xylosidase at 80 �C
up to 4 h (Fig. 4A) and pH stability at pH 6.0 up to 3 h (Fig. 4B).
Previously various reports are present on thermostable xylosi-
dases enzymes from thermophiles and hyperthermophiles.68–71

pH stability of enzyme is also important factor to characterize
recombinant puried xylosidase. The results obtained in this
study are similar to previous reports.63,72,73

Organic solvents inuence the activity of enzyme in indus-
trial applications. In biofuel production from plant biomass,
presence of lignin causes the hindrance in release of ferment-
able sugars from plant biomass. So pretreatment of plant
biomass is a very important step in biofuel industry in order to
get the full potential of plant biomass. Efficient pretreatment of
plant in the presence of organic solvents (methanol, ethanol,
acetone etc.) in varied concentrations has been reported in
previous studies.74–76 In order to characterize the enzyme under
study for industrial applications, the effect of different solvents
was checked on its activity and stability. The puried
recombinant xylosidase enzyme showed almost 100% residual
activity with various concentrations (10–30%) of organic
solvents like methanol and ethanol (Fig. 4C) that was similar to
the b-xylosidase from Thermotoga petrophila and b-xylosidase
Xln-DT from Dictyoglomus thermophilum.68

In enzymatic hydrolysis of cellulose, the use of surfactants in
the reaction is known to enhance the mechanism of reaction by
facilitating the enzyme–substrate adsorption.77 However, some
ionic agents are known to inhibit the enzyme activity in
industrial applications as they interact with different hydro-
phobic and hydrophilic regions of the enzymes and change
their tertiary structures.78 In this study, different inhibitors were
used to observe the effect on residual activity of enzyme and the
results showed the inhibition of activity of enzyme with SDS and
DMSO (Fig. 4D) that are similar to Shin et al.79 Various other
reports showed that b-xylosidase from Aspergillus oryzae and
Paecilomyces thermophila, was inhibited by SDS.80,81 The effect of
metal ions on puried recombinant xylosidase enzyme was
different for various metal ions. It showed improved activity in
the presence of Mg2+ and Ca2+, while inhibited in the presence
of Cu2+ and Hg2+ (Fig. 4E). This inhibition was similar to b-
xylosidase Dt-xyl3 activities that was strongly inhibited up to
66.3% and 9.9% in the presence of 1 mM and 5 mM Cu2+,
individually. Cu2+ is known to catalyze the auto-oxidation of
cysteine molecules, which cause the formation of inter and
intra-molecular di-sulde bonds or sulfenic acid and led to
decreased enzyme production.82 Zhou et al.83 characterized
recombinant b-xylosidase enzyme from Bacteroides ovatus and
showed its activation in the presence of Mg2+ and Mn2+. Mar-
colongo et al.84 also reported b-xylosidase from Anoxybacillus sp.
that was inhibited in the presence of Cu2+ and Hg2+.

For efficient production of biofuel, the complete degradation
of lignocellulosic biomass is a key factor, and the removal of
impurities before enzymatic hydrolysis of biomass is very much
important in order to make the plant biomass accessible to the
enzymes working on it. In present study, the efficiency of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Characterization of purified recombinant xylosidase enzyme. (A) Thermostability, (B) pH stability, (C) effect of organic solvents, (D) effect
of inhibitors, (E) effect of metal ions.
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recombinant xylosidase enzyme to hydrolyse the lignocellulosic
biomass was checked for its nal use in biofuel industry.
Pretreatment of plant biomass (sugarcane bagasse & wheat
straw) was carried out and resulting product was analyzed by
SEM analysis as shown in Fig. 5. Untreated plant biomass
samples (Fig. 5A and B) showed more compact and arranged
surface morphology as compared to pretreated plant biomass
whose surface area was increased as well as microbrils were
splitted and abrasive due to alkali treatment. Similar results
were reported in previous reports.43,85–89 This pretreatment
facilitated the enzymatic hydrolysis of biomass by recombinant
xylosidase enzyme. The enzymatic hydrolysis of pre-treated
plant biomass is mainly affected by the enzyme loadings, pH
of the reaction, temperature of incubation, substrate concen-
tration, reaction time as well as the applied pre-treatment
method.90–95 A through study, under optimized conditions
(pH, temperature, time of incubation, enzyme concentration,
substrate concentration) was carried out to check the hydrolytic
efficiency of recombinant xylosidase and results are represented
© 2022 The Author(s). Published by the Royal Society of Chemistry
in Table 2. Maximum hydrolytic activity (9.63%) of recombinant
xylosidase enzyme was observed against pretreated sugarcane
bagasse with 2.14 mg mL�1 sugar released. Enzyme was also
found to be able to hydrolyse untreated plant biomass to some
extent and 3.33% saccharication was observed against
untreated sugarcane bagasse. Lesser hydrolytic activity of
enzyme against untreated plant biomass might be due to
compact and rigid structure of sugarcane bagasse as shown in
Fig. 5E. These results are consistent with previous reports on
saccharication of sugarcane bagasse.43,89,96,97 Effect of
recombinant xylosidase on the hydrolysis of wheat straw was
observed in similar pattern like higher percentage hydrolysis
(8.91%) again pretreated wheat straw biomass. Many reports are
present on the plant biomass hydrolysis by xylosidase enzyme
from various microorganisms20,45,84,98–100 but not any report on
hydrolysis of recombinant xylosidase enzyme from C. clari-
avum yet present.
RSC Adv., 2022, 12, 14917–14931 | 14925
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Fig. 5 Scanning electronmicrographs of (A) untreated wheat straw, (B) untreated Sugarcane baggase, (C) pretreated wheat straw, (D) pretreated
sugarcane baggase, (E) untreated enzyme-hydrolyzed wheat straw, (F) untreated enzyme-hydrolyzed sugarcane baggase, (G) pretreated
enzyme-hydrolyzed wheat straw (H) pretreated enzyme-hydrolyzed sugarcane baggase.
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Conclusions

The demand of biofuel production has increased for the envi-
ronmental preservation and the energy supply problems. In this
study, an extensive research work was carried out on novel
14926 | RSC Adv., 2022, 12, 14917–14931
recombinant thermostable xylosidase enzyme for utilization in
biofuel industry. The low temperature alkali method was used
for the pretreatment of plant biomass because it requires rela-
tively lower energy. Efficient hydrolytic activity of enzyme re-
ported in this study against pretreated sugarcane bagasse and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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wheat straw (9.63% and 8.91%). Based on this work, it is
concluded that the use of plant biomass can meet the energy
needs. It is environment friendly and less polluting, repre-
senting it a more appealing power source. The present study
also highlighted the importance of biofuel for the developing
Asian countries, like Pakistan, facing an energy disaster because
of exponential growth in population. According to literature
study, the lignocellulosic plant biomass present in abundant
amounts in Pakistan including wheat straw, sugarcane bagasse,
rice straw and corn cob etc. For this intention, the government
of Pakistan must endorse collaboration between research
institutes and the industries for successful implementation of
biofuel programs in the Pakistan.
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T. V. D. Mauelen, E. Morallón, D. Cazorla Amoros and
M. M. Titirici, Hydrothermal carbons from hemicellulose-
derived aqueous hydrolysis products as electrode
materials for supercapacitors, ChemSusChem, 2013, 6,
374–382, DOI: 10.1002/cssc.201200817.

12 L. Hu, M. Du, J. Zhang, L. Hu, M. Du and J. Zhang,
Hemicellulose-based hydrogels present status and
application prospects: A brief review, Open J. For., 2017, 8,
15–28, DOI: 10.4236/ojf.2018.81002.

13 K. Y. Yoon, E. E. Woodams and Y. D. Hang, Enzymatic
production of pentoses from the hemicellulose fraction of
corn residues, Food Sci. Technol., 2006, 39(4), 388–392,
DOI: 10.1016/j.lwt.2005.02.005.

14 H. Du, W. Liu, M. Zhang, C. Si, X. Zhang and B. Li, Cellulose
nanocrystals and cellulose nanobrils based hydrogels for
biomedical applications, Carbohydr. Polym., 2019, 209,
130–144, DOI: 10.1016/j.carbpol.2019.01.020.

15 C. Liu, G. Zou, X. Yan and X. Zhou, Screening of multimeric
b-xylosidases from the gut microbiome of a higher termite,
Globitermes brachycerastes, Int. J. Biol. Sci., 2018, 14(6), 608,
DOI: 10.7150/ijbs.22763.

16 A. Kumagai and T. Endo, Effects of hemicellulose
composition and content on the interaction between
cellulose nanobers, Cellulose, 2021, 28(1), 259–271, DOI:
10.1007/s10570-020-03530-x.

17 A. Rennie and H. V. Scheller, Xylan biosynthesis, Curr. Opin.
Biotechnol., 2014, 26, 100–107, DOI: 10.1016/
j.copbio.2013.11.013.

18 Y. Yang, J. Li, Q. Yu, J. Hou, C. Gao, D. Li, Y. Liu, C. Ran and
Z. Zhou, Conformational determinants necessary for
secretion of Paecilomyces thermophila b-1, 4-xylosidase that
RSC Adv., 2022, 12, 14917–14931 | 14927

https://doi.org/10.1016/j.rser.2016.11.093
https://doi.org/10.1016/j.rser.2016.11.093
https://doi.org/10.1051/jbio:2008028
https://doi.org/10.1051/jbio:2008028
https://doi.org/10.1038/nature07190
https://doi.org/10.1021/ef4010658
https://doi.org/10.1016/j.indcrop.2010.08.009
https://doi.org/10.1021/cm501852w
https://doi.org/10.1016/j.lwt.2005.02.005
https://doi.org/10.1128/9781555815547.ch2
https://doi.org/10.3389/fbioe.2021.690773
https://doi.org/10.1002/cssc.201200817
https://doi.org/10.4236/ojf.2018.81002
https://doi.org/10.1016/j.lwt.2005.02.005
https://doi.org/10.1016/j.carbpol.2019.01.020
https://doi.org/10.7150/ijbs.22763
https://doi.org/10.1007/s10570-020-03530-x
https://doi.org/10.1016/j.copbio.2013.11.013
https://doi.org/10.1016/j.copbio.2013.11.013
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00304j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

/1
3/

20
24

 9
:1

6:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lacks a signal peptide, AMB Express, 2018, 8(1), 1–10, DOI:
10.1186/s13568-018-0542-2.

19 Q. Beg, M. Kapoor, L. Mahajan and G. S. Hoondal,
Microbial xylanases and their industrial applications:
a review, Appl. Microbiol. Biotechnol., 2001, 56(3), 326–338,
DOI: 10.1007/s002530100704.

20 A. Zafar, M. N. Aab and M. A. Saleem, Pilot scale
production of recombinant hemicellulases and their
saccharication potential, Prep. Biochem. Biotechnol.,
2020, 50(10), 1063–1075, DOI: 10.1080/
10826068.2020.1783679.

21 A. Mart́ınez, A. R. Chaves and P. M. Civello, b-Xylosidase
activity and expression of a b-xylosidase gene during
strawberry fruit ripening, Plant Physiol. Biochem., 2004,
42(2), 89–96, DOI: 10.1016/j.plaphy.2003.12.001.

22 M. I. Rajoka and S. Khan, Hyper-production of
a thermotolerant b-xylosidase by a deoxy-D-glucose and
cycloheximide resistant mutant derivative of
Kluyveromyces marxianus PPY 125, Electron. J. Biotechnol.,
2005, 8(2), 58–65, DOI: 10.2225/vol8-issue2-fulltext-9.

23 S. Ethaib, R. Omar, M. K. S. Mazlina, A. B. D. Radiah and
S. Syaie, Development of a hybrid PSO–ANN model for
estimating glucose and xylose yields for microwave-
assisted pretreatment and the enzymatic hydrolysis of
lignocellulosic biomass, Neural Comput. Appl., 2018, 30(4),
1111–1121, DOI: 10.1007/s00521-016-2755-0.

24 D. Kumari and R. Singh, Pretreatment of lignocellulosic
wastes for biofuel production: A critical review, Renewable
Sustainable Energy Rev., 2018, 90, 877–891, DOI: 10.1016/
j.rser.2018.03.111.

25 S. R. Paudel, S. P. Banjara, O. K. Choi, K. Y. Park, Y. M. Kim
and J. W. Lee, Pretreatment of agricultural biomass for
anaerobic digestion: Current state and challenges,
Bioresour. Technol., 2017, 245, 1194–1205, DOI: 10.1016/
j.biortech.2017.08.182.

26 K. Malik, E. S. Salama, T. H. Kim and X. Li, Enhanced
ethanol production by Saccharomyces cerevisiae
fermentation post acidic and alkali chemical
pretreatments of cotton stalk lignocellulose, Int.
Biodeterior. Biodegrad., 2020, 147, 104869, DOI: 10.1016/
j.ibiod.2019.104869.

27 A. Kumar, S. Singh, V. Rajulapati and A. Goyal, Evaluation
of pre-treatment methods for Lantana camara stem for
enhanced enzymatic saccharication, 3 Biotech, 2020,
10(2), 1–11, DOI: 10.1007/s13205-019-2029-5.

28 S. Ethaib, R. Omar, S. M. Kamal and D. R. Awang Biak,
Comparison of sodium hydroxide and sodium
bicarbonate pretreatment methods for characteristic and
enzymatic hydrolysis of sago palm bark, Energy Sources,
Part A, 2020, 2020, 1–11, DOI: 10.1080/
15567036.2020.1753857.

29 S. Ethaib, R. Omar, M. S. Mazlina, A. D. Radiah and
S. L. Zubaidi, Toward sustainable processes of
pretreatment technologies of lignocellulosic biomass for
enzymatic production of biofuels and chemicals: a review,
BioResources, 2020, 15, 10063, DOI: 10.15376/
biores.15.4.10063-10088.
14928 | RSC Adv., 2022, 12, 14917–14931
30 H. Shiratori, S. Ikeno, N. Ayame, A. Kataoka, K. Miya,
T. Hosono, T. Beppu and K. Ueda, Isolation and
characterization of a new Clostridium sp. that performs
effective cellulosic waste digestion in a thermophilic
methanogenic bioreactor, Appl. Environ. Microbiol., 2006,
72(5), 3702–3709, DOI: 10.1128/AEM.72.5.3702-3709.2006.

31 K. Shiratori, H. Sasaya, H. Ohiwa, S. Ikeno, N. Ayame,
A. Kataoka, T. Miya, T. Beppu and K. Ueda, Clostridium
clariavum sp. nov. and Clostridium caenicola sp. nov.,
moderately thermophilic, cellulose-/cellobiose-digesting
bacteria isolated from methanogenic sludge, Int. J. Syst.
Evol. Microbiol., 2009, 59(7), 1764–1770, DOI: 10.1099/
ijs.0.003483-0.

32 A. Izquierdo, L. Goodwin, K. W. Davenport, H. Teshima,
D. Bruce, C. Detter, R. Tapia, S. Han, M. Land and
L. R. Lynd, Complete genome sequence of Clostridium
clariavum DSM 19732, Stand. Genomic Sci., 2012, 6(1),
104–115, DOI: 10.4056/sigs.2535732.

33 S. S. Ahmed, M. Akhter, M. Sajjad, R. Gul and S. Khurshid,
Soluble production, characterization, and structural
aesthetics of an industrially important thermostable b-
glucosidase from Clostridium thermocellum in Escherichia
coli, BioMed Res. Int., 2019, 2019, DOI: 10.1155/2019/
9308593.

34 P. de Oliveira Rodrigues, L. V. A. Gurgel, D. Pasquini,
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