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Enzymatic hydrolysis of lignocellulosic biomass
using a novel, thermotolerant recombinant
xylosidase enzyme from Clostridium clariﬂavum:
a potential addition for biofuel industry
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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
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citrate phosphate buﬀer of pH 6.5 loaded with 150 U mL1 of puriﬁed recombinant xylosidase enzyme
along with ampicillin (10 mg mL1). 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
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8.91% respectively. All these characteristics of the recombinant thermotolerant xylosidase enzyme
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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 fermentation 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 cultivated 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 Hemicellulose contents of these agro waste materials can be eﬃciently 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 molecule 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 industrial 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.17,18 Hemicellulases 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 recalcitrance nature of cellulose, hemicellulose, and lignin.23 Over the
years, diﬀerent methods of pretreatments are developed,
counting physical (grinding, milling, and irradiation),24 physical–chemical
(hydrothermolysis,
steam
pretreatment/
autohydrolysis and wet oxidation),25 chemical methods (dilute
acid, organic solvents, oxidizing agents and alkali)26 and biological, 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 inhibitors 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).
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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 manufactured from Gene LinkTM (USA) through World Wide Scientic 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 Scientic. 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. clariavum was purchased from German
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 presence 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
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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 xylosidase 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
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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 incubated 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 thermostability, 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 recombinant 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). Pretreatment experiments were run in triplicates for 72 h at 30  C using
10% NaOH. Aer pretreatment, samples were ltered and solid
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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 performed using standard method of NREL for structural analysis
of plant biomass Sluiter et al.37
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 Erlenmeyer ask using 1% substrate (pretreated plant biomass) in
citrate phosphate buﬀer of pH 6.5 loaded with 150 U mL1 of
puried recombinant xylosidase enzyme. Subsequent incubation was carried out at 50  C and 100 rpm in a shaking incubator
for 24 h. To avoid the contamination risk, ampicillin (10 mg
mL1) 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 microscopy. 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 mL1)  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 ml1. Xylosidase 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 xylosidase 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-
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Fig. 1 Ampliﬁed C. clariﬂavum xylosidase gene is shown on agarose
gel; DNA marker 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.

xylopyranoside. Enzyme units calculated in intracellular sample
were 5.33 U mL1.
Optimization of enzyme expression
The following parameters were studies in order to determine
the ideal conditions for maximum expression of the recombinant 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 mL1 0.89  0.25 mg mL1) was
calculated. However, a decrease in the recombinant xylosidase
production (1.35  0.47 U mL1) 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 U mL1) with
maximum total protein contents (1.14  0.11 mg mL1) was
observed aer 4 h of IPTG induction as shown in Fig. 2B. Aer
6 h of incubation, however, considerable reduction in xylosidase enzyme activity (1.35  0.17 U mL1) 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
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Optimization of xylosidase gene expression. (A) IPTG concentration, (B) induction duration, (C) incubation temperature (D) pH and (E)
optical density.

Fig. 2

activity (2.6  0.14 U mL1) and total protein estimation (1.61 
0.04 mg mL1) 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 mL1, 1.36  0.09 U mL1, 1.93  0.09 U mL1, and 1.75
 0.06 U mL1 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 mL1) and total
protein production (1.97  0.01 mg mL1) was calculated when
the pH of media was 6.0. At pH 9.0, enzyme activity was lowered
to 0.88  0.08 U mL1 as indicated in Fig. 2D. The activity of
recombinant xylosidase was 1.16  0.09 U mL1, 1.58  0.06 U
mL1, 2.21  0.07 U mL1, and 1.62  0.09 U mL1, 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 expression 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
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induction, the maximum xylosidase enzyme activity (3.12  07
U mL1) and total amount of protein (2.25  01 mg mL1) were
calculated. However, less enzyme units (1.03  0.04 U mL1)
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 mg1 respectively
with 54% recovery as shown in Table 1.
Molecular weight determination
The molecular weight of puried xylosidase protein was determined 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
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Puriﬁcation steps for the recombinant xylosidase enzyme

Purication steps

Xylosidase
Unit (U)

Total protein
(mg)

Specic activity
(U/mg)

Purication
fold

Recovery
(%)

Crude xylosidase
Heat-treated sample
IMAC sample

930
625
505

275
12.5
3.56

3.38
50.0
141.85

1
14.79
41.96

100
67.20
54.30

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 recombinant 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

SDS-PAGE analysis of recombinant xylosidase. In lane 1,
a protein prestained marker (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.
Fig. 3
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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 standard 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 concentrations ranging from 1–10 mM. In comparison to a control,
residual enzyme activity was measured aer one hour of incubation 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.
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Analysis of pretreated plant biomass. SEM analysis of both
plant biomass (sugarcane bagasse & wheat straw) was performed 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 presented 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 eﬃciency 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 mL1 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 mL1 sugar yield.
While from untreated wheat straw 0.57 mg mL1 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

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 xylosidase). 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 xylanase enzyme action.39 Xylosidases are absent in most of the
commercial enzyme cocktails and are obtained from microorganisms for industrial applications.40 So cocktail of commercially available biomass degrading enzymes must be
supplemented with microbial 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 pET21a(+) 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 integration 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 Optimization 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 advantages in lab scale experiments.55 Optimization of inducer
concentration is very important factor because it directly aﬀects

Sacchariﬁcation potential of recombinant xylosidase enzyme against plant biomass

S no.

Plant biomass

Sugar released
(mg ml1)

Saccharication
(%)

Hemicellulose concentration
in biomass (%)

1
2
3
4

Untreated sugarcane bagasse
Pretreated sugarcane bagasse
Untreated wheat straw
Pretreated wheat straw

0.74
2.14
0.57
1.98

3.33
9.63
2.56
8.91

32
21
28
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
mL1) 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 xylosidase 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 recombinant 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 recombinant E. coli BL21 culture having optical density 0.6 nm, was
induced with IPTG (Fig. 2E).
Heat denaturation and immobilized metal aﬃnity chromatography 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
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biomass, the thermostable and pH stable enzymes are considered as more advantageous due to their cost-eﬀective and eﬃcient 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 xylosidases 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 industrial applications. In biofuel production from plant biomass,
presence of lignin causes the hindrance in release of fermentable 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 hydrophobic 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 bxylosidase 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+. Marcolongo 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
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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.

Fig. 4

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 concentration, 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 mL1 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. clariavum yet present.
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Scanning electron micrographs 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.

Fig. 5

Conclusions
The demand of biofuel production has increased for the environmental 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 relatively lower energy. Eﬃcient hydrolytic activity of enzyme reported in this study against pretreated sugarcane bagasse and
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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, representing 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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