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A B S T R A C T

Xylanases have become very important enzymes in many industrial processes for the valorization of xylan-rich
lignocellulosic wastes. Here, some physicochemical and kinetic properties of a purified endoxylanase produced
on kolanut husk-based medium by Lysinibacillus fusiformis are presented. The crude enzyme solution was first
subjected to precipitation with solid ammonium sulphate and further purified on DEAE-Sephadex A-50 anion-
exchange and Sephadex G-100 gel filtration columns chromatography prior to biochemical characterization.
The purified endoxylanase was 21 kDa as determined by sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) and was thermostable, exhibiting optimum activity at 60 �C and pH 5.0. The Km and Vmax

were respectively estimated to be 29.5 mg/ml and 125 μmol/min/ml using Birchwood xylan as substrate. Activity
of the enzyme was enhanced by Naþ, Ca2þ, Mn2þ, Mg2þ and Kþ at concentration of 5 mM but inhibited by Hg2þ,
Cu2þ, Pb2þ, Fe3þ, EDTA, SDS and Urea. The purified endoxylanase showed high hydrolytic activity on Birchwood
xylan and kolanut husk but extremely poor or no activity on carboxymethyl cellulose, starch or pectin. This
L. fusiformis strain TB7 endoxylanase has desirable properties useful for biotechnological applications in laundry,
fuels, feeds, paper and pulp industries.
1. Introduction

The earth is endowed with many natural resources which humans
continue to explore for beneficial purposes. For instance, lignocellulosic
biomasses, the earth's most abundant repository of carbon, represent the
most abundant renewable organic resource in soil (S�anchez, 2009) and
have been identified as cheap resources for the production of “second
generation” biofuels without competing with human food chain (Sharma
et al., 2016). Meanwhile, lignocellulosic biomass is a complex matrix
comprised of cellulose (35–50%), hemicellulose (20–35%), lignin
(15–20%), and 15–20% other minor components such as ash, protein,
minerals and pectin (Pauly and Keegstra, 2010; Mood et al., 2013).

Hemicelluloses are a group of plant-derived heterogeneous polymers
of various sugars found in the cell walls in association with cellulose and
lignin. They are a mixture of highly branched, low molecular weight
isore).
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homo- and heteropolymers comprised of anhydro-β-(1–4)-D-xylopyr-
anose, glucopyranose, mannopyranose, and galactopyranose units
(Gurunathan et al., 2015). Xylan is the most important natural hemi-
cellulose (Kumar et al., 2018) that requires the action of several enzymes
grouped as xylanolytic enzymes for complete degradation.

Endo-1,4-β-xylanases (1,4-β-D-xylan xylohydrolase; EC 3.2.1.8) are
the most important xylan-degrading enzymes that catalyze the hydrolysis
of the 1,4-β-D-xylosidic linkages in xylans, yielding various xylooligo-
saccharides and small molecules such as monosaccharides, disaccharide
and trisaccharides of β-D-xylopyranosyl (Bajpai, 2014). Xylanases are
used in a multitude of biotechnological applications including seed
germination and fruit ripening, degumming, coffee processing, brewing
and fruit juice clarification.

Despite the vast application, the market share for this enzyme is low
due to intolerance to industrial processing conditions and high
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Table 1. Summary of purification of endo-1,4-β-xylanase from L. fusiformis TB7.

Purification step Total activity (U) Total protein (mg) Specific activity (U/mg) Yield (%) Purification fold

Crude 333182.12 2003.77 166.28 100.00 1.00

Ammonium sulphate precipitation (60%) 42059.63 165.73 253.78 12.62 1.53

DEAE-Sephadex A-50 (ion-exchange) 25903.29 63.32 409.12 7.77 2.46

Sephadex G-100 (gel filtration) 25611.35 39.18 653.72 7.69 3.93
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production cost. Selection of suitable, low-cost substrate is a key
approach to reducing the production cost of industrially important en-
zymes, amidst many. Quite a number of researches have been devoted to
finding cheap and alternative substrates such as agro-waste biomasses,
forest residues and industrial wastes as feedstock for xylanolytic enzyme
production.

The kolanut husk is an agricultural waste with rich lignocellulosic and
nutritional properties (Adeyi, 2010). Kolanut seed extract has been
employed in different processes: flavour for soft drinks, production of
heat-tolerant chocolate bars, used as snack in traditional ceremonies and
its essential oils are used in pharmaceutical industries for drug produc-
tion (Asogwa et al., 2006; Jayeola et al., 2018) while the by-products
(agro-residue) are discarded indiscriminately into the environment.
Utilization of kolanut residues as substrate for the production of enzymes
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Figure 1. Elution profile of endoxylanase from L. fusiformis TB7 on ion-ex
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Figure 2. Elution profile of endoxylanase from L. fusifo
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such as endoxylanase will enhance its clean-up from the environment in
much the same way agricultural wastes such as wheat bran, corn-cob,
rice husk have been used as good, cheap and alternative substrates for
the production of xylanases at different fermentation conditions (Mar-
dawati et al., 2020).

However, structural variation and complexity of polysaccharides
embedded in lignin matrix, as seen in an ideal (raw) lignocellulosic
biomass, is a major constraint to achieving high productivity of enzyme
in microbial fermentation. Microorganisms have developed various
mechanisms to deconstruct lignocellulosic materials by utilizing complex
proteins. Commercially, lignocellulose-degrading enzymes have been
produced by both fungi and bacteria with special preference for bacteria
because they possess sophisticated glycoside hydrolases which establish
synergy with organismal mixture of extreme niches and have a faster
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growth rate than fungi (Raze et al., 2019). Therefore, this research aims
at the optimal production, purification and biochemical characterization
(kinetic and physicochemical) of bacterial endoxylanase using Lysiniba-
cillus fusiformis TB7, mass cultured on a medium containing kolanut husk
as low-cost carbon source.

2. Materials and methods

2.1. Sample collection and preparation

The kolanut husk, agro-waste samples were obtained from a kolanut
plantation in Ile-Ife, Osun State, Nigeria and authenticated at the
Department of Crop, Soil and Pest Management of the Federal University
of Technology, Akure, Nigeria. The kolanut husks were rinsed with
distilled water, cut into smaller pieces, washed with hot water before
being microwaved at 300 �C for 5 min. The husks were grinded into a
relatively homogenous powdery form and well stored prior to use.

2.2. Isolation and identification of microorganisms

The bacterium used in this study was isolated from the soil environ-
ment of a kolanut plantation and identified through an extensive
biochemical test as well as the molecular gene sequence analysis of its
16S rRNA to ascertain its identity. This microbial species coded strain
TB7 in the Laboratory was confirmed to be Lysinibacillus fusiformis and
deposited in NCBI database with GenBank accession number
MH085463.1 (Fabunmi et al., 2018). The organism was maintained on
nutrient agar and sub-cultured periodically all through this study.

2.3. Endoxylanase production by submerged fermentation

The production of endoxylanase was carried out under submerged
fermentation at optimized culture condition. The mineral salt media (1 l)
was prepared to contain (g/l) 1.0, xylan; 0.1, K2HPO4; 0.5, CaCl2; 0.5,
MgSO4.7H2O; 2.0, peptone; 2.5, yeast extract; 5.0, sucrose; 2.5, KNO3;
Figure 3. SDS-PAGE analysis of purified endoxylanase from L. fusiformis TB7.
Lane SD: Standard protein marker; a ¼ Phosphorylase b (113,142 Da), b ¼
Bovine serum Albumin (81,353 Da), c ¼ Ovalbumin (47,045 Da), d ¼ Carbonic
Anhydrase (34,173 Da), e ¼ Trypsin Inhibitor (27,259 Da), f ¼ Lysozyme
(17,671 Da); Lane L: Purified Xylanase; Lane M: Crude Xylanase.
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FeSO4.7H2O and 15 g pulverised kolanut husk in a set of shake-flasks.
The media was sterilized at 121 �C for 15 min before inoculating with
24 h old L. fusiformis strain TB7 broth. The shake-flasks were thereafter
incubated under constant shaking condition at 150 rpm and 35 �C for 24
h. The crude culture was subjected to centrifugation at 10,000 rpm using
a refrigerated centrifuge set at 4 �C for 15 min to remove the cells and
unspent media components. The supernatant obtained from the centri-
fugation process was taken as extracellular crude enzyme for further
analysis.

2.4. Assay of endoxylanase activity

An assay method earlier described by Bhalla et al. was used for the
determination of xylanase activity with birchwood xylan as substrate.
Five hundred microliter of 1% (w/v) birchwood xylan prepared in 100
mM phosphate buffer (pH 6.8) was added to a tube containing 500 μL of
enzyme solution and the reaction mixture was incubated at 40 �C for 30
min. The enzyme-substrate reaction was terminated and the amount of
reducing sugar released was determined using DNS method. A unit of
endoxylanase activity was defined as the amount of enzyme that could
liberate 1 μmol (μmol) of xylose as reducing sugar under the specified
assay conditions.

2.5. Determination of protein concentration

The concentration of protein was determined by the method of
Bradford (1976) using Bovine Serum Albumin (BSA) as the standard
protein.

2.6. Enzyme purification

The supernatant of the crude enzyme solution was subjected to pro-
tein precipitation by adding salt of ammonium sulphate with gentle
stirring on ice until it attained 60% saturation and allowed to stay
overnight. The precipitated protein was obtained by centrifugation at
10,000 rpm for 10 min and dialyzed extensively against phosphate buffer
at 4 �C using Por™ 3 RC dialysis membrane tube (3500 da molecular
weight cut-off). The dialysate was loaded on an anion-exchange column
containing DEAE-Sephadex A-50 resin (2.5 cm � 40 cm) previously
equilibrated with phosphate buffer (50 mM, pH 6.8). Proteins were
eluted from the column with the same buffer at flow rate of 60 mL/h
while bound proteins were obtained using gradient elution with 1 M
NaCl solution. The presence of protein in the eluted fractions was
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Figure 4. Effect of temperature on the activity of purified endoxylanase from
L. fusiformis TB7.
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Figure 5. Effect of temperature on the stability of endoxylanase purified from L. fusiformis TB7.
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monitored by measuring the absorbance at 280 nm (Shimadzu, UV 1800)
and endoxylanase activity determined as earlier described. Active tubes
were pooled, concentrated using an ultrafiltration system before loading
on a Sephadex G-100 gel filtration column (2.5 � 75 cm, flow rate of 30
mL/h) already equilibrated with the same buffer. Protein elution was
monitored by measuring absorbance of collected fractions at 280 nm and
assayed for the activity of endoxylanase. The active tubes were pooled
and used as purified enzyme for biochemical studies.
2.7. Determination of molecular weight

The subunit molecular weight of the partially purified xylanase were
determined by sodium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE) according to the method of Laemmli (1970) using the
Tris-glycine-SDS buffer system. The gel was stained with Coomassie
brilliant blue R-250 and the visible protein bands of the enzyme and
protein marker were observed after de-staining process.
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Figure 6. Effect of pH on the activity of purified endoxylanase from
L. fusiformis TB7.
2.8. Physicochemical characterization of purified endoxylanase

2.8.1. The effect of pH on enzyme activity and stability
The activity of endoxylanase from Lysinibacillus fusiformis strain TB7

as a function of solution pH was studied by carrying out the assay pro-
cedure earlier described by incubating 500 μL of enzyme solution and
500 μL substrate (1% birchwood xylan) prepared in different buffer so-
lutions (pH 3–10). Sodium citrate buffer was used for pH 3.0–4.0; sodium
acetate (4.5–5.5); sodium phosphate (pH 6.0–7.0); Tris–HCl buffer (pH
8.0–10). Enzyme stability was studied by pre-incubating the enzyme in
appropriate buffer solution at ratio 1:1 for a period of 180 min. Aliquot of
enzyme from the enzyme-buffer mixture was withdrawn every 30 min to
measure the residual enzyme activity following the assay procedure
earlier described.

2.8.2. The effect of temperature on enzyme activity and stability
The activity of the purified L. fusiformis strain TB7 endoxylanase was

determined by incubating 500 μL of enzyme solution and 500 μL sub-
strate (1% birchwood xylan) prepared in phosphate buffer solution (100
mM, pH 6.8) at varying reaction temperature (30–90 �C) for 30 min. For
stability studies, the purified enzyme was pre-incubated at respective
temperature (40–90 �C) for 120 min with aliquot of enzyme withdrawn
4

(500 μL) every 30 min from the pre-incubated enzyme solution at each
temperature and the residual activity measured accordingly following
the assay procedure earlier described.

2.8.3. The effect of cations on enzyme activity
The activity of L. fusiformis strain TB7 endoxylanase was determined

in the presence of some metal ions using their chloride salts (KCl, CuCl2,
CaCl2, PbCl2, AlCl3, FeCl3, NaCl, MnCl2, HgCl2 and MgCl2) at 5 mM salt
concentration relative to absence of the metal ions. The enzyme-substrate
reaction was carried out by incubating 500 μL of the substrate (1% w/v
birchwood xylan) prepared in phosphate buffer (100 mM, pH 6.8) with
500 μL of enzyme solution respective solutions (with/without the metal
ion), for 30 min at 45 �C and the enzyme activity was estimated as earlier
described.

2.8.4. The effect of some chemical agents on enzyme activity
The activity of the purified L. fusiformis strain TB7 endoxylanase was

determined following the earlier described assay procedure in the pres-
ence of some chemical agents such as ethylenediamine tetraacetic acid
(EDTA), sodium dodecyl sulphate (SDS) urea and β-mercaptoethanol at 5
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mM concentrations. The activities relative to a reaction without any
agent were recorded after 30 min of incubation at 45 �C.
2.9. Kinetic studies

2.9.1. Determination of kinetic parameters
Initial reaction rate of the enzyme-substrate reaction was measured

for this L. fusiformis strain TB7 endoxylanase with different concentra-
tions of Birchwood xylan (1–10 mg/mL) as the substrate. The enzyme-
substrate reaction was carried out under same reaction conditions of
40 �C for 30 min as earlier described. The kinetic parameters (Km and
Vmax) of the purified xylanase were estimated from the double reciprocal
plot of Lineweaver and Burk (1934).

2.9.2. Substrate specificity of the purified xylanase
The activity of the purified L. fusiformis strain TB7 endoxylanase was

determined on different substrates including Birchwood xylan, carboxyl
methyl cellulose (CMC), starch and pectin. Each substrate was prepared
in phosphate buffer (50 mM, pH 6.8) and the assay procedure used was
same as previously described.
Table 2. Effect of metal ions on the activity of endo-1,4-β-xylanase from
L. fusiformis TB7.

Metal ion/chemical agent (5 mM) Relative activity (%)

Control 100 � 0.0

Kþ 112.88 � 1.3

Cu2þ 17.17 � 0.7

Ca2þ 120.64 � 0.9

Pb2þ 14.61 � 0.5

Mg2þ 118.91 � 1.5

Al3þ 73.34 � 1.3

Fe3þ 16.07 � 1.0

Naþ 106.72 � 2.3

Mn2þ 105.33 � 2.1

Hg2þ 5.96 � 0.5

EDTA 46.46 � 0.8

SDS 54.57 � 0.6

Urea 89.19 � 1.3

β-Mercaptoethanol 107.72 � 2.1

5

2.10. Statistical analysis

The experiments were mostly performed in triplicates and the sig-
nificant difference of mean values was assessed with one-way analysis of
variance (ANOVA) with test of significance p > 0.05. The values were
expressed as mean � standard deviation. All graphs including kinetic
analysis graphs were drawn using either Microsoft Excel spreadsheet or
GraphPad Prism v8.0 from GraphPad Software (San Diego, CA).

3. Results and discussion

3.1. Endoxylanase production and purification

Xylanolytic enzymes bring about the hydrolysis of complex xylan
biomolecule, into simple monomers and their usefulness in industrial
processes is gaining much attention. L. fusiformis strain TB7 exhibited
excellent production of xylanase under submerged fermentation using
kolanut pod husk, an agro-waste, as substrate. As summarised in Table 1,
about 4-fold purification with 653.7 U/mg specific activity and approx-
imately 8% recovery were obtained after a 3-step purification process
comprising precipitation with ammonium sulphate, ion-exchange
(Figure 1) and gel filtration chromatography (Figure 2). Different stra-
tegies including combination of two or three methods have been used in
the purification of xylanases from Bacillus sp. in recent times (Mittal
et al., 2013; Geetha and Gunasekaran, 2017) and other microorganisms
(Sanjivkumar et al., 2017; Yadav et al., 2018).
3.2. SDS-PAGE analysis

A molecular weight (MW) of 21 kDa obtained for this L. fusiformis
strain TB7 endoxylanase from SDS-PAGE analysis suggests that the pro-
tein is monomeric (Figure 3) and similar to reports of xylanases from
other bacterial strains including B. pumilus SV-85S (Nagar et al., 2012a),
Bacillus sp. SV-34S (Mittal et al., 2013) and Paenibacillus macquariensis
RC 1819 (Sharma et al., 2013). Low molecular weight xylanases within
the range of 21 kDa as obtained in this study are particularly important in
paper and pulp industries owing to the fact that smaller enzymes pene-
trate the fibre wall structure and works more efficiently in altering the
pulp properties. Some researchers have reported similar xylanases with
molecular weight within the range of 15.7–26.4 kDa (Rahayu et al.,
2008; Chi et al., 2010; Shrinivas et al., 2010). However, xylanases having
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Figure 8. Double reciprocal plot of endoxylanase activity on birchwood xylan substrate.

Table 3. Substrate specificity of L. fusiformis TB7 endo-1,4-β-xylanase.

Substrate % Relative activity

Birchwood xylan 100.00 � 0.01

Crude xylan from Kolanut husk 76.89 � 1.21

Carboxymethyl cellulose (CMC) 0.5 � 0.02

Soluble Starch 0.00

Pectin 0.72 � 0.03
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higher molecular weights (40–100 kDa) has also been reported (Verma
et al., 2013).

3.3. The effect of temperature on the xylanase activity and stability

This purified L. fusiformis strain TB7 endoxylanase displayed high
activity of over 650 U/mL at 30–50 �C and showed optimum activity of
752 U/mL at 60 �C. It however exhibited reduction in activity at 70–90
�C with over remaining 400 U/mL (Figure 4). An optimum temperature
of 40 �C was reported for endoxylanase activity from Bacillus (Rahayu
et al., 2008). Interestingly, this purified L. fusiformis strain TB7 endox-
ylanase exhibited maximum thermal stability by retaining almost all its
initial activity 94% at 40 �C while it retained over 70 and 80% activity
after 120min of pre-incubation at 50 and 60 �C, respectively. However, it
showed sharp decline in its thermal stability at 70 �C with about 40%
remaining residual activity and 80 and 90 �C leaving residual activity of
less than 30% after 2 h incubation (Figure 5). Xylanase produced from
Paenibacillus sp. HPL-002 was only thermally stable for 60 min at 40 �C
but sharply decreased after 10min incubation at 50 �C (Park et al., 2012).
Generally, xylanases from bacteria are more thermally stable than those
from fungi (Kulkarni et al., 1999) and have been of interest to in-
dustrialists to minimize cost accrued from excess enzyme acquisition due
to easy loss in enzyme activity. Temperature strongly affects chemical
reaction by affecting the structural integrity of the enzyme molecule,
subsequently affecting enzyme activity (Meryandini et al., 2006).

3.4. The effect of pH on xylanase activity and stability

Activity of about 496 U/mL was recorded at the acidic pH 3.0 which
increased to 536 U/mL at pH 4. Maximum activity was obtained at pH 5.0
while further increase in the pH to the alkaline region led to a decline in
enzyme activity (Figure 6). The optimum pH 5.0 for activity of this
L. fusiformis strain TB7 xylanase is at variant to the alkaline pH reported
for many xylanases; pH 8.6 for Paenibacillus macquariensis RC 1819
(Sharma et al., 2013) while Geobacillus thermodenitrificans TSAAI (Verma
et al., 2013), B. halodurans TSEV-1 and Paenibacillus sp. HPL-002 (Park
et al., 2012) have optima activity at pH 9. Meanwhile, xylanase optimum
activity at acidic pH is an excellent attribute for industrial applications
such as feed and foods. This purified L. fusiformis strain TB7 xylanase was
6

very stable in acidic environment and notably, a residual activity of 60%
was obtained at acidic pH 4.0–5.0 after a 3-hour pre-incubation period.
This L. fusiformis strain TB7 xylanase also was stable at near neutral pH 7,
retaining about 65% of initial activity after 1 h incubation in this pH. The
enzyme was relatively stable in the alkaline region (8.0–10.0), as it
maintained about half of its initial activity after 90 min of incubation
(Figure 7). Xylanases from Bacillus species are known to have wide-range
pH stability as obtained in this study, corroborating reports of Bocchini
et al. (2002) for B. circulans D1 xylanase (pH 5.5–10.5). The xylanase
from Bacillus subtilis ASH was stable at pH 6.0–9.0 (Sanghi et al., 2010)
while the xylanase from B. pumilus SV-85S was reported to be stable at pH
5–11 (Nagar et al., 2012b).
3.5. Effect of metallic ions and chemical agents on the activity of xylanase

The activity of the purified endoxylanase from L. fusiformis strain TB7
was stimulated by Kþ, Ca2þ, Mg2þ, Na2þ and Mn2þ with percentage in-
crease of activity relative to the control (Table 2). Adhyaru et al. (2017)
and Kumar et al. (2015) have both reported that the xylanase from Ba-
cillus altitudedinus was activated by Ca2þ, Mn2þ, Kþ and Na2þ; whereas
the activity of the enzyme was strongly inhibited in the presence of Al3þ,
Hg2þ, Pb2þ, Fe3þ and Cu2þ. Interestingly, Fe2þ and Cu2þ ions have been
reported to activate xylanase from Geobacillus sp. Strain DUSELR13
(Bibra et al., 2018) and Streptomyces olivaceus (MSU3) (Sanjivkumar
et al., 2017) while Hg2þ was reported by Nagar et al. (2012b) and Mittal
et al. (2013) to inhibit xylanase.

EDTA and SDS at 5 mM concentration caused reduction in the activity
of the purified endoxylanase with 46.46% and 54.56% remaining rela-
tive activity respectively while the enzyme was slightly inhibited by urea
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but was moderately activated by β-mercaptoethanol (Table 2). The pos-
itive influence of addictive such as β-mercaptoethanol has been reported
by Fialho et al. (2004). Inhibition of the enzyme could be attributed to
reduction in the disulphide bonds essential for maintaining the enzyme
conformation.
3.6. Kinetic parameters

As calculated from the Lineweaver-Burk plot shown in Figure 8, the
values of the Km and Vmax of the purified endoxylanase from Lysinibacillus
fusiformis strain TB7 were 29.50 mg/ml and 125 U/min/mg respectively
when birchwood xylan was used as substrate. Mittal et al. (2013) re-
ported Km and Vmax values of 3.7 mg/ml and 133.33 IU/mL respectively
for the xylanase purified from Bacillus sp. SV-34S while a Km value of 5.6
mg/ml and Vmax of 433 μL/min/mg were reported by Kumar et al. (2017)
for Bacillus amyloliquefaciens. The Km is a measure of how tightly the
enzyme binds its substrate. The purified L. fusiformis strain TB7 endox-
ylanase characterized in this study seem to bind the birchwood xylan
used as substrate less tightly and probably releases it quickly during re-
actions owing to the fact that the velocity of the reaction is high, reaching
a maximum at 125 U/min/mg protein. This is a desirable property in
industrial enzymes to facilitate quick product development at minimal
time frame.
3.7. Substrate specificity

The partially purified endoxylanase showed high activity towards
birchwood xylan as a model substrate followed by crude Kolanut husk as
an ideal substrate. The purified enzyme was not active on carboxymethyl
cellulose (CMC) indicating that the partially purified enzyme is free of
cellulase activity. The partially purified endoxylanase did not exhibit any
hydrolytic activity towards the α-1, 4-glycosidic bonds present in both
starch and pectin (Table 3).

4. Conclusion

The utilization of kolanut pod husk as low-cost biomass substrate
gave a high yield of endo-1,4-β-xylanase from Lysinibacillus fusiformis
strain TB7. This purified L. fusiformis strain TB7 endoxylanase possesses
enviable properties that make it potentially useful in many industries for
the hydrolysis of xylan. The enzyme was thermostable and had broad pH
range stability, with optimum activity at pH 5.0 and temperature of 60
�C. Its typically low molecular mass has good applications in bio-
bleaching and deinking processes in paper and pulp industries.
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