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A B S T R A C T

Bioconversion of lignocellulosic (LC) biomass is the most promising alternative to rapidly dwindling fossil fuels
and greenhouse gas emissions. In view of this objective, Bacillus tequilensis strain G9 was characterized and
explored for purification of its cellulase. The B. tequilensis G9 was found to convert LC substrates into reducing
sugars and showed significant activity of 130.75 IU/ml extract on grass straw (GS). The X-ray diffraction (XRD)
pattern and fourier transform infra-red (FTIR) spectroscopic analyses of the hydrolyzed GS revealed increased
crystallinity index and exclusion of bands at wave numbers 898, 980 and 1543 cm−1 which represent digestion
of cellulose content by bacterium. Liquid chromatography mass spectrometric (LC-MS) analysis revealed the
identity of purified enzyme as Endoglucanase. The observed molecular mass of the purified cellulase was 43 kDa,
optimally functional at acidic pH of 5.0 and temperature 40 °C. The cellulase activity was remarkably enhanced
by DTT, CO2+, Ca2+ and Zn2+ ions while inhibited by SDS, EDTA and Pb. Additionally, the cellulase hydrolyzed
CMC into fermentable sugars like glucose and galactose which can be readily used in metabolic as well as
industrial processes. Further, the co-culturing of B. tequilensis G9 with yeast resulted in the production of ethanol
from LC waste. The above mentioned cellulolytic repertoire of B. tequilensis G9 signpost its potential for bio-
technological applications.

1. Introduction

Rapid depletion of dwindling fossil fuels and increasing levels of
greenhouse gas emission are the main challenges to present day society.
These key issues are primarily related to transportation sector which
largely relies on petroleum fuels for nearly 93% of its energy require-
ments and releases copious amounts of carbon dioxide (Zuroff et al.,
2013) thereby ameliorates global warming. To address these chal-
lenges, enzyme mediated production of bio-energy from lignocellulosic
(LC) wastes is a promising and pivotal alternative (Escobar et al., 2009).
The LC biomass is the principal source of many polysaccharides ma-
jorly, cellulose, xylan, etc. and serves as the most abundant, chiefly
unexploited, and a renewable resource of bioenergy. Unfortunately, this
rich source of energy is burnt (Maki et al., 2009) in the crop fields that
adds more to the environmental pollution. The biological degradation
of LC biomass involves the hydrolysis by a multicomponent protein

system called cellulosome. The cellulosome contains three main en-
zymes viz., endo-β-1, 4-glucanases (EC 3.2.1.4) that randomly breaks
the cellulose chains into short stretches of residues, which are then
exposed to exo-β-1, 4-glucanases (EC 3.2.1.91) releasing disaccharide
units. Subsequently β-1, 4-glucosidase (EC 3.2.1.21), third enzyme of
the cellulosome complex (Wilson and Irwin, 1999) produces residual
sugars from these disaccharides. The key industrial applications of
cellulases are biofuel generation (Lynd et al., 1991), laundry (Bhat,
2000), production of enzymes, organic acids, antibiotics (Sun and
Cheng, 2003) and feedstock (Dienes et al., 2004), etc. Since the nature
of the substrates used in the bioconversion processes largely effects the
cellulosomes (Rastogi et al., 2010). Therefore, agricultural wastes like
GS, wheat husk (WH) and sugar cane bagasse (SCB), etc. are mostly
favored substrates for cellulases.

The cellulolytic microbes such as bacteria, fungi and protozoans are
very important from biological and environmental view point (Pérez
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et al., 2002). However, bacterial cellulases have been largely ignored
during the last century due to initial successes with fungal strains
particularly from brown rot fungi. Further, cellulases of fungal origin
such as Trichoderma spp. show several drawbacks like low specific ac-
tivities, yield and end-product inhibition (Zaldivar et al., 2001).
Therefore, bacterial cellulases that work under extreme conditions are
considered as potential candidates for industrial processes (Gabani
et al., 2012). Moreover, bacterial cellulases are also preferred due to
their high recombinant production, stability at diverse conditions and
fast growth of bacteria (Maki et al., 2009).

Despite these advantages of microbial cellulases, the high costs as-
sociated with cellulase production, difficulties in scaling up of the
processes and low hydrolytic capacities are the main bottlenecks in
bioconversion technology. Thus, it is immensely important to discover
and develop more efficient cellulase systems that would be cost-effi-
cient and of diverse industrial significance. In view of this, efforts were
taken to investigate the cellulolytic repertoire of the B. tequilensis G9,
previously isolated from gut fluid of giant African land snail, Achatina
fulica while studying its potential to deconstruct/degrade various agro-
wastes such as GS, filter paper (FP), WH and SCB under shaking culture
conditions. Due to its putative cellulolytic potential better than many
previously isolated cellulolytic bacteria, the B. tequilensis G9 is further
characterized in this study wherein, we attempted to induce the cellu-
lase production by using GS as substrate and subsequently purified it by
ion exchange chromatography. The purified cellulase was further bio-
chemically characterized and evaluated for maximum possible activity
which could brand its importance in many industrial processes.

2. Materials and methods

2.1. Biotyping of bacterium by MALDI-TOF

The B. tequilensis strain G9 that was previously isolated from the gut
fluid of giant African land snail, A. fulica (Dar et al., 2018) was further
characterized in the present study. This isolate was identified by using
16S rRNA gene amplification and sequencing whose 16S rRNA gene
sequence is available at NCBI under accession number KR866144. The
bacterium was maintained in the laboratory and selected for the present
study to further characterize its cellulolytic repertoire and its cellulo-
lytic enzyme.

The identification of B. tequilensis G9 was further confirmed by
matrix assisted laser desorption ionization-time of flight (MALDI-TOF)
analysis. For biotyping, a single colony of the B. tequilensis G9 was
seeded into freshly prepared Luria Bertani (LB) broth in a 250ml con-
ical flask. The inoculated medium was incubated overnight at 37 °C and
150 rpm in rotary shaker to allow the bacterium to flourish. After
proper growth, the biomass of the bacterium was retrieved by cen-
trifugation (Rcf∼3000) for 5min at RT. For MALDI-TOF analysis,
samples were prepared by following the method of Schulthess and his
colleagues (Schulthess et al., 2014) with slight modifications. Precisely,
the biomass obtained was treated with 300 μl distilled water and 900 μl
ethanol. The pellet containing cell biomass was recovered by repeatedly
centrifuging the cell suspension at 10000 rpm (Rcf, 12857) for 2min to
remove the residual ethanol. The pellet was then air dried and thor-
oughly resuspended in 20 μl formic acid-water (70:30 v/v) solution
followed by addition of equal volume of acetonitrile. Finally, 2 μl of the
supernatant acquired after centrifuging the samples at 10,000 rpm (Rcf,
12857) for 2min, were transferred to the target plate and allowed to
dry at RT followed by overlaying with 1 μl of matrix solution. Varia-
tions in cutoff score values were measured by reducing the species
cutoff values to 1.9 and the genus cutoff values to 1.6 and 1.5 followed
by reinterpreting the top 2 matching database records in Bruker Bio-
typer systems (Bruker, USA).

2.2. Primary screening for cellulase activity

The primary screening for the secretion of cellulase enzyme was
carried out on Berg minimal salt (BMS) media composed of
CaCl2.2H2O, 5 g; K2HPO4, 0.5 g; NaNO3, 2 g and 0.02 g each of
MgSO4.7H2O, MnSO4.7H2O, FeSO4.7H2O along with 5 g (W/V) of
Carboxy Methyl Cellulose (CMC) sodium salt and 1.8% (w/v) bacter-
iological Agar per 1000ml of solution. Upon confirmation of the cel-
lulase production, the selected bacterium was further characterized
followed by purification of its cellulase enzyme and characterization for
industrial processing.

2.3. Hydrolysis of biomass and characterization

The BMS media containing GS as substrate was seeded with 1ml of
overnight grown B. tequilensis G9. The inoculated medium was then
agitated at 37 °C and 150 rpm to visually monitor the degradation of
substrate. After the proper growth on GS as evident from increased
turbidity of the medium, the treated culture broth was centrifuged at
5000 rpm, to obtain the pellet of degraded biomass. The pellet acquired
was washed with distilled water (DW), dried overnight in an oven at
60 °C and subjected to XRD and FTIR analyses. The XRD spectra of
treated and untreated GS substrates were recorded on X-ray dif-
fractometer (Bruker AXS D8 Advance X-ray diffractometer, Germany).
Diffractions were recorded by using Cu-1.54Å radiation at 30 kV and
10mA and grade range between 10° to 40° in steps of 0.02°. Cellulose
crystallinity index (CrI) was calculated based on intensities of crystal-
line portions using the following pragmatic equation (Segal et al., 1959)
where I002 is the maximum intensity corresponding to crystalline cel-
lulose whereas Iam is the amorphous portion and I002 is intensity dif-
fraction at 2θ.

CrI (%) = [(I002- Iam)/I002] x 100 Eq. (1)

Where, I002 represents the major peak at 2θ=22.5 representing the
crystalline region of cellulose, and Iam is the intensity at 2θ=18.6
corresponding to amorphous cellulose.

The XRD patterns of untreated and bacterial treated GS samples
were analysed and compared using XRD peak height method. For
analysis and comparison of surface functional groups, the treated and
untreated samples (20mg) were individually mixed with 2000mg of
spectroscopic grade potassium bromide (KBr) powder and then pressed
(10,000 psi) into discs. The FTIR spectra were recorded from 4000 to
600 cm−1 at a resolution of 4 cm−1 on FTIR spectrophotometer (Jasco
6100, Germany). The IR crystallinity index of GS cellulose was calcu-
lated from the intensity ratios of IR absorptions between 2900 and
898 cm−1 (Satyamurthy et al., 2011).

2.4. Enzyme assays

The cellulase activity was determined on various agro-wastes such
as GS, WH, SCB and some commercial substrates like filter paper (FP),
CMC, Avicel and xylan. To study the effect of substrate and period of
incubation required for the maximum enzyme production, the B. te-
quilensis G9 was grown in liquid BMS media supplemented with 1% (w/
v) of above mentioned substrates at 150 rpm, 37 °C for 14 days. The
sample aliquots (∼2ml) collected on alternate days, were centrifuged
at 10, 000 rpm for 15min at 4 °C to obtain the supernatant treated as
extracellular enzyme extracts.

The enzyme activity was estimated by DNSA (3, 5-dinitrosalicylic
acid) method (Miller, 1959) through the determination of amount of
reducing sugars as described previously (Dar et al., 2015). Briefly, the
reaction mixture composed of 100 μl of 1% CMC in SC buffer (pH 5.4)
and 100 μl of enzyme extract was incubated for 15min at 50 °C. The
reaction was terminated by adding 300 μl of DNSA reagent followed by
boiling in a water bath for 5min. After recording the absorbances at
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540 nm, reducing sugars were estimated by using glucose standards.
The proteins estimation was carried out by Lowry method (Lowry et al.,
1951). Finally, the enzyme activities were calculated in international
units (IU) where 1 IU is described as the amount of enzyme that can
liberate 1mmol of glucose equivalents per min under the standard
assay conditions.

2.5. Production and purification of cellulase

The bacterium, B. tequilensis G9 was induced to produce cellulase by
using GS as substrate. Prior to use, GS was pretreated with alkaline
solution (NaOH, 0.1M) followed by thorough washes of DW till neutral
pH and then air dried. The dried substrate was then ground finely to a
particle size of ≤3mm and passed through a nylon mesh to get the
uniform sized particles. For enzyme production, 1 L of BMS media
containing 1% GS (w/v) as sole source of carbon was seeded with 1ml
(1.2x103 CFU/ml) of the freshly cultured B. tequilensis G9 inoculum.
The inoculated media was then incubated at 150 rpm and 37 °C for a
period of 14 days as reported earlier (Dar et al., 2018). The small ali-
quots (2 ml) of the broth were periodically sampled from the cultures to
discern the cell growth and production of cellulase. After the proper
growth of B. tequilensis G9 as evident by increased turbidity and highest
endoglucanase activity, the broth was centrifuged at 10, 000 rpm (Rcf,
12857) for 15min at 4 °C to obtain crude enzyme solution. The crude
enzyme was filtered through a 0.45 μm membrane filter, subjected to
ammonium sulfate [(NH4)2SO4] precipitation (70%) overnight at 4 °C.
Subsequently, the precipitate was collected by centrifugation at
17000 rpm (Rcf, 15000) for 25min at 4 °C, resuspended in phosphate
buffered saline (PBS) (pH 7.4), and dialyzed overnight against the same
buffer. The dialyzed enzyme was used to check the enzyme activity and
processed further.

The cellulase from the dialyzed (concentrated) sample was purified
by ion-exchange chromatography technique using a diethylaminoethyl
(DEAE)-cellulose column (25× 2 cm) equilibrated with 20mM PBS
(pH 7.4). The fractions were eluted with a linear NaCl gradient of
0.1–0.5M concentration after washing the column with same buffer at a
flow rate of 4 ml/5min. The eluted fractions were assayed for cellulase
activity and protein concentrations were determined by measuring the
absorbance at 280 nm using spectrophotometer (Carry UV 60, Agilent
technologies, USA). The activity showing fractions were pooled and
concentrated by lyophilization at full vacuum for 5–6 h.

2.5.1. LC-MS analysis
The purified proteins were reduced with dithiotritol (DTT) as per

the method of Chidi et al. (2008) with slight modifications. Precisely,
after reduction in 100mM DTT, 50mM ammonium bicarbonate
(NH4HCO3) for 15min at 60 °C, the proteins were alkylated in a freshly
prepared 30 μl of Iodoacetamide (IAA, 50mM) for 30min under dark
conditions. Finally the proteins were digested with trypsin solution for
18 h at 800 rpm and 37 °C followed by reaction termination with formic
acid. The digested peptides were then subjected to mass spectrometric
analysis (AB Sciex 5600, USA). The peptides were identified by using
paragon software, Protein Pilot™ V 5.0 (Sciex, USA).

2.5.2. Molecular weight determination of the purified cellulase
For molecular weight determination, lyophilized enzyme was dis-

solved in phosphate buffer (pH 7.4). The sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed according to
the method of Laemmli (1970) using 10% resolving and 5% stacking
gels. After electrophoresis, the gels containing resolved proteins were
stained by a solution of 0.1% (w/v) Commassie brilliant blue, 30% (v/
v) methanol and 10% (v/v) acetic acid. The broad range molecular
mass markers used were from Bio-rad, (Bio-Rad, Hercules, CA, USA)
and Genei, (Bangalore India) containing Myosin from rabbit muscle
(205.0 kDa), phosphorylase b (97.4 kDa), serum albumin (66 kDa),
ovalbumin (43 kDa), carbonic anhydrase (29 kDa), soybean trypsin

inhibitor (21.5 kDa) lysozyme (14.4 kDa), aprotinin (6.5 kDa) and in-
sulin chains (3.5 kDa). The samples were preheated at 60 °C for 10min
with loading dye before load on the gel.

2.5.3. Zymogram analysis
To confirm the activity of the purified cellulase, zymogram analyses

were performed by using PAGE, also called native gel electrophoresis.
Electrophoresis was carried out with a standard procedure, using dis-
continuous buffer system devoid of SDS. Sixty microliters of (45–55 μg)
of purified enzyme (lyophilized) were mixed with appropriate volumes
of gel loading buffer and loaded on 8% (resolving gel) PAGE gel. The
electrophoresis was run at a voltage of 100 V, 23mA for an average
time of 8–10 h at 4 °C. Initially the samples were loaded in duplicates in
order to trace the path of the activity showing bands. After the run, the
gel containing the protein of interest was blotted against a buffer system
on CMC agar slabs (containing 1% CMC (w/v) with 1.8% agar (w/v) as
solidifying agent) and incubated at 50 °C for 30min. The buffer was
then replaced with Congo red solution (0.1%) for staining at room
temperature. After staining for 20min, the gels were destained with 1M
NaCl (w/v) solution for 10min, which removed excess dye. The yel-
lowish halos of activity around the protein bands were observed as
measure of hydrolysis of the substrate. Sometimes acetic acid glacial
(1% v/v) was also used to increase the sensitivity of the staining pro-
cess.

2.5.4. Substrate specificity
The substrate specificity of purified cellulase was determined on

various carbon sources such as avicel, CMC, glycogen, p-nitrophenyl β-
D glucoside (pNPG), starch and xylan as described above. All substrates
were prepared in 50mM SC buffer (pH, 5.4) and the enzyme activities
were measured as described in the enzyme assays section except pNPG.
In case of pNPG, 100 μl of the substrate (10mM) was mixed with 100 μl
of the enzyme extract and incubated at 50 °C followed by a similar
procedure of other substrate.

2.5.5. Kinetic parameters
To study the kinetic parameters of the purified cellulase, viz., Km,

Vmax, Kcat and catalytic efficiency, the enzyme extracts were incubated
with varying concentrations of CMC substrate ranging from 0.1 to
1.0%. The products in the form of reducing sugars were determined by
the DNSA method. The Km values of the enzyme were obtained gra-
phically using the software “Sigma Plot (version 10)” of Systat Inc.,
USA.

2.5.6. Effect of pH on enzyme activity and stability
To find out optimal pH required for maximum activity, the purified

protein was incubated with 1% (W/V) CMC in 50mM buffers of dif-
ferent pHs such as SC Buffer, 2.0–5.0; Phosphate Buffer, 5.0–9.0;
Glycine-NaOH, 10.6–12.6) as per assay conditions. To test for pH tol-
erance, the enzyme aliquots were pre-incubated in 50mM buffers of
above pHs for 1 h followed by measurement of residual activities with
1% CMC under standard assay conditions.

2.5.7. Effect of temperature on enzyme activity and stability
The optimum temperature for cellulase activity was tested at

varying temperatures from 10 to 90 °C in SC Buffer (50mM, pH 5.4)
under standard conditions. For determination of thermal stability, en-
zyme aliquots were initially pre-incubated at various temperatures
(10–90 °C) for 1 h at pH 5.0 (optimum pH) without the substrate and
residual cellulase activities were estimated under standard assay con-
ditions as stated above in the enzyme assays section.

2.5.8. Effect of additives on enzyme activity
For the study of effect of various additives on enzyme activity, the

purified protein was pre-incubated in 50mM SC Buffer (pH 7.0) along
with the following metal ions NH4

+ (as NH4Cl2), Ca2+ (as CaCl2), Co2+
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(as CoCl2), Mg2+ (as MgSO4), Mn2+ (as MnSO4), Hg2+ (as HgCl2), K+

(as KCl2), and Zn2+ (as ZnCl2) at 1mM and 5mM concentrations. In
case of surfactants, the effects of 0.5% and 1% β-mercaptoethanol,
EDTA, phenylmethylsulfonyl fluoride (PMSF), SDS, Tween-20 and
Triton-X were tested to determine the relative activity of the enzyme.
The enzyme assays were carried out as described above in enzyme as-
says section.

2.5.9. Analysis of hydrolyzed product
The thin layer chromatography (TLC) technique was applied for the

qualitative analysis of sugars released during the enzymatic hydrolysis
of CMC by purified cellulase. To accomplish this, 10 μl of hydrolysate
sample and sugar standards of glucose, xylose, galactose and starch
were spotted on silica plates 60 F254 (Merck, USA) by micro capillaries.
The sugar standards of glucose, xylose and galactose were prepared in
hydro-methanolic solutions with final concentration of 0.2 μg/ml su-
gars. A TLC run was performed in a closed glass chamber 10 x 5 x 10
containing mixture of acetonitrile: water (85:15 v/v) as mobile phase.
For detection of separated sugars, TLC plate was derivatized and de-
veloped using solution that contained 5% H2SO4 and 0.3% N (1-
Napthyl) ethylenediamine dihydrochloride in methanol (Bounias,
1980).

2.6. Ethanol determination and gas chromatography-mass spectrometry
(GC-MS)

For ethanol production the freshly prepared BMS media containing
GS as substrate was inoculated with overnight grown B. tequilensis G9
and incubated at 150 rpm for 12 days thereafter the culture broth
containing reducing sugars was co-cultured with sugar fermenting,
Saccharomyces cerevisiae strain. The media was then agitated at 120 rpm
and 30 ᴼ C for 48 h followed by centrifugation of 10000 rpm (12835 rcf)
for 10min. The supernatant obtained was used to determine the ethanol
content by GC-MS analysis. For GC-MS analysis, the supernatant was
initially filtered through a 0.2 μm syringe filter and subsequently
ethanol detection was carried out with method previously described by
Bagewadi et al. (2016).

2.7. Statistical analysis

Results obtained are reported as mean ± standard deviation (SD)
of three or more independent replicates. Analyses of data were carried
out by using Microsoft office suite (version 2013) and SPSS software
version 22 (IBM SPSS, NY) wherever applicable. Graphs were prepared

in Origin software version 8.1 (Origin Lab. Corporation, USA).

3. Results and discussion

3.1. Biotyping by MALDI-TOF

In the light of importance and advantages offered by bacteria and
their cellulases for bioconversion of LC biowastes, we previously ex-
plored gut of A. fulica as a source of isolation of cellulolytic bacteria
(Dar et al., 2018). As a part of our endeavors, we had isolated, identi-
fied and maintained several potential bacterial isolates with cellulolytic
activities in our laboratory. Though, isolation and initial screening were
done, none of the isolates was used further for purification and eva-
luation of cellulase enzyme. Therefore, in the present study, previously
isolated cellulose degrading B. tequilensis G9 was used and evaluated for
cellulase production. To begin with, B. tequilensis G9 was biotyped by
using MALDI-TOF analysis and evaluated for LCB degradation. The
Biotyper software of the MALDI-TOF compared the sample mass spec-
trum with the reference mass spectra in the database, and calculated an
arbitrary unit score of 2.23 reflecting the similarity between the B. te-
quilensis G9 with reference spectra and indicated Bacillus sp. as best
match from database records (Fig. S1). The biotyping clearly confirmed
that B. tequilensis G9 was the member of genus Bacillus. Scores below
1.7 are generally considered unreliable. Recently a variety of bacteria
have been conveniently identified by employing the MALDI-TOF ana-
lysis (Wahl et al., 2002; Demirev et al., 1999).

3.2. Characterization of the hydrolyzed biomass

Since LCB contains enormous amount of crystalline as well as
amorphous cellulose, the crystallinity of cellulose molecule greatly in-
fluences the rate of enzymatic hydrolysis. To understand the enzymatic
efficiency of B. tequilensis G9 we employed XRD and FTIR techniques to
have a detailed account of the degradation caused by bacterial treat-
ment to GS during incubation period. The treatment of B. tequilensis G9
caused subtle modifications to composition of lignocellulosic waste, i.e.,
GS. The XRD analysis (Fig. 1a) revealed that crystallinity index of the
grass straw was increased after treatment with the B. tequilensis G9. The
crystallinity of the native cellulose was 20.8% which increased to
22.95% (Table 1) after treatment of bacteria. The possible reasons for
this increased crystallinity could be the hydrolysis of the amorphous
regions of cellulose leaving behind the crystalline portions together
with lignin which result in the enhancement of the overall crystallinity
of the molecule. These observations were similar to the inferences of

Fig. 1. The XRD (a), and FTIR (b) patterns of untreated and treated grass straw after hydrolysis by B. tequilensis G9.
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Oke and his colleagues (Oke et al., 2017) who reported a notable in-
crease in the crystallinity of Miscanthus sinensis due to degradation by
bacteria. The crystallinity of the cellulose is the primary factor that
impedes the hydrolysis process (Kafle et al., 2015). As LCB consists of
amorphous as well as crystalline portions, the amorphous regions are
comparatively easier to degrade than the crystalline ones. The possible
reason for increased crystallinity index could be bacterial cellulase
mediated breakage of glycosidic linkages in cellulose chains leading to
reduced amorphous content in the LCB (Xu et al., 2015). Recently, Zhao
and co-workers (K. Zhao et al., 2012) suggested a similar reduction in
peak height due to residual semi-crystalline portions in cellulose mo-
lecule after hydrolysis of the amorphous ones. The XRD pattern of the
treated GS showed positive correlation with FTIR results where al-
terations in the functional groups, cellulose and hemicellulose contents
were observed due to bacterial hydrolysis.

The FTIR spectroscopic analysis of the grass straw was carried out to
measure the alteration of functional groups after treatment with B. te-
quilensis G9. The IR results of the treated GS showed absorption bands
at 898, 1376, and 1543 cm−1 that correspond to COC, CCO, OCH de-
formations, C-5, C-6 stretching, bending of OH, and CH-stretching.
While the broad absorption at 2900 cm−1 confers the stretching of C–H
bonds (Binod et al., 2012). The bands corresponding to 1127, 1376 and
2900 cm−1 (Fig. 1b) represent distortions of C–OH, CH and OH-bond
stretching respectively. The elimination of bands in treated samples at
980, 898, 1376 and 1543 cm−1 related to C=C stretching, CCH wag-
ging in lignin, C–C stretching depict the functional group changes, in-
dicating degradation by B. tequilensis G9.

The IR crystallinity ratios of untreated and treated GS were also
determined from the peak heights such as A1376/A1543, A1127/A898, and
A2900/A898 cm−1 which represent cellulose content (Kacurakova et al.,
2002). The IR crystallinity ratio for treated GS (0.89) (Table 2) was
higher than the untreated (0.52) substrate, indicating digestion of
amorphous regions of cellulose by B. tequilensis G9. The IR bands at
wave number, 898 and 1371 correspond to β-anomer and C–H de-
formation of cellulose content in the LCB respectively (Haque et al.,
2013). A shift of IR bands from 1371 to 1376 CM-1 in the treated sample
signposts the deformation/deconstruction caused by bacteria. This de-
construction and hydrolysis potential demonstrates the possible in-
dustrial applications and significance of B. tequilensis G9 to valorize the
agro-wastes for the production of added value byproducts.

3.3. Cellulase activity

Since optimum growth of bacteria is pivotal for proper metabolism,
we tested the effect of different carbon sources on cellulase production
by B. tequilensis G9. Among the tested substrates such as FP, WH, GS,

SCB, CMC, Avicel, and xylan, the maximum cellulase activity (130.75
IU/ml) was achieved on GS (Fig. S2). The cellulase activity on avicel,
CMC, FP and SCB was comparatively reduced when compared with
other tested substrates. Though, our results are well in agreement with
the report of Sangbriba and colleagues (Sangbriba et al., 2006) for B.
megaterium and B. circulans. In contrast, the cellulase activity of B. te-
quilensis G9 obtained in our study was less than that of B. amylolique-
faciens DL-3 (153.0 unit/ml) which could be attributed to the higher
substrate concentrations (2% rice hull) used in that study (Lee et al.,
2008). The cellulase activity of B. tequilensis G9 was much higher than
the hydrolytic activity of B. cereus which showed a maximum activity of
28.0 IU/ml extract (Lu et al., 2005). The cellulolytic activity observed
was also many fold higher than the activities shown by C. thermocellum
and B. subtilis (Otajevwo and Aluyi, 2011). Hydrolysis of lignocellulosic
wastes like GS, WH and SCB by B. tequilensis G9 demonstrated in this
study indicated that B. tequilensis G9 can be utilized for the production
of several valued products such as single cell protein, ethanol, or other
industrially important chemicals.

Since the higher cellulase activities were observed with GS on 12th

day of incubation as compared to other tested substrates, it was,
therefore, subsequently used as substrate to induce the cellulase pro-
duction by the bacterium. The increased turbidity and highest en-
doglucanase activity demonstrated the direct correlation between the
growth of B. tequilensis G9 and enzyme activity. This observation might
have resulted owing to the fact that, maximum enzyme secretion occurs
from early to late exponential growth phases of the bacteria (Adhyaru
et al., 2014) through fast utilization of the available nutrients under
optimal culture conditions. Another probable reason for this positive
association between cell growth and cellulase production could be ab-
sence of some metabolites that cause catabolite repression, due to easy
availability and abundance of cellulose polymer in the culture media.

3.4. Purification and molecular weight determination

It was observed that B. tequilensis G9 could grow on a mineral based
medium containing GS as the only source of carbon. Since cellulase
activity was found highest on 12th day of incubation on GS, it was
considered as optimum incubation period for higher yields along with
the previously tested parameters. The B. tequilensis G9 produced cel-
lulase extracellularly, which was precipitated by 70% ammonium sul-
fate salt and further purified by positively charged DEAE-cellulose
through ion exchange chromatography, an effective step for enzyme
purification. The acetone and ammonium sulfate precipitations resulted
to a yield of 21.7% which was then further reduced after employing the
DEAE-cellulose column chromatography. The elution profile of DEAE-
cellulose chromatography provided multiple fractions among which
fraction number 19 showed highest protein content (Fig. 2), therefore
fractions 17–21 were pooled together and concentrated by applying the
technique of lyophilization. Moreover, two groups of fraction, such as
17–21 (group I) and 28–31 (group II) showed cellulase activities among
which the activity of group I was much higher than the other group.
The use of only group I fractions in subsequent purification experiments
led to purified cellulase with a yield of 10% and 9.89 purification fold
(Table 3). This yield of cellulase purified in our study is comparatively
higher than many earlier reported studies (Kim et al., 2009; Asha et al.,
2012). The SDS-PAGE analysis of the purified enzyme showed a single
band of apparent homogeneity, corresponding to the molecular mass of
43 kDa (Fig. 3a). The bacterial cellulase of similar molecular mass was
also reported recently by Hakamada and coworkers, (2002) in case of B.
circulans. However, the molecular mass of our purified cellulase was
larger than the previously reported cellulases e.g. 37–40 kDa from B.
licheniformis (Bischoff et al., 2006), and Bacillus strains CH43 and HR68
(Mawadza et al., 2000), but comparatively lesser than the cellulases (53
and 67 kDa) secreted by other members of Bacillus such as Bacillus
amyloliquefaciens DL-3 (Lee et al., 2008) and Bacillus sp. AC-1 (Li et al.,
2006) respectively. These observations together with ours clearly

Table 1
Crystallinity index (CrI%) of untreated and hydrolyzed grass straw by B. te-
quilensis G9 calculated from XRD pattern.

Sample Peak Height Crystallinity Index (CrI %)

18° 22.5°

Untreated grass straw 775.09 978.86 20.8
Treated grass straw 889.24 1154.22 22.95

Table 2
The IR crystallinity ratio of untreated and hydrolyzed grass straw after treat-
ment with B. tequilensis G9.

Sample IR Crystallinity ratio

A1376/A1512 A1137/A898 A2900/A898

Untreated grass straw 0.42 0.32 0.52
Treated grass straw 0.89 0.72 0.82
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support the findings based on molecular analysis that cellulase of Ba-
cillus spp. are transcribed as precursor proteins with over 55 kDa of
molecular masses, which involve the removal of a peptide sequence
from the C-terminus thereby yielding an extracellular enzyme of over
35 kDa (Mawadza et al., 2000).

3.4.1. Mass spectroscopy of the purified cellulase
The appropriate identification of the purified protein fragments

were carried out by mass spectrometric analysis. The protein pilot da-
tabase produced matches against several cellulases of bacterial origin
(Fig. S3). The analyzed peptides matched cover 33.8% of the B. subtilis
endoglucanase. Further, proteomic analysis applied by LC-MS to the
purified enzyme extract of B. tequilensis G9 allowed us to recognize the
peptides present in cellulase that are responsible for endocellulase ac-
tivity in the bacterium. Some of the oligopeptides showed similarity
with β-glucanase as well as endo-1, 4- β-mannosidase of the B. subtilis
168 (Kunst et al., 1997) while few peptides resembled with the peptides
from β-galactosidase of B. megaterium DSM 319 (Eppinger et al., 2011).

3.4.2. Zymogram analysis
The zymogram activity determined by blotting the enzyme con-

taining native PAGE gel against the CMC-agar slab at 50 °C indicated
the presence of several protein bands in partially precipitated extracts.
These different sized proteins ranged from 14 to 205 kDa in molecular
weight (Fig. 3b). On zymography analysis, two adjacent bands of 43
and ∼50 kDa showed cellulase activity which merged with each other
even after 15min of incubation only. However, this bias was eliminated
after DEAE column purification step where a single and distinct band
was observed with fractions 17–21. Based on the zymogram analysis, it
was observed that the purified cellulase showed a clear band (a yellow
region) of CMC digestion after staining with Congo red solution. A si-
milar type of activity has been stated recently by several researchers for
Bacillus species (Sriariyanun et al., 2016).

3.4.3. Substrate specificity
The substrate specificity of the purified cellulase was determined

towards different polysaccharides viz., Avicel, CMC, glycogen, pNPG,
starch, xylan, laminarin, chitin, chitosan and disaccharide i.e., cello-
biose. Among the commercial substrates, the purified cellulase showed
higher preference towards CMC followed by Avicel depicting the ac-
tivities of 242.5 ± 23.6 and 233.3 ± 3.6 IU/ml of extract respec-
tively. Further it was observed that purified enzyme showed least pre-
ference towards the starch substrate (Fig. 4). The activity on cellobiose,
starch, pNPG and Glycogen was very low showing a positive correlation
with the cellulolytic nature of the enzyme. The preference of purified
cellulase for tested carbon sources followed the order as CMC >
Avicel > Chitosan > Laminarin > Xylan > Chitin > pNPG >
Cellobiose > Glycogen and lastly starch. Our observations were in line
with the results of Zhao et al. (2012) and Asha et al. (2012) who ob-
served more preference of purified cellulase towards CMC substrate and
low activity towards non-cellulosic substrates. In addition, our results
are also similar to the inferences of Lee et al. (2008) with B. amyloli-
quefaciens DL-3 except the activity on pNPG. The microcrystalline cel-
lulose (Avicel) and cellobiose having β-1, 4-linkages are produced from
cellulose upon partial hydrolysis by enzymes. The pentose sugar, xylan
is main component of the hemicelluloses predominant in hard woods
and other plants like grasses, cereals, and herbs (Petzold et al., 2006)
etc. The enzyme also showed notable sensitivity towards Laminarin
containing β-1, 3 linkages thereby showing the capacity to hydrolyze
both the β-1, 4 and β-1, 3 glycosidic linkages.

Using CMC as substrate, the enzyme showed a 21 fold increase in
activity than starch. The CMCase, also called endoglucanase activity
shown by the purified cellulase was also much higher than many
commercial cellulases such as (14.9 ± 0. 10 U/ml) Accellerase® 1500
(Yang et al., 2017), (6.75 ± 0.34 U/ml) Accellerase™ 1000 (Fujii et al.,

Fig. 2. Elution profile of cellulase using ion exchange chromatography stage
(-■-) refers to the λmax= 280 nm and enzyme activity (-▲-).

Table 3
Purification steps of cellulase from B. tequilensis G9.

Purification step Total activity (IU) Total Protein (mg) Specific activity (IU) Yield (%) Purification fold

Crude enzyme 2,15082 ± 181 28.95 ± 0.8 7428 ± 62 100 1
Ammonium Sulfate precipitation 46794 ± 159 1.76 ± 0 26505 ± 90 21 3.6
Acetone precipitation 44602 ± 50 1.67 ± 0 27839 ± 64 21 3.74
DEAE Cellulose Chromatography 21518 ± 25 0.292 ± 0 73210 ± 86 10 9.89

Fig. 3. Zymogram analysis of the purified cellulase; (a) SDS-PAGE analysis of B.
tequilensis G9 proteins. Lane M: standard molecular weight marker proteins in
kDa and, Lane 1: partially purified protein extract, Lane 2: DEAE-cellulose
chromatography fraction of endoglucanase; (b) Zymogram of partially purified
(Lane 3) and purified endoglucanase (Lane 4) of B. tequilensis G9.
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2009), (18.33 ± 5.77 U/ml) Spezyme® CP (Nieves et al., 1998). The
slightly higher preference for CMC as substrate indicated the en-
doglucanase nature of the purified enzyme for which it was easier to
degrade CMC than its crystalline counterpart, i.e., Avicel. Likewise, the
endoglucanases of many other Bacillus species are also known to depict
avicelase activity (Kim et al., 2005; Han et al., 1995). The bifunctional
nature could be attributed to the carbohydrate binding domain present
in the tertiary structure of the protein, which enables these enzymes to
degrade CMC as well as micro-crystalline cellulose (Ogawa et al.,
2007). Since this enzyme degrades CMC as well as Avicel, therefore it is
more appropriate to refer this enzyme as cellulase rather than endo or
exo-glucanase alone.

3.4.4. Kinetic parameters
The kinetic parameters like Km, Vmax, Kcat and catalytic efficiency of

the purified cellulase were studied for the hydrolysis of CMC as a
substrate (Table 4). The kinetic parameters of purified enzyme were
determined by Lineweaver Burk double reciprocal plot at varying
concentrations of CMC as substrate and found as 0.25mg/ml. The Km,
Vmax, Kcat and catalytic efficiency of purified cellulase for carbox-
ymethyl cellulose sodium salt were found to be 3.50mg/ml,
1.09mol l−1min−1, 0.34 s−1 and 1.98 s−1M−1, respectively. The Km

value of the purified cellulase was much higher than the Km value of
cellulase from Bacillus sp., (Sadhu et al., 2013), indicating less satura-
tion of the enzyme even at high substrate concentrations. A similar Km

value of cellulase (3.6 mg/ml) was also reported by Bakare et al. (2005)
in Pseudomonas fluorescens. In comparison, the Km value was less than
cellulases of Actinobacteria anitratus and Branhamella sp. (Ekperigin,
2007). This variation of the Km values could be a consequence of source
of the bacteria as well as the cellulosic substrate used.

3.4.5. Effect of pH on enzyme activity and stability
The effect of pH on purified enzyme was observed by incubating

with buffers of different pH ranging from pH 3.0 to 10.0. The enzyme

was recorded to show increased activity at pHs 4.0 and 5.0. The op-
timum pH for the cellulase activity was 5.0 (Fig. 5a) but there was an
18% loss of enzyme activity after 1 h of preincubation in the same
buffer. However, the enzyme showed lesser activities at higher pH
(above pH 5.0) which indicates the acidic nature of the enzyme. In case
of enzyme stability, the cellulase activities were reduced at all tested pH
and retained more than 30% activity on pHs 5.0 to 9.0 different pHs. A
similar pH 5.0 for maximum cellulase activity was also found optimum
in Thermomonospora (George et al., 2001), and Bacillus strain, M-9
(Bajaj et al., 2009). The stability of the purified cellulase under acidic
conditions was in congruence with the reports of Bischoff et al. (2006)
for Bacillus licheniformis. The optimum pH of the enzyme was slightly
less than the optimum pH of Bacillus amyloliquefaciens which was more
stable at neutral pH i.e., 7.0 (Lee et al., 2008).

3.4.6. Effect of temperature on enzyme activity and stability
The activity of purified cellulase was determined at various tem-

peratures ranging from 10 to 90 °C keeping all other variables constant.
Under tested conditions, the enzyme showed increased activity up to
40 °C while the activity at higher temperatures declined slightly. The
highest 50.92 ± 0.6 IU/ml (100% relative) activity was estimated at
40 °C indicating it as optimum temperature for the enzyme. Though the
enzyme activity was not affected much at temperatures in the range
10–50 °C, it showed abrupt reduction of 12–15% in its activity at
temperatures> 60 °C (Fig. 5b). Possibly, this abrupt reduction in en-
zyme activity can be attributed to the denaturation of the enzyme
caused at higher temperatures. Majority of the cellulase enzymes from
Bacillus strains are known to have optimum activity in the range
40–60 °C (Hakamada et al., 2002; Kim et al., 2005). However, the op-
timum temperature of cellulase purified in this study was compara-
tively lower than other strains of Bacillus such as 60 °C in M-9 (Bajaj
et al., 2009), BY-4 (Ma et al., 2015), 50 °C in C1 (Sadhu et al., 2013) and
HSH-810 (Kim et al., 2005).

In case of thermal stability, the enzyme showed marked reductions
in its activity after pre-incubation for 1 h at higher temperatures.
However, the enzyme maintained 30–85% activity after preincubation
for 1 h at 10–50 °C. Recently, a similar trend has been stated for Bacillus
strain isolated from the cow dung (Sadhu et al., 2013). The reduced
activity at higher temperatures can be attributed to the same effect as
that of increased temperature leading to enzyme denaturation. The
preincubation at 40 and 50 °C did not affect the enzyme activity re-
taining more than 80% activity, which was also reported for the cel-
lulase of Bacillus sp. AC-1 (Li et al., 2006) revealing the mesophilic
nature of the enzyme.

3.4.7. Effect of various additives on cellulase activity
Since additives are vital for regulation of enzyme activity, we tested

the effect of different metal ions on cellulase activity at 1 and 5mM
concentrations whereas in case of surfactants the tested concentrations
were 0.5 and 1% only. The lower concentration (1mM) of metal ions
such as Ca2+ and Hg2+ did not affect the enzyme activity but at 5mM
concentration, there was a notable change (decrease) in the activity
(Table 5). The probable reason for this reduction could be interaction of
metal ions with tryptophan residues or carboxyl groups of the amino
acid chains that are pivotal for substrate binding (Lamed et al., 1994).
The inhibition of cellulase activity by Hg2+ ions could have followed a
similar mechanism (Lusterio et al., 1992) preventing the enzyme-sub-
strate binding. The Pb showed an inhibitory effect on the purified cel-
lulase causing 46 and 62.2% reduction in cellulase activity at tested
concentrations of metal ion respectively. Further, 48% decrease in the
activity was also observed due to Hg2+ at 5mM concentration whereas
metals like Mn2+ and Co2+ remarkably improved the enzyme activity
by 1.5 and 2 folds respectively. Our observation showed close resem-
blance with the results achieved by Lee et al. (2008) who reported a
similar inhibition of enzyme activity by Hg2+ (74.3%) and Pb (36.8%)
at 5mM concentration; whereas, some researchers (Kim et al., 2005;

Fig. 4. Substrate specificity of the cellulase towards the tested substrates. CMC:
Carboxymethyl cellulose; pNPG: ρ-Nitrophenyl N-acetyl-β-D-glucosaminide.
n= 3.

Table 4
Kinetic parameters of the purified cellulase from B. tequilensis G9.

Km(mg
ml−1)

Vmax (moles
l−1min−1)

Kcat (s−1) Catalytic efficiency
(s−1M−1)

Cellulase 3.509 1.093 0.3427 0.0982

M.A. Dar, et al. Biocatalysis and Agricultural Biotechnology 20 (2019) 101219

7



Mawadza et al., 2000) also stated 30 and 36% reduction in activity by
Hg2+ and Pb at 1mM concentration respectively. The other ions such
as NH4

+, Mg2+, Zn2+, and K+ did not show any significant effect on
the enzyme activity but CaCl2 does show a 122% increase in activity at
1mM concentration. Most of the enzymes like amylases and en-
doglucanases require divalent cations like Ca2+ which plays a major
part in the protein stability and tertiary structure maintenance thereby
causing activation of the enzyme and leading to enhancement of ac-
tivity. Similarly, some divalent cations like Ca2+ and Mg2+ interact
with imidazole and carboxyl groups in proteins causing enhancement of
activity. Our observations were contrasting with B. subtilis BY-4 where
the activity of cellulase was 28.6 and 20.1% inhibited by Mn2+ and
Co2+ respectively (Ma et al., 2015). Depending upon the nature of
metal salts used, the effect of metal ions on cellulases varies from strain
to strain (Mawadza et al., 2000; Bajaj et al., 2009). Nonetheless, the
purified enzyme showed considerable activity in presence of majority of
the tested metals, demonstrating robust nature of cellulase which is a
prerequisite for many industrial applications. We have also tested the
effect of ascorbic acid on the enzyme which showed a remarkable en-
hancement (191%) in the activity of the purified cellulase (Table 5).
Thus these elements viz., ascorbic acid, Mn2+ and Co2+ proved as
important co-factors for the increased stability and enhanced activity of
the purified cellulase.

Among the tested surfactants, DTT and β-mercaptoethanol proved

effective by causing 191 and 133% increase in cellulase activity at 1%
concentrations (Table 5). However SDS and EDTA were the only com-
pounds that inhibited the cellulolytic potential of the enzyme to greater
extents at both concentrations by 55.3 and 41.4% respectively. The
effect of other compounds like DMSO, PMSF, and Triton X −100
showed no or least effect on cellulase activity. The Tween 20 and Tween
80 were found inhibitory at low concentration showing slight reduction
viz., > 10% in the catalytic capacity of the enzyme. The inhibition of
cellulases from Bacillus spp. by EDTA is already well reported by several
authors (Asha et al., 2012; X. Zhao et al., 2012) which contradicts with
few reports where it doesn't exert any inhibition on the enzymes
(Hakamada et al., 2002; Li et al., 2006). This could be due to the low
concentration of the surfactant used in the assays. Moreover, EDTA also
inhibited the activity of Pseudomonas fluorescens cellulase (Bakare et al.,
2005). The EDTA is known to inhibit the divalent-dependent enzymes,
thereby causing chelation of the divalent cations like Ca2+ and Mg2+

which ultimately leads to the decrease in the enzyme activity. The
anionic surfactant, SDS induces the negative charge by interaction with
hydrophobic group of proteins, resulting in perturbation of the protein
structure thereby decreasing cellulase activity (Bhuyan, 2009). On the
other hand, marginal concentrations of some surfactants alter the cel-
lulose surface properties, minimize irreversible binding of the enzyme
with cellulose during hydrolysis process, and thereby prevent in-
activation (Wu and Ju, 1998) which ultimately leads to enhancement of

Fig. 5. Effect of pH (a) and temperature (b) on endoglucanase activity of purified cellulase from B. tequilensis G9. The symbol (-■-) indicates optimum pH and
temperature required for enzyme activities that corresponds to left axis of the respective graphs. Whereas the symbol (-⁎-) depicts the residual activities of the
purified cellulase at different pH values and temperatures corresponding to the right axes of the graphs respectively.

Table 5
Effect of various additives on the endoglucanase activity of purified cellulase from B. tequilensis G9.

Sr.no. Metal ion Relative activity (%) Sr.no. Surfactant Relative activity (%)

1mM 5mM 0.5% 1.0%

1 None 100 100 12 DMSO 97.3 105.0
2 NH4

+ 108.0 99.0 13 DTT 198.7 191.3
3 Ca2+ 122.0 92.0 14 EDTA 58.6 71.9
4 Co2+ 172.9 200.4 15 BME 134.3 133.6
5 Pb 53.6 37.8 16 PMSF 100.3 109.9
6 Mg2+ 110.4 96.1 17 SDS 44.7 50.8
7 Mn2+ 140.0 158.5 18 Triton X 100 94.2 91.5
8 Hg2+ 107.8 52.6 19 Tween 20 88.7 90.9
9 K+ 108.0 94.9 20 Tween 80 89.5 89.8
10 Na+ 104.4 97.5 21 Ascorbic acid 170.1 166.0
11 Zn2+ 118.8 94.9

DMSO: dimethyl sulfoxide; DTT: dithiothreitol; EDTA: ethylene diamine tetra acetic acid; BME: β-mercaptoethanol; PMSF: phenyl methyl sulfonyl fluoride; SDS:
sodium dodecyl sulfate.
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the cellulolytic activity.

3.4.8. Analysis of hydrolyzed product
The products of the enzymatic hydrolysis of CMC were also quali-

tatively analyzed by TLC method. The TLC analysis confirmed the
production of 6C hexose or 5C pentose sugars like glucose and xylose
respectively after enzymatic hydrolysis of CMC by purified enzyme (Fig.
S4). Upon comparison with loaded standard sugars, the hydrolyzed
products showed similarity with galactose and glucose. Since the pur-
ified cellulase had a low affinity for starch, some products were formed
upon hydrolysis but were poorly resolved on TLC plates. Therefore,
further analysis with more sensitive techniques is needed which will
help to resolve the sugar profile of the hydrolysate more clearly. Re-
cently, a similar TLC profile has been reported for products released
from hydrolysis of CMC by a recombinant cellulase C18 of B. licheni-
formis (Kumar et al., 2016). Since the enzyme showed more affinity
towards CMC and the products obtained in the hydrolysis reaction of
CMC confirm the endo-β-1, 4-D-glucanase nature of the enzyme
(Girfoglio et al., 2012).

3.4.9. Ethanol determination and GC-MS analysis
The ethanol produced by co-culturing the B. tequilensis G9 with S.

cerevisiae was qualitatively determined by GC-MS method. The mass
spectrometric analysis of the sample showed 2 peaks at 43 and 44 m/z
representing ethanol (Fig. S5) and CO2 respectively. The first peak
showed a retention time of 2.325 with a molecular mass of 43 which is
a characteristic of ethanol content also observed by Bagewadi et al.
(2016). The second peak at 44 molecular mass with retention time of
1.48 was a typical of CO2. However the most frequent peak for ethanol
is observed on a molecular mass of 31 but due to the ionization caused
by the breakage of C–C bond near the oxygen atom it is also shown at
m/z=43 (Kar and Cheng, 2011). The co-culturing technique involving
simultaneous saccharification and fermentation by microbes has always
been the preferred choice for several industrial applications (Saratale
and Oh, 2015). This process could also be helpful to reduce the overall
production costs of ethanol as well as feedstock generation from lig-
nocellulosic biomass together with the creation of more revenue.

4. Conclusion

In this report, the cellulolytic bacterium Bacillus tequilensis G9 was
biotyped by MALDI-TOF analysis, showed close resemblance with
Bacillus sp. which was also determined by 16S rRNA gene sequencing.
The isolate showed capability to degrade down various agro-industrial
wastes such as WH, GS, SCB, etc. Cellulase of B. tequilensis G9 was
purified and characterized to find the optimum conditions and kinetic
properties of enzymatic hydrolysis with cellulosic substrates. The en-
zyme showed tolerance to a wide range of conditions which signpost its
industrial applications. The purified cellulase showed more preference
towards the cellulosic substrates as compared to non-cellulosic poly-
saccharides indicating its possible use in biorefinery and bio-ethanol
industry. Further, the catalytic efficiency of the purified cellulase was
enhanced by metal ions and surfactants which might attract attention
for its exploitation in industrial usage. The future endeavors will be to
thoroughly characterize the B. tequilensis G9 for efficient production of
bio-ethanol from agro-industrial wastes through fermentation technol-
ogies.
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