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Abstract

The novel bacterial strains EF2 and OW1-1 were isolated from intestine of Eisenia fetida and municipal organic waste respec-
tively. The qualitative screening of strains in carboxymethyl cellulose (CMC) agar plate showed a larger zone of clearance
with Gram’s iodine staining. The 16S rRNA gene sequences of the strains EF2 and OW1-1 were identified as a gram-positive
Bacillus sp. The strains exhibited significantly high CMCase activities of 35.307 +0.08 IU/ml and 29.92 +0.01 IU/ml,
respectively, in EF2 and OW1-1 when 2.5% (w/v) of lactose was used as a carbon source at their optimal pH and tempera-
ture. The SDS-PAGE and zymogram analysis of crude enzyme revealed that the molecular weight of CMCase was 60 kDa
in both strains. In comparing to monoculture of EF2 and OW1-1, the co-culture increased their activity by 15% and 35.71%
respectively. The higher CMCase activity of strains in a wider range of temperatures and pH fluctuation could be a good

choice for biofuel industries.
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Statement of Novelty

This manuscript deals on isolation and characterization of
cellulolytic bacteria using 16S rRNA sequences. The cel-
lulolytic bacteria were isolated from various sources and
their qualitative screening for cellulase were preformed. The
most efficient and closely related Bacillus sp. strains EF2
and OW1-1 were further used for quantification of CMCase
activity. The comparative CMCase activity of both strains
were well documented in regard to optimize their differ-
ent physicochemical parameters and analyzed the protein
bands in SDS-PAGE and zymogram, which is novel to be
seen. The results on co-culture of two Bacillus sp. in con-
trast to their monoculture, showed significantly increased
in CMCase activity which could be a better choice in the
biofuels industries.
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Introduction

The biofuels such as bioethanol, biodiesel, biogas, etc. from
lignocellulosic biomass are gaining popularity because it is
considered as a sustainable, cost efficient, ecofriendly and
showed a promising alternative to fossil fuels. The biofuels
are renewable energy, has low emission of greenhouse gases
and can mitigate the environmental challenges [1, 2], thus
able to make a global priority. However, the main hurdles lie
in the recalcitrance of its bonding due to protective cover-
ing of lignin and crystalline nature of cellulose sheathed by
hemicellulose, allowing very less surface area for enzymatic
hydrolysis [3—-6]. Moreover, the competing land uses versus
demand and supply of non-food biomass [7], requirement
of multi-disciplinary teams of skilled personals, industrial
infancy [8, 9], financial investment and fuels market, etc. in
many circumstances are some other bottle neck in higher
yield of efficient biofuels. Although, there are several physi-
cal, and chemical methods available for disruption of ligno-
cellulosic layers, the biological method has its financial and
environmental benefits [4].

Since, cellulose is the most abundant biopolymer found
in earth, it has been highly studied in production of biofu-
els and bioproducts. The bioconversion of cellulosic bio-
mass using cellulase secreted from various bacteria and
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fungi has its greater industrial significance. There are three
major enzymatic components of cellulase: endoglucanase,
exoglucanases and p-glycosidase; belonging to the glyco-
syl hydrolase (GH) family. The synergistic activity of these
enzymes disintegrates the glycosidic bonds of cellulose. The
endo- and exoglucanases act on the chain ends of cellulose
to release cellobiose and some sugar molecules whereas the
B-glucosidases is essential to break cellobiose into sugars
[10, 11]. The pB-glucosidase has major role in minimizing the
inhibitory effect of cellodextrin and cellobiose by cleaving
the final glycosidic bonds of cellobiose releasing sufficient
monomeric sugar molecules which in alcoholic fermenta-
tion, produce biofuels and value-added products.

This synergism of enzymes can easily observe in the
natural environment where the whole microbial consortium
secret various lignocellulose degrading enzymes that work
synergistically in degrading plant biomass [12] and playing
a vital role in regulating the carbon cycle [13]. Thus, it is
obvious that mixed populations of microbes with individu-
ally optimized populations has ability to break the recalci-
trant biopolymers by synergistic action of multiple enzymes
which could otherwise become difficult for individual strains
[14]. Many efforts have been made in genetic engineering
[15-18] to produce robust microorganisms that can survive
in extreme condition and continue their higher yield of cel-
lulolytic enzymatic components. However, it is not always
possible to produce significant yield of enzymes from single
strain of any bacterium. Thus, the culture of two or more
species of bacteria in many circumstances is beneficial for
efficient enzymatic hydrolysis because they relies in meta-
bolic cross-feeding [19, 20] and produce various cellulase
which synergistically work together in cellulose hydrolysis
[21]. The strains in co-culture can adapt to the minor fluctua-
tion in culture conditions and degrade the substrate within
their intricate network where the whole consortia work
together to get the improved enzyme levels in comparison
to their pure strains.

The cellulose degrading microbes are found in various
places including organic matter decaying sites, on the soil
and in the gut of some animals such as insects, earthworm,
gastropods, ruminant etc. Several studies have been con-
ducted in isolation of efficient cellulolytic bacterial strains
from different natural resources. However, the industrially
important, high cellulase yielding strains vigorously active
at higher temperature and pH fluctuation are still in demand.
Nevertheless, the conventional technique of microbial iso-
lation and screening for new cellulose degrading strain
still has its greater significance due to likeliness of getting
good strain with additional gene of interest. Thus, it is very
essential and important to isolate the high cellulose degrad-
ing bacteria for their possible industrial application. This
study mainly focused on isolation of cellulolytic bacteria
from various sources, optimize the enzyme production from
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efficient bacteria, co-culture them for higher yield of cel-
lulolytic components and compare their enzyme activity in
an optimum condition.

Materials and Methods
Media Preparation

The solid agar and broth media were prepared for bacterial
growth. The composition of culture media was as follow.

Luria—Bertani (LB) medium: 1.0 g peptone, 0.5 g yeast
extract, 0.5 g NaCl and distill water up to 100 ml.

LB agar: 1.0 g peptone, 0.5 g yeast extract, 0.5 g NaCl,
1.5 g agar and distill water up to 100 ml.

Carboxymethyl cellulose (CMC) agar: 0.5 g CMC, 0.1 g
NaNO;, 0.1 g K,HPO,, 0.1 g KCl, 0.05 g MgSO,, 0.05 g
yeast extract, 1.15 g agar and distill water up to 100 ml.

Minimal salt medium: 1% (w/v) CMC and 0.5% (w/v)
yeast extract, 0.1 g NaNO,, 0.1 g K,HPO,, 0.1 g KCl, 0.05 g
MgSO, and distill water up to 1000 ml.

Bacterial Isolation and Characterization

Bacterial isolation was done from samples such as soil, rot-
ten wood, paper mill sludge, organic waste, wastewater and
gut of earthworm (Eisenia fetida) collected from Thunder
Bay, ON, Canada. After 10X serial dilution, 200 ul of each
sample was inoculated in LB agar plate and incubated at
37 °C for 24 h. The bacterial colonies with morphologi-
cal and physiological difference developed after 24 h were
isolated and transferred into LB medium. The pure bacterial
colonies were selected after repetitive streaking followed
by isolation and re-culture in LB medium at 37 °C for 24 h.

The cellulolytic efficiency of bacterial strains was con-
firmed with the qualitative screening for relative carboxy-
methyl cellulase (CMCase) activity which was followed by
DNA extraction. The bacterial DNA of some efficient bacte-
rial strains was extracted using bacterial genomic DNA iso-
lation kit (Norgen Biotek Corp. ON, Canada). The universal
forward primer HAD-1 (5'-GACTCCTACGGGAGGCAG
CAGT) and reverse primer E1115R (5'-AGGGTTGCGCTC
GTTGCGGG) were used in the reaction. The 16S rRNA
was amplified using polymerase chain reaction (PCR) fol-
lowed the manufacturer’s instructions (FroggaBio protocol).
Briefly, the PCR thermal cycle was adjusted as follows: ini-
tial denaturation at 94 °C for 3 min, 30 successive amplifica-
tion cycles (denaturation: 94 °C for 30 s, annealing: 56 °C
for 30 s and extension: 72 °C for 1 min) and final extension
at 72 °C for 10 min. The DNA was purified using Gel/PCR
DNA fragments extraction kit (Geneaid, FroggaBio). The
purified 16S rRNA samples were sent to sequencing lab.
The sequence results were BLAST using National Center
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for Biotechnology Information (NCBI) database. The phy-
logeny was evaluated by multiple alignment of sequences in
phylogeny.fr, a web-based tree view software [22].

Preparation of Seed Culture and Size of Inoculum

The seed culture for quantitative assay was prepared from
stock culture in agar plate by transferring strains into the
tube containing 5 ml LB medium using inoculation loop.
The LB medium seed culture was incubated in shaking
incubator at 37 °C and 200 rpm for 24 h. The proportion
of inoculum size was maintained at 1:50 ratio where 1 ml
LB seed culture was transferred into a 250 ml Erlenmeyer
flask containing 50 ml minimal salt medium in each batch
fermentation.

Qualitative Cellulase Assay

The overnight cultured bacterial strains in LB medium (5 pl)
was inoculated at the centre of CMC agar plate (contain-
ing 0.5 g CMC, 0.1 g NaNO;, 0.1 g K,HPO,, 0.1 g KCI,
0.05 g MgSO,, 0.05 g yeast extract, 1.15 g agar and distill
water up to 100 ml). The agar plate was kept in incubator at
37 °C for 48 h. Qualitative screening of cellulolytic bacte-
rial strain was performed with Gram’s iodine test [23]. The
CMC plate was filled with 3% (w/v) Gram’s iodine solution
and observed the zone of clearance after 2 min. The cellu-
lase produced from bacteria degrade the cellulosic content
of agar plate into some monosaccharides and disaccharides
which give zone of clearance (halo) with the iodine solution

P5-2

[24]. The halo measurements were compared with E. coli
and cellulase (dilution—2 mg/ml) from 7. reesei ATCC
26921 (Sigma Aldrich—C2730, Canada) for negative and
positive controls respectively. The experiments were con-
ducted in triplicates and the halo diameters in mm were
recorded. The strains with higher enzymatic index (EI) val-
ues (Fig. 1) were further analyzed for their characterization
and quantitative CMCase activities.

Quantitative Cellulase Assay

One milliliter of overnight cultured LB medium seed culture
was transferred into a 250 ml flask. Each flask containing
50 ml minimal salt medium with 1% CMC as a substrate was
used for bacterial growth and enzyme production, keeping
a constant agitation of 200 rpm throughout the experiment.
The physiochemical parameters (including temperature, pH,
carbon and nitrogen sources) were optimized by consider-
ing one parameter at a time. Since the experiments were
conducted in Erlenmeyer flask, the initial pH measurement
of culture medium has been done before the inoculation of
strains. The effect of initial pH, temperature and incubation
time on CMCase production was measured by culturing the
strains in different pH ranges from 5 to 9 at temperature of
30-50 °C for 4 days. Similarly, the effect of different carbon
sources (including CMC, p-glucose, D-fructose, b-sorbitol
and p-lactose) and nitrogen sources (including peptone,
urea, yeast extract and (NH,),SO,) on enzyme production
were also evaluated. The culture broth of 1 ml was harvested
each 24 h interval of time and centrifuged at 12,000xg for

Enzymatic index:

KF11: 3.26
OWI-1: 3.46
P4: 2.97
P5-2: 3.16
Cellulase, 7. reesei ~ EFL: 3.25
(+ve control) EF2: 3.26
T. reesei: 2.25
E.coli: 0

E. coli

(-ve control)

Fig. 1 Plates having zone of clearance (halo) in Gram’s iodine test for six cellulase producing isolates and their EI values were compared with E.
coli as a negative control and cellulase from 7. reesei ATCC 26921 as a positive control
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3 min. The supernatant was collected for extracellular crude
enzyme and analyzed the enzyme activity with the measure-
ment of reducing sugars yield by 3,5-dinitro-salicylic acid
(DNS) method [25] with some modification. Briefly, the
reaction mixture containing aliquot (50 pl) of crude enzyme
from supernatant and 50 pl of 0.5 M citrate buffer (pH 6.0)
with 0.5% CMC were transferred into a 1 ml microcentri-
fuge tube. The reaction mixture was incubated in hot water
bath at 55 °C for 30 min. The DNS solution of 200 ul was
added to the reaction mixture and the tube was kept in boil-
ing water bath for 5 min. The reducing sugars liberated in
reaction mixture were estimated by DNS method using glu-
cose standard curve. The absorbance was measured in room
temperature at OD 540 nm in a micro-plate reader spectro-
photometer (BioTek, USA). The bacterial growth was meas-
ured in term of biomass (absorbance at OD 600) whereas
the enzyme activity was expressed in IU/ml, where one unit
of CMCase enzyme corresponds to the release of 1 uM of
reducing sugar equivalent per minute from substrate.

Effect of Co-culture on Enzyme Production

The seed culture of both bacterial strains, EF2 and OW1-1
were prepared separately in LB medium. A total volume of
1 ml seed culture was maintained by transferring 500 pl of
each overnight cultured strain into a 250 ml flask contain-
ing minimal salt medium with 1% (w/v) CMC. The enzyme
activity was estimated in optimum condition by harvesting
1 ml of sample from the culture medium following similar
procedures of enzyme activity assay.

SDS-Polyacrylamide Gel Electrophoresis

The cellulase enzyme was separated in sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE). The
hydrolytic activity of cellulase was observed in zymogram.
The crude enzyme samples from strain EF2 and OW1-1
were run along with protein ladder (Bio Basic, Canada) in
10% of acrylamide gel. A constant supply of 120 V was
maintained until the sample crossed the stacking gel, while
the 160 V was maintained in the separating gel. The gel
was cut into two parts, one of which was used to detect the
protein while the other half used to perform the zymogram.
One-half of gel was immerged in Coomassie Brilliant Blue
for 45 min and de-stained with decolouring buffer until the
bands were prominent. Whereas the other half of gel was
used to observe the hydrolytic activity after washed with
1% (v/v) Triton X-100. The gel was immerged in 0.5 M
citrate buffer (pH 6.0) with 0.5% CMC and incubated in
hot water bath (55 °C) for 30 min followed by stained in
0.1% Congo red for 30 min. 1 M sodium chloride solution
was used to distain the gel and was treated with 4% (w/v)
acetic acid solution to make a prominent hydrolytic band
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in zymogram analysis. The presence of protein bands and
hydrolysis bands observed in the gel was compared with
standard protein marker (Bio Basic, Canada) to estimate the
molecular weight of cellulase.

Statistical Analysis

All the experimental data were obtained in the form of tripli-
cates and results were expressed in terms of mean + standard
deviation (SD). The mean values of triplicates were analyzed
by one way analysis of variance (ANOVA) followed by two
tailed 7 test using corresponding confidence level of 95% (i.e.
P value at <0.05). The multiple comparison among the dif-
ferent variables were made by the post-hoc Bonferroni cor-
rection of 7 test values at less than P/n level of significance.

Results and Discussion
Qualitative CMCase Activity Assay

Out of 26 isolates tested in Gram’s iodine, 25 strains showed
their positive results in plate assay with various sizes of halo.
Only six of the strains with larger halos (Fig. 1) in CMC
plates were selected for further characterization. The halo
sizes were recorded (diameter shown in Fig. 2) and com-
pared with E. coli and cellulase from T. reesei ATCC 26921
for negative and positive controls respectively. The strains
EF2 isolated from intestine of red wiggler worm (E. fetida)
and OW1-1 isolated from municipal organic waste sludge
showed larger halo sizes and EI. Moreover, the strains EF2
and OW1-1 also showed a proximity in their phylogenic
relationship (Fig. 2) thus, were selected for their further
quantification of CMCase activity.

DNA Extraction and Characterization of Bacterial
Strains

The strains with larger halos observed in qualitative plate
assay were selected for DNA extraction. The bacterial DNA
of six strains were isolated using bacterial genomic DNA
isolation kit (Norgen Biotek Corp) and amplified its 16S
rRNA using PCR (FroggaBio) following their protocols.
The amplified DNA fragments were run in 1% agarose gel
for validation of 16S rRNA which showed the clear bands
of about 800 bp. It was purified using Geneaid PCR/Gel
purification kit and sent to Euroffins Genomics for sequenc-
ing. The nucleotide sequences of strains were successfully
uploaded in NCBI database and the accession numbers were
obtained. The strains were identified as gram +ve bacteria
of genus Bacillus and Lysinibacillus with 97-99% homol-
ogy. Both the strains EF2 and OW1-1 were identified as
Bacillus sp. The GenBank accession numbers of Bacillus
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0.98 Bacillus sp. KF11 (MG827111) 25.0

Lysinibacillus sp. P4 MG82 1114) 241 75‘

0.92 Bacillus sp. P5-2 (MG827115) 2525
o Bacillus sp. EF1 (MG827112) 26.0

Bacillus sp. OW1-1 (MG827116)
Bacillus sp. EF2 (MG827113)

0.03

Fig.2 Phylogeny of bacterial strains made from multiple alignments
of sequences in phylogeny.fr software. The red coloured number rep-
resents a branch support values, the accession numbers are given in

sp. strains EF2 and OW1-1 were obtained as MG827113 and
MG827116 respectively. The web-based phylogeny.fr soft-
ware was used for making tree view (Fig. 2) of phylogeny
which showed the strains EF2 and OW1-1 have proximity in
phylogeny, and thus could be suitable for co-culture.

Effect of Incubation Time on Enzyme Production

The strains EF2 and OW1-1 were separately cultured in
250 ml conical flask containing 50 ml minimal salt medium
for 4 days. The bacterial culture of 1 ml was harvested every
12 h for 4 days to analyze the biomass and enzyme activ-
ity. The bacterial growth was measured in terms of biomass
at OD 600 nm and the reducing sugars formed was esti-
mated in OD 540 nm. The higher CMCase production was
observed in 24 h which decreased with increases in incuba-
tion time (Fig. 3). The activity from 24 h of incubation was
significantly different than other incubation times with the
P <0.05 for both strains. It was in harmony with the earlier
finding where rapid increase in production of endoglucanase
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the brackets. Colour scale on the right shows the size of halo (mm) in
CMC agar plates. (Color figure online)

was recorded from 6 h, which reached a maximum at 24 h
and steadily decrease thereafter [26].

Effect of Temperature and pH on Enzyme Production

The enzyme production was greatly influenced by temper-
ature and pH. Different bacteria have their own optimum
temperature requirement for maximum enzyme production.
The strains were cultured in 50 ml of minimal salt medium
at 30, 35, 40, 45 and 50 °C temperature. These strains are
mesophilic bacteria which preferred moderate temperature
of 40 °C for maximum CMCase production. The mesophilic
Bacillus subtilis and Bacillus circulans gave maximum yield
of cellulase at 40 °C [27]. Some other bacteria such as Bacil-
lus, Cellulomonas and Micrococcus sp. showed their higher
endoglucanase activity in 40 °C [28]. The relative CMCase
activities of EF2 and OW1-1 were calculated in comparison
to their maximum observed activity. The CMCase produc-
tion was high in 40 °C and its activity was significantly dif-
ferent than other temperatures with the P <0.05 for both
strains (Fig. 4). The activity is decreased with change in
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Fig. 3 Effect of incubation time in biomass and CMCase activity by strain EF2 (a) and OW1-1 (b)
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Fig.4 Effect of temperature (a) and pH (b) in CMCase activity by strains EF2 and OW1-1

temperature perhaps due to inhibition of cellulase multien-
zyme complex system.

The effect of pH on CMCase production was measured
in optimum 40 °C temperature and 24 h incubation time.
The pH was adjusted to 4, 5, 6, 7, 8 and 9 using 2 N KOH
and 0.2 N HCI. The bacterial strains EF2 and OW1-1 have
better CMCase production in the broader pH ranges from 5
to 7 however the highest activity observed in pH 6 and pH
5 respectively. Similar optimum pH 5.7-6.1 was reported
in Clostridium thermocellum [29]. The activity gradually
decreased with further change in pH values. The optimum
activity was significantly different than other pH values with
the P <0.05 for both strains. The bacteria such as Micrococ-
cus sp. SAMRC-UFH3 [30], Clostridium straminisolvens
strain CSK1 [31] decreased their activity with changes in
optimum pH. However, some of the industrially important
Bacillus sp. give better enzyme activity at wider pH ranges
[32—-34]. For these bacteria, minor fluctuation in acidic
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environment does not necessarily affect their cellulolytic
capacity.

Effect of Nitrogen on Enzyme Production

The CMCase production has been greatly affected by vari-
ous sources of nitrogen. We tested the effect of 0.5% w/v
of each (NH,),SO,, peptone, urea, yeast extract in enzyme
production at their respective optimum pH (as pH 6 for EF2
and pH 5 for OW1-1), temperature of 40 °C and 24 h incu-
bation time. The result showed significantly higher yield of
CMCase when yeast extract was used as a source of nitro-
gen. It was followed by peptone, (NH,),SO, and the least
activity observed in urea in both strains (Figs. 5, 6). The
optimum CMCase activity was significantly different with
the P <0.05 for both strains. The yeast extract and peptone
are organic nitrogen sources which can results in better
cellulase production [35, 36]. However, the lower activity

B
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Fig.5 Effect of nitrogen sources (a) and yeast extract concentration (b) on CMCase activity by strain EF2
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Fig. 6 Effect of nitrogen sources (a) and yeast extract concentration (b) on CMCase activity by strain OW1-1

observed in inorganic nitrogenous sources (such as urea and
ammonium sulphate) might be due to the inhibitory effect of
medium acidification resulted from metabolism of inorganic
nitrogen which in turn affects cellulase production [36].

The gradual increase in yeast extract concentration in
minimal salt medium increases the enzyme production
until it reaches to the optimum 2.5% (w/v) in both strains.
The results of ANOVA (with the P> 0.05) showed that the
optimum activity was not significantly different than other
concentrations of yeast extract for both strains. Since, nitro-
gen is one of the major constituents of proteins, the bacte-
ria are sensitive to the types and concentration of nitrogen
sources which are specific to the species. Thus, the bacterial
growth and enzyme production for dissimilar species dif-
fer dramatically with respect to their optimum condition.
However, similar high CMCase activity was observed in
Bacillus sp. C1AC55.07 when 2% yeast extract was used
[37]. The highest CMCase activity in yeast extract among
both strains EF2 and OW1-1 may be due to the presence of
some other supplemental elements such as vitamin, trace
nutrients, sulfur, etc. in yeast extract which are suitable for
bacterial growth [38].

Effect of Carbon on Enzyme Production

The strains EF2 and OW1-1 can utilize various carbon
sources for CMCase production. Both strains were grown
separately in minimal salt medium containing 1% (w/v) of
each CMC, glucose, fructose, lactose and sorbitol in their
respective optimum culture condition. The presence of lac-
tose in culture medium gave a significantly higher CMCase
production then other carbon sources. This CMCase pro-
duction was gradually increased with increase in lactose
concentration and attained its maximal production at
2.5% (w/v) concentration in the medium. The CMCase

activity of 13.742 +0.09 IU/ml and 12.812 +0.07 IU/ml
were recorded in EF2 and OW1-1 respectively. However,
the highest CMCase activity of 35.307 +£0.08 IU/ml and
29.92+0.01 IU/ml were recorded from EF2 and OW1-1
respectively when 2.5% (w/v) lactose was used with their
optimum culture condition (Figs. 7, 8). The results of
ANOVA with the P-values of 0.0019 and 0.0016 respec-
tively for EF2 and OW1-1 (i.e. P <0.05) showed that the
optimum enzyme activity was significantly different than
other concentrations of lactose in both strains. Similar
higher CMCase activity in lactose as a carbon source was
observed in Microbacterium sp. [39], Bacillus sp. strain K1
[40], Aspergillus hortai [41]. It might be due to the lactose-
induced mechanism of cellulase production [42] which
could be helpful to improve its industrial application [39].

Effect of Co-culture on Enzyme Production

The monoculture of strains EF2 and OW1-1 have shown
their higher CMCase production at 40 °C but at dissimilar
optimum pH 6 and pH 5 respectively. Thus, the initial pH
for co-culture was optimized by co-culturing the strains in
50 ml minimal salt medium containing 1% CMC with pH 5,
6,7, 8 and 9 at an optimum 40 °C temperature. The higher
CMCase activity of 1.925 +0.005 IU/ml was recorded when
co-culture was provided with 1% CMC as a carbon source
at pH 6. The activity was significantly different (P <0.05)
than other pH values (Fig. 9). It was a minimal increased in
value in comparison to their pure monoculture. However,
the CMCase activities of co-culture (i.e. 40.605 +0.04 1U/
ml) was 15% and 35.71% higher than monoculture of pure
strains EF2 (i.e. 35.307 £ 0.08 IU/ml) and OW1-1 (i.e.
29.92 +0.01 IU/ml) respectively in optimum lactose con-
centration (Fig. 10). Similarly, the CMCase activity in co-
culture was significantly higher than pure strain OW1-1
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when optimum yeast extract concentration was used. Gen-
erally, the microbial consortia are better adapted to minor
fluctuation in pH and temperature [43]. Several white rot
fungi (such as Fusarium sp., Phanerochaete chrysosporium,
Ceriporiopsis subvermispora, Pleurotus ostreatus, etc.) and
some bacterial strains of the genus Clostridium are com-
monly practiced in co-culture [43]. An efficient lignocel-
lulolytic enzymes complex has been reported by construct-
ing composite microbial system from mesophilic bacteria
belonging to the genera Clostridium, Bacteroides, Alcali-
genes, Pseudomonas, etc. [44]. The consortium showed the
high performance in degradation of lignocellulosic biomass
due to synergistic enzymes at optimum temperature and pH
of 40 °C and 6.0 respectively [44]. The engineered microbial
consortia are usually adapted to environmental fluctuation
and known to perform complex functions that are difficult
to individual populations [14]. However, there are several
other limiting factors such as variation in substrate utiliza-
tion, nutritional requirement, dissimilar requirement of ionic
concentration in culture medium, different genetic makeup,
varied enzymatic components, diverse ecological niche and
adaptational factors etc. could play a vital role in metabolic
functions of microorganisms thereby affected in enzyme pro-
duction. Thus, the maximum increase in yield of enzymatic
components can be achieved after careful consideration of
as much factors as possible.

SDS-PAGE and Zymogram

The protein bands of CMCase was observed in 10% acryla-
mide gel. The hydrolytic band of CMCase clearly indicated
the cellulolytic activity in zymogram. It was run under
the same conditions of SDP-PAGE which correspond
to ~60 kDa in both strains EF2 and OW1-1 (Fig. 11). A

B
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Fig. 8 Effect of carbon sources (a) and lactose concentration (b) on CMCase activity by strain OW1-1
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Fig.9 Effect of pH in CMCase activity by co-culture of strain EF2
and OW1-1

relatively a higher molecular weight of 80 kDa has been
reported in Bacillus vallismortis RG-07 [34], and 83 kDa
and 50 kDa CMCase in wild type strain of Aspergillus
niger [45]. However, the CMCase with molecular weight
of 55 kDa was observed in Bacillus sp. CIAC5507 [46].
Similarly, the cellulase bands in the range of 30-65 kDa in
Bacillus pumilus EB3 [47] and 60 kDa in A. niger [48] have
been estimated from SDS-PAGE.

Statistical Analysis

The comparison of enzyme activity among different inde-
pendent variables (including incubation time, temperature,
pH, lactose concentration and yeast extract concentration)
were first checked for its significance with ANOVA fol-
lowed by post-hoc Bonferroni correction of ¢ test values.
The ANOVA result with the P value of 0.000012 and
0.000002 (i.e. P <0.05) showed that there is significant

CMCase activities (IU/ml)

Co-culture EF2 OWI1-1

different among the variables with their optimum enzyme
activity in Bacillus sp. strain EF2 and OW1-1 respectively
(Fig. 12). The post-hoc Bonferroni correction of two tail ¢
test comparison demonstrated that the pH 6 has significantly
higher (i.e. P/n <0.01) activity than incubation time (*) that
showed the strain EF2 preferred an acidic medium for opti-
mum enzyme production. Similar, significantly high (i.e.
P/n<0.01) enzyme activity in lactose concentration than
all other variables (**) showed that the optimum lactose
concentration contribute as a major carbon source induced
for maximum CMCase production in both Bacillus sp. strain
EF2 and OW1-1.

kDa
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100
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63
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25

Fig. 11 SDS-PAGE and zymogram of crude CMCase from strain
EF2 and OW1-1. (M protein marker, P1 and P2 protein bands of EF2
and OW1-1 respectively, C1 and C2 CMCase hydrolytic bands of
EF2 and OW1-1 respectively in zymogram). The molecular weight of
CMCase was estimated about 60 kDa in both strains
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Fig. 10 CMCase activities of mono and co-culture in optimum concentration of 2.5% (w/v) of lactose (a) and 2.5% (w/v) of yeast extract (b)
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Fig. 12 ANOVA was significant (P <0.05) in multiple comparison of
independent variables and the post-hoc Bonferroni correction of # test
showed significantly different between pH and incubation time (*) in

Conclusion

Some of the efficient cellulolytic bacteria can degrade the
crystalline cellulose and release monomeric sugar mole-
cules. These sugars can be converted to biofuels and value-
added products after alcoholic fermentation. Thus, the iso-
lation of such efficient bacteria is a fundamental key step
of biofuel industries. Six cellulolytic bacteria were isolated
from different sources including soil, rotten wood, organic
waste, paper mill sludge and gut of earthworm. The 16S
rRNA sequence identified the strains were of gram +ve bac-
teria belonging to genus Bacillus and Lysinibacillus. Two
efficient Bacillus sp. strains EF2 and OW1-1 were selected
for comparative enzyme activity assay in monoculture and
co-culture. The presence of yeast extract and lactose in the
culture medium induced the higher enzyme activity. The
monoculture of strains EF2 and OW1-1 showed significantly
increased (P <0.05 level of significance) CMCase activity
of 35.307 +0.08 IU/ml and 29.92 +0.01 IU/ml with lactose
in the culture medium at 40 °C and optimum pH 6 and pH 5
respectively. The co-culture of these Bacillus sp. produced
15% and 35.71% higher CMCase activity than monoculture
of EF2 and OW1-1 respectively. According to the hydro-
lytic activity shown in zymogram the molecular weight of
CMCase was 60 kDa. The strains showed greater enzyme
activity in broad range of temperatures (from 35 to 45 °C)
in acidic pH which suggest that the Bacillus sp. strains EF2
and OW1-1 could be the potential cellulolytic candidates
for biofuel industry.
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