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In the present study, 11 cellulose degrading bacterial strains were isolated from water
and soil samples of hot springs in the Chumathang village, Leh and Ladakh region,
India. The isolated strains were identified as Bacillus subtilis, Bacillus aryabhattai, Bacillus
stratosphericus, Bacillus altitudinis, and Brevibacterium frigoritolerans by biochemical
and molecular approaches. All the strains were evaluated for the total cellulase,
endoglucanase, exoglucanase, and B-glucosidase enzyme activities. On the basis of
overall individual cellulose degrading enzyme activities, three strains were selected to
develop consortium to enhance their cellulase enzyme activities. The potent cellulose
degraders B. stratosphericus BHUJPV-H5, B. subtilis BHUJPV-H19, and B. subtilis
BHUJPV-H12 were selected for the consortium development. The effect of cellulase
activities of bacterial strains were evaluated ranged up to 6.06 and 0.72mg mi~'
glucose by agro-residues of sugarcane bagasse and wheat straw, respectively, after
1h of incubation. Total cellulase enzyme activity of consortia was recorded two
times higher than the individual organisms. These strains can be used for enhancing
bioethanol production from lignocellulosic biomass, which can consequently boost
biofuel production industry.

Keywords: cellulase, endoglucanase, exoglucanase, B-glucosidase, sugarcane bagasse, wheat straw, glucose,
consortium

HIGHLIGHTS

- Bacillus strains were isolated from hot spring’s water and soil samples.

- Total cellulase enzyme activity was two times higher in the form of consortium.

- B-glucosidase activity was found to be high, with maximum 5.65 Uml~!.

- Use of wheat straw and sugarcane bagasse showed good amounts of glucose release on hydrolysis.

INTRODUCTION

Cellulose degrading bacteria have three classes of enzymes which act synergistically on
the cellulosic matrix to degrade it to monomer sugars. These classes of enzymes are
endoglucanases, exoglucanases, and B-glucosidases. In nature, cellulose degrading bacteria
(e.g., Clostridium, Cellulomonas, Thermonospora, Bacillus, Bacteriodes, Ruminococcus, Erwinia,
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Acetovibrio, Microbispora, Streptomyces) have been isolated from
different sources such as gut of termites, snail, bookworm,
caterpillar (Gupta et al., 2011, 2012; Gupta and Verma, 2015),
ruminants (bovine rum), soil samples (including deep subsurface
soil), and human excreta (Robert and Bernalier-Donadille, 2003;
Rastogi et al., 2009; Rawway et al., 2018). Lots of works in the
past, since 1950s (Hungate, 1950), have been done to convert
lignocellulosic biomass into bioethanol efficiently, but with little
success (Gupta et al., 2012). Till date, no bacterial strain is
reported with all three classes of cellulase enzymes needed for
cellulose degradation. Hence, there is a need to explore novel
bacterial strains for cellulose degradation into simple sugars
which could be utilized as feedstock for bioethanol production.

Bacterial cellulases are preferred over fungal cellulases because
of the following reasons. Their wide range of growth conditions
and most importantly, thermostability. Growth rate of bacteria
is much higher than fungal strains, which makes it easier for
higher recombinant production of enzymes. Bacterial enzymes
are also more complex in nature than their fungal counterparts,
and hence provide improved function and synergy. Apart from
this, the presence of bacterial strains in very harsh environmental
conditions including extreme temperatures, pH, salt conditions,
which often exist in the bioconversion chamber further adds
an advantage. Fungal cellulases are extracted mainly from
Trichoderma sp., Penicillium sp., Fusarium sp., Phanerochaete
sp., Humicola sp., Schizophillum sp., and Aspergillus sp. (Gupta
and Verma, 2015; Agrawal et al, 2016; Srivastava et al,
2018). These species also produce enzymes which have high
thermal stability (Maki et al, 2009). Cellulase production
reported from Paenibacillus and Bacillus strains have stability
at high temperature and wide pH range, while Cellulomonas
flavigena and Terendinibacter turnerae produce enzymes with
multifunctionality and a broader substrate utilization (Maki
et al., 2009). Peudomonas campinasensis BL11, a thermophilic
bacterial isolate has growth temperatures over 25-60°C, wide
pH range, and the ability to utilize a variety of saccharides
and polysaccharides to produce xylanase, pectinase, cyclodextrin
transferase, and two cellulases (Ko et al., 2007). Cellulosome
production by Clostridium thermocellum and the ability to
ferment sugars further offer prompts to use bacterial species for
the bioconversion of biomass.

A novel thermophilic cellulose degrading bacterium (Herbinix
hemicellulosilytica gen.) isolated from thermophilic biogas
reactor (Koeck et al., 2015), and Herbivorax saccincola gen.
nov., sp. nov., isolated by Koeck et al. (2016) from lab-scale
biogas reactor, showed good total cellulase enzyme activities
of 0.05 Umg™! on crystalline cellulose (Koeck et al., 2016),
which is comparable to the activity shown by C. thermocellum
which is 0.09 Umg~!. Recent publications on thermophiles from
Yellowstone national park suggest that thermophiles possess

Abbreviations: CMC, Carboxymethyl Cellulose; NA, Nutrient agar; Uml™!,
International units per milliliter; ml, Milliliter; w/v, Weight/Volume; EDTA,
Ethylene diamine tetra acetic acid; ug, Microgram; FPase, Enzyme activity on filter
paper; mg, Milligram; °C, Degree Celsius; CO,, Carbon Dioxide; N, O, Dinitrogen
oxide; CHy, Methane; MR, Methyl Red; VP, Voges-Proskauer; OD, Optical density;
nm, Nanometre; DNS, Dinitrosalicylic acid; h, Hours.

good cellulolytic activity (Hamilton-Brehm et al., 2010). Another
study by Najar et al. (2018), reported the isolation of highly
thermophilic bacteria from a north-east Indian hot spring.
Hence, there is a need to isolate new thermophilic bacterial
species in order to boost the biofuel production industry.

The cellulolytic enzymes work efficiently at temperatures
around 50°C and in some studies, even at higher temperatures
(Baharuddin et al., 2016). Verma et al. (2018) isolated the
cellulase producing thermophilic Bacillus subtilis BHUJP-H1,
Bacillus sp. BHUJP-H2, Bacillus licheniformis BHUJP-H3 from
hot spring of Leh and Ladakh, indicates that these samples
would provide bacteria inhabiting extreme environment, high
temperature, and pressure tolerance (high altitude). This gives
the hope to screen the bacterial strains with high cellulose
degrading ability and help in enhanced bioethanol production.
In this study, consortia of cellulose degrading microbes was
developed to increase the cellulase activity of the bacterial strains
(Agrawal etal., 2018a,b). Wheat straw and sugarcane bagasse, two
major agro-wastes produced in the Northern part of India, were
used as substrates for cellulase production. The higher activity of
the cellulases on these substrates can lead to higher production of
glucose and enhance bioethanol production.

The utilization of waste biomass to produce ethanol through
cellulose degrading microbes not only reduce the emissions
produced from the wastes, but also reduce the greenhouse gas
emissions from fossil fuels usage, when used in a blended form.
Moreover, bioethanol is a promising clean renewable biofuel,
used mainly as a fuel additive which enhances the engine
performance and simultaneously reduces the air pollution. With
conventional fuels, such as gasoline and petroleum evolving
huge amounts of greenhouse gases into the atmosphere, biofuels
become the need of the hour. The higher production of glucose
and bioethanol from the cellulosic biomass can boost up the
biofuel production industry and this bioethanol can be amended
in the gasoline by 20% to help reduce the fossil fuel consumption
(Gupta and Verma, 2015; Agrawal et al, 2018c). The main
aim of this study is to isolate thermophilic bacterial strains for
developing efficient cellulose degrading consortium for glucose
production from different agro-residues.

MATERIALS AND METHODS
Isolation of Bacterial Strains

The water and soil samples were collected from the hot springs
of Leh and Ladakh region of Jammu and Kashmir. The isolation
was done through serial dilution and plating methods (Das et al.,
2010). The plates were incubated at 45°C. The bacterial colonies
were counted and picked the pure colonies on slant agar for
further analysis. The pure cultures were also stored in 40%
glycerol stock and kept at —80°C for further use. The bacterial
strains were tested for the growth and morphology on nutrient
agar plates at 48h incubation. The strains were preliminarily
tested for their cellulose degrading ability in carboxymethyl
cellulose (CMC) plates. The plates were streaked with the
bacterial strains on CMC agar media and incubated at 48-72h
for degradation of cellulose.
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Biochemical Analysis

The selected strains were studied for their biochemical
characterization. The biochemical tests performed were catalase
test, Methyl Red Voges-Proskauer test, indole test, Gram’s
staining. Bacterial strains were grown in Mandels medium
and harvested at different intervals. CMC was used as the
carbon source with 2% (w/v) mix in the Mandel’s medium
for determination of total cellulase and endoglucanase activity.
Avicel (Sigmacell 20- Sigma Aldrich) with 2% (w/v) mix in the
Mandel’s media in place of CMC was used for the quantification
of exoglucanase. For the estimation of $-glucosidase activity, p-
nitrophenol-p-D-glucoside (p-NPG) with 400 pg/ml was used as
a carbon source in Mandel’s medium (Strahsburger et al., 2017).
Total cellulase and endoglucanase activities were calculated
at 72h and exoglucanase and (-glucosidase activities were
calculated at 24, 48, and 72 h (Zhang et al., 2009).

Estimation of Total Cellulase Activity

Crude enzyme (500 pl) was mixed with 50mg of filter paper
(Whatman No. 1) and 1.0ml of 50 mM citrate buffer, then
incubated for 1h at 50°C. After that, 3 ml dinitro salicylic acid
(DNS) reagent was added in reaction mixture to stop the reaction.
The mixture was incubated in a water bath at 100°C for 10 min
for the color development. The mixture was then allowed to
cool and the optical density (OD) was measured at 540 nm
(Miller et al., 1960). The OD of the enzyme assay was then used
to calculate the concentration of the enzyme released against
glucose standards. The FPase (Total cellulase) activity in U/ml
was calculated using the following formula (Shareef et al., 2015):

P U Concentration of Glucose in mg/ml
ase — =
ml Time of Incubation x volume

of substrate x Molecular wt. of Glucose

x 1000

Estimation of Endoglucanase Activity

Carboxymethyl cellulose sodium salt (Hi-Media) (2% w/v)
solution was prepared in citrate buffer. Five hundred microliters
of the crude enzyme was mixed with 500 il of CMC (2% w/v)
and incubated for 30min at 50°C. After the incubation, the
mixture was mixed with DNS reagent to arrest the reaction, then
incubated in a water bath for 10 min at 100°C boiling water and
later allowed to cool. Following that the OD of the mixture was
taken at 540 nm. The CMCase activity in U/ml was calculated
using following formula (Shareef et al., 2015):

Concentration of Glucose in mg/ml

U
CMCse — = - ;
ml Time of Incubation x volume

of substrate x Molecular wt. of Glucose

x 1000

Estimation of Exoglucanase Activity

Exoglucanase activity assay was performed using the protocol
given by Zhang et al. (2009). Sigmacell 20 (Avicel) in the powder
form (20g) was mixed with 1,000ml of acetate buffer. The
bacterial cultures were grown in modified Mandel’s medium with
Avicel as a carbon source. Four hundred microliters of the crude
enzymes were mixed with 1.6 ml of Avicel suspension (2% w/v).
The mixtures were incubated for 2h at 50°C. The reaction was
stopped using 4 ml of glycine buffer. The hydrolysate produced

was then assayed with the help of phenol sulfuric acid assay
(Zhang et al., 2009). The hydrolysate (0.7 ml) was mixed with
0.7 ml of 5% phenol and 3.5 ml of concentrated sulfuric acid for
color development. The mixture was then allowed to cool and
OD were taken at 490 nm.

Concentration of Glucose in mg/ml
ration of in mg/ x 1000

U
Avicelase — = - -
ml Time of Incubation x volume

of substrate x Molecular wt. of Glucose

Estimation of B-Glucosidase Activity

p-Nitrophenol B-D-glucoside (5mM) was used as substrate for
the estimation of the B-glucosidase enzyme activity. The bacterial
strains were grown in modified Mandel medium flooded with
p-NPG as the carbon source. Crude enzyme (0.2ml) was
mixed with 1 ml of p-NPG suspension and 1.8 ml of acetate
buffer. The mixtures were incubated at 50°C for 30 min. Four
milliliters of glycine buffer was used to stop the reaction. The
B-glucosidase activity in U/ml was calculated using this formula
(Shareef et al., 2015):

U
— olucosidase —
B — glucosidase i

Concentration of p — Nitrophenol mg/ml
_ f p P /Ml 1000

Time of Incubation x volume
of substrate x Molecular wt. of Glucose

Using Sugarcane Bagasse and Wheat Straw for
Estimation of Total Cellulase Enzyme in Term of
Glucose Production

Sugarcane and wheat straw were used to estimate the effect of
crude enzymes on the agro-residues. Sugarcane bagasse, collected
from a nearby cane juice store (25.284708°N, 83.000852°E,
variety: CO-238) was washed, and oven dried at 50°C for
2 days. It was crushed and then autoclaved before its final
use for the estimation. The wheat straw brought from a
nearby store (25.264407°N, 82.9950523°E, variety: Malviya
510) was oven dried, crushed and autoclaved before use
(Supplementary Figure 1). For the estimation of the degradation
of the substrate by the enzyme, the estimation of the individual
enzyme activity was measured (Zhang et al., 2009). The quantity
of the substrates taken were 50 mg sugarcane bagasse and 50 mg
wheat straw. The enzyme activity on sugarcane and wheat straw
is calculated in U/ml by the following formula:

mg

Enzyme activity on sugarcane bagasse -5

mg

= Concentration of Glucose in o

mg

Enzyme activity on wheat straw il

mg

= Concentration of Glucose in P

Total Cellulase, Endoglucanase,
Exoglucanase and p-Glucosidase Activities
Estimated in Different Combinations of

Three Bacterial Strains
Total cellulase, endoglucanase, exoglucanase, and B-glucosidase
enzyme activities were checked in presence of three consortia
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prepared from three bacterial strains (B. subtilis BHUJPV-H19,
Bacillus stratosphericus BHUJPV-H5, and B. subtilis BHUJPV-
H12). Initially the cultures were grown in nutrient broth for
overnight (12h). Consortia were prepared by inoculating equal
volume of broth cultures into the Mandel’s media with respective
carbon sources for different enzyme activities to be quantified.
The CMC was the carbon source used in Mandel’s medium for
total cellulase and endoglucanase activity estimation while avicel
and p-nitrophenol-p-D-glucoside were used as carbon sources
for the estimation of exoglucanase and B-glucosidase activities,
respectively, by modified method of Zhang et al. (2009).

16 S rDNA Gene Amplification

The molecular identification of the bacterial strains was done
through 16S rDNA sequencing. The isolation of genomic DNA
was done by modified method of Russell and Sambrook (2001).

Amplification of the 16S rDNA

The universal primers were used for the amplification of 16S
rDNA gene of each bacterial strains. The forward primer
27F  (50-AGAGTTTGATCCTGGCTCAG-30) and reverse
primers  939R  (5-CTTGTGCGGGCCCCCGTCAATTC-3)
and 1492R (5-CAGGAAACAGCTATGAC-3') were used [14].
The amplified product was purified using PCR purification kit
(Invitrogen, PureLinkTM PCR purification kit, United States)
for the sequencing of 16S rDNA gene. BLAST (basic local
alignment sequence tool) was done of partial 16S rDNA gene
sequence from NCBI data base. The obtained results with high
similarity were used for identification of bacterial strains on
the basis of query cover and identity percentage. Then partial
16S rDNA gene sequence submitted in the NCBI for getting
accession number. The results of the 16S rDNA sequencing were
used to establish the genetic relationship between the isolated
bacterial strains. The software used for the purpose was Clustal
W and Mega 4.0 with 500 bootstrap replications.

Statistical Analysis

All the enzymatic activities were carried out in triplicate and the
results were expressed as mean =+ standard error of independent
replicates. Analysis of variance (ANOVA) with Duncan post hoc
test was performed using SPSS (Statistical Package for the Social
Sciences) software (version 21). The values of P < 0.05 were
considered statistically significant.

RESULTS AND DISCUSSION

Morphology and Biochemical

Characterization of the Bacterial Strains

The isolated microbial strains showed different types of colony
forms such as irregular flat type colony form with entire margins,
punctiform, filamentous, and circular types. Also, strains such
B. subtilis BHUJPV-H14 and B. subtilis BHUJPV-H22 showed
raised elevation and B. subtilis BHUJPV-H23 and B. altitudinis
BHUJPV-H7 showed convex elevation. The margins in the
colony form of the bacterial cultures were mostly entire but some
of them showed curled and undulate forms such as B. subtilis

BHUJPV-H14, B. subtilis BHUJPV-H23, and B. subtilis BHUJPV-
H19 with curled margins and B. altitudinis BHUJPV-H7 with
undulate margins (Supplementary Figure 2; Table 1).

All strains showed positive test for Gram’s staining and found
rod shape cells. All strains showed negative results for Indole test.
B. subtilis BHUJPV-H14 and B. subtilis BHUJPV-HI19 showed
negative results for catalase test while all others showed positive
results for catalase test. In methyl-red test the B. subtilis BHUJPV-
H14, B. frigoritolerans BHUJPV-H24, B. frigoritolerans BHUJPV-
Hé6, and B. aryabhattai BHUJPV-H26 were found positive
while others showed negative results for the same. The Voges-
Proskauer test showed positive results in B. subtilis BHUJPV-
H14, B. subtilis BHUJPV-H23, B. frigoritolerans BHUJPV-He,
and B. aryabhattai BHUJPV-H26, and the remaining others
showed negative results for the test. All the strains showed
positive results for cellulase test qualitatively with good zone of
clearance and hence were taken further for the quantification of
the enzyme activities, along with their molecular identification
(Supplementary Figures 3, 4; Table 2).

Molecular Identification of Bacteria Strains
16S rDNA gene sequencing was done and submitted in NCBI
followed by BLAST result. The sequence for these strains were
submitted in NCBI to obtain the accession number. Most of the
identified bacterial strains were showed maximum similarity
with Bacillus strains with BLAST results. After BLAST result,
the bacterial strains were identified as B. subtilis BHUJPV-H14
(Accession number: MG550890), B. subtilis BHUJPV-H25
(Accession number: MG596982), B. subtilis BHUJPV-H22
(Accession number: MG596980), B. frigoritolerans BHUJPV-
H24 (Accession number: MG596981), B. subtilis BHUJPV-H23
(Accession number: MG596987), B. subtilis BHUJPV-H19
(Accession number: MG596986), B. frigoritolerans BHUJPV-H6
(Accession number: MF664678), B. aryabhattai BHUJPV-H26
(Accession number: MG596983), B. stratosphericus BHUJPV-H5
(Accession number: MF664677), B. subtilis BHUJPV-H12
(Accession number: MF776630), and B. altitudinis BHUJPV-H7
(Accession number: MF664679). Many Bacillus strains have
been reported in the past that have been isolated from samples
of high temperatures. Yadav et al. (2015), reported nine genera

TABLE 1 | External morphology of the selected bacterial strains.

Bacterial strains Colony form Elevation Margin Agar stroke
(form of growth)

BHUJPV-H14 Irregular Raised Curled Effuse
BHUJPV-H25 Irregular Flat Entire Beaded
BHUJPV-H22 Irregular Raised Entire Filliform
BHUJPV-H24 Punctiform Flat Entire Beaded
BHUJPV-H23 Filamentous Convex Curled Beaded
BHUJPV-H19 Circular Flat Curled Beaded
BHUJPV-HB Irregular Flat Entire Filliform
BHUJPV-H26 Irregular Flat Entire Beaded
BHUJPV-H5 Irregular Flat Entire Filliform
BHUJPV-H12 Irregular Flat Entire Effuse
BHUJPV-H7 Punctiform Convex Undulate  Effuse
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TABLE 2 | Biochemical characterization of the selected bacterial strains.

Bacterial strains Gram’s Shape of Indole test Catalase test Methyl red Voges- Fluorescence Cellulase
staining bacteria proskauer test

Bacillus subtilis BHUJPV-H14 Positive Bacillus Negative Negative Positive Positive Negative Positive

Bacillus subtilis BHUJPV-H25 Positive Bacillus Negative Positive Negative Negative Negative Positive

Bacillus subtilis BHUJPV-H22 Positive Bacillus Negative Positive Negative Negative Negative Positive

Brevibacterium frigoritolerans Positive Bacillus Negative Positive Positive Negative Negative Positive

BHUJPV-H24

Bacillus subtilis BHUJPV-H23 Positive Bacillus Negative Positive Negative Positive Negative Positive

Bacillus subtilis BHUJPV-H19 Positive Bacillus Negative Negative Negative Negative Negative Positive

Brevibacterium frigoritolerans Positive Bacillus Negative Positive Positive Positive Negative Positive

BHUJPV-H6

Bacillus aryabhattai BHUJPV-H26 Positive Bacillus Negative Positive Positive Positive Negative Positive

Bacillus stratosphericus Positive Bacillus Negative Positive Negative Negative Negative Positive

BHUJPV-H5

Bacillus subtilis BHUJPV-H12 Positive Bacillus Negative Positive Negative Negative Negative Positive

Bacillus altitudinis BHUJPV-H7 Positive Bacillus Negative Positive Negative Negative Negative Positive

that belong to Bacillaceae which are, Bacillus, Halobacillus,
Lysinibacillus, Oceanobacillus, Paenibacillus, Salinibacillus,
Sediminibacillus, Thallasobacillus, and Virgibacillus. Another
study by Acharya and Chaudhary (2012), reported the isolation
of B. licheniformis WBS1 and Bacillus sp. WBS from a hot spring
West Bengal. Mohammad et al. (2017), identified isolated B.
licheniformis and Thermomonas hydrothermalis from Jordan
hot springs.

In the phylogenetic tree analysis, bacterial isolates B.
altitudinis BHUJPV-H14 and BHUJPV-H19 were closely related.
Strains B. frigoritolerans BHUJPV-H24 and B. aryabhattai
BHUJPV-H26 to B. stratospericus BHUJPV-H5 to B. altitudinis
BHUJPV-H7 showed very close similarity in the phylogenetic
tree analysis. B. subtilis BHUJPV-H22 to B. subtilis BHUJPV-H25,
B. subtilis BHUJPV-H14 to B. subtilis BHUJPV-H19 were found
to be very closely related. B. aryabhattai BHUJPV-H26 and B.
frigoritolerans IND-13 showed close similarity. These two strains
are also closely related to B. altitudinis HEMOS5. B. stratospehricus
BHUJPV-H5 is also closely related to B. subtilis KRI, B. subtilis
BHUJPV-H14 and B. subtilis BHUJPV-HI19. B. frigoritolerans
BHUJPV-H6 is closely related to B. subtilis BHUJPV-H12, B.
aryabhattai CN13-5, B. subtilis GX S18, B. subtilis GX S-5
(Supplementary Figure 5).

Enzyme Quantification

Estimation of Total Cellulase Activity in

Bacterial Strains

The total cellulase activity of the identified bacterial strains
ranged as high as 0.14 Uml™!. Bacterial strains B. stratosphericus
BHUJPV-H5, B. subtilis BHUJPV-H12, B. subtilis BHUJPV-
H19, and B. subtilis BHUJPV-H23 showed 0.14, 0.13, 0.12,
and 0.14 Uml™! total cellulase enzyme activity, respectively
(Figure 1). Bacterial strains such as B. subtilis BHUJPV-H14 and
B. frigoritolerans BHUJPV-H24 showed total cellulase activities
of 0.03 and 0.04 Uml~!. All other bacterial strains showed low
total cellulase activity when quantified. In a similar study, by
Dipasquale et al. (2014), maximum cellulase activity was found to
be 10.3 Uml~! (purified crude extract) in Thermosipho sp. strain

3.In a study by Al Azkawi et al. (2018) B. subtilis S1 was found to
be producing 2.963 U/ml of cellulase enzyme.

Estimation of Endoglucanase Activity in

Bacterial Strains

Similarly, high endoglucanase enzyme activities were observed
in B. stratosphericus BHUJPV-H5, B. subtilis BHUJPV-H12,
B. subtilis BHUJPV-H19, and B. subtilis BHUJPV-H23 with
activities 0.35, 0.21, 0.23, and 0.26 Uml™!, respectively,
at 72h. Other strains such as B. subtilis BHUJPV-H22
showed moderate amount of endoglucanase activity (0.08
Uml™!). All other bacterial strains produced enzyme at a
much lower activity rate with 0.03 Uml™! by B. subtilis
BHUJPV-H14, 0.02 Uml~! by B. subtilis BHUJPV-H25, B.
frigoritolerans BHUJPV-H24, B. frigoritolerans BHUJPV-H6, and
B. aryabhattai BHUJPV-H26 while 0.04 Uml~! endoglucanase
enzyme activity was observed in B. altitudinis BHUJPV-H7
at 72h incubation (Figure 2). Similarly, Ladeira et al. (2015)
observed the endoglucanase activity 0.29 Uml~! by Bacillus sp. at
50°C incubation.

Estimation of Exoglucanase Activity in

Bacterial Strains

The exoglucanase activity of the bacterial strains ranged as
high as 0.06 Uml~! at 24h of enzyme harvest and its assay
in B. aryabhattai BHUJPV-H26. The B. altitudinis BHUJPV-H7
showed enzyme activity of 0.03 Uml~!, while B. subtilis BHUJPV-
H22, B. subtilis BHUJPV-H23, B. frigoritolerans BHUJPV-
H6, and B. stratosphericus BHUJPV-H5 showing exoglucanase
activity of 0.02 Uml~! at 24h incubation (Figure 3). At 48h
incubation, no efficient exoglucanase activity was observed in the
bacterial cultures except B. subtilis BHUJPV-H12 which showed
an activity of 0.03 Uml~!. Other strains such as B. subtilis
BHUJPV-H14, B. frigoritolerans BHUJPV-HS6, B. stratosphericus
BHUJPV-H5, and B. altitudinis BHUJPV-H7 showed anactivity
of 0.02 Uml~!. Remaining strains showed very low exoglucanse
activity at 48h of enzyme harvest. The exoglucanase activity
of the bacterial strains with enzymes harvested at 72h showed
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FIGURE 1 | Total cellulase activity of the isolated bacterial strains at 72 h of enzyme harvest. Values are the mean + SE (standard error). Mean values in each bar with
the same alphabet superscript(s) do not differ significantly, but different alphabet superscript is showed significantly different between each treatment by Duncan post

post hoc test (p < 0.05).
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FIGURE 2 | Endoglucanase activity of the isolated bacterial strains at 72 h of enzyme harvest. Values are the mean + SE (standard error). Mean values in each bar
with the same alphabet superscript(s) do not differ significantly, but different alphabet superscript is showed significantly different between each treatment by Duncan

somewhat similar results to 24 and 48h enzyme harvest. The
exoglucanse activity of the isolated bacterial strains at 72h of
enzyme harvest ranged upto 0.02 Uml~!. B. subtilis BHUJPV-
H14 and B. subtilis BHUJPV-H12 showed 0.02 Uml™' of
enzyme activity while other strains such as B. subtilis BHUJPV-
H25, B. subtilis BHUJPV-H22, B. frigoritolerans BHUJPV-H24,
B. subtilis BHUJPV-H19, B. frigoritolerans BHUJPV-H6, B.
aryabhattai BHUJPV-H26, B. altitudinis BHUJPV-H7 showed
enzyme activities of 0.01 Uml~!. Ladeira et al. (2015) also studied
the exoglucanase activity in Bacillus sp. and found it to be
0.83 Uml ™",

B-Glucosidase Activity

The B-glucosidase activity of the isolated bacterial cultures at
24h of harvest ranged as high as 5.03 Uml™! in B. altitudinis
BHUJPV-H7. B. subtilis BHUJPV-H19, B. frigoritolerans
BHUJPV-H6, and B. subtilis BHUJPV-H12 showed enzyme
activity of 2.55, 2.63, and 1.24 Uml ™!, respectively. Other strains
such as B. subtilis BHUJPV-H25, B. subtilis BHUJPV-H23, and
B. stratosphericus BHUJPV-H5 showed enzyme activities of 1.30,
1.87, and 1.33 Uml ™!, respectively. B. subtilis BHUJPV-H22, B.
frigoritolerans BHUJPV-H24, and B. aryabhattai BHUJPV-H26
showed activities of 0.43, 0.50, and 0.40 Uml~!. The enzyme
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activities harvested at 48h from B. subtilis BHUJPV-H23
was 4.14 Uml~!. B. subtilis BHUJPV-H25, B. stratosphericus
BHUJPV-H5, and B. subtilis BHUJPV-H12 showed enzyme
activities of 3.53, 1.37, and 0.43 Uml™!, respectively. The other
strains such as B. subtilis BHUJPV-H14, B. subtilis BHUJPV-H22,
B. frigoritolerans BHUJPV-H24, B. subtilis BHUJPV-H19, B.
frigoritolerans BHUJPV-H6, B. aryabhattai BHUJPV-H26, and
B. altitudinis BHUJPV-H7 showed enzyme activities of 0.79,
0.36, 0.83, 0.54, 0.22, 0.65, and 0.79 Uml~!, respectively, at
48h of enzyme harvest from the bacterial cultures. The enzyme
activities of the isolated bacterial strains at 72h of incubation
ranged as high as 5.65 Uml~! in B. subtilis BHUJPV-H19.
The enzyme activities of other bacterial strains at 72h of
incubation include B. subtilis BHUJPV-H23, and B. aryabhattai
BHUJPV-H26 with enzyme activities of 4.21, and 4.14 Uml~!. B.
subtilis BHUJPV-H14, B. subtilis BHUJPV-H22, B. frigoritolerans

BHUJPV-H24, B. frigoritolerans BHUJPV-H6, B. stratosphericus
BHUJPV-H5, and B. altitudinis BHUJPV-H7 were found to
possess enzyme activities of 0.43, 0.43, 0.54, 0.86, 0.50, and
0.43 Uml ™!, respectively, at 72 h incubation (Figure 4). Sharma
et al. (2015) observed B-glucosidase activity of 3.1 Uml~! by
P. janthinellum EMS-UV-8. High f-glucosidase activity can
improve the overall rate of reaction by reducing end product
inhibition (Agrawal et al., 2016, 2017).

Effect of Cellulase Enzyme Activity on
Different Agro-Residues

Enzyme Cellulase Activity on Sugarcane Bagasse

A very high activity was shown by B. subtilis BHUJPV-H19 with
6.06 mg/ml of glucose released in the hydrolysate with 60 min
exposure to the sugarcane bagasse. B. subtilis BHUJPV-H23
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released 4.69 mg/ml of glucose. Similarly, B. stratosphericus
BHUJPV-H5 and B. subtilis BHUJPV-H12 allowing the release
of 4.62 and 4.42 mg/ml of glucose in the hydrolysate. The
strains B. subtilis BHUJPV-H14, B. subtilis BHUJPV-H25, B.
subtilis BHUJPV-H22, B. frigoritolerans BHUJPV-H24, BHUJPV-
H26, and B. altitudinis BHUJPV-H7 released low amounts of
glucose in the hydrolysate, with 0.10, 0.02, 0.11, 0.10, 0.30,
0.11, and 0.14 mg/ml of glucose, respectively, at 72 h of enzyme
harvest (Figure 5).

Enzyme Cellulase Activity on Wheat Straw

Comparatively lower activity was shown on wheat straw than
the sugarcane bagasse by the isolated cellulolytic bacterial strains.
The strains B. subtilis BHUJPV-H12, B. subtilis BHUJPV-H23,

B. subtilis BHUJPV-H19, B. frigoritolerans BHUJPV-H6, and
B. altitudinis BHUJPV-H7 showed higher glucose release of
0.72, 0.48, 0.39, 0.22, and 0.24 mg/ml, respectively. Other
strains B. subtilis BHUJPV-H14, B. subtilis BHUJPV-H25, B.
subtilis BHUJPV-H22, B. frigoritolerans BHUJPV-H24, and
B. aryabhattai BHUJPV-H26 released 0.03, 0.23, 0.22, 0.03,
and 0.04 mg/ml of glucose, respectively, at 72h of enzyme
harvest (Figure 6).

A study on raw poplar biomass by Tabassum et al. (2018)
observed the release of 2.30 mg/ml of reducing sugars after
6h of incubation, whilw the commercial cellulase released 3.85
mg/ml reducing sugars. The bacterial strains in the form of
consortia in general showed the increase in the enzyme activity
in comparison to the enzyme harvest of a single bacterial

Enzyme activity inmg/ml

FIGURE 5 | Enzyme activity on wheat straw (Sugars released from sugarcane bagasse). Values are the mean + SE (standard error). Mean values in each bar with the
same alphabet superscript(s) do not differ significantly, but different alphabet superscript is showed significantly different between each treatment by Duncan post hoc
test (p < 0.05).
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FIGURE 6 | Enzyme activity on sugarcane bagasse (Sugars released on degrading wheat straw). Values are the mean + SE (standard error). Mean values in each bar
with the same alphabet superscript(s) do not differ significantly, but different alphabet superscript is showed significantly different between each treatment by Duncan
post hoc test (p < 0.05).
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strain. The enzyme activities of all four enzymes were quantified
at different time intervals, ie., 24, 48, and 72h. Kato et al.
(2005), studied the coexistence of five bacterial isolates namely
Clostridium straminisolvens CSK1, Clostridium sp. strain FG4,
Pseudoxanthomonas sp. strain M1-3, Brevibacillus sp. strain M1-
5, and Bordetella sp. strain M1-6, in the form of mixed cultures
to study the coexistence among themselves, which exhibited
functional and structural stability. Here in this study, we have
focused on the higher enzyme cultivation study, rather than
going for the mechanism involved behind the same. A study by
Nair et al. (2018) successfully optimized the cellulase activity to
2.42 U/ml in B. velezensis ASN1. A similar kind of study was
done by Sivakumar et al. (2016) to isolate and characterize B.
licheniformis from compost.
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FIGURE 7 | Total cellulase activity of different consortia. Values are the mean
=+ SE (standard error). Mean values in each bar with the same alphabet
superscript(s) do not differ significantly, but different alphabet superscript is
showed significantly different between each treatment by Duncan post hoc
test (p < 0.05).

Consortium A

The total cellulase activity was found to be high in consortium
A with 0.15 Uml™! at 24h, 024 Uml™' at 48h, and 0.30
Uml™! at 72h of enzyme harvest. When compared with the
total cellulase activities of the individual bacterial strains, it was
found that the total cellulase activity at 72h was on lower side.
The endoglucanase activity of the consortium exhibited 0.02, and
0.21 Uml™! of enzyme activity at 24, and 72 h of incubation and
subsequent enzyme harvest, respectively. Endoglucanase activity
of the isolated bacterial strains did not show higher enzyme
activity in the form of consortium than the individual bacterial
strains. The B-glucosidase activity of prepared Consortium A
showed 8.15 Uml~! at 72 h of enzyme harvest (Figures 7-10).

Consortium B

The total cellulase activity of consortium B was also higher than
the individual strains. The total enzyme activity of consortium
B was 0.15, 0.24, and 0.30 Uml~! at 24, 48, and 72 h of enzyme
harvest, respectively. The endoglucanase activity in consortium
B also showed similar results, with lower endoglucanase activity,
0.05, 0.05, and 0.13 Uml™! of enzyme activity at 24, 48, and
72h of enzyme cultivation, respectively, when compared with
enzyme activity of individual strains with an activity of either
0.23 Uml~! or 0.21 Uml~!. The exoglucanase activities of the
prepared consortium was found to be 0.01, 0.00, and 0.00 Uml~!
at 24, 48, and 72 h of enzyme harvest, respectively, which is again
almost negligible (Figures 7-10). The B-glucosidase activity of
the prepared Consortium B showed some good results. Enzyme
activity was found to be 3.89, 6.16, and 2.91 Uml~! at 24, 48, and
72 h of enzyme harvest, respectively.

Consortium C
The total cellulase activity of the prepared consortia yet again
showed good results in consortium C. Total cellulase activity
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FIGURE 8 | Endoglucanase activity of different consortia. Values are the mean =+ SE (standard error). Mean values in each bar with the same alphabet superscript(s)
do not differ significantly, but different alphabet superscript is showed significantly different between each treatment by Duncan post hoc test (p < 0.05).
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9.00

8.00

4.00

Enzyme activityinU/ml

Consortium A Consortium B Consortium C

W24Hr W48Hr m72Hr

FIGURE 10 | B-glucosidase activity of different strains. Values are the mean =+ SE (standard error). Mean values in each bar with the same alphabet superscript(s) do
not differ significantly, but different alphabet superscript is showed significantly different between each treatment by Duncan post hoc test (p < 0.05).

by consortium C showed 0.13, 0.21, and 0.28 Uml™! at 24,  was found to be 0.32, 0.43, and 0.86 Uml ™! at 24, 48, and 72h,
48, and 72h, respectively, which was higher in comparison to  respectively (Figures 7-10). This enzyme activity in consortium
individual total cellulase activities of the bacterial strains. The = C was found to be very low in comparison to enzyme activity of
endoglucanase activity of the consortium C showed low activity  individual bacterial strains.

in comparison to individual bacterial strains with 0.03, 0.04, In a study by Dabhi et al. (2014), it was observed that a
and 0.26 Uml~! at 24, 48, and 72 h, respectively. Exoglucanase  highest of 0.178 Uml~! of total cellulase activity, 1.716 Uml~!
activity in the consortium C was also found to be on lower side  of endoglucanase activity, and 0.602 Uml~! of B-glucosidase
in comparison to enzyme activity of individual bacterial strains.  activity through the bacterial isolates in the form of consortia.
The activity was found to be 0.02, 0.00, and 0.01 Uml~! at 24,  Another study by Park et al. (2012), observed the release of 0.466
48, and 72 h, respectively. B-glucosidase activity of consortium C ~ Uml™! of endoglucanase, 0.014 Uml~! of exoglucanase, and
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TABLE 3 | A comparative study of enzyme activities of different microbes in literature and present study.

Name of microbe Total cellulase Endoglucanase Exoglucanase B-glucosidase References
activity activity (Avicelase) activity
activity
Bacillus sp. - 0.29 Uml~" 0.83 Umi™" - Ladeira et al.,
2015
Bacillus pumilus EB3 0.011 UmI~! 0.079 Umi~! - 0.038 Uml~! Ariffin et al., 2006
Actinomycete 0.734 Uml~1 1.38 Uml~! - - Mohanta, 2014
Streptomyces DSK59 27 Umi~1 - - - Budihal et al.,
2016
B. velezensis ASN1 2.42 Umi~1 - - - Nair et al., 2018
B. subtilis $1 2.963 Uml~! - - - Al Azkawi et al.,
2018
Thermosipho sp. strain 3 10.3 Uml~! - - - Dipasquale et al.,
2014
Pjanthinellum EMS-UV-8. 1.8 Umi~1 - - 3.1 Umi—1 Sharma et al.,
2015
Bacillus stratosphericus 0.14 Umi~1 0.35 Uml~" 0.02 Umi~T 1.37 Umi~! This study
BHUJPV-H5
Bacillus subtilis 0.13 Uml~! 0.21 Uml~" 0.03 Ui~ 1.66 Uml~! This study
BHUJPV-H12
Bacillus subtilis 0.12 Uml~! 0.23 Uml~" 0.01 Umi~" 5.65 Uml~" This study
BHUJPV-H19
Consortia A (BHUJPV- 0.30 Umi~* 0.21 Uml~" 0.01 Umi~" 8.15 Uml~" This study

H5+BHUJPV-H19)

0.041 Uml~! of B-glucosidase, when the cultures were used in the
form of consortia. The enzyme activities in the consortia showed
two-fold increase in total cellulase activity, but the endoglucanase
activity decreased significantly. The results obtained in the
quantification of the total cellulase enzyme revealed that the total
production was much higher than other B. subtilis strains or the
work carried out in the literature. The total cellulase activity in a
similar work done Gupta et al. (2012), yielded 0.012-0.196 U/ml.
It was reported that B. subtilis showed 1.08 U/mg total cellulase
activity (Heck et al., 2002). In a recent study by Ladeira et al.
(2015), the avicelase or exoglucanase activity was estimated to be
0.83 Uml~! and endoglucanase activity 0.29 Uml~! at cultivation
time of 120 and 168h, respectively. A study by Dipasquale
et al. (2014) was carried out on a thermophilic microbe showing
cellulose degradation as well as detergent compatibility. Another
study with different lignocellulolytic enzyme activity in the
consortium yielded results of CMCase 3.8 Umg~!, xylanase 8.9
Umg~! at pH 5 on day two, and B-glucosidase activity of 5.0
Umg~! on day five. A comparative study of different microbes
isolated and their maximum enzyme activities is mentioned in
the Table 3. In this study, better results were found in terms
of enzyme activity and might prove beneficial to the bio-based
product industries. Further investigation of the consortia on
different agro-residues can yield fruitfully significant results.

Future Perspectives

The thermophilic bacterial strains can be effectively used
for the consolidated bioprocessing approach and also favors
the rate of reaction in terms of hydrolysis product. These

strains can also be tested for their activity on different agro-
residues such as rice husk, cotton dust. The thermophiles
can also be used effectively if the substrate is pre-treated
with the help of ionic liquids and eutectic solvents (Satlewal
et al., 2018a,b). Ionic liquids are known to effectively loosen
up the lignin-hemicellulose-cellulose complex (Satlewal et al,
2018b). Another major insight that can be looked into is the
production of ligninolytic enzymes and other hemicellulose
degrading enzymes by the identified bacterial strains. This
may help in combined biomass processing of the agro-
wastes. The bioprocessing approach together with the use of
thermophiles could lead to the production of highly cost-
effective bioethanol.

CONCLUSIONS

The bacterial strains isolated from hot water spring samples
have been identified as mostly Bacillus species and some
Brevibacterium species. Bacterial strain B. stratosphericus
BHUJPV-H5 showed endoglucanase activity of 0.35 Uml~!
at 72h of enzyme harvest. B. subtilis BHUJPV-H12 showed
B-glucosidase enzyme activity of 3.78 Uml™! with high sugar
release of 4.42 and 0.72 mgml™! in sugarcane bagasse and
wheat straw, respectively. B. subtilis BHUJPV-HI19 showed
B-glucosidase enzyme activity of 5.65 Uml~!. Consortium
A showed total cellulase enzyme activity of 0.30 Uml™},
endoglucanase activity of 0.21 Uml™!, and high B-glucosidase
activity of 8.15 Uml~! at 72 h. Hence, this consortium A can be
used for further modifications and also higher production of
glucose from the agro-residues.
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