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Abstract
Global water scarcity at an alarming stage has triggered the interest of many environmentalists and global researchers. Use of
freshwater in biomass-based industries would result in depletion of a precious natural resource, which is not sustainable in the
long term. Thus, water management technologies are critical to the successful operation of an ethanol plant. Utilization of
seawater-based systems and halotolerant enzymes can be a breakthrough in this context. The present study involves marine
bacterial strains Bacillus oceanisediminis, Brevibacterium halotolerans, and Psychrobacter celer capable of producing
halotolerant cellulases, isolated from Gopalpur, Odisha. The crude enzyme extracts and direct bacterial cultures were indepen-
dently utilized for saccharification of pretreated rice straw, and the treated rice straw was characterized for the production of
reducing sugars using high-performance liquid chromatography (HPLC). The possible bond breakage and formation during
saccharification of cellulose was assessed using attenuated total reflectance with Fourier transform infrared (ATR-FTIR) spec-
troscopy. The relative fraction and size of crystallites in cellulose was evaluated by X-ray diffraction (XRD) study. The biomass
saccharified using the crude cellulase from B. oceanisedimins was utilized for the production of bioethanol in freshwater and
seawater-based media using Saccharomyces cerevisiae NCIM 3570 and Candida shehataeNCIM 3500. The maximum fermen-
tation efficiency (45.74%) was recorded for saccharified rice straw in freshwater using a consortium of immobilized yeasts. The
highest fermentation efficiency (36.69%) was recorded in the seawater system by immobilized S. cerevisiae.

Keywords Biomass . Cellulase . Halotolerant . Seawater . Saccharification . Fermentation

1 Introduction

The increasing carbon dioxide emission and growing con-
cern of environment-friendly alternatives for fossil fuels
have opened windows for biomass-based products.
United Nations in the 2014 World Water Development
Report [1] reported consumption of 19–23% of all the
available freshwater around the world in the global indus-
trial sector [2]. Water is a significant component of

biomass-based industries and with the rapid depletion of
freshwater resources; these industries pose more threat to
the usage of freshwater. An estimated 3 to 4 gal of fresh-
water is required to produce 1 gal of ethanol [3]. The cur-
rent issue warrants designing of sustainable and efficient
practices to curb freshwater usage for industrial purposes.
Utilization of seawater for biomass-based industries like
the biofuel industry can reduce the dependence on fresh-
water up to a larger extent, and halotolerant enzymes can
play a major tool for the same. However, the employment
of marine biomass and saline system for saccharification
and fermentation insists on halotolerant enzymes. In con-
trast to normal cellulases, the halotolerant variants are tol-
erant to high salt concentrations and ionic solvents and
utilization of salt tolerant cellulases in the pretreatment of
biomass in biofuel industry shall lead to the promotion of
utilization of seawater/brackish water. Seawater does not
have any substantial negative effect on ionic liquid
pretreated biomass or on enzymatic hydrolysis [4].
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Halophilic and halotolerant organisms and their enzymes
are gaining attention due to their ability to work on marine
biomass. Marine hydrolytic enzymes offer salt tolerance,
hyperthermostability, cold adaptability, chemoselectivity,
barophilicity, regioselectivity, and stereoselectivity [5].
Potential halotolerant enzymes were isolated from hypersaline
microbes like halophilic α-amylase from Haloarcula
hispanica [6] , glucoamylases from marine yeast
Aureobasidium pullulans N13d [7], halophilic and thermo-
philic amyloglucosidase from Halobacterium sodomense that
can work between 66 and 76 °C and 8 to 22% of NaCl. A
halotolerant cellulase from Bacillus flexus NTwas reported to
be active at even 15% NaCl concentration [8]. Accellerase-
1500 (the cocktail of different glycosidases) was reported to
depolymerise cellulose and avicel in reaction media prepared
with 1×, 2×, and 4× concentration of seawater [9]. Grande and
De Maria [10] assessed the cellulolytic activity of commer-
cially available Accellerase-1500, an enzymatic cocktail of
different glycosidases (cellulase, hemicellulase, and a higher
level of β-glucosidase, derived from Trichoderma reseii) in
different concentrated seawater systems. This was the first
report published regarding the enzymatic hydrolysis of cellu-
lose in seawater. Cellulose molecule with varying degrees of
crystallinity was assessed for hydrolysis in seawater, and the
reports proved that hydrolysis is possible with slight
diminishing rates (~ 90%) as compared to that of the reaction
carried out in a controlled buffer system. The enzyme effec-
tively hydrolyzed both amorphous and microcrystalline cellu-
lose in seawater. Hydrolysis of amorphous cellulose
Sigmacell-101 using Accellerase-1500 remained the same in
the buffer and in seawater, which may be due to low crystal-
linity of the samples. For Sigmacell-20 and Avicel, the hydro-
lytic activity of the enzyme in seawater was 90% to that of the
activity achieved with buffer. A seawater-based approach is
essential as a measure to overcome the diminishing freshwater
resources and overcoming the dependence of biomass-based
industries on these resources. Cellulase is currently being used
in a variety of industries including food, textile, and paper
industries, which generate a million dollars worth economy.
The depletion of fossil fuels and rising demands for biofuels
has renewed the interest in cellulases for the utilization of
lignocellulose sources, and it is conceived to be the major area
for exploitation of cellulases in the future. Hydrolysis of lig-
nocellulose biomass by cellulolytic enzymes plays a potential
role in the production of ethanol [11]. The decades of research
on cellulases are still unable to resolve the related issues, par-
ticularly the cost of production and maintenance of an optimal
environment for enzyme action.

Development of a seawater-based biorefinery strategy
could make a strong impact in these areas with a holis-
tic utilization of seawater, aiming at more efficient, low-
cost, and small water footprint processes. The concept
of water footprint emerged in the early 2000s to

describe the volume of water used in the entire produc-
tion process and the overall supply chain [10]. The wa-
ter footprint of bioethanol production ranges varies be-
tween 1300 and 9812 l of water per liter of ethanol,
where the major portion of supply is used for cultivation
of biomass [12]. The global freshwater resources being
limited may trigger a debate on food and land usage
with an allocation of such large-scale supply of fresh-
water for the bioethanol industry [13]. The use of ma-
rine biomass and replacement of freshwater with seawa-
ter are few approaches to reduce the water footprint of
bioethanol production [14, 15]. There are reports for the
use of seawater in enzymatic hydrolysis of lignocellu-
losic biomass [16–18], fermentation process using
halotolerant yeasts [19] also, few marine yeasts were
isolated and tested for their fermentation capacity in
seawater [20]. Utilization of seawater for biofuel pro-
duction reduces stress on freshwater resources while en-
abling the cultivation of biomass, saccharification, and
processing of biofuel over a common platform [21].
Fermentation of ethanol in seawater using S. cerevisiae
has reported the production of 0.5 g ethanol per gram of
glucose [21].

The present study was carried out using halotolerant hydro-
lytic enzymes from halotolerant cellulase producing bacteria
from a marine environment capable of saccharifying the alkali
pretreated rice straw biomass to reducing sugars in a seawater-
based system for production of bioethanol. This research work
is the cynosure of the optimization of activity of cellulase (at a
particular temperature, pH, and substrate concentration), puri-
fication of enzymes produced by potent isolates and their
characterization. The change in the composition of biomass
was quantitatively and qualitatively investigated using high-
performance liquid chromatography (HPLC), whereas attenu-
ated total reflectance with Fourier transform infrared (ATR-
FTIR) spectroscopy and X-ray diffraction (XRD) was per-
formed to explore the structural changes in the biomass.
Also, the study comprehends the utilization of seawater in
the fermentation of saccharified biomass and reducing sugars
to ethanol by free and immobilized yeast cells.

2 Materials and methods

2.1 Collection of marine sample

Wood pieces, seawater, algal biomass, and sediment samples
were collected from six randomly chosen locations from the
Gopalpur sea beach (19.27° N, 84.92° E), Ganjam District
(15 km from Berhampur), Odisha, India, in the sterile centri-
fuge tubes during June 2014 and brought to the lab for further
studies. The pH of seawater at the time of collection was
recorded to be 7.88 (Sartorius Professional Meter, PP-20)
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and salinity was found to be 33 ppt (ERMA Hand
Refractometer).

2.2 Screening, characterization, and purification
of cellulase

All the detailed methods related to isolation, characterization,
and purification of cellulase are given as supplementary infor-
mation (Page 1–4, Section 1.1–1.10).

2.3 Rice straw composition analysis

The composition of rice straw was analyzed by analytical
procedure of NREL (National Renewable Laboratory).
Biomass was pretreated with 1% NaOH at 121 °C at 15 lbs.
pressure for 20 min. Moisture and lignin content was deter-
mined by method suggested by Templeton and Ehrman [22].

2.4 Production of cellulase

The marine cellulolytic bacterial strains Bacillus
oceanisediminis, Brevibacterium halotolerans, and
Psychrobacter celer capable of producing halotolerant cellu-
lases, isolated from Gopalpur, Odisha, were used as potent
cellulase producers. The selected isolates were cultured at
37 °C at 150 rpm in 100 mL of enzyme production media
composed of 0.1 g NaNO3, 0.1 g KH2PO4, 0.0.1 g KCl, 0.5
MgSO4, 0.5 g yeast extract, 0.1 g glucose, 0.5 g CMC at
pH 6.8–7.2. Broth culture after 3 days of incubation period
at 32 °C was subjected to centrifugation at 5000 rpm for
15 min at 4 °C. The supernatant was collected and stored as
crude enzyme preparation at 4 °C for further enzyme assays
[23].

2.5 Saccharification of pretreated biomass with crude
enzyme extract

Rice straw was considered as the lignocellulosic biomass
feedstock and collected from the agricultural fields locat-
ed on the outskirts of Rourkela city (22.2492° N,
84.8828° E), Sundergarh, Odisha, India. The selected bio-
mass was pretreated by using 1% NaOH, followed by
a u t o c l a v i n g a t 1 2 1 °C , 1 5 p s i f o r 2 0 m i n .
Saccharification of pretreated rice straw was studied in
both freshwater and seawater (composition analysis was
performed as described by Indira et al. [24] to assess the
efficacy of enzymes in both the systems. For saccharifi-
cation, 100 mg of pretreated rice straw biomass was taken
in 50-mL capacity clean and dry test tubes with 5 mL of
phosphate buffer, pH 7.4 (freshwater control) and 5 mL of
seawater. Crude enzyme extract was added to it in 500 μL
volume, and the test tubes were incubated at 50 °C in a
water bath for 20 min. The enzymatically treated samples

were then harvested, filtered using syringe filters, and
stored at 4 °C until further analysis.

2.6 Saccharification of pretreated biomass directly
with bacterial culture

Pretreated biomass was used as the carbon source in basal salt
media (0.1 g NaNO3, 0.1 g KH2PO4, 0.0.1 g KCl, 0.5MgSO4,
0.5 g yeast extract, and 0.1 g glucose) prepared both in dis-
tilled water (freshwater control) and seawater and autoclaved
in 200 mL Erlenmeyer flasks. Overnight grown cultures of
potent isolates were added at the 10% as inoculum to the
biomass and incubated at 32 °C for 5 days. Saccharification
of rice straw was studied in both freshwater and seawater to
assess the efficacy of enzymes in both the systems. After in-
cubation, the samples were then harvested, centrifuged at
5000 rpm, and filtered using syringe filters and stored at
4 °C until further analysis.

2.7 Characterization of biomass for enzymatic
saccharification using HPLC

Filtered saccharified biomass (20 μL) was injected into
the injection loop, and the samples were analyzed for
the presence of reducing sugars produced by the sacchar-
ification of cellulose by comparing the peaks produced by
standards of glucose, mannose, maltotriose, melezitose,
stachyose, cellobiose, etc. The samples were analyzed
using the Hi-plex H column (Agilent, USA) with sulfuric
acid (1 mM) as the mobile phase with 0.7 mL/min as flow
rate and column temperature of 60 °C with refractive in-
dex (RI) detector (Shimadzu, Japan).

2.8 Characterization of biomass for enzymatic
saccharification using ATR-FTIR

The ATR-FTIR spectroscopy analysis was performed to as-
sess the possible bond breakage and formation during sacchar-
ification of cellulose. The ATR-FTIR was performed on a
Bruker ALPHA spectrophotometer (Ettlinger, Germany) with
a resolution of 4 cm−1, a spectral region between 4000 and
800 cm−1, and an average of 25 scans per sample. Sample
(10 μL) was kept on the sample holder and scanned; the result
obtained was analyzed through OPUS software.

2.9 XRD analysis of rice straw biomass
after cellulolysis

The relative fraction and size of crystallites in cellulose can be
evaluated by XRD and electron diffraction/microscopic meth-
odologies [25, 26]. The XRD study of treated biomass was
obtained using an X-ray diffractometer (Rigaku Ultima IV,
Japan) equipped with Ni filter and Cu Kα (l = 1.54056 Å)
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radiation source. The diffraction angle was varied in the range
of 10–80° while the scanning rate was 5°/s. The degree of
crystallinity of rice straw biomass was calculated using the
equation:

Crystallinity% ¼ Icr= Icr þ Iamð Þ*100
where Icr is the peak intensities from crystalline and Iam is the
peak intensities from amorphous regions of cellulose.

2.10 Fermentation of saccharified biomass

Two yeast strains, i.e., S. cerevisiae NCIM 3570 and
C. shehatae NCIM 3500 were purchased from the
National Collection of Industrial Microorganisms
(NCIM), National Chemical Laboratory, Pune, India.
These cultures were maintained on MGYP (malt extract
1%, glucose 1%, yeast extract 0.3%, peptone 1%) medi-
um at pH 6.0. Yeast cells were cultured on MGYP broth
at pH 6.0, for 48 h at 30 °C and 120 rpm and were
immobilized using 3% sodium alginate and 0.05 M calci-
um chloride solution [27]. Immobilized yeast cells obtain-
ed in the form of beads were utilized for the fermentation
of sugar solution. Fermentation media was prepared using
a 10% initial glucose concentration for S. cerevisiae at
pH 6.0–6.5 and 5% glucose to 5% xylose concentration
for C. shehatae at pH 5.5. Ten percent of inoculum
(immobilized and free cells) was added to fermentation
media. The fermentation media was incubated for 120 h
at 30 °C and 120 rpm. After incubation, the free and
immobilized cells were filtered and the crude broth was
analyzed for the ethanol content. Fermentation media was
also prepared in distilled water with the same composition
at pH 6.0–6.5 and this set up was utilized as control.
Saccharified rice straw biomass having a 1.6% concentra-
tion of glucose was utilized as biomass for the production
of ethanol using freshwater and seawater. A consortium
approach was also tried using S. cerevisiae and
C. shehatae for the utilization of both six-carbon and
five-carbon compounds. Ten percent of inoculum
(immobilized and free cells) was added to fermentation
media. The fermentation media was incubated for 72 h
at 30 °C and 120 rpm. After incubation, the free and
immobilized cells were filtered and the crude broth was
analyzed for the ethanol content.

2.11 Estimation of ethanol production by HPLC
analysis

The amount of ethanol in the crude broth was estimated
by HPLC (Shimadzu, Japan) analysis using the Hi-Plex H
column (Agilent, USA) having column temperature
60 °C. Sulfuric acid (1 mM) was used as a mobile phase

with 0.7 mL/min as a flow rate. RI detector was used for
the detection. The concentration of ethanol was deter-
mined by using an appropriate standard and using the
following formula:

Concentration of ethanol
g

L

� �

¼ Area of sample=Area of standard

� Concentration of standard
g

L

� �

The theoretical yield of ethanol is 0.51 g per 1.0 g of glu-
cose, i.e., 2 mol of ethanol per mole of glucose and 0.51 g of
ethanol per 1.0 g of xylose, i.e., 1.67 mol of ethanol per mole
of xylose. Ethanol yield (g/g) is defined as the amount of
ethanol produced from per gram of sugar. Ethanol yield can
be calculated by the following equation [28]:

Theoretical ethanol gð Þ
¼ amount of initial sugar content gð Þ in fermentation solution� 0:51

Fermentation efficiency (FE) was calculated for ferment-
able sugars and is expressed as the percentage of theoretical
yield, using a stoichiometric equation, according to the fol-
lowing formula [28]:

Ethanol yield
g

g

� �
¼ Measured ethanol in sample

g

L

� �
=Sugar

g

L

� �

where E is the ethanol concentration (g/L); FS are fermentable
sugars; 0.51 is constant which represent a theoretical yield of
ethanol from glucose and xylose.

2.12 Salt tolerance of yeast cells

The yeast cells S. cerevisiae and C. shehatae, capable of
fermentation in seawater were screened for salt tolerance.
The cells were subjected to a varying degree of salt con-
centration, i.e., [1–9]% of NaCl in standard MGYP broth.
The growth of yeast cells was monitored for 48 h by
recording absorbance at 600 nm using a spectrophotome-
t e r (UV/VIS Spec t r opho t ome t e r , Lambda 35 ,
PerkinElmer).

2.13 Statistical analysis

Experiments in Sects. 2.2 to 2.11 were conducted in triplicate.
Microsoft Excel 2010 was used for the calculation of mean
and standard deviation. SPSS (IBM Statistics) software ver-
sion 19.0 was used for comparing the means through one-way
ANOVA, and mean differences were compared using
Duncan’s multiple range test.
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3 Results and discussion

3.1 Isolation and screening of cellulase-producing
marine bacteria

Potent cellulase producing bacteria were identified as
B. oceanisediminis, B. halotolerans, P. celer, Pseudomonas
aeruginosa, and Bacillus subtilis through phenotypic, bio-
chemical, and molecular characterization studies. Detailed re-
sults are given as supplementary information (Page 4–8,
Section 2.1–2.6).

3.2 Composition of rice straw

The rice straw biomass was composed of 34.5% cellulose,
24% hemicellulose, 11.4% lignin, 3% moisture, and 29.8%
of other unidentified constituents, which account for the ash
and silica content of the chosen biomass. The holocellulose
content was found to be 58.5%, which contributes to the total
sugar concentration of the pretreated biomass. Thus, rice straw
can be used as a potential substrate for ethanol productionwith
a substantial concentration of carbohydrates similar to the oth-
er lignocelluloses (corn stover, 58.29%; sorghum straw, 61%;
sugarcane bagasse, 67.15%, and wheat straw, 54%) [29].

3.3 Characterization of biomass for enzymatic
saccharification

3.3.1 Characterization of biomass for enzymatic
saccharification using HPLC

HPLC is considered as one of the reliable methods for the
analysis of monosaccharides produced by hydrolysis of bio-
mass. The RI detectors are the most common and less expen-
sive detectors available for analysis of products of biomass
hydrolysis. The resulting peaks in the chromatogram were
compared with the available standards of reducing sugars,
and the concentration of sugar present in the pretreated bio-
mass was calculated using the area occupied by the analytes.
The concentration of sugars in biomass treated with
B. oceanisediminis, B. halotolerans, and P. celer, under dif-
ferent conditions is summarized in Table 1. Alkali pretreated
rice straw biomass when treated with crude cellulase from
B. oceanisediminis in freshwater, 4.4 g/L of glucose was pro-
duced which was increased to almost fourfold, i.e., 16.8 g/L in
a seawater-based system. Glucose yield by direct culture treat-
ment in B. oceanisediminis was lower than the activity of
crude cellulase, i.e., 4.3 g/L and 13 g/L in freshwater and
seawater, respectively. There was an 18.75% decrease in glu-
cose yield in seawater when saccharification was carried out
by direct cultures. For B. halotolerans, crude enzyme was
80% more efficient in glucose production in seawater than
freshwater, whereas the culture treatment for saccharification

was disappointing with only 0.3 g/L glucose yield. This may
be due to the consumption of glucose by bacterial culture
during their growth. P. celer cellulase was found to be more
active in seawater than in freshwater systems. The crude cel-
lulase from P. celer produced 13.4 g/L glucose in seawater
which was 82% more than the yield in freshwater, similarly
using direct culture treatment process, there was no produc-
tion of glucose in freshwater but 11.1 g/L glucose production
was recorded in seawater. The above-discussed data suggests
that seawater is one of the favorable media of action for sac-
charification of biomass, and the enzymes used here are
halotolerant in nature and can withstand the salinity of seawa-
ter. Alkali pretreated rice straw biomass yielded 26.30 g/L
whereas the acid-treated biomass yielded 10.98 g/L of reduc-
ing sugar on saccharification with enzyme cocktail produced

Table 1 Amount of sugar produced from the saccharified biomass

Saccharification process Analyte Concentration (%)

B. oceanisediminis

Crude enzyme Freshwater Maltotriose 0.01 ± 0.00

Melizitose 0.01 ± 0.00

Glucose 0.44 ± 0.01

Seawater Stachyose 7.56 ± 0.15

Glucose 1.68 ± 0.05

Bacterial culture Freshwater Melizitose 0.35 ± 0.03

Glucose 0.43 ± 0.02

Mannose 0.02 ± 0.00

Seawater Melizitose 4.28 ± 0.04

Glucose 1.30 ± 0.20

B. halotolerans

Crude enzyme Freshwater Stachyose 0.15 ± 0.02

Glucose 0.30 ± 0.01

Seawater Stachyose 3.52 ± 0.28

Glucose 1.51 ± 0.10

Bacterial culture Freshwater Melizitose 1.24 ± 0.06

Cellobiose 0.24 ± 0.03

Mannose 0.01 ± 0.00

Seawater Melizitose 4.23 ± 0.02

Glucose 0.03 ± 0.01

P. celer

Crude enzyme Freshwater Inulin 0.24 ± 0.10

Glucose 0.24 ± 0.00

Seawater Inulin 0.09 ± 0.01

Stachyose 3.43 ± 0.13

Glucose 1.34 ± 0.09

Bacterial culture Freshwater Maltotriose 0.03 ± 0.00

Cellobiose 0.03 ± 0.01

Melizitose 0.04 ± 0.00

Seawater Melizitose 4.25 ± 0.25

Glucose 1.11 ± 0.12
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by Aspergillus niger MTCC 7956 and Trichoderma reesei
RUTC30 cellulase [30]. Alkali pretreatment was found to be
more effective than dilute acid pretreatment. Rice straw bio-
mass pretreated with the ammonia fiber explosion (AFEx)
method yielded 26 g of glucose per 100 g of biomass using
Accellerase 1000 (Genencor, Rochester, NY, USA) [31].
Pretreatment makes the biomass more accessible to enzymes
for hydrolysis of cellulose and hemicellulose, thus increasing
the saccharification efficiency. Further optimization of sac-
charification conditions can lead to yields comparable to the
fungal strains. Zaky et al. [32] demonstrated the use of Hiplex-
H column for deterimination of chlorides and sodium, thus
allowing determination of sugars, alcohols, and organic acids
in seawater-based samples.

3.3.2 Characterization of biomass for enzymatic
saccharification using ATR-FTIR

Previous studies on woody samples suggested a high degree of
intercorrelation between the absorption bands [33]. From the
analysis of woody biomass, Eucalyptus globulus, it was de-
duced that the characteristic peaks for cellulose are centered
around 1782 cm−1 (C–H stretch first overtone), 2266 cm−1

(O–H, C–O combination bands), and 2332 cm−1 (C–H stretch,
C-H deformation) [34]. Based on the above literature, the bio-
mass samples digested with crude enzyme extracts and direct
bacterial cultures were analyzed for the presence of cellulose and
its conversion product. The characteristic specific maxima of
glucose are at 991, 1033, 1078, 1107, and 1149 cm−1, with the
highest absorption at 1033 cm−1, which is characteristic of C–O
stretch vibration [35]. The IR bands in the region 830, 875, 990,
and 1078 cm−1 correspond to glycosidic linkages [36–39]. In the
case of direct culture-based saccharification in freshwater in
B. oceanisediminis very sharp peak intensity of glucose was
evidenced at 1078 cm−1, also there was a substantially notice-
able peak at 990 and 850 cm−1, which corresponds to the gly-
cosidic linkages. Similarly, for B. halotolerans and P. celer, the
characteristic peak for glucose at 1078 cm−1 was observed but
with a lower peak intensity of glucose which may be due to the
consumption of glucose by bacterial culture (Fig. 1a). Whereas,
in case of treatment with the crude enzyme from
B. oceanisediminis in freshwater a reverse trend was observed,
i.e., a reduced peak intensity at 1078 cm−1 was observed as
compared to that of B. halotolerans and P. celer. The highest
peak intensity was observed in the case ofP. celer at a slight shift
of 1080 cm−1, which includes IR peaks for glucose at 995, 933,
878, and 848 cm−1. In addition, the broad peaks at 3000–
2900 cm−1 for lignin, characterized by the aromatic ring [40],
C–H and O–H stretching [36] were also present in samples
treated with P. celer. For the rice straw biomass treated by direct
culture-based saccharification by B. oceanisediminis,
B. halotolerans, and P. celer in seawater-based system peaks
were evidenced at 1105, 1109, and 1103 cm−1, respectively,

which showed a slight shift from 1096 cm−1, characteristic peak
of C–H deformation in cellulose (Fig. 1b). Also, for culture-
based saccharification by B. oceanisediminis, B. halotolerans,
and P. celer in the seawater-based system, strong peaks were
evident at 1630, 1643, and 1643 cm−1, characteristic of bending
of absorbed residual water [41]. Similar kind of broad peaks at
3000–2900 cm−1 for lignin were also observed in the treated
samples (Fig. 1c). In the case of treatmentwith the crude enzyme
in the seawater-based system, similar peaks at 1647, 1645, and
1653 cm−1 were observed. The other infrared (IR) bands for
these samples were at 1090 cm−1, which showed a slight shift
from 1096 cm−1, characteristic peak of C–H deformation in
cellulose (Fig. 1d). Few other peaks involve 613 and
638 cm−1, in samples treated with crude enzymes from
B. oceanisediminis and B. halotolerans in the seawater-based
system, respectively, which corresponds to the α-D-anomer of
glucose.

3.3.3 XRD analysis of rice straw biomass after cellulolysis

XRD analysis was performed to investigate the change in
crystallinity of cellulose present in rice straw after alkaline
pretreatment process and saccharification of alkali-pretreated
biomass with cellulase. The native XRD profile of alkali-
pretreated rice straw biomass is shown in Fig. 2a. Studies
suggest that NaOH pretreated biomass to be of easy access
to cellulases, which may be due to an increase in the
disorderness of crystalline structure or due to an increase in
the amorphous fraction of cellulose [42]. The XRD analysis of
alkaline-pretreated rice straw biomass shows a crystallinity of
59.073%. On treatment with B. oceanisediminis ,
B. halotolerans, and P. celer cellulases in freshwater, the per-
centage of crystallinity decreased to 40.25%, 37.25%, and
36.05%, respectively (Fig. 2a). However, on treatment with
cellulase in the seawater-based system, the crystallinity for
B. oceanisediminis, B. halotolerans, and P. celer cellulases
was found to be 51.58%, 79.34%, and 49.21%, respectively
(Fig. 2b). An increase in crystallinity in the case of seawater
based pretreatment may be due to the presence of salts, which
may contribute to crystallinity percentage during XRD profil-
ing. The XRD analysis of rice straw biomass evidenced the
predominant cellulosic peak at 2θ = 22.3°, 22.4°, 22.5°, 22.6°,
and 22.3°, 27.4°, 27.4° for unsaccharified rice straw biomass,
saccharified biomass by cellulase from B. oceanisediminis,
B. halotolerans, and P. celer in the freshwater and the seawa-
ter, respectively. The intensity of the major peak of cellulose
has decreased in biomass treated with cellulase in freshwater-
based system as well as in seawater-based system. The overall
increase in crystallinity percentage was observed in seawater-
based cellulase systems due to a sharp peak 2θ = 31.9°, which
was also reported in the XRD profile of untreated rice straw in
seawater (Fig. 2b). A substantial increase in crystallinity of
biomass is noticed after pretreatment which is mainly due to
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the removal of an amorphous hemicellulosic component.
However, the crystallinity of cellulose should be mainly taken
into account by pretreatment [43]. Increased crystallinity may
be due to the hydrolysis of glycosidic linkages in the accessi-
ble regions of cellulose. Reports suggest an increase in crys-
tallinity index after dilute acid pretreatment of sugarcane tops
and switchgrass [44–46] reported an increase in crystallinity
in samples pretreated with ionic liquids, lime, dilute acids, and
steam explosion in comparison to untreated biomass. Rice
straw treated with diluted acids showed 67.2% crystallinity
whereas native rice straw crystallinity of 59.37%, the increase
in crystallinity was reported mostly in the amorphous region
[47]. Kshirsagar et al. [48] reported similar results where the
crystallinity index of untreated biomass increased from 40.84
to 51.49% in dilute acid pretreated rice straw.

3.4 Estimation of ethanol production

Our previously published research reports immobilized
S. cerevisiae and C. shehatae producing 10.19 g/L and

13.98 g/L in freshwater and 9.79 g/L and 10.7 g/L ethanol in
seawater-based medium [27]. Gonçalves et al. [21] reported
9.65 g/L and 9.68 g/L of ethanol production from freshwater
and seawater, respectively, using S. cerevisiae. Production of
ethanol by Zymomonas mobilis and Pitchia stipitis were also
reported with 9.27 g/L and 9.44 g/L and 8.73 g/L and 7.34 g/L
in freshwater and seawater, respectively. The same report ac-
companied the conversion of substrate into microbial biomass
and suggested both ethanol production and biomass conver-
sion to be inversely proportional. All the available literature
from the previous studies states that there is no significant
difference between the ethanol yields from freshwater or sea-
water based system, which is possibly due to salt tolerance by
S. cerevisiae and capability to metabolize salt [49]. The ma-
rine S. cerevisiae AZ65 strain tolerated up to 9% of NaCl and
metabolized 25% glucose in seawater-based fermentation me-
dium with a theoretical yield of 83.33% [50]. Keeping the
positive outcomes of the two yeast strains, i.e., S. cerevisiae
and C. shehatae in mind, saccharified rice straw biomass was
fermented using these yeast cells independently and also in the

a

b

c

d

Fig. 1 a FTIR spectrum of pretreated rice straw biomass treated with
bacterial culture in freshwater. b FTIR spectrum of pretreated rice straw
biomass treated with bacterial cellulase in freshwater. c FTIR spectrum of

pretreated rice straw biomass treated with bacterial culture in seawater. d
FTIR spectrum of pretreated rice straw biomass treated with bacterial
cellulase in seawater
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consortium. The initial sugar concentration was maintained at
16 g/L of glucose produced by crude bacterial cellulase from
B. oceanisediminis in the seawater-based system.
Saccharification of biomass also leads to the production of
five carbon residues, which can be fermented using
C. shehatae. Consortia were tried to learn the activity of both
the yeast cells in the case of co-existence and co-fermentation.
Immobilized S. cerevisiae was performing better when
saccharified biomass was utilized as a source of sugar for
ethanol production in seawater when compared to
immobilized C. shehatae cells. In comparison to the freshwa-
ter system, an insignificant reduction in ethanol production,
11%, and 19%, was observed for immobilized S. cerevisiae
and C. shehatae cells in seawater, respectively. In the case of
consortium system, there was a significant reduction (44%) in
ethanol production in the seawater system. However, ethanol

production in the consortium system which employed both
immobilized S. cerevisiae andC. shehataewas highest among
the other individual counterparts when freshwater was used as
fermenting medium (Table 2). The maximum fermentation
efficiency recorded for saccharified rice straw in freshwater
is 45.74% using a consortium of immobilized S. cerevisiae
and C. shehatae. However, in seawater, the consortium has
not shown promising results. The highest fermentation effi-
ciency recorded in the seawater system is by immobilized
S. cerevisiae cells (36.69%). Fang et al. [51] reported 89.4
and 85.8% fermentation efficiency from pretreated date palm
residues, using S. cerevisiae in freshwater and seawater,
respectively. Lau and Dale [52] reported the production of
ethanol from unwashed AFEx treated corn stover using
Saccharomyces cerevisiae 424A(LNH-ST) using the separate
hydrolysis and fermentation (SHF) process. Ethanol yield was
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Fig. 2 a XRD profile of
pretreated rice straw biomass
treated with bacterial cellulase in
freshwater. b XRD profile of
pretreated rice straw biomass
treated with bacterial cellulase in
seawater
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found to be 191.5 g/kg untreated corn stover, at an ethanol
concentration of 40.0 g/L (5.1 V/V%). Attempts have been
made to ferment glucose and xylose in a single process by
using two different microorganisms, the feasibility of which
depends on the utilization of xylose [53–57]. However, the
diauxic behavior xylose fermenters and the competition be-
tween the glucose-fermenting and xylose-fermenting yeasts in
a co-culture do not always ensure efficient conversion of xy-
lose to ethanol [53, 58].

3.5 Salt tolerance of yeast cells

Both S. cerevisiae and C. shehatae yielded positive results in
the production of ethanol using freshwater and seawater in
free and immobilized forms. Also, the total percent of cell
viability was more than 70%. Keeping these aspects in mind,
the two potent strains were tested for their salt tolerance in
varying concentrations of NaCl and results were quite impres-
sive. S. cerevisiae was tolerant of up to 6% NaCl concentra-
tion, i.e., 1.026 M, and the growth remained unaffected. Over
7% NaCl concentration the growth was affected and slowed
down on the subsequent increase in NaCl concentration
(Fig. 3a). The same pattern of growth was also followed by
C. shehatae (Fig. 3b). Reduction in growth rate may be due to
osmotic stress caused by the bacterial cells due to the presence
of high salt concentration. This study was carried out to check
the utilization of these yeast strains for fermentation in seawa-
ter, ionic solvents, and wastewater from industries that are rich
in salts and mineral concentration. The results yielded com-
plied with the high osmolarity glycerol (HOG) signaling sys-
tem explained by Hohmann et al. [59], which explains the
production and accumulation of compatible solute glycerol
that acts as a key to osmoregulation in yeast. Salt tolerance
studies revealed that yeast cells could be tolerant up to 6% of
NaCl concentration, which is much beyond the salt concen-
tration in seawater. In a recent study by Greetham et al. [60], it
was evident that marine yeasts are significantly more tolerant
to inhibitors than terrestrial yeasts. The marine yeast
Wickerhamomyces anomalus M15 was found to be most tol-
erant with IC50 values of 10.7% (w/w) and 83.9 mM for salt
and acetic acid, respectively, as compared to industrial

terrestrial yeast Saccharomyces cerevisiae NCYC2592 with
6.0% (w/w) and 75.9 mM, respectively. These properties de-
clare the marine yeasts as clear winner with respect to indus-
trial setup.

4 Conclusion

The performance of B. halotolerans is best among the three
isolates chosen for studies, and that of B. oceanisediminis
can be further improved by optimization of conditions for
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Fig. 3 a Growth curve of S. cerevisiae at variable concentration of NaCl.
b Growth curve of C. shehatae at variable concentration of NaCl

Table 2 Production of ethanol
from saccharified rice straw using
immobilized yeast cells

Samples System Ethanol
concentration (g/L)

Fermentation
efficiency (%)

Ethanol yield
(g/g)

S. cerevisiae Freshwater 3.37 ± 0.93d 41.22 0.21

Seawater 3.00 ± 0.78d 36.69 0.19

C. shehatae Freshwater 1.05 ± 0.44a 12.84 0.06

Seawater 0.85 ± 0.64a 10.47 0.05

Consortium of S. cerevisiae and
C. shehatae

Freshwater 3.74 ± 0.10d 45.74 0.23

Seawater 2.08 ± 0.12b,c 25.44 0.13

Lowercase letters which are not similar are significantly different from each other (P < 0.05)
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saccharification. P. celer is studied for the first time for
cellulase activity, and further optimization of the process
can lead to a better candidate for industrial scale. The de-
termined molecular weight and secondary structure of pu-
rified cellulases are comparable to the results available in
the previously reported Bacillus spp., while few outcomes
are new and can be verified with further studies over the
same. Also, the above studies revealed that seawater could
be used as a medium of saccharification of biomass if
halotolerant cellulases are used. The three strains
(B. oceanisediminis, B. halotolerans, and P. celer) being
halotolerant showed best saccharification results with a
crude enzyme in seawater. Based on the saccharification
of biomass, B. halotolerans was found to exhibit best
saccharifying ability, and therefore can be employed as
potential cellulase producer in biofuel industries using
seawater-based approach. Also, it was evident from the
study that it is advantageous to use crude enzymes than
the cultures directly for saccharification of biomass.
Saccharification of biomass was evident through the phys-
iological characterization methods like FTIR and XRD
analysis. FTIR studies showed an extensive bond breakage
and formation, and XRD results showed a significant re-
duction in crystallinity of biomass on hydrolysis with cel-
lulase in freshwater. In seawater, an increase in crystallin-
ity was recorded which may be due to the presence of salts
in seawater which contributes to the crystallinity of bio-
mass. Based on the saccharif icat ion of biomass,
B. oceanisediminis was found to exhibit best saccharifying
ability, and therefore, the biomass saccharified with this
strain can be used as a substrate for ethanol production.
Production of cellulosic ethanol on a commercial scale is
in its premature stage of development in many countries,
and the global expansion in ethanol yield using freshwater
is going to pose a serious threat to the environment. To
overcome this, a productive strategy has to be initiated to
ease the environmental stress. The present study focused
on developing a strategy for fermentation in seawater using
S. cerevisiae and C. shehatae both in free and immobilized
forms. The growth of cells in seawater is restricted by
osmotic pressure due to high salt concentration and keep-
ing that in mind yeast cells were immobilized to reduce the
osmotic stress. The performance of S. cerevisiae remains
unaffected in seawater and establishes it to be one of the
promising organisms for fermentation. Ethanol production
in seawater remains unaffected, and therefore, alternative
strategies for fermentation in the seawater-based system
have to be developed to encourage ethanol production
using marine biomass on a marine platform.
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