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Abstract

In light of the excessive use of fossil fuels and their associated environmental effects, more stress has been devoted
to using lignocellulosic-rich resources to produce sustainable biofuel. Among lignocellulosic-rich biomass, sugarcane
bagasse is a major agro-waste byproduct of the sugarcane industry. Due to high cellulose and low ash content, it has
excellent potential to produce bio-ethanol. Conventional methods used for pre-treatment of lignocellulosic waste need
more process efficiency and consume a large ecological footprint. Several processes in industries are carried out at high
NaCl concentrations, high temperatures, and in the presence of solvents. Therefore, the scientific community has focused
on halophiles for bio-ethanol production. The present review describes the use of potential lignocellulolytic haloarchaea
for efficient pre-treatment and hydrolysis of sugarcane bagasse to produce bio-ethanol. Haloarchaea can increase the eco-
nomic feasibility of the process since they can thrive in high salt concentration, extreme pH, elevated temperature, and
low water activity conditions. Further, this review summarizes the traditionally employed strategies for the pre-treatment
and hydrolysis of sugarcane bagasse, along with the latest findings on using extremophilic microbes and extremozymes.
Besides this, the review explores the functional role of haloarchaea and their plant polymer degrading enzymes in acting
as biocatalysts in biorefinery under extreme conditions. The integrated approach using haloarchaea to produce bio-ethanol
will be technically feasible and benefit society economically and environmentally.
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Introduction

Globally, energy security and environmental protection
are two significant challenges faced by the humas globally
(Sheikhdavoodi et al. 2015; Bagewadi et al. 2018). Cur-
rently, ~80% of energy is derived from fossil fuels, which
will be depleted within 50 years at current use levels. This
has resulted in temperature rise and global warming through
greenhouse gas emissions, directly or indirectly affecting
the life and leading to environmental pollution (Mekonen
et al. 2024; Holechek et al. 2022; Tyagi et al. 2019). Hence,
significant attention is drawn towards bio-fuels such as
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bio-ethanol produced by fermentation of food crops with
high sugar content (Saini et al. 2015) and lignocellulosic
wastes (Tiwari et al. 2018). The production of bio-ethanol
using food crops such as sugar beet, maize, sugar cane, is
referred to as “first generation bio-ethanol (1G)” and consti-
tutes more than 94% of global bio-ethanol production (Iram
et al. 2022). However, using food crops is insufficient to
meet the growing demand for bio-ethanol, which directly
influences the food chain. Consequently, second-generation
(2G) bio-ethanol is produced using non-food crops or non-
food parts of crops from the agro-based industries (Finore et
al. 2016). Worldwide, countries like India, China, Brazil, and
the US generate significant quantities of lignocellulosic-rich
forestry and agricultural waste residues (Devi et al. 2022).
Lignocellulose is a cheap, renewable source of energy feed-
stock consisting of ~50% cellulose, ~30% hemicelluloses,
and ~20% lignin, and is harnessed for the production of bio-
fuel (Bagewadi et al. 2018). This includes cereal straw, corn
stover, sugarcane bagasse (SCB), and woody residues from
the forest, such as spruce, birch, eucalyptus, etc. (Ajala et
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al. 2021). From 2017 to 2025, the global market for cel-
lulose fiber is expected to grow from US § 21.5 billion to $
41.5 billion (Banu et al. 2021). Despite high availability and
abundance, there is yet to be an elementary process for trans-
forming lignocellulosic residues into bio-ethanol. Addition-
ally, recalcitrant lignin affects process efficiency (Velvizhi et
al. 2022). The valorization of such agro-waste residues stra-
tegically can assist in establishing sustainable biorefinery for
generating different value-added products (Shabbirahmed et
al. 2022; Yaashikaa et al. 2022). Among several agro-based
lignocellulosic wastes, SCB is gaining attention globally
due to its abundance and as a potential substitute for fossil
fuels (Chandel et al. 2013). Globally, 700 million tons of
SCB is generated, corresponding to 25-26% of the annual
total sugar production (Ajala et al. 2021; Monteiro et al.
2016; Moretti et al. 2018; Pan et al. 2022). The SCB mainly
consists of cellulose (35-50%), hemicelluloses (20—35%),
and lignin (10-25%). It also constitutes a portion of waxes,
ashes and extractive cellulose and hemicelluloses, which are
hydrolyzed to produce pentose sugars (xylose) and hexose
sugars (glucose) (Dharmaraja et al. 2020; Shabbirahmed et
al. 2022). Recently, advancements in biotechnology have
enabled the use of SCB as substrates for large-scale ethanol
production (Khoo et al. 2018; Pan et al. 2022).

Although lignocellulosic waste provides a sustainable
solution for bio-ethanol production, the second-generation
technology is still at then ascent stage. Research is under-
way on the application of efficient feedstock pre-treatment
technology that would release maximum sugar for fermen-
tation to produce bio-ethanol. In this context, extremophilic
microorganisms and their bio-molecules are feasible and
cost-effective alternatives for efficiently converting lig-
nocellulosic waste into bio-ethanol (Arora and Panosyan
2019; Di Donato et al. 2019). Comprehensive studies on
challenges associated with the use of extremophiles and
their recent advancement in the alteration of metabolic path-
ways in biorefinery have been documented earlier and are
beyond the scope of this review (Amoozegar et al. 2019;
Zhu et al. 2020). The most studied extremophilic microbes
belong to thermophilic bacteria and archaea, which have
been reported to produce cellulases and hemicellulases and
play a role in biofuel production (Bibra et al. 2015; Zhu
et al. 2020). In addition, research has focused on apply-
ing halophilic microorganisms for bio-ethanol production.
In recent years, halophilic bacteria and haloarchaea have
been reported to produce cellulases, hemicellulases, and
laccases for the degradation of different types of cellulose,
hemicellulose, and lignin, respectively (Zhu et al. 2020).
Haloarchaea are polyextremophiles predominantly found
in extreme salinity, temperature, pressure, and radiation
(Andrei et al. 2012; Amoozegar et al. 2017; Moopantakath
et al. 2023). However, the occurrence of haloarchaea in low

@ Springer

temperature, low water activity, and salinity environments
has been reported (Braganca and Furtado 2009; Gaonkar and
Furtado 2018; Karan et al. 2012, 2013; Purdy et al. 2004).
Further, enzymes produced by haloarchaca can remain
active under the harsh conditions of the industrial process
employed for bio-ethanol production. Bio-ethanol produc-
tion using haloarchaea can present several advantages, such
as a lower risk of microbial contamination, improved reac-
tion kinetics, and product yields. The process can also gen-
erate low-risk waste byproducts and mitigate environmental
pollution. Overall, haloarchaea have immense potential to
process improvement of waste bioconversion into bio-fuel
(Kasirajan et al. 2021b).

In this context, the current review compared the conven-
tional approaches used for saccharification and fermentation
of lignocellulosic biomass, such as SCB for production of
bio-ethanol. Further, due to the growing interest in 2G bio-
ethanol, this study critically explains the recent advance-
ments in extremozymes from haloarchaca that may
contribute for achieving a cost-effective and sustainable
strategy to valorize SCB to produce high-quality bio-eth-
anol. A haloarchaea based prototype is also hypothesised
to produce 2G bio-ethanol from SCB using seawater-based
fermentation system in the foreseeable future.

Second-generation bio-ethanol from SCB
Pre-treatment of SCB

Valorization of agro-waste residues for 2G bio-ethanol faces
a major hurdle due to its complex heterogenous mixture
containing cellulose, hemicellulose, and lignin in contrast
to 1G bio-ethanol (Shabbirahmed et al. 2022). However,
various combination processes, such as initial pre-treatment
to release sugars, hydrolysis, and fermentation, are crucial
for effective biomass conversion (Zabed et al. 2019). Gen-
erally, these are broadly categorized into physico-chemical
and biological pre-treatment methods.

Physico-chemical pre-treatment of SCB

Physico-chemical pre-treatment involves either alone or
combined physical and chemical methods for efficient
hydrolysis of SCB. For instance, comminution and hydro-
thermolysis are physical pre-treatment methods, whereas
acid, alkali, ozone, and solvent-based are chemical methods
used for SCB hydrolysis (Kumar and Sharma 2017; Shukla
et al. 2023; Tyagi et al. 2019). In the case of use of acids
such as phosphoric acid, by-products are formed in the SCB
hydrolysate after the acid neutralization using NaOH. These
products are then fermented by microorganisms (Geddes
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et al. 2010). This method highlights the cost-effectiveness
of the process compared with using other acids. However,
phosphoric acid is less effective for lignin and cellulose sep-
aration than hemicellulose (Nasution et al. 2022).

Moreover, ammonia, sodium sulfite, sodium acetate,
sodium hydroxide, and potassium hydroxide hydrolyze
SCB and other lignocellulosic biomass under alkaline con-
ditions (Ajala et al. 2021; Iram et al. 2018). Studies have
also reported on the use of hybrid alkali-acid method for
pre-treatment SCB (Zhu et al. 2016). Likewise, the use of
organic solvents and deep eutectic solvents to disrupt the
linkages between lignin and hemicellulose are reported
in the presence of catalytic agents like NaOH, H,SO, and
MgSO, (Shukla et al. 2023).Further, the combined physi-
cal and chemical pre-treatment processes like wet air oxida-
tion, carbon dioxide explosion, liquid hot water process, and
steam explosion are known for lignocellulose degradation.
Such processes aid in augmenting delignification, resulting
in maximum sugar yield reported for different lignocellu-
losic feedstocks (Shukla et al. 2023). Physico-chemical pro-
cesses have higher process efficiency, maximum versatility
and faster reaction rate and potentially overcome the draw-
backs posed by other physical and chemical methods used
individually (Konde et al. 2021; Yoo et al. 2020; Okolie et
al. 2021).

Biological pre-treatment of SCB

Biological pre-treatment is a green approach involving
microorganisms and microbial enzyme systems (Tyagi et al.
2019; Sarker et al. 2021). Various microbes secreting cel-
lulolytic and ligninolytic enzymes are responsible for the
hydrolysis of bonds between cellulose and lignin, increas-
ing their accessibility for further hydrolysis and fermenta-
tion (Shukla et al. 2023; Arora et al. 2015). However, longer
fermentation time, failure to utilize pentoses and inhibition
of the fermenting organisms are limitations of the biologi-
cal pre-treatment methods (Viswanath et al. 2014). Fungi
belonging to Basidiomycetes are reported to degrade lignin
at a higher rate and are most effective for biological pre-
treatment (Cadete et al. 2017). Fungi like Phanerochaete
chrysosporium, Phanerochaete sordida, Aspergillus terreus,
Ceriporia sp., Lentinus squarrosulus, Lentinula edodes,
Trichoderma sp., Cyathus stercoreus, Trametes pubescens,
Penicillium camemberti, Pleurotus sp., Ceriporiopsis sub-
vermispora and Phellimus pini are commonly used for SCB
degradation (Cadete et al. 2017). Likewise, SCB pre-treat-
ment using bacteria showed higher lignin degradation due to
easier genetic manipulation and tolerance to stressful envi-
ronmental conditions. Ceriporiopsis and Mycobacterium
are able to utilize and degrade lignin from agro-residues as
sole carbon source, prior to cellulose (Shukla et al. 2023).

Newer innovative methods capable of acting on the three
main constituents of lignocellulose have been recently
implemented (Shukla et al. 2023; Tyagi et al. 2019). This
involves the development of an optimal reaction rate for
efficient SCB hydrolysis and adding different types of
chemicals (organic solvents, acids. alkali, or ionic liquids)
to the reaction mixture. This can enhance the reaction rate
and reduce the reaction time for SCB hydrolysis (Tu and
Hallett 2019; Haldar and Purkait 2020; Tyagi et al. 2019;
Ajala et al. 2021; Mujtaba et al. 2023; Shukla et al. 2023).
For example, Nath et al. (2021) reported maximum deligni-
fication efficiency and cellulose hydrolysis from SCB bio-
mass by employing organic solvent treatment and adding
NaOH. Bala and Singh (2019) reported 76.4% delignifica-
tion of SCB using Sporotrichum thermophile BJAMDUS
at 45°C. Likewise, Pycnoporus sanguineus significantly
reduced lignin content from 12.9 to 6.5% (Hernandez et al.
2017). Ball milling and alkali combination is considered an
effective method for SCB hydrolysis, resulting in 62.5%
cellulose, 18.8% hemicellulose and 18.4% lignin hydroly-
sis (Huang et al. 2019). In another study, combining alkali
and hydroxymethyl reagents increased glucan and xylan
production (Jin et al. 2020). Such an integrated combined
treatment process can effectively increases carbohydrate
recovery and promotes the enzymatic action on lignocel-
lulose by removing recalcitrant lignin (Shukla et al. 2023).
Table 1 summarizes the different pre-treatment methods
used for SCB hydrolysis.

The primary goal of all of the aforementioned is to dis-
rupt the SCB complex structure and hydrolysis of cellu-
loses, hemicelluloses, and lignin into simple sugars that are
subsequently used for fermentation.

Saccharification of SCB

Enzymatic hydrolysis of pre-treated biomass is essential to
release sugars for further fermentation (Tyagi et al. 2019).
Cellulose obtained after pre-treatment of SCB is further
hydrolyzed by microbial fermentation or cellulases. Cellu-
lase and cellobiase from Trichoderma reesei are used for
the SCB hydrolysis after alkaline de-lignification (Krishnan
et al. 2010). Hernandez-Salas et al. (2009) also used a com-
bination of commercial enzymes such as Celluclast, Novo-
zymes, and Viscozyme L. to process SCB. The cellulase
action on ammonia-pre-treated bagasse with sodium azide
and citrate buffer gave maximum sugar yield (Mohagheghi
et al. 2002). Various other methods, such as dilute acid
and ultrasonic waves were carried out to obtain sugar-rich
hydrolysates from cellulose hydrolysis (Ajala et al. 2021).
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Table 1 Summary of different Pre-treatment Types Principle of the process specific to SCB References
pre-treatment methods used for method hydrolysis
SCB hydrolysis Physical Mechanical It involves grinding of SCB into 15-30 mm size ~ Kumar and
comminution and then milling it further to 0.2-2.0 mm size, Sharma
2017
Pyrolysis It involves heating of SCB between 500 °C and ~ Kumar and
800 °C in the absence of oxidizing agent which ~ Sharma
generates char and oil in addition with other 2017
gaseous by-products
Thermal treatment It involves heating of SCB at 150-180 °C under  Sendelius
high pressure of 5 MPa to sequentially solubilize 2005
hemicelluloses and lignin
Wet oxidation It involves two step reaction of SCB in which it is Ramos et
process allowed to react with water at different tempera-  al. 2003
tures in the presence of oxygen
Chemical H,SO, It involves hydrolysis of SCB resulting in produc- Pattra et
tion of 4.5 g/L of total sugar and 0.12 g/L of al. 2008
furfural
NaOH It involves treatment of SCB with 1-3% NaOH Mohan et
stimulated maximum dissolution of hemicellulose al. 2006
and lignin to release sugars with higher yield
Organic solvent, It involves SCB pre-treatment at 80-120 °C for ~ Hilares et
e.g. Glycerol 60 min with 68.5% digestibility and 0.57 g/L al. 2017
ethanol yield.
Choline chloride/ It involves application of 20 kHz frequency in Sharma et
glycerol and combination with mentioned deep eutectic sol- al. 2022
sorbitol vents to yield 276.8 mg/g of sugar from SCB
Physicochemical Steam explosion It involves improving the enzymatic hydrolysis Wilkins et
of SCB to ~90% after pre-treatment by steam al. 2007
explosion
Ammonia fiber It involves treatment of SCB with ammonia at Vermaas et
explosion method a high temperature and pressure followed by al. 2015
gradual decrease in the pressure resulting in
hydrolysis of ester and ether bonds cellulose and
hemicelluloses
Biological Fungus, e.g. It results in degradation of 10% of the hemicel-  Zhao et al.
Phlebia sp lulose and 60% of the lignin in SCB 2008
Bacteria, It results in maximum degradation of lignin and  Shukla et
e.g.Ceriporiopsis  hydrocarbon prior to cellulose al. 2023

Sp

Fermentation of sugars from SCB

Sugar-rich hydrolysate obtained from hydrolysis of lig-
nocellulosic biomass is fermented to produce ethanol.
Pentose-utilizing yeast strains (Azhar et al. 2017) and pen-
tose-non-utilizing yeast strains (Saccharomyces cerevisiae)
have been customarily reported (Dangi et al. 2017) for the
production of alcohol. Recombinant DNA technology has
made the process efficient by constructing genetically engi-
neered microbial strains of S. cerevisiae, Zymomonas mobi-
lis, and Escherichia coli to degrade hexoses and pentoses
from the hydrolysate (Rezende et al. 2011). Concerning
SCB, microbes can utilize whole bagasse or hydrolysate as
substrates for growth. Hernandez-Salas et al. (2009) reported
that the fermentation of cellulosic hydrolysates obtained
from SCB by S. cerevisiae strain yielded 32% alcohol. In
another study, S. cerevisiae fermented SCB hydrolysate to
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produce 8.11 g/L of ethanol (Velmurugan and Muthukumar
2011).

Extremophiles and their ligninolytic
enzymatic system

Extremophilic microbes and their ligninolytic enzymatic
system have proven to increase the hydrolytic performance
of lignocellulosic biomass due to their tolerant to extreme
physico-chemical conditions (Ragauskas et al. 2006; Kasir-
ajan et al. 2021b). The pre-treatment, hydrolysis, and fer-
mentation process for bioenergy production mainly depends
on the reaction system’s extreme conditions of temperature,
pH, and salinity (Zhu et al. 2020). Further, bio-ethanol
production is carried out at elevated temperatures and pH,
typical of the extreme conditions tolerated by extremophiles
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(Finore et al. 2016). In particular, thermophilic microbes
and their enzymes can produce bio-ethanol from lignocel-
lulose (Zhu et al. 2020). Higher hydrolysis rate and low
risk of microbial contamination are the significant advan-
tages attributed to using thermophilic microorganisms (Di
Donato et al. 2019). Extremophilic archaeal genera such as
Pyrococcus and Sulfolobus and bacterial genera Geobacil-
lus, Thermotoga, Thermus, Caldicellulosiruptor and Bacil-
lus are reported to produce cellulase (Berger et al. 2014).
Similarly, xylanases from extremophilic microorganisms
showed maximum activity on hemicelluloses (Cobucci-
Ponzano et al. 2015). Endo-xylanase, acetyl xylan esterase,
and arabinofuranosidase produced by an acidic hot spring
isolate, Acidothermus cellulolyticus 11B, showed high
activity on beech wood xylan (Shahi et al. 2018). Anoxy-
bacillus kamchatkensis NASTPDI13 and Anoxybacillus sp.
3 M produced thermostable alkaline xylanase and thermo-
alkali-acid-solvent tolerant B-xylosidase respectively (Mar-
colongo et al. 2000; Yadav et al. 2018).

Moreover, it is worth mentioning that halophilic enzymes
such as cellulase, xylanase, and laccase from halotolerant
and halophilic microbes are more stable compared to meso-
philic microbes (Zhu et al. 2020). Nesterenkonia sp. amylase
is tolerant to organic solvents and is used to produce ethanol
and butanol (Amiri et al. 2016). For instance, halotolerant
and alkaliphilics Bacillus ligniniphilus L1 is documented to
degrade lignin at pH 9 (Zhu et al. 2017). In another study,
Candida sp., a marine yeast, was used for bio-ethanol pro-
duction using red algae in the presence of 2.5-15% NaCl
(Khambhaty et al. 2013). Chantarasiri (2014) reported the
saccharification of pre-treated cellulose-rich cassava stalk
using halophilic Bacillus methylotrophicus and ethanol pro-
duction using S. cerevisiae TISTR 5111. Yu and Li (2015)
documented the saccharification of corn stover and rice
straw using cellulase from Gracilibacillus sp. strain SK1
under optimum conditions of 60 °C, 12.5% NaCl and pH
8.0. Furthermore, the direct conversion of non-food feed-
stock for the production of bio-ethanol was reported by
Aikawa et al. (2013). In their study, halophilic cyanobacte-
rium Arthrospira platensis was converted to ethanol with-
out pre-treatment or enzymatic hydrolysis using an amylase
positive strain of S. cerevisiae.

Some thermophilic microbes have recently been identi-
fied to readily ferment the pentose and hexose sugars pro-
duced after cellulose, hemicelluloses and lignin hydrolysis
(Arora et al. 2015). Bio-ethanol production is also improved
by using thermophilic strains in the fermentation step,
which can ferment the pentoses and hexoses above 50 °C.
This further aids in evading the energy requirement step for
cooling typically used in case of S. cerevisiae for ethanol
production (Taylor et al. 2009). Figure 1 gives an over-
view of the advantages of extremophilic microorganisms

over physico-chemical and other biological methods used
for pre-treatment of lignocellulosic biomass. On the other
hand, Table 2 represents examples of some representative
extremophilic microbes used for saccharification of SCB for
value-added products.

Haloarchaea and their plant polymer
degrading extremozymes

Haloarchaea are known to produce enzymes, nanoparti-
cles, polyhydroxyalkanoates (PHAs), exopolysaccharides
and pigments encompassing biotechnological applica-
tions (Andrei et al. 2012; Salgaonkar and Braganca 2015;
Amoozegar et al. 2017; Gaonkar and Furtado 2021; Gaonkar
et al. 2023; Alvares and Furtado 2021; Kasirajan and Mau-
pin-Furlow 2021a; Alvares et al. 2023; Moopantakath et al.
2023). Among these, haloarchaeal enzymes are catalytically
stable biocatalysts active at high ionic strengths. Haloarchaea
aid in the conversion of plant and animal-based biomass
by extracellular hydrolytic and oxidoreductase enzymes.
Several reports are available on haloarchaea’s efficiency
in hydrolyzing starch and protein polymers (Amoozegar et
al. 2017). However, meagre reports are there on cellulose,
hemicellulose and lignin degrading haloarchaea (La Cono
et al. 2023). Haloarchaea glycosylate extracellular and sur-
face structural proteins provide robust stability in harsh
conditions (Eichler and Maupin-Furlow 2013). Enzymes
from haloarchaea exhibit the potential to enhance the pro-
duction of renewable fuels. Salt-stable cellulase, xylanase,
and oxidoreductases from haloarchaca could replace the
toxic chemicals or reagents used for the pre-treatment of
lignocellulosic biomass, thus allowing efficient hydrolysis
(Kasirajan and Maupin-Furlow 2021a). This directs the
applicability of halophilic microbes and their enzymes dur-
ing the stages of saccharification, hydrolysis and fermenta-
tion to produce ethanol (Woolard and Irvine 1995).

Cellulose degradation by haloarchaea

Cellulases are essential enzymes involved in the biotransfor-
mation of cellulose into sugars, which are further fermented
to bio-ethanol. Cellulose-degrading enzymes are well-stud-
ied among halotolerant and halophilic bacteria. However,
only limited reports are available on haloarchaeal cellulases.
Since pre-treatment of lignocellulosic biomass is carried out
at extreme temperatures, pH, ionic strength, and in the pres-
ence of ionic liquids, haloarchaeal cellulases can hold great
potential for use in the production of biofuel. Haloarchaea
genomes indicated the presence of glycoside hydrolase or
cellulase gene homologs. Also, functional cellulases active
at high temperatures and alkaline pH have been reported in
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Fig. 1 Advantages of extremophilic microorganisms over conventional pre-treatment and fermentation process for sugarcane bagasse

Table 2 Some representative extremophilic microbes used for saccharification of SCB for value-added products

Strain Potential

References

Virgibacillus salaries BMO2

Humicola brevis var. thermoidea
increased sugar level

Aspergillus fumigatus
delignified bagasse

Bacillus vallismortis MH1

B. aestuarii UE25

Aspergillus clavatus

Clostridium thermocellum DSM 1237

Kluyveromyces marxianus ATCC 36,907

Bacillus lichiniformis

K. marxianus S1.17
Clostridium thermocellum
C. thermocellum

56.8% saccharification of SCB

Enzymatic saccharification of pre-hydrothermally treated SCB resulted in
Recombinant enzymatic saccharification of sugarcane exploded and
Enzymatic saccharification of alkali-pre-treated biomass at 65°C, pH 4.0

Enzymatic saccharification of SCB in the presence of NaCl
Maximum ethanol titer of 0.86 g/l at 60°C
Maximum ethanol yield of 4.19 g/100 g biomass at 43°C

Enzymatic saccharification of alkali pre-treated SCB
Maximum ethanol titer of 5.59 g/l at 40°C after 132 h
Maximum ethanol titer of 1.21 g/l at 60°C

Maximum ethanol titer of 10.60 mM at 55°C

Yousef and Mawad
2023

de Almeida et al.
2022

Bernardi et al. 2021
Ejaz et al. 2021

Pasin et al. 2020
Liu et al. 2020

de Araujo Guilherme
etal. 2019

Tariq et al. 2018
Jutakanoke et al. 2017
Nisha et al. 2017
Buetal. 2017

haloarchaea (Kasirajan and Maupin-Furlow 2021a). Halo-
arcula 2TK2 isolated from the solar saltern of Turkey pro-
duced cellulase active at 25°C, pH 7, and 2.5 M NaCl (Ogan
et al. 2012). Haloarcula sp. LLSG7 and Haloarcula sp.
G10 retrieved from the saline soil of Salt Lake, Yuncheng,
China, are reported to secrete endoglucanases (Li and Yu
2013a, b). The enzyme from strain LLSG7 hydrolyzed car-
boxymethylcellulose optimally at 50 °C, pH 8.0 and 20%
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NaCl and showed maximal activity with soluble cellulosic
substrate, 4-nitrophenyl-B-D-glucopyranoside (pNPG) and
cellobiose. Further, the cellulase was utilized for hydrolysis
of alkali-pre-treated rice straw between pH 7 to 11, which
was later fermented for bio-ethanol production for 30 h with
a maximal yield of 10.7 g/L (Li and Yu 2013b). While cel-
lulase from Haloarcula sp. G10 is maximally active in the
presence of 17.5% NaCl at 60 °C and pH 9.0. Nercessian et
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al. (2015) reported cellulase from Haloarcula vallismortis
and Halobacterium piscisalsi active at 19.5% NaCl. Halo-
archaea Natronobiforma cellulositropha, Halorhabdus and
Haloarcula were found to grow on insoluble cellobiose and
soluble glucans and xylan (Sorokin et al. 2018). This find-
ing holds promise for isolating new enzymes that can act
on insoluble cellulose, which forms one of the components
in lignocellulosic biomass. Cellulase from Haloarcula sp.
CKT3 was characterized, and recombinant expression of
putative endo-1,4-B-glucanase gene of CKT3 strain in E.
coli BL21(DE3) was performed to obtain highly pure, active
and robust industrial enzyme for such industrial applications
(Safak et al. 2020). A new sponge associated with Haloferax
sulfurifontis GUMFAZ?2 exhibited extracellular cellulase
activity with the ability to degrade insoluble cellulose to
produce soluble sugars (Malik and Furtado 2019a). The cel-
lulase fractions from this haloarchaeon are worth pursuing
because of their stability at 5 M NaCl. The same authors
have studied the haloextremozyme cellulase from Halomi-
croarcula pellucida GUMFS isolated from Dead Sea sedi-
ments and degraded Whatman No. 1 filter paper implicating
the possible use of this enzyme to degrade cellulosic-rich
waste (Malik and Furtado 2022).

Hemicellulose degradation by haloarchaea

Hemicellulose has an amorphous structure and is linked
to cellulose. Different types of hexoses, pentoses, pheno-
lic acids, and sugar acids form the building unit of hemi-
cellulose (Scheller and Ulvskov 2010). The metabolism
of pentoses (L-arabinose and D-xylose) is well studied in
bacteria. Archaea’s first D-xylose metabolic pathway is well
described in the haloarchaeon Haloferax volcanii (Johnsen
et al. 2013). Multiple types of hemicellulases catalyzed the
depolymerization of hemicelluloses. This includes ester-
ases, glycoside hydrolases, glycan hydrolases, D-xylanases,
D-galactanases, D-mannanases and L-arabinases. These
enzymes have bleaching properties, hence find applications
in the pulp and paper industry (Walia et al. 2017). Econom-
ics during lignocellulosic materials processing for the fuels
and chemicals synthesis can be improved by optimized use
of xylanases. Production of xylanolytic enzymes by hyper-
thermophilic archaea Pyrodictium abyssi and Thermococ-
cus zilligii strain AN1 are reported (Uhl and Daniel 1999;
Andrade et al.2001). Among haloarchaea, Haloarcula uta-
hensis is known to produce xylanases (Waing and Ingvorsen
2003). The produced B-xylanase and B-xylosidase are ther-
mostable at 55-70°C and active at 3.5 M NaCl. Malik and
Furtado (2019b) successfully isolated sponge-associated
Halorubrum saccharovorum strain GUMFASI1 and Halo-
coccus thailandensis strain GUMFAS7 exhibiting 4.791 and
8.714 U/mg of cellulase-free xylanase activity, respectively.

Xylanase from GUMFAS7 showed optimum activity at pH
5,37 °C and 20% NaCl.

Lignin degradation by haloarchaea

Lignin-degrading enzymes from halophilic microorgan-
isms have gained interest in the bio-industry to treat waste
streams containing high salts and organic solvents (Geng
and Li 2002). Among these enzymes, laccase degrades lig-
nin through a free radical mechanism by generating hydroxyl
radicals, depolymerizing non-phenolic and phenolic lignin
polymer, and mineralizing the insoluble lignin (Datta et
al. 2017). Uthandi et al. (2010) purified and characterized
an extracellular laccase from the haloarchacon H. volca-
nii. This multicopper oxidase was secreted into the culture
medium of a genetically engineered H. volcanii strain over-
expressing the lccA gene (Uthandi et al. 2010). The same
authors altered the encoding lcc4 gene by modifying the
Tat motif from arginine to lysine residues or removing the
coding sequence for the N-terminal pro-peptide. They puri-
fied LccA as 74 kDa from recombinant E. coli with a yield
of 54%. Overall, the LccA enzyme has bilirubin oxidase
and laccase activities and is a target for different industrial
applications (Uthandi et al. 2012). Kasirajan et al. (2021b)
reported the methods used to design a recombinant strain
of H.volcanii to produce a laccase with the help of HvLccA
laccase as the example (UniProt D4GPK6, Gene locus tag
HVO_B0205). Although very few reports exist on halo-
archaeal lignocellulolytic enzymes, their existence holds
excellent potential for biofuel production (Table 3).

Recent advancements in plant polymer
degrading extremozymes from haloarchaea

Generally, a group of carbohydrate-active enzymes
(CAZymes) is responsible for the degradation of poly-
saccharides (Drula et al. 2022). Among carbohydrates,
cellulose is one of Earth’s most highly predominant poly-
saccharides (Uusi-Tarkka et al. 2021). Although enzymes
and mechanisms involved in the degradation of cellulose
are well-studied for bacteria and fungi, they are unexplored
in haloarchaea (Elcheninov et al. 2023). Recently, members
of haloarchaea were discovered with novel metabolic path-
ways capable of growing and utilizing insoluble cellulose.
Glucose is the only product obtained after cellulose hydro-
lysis, which is further oxidized in haloarchaea by modified
glycolysis, semi-phosphorylative Entner-Doudoroff and
Canonical glycolysis pathways. Advances in technologies
for sequence analysis resulted in the maximum availability
of genome sequences from culturable and non-culturable
haloarchaea. This has set a benchmark for revealing the

@ Springer



Environmental Sustainability

Table 3 Summary of different members of haloarchaea possessing lignocellulolytic activity

Haloarchaea Lignocel-  Characteristics References
lulolytic
system
Halomicroarcula pellu- Cellulase  Degradation of Whatman No. 1 filter paper and could be used to degrade cel- Malik and
cida GUMF5 lulosic waste Furtado 2022
Haloferax sulfurifontis Cellulase  Cellulase stability at 5 M NaCl and ability to degrade insoluble cellulose to Malik and
GUMFAZ2 soluble sugars Furtado 2019a
Natronobiforma cellu- Cellulase  Strain capable of utilizing insoluble cellobiose and soluble glucans and xylan Sorokin et al.
lositropha, Halorhabdus and 2018
Haloarcula
Haloarcula vallismortis and ~ Cellulase  Active at 19.5% NaCl Nercessian et
Halobacterium piscisalsi al. 2015
Haloarcula sp. LLSG7 Cellulase =~ Maximum activity at 50 °C, pH 8.0 and 20% NaCl and hydrolysed rice straw Liand Yu
between pH 7.0 to 11.0 and fermented for bio-ethanol production at 30 h witha  2013a
maximal yield of 10.7 g/L
Haloarcula sp. G10 Cellulase ~ Maximally active in the presence of 17.5% NaCl at 60 °C and pH 9.0 and organic Li and Yu
solvent tolerant property 2013b
Haloarcula 2TK2 Cellulase  Active at 25°C, pH 7 and 2.5 M NacCl and could be used for cellulose degrada- Ogan et al.
tion in hypersaline waste water 2012.
Halorubrum saccharovo- Xylanase  Exhibited 4.791 and 8.714 U/mg of cellulase-free xylanase activity, respectively ~Malik and
rum strain GUMFAS]1 and from both the strains. GUMFAS7 xylanase showed optimum activity at pH 5, Furtado 2019b
Halococcus thailanden- 37 °C, and 20% NaCl
sis strain GUMFAS7
Haloferax volcanii Xylanase ~ Multicopper oxidase that was secreted into the culture medium of a genetically ~ Uthandi et al.
engineered H. volcanii strain overexpressing the /ccA gene and is a target for dif- 2012
ferent industrial applications
Haloarcula utahensis Xylanase  Thermostable at 55-70°C and activity at 3.5 M NaCl and 0.002% NaCl Waine and
Ingvorsen 2003

different mechanisms involved in cellulose hydrolysis in
haloarchaea by performing comparative genomic analysis
(Elcheninov et al. 2023). Recently, comparative genomic
analysis was performed to reveal cellulose metabolism in
haloarchaea. The study used 155 cultivated halo (natrono)
archaea including Halosimplex, Halomicrobium, Halococ-
coides, Natronobiforma, Natrarchaeobius and Natronolim-
nobius. The DNA was extracted and sequenced using the
[llumina sequencing method, followed by genome assembly
analysis. It was found that many cellulases were encoded
in the haloarchaeal genome, which surprisingly showed
the presence of GH5, GH9, and GH12 families of cellu-
lase genes overrepresented in the genome of cellulotrophic
haloarchaea. The results clarified the patterns in the genome
depicting the ability of haloarchaea to utilize cellulose
(Elcheninov et al. 2023). Furthermore, a comparative anal-
ysis of CAZymes and available information on cultivable
haloarchaea confirmed the ability of haloarchaea to degrade
cellulose efficiently. This perspective can support the capac-
ity of haloarchaea to produce CAZymes with possible appli-
cations for biofuel production from lignocellulosic residues.
The role of such enzymes can be predicted in the sequential
steps of pre-treatment of biomass, which is usually carried
out using ionic liquids or alkali salts (Zavrel et al. 2009).
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Prototype for seawater-based fermentation
by haloarchaea for production of 2G bio-
ethanol from SCB

Physico-chemical and biological processes are extensively
studied and used for pre-treatment, hydrolysis, and fermen-
tation of SCB to produce bio-cthanol. However, all these
methods suffer disadvantages such as high consumption of
chemicals, generation of toxic byproducts and variations in
process conditions. Recently, high consumption of potable
freshwater for biomass conversion was reported as one of
the significant hurdles for water safety and economics of
the process (Indira and Jayabalan 2020; Dev et al. 2022;
Scapini et al. 2022). As per the report, 15-200 million gal-
lons of fresh water was consumed for 50 million gallons
of ethanol produced yearly (Indira and Jayabalan 2020).
Additionally, process efficiency is indirectly related to the
processes that were carried out in the presence of extreme
temperature, pH, and high salt concentration, which add to
the cost of the bio-fuels and affect the sugar content of the
hydrolysate, resulting in low yield (Kasirajan and Maupi-
Furflow 2021a). Secondly, such cumulative harsh condi-
tions used during processing can halt the maximum activity
of some microbes. Studies are being carried out to reduce
the water footprint by substituting potable freshwater with
seawater (Scapini et al. 2022). For these reasons, the present
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study hypothesizes to prepare a prototype using potential
lignocellulolytic haloarchaea for efficient pre-treatment and
hydrolysis of SCB to produce bio-ethanol. There are few
reports on the utilization of SCB as renewable and cheap
substrates by haloarchaea for the biosynthesis of PHA (Sal-
gaonkar and Braganca 2015) and cellulase/xylanase (Malik
2020), while it is yet to be explored for the 2G bio-ethanol
production by using haloarchaea. The haloarchaeal cultures
and their enzymes are extremely halophilic and stable at ele-
vated temperatures in the presence of organic solvents and
a combination of these conditions (Amoozegar et al. 2017,
Gaonkar and Furtado 2020, 2021; Malik 2020).

The prototype developed in the present study (Fig. 2)
shows all the stages, from primary sugarcane cultivation in
farmland areas to harvesting, transportation, and process-
ing in the factory to develop significant products such as
sugar and jaggery. The leftover SCB residues can further
be processed for bio-ethanol production using haloarchaca
or their extremozymes in a seawater-based medium. The
pre-treatment, hydrolysis, and fermentation of biomass
are targeted to produce bio-ethanol using haloarchaea and
ethanologenic yeast species. The yield of bio-ethanol, if
regulated, can be used to form other by-products such as
animal feed and bio-fertilizer. The animal feed generated
can be directly marketed or used as fodder for farm animals
near sugarcane farmland areas, wherein the excreta of the
animals can be used as manure, thus completing the cycle.
Meanwhile, the biofertilizers obtained can be marketed or
used as bio-stimulants for sugarcane cultivation. The final
bio-ethanol can have colossal market value or be recircu-
lated in the processing chain to run the different biorefinery

steps, thus aiming towards a bio-based circular economy
with zero-waste generation.

Recommendations and future perspectives

Biotransformation of lignocellulosic-rich residues to bio-
ethanol using halophilic microbes is still under development
and is facing several limitations and challenges. However, it
gives new initiatives for researchers, industrialists, and sci-
entists to address these tasks in future research. Using halo-
philic archaea for lignocellulosic biomass pre-treatment,
hydrolysis, and fermentation for bio-ethanol production by
biorefinery approach can address the environmental, social,
and economic issues sustainably (Kasirajan et al. 2021b).
Recent reports demonstrated the pathways in halophiles
for biofuel production, and their numbers are expected to
grow in the future (Amoozegar et al. 2019; La Cono et al.
2023; Zhu et al. 2020). Future studies are needed to get
novel cellulases, xylanases, and laccases from haloarchaea,
which can degrade lignocellulose without the pre-treatment
process (La Cono et al. 2023). However, the significant
bottlenecks of the proposed model in the present study are
difficulties associated with the low productivity of the tar-
geted product and the requirement of optimum NaCl con-
centration for attaining high cell density. This necessitates
the corrosion resistance production equipment, contribut-
ing to a non-economical process. Further, synthetic biology
and multi-omics approaches have been studied to discover
a vast array of novel extremophiles and extremozymes,
especially CAZymes from haloarchaea (Elcheninov et al.
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2023; La Cono et al. 2023; Zhu et al. 2020). A high potential
exists, but many parameters and aspects must be persua-
sively developed and validated for a full-fledged zero-waste
circular biomass-based economy using haloarchaea in bio-
ethanol production.

Conclusion

The capability of haloarchaea to degrade recalcitrant plant
polymers is of considerable interest for understanding their
role in mineralizing organic matter in the environment. This
is extremely helpful for obtaining novel salt-stable extracel-
lular CAZymes that could play an essential role in biofuel
production from lignocellulosic waste. This will overcome
the excessive use of alkali, salt, or ionic liquids during the
pre-treatment process of biomass degradation. The pro-
posed circular biomass-based economy approach for SCB
hydrolysis emphasizes economic, social and environmental
advantages for bio-ethanol production using haloarchaea.
Secondly, the prototype of haloarchaca for SCB fermenta-
tion can set a benchmark for studying the degradation of
other lignocellulosic biomass to generate value-added prod-
ucts. In conclusion, biotransformation of lignocellulosic-
rich SCB into biofuel via microbial fermentation process
will solve an issue relevant to Sustainable Development
Goals (SDGs) 8, 9, 12 and 13 corresponding to ‘Decent
work and Economic growth,” ‘Industry, Innovation and
Infrastructure,” ‘Responsible consumption and production’
and ‘Climate action’ respectively, thus highlighting eco-
nomic growth and environmental sustainability.

Acknowledgements The author, SG is grateful to his Mentor and
Ph.D. Supervisor Late Prof. Irene J. Furtado (Professor in Microbiol-
ogy, Goa University) for proposing the idea of using haloarchaea as a
futuristic model for bio-ethanol production from sugarcane bagasse.

Funding Not applicable.
Data availability Not applicable.

Code Availability Not applicable.

Declarations

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare that they have no conflict
of interest.

@ Springer

References

Aikawa S, Joseph A, Yamada R, Izumi Y, Yamagishi T, Matsuda F,
Kondo A (2013) Direct conversion of Spirulina to ethanol without
pretreatment or enzymatic hydrolysis processes. Energy Environ
sci 6(6):1844—1849

Ajala EO, Ighalo JO, Ajala MA, Adeniyi AG, Ayanshola AM (2021)
Sugarcane bagasse: a biomass sufficiently applied for improving
global energy, environment and economic sustainability. Biore-
sour Bioprocess 8(1):1-25

Alvares JJ, Furtado 1J (2021) Anti-pseudomonas Aeruginosa bio-
film activity of tellurium nanorods biosynthesized by cell lysate
of Haloferax alexandrinus GUSF-1 (KF796625) BioMetals.
34(5):1007-1016

Alvares JJ, Gaonkar SK, Naik CC, Asogekar P, Furtado 1J (2023)
Characterization of Mn;0,-MnO, nanocomposites biosynthe-
sized by cell lysate of Haloferax alexandrinus GUSF-1. J Basic
Microbiol 1-11

Amiri H, Azarbaijani R, Yeganeh LP, Fazeli AS, Tabatabaei M, Sale-
kdeh GH et al (2016) Nesterenkonia sp. strain F, a halophilic
bacterium producing acetone, butanol and ethanol under aerobic
conditions. Sci Rep 6:1-10. https://doi.org/10.1038/srep18408

Amoozegar MA, Siroosi M, Atashgahi S, Smidt H, Ventosa A (2017)
Systematics of haloarchaea and biotechnological potential of
their hydrolytic enzymes. Microbiology 163(5):623—645. https://
doi.org/10.1099/mic.0.000463

Amoozegar MA, Safarpour A, Noghabi KA, Bakhtiary T, Ventosa
A (2019) Halophiles and their vast potential in biofuel pro-
duction. Front Microbiol 10:1895. https://doi.org/10.3389/
fmicb.2019.01895

Andrade CM, Aguiar WB, Antranikian G (2001) Physiological
aspects involved in the production of xylanolytic enzymes by
deep-sea hyperthermophilic archaeon Pyrodictium abyssi. Appl
Biochem Biotech 91-93:655-669. https://doi.org/10.1385/
abab:91-93:1-9:655

Andrei A, Banciu HL, Oren A (2012) Living with salt: meta-
bolic and phylogenetic diversity of archaea inhabiting saline
ecosystems. FEMS Microbiol Lett 330(1):1-9. https://doi.
org/10.1111/j.1574-6968.2012.02526.x

Arora NK, Panosyan H (2019) Extremophiles: applications and roles
in environmental sustainability. Environ Sustain 2:217-218

Arora R, Shuvashish B, Sachin K (2015) Bioprospecting thermophilic/
thermotolerant microbes for production of lignocellulosic etha-
nol: a future perspective. Renew Sustain Energy Rev 51:699¢717

Azhar SHM, Abdullaa R, Jambo SA, Marbawi H, Gansau JA, Mohd
Faik AA, Francis Rodrigues KF (2017) Yeasts in sustainable bio-
ethanol production: a review. Biochem Biophys Rep 10:52—-61

Bagewadi ZK, Mulla SI, Ninnekar HZ (2018) Optimization of
endoglucanase production from Trichoderma harzianumstrain
HZN11 by central composite design under response surface
methodology. Biomass Conv Bioref. https://doi.org/10.1007/
$13399-017-0285-3

Bala A, Singh B (2019) Development of an environmental-benign
process for efficient pretreatment and saccharification of Saccha-
rum biomasses for bioethanol production. Renew Energy 12-24.
https://doi.org/10.1016/j.renene.2018.06.033

Banu JR, Kavitha S, Tyagi VK, Gunasekaran M, Karthikeyan OP,
Kumar G (2021) Lignocellulosic biomass based biorefin-
ery: a successful platform towards circular bioeconomy. Fuel
302:121086

Berger E, Ferreras E, Taylor MP, Cowan DA (2014) Extremophiles
and their use in biofuel synthesis. Industrial Biocatalysis. Pan
Stanford Publishing Pte. Ltd, p 239¢282

Bernardi AV, Gerolamo LE, Uyemura SA, Dinamarco TM (2021) A
thermophilic, pH-tolerant, and highly active GH10 xylanase from


https://doi.org/10.1038/srep18408
https://doi.org/10.1099/mic.0.000463
https://doi.org/10.1099/mic.0.000463
https://doi.org/10.3389/fmicb.2019.01895
https://doi.org/10.3389/fmicb.2019.01895
https://doi.org/10.1385/abab:91-93:1-9:655
https://doi.org/10.1385/abab:91-93:1-9:655
https://doi.org/10.1111/j.1574-6968.2012.02526.x
https://doi.org/10.1111/j.1574-6968.2012.02526.x
https://doi.org/10.1007/s13399-017-0285-3
https://doi.org/10.1007/s13399-017-0285-3
https://doi.org/10.1016/j.renene.2018.06.033

Environmental Sustainability

Aspergillus Fumigatus boosted pre-treated sugarcane bagasse
saccharification by cellulases. Ind Crops Prod 170:113697

Bibra M, Wang J, Squillace P, Pinkelman R, Papendick S, Schneider-
man S, Wood V, Amar V, Kumar S, Salem D, Sani RK (2015) Bio-
fuels and value-added products from extremophiles. Advances in
Biotechnology, chapter: 2. I.K. International Publishing House,
Publisher, p 17e51

Braganca JM, Furtado I (2009) Isolation and characterization of Halo-
archaea from low-salinity coastal sediments and waters of Goa.
Curr Sci (00113891), 96(9)

Bu J, Tian QQ, Zhu MJ (2017) Enhanced biodegradation of Sugar Cane
Bagasse by Coculture of Clostridium thermocellum and Thermo-
anaerobacterium aotearoense supplemented with CaCO;. Energy
Fuels 31:9477-9483

Cadete RM, Lopes MR, Rosa CA (2017) Yeasts associated with
decomposing plant material and rotting wood. In: Buzzini P,
Lachance MA, Yurkov A (eds) Yeasts in natural ecosystems:
diversity. Springer, Cham

Chandel AK, Antunes FF, Anjos V, Bell MJ, Rodrigues LN, Singh OV,
da Silva SS (2013) Ultrastructural mapping of sugarcane bagasse
after oxalic acid fiber expansion (OAFEX) and ethanol produc-
tion by Candida Shehatae and Saccharomyces cerevisiae. Bio-
technol Biofuels 6:4

Chantarasiri A (2014) Novel halotolerant cellulolytic Bacillus methy-
lotrophicus RYCO01101 isolated from ruminant feces in Thailand
and its application for bioethanol production. Appl Sci Eng Prog
7(3):63-68

Cobucci-Ponzano B, Strazzulli A, Iacono R, Masturzo G, Giglio R,
Rossi M, Moracci M (2015) Novel thermophilic hemicellulases
for the conversion of lignocellulose for second generation biore-
fineries. Enzym Microb Technol 78:63¢73

Dangi AK, Dubey KK, Shukla P (2017) Strategies to improve Saccha-
romyces cerevisiae: technological advancements and evolution-
ary engineering. Indian J Microbiol 57:378-386

Datta R, Kelkar A, Baraniya D, Molaei A, Moulick A, Meena RS, For-
manek P (2017) Enzymatic degradation of lignin in soil: a review.
Sustainability 9(7):1163. https://doi.org/10.3390/su9071163

de Almeida AP, Vargas IP, Marciano CL, Zanoelo FF, Giannesi GC, de
Moraes MDLT, Masui DC (2022) Investigation of biochemical
and biotechnological potential of a thermo-halo-alkali-tolerant
endo-xylanase (GH11) from Humicola brevis var. Thermoidea for
lignocellulosic valorization of sugarcane biomass. Biocatal Agric
Biotechnol 44:102424

de Araujo Guilherme A, Dantas PVF, Padilha CEA, dos Santos ES, de
Macedo GR (2019) Ethanol production from sugarcane bagasse:
use of different fermentation strategies to enhance an environ-
mental-friendly process. J Environ Manag 234:44-51

Dev B, Bakshi A, Paramasivan B (2022) Prospects of utilizing seawa-
ter as a reaction medium for pretreatment and saccharification of
rice straw. Chemosphere 293:133528

Devi A, Bajar S, Kour H, Kothari R, Pant D, Singh A (2022) Lignocel-
lulosic biomass valorization for bioethanol production: a circular
bioeconomy approach. Bioenergy Res 1-22

Dharmaraja J, Shobana S, Arvindnarayan S, Vadivel M, Atabani AE,
Pugazhendhi A, Kumar G (2020) Biobutanol from lignocellulosic
biomass: bioprocess strategies. Lignocellulosic biomass to liquid
biofuels. Academic, pp 169—193

Di Donato P, Finore I, Poli A, Nicolaus B, Lama L (2019) The produc-
tion of second generation bioethanol: the biotechnology potential
of thermophilic bacteria. J Clean prod 233:1410-1417

Drula E, Garron ML, Dogan S, Lombard V, Henrissat B, Terrapon
N (2022) The carbohydrate-active enzyme database: functions
and literature. Nucleic Acids Res 50:D571-D577. https://doi.
org/10.1093/nar/gkab1045

Eichler J, Maupin-Furlow J (2013) Post-translation modifica-
tion in Archaea: lessons from Haloferax volcaniiand other

haloarchaeca. FEMS Microbiol Rev 37(4):583—-606. https://doi.
org/10.1111/1574-6976.12012

Ejaz U, Shazad Y, Hassan M, Sohail M (2021) Statistical optimization
of saccharificaion of carbohydrate content of alkali pretreated
sugarcane bagasse by enzyme cocktail produced by Bacillus val-
lismortis MH 1 and Bacillus aestuarii UE25. Carbohydr Polym
Technol Appl 2: 100174

Elcheninov AG, Ugolkov YA, Elizarov IM, Klyukina AA, Kublanov
IV, Sorokin DY (2023) Cellulose metabolism in halo (natrono)
archaea: a comparative genomics study. Front Microbiol
14:1112247

Finore I, Poli A, Di Donato P, Lama L, Trincone A, Fagnano M, Mori
M, Nicolaus B, Tramice A (2016) The hemicellulose extract from
Cynara cardunculus: a source of value-added biomolecules pro-
duced by xylanolytic thermozymes. Green Chem 18:2460e2472.
https://doi.org/10.1039/C5GC02774H

Gaonkar SK, Furtado 1J (2018) Isolation and culturing of protease-and
lipase-producing Halococcus Agarilyticus GUGFAWS-3 from
marine Haliclona sp. inhabiting the rocky intertidal region of
Anjuna in Goa, India. Ann Microbiol 68:851-861

Gaonkar SK, Furtado 1J (2020) Characterization of extracellular pro-
tease from the haloarcheon Halococcus sp. strain GUGFAWS-3
(MF425611). Curr Microbiol 77:1024-1034

Gaonkar SK, Furtado 1J (2021) Valorization of low-cost agro-wastes
residues for the maximum production of protease and lipase halo-
extremozymes by HaloferaxlucentensisGUBF-2 MG076878.
Process Biochem 101:72-88

Gaonkar SK, Alvares JJ, Furtado 1J (2023) Recent advances in the pro-
duction, properties and applications of haloextremozymes prote-
ase and lipase from haloarchaea. World J Microbiol Biotechnol
39(11):322

Geddes CC, Peterson JJ, Roslander C, Zacchi G, Mullinnix MT, Shan-
mugam KT, Ingram LO (2010) Optimizing the saccharification
of sugar cane bagasse using dilute phosphoric acid followed by
fungal cellulases. Bioresour Technol 101:1851-1857

Geng X, Li K (2002) Degradation of non-phenolic lignin by the
white-rot fungus pycnoporus cinnabarinus. Appl Microbiol Biot
60:342-346

Haldar D, Purkait MK (2020) Lignocellulosic conversion into value-
added products: a review. Process Biochem 89:110-133

Hernandez CA, Ziarelli F, Gaime I, Farnet Da Silva AM, Garcia G,
Garcia-Pérez JA, Gutiérrez-Rivera B, Alarcon E (2017) Chemi-
cal and biological pretreatments on sugarcane bagasse to enhance
its enzymatic hydrolysis. ChemistrySelect 15:4213-4218. https://
doi.org/10.1002/s1ct.201700425

Hernandez-Salas JM, Villa-Ramirez MS, Veloz-Rendon JS, Rivera-
Hernandez KN, Gonzalez-Cesar RA, Plascencia-Espinosa
MA, Trejo-Estrada SR (2009) Comparative hydrolysis and fer-
mentation of sugarcane and agave bagasse. Bioresour Technol
100:1238-1245

Hilares RT, Swerts MP, Ahmed MA, Ramos L, da Silva SS, Santost JC
(2017) Organosolv pretreatment of sugar cane bagasse for bio-
ethanol production. Ind Eng Chem Res 56:3

Holechek JL, Geli HM, Sawalhah MN, Valdez R (2022) A global
assessment: can renewable energy replace fossil fuels by 20507
Sustainability 14(8):4792

Huang J, Zhu Y, Liu T, Sun S, Ren J, Wu A et al (2019) A novel wet-
mechanochemical pretreatment for the efcient enzymatic sac-
charifcation of lignocelluloses: small dosage dilute alkali assisted
ball milling. Energy Convers Manag 194:46-54. https:/doi.
org/10.1016/j.enconman.2019.04.078

Indira D, Jayabalan R (2020) Saccharification of lignocellulosic bio-
mass using seawater and halotolerant cellulase with potential
application in second-generation bioethanol production. Biomass
Convers Biorefin 10(3):639-650

@ Springer


https://doi.org/10.1111/1574-6976.12012
https://doi.org/10.1111/1574-6976.12012
https://doi.org/10.1039/C5GC02774H
https://doi.org/10.1002/slct.201700425
https://doi.org/10.1002/slct.201700425
https://doi.org/10.1016/j.enconman.2019.04.078
https://doi.org/10.1016/j.enconman.2019.04.078
https://doi.org/10.3390/su9071163
https://doi.org/10.1093/nar/gkab1045
https://doi.org/10.1093/nar/gkab1045

Environmental Sustainability

Iram M, Asghar U, Irfan M, Huma Z, Jamil S, Nadeem M et al (2018)
Production of bioethanol from sugarcane bagasse using yeast
strains: a kinetic study. Energy Sources Part A: Recovery Util
Environ Eff 40:364-372

Iram A, Cekmecelioglu D, Demirci A (2022) Integrating 1G with
2G Bioethanol production by using distillers’ dried grains with
Solubles (DDGS) as the feedstock for lignocellulolytic enzyme
production. Fermentation 8(12):705. https://doi.org/10.3390/
fermentation8120705

Jin Y, Shi Z, Xu G, Yang H, Yang J (2020) A stepwise pretreatment
of sugarcane bagasse by alkaline and hydroxymethyl reagent for
bioethanol production. Ind Crops Prod 145:112136

Johnsen U, Sutter JM, Zaif3 H, Schonheit P (2013) L-Arabinose deg-
radation pathway in the haloarchacon Haloferax volcaniiinvolves
a novel type of L-arabinose dehydrogenase. Extremophiles
17(6):897-909. https://doi.org/10.1007/s00792-013-0572-2

Jutakanoke R, Tolieng V, Tanasupawat S, Akaracharanya A (2017)
Ethanol production from Sugarcane leaves by Kluyveromyces
marxianus S1.17, a genome-shuffling mediated transformant.
BioResources 12:1636-1646

Karan R, Capes MD, DasSarma S (2012) Function and biotechnology
of extremophilic enzymes in low water activity. Aquat Biosyst
8:1-15

Karan R, Capes MD, DasSarma P, DasSarma S (2013) Cloning,
overexpression, purification, and characterization of a polyex-
tremophilic p-galactosidase from the Antarctic haloarchaeon
Halorubrum lacusprofundi. BMC Biotechnol 13:1-11

Kasirajan L, Maupin-Furlow JA (2021a) Halophilic archaea and their
potential to generate renewable fuels and chemicals. Biotechnol
Bioeng 118(3):1066—-1090

Kasirajan L, Adams Z, Couto-Rodriguez RL, Gal D, Jia H, Mondragon
P, Maupin-Furlow JA (2021b) High-level synthesis and secre-
tion of laccase, a metalloenzyme biocatalyst, by the halophilic
archaeon Haloferax volcanii. Methods in enzymology, vol 659.
Academic, pp 297-313

Khambhaty Y, Upadhyay D, Kriplani Y, Joshi N, Mody K, Gandhi
MR (2013) Bioethanol from macroalgal biomass: utilization of
marine yeast for production of the same. Bioenergy Res 6:188—
195. https://doi.org/10.1007/s12155-012-9249-4

Khoo RZ, Chow WS, Ismail H (2018) Sugarcane bagasse fiber and
its cellulose nanocrystals for polymer reinforcement and heavy
metal adsorbent: a review. Cellulose 25:4303—4330

Konde KS, Nagarajan S, Kumar V, Patil SV, Ranade VV (2021) Sug-
arcane bagasse based biorefineries in India: potential and chal-
lenges. Sustainable Energy Fuels 5(1):52-78

Krishnan C, Sousa LD, Jin MJ, Chang LP, Dale BE, Balan V (2010)
Alkali-based AFEX pretreatment for the conversion of sugarcane
bagasse and cane leaf residues to ethanol. Biotechnol Bioeng
107:441-450

Kumar AK, Sharma S (2017) Recent updates on different methods of
pretreatment of lignocellulosic feedstocks: a review. Bioresour
Bioprocess 4:7

Kyyaly MA, Zaky AS, Powell CD (2016) Production of Baker’s yeast
using seawater-based media. N Biotechnol 33(Supp.).

La Cono V, Messina E, Reva O, Smedile F, La Spada G, Crisafi F,
Yakimov MM (2023) Nanohaloarchaea as beneficiaries of xylan
degradation by haloarchaea. Microbial Biotechnol

Li X, Yu HY (2013a) Halostable cellulase with organic solvent toler-
ance from Haloarculasp. LLSG7 and its application in bioethanol
fermentation using agricultural wastes. J Ind Microbiol Biotechnol
40(12):1357-1365. https://doi.org/10.1007/s10295-013-1340-0

Li X, Yu HY (2013b) Characterization of a halostable endogluca-
nase with organic solvent-tolerant property from Haloarcula sp.
G10. Int J Biol Macromol 62:101-106. https://doi.org/10.1016/j.
ijbiomac.2013.08.047

@ Springer

LiuY, Xie X, Liu W, Xu H, Cao Y (2020) Consolidated bioprocess for
bioethanol production from lignocellulosic biomass using Clos-
tridium thermocellum DSM 1237. BioResources 15:8355-8368

Malik AD (2020) Degradation of Plant Polymers by Cellulase and
Xylanase Haloextremozymes from Marine Haloarchaea (Doc-
toral dissertation, Goa University)

Malik AD, Furtado 1J (2019a) Haloferax sulfurifontisGUMFAZ2
producing xylanase-free cellulase retrieved from Haliclona sp.
inhabiting rocky shore of Anjuna, Goa-India. J Basic Microbiol
59(7):692-700. https://doi.org/10.1002/jobm.201800672

Malik AD, Furtado 1J (2019b) Cellulase-free xylanase by Halococ-
cus thailandensis GUMFAS7 and Halorubrum saccharovorum
GUMFAS1—bionts of a sponge Cinachyrella cavernosa. Micro-
biology 88:212-219

Malik AD, Furtado 1J (2022) Isolation of Halomicroarcula pellucida
strain GUMFS5, an archaeon from the Dead Sea-Israel possessing
cellulase. 3 Biotech 12(1):26

Marcolongo L, La Cara F, Del Monaco G, Paix~ao SM, Alves L,
Marques IP, lonata E (2000) A novel b-xylosidase from Anoxyba-
cillus sp. 3 M towards an improved agro-industrial residues sac-
charification. Int J Biol Macromol 74(1) 69¢80 available on line
at. https://doi.org/10.1016/j.ijbiomac.2018.09.075

Mekonen AG, Berhe GG, Desta MB et al (2024) Production and char-
acterization of briquettes from sugarcane bagasse of Wonji Sugar
Factory, Oromia, Ethiopia. Mater Renew Sustain Energy 13:27-
43, https://doi.org/10.1007/s40243-023-00248-1

Mohagheghi A, Evans K, Chou YC, Zhang M (2002) Cofermentation
of glucose, xylose, and arabinose by genomic DNA-integrated
xylose/arabinose fermenting strain of Zymomonas mobilisAX101.
Appl Biochem Biotechnol 98—100:885-898

Mohan D, Pittman CU, Steele PH (2006) Pyrolysis of wood/biomass
for bio-oil: a critical review. Energy Fuel 20:848-889

Monteiro SN, Candido VS, Braga FO, Bolzan LT, Weber RP, Drelich
JW (2016) Sugarcane bagasse waste in composites for multilay-
ered armor. Eur Polym J 78:173-185

Moopantakath J, Imchen M, Anju VT, Busi S, Dyavaiah M, Martinez-
Espinosa RM, Kumavath R (2023) Bioactive molecules from
haloarchaea: scope and prospects for industrial and therapeutic
applications. Front Microbiol 14:1113540

Moretti JP, Nunes S, Sales A (2018) Self-compacting concrete incor-
porating sugarcane bagasse ash. Constr Build Mater 172:635-649

Mujtaba M, Fraceto L, Fazeli M, Mukherjee S, Savassa SM, de
Medeiros GA, Vilaplana F (2023) Lignocellulosic biomass from
agricultural waste to the circular economy: a review with focus
on biofuels, biocomposites and bioplastics. J Clean Prod 136815

Nasution MH, Lelinasari S, Kelana MGS (2022) A review of sug-
arcane bagasse pretreatment for bioethanol production. In
IOP Conference Series: Earth and Environmental Science
(Vol. 963, No. 1, p. 012014). IOP Publishing. https://doi.
org/10.1088/1755-1315/963/1/012014

Nath P, Maibam PD, Singh S, Rajulapati V, Goyal A (2021) Sequential
pretreatment of sugarcane bagasse by alkali and organosolv for
improved delignification and cellulose saccharification by chi-
mera and cellobiohydrolase for bioethanol production. 3 Biotech
11:1-16. https://doi.org/10.1007/s13205-020-02600-y

Nercessian D, Di Meglio L, De Castro R, Paggi R (2015) Exploring
the multiple biotechnological potential of halophilic microor-
ganisms isolated from two Argentinean salterns. Extremophiles
19:1133-1143

Nisha M, Saranyah K, Shankar M, Saleena LM (2017) Enhanced
saccharification of lignocellulosic agricultural biomass and
increased bioethanol titre using acclimated Clostridium thermo-
cellum DSM1313. Biotech 7(3):35

OECD, Food and Agriculture Organization of the United Nations
(2021) OECD-FAO Agricultural Outlook 2021-2030


https://doi.org/10.1002/jobm.201800672
https://doi.org/10.1016/j.ijbiomac.2018.09.075
https://doi.org/10.1007/s40243-023-00248-1
https://doi.org/10.1088/1755-1315/963/1/012014
https://doi.org/10.1088/1755-1315/963/1/012014
https://doi.org/10.1007/s13205-020-02600-y
https://doi.org/10.3390/fermentation8120705
https://doi.org/10.3390/fermentation8120705
https://doi.org/10.1007/s00792-013-0572-2
https://doi.org/10.1007/s12155-012-9249-4
https://doi.org/10.1007/s10295-013-1340-0
https://doi.org/10.1016/j.ijbiomac.2013.08.047
https://doi.org/10.1016/j.ijbiomac.2013.08.047

Environmental Sustainability

Ogan AYSE, Danis O, Gozuacik A, Cakmar E, Birbir MERAL (2012)
Production of cellulase by immobilized whole cells of Haloar-
cula. Appl Biochem Microbiol 48:440—443

Okolie JA, Nanda S, Dalai AK, Kozinski JA (2021) Chemistry and
specialty industrial applications of lignocellulosic biomass.
Waste Biomass Valoriz 5:2145-2169

Pan S, Zabed HM, Wei Y, Qi X (2022) Technoeconomic and envi-
ronmental perspectives of biofuel production from sugarcane
bagasse: current status, challenges and future outlook. Ind Crops
Prod 188:115684. https://doi.org/10.1016/j.indcrop.2022.115684

Pasin TM, Salgado JCS, Scarcella ASDA, de Oliveira TB, de Lucas
RC, Cereia M, Polizeli MDLTDM (2020) A halotolerant endo-1,
4-B-xylanase from aspergillus clavatus with potential application
for agroindustrial residues saccharification. Appl Biochem Bio-
technol 191:1111-1126

Pattra S, Sangyoka S, Boonmee M, Reungsang A (2008) Bio-hydro-
gen production from the fermentation of sugarcane bagasse
hydrolysate by Clostridium butyricum. Int J Hydrogen Energy
33:5256-5265

Purdy KJ, Cresswell-Maynard TD, Nedwell DB, McGenity TJ, Grant
WD, Timmis KN, Embley TM (2004) Isolation of haloarchaea
that grow at low salinities. Environ Microbiol 6(6):591-595

Ragauskas AJ, Nagy M, Kim DH, Eckert CA, Hallett JP, Liotta CL
(2006) From wood to fuels: integrating biofuels and pulp produc-
tion. Ind Biotechnol 2:55-65

Ramos LP (2003) The chemistry involved in the steam treatment of
lignocellulosic materials. Quim Nova 26:863-871

Rezende CA, de Lima MA, Maziero P, deAzevedo ER, Garcia W,
Polikarpov I (2011) Chemical and morphological characteriza-
tion of sugarcane bagasse submitted to a delignification process
for enhanced enzymatic digestibility. Biotechnol Biofuels 4:1-18

Safak H, Otur C, Kurt-Kizildogan A (2020) Molecular and biochemi-
cal characterization of a recombinant endoglucanase rCKT3eng,
from an extreme halophilic Haloarcula sp. strain CKT3. Int J
Biol Macromol 151:1173-1180

Saini JK, Saini R, Tewari L (2015) Lignocellulosic agriculture wastes
as biomass feedstocks for second-generation bioethanol produc-
tion: concepts and recent developments. 3 Biotech 5:337. https://
doi.org/10.1007/513205-014-0246-5

Salgaonkar BB, Braganca JM (2015) Biosynthesis of poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) by Halogeometricum borin-
quensestrain E3. Int J Biol Macromol 78:339-346. https://doi.
org/10.1016/j.ijbiomac.2015.04.016

Sarker TR, Pattnaik F, Nanda S, Dalai AK, Meda V, Naik S (2021)
Hydrothermal pretreatment technologies for lignocellulosic
biomass: a review of steam explosion and subcritical water
hydrolysis. Chemosphere 131372. https://doi.org/10.1016/j.
chemosphere.2021.131372

Scapini T, Dalastra C, Camargo AF, Kubeneck S, Modkovski TA,
Junior SLA, Treichel H (2022) Seawater-based biorefineries: a
strategy to reduce the water footprint in the conversion of ligno-
cellulosic biomass. Bioresour Technol 344:126325

Scheller HV, Ulvskov P (2010) Hemicelluloses. Annu
Rev  Plant Biol 61:263-289.  https://doi.org/10.1146/
annurev-arplant-042809-112315

Sendelius J (2005) Steam pretreatment optimisation for sugarcane
bagasse in bioethanol production. Sweden: Lund university.
Dissertation

Shabbirahmed AM, Haldar D, Dey P, Patel AK, Singhania RR, Dong
CD, Purkait MK (2022) Sugarcane bagasse into value-added
products: a review. Environ Sci Pollut Res 29(42):62785-62806

Shahi S, Tajwar R, Akhtar MW (2018) A novel trifunctional, family
GHI10 enzyme from Acidothermus cellulolyticus 11B, exhibit-
ing endo-xylanase, arabinofuranosidase and acetyl xylan ester-
ase activities. Extremophiles 22:109. https://doi.org/10.1007/
500792-017-0981-8

Sharma S, Tsai ML, Sharma V, Sun PP, Nargotra P, Bajaj BK, Dong
CD (2022) Environment friendly pretreatment approaches for the
bioconversion of lignocellulosic biomass into biofuels and value-
added products. Environments 10(1):6

Sheikhdavoodi MJ, Almassi M, Ebrahimi-Nik M, Kruse A, Bahrami H
(2015) Gasification of sugarcane bagasse in supercritical water;
evaluation of alkali catalysts for maximum hydrogen production.
J Energy Inst 88(4):450-458

Shukla A, Kumar D, Girdhar M, Kumar A, Goyal A, Malik T, Mohan
A (2023) Strategies of pretreatment of feedstocks for optimized
bioethanol production: distinct and integrated approaches. Bio-
technol Biofuels Bioprod 16(1):44

Sorokin DY, Khijniak TV, Kostrikina NA, Elcheninov AG, Toshcha-
kov SV, Bale NJ, Kublanov IV (2018) Natronobiforma cellu-
lositrophagen. nov., sp. nov., a novel haloalkaliphilic member of
the family Natrialbaceae(class Halobacteria) from hypersaline
alkaline lakes. Syst Appl Microbiol 41(4):355-362. https://doi.
org/10.1016/j.syapm.2018.04.002

Tariq R, Ansari I, Qadir F, Ahmed A, Shariq M, Zafar U, Sohail M
(2018) Optimization of endoglucanase production from thermo-
philic strain of Bacillus licheniformis RT-17 and its application for
saccharification of sugarcane bagasse. Pak J Bot 50(2):807-816

Taylor MP, Eley KL, Martin S, Tuffin MI, Burton SG, Cowan DA
(2009) Thermophilic ethanologenesis: prospects for second-gen-
eration bioethanol production. Trends Biotechnol 27(7):398—405

Tiwari R, Nain L, Labrou NE, Shukla P (2018) Bioprospecting of
functional cellulases from metagenome for second generation
biofuel production: a review. Crit Rev Microbiol 44:244-257

Tu W-C, Hallett JP (2019) Recent advances in the pretreatment of
lignocellulosic biomass. Curr Opin Green Sustain Chem 11-17.
https://doi.org/10.1016/j.cogsc.2019.07.004

Tyagi S, Lee KJ, Mulla SI, Garg N, Chae JC (2019) Production of
bioethanol from sugarcane bagasse: current approaches and per-
spectives. Appl Microbiol Bioengin 2142

Uhl AM, Daniel RM (1999) The first description of an archaeal
hemicellulase: the xylanase from Thermococcus zilligiistrain
ANI1. Extremophiles 3(4):263-267. https://doi.org/10.1007/
5007920050126

Uthandi S, Saad B, Humbard MA, Maupin-Furlow JA (2010) LccA, an
archaeal laccase secreted as a highly stable glycoprotein into the
extracellular medium by Haloferax volcanii. Appl Environ Micro-
biol 76(3):733-743. https://doi.org/10.1128/ AEM.01757-09

Uthandi S, Prunetti L, De Vera IM, Fanucci GE, Angerhofer A, Mau-
pin-Furlow JA (2012) Enhanced archaeal laccase production
in recombinant Escherichia coliby modification of N-terminal
propeptide and twin-arginine translocation motifs. J Ind Micro-
biol Biotechnol 39(10):1523-1532. https://doi.org/10.1007/
$10295-012-1152-7

Uusi-Tarkka EK, Skrifvars M, Haapala A (2021) Fabricating sustain-
able all-cellulose composites. Appl Sci 11:10069. https://doi.
org/10.3390/app112110069

Velmurugan R, Muthukumar K (2011) Utilization of sugarcane
bagasse for bioethanol production: sono-assisted acid hydrolysis
approach. Bioresour Technol 102:7119-7123

Velvizhi G, Balakumar K, Shetti NP, Ahmad E, Pant KK, Aminab-
havi TM (2022) Integrated biorefinery processes for conversion
of lignocellulosic biomass to value added materials: paving a path
towards circular economy. Bioresour Technol 343:126151

Vermaas JV, Petridis L, Qi XH, Schulz R, Lindner B, Smith JC (2015)
Mechanism of lignin inhibition of enzymatic biomass deconstruc-
tion. Biotechnol Biofuels 8:217

Viswanath B, Rajesh B, Janardhan A, Kumar AP, Narasimha G (2014)
Fungal laccases and their applications in bioremediation. Enzyme
Res 2014:163242

Waine M, Ingvorsen K (2003) Production of B-xylanase and B-xylo-
sidase by the extremely halophilic archaeon Halorhabdus

@ Springer


https://doi.org/10.1016/j.syapm.2018.04.002
https://doi.org/10.1016/j.syapm.2018.04.002
https://doi.org/10.1016/j.cogsc.2019.07.004
https://doi.org/10.1007/s007920050126
https://doi.org/10.1007/s007920050126
https://doi.org/10.1128/AEM.01757-09
https://doi.org/10.1007/s10295-012-1152-7
https://doi.org/10.1007/s10295-012-1152-7
https://doi.org/10.3390/app112110069
https://doi.org/10.3390/app112110069
https://doi.org/10.1016/j.indcrop.2022.115684
https://doi.org/10.1007/s13205-014-0246-5
https://doi.org/10.1007/s13205-014-0246-5
https://doi.org/10.1016/j.ijbiomac.2015.04.016
https://doi.org/10.1016/j.ijbiomac.2015.04.016
https://doi.org/10.1016/j.chemosphere.2021.131372
https://doi.org/10.1016/j.chemosphere.2021.131372
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.1007/s00792-017-0981-8
https://doi.org/10.1007/s00792-017-0981-8

Environmental Sustainability

utahensis. Extremophiles 7(2):87-93. https://doi.org/10.1007/
$00792-002-0299-y

Walia A, Guleria S, Mehta P, Chauhan A, Parkash J (2017) Microbial
xylanases and their industrial application in pulp and paper bio-
bleaching: a review. 3 Biotech 7(1):11. https://doi.org/10.1007/
$13205-016-0584-6

Wilkins MR, Widmer WW, Grohmann K, Cameron RG (2007)
Hydrolysis of grapefruit peel waste with cellulase and pectinase
enzymes. Bioresour Technol 98:1596-1601

Woolard CR, Irvine RL (1995) Treatment of hypersaline wastewater
in the sequencing batch reactor. Water Res 29(94):1159-1168.
https://doi.org/10.1016/0043

Yaashikaa PR, Kumar PS, Varjani S (2022) Valorization of agro-indus-
trial wastes for biorefinery process and circular bioeconomy: a
critical review. Bioresour Technol 343:126126

Yadav P, Maharjan J, Korpole S, Prasad GS, Sahni G, Bhattarai T,
Sreerama L (2018) Production, purification, and characterization
of thermostable alkaline xylanase from Anoxybacillus kamchat-
kensis NASTPD13. Front Bioeng Biotechnol 6:65

Yoo CG, Meng X, Pu'Y, Ragauskas AJ (2020) The critical role of lig-
nin in lignocellulosic biomass conversion and recent pretreatment
strategies: a comprehensive review. Bioresour Technol 122784.
https://doi.org/10.1016/j.biortech.2020.122784

Yousef NM, Mawad AM (2023) Characterization of thermo/halo
stable cellulase produced from halophilic Virgibacillus salarius
BM-02 using non-pretreated biomass. World J Microbiol Bio-
technol 39(1):22

Yu HY, Li X (2015) Alkali-stable cellulase from a halophilic isolate,
Gracilibacillus sp. SK1 and its application in lignocellulosic
saccharification for ethanol production. Biomass Bioenergy
81:19-25

Zabed HM, Akter S, Yun J, Zhang G, Awad FN, Qi X, Sahu J (2019)
Recent advances in biological pretreatment of microalgae and

@ Springer

lignocellulosic biomass for biofuel production. Renew Sustain
Energy Rev 105-128. https://doi.org/10.1016/j.rser.2019.01.048

Zavrel M, Bross D, Funke M, Biichs J, Spiess AC (2009) High-through-
put screening for ionic liquids dissolving (ligno-)cellulose.
Bioresour Technol 100:2580-2587. https://doi.org/10.1016/j.
biortech.2008.11.052

Zhao L, Riensche E, Menzer R, Blum L, Stolten D (2008) A para-
metric study of CO2/N2 gas separation membrane processes for
post-combustion capture. ] Membr Sci 325:284-294

Zhu Z, Rezende CA, Simister R, McQueen-Mason SJ, Macquarrie DJ,
Polikarpov I, Gomez LD (2016) Efficient sugar production from
sugarcane bagasse by microwave assisted acid and alkali pretreat-
ment. Biomass Bioenergy 269-278. https://doi.org/10.1016/j.
biombioe.2016.06.017

Zhu D, Zhang P, Xie C, Zhang W, Sun J, Qian W] et al (2017) Biodeg-
radation of alkaline lignin by Bacillus ligniniphilus L1. Biotech-
nol Biofuels 10:44. https://doi.org/10.1186/s13068-017-0735-y

Zhu D, Adebisi WA, Ahmad F, Sethupathy S, Danso B, Sun J (2020)
Recent development of extremophilic bacteria and their appli-
cation in biorefinery. Front Bioeng Biotechnol 483. https://doi.
org/10.3389/fbi0e.2020.00483

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.rser.2019.01.048
https://doi.org/10.1016/j.biortech.2008.11.052
https://doi.org/10.1016/j.biortech.2008.11.052
https://doi.org/10.1016/j.biombioe.2016.06.017
https://doi.org/10.1016/j.biombioe.2016.06.017
https://doi.org/10.1186/s13068-017-0735-y
https://doi.org/10.3389/fbioe.2020.00483
https://doi.org/10.3389/fbioe.2020.00483
https://doi.org/10.1007/s00792-002-0299-y
https://doi.org/10.1007/s00792-002-0299-y
https://doi.org/10.1007/s13205-016-0584-6
https://doi.org/10.1007/s13205-016-0584-6
https://doi.org/10.1016/0043
https://doi.org/10.1016/j.biortech.2020.122784

	﻿Haloarchaea: green alternatives for the production of second-generation bio-ethanol using sugarcane bagasse
	﻿Abstract
	﻿Introduction
	﻿Second-generation bio-ethanol from SCB
	﻿Pre-treatment of SCB
	﻿Physico-chemical pre-treatment of SCB
	﻿Biological pre-treatment of SCB


	﻿Saccharification of SCB
	﻿Fermentation of sugars from SCB
	﻿Extremophiles and their ligninolytic enzymatic system
	﻿Haloarchaea and their plant polymer degrading extremozymes
	﻿Cellulose degradation by haloarchaea
	﻿Hemicellulose degradation by haloarchaea
	﻿Lignin degradation by haloarchaea

	﻿Recent advancements in plant polymer degrading extremozymes from haloarchaea
	﻿Prototype for seawater-based fermentation by haloarchaea for production of 2G bio-ethanol from SCB
	﻿Recommendations and future perspectives
	﻿Conclusion
	﻿References


