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Abstract

Extremophiles possess unique cellular and molecular mechanisms to assist, tolerate, and sustain their lives in extreme habi-
tats. These habitats are dominated by one or more extreme physical or chemical parameters that shape existing microbial
communities and their cellular and genomic features. The diversity of extremophiles reflects a long list of adaptations over
millions of years. Growing research on extremophiles has considerably uncovered and increased our understanding of life
and its limits on our planet. Many extremophiles have been greatly explored for their application in various industrial pro-
cesses. In this review, we focused on the characteristics that microorganisms have acquired to optimally thrive in extreme
environments. We have discussed cellular and molecular mechanisms involved in stability at respective extreme conditions
like thermophiles, psychrophiles, acidophiles, barophiles, etc., which highlight evolutionary aspects and the significance of
extremophiles for the benefit of mankind.
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Introduction

Microorganisms are likely to live in moderate conditions,
i.e., 37 °C temperature, pH 7.4, salinity up to 3%, and pres-
sure of 1 atm. These conditions are considered favorable
for colonization (Merino et al. 2019), and therefore, these
conditions are known as “physiologic” conditions. Over the
last half-century, many researchers searched for microorgan-
isms that can survive under extreme conditions (Yuan et al.
2009; Narsing Rao et al. 2021). With the advancements in
knowledge, technology, and new cultural techniques, it is
possible to isolate species from extreme environments that
were earlier considered to be inhabitable (Yuan et al. 2009;
Kumar et al. 2021; Narsing Rao et al. 2021). Numerous sci-
entists have demonstrated that microorganisms exist in all
sorts of environments, but it is necessary to find suitable
means to isolate them from understudied sites (Jacob et al.
2017; Wang et al. 2022). For example, the Dead Sea was
previously considered to be devoid of life, but today it is
well understood that it contains living organisms (Nissen-
baum 1975; Jacob et al. 2017). The microorganisms surviv-
ing in extreme conditions are called extremophiles, and there
is a broad range of different extremophiles able to thrive
under distinct conditions: high or low temperature, high
or low pressure, high or low pH, radiation, elevated salty
or ionic conditions, low water activity, and the presence of
chelating ions or metals (Baker-Austin and Dopson 2007,
Singh et al. 2019; Wang et al. 2013; Junge et al. 2011; Etten
et al. 2022).

MacElroy (1974) coined the term extremophile, which
includes bacteria, archaea, fungi, some algae, viruses, and
ciliated protozoans (Xu 2014). A majority of extremophiles
are prokaryotes (Zgonik et al. 2021). Their great genome
flexibility, probably allowed them to rapidly adapt to a wide
spectrum of extreme environments, and pushing up the lim-
its of life suggests the potential for extremophiles to be able
to become inhabitants of, a priori, hostile environments like
Mars, Europa (a moon of Jupiter), and Enceladus (Martin
and McMinn 2018). This leads us to consider the expand-
ing field of extraterrestrial life and astrobiology studies (von
Hegner 2020). The extremophiles including thermophiles,
psychrophiles, acidophiles, alkaliphiles, halophiles, baro-
philes, xerophiles, and radiophiles, require extreme features
to overcome to thrive in their typical environments (Pikuta
et al. 2007; Rotter et al. 2021; Marsh et al. 2021; Narsing
Rao et al. 2021). Besides, more than a single extreme fea-
ture can be needed to survive and grow in determined envi-
ronments, and the microorganisms in these sites have been
described as polyextremophiles. A description of various
extreme environments is shown in Fig. 1.

This review highlights the importance of extremophiles.
The aim of discussing these organisms is to gain a better
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understanding of the diversity of life on Earth as well as
the limits of biological processes. By looking at the char-
acteristics and mechanisms lying behind the adaptations
of extremophiles, we can figure out what adaptations have
helped them live in harsh environments. This knowledge
can be implemented in various practical applications, such
as in biotechnology, medicine, and astrobiology. Moreo-
ver, studying extremophiles can provide insight into the
origins of life on Earth and the potential for life beyond our
planet. Furthermore, exploring extremophiles can expand
our knowledge of the diversity of life and the potential for
biological processes in challenging environments.

Significance of extremophiles

The interest in studying extremophiles arises as a conse-
quence of a broad range of biotechnological applications.
The success of thermophilic polymerases is reflected by
extremely thermostable Pfu from Pyrococcus furiosus
(Lundberg et al. 1991; Zeng et al. 2021), Vent from Ther-
mococcus litoralis (Cariello et al. 1991; Marathe et al.
2021) and Taq DNA polymerases from Thermus aquaticus
(Mroczkowski et al. 1994; Turvey et al. 2022). Thermo-
stable DNA polymerases lead to a market of over $ US 2
billion. Similarly, extremophiles have also been exploited
by industrial sectors dealing with biohydrogen production
(Saha et al. 2022), biobutanol production (Kochhar et al.
2022), biomining (Coker 2016; 2019; Santomartino et al.
2022), microbial carotenoid production (Tapia et al. 2021),
proteases (Perfumo et al. 2020), lipases (Verma et al. 2021),
glycosyl hydrolases (Liew et al. 2022), sugar phosphates,
phospholipids (Ramos 2021) and for biomedical applica-
tions like antimicrobials and antitumor molecules (Zgonik
et al. 2021; Zhang et al. 2021).

Geothermal areas and their biological
productivity

Geothermal areas are widely spread on Earth's surface and are
generally related to points of geological movement of Earth's
tectonic plates (Khalil et al. 2011; Mohammad et al. 2017).
The geothermal areas can be differentiated into terrestrial (i.e.,
hot springs) and marine (i.e., hydrothermal vents) (Martins
et al. 2013; Leston et al. 2014). Ding et al. (2017) suggest
hydrothermal vent habitats are some of the most biologically
productive places on Earth. Chemoautotrophs that live in
these regions are important primary producers, transferring
energy from the geothermal source to higher trophic levels via
a variety of key microbial chemosynthetic processes such as
sulfur-oxidation, nitrification, carbon monoxide utilization, H,
consumption, metal redox bioprocesses and methanogenesis
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Fig. 1 Graphical representation of extreme habitats and some examples of extremophilic prokaryotes with their ability growth requirement or
special feature (Modified from Kato et al. 1998; Orellana et al. 2018; MicroSoc 2022; NIH 2022)

(Sievert and Vetriani 2012). There are a number of areas
around the world where volcanic activity is a major environ-
mental factor (Saghatelyan et al. 2021; Gunda et al. 2021;
Yaroshenko et al. 2022). The most general characteristics of
the heat zone consist of sulfur, clay, and fumaroles (Tetzner
et al. 2021; Cardona et al. 2021). Iceland is another hotspot
area for geothermal activity. The heat from Iceland is har-
nessed in many ways, like for house heating, power generation,
industrial purposes, and greenhouse farming. The geothermal
area is most widely used for energy production, but it also has
disadvantages like the release of toxic gases, i.e., methane,

hydrogen sulfide, and carbon dioxide, which are very harmful
to the living organisms (https://www.nationalgeographic.org/
encyclopedia/geothermal-energy/).

Thermophiles—high-temperature loving
microorganisms

Thermophilic microorganisms are thought to live mostly in
geothermal areas like hot springs and geothermally heated
soil (Saghatelyan et al. 2021; Salano et al. 2017; Crowe
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et al. 2014). Hot springs are areas beneath the Earth’s sur-
face where warm or hot groundwater erupts and this water
in general contains an abundance of dissolved solids and
minerals, which are essential for the progression of life and
living forms (Narsing Rao et al. 2018; 2021). These types of
environments are regarded to be the origin of life on Earth
(Narsing Rao et al. 2018, 2021). Hot springs and geother-
mal waters were considered sterile environments for a long
time. Thomas Brock's discovery of Thermus aquaticus in
Yellowstone National Park transformed our understanding
of hot spring microbial diversity (Brock 1997). Geothermal
heat in the Earth’s mantle and heated water regulate species
abundance and distribution in hot springs. Selective pres-
sures on microbial species have resulted in the evolution
of certain prokaryotic phyla capable of high-temperature
growth and the production of economically relevant ther-
mostable bioactive compounds (Rekadwad and Pathak 2016;
Narsing Rao et al. 2018). Bacteria and Archaea are the two
phylogenetic domains that are thermophiles (Stetter 1999)
and are classified into different categories based on their
temperature tolerance and growth, such as thermotolerant
(can survive above 45 °C), moderate thermophile (grow
optimally between 45 and 65 °C), strict thermophile (grow
optimally from 65 to 80 °C), and hyperthermophile (grow
above 80 °C).

In the hydrothermal environment, bacteria can exist at
temperatures above 50 °C (Zeldes et al. 2015), whereas the
temperature range of 60-68 °C is favorable for flourishing
bacterial growth, but above 90 °C, archaea become dominant
(Li et al. 2015). For example, Pyrolobus fumarii can survive
from 106 to 113 °C (Blochl et al. 1997), and Methanopyrus
kandleri strain 116 can grow up to 122 °C (Takai et al.
2008). Thermophilic microbial communities can also be
seen in the soil and hot compost of wastes, where the degra-
dation of wastes leads to an increase in temperature from 65
to 80 °C, which leads to the transition of microbial commu-
nities from the mesophilic to the thermophilic temperature
range (Hirota et al. 2019). In the hot spring areas, unique
thermophilic microbial communities were found merging
lithotrophic and heterotrophic microorganisms. The ther-
mophilic microbial communities change their compositions
at high temperatures, but above 70-75 °C, photosynthesis
stops (Wang et al. 2013; Cuecas et al. 2014). To counteract
these consequences, chemotrophic bacteria use the Calvin
cycle or reverse tricarboxylic acid cycle to convert carbon
dioxide into biomass, therefore serving as primary producers
(Kajla et al. 2022).

Thermophiles have evolved unique adaptations and
mechanisms that allow them to survive and thrive in high-
temperature environments. One of the most important adap-
tations is the production of specialized proteins that remain
stable at high temperatures, such as heat shock proteins,
chaperones, and enzymes (Narsing Rao et al. 2022). These
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proteins are essential for maintaining the structural integrity
of the cell, preventing denaturation and aggregation of cel-
lular components, and facilitating the proper folding and
assembly of proteins (Zhu et al. 2020). Thermophiles have
also developed unique lipid membranes that can withstand
high temperatures, which are composed of ether-linked
phospholipids and are more resistant to oxidative damage
than the more common ester-linked phospholipids found in
most organisms. Additionally, some thermophiles are capa-
ble of forming biofilms, which protect against heat stress
and other environmental challenges (Straub et al. 2018). The
evolutionary history of thermophiles is not well understood,
but it is thought that they may have originated in deep-sea
hydrothermal vents or other extreme environments, and sub-
sequently adapted to life in terrestrial hot springs and geo-
thermal vents (Holm et al. 1992). The study of thermophiles
provides valuable insights into the evolution of life on Earth
and the mechanisms by which organisms adapt to extreme
conditions. It also has potential applications in biotechnol-
ogy, such as in the development of heat-resistant enzymes
for industrial processes and the production of biofuels (Sax-
ena et al. 2017; Damer and Deamer 2020; Lv et al. 2022).

Mechanism for thermal stability
and evolution

The thermal stability of microorganisms and their biomol-
ecules depends on various factors. Both the microorganism's
optimal growth temperature and their cellular adaptations
have an impact on how they react to temperature (Figs. 1
and 4). For instance, Carnobacterium spp., growing at low
temperatures, grew as individual cells, while at high temper-
atures they grew as long chains of cells. Pleomorphism, cell
length, and size increased with the temperature rise (Novit-
sky et al. 1974; Résédnen et al. 2001). Cells grown at low
temperatures contained more teichoic acid (by weight) in the
cell wall when compared to cells grown at high temperatures
(Novitsky et al. 1974). When cell walls were grown at a
low temperature, the ratio of ester alanine to phosphate was
much higher than when they were grown at a high tempera-
ture. Novitsky et al., (1974) found that cells grown at high
temperatures had less autolysis, cell walls that held more
Mg?*, and less peptide cross-bridging in their peptidoglycan
layer.

Spores have been recognized as the hardest known form
of life on Earth, and in their dormant state, they undergo no
detectable metabolism and exhibit a higher degree of resist-
ance to wet and dry heat (Nicholson et al. 2000). A large
number of factors are involved in spore resistance to wet
heat, including DNA saturation with alpha- and beta-type
small acid-soluble spore proteins, dipicolinic acid, divalent
metal ion content and identity, growth temperature optimum
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of the strain, sporulation temperature, solid versus liquid
sporulation medium, core water content, and additives pre-
sent in the solution, in particular the pH, during wet heat
treatment (Setlow 2014). The amount of water in the spore
core has largely influenced spore resistance to wet heat (Set-
low 2006). The major factor that determines spore wet heat
resistance is the core water content. Spores formed at higher
temperatures generally have lower core water contents (Set-
low 2006). Lower core water content generally gives more
wet, heat-resistant spores. Although the core water content
is the major factor determining the level of spore wet heat
resistance, the sporulation temperature, spore core miner-
alization, and alpha- and beta-type small acid-soluble spore
proteins also contribute to spore wet heat resistance (Ger-
hardt and Marquis 1989; Nicholson et al. 2000; Setlow 2000,
2006).

DPA may play an indirect role in spore resistance to wet
heat; when DPA is not accumulated in the spore core, the
water content of the core does not decrease as much as it
does in DPA-replete spores. Because core water content
is such an important element in spore-wet heat resistance,
everything that increases spore core water content reduces
spore-wet heat resistance (Driks and Eichenberger 2016).
Spores with high Ca®* levels are the most wet heat resist-
ant; those with high levels of Mg** or Mn?" are less heat
resistant; and those in which K* or Na™ have been substi-
tuted for Ca®* are the least wet heat resistant (Gerhardt and
Marquis 1989; Bender and Marquis 1985; Setlow 2006).
The alpha- and beta-type SASP are also important in spore
resistance to dry heat (Setlow 2006). Analysis of biofilm
suggests that heat causes changes in the bacterial community
members in biofilm and the composition of EPS. At higher
temperatures, there was a greater protein to polysaccharide
ratio in the EPS, as well as decreased extracellular sugar
synthesis (Pinel et al. 2021). Thermophiles have a range of
cellular adaptations to resist denaturation and degradation.
They have more saturated and straight-chain fatty acids in
their membrane lipids than mesophiles (Ulrih et al. 2009).
Thermophilic proteins appear to be smaller and more basic
in some situations, which may lead to greater stability. Chap-
erones, which aid in the refolding of denatured proteins, are
an additional approach utilized to increase protein stability
(Jaenicke et al. 1996; Rampelotto 2010). Monovalent and
divalent salts enhance the stability of nucleic acids because
these salts screen the negative charges of the phosphate
groups, and KC1 and MgCl, protect the DNA from depu-
rination and hydrolysis. Another way to stabilize DNA is
through the employment of DNA-binding proteins and the
compaction of the genome into chromatin (Marguet and For-
terre 1998; Rampelotto 2010).

Bacteria and archaea can change how much lipid is
in their cytoplasmic membranes in response to changes
in temperature. Bacteria may accomplish this at higher

temperatures by increasing the chain length of the lipid acyl
chains, the ratio of iso/anteiso branching, and/or the degree
of saturation of the acyl chain (Gaughran 1947; Albers et al.
2000). At high temperatures, the degree of cyclization of
the C40 isopranoid in the tetraether lipids of some archaea
increases. This makes the lipids pack together more tightly,
which makes it harder for the lipids to move and keeps the
membrane from becoming too fluid. The permeability of
the cytoplasmic membrane is an important part of control-
ling growth, and it has been suggested (Kates et al. 1993;
Albers et al. 2000) that the membrane's ion-permeability
goes up with temperature. Membrane proton and sodium
permeabilities increase with temperature. Thermophilic
archaea are capable of adjusting the lipid content of their
membranes such that proton permeability stays constant at
the corresponding growth temperature (Konings et al. 2022).
Thermophilic bacteria, on the other hand, are an exception.
They rely on the less permeable sodium ions to generate a
sodium motive force, which is subsequently used to drive
energy-requiring membrane-bound processes. According to
Nikaido (2003), primary ATP-driven transport systems or
secondary proton- or sodium-motive-force-driven transport
systems were primarily responsible for mediating solute
transport across bacterial and archaeal membranes. Hyper-
thermophilic bacteria and archaea, in contrast to most bac-
teria, prefer primary uptake systems. Several high-affinity
ATP-binding cassette (ABC) transporters for sugars from
hyperthermophiles have been identified and characterized.
The actions of these ABC transporters enable these organ-
isms to flourish in nutrient-deficient settings (Albers et al.
2001; Gunde-Cimerman et al. 2018).

The main reason that thermophilic bacteria can live at
high temperatures is that their enzymes and proteins are sta-
ble at high temperatures. There is only a slight difference in
the protein sequence of aminoalkanoic acid in comparison
to mesophilic microorganisms. The secretion of di-inositol
phosphate, diglycerol phosphate, and manosylglycerate by
thermophilic microorganisms makes proteins stable (Pen-
hallurick et al. 2021; Vavitsas et al. 2022). Thermophiles
have firmed cell membranes due to the presence of saturated
fatty acids. The hyperthermophiles have different bacterial
cell membranes due to the presence of isoprene. Isoprene
is the unit that has ether linkages as compared to ester link-
ages present in bacterial and eukaryotic cell membranes.
The hyperthermophile cells have very large macromolecules
forcing their cellular envelopes, which lack heat insulation
(Vieille and Zeikus 2001). For example, the members of
the order Thermotogales (hyper-thermophiles) harbor tetra
ether, tetra ester, and mixed ester/ether in their plasma
membranes, contributing to core lipids (Sahonero-Canavesi
et al. 2022). There is a major difference between bacteria
and archaea, which is due to the different composition of
the archaeal cell membrane (protein-based cell walls and
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ether links in their cell membranes). That is the reason why
bacteria and archaea are apart from each other (Madigan
et al. 2020; Subedi et al. 2021).

There is not much known about what happens to the many
thermolabile biomolecules that are needed for important cel-
lular processes in all living things. Examples are: NADP,
ATP, pyridoxal phosphate, etc. Recently, Cuecas et al.
(2016) showed the ability of thermophiles to maintain rela-
tively high intracellular viscosity, which preserved NADH
thermal stability up to around 80 °C. Hyperthermophiles,
who live optimally at higher temperatures, would require
additional mechanisms to thrive at those temperatures
(Daniel and Cowan 2000; Cuecas et al. 2016). Gonzalez
(2018) has shown the first evidence of the requirement for
well-structured and dimensional molecular tunnels in hyper-
thermophiles, which suggest a critical role for molecular
channeling in biomolecular stability at high temperatures.
Many investigations showed that the thermophilic micro-
organisms can show maximum growth at 110 °C (Vieille
et al. 1996; Vieille and Zeikus 2001), whereas Pyrococcus
kukulkanii NCB100 and Methanopyrus kandleri growth
can also occur at 112 and 122 °C, respectively (Callac et al.
2016; NPA 2022). Nowadays, the detection of thermophilic
microorganisms has increased over the last few decades due
to advancements in molecular methods, which allow for the
easy detection of the DNA of many organisms at one time
(Zeldes et al. 2015). Culture-independent molecular methods
have made it possible to find microorganisms that cannot be
grown in a laboratory (Hugenholtz et al. 2021), but scien-
tists still need prokaryotic cultures to confirm physiological
traits and complete genomic features that could explain their
phenotypic abilities and molecular responses (Franco-Duarte
et al. 2019). Also, physical culture is needed to study the
different molecules involved in thermostability, which could
be useful in the future.

Molecular cloning of thermophilic genes
into mesophilic hosts

Genetic and protein engineering are advanced techniques
used for the commercial production of enzymes with
enhanced stability at high temperatures and high pH. With
the advancement in biology tools, and genetic and gene
transfer analysis it is possible to produce thermostable
recombinant enzymes. The recombinant technique like clon-
ing and gene expression in mesophilic bacteria, e.g., E. coli,
leads to enhance the production of thermostable enzymes.
The thermostable enzymes can be produced by express-
ing the genes in E. coli, e.g., a-amylase gene of Pyrococus
furiosus was cloned in E. coli and B. subtilis which worked
actively at 100 °C (Kengen 2017; Ajeje et al. 2021).
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Psychrophiles—cold-loving microorganisms

Eurypsychrophile (psychrotolerant)
and stenopsychrophile (psychrophile)

A psychrophile is a type of microorganism that can live in
cold places (Morita 1975) and is different from a meso-
phile and a thermophile (Figs. 1 and 4). A psychrophilic
microorganism can grow optimally at 10 °C and shows
some growth at 0 °C or below (Kashyap et al. 2022). Psy-
chrotolerant microorganisms are those microorganisms
that can grow at 0 °C, whereas optimal growth is generally
in the range of 20-40 °C (Bolter 2004). The biggest differ-
ence between psychrotolerants and psychrophiles is that
psychrotolerants can grow at higher temperatures, between
20 and 40 °C, while psychrophiles grow optimally at or
below 20 °C. At present, those terms have been updated,
and instead of psychrophile and psychrotolerant, the novel
terms eurypsyhrophile (cold lovers able to grow well in the
mesophile range too) and stenopsycrophile (strictly cold
lovers) have been proposed (Yang et al. 2021) (Fig. 2).
In the last 20 years, scientists have conducted numerous
investigations in glacial ice cores, and the results have
confirmed a great microbial diversity, showing viable cells
in ice cores for over 120,000 years (Tendulkar et al. 2021).

Phylogenetic diversity of psychrophiles—
sea ice microbial communities (SIMCOs)

Microbial diversity blooms during the spring and sum-
mer seasons in the sea ice. Sea ice microbial communi-
ties (SIMCOs) during these seasons showed a dominance
of diatoms, resulting in the ice appearing brown-green.
During these seasons, a number of characteristic micro-
bial activities have been observed in sea ice, including
metabolite production, microbial trophic interactions, and
the assemblage of diverse phylogenetic bacterial commu-
nities (Garrison et al. 1986). Research expedition studies
revealed the presence of novel new members of existing
phyla in this region (Gosink et al. 1997; Bowman et al.
1998). Many researchers have observed that the diversity
in Arctic and Antarctic sea ice belongs to stenopsycrophile
bacteria (Junge et al. 2004). Culturable and molecular
techniques showed that beta-proteobacteria, a type of bac-
teria that was thought to only live in freshwater, was also
be found inside the ice (Achberger et al. 2016; Brinkmeyer
et al. 2004). Along with this, some purple sulfur-producing
anaerobic phototrophic bacteria were also present in the
Baltic ice (Tank et al. 2011). Other studies on Baltic ice
showed that de-nitrification occurs in these zones, which
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Fig.2 Mini-metagenome analysis of psychrophilic microbial biofilm (Permission for utilization of copyright material—Yang et al. 2021—has

been obtained from CCC Rightslink from in journal/magazine)

leads to the accumulation of nitrate. It has been found
that the Arctic Sea consists of a large number of anaero-
bic nitrate and ammonium oxidizing bacteria (Junge et al.
2011). Recently, some studies have been conducted in the
winter season to study the compositions of communities
in the Arctic region, and surprisingly, they found bacteria
and archaea, which resemble the underwater communities
(Gao et al. 2021). The study of bacterial communities in
the wintertime showed the presence of gamma-proteobac-
teria, whereas in summer and spring bacterial communi-
ties, no gamma-proteobacteria were found. This showed
that mortality during the seasons plays a major role in
microbial succession that results in a difference between
seasonal bacterial communities (Collins et al. 2010; Junge
et al. 2011; Cono et al. 2022).

Discovery of gas vacuolated sea ice bacteria

Earlier, it was hypothesized that the gas vesicles, which are
intracellular structures found in bacteria and archaea, help
cells with mobility and buoyancy (Walsby 1994). In the sea
habitat, the gas vesicles are also present in the cyanobacte-
ria, which help them in floating over the surface of the water

where they get abundant sunlight for photosynthesis (Walsby
et al. 1997). In the hypolimnion region of the lake (Steenber-
gen et al. 1987), some anoxygenic photosynthetic bacteria
are present, which also consist of gas vacuoles (Clark and
Kolb 2020). This was initially reported by Irgens et al. in
(1989) in their preliminary description of gas-vacuolated
marine bacteria from the Antarctic Peninsula, which are typ-
ically indigenous to SIMCO (Irgens et al. 1989). Those bac-
teria possesses gas-vacuoles were isolated from upper depths
of ice column and near the ice edge (Irgens et al. 1989).
The taxonomy of the gas vacuolated bacteria describes that
the vacuolated bacterium belongs to Polaromonas vacuolata
gen. nov., sp. nov., which is a member of the class betapro-
teobacteria (Irgens et al. 1996). However, diverse varieties
of vacuolated bacteria were isolated from the SIMCO layer,
showing that the gas-vacuolated bacteria represented consist
of two major phylogenetic groups, i.e., proteobacteria and
bacteroidetes (Junge et al. 2011).

Other mechanisms of adaptation to psychrophile
A few psychrophilic bacteria like lactic acide bacteria

(LAB) can maintain their membrane fluidity alteration
in their membrane permiliabilty (Huang et al. 2016; Gao
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et al. 2022). By reducing membrane fluidity while crystal-
lizing at low temperatures, LAB cells become more stiff,
which raises the concentration of intracellular components
(Papadimitriou et al. 2016). L. lactis has the highest intra-
cellular viscosities when it is growing at 15-20 °C, and it is
able to decrease its intracellular viscosity at lower or higher
temperatures. This allows these cells to grow and thrive at
low temperatures by counteracting the effect of temperature
that would cause viscosities that are too high to allow the
machinery of the cell to work properly and allow biomol-
ecules to move around inside the cell (Cuecas et al. 2016).

Acidophiles: low pH loving microorganisms

Those microorganisms that can thrive in acidic conditions
are known as acidophiles. The acidophiles generally grow
optimally at pH below 3. Acidophiles are classified into
three domains, i.e., bacteria (Acidithiobacillus, Acidiphilum,
and Alicyclobacillus), archaea (Crenarchaeota, Acidianus,
Desulphurolobus, Metalolosphaera, Stygiolobus, Sulfolobus,
Thermoplasma, and Picrophilus) (Sharma et al. 2012), and
eukaryotes (Vorticella, Euglena, Rhodotorula, Cryptococ-
cus, Acontium, Trichosporuon, Klebsormidium, Zygnema,
Dunaliella, and Cyanidium) (Aguilera 2013). Several areas

0 K*

around the world possess natural or man-made acid-contain-
ing places, including hot springs, acid mines, etc., (Rekad-
wad and Gonzalez 2019). The presence of a protective cap-
sule in bacteria and mechanisms to maintain the pH of the
intracellular environment have been reported as key factors
in acidophiles (Figs. 1 and 4) that allow them to grow in
extremely acidic conditions. Some of their most character-
istic strategies are represented in Fig. 3 (Baker-Austin and
Dopson 2007).

pH homeostasis in acidophiles
Biodiversity and nature of acidophilic microorganisms

Environments showing extreme acidic conditions can be
a result of nature or induced by human activities (Hedrich
and Schippers 2021). Today’s prokaryotic acidophiles
are in focus due to their applications in the biotechnol-
ogy field (i.e., bio-mining) and ecological contamination
in areas suffering from acid mine drainage (Bellenberg
et al. 2021; Hedrich and Schippers 2021). In these environ-
ments, the oxidation of metallic sulfides produces highly
acidic conditions (due to sulfate ions), which generates the
required scenario for the solubilization of metals such as

(i) H*

— .'...\.‘."-:““G oo
/J\j (®

H+

(P

HCOOH

Fig.3 Various processes of pH homeostasis in acidophiles. (i)
Reversal of the Dc in acidolphiles to partially refract incoming pro-
tons flow. (ii) Impermeable membrane to retard protons influx. (iii)
Maintenance of pH gradient via active proton export (indicated in
blue color). (iv) Secondary transporters (indicated in green color). (v)
Sequestering protons for maintaining pH homeostasis (vi) DNA and
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protein repair systems (vii) Degradation of organic acids (Permission
to reuse in journal/magazine has been obtained through Copyright
Clearance Center’s RightsLink® service from article Baker-Austin
and Dopson 2007, 15:165-171, TRENDS in Microbiology, https://
doi.org/10.1016/j.tim.2007.02.005)
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iron, copper, etc. (Amils et al. 2014; Siliakus et al. 2017,
Amin et al. 2021).

Aerobic alkaliphiles: high-pH
and di-oxygen-tolerant microorganisms

Those microorganisms that require pH 9 or above for
growth and development are known as alkaliphiles, and
generally, if the pH reduces to 6.5, the growth is inhib-
ited (Horikoshi et al. 1999; Bouacem et al. 2022; Muntyan
et al. 2022). Sodium carbonate is largely used to adjust the
pH around 10 (Horikoshi 2004). To culture these micro-
organisms, saline medium containing soluble carbonate
(soluble carbonate alkalinity around 0.9-5.0) should be
utilized (Sorokin et al. 2019). Alkaliphilic microorganisms
are present in soils, representing roughly 1/10-1/100 of the
total number of microorganisms (Horikoshi 1991; 1999).
Further examination revealed the occurrence in the Mari-
ana Trench at a depth of 10,898 m (Takami et al. 1997;
Pikuta et al. 2007) of some alkaliphilic microorganisms,
i.e., Micrococcus, Bacillus, Pseudomonas, and eukaryotes
like yeasts (Newsome and Falagan, 2021; Macedo et al.
2021).

Anaerobic alkaliphiles: high-pH
and di-oxygen-intolerant microorganisms

Extremophile Clostridium thermohydrosulfuricum, which was
initially reported from the soil samples collected from sewage
plant in Georgia and from hot springs of from hot springs in
Utah and majority hot springs in Wyoming, capable of growth
at a pH range of 5-9 and can tolerate temperature up to 78 °C
(Wiegel et al. 1979). Similarly, Anaerobranca horikoshii JW/
YL-138T and other eight similar strains can survive at 60 °C
and pH ranged from 6.9 to 10.3 (optimum growth at pH 8.5)
(Horikoshi 1999). This examination observed that C. para-
doxum has novel thermophilic properties, which can maintain
the homeostasis inside the cell and can thrive well in media
with a pH of 7.6-9.8 (Cook et al. 1996; Horikoshi 1999).
Similarly, Amphibacillus xylanus can be used to ammoniate
leucine and glucose and act as an essential amine (Niimura
et al. 1990). Most of the scientists believed that under nor-
mal soil condition alkaliphiles can be isolated but at high pH
their number is high (Horikoshi 1999), but a study at Volcano
Island, Italy, showed that Thermococcus alcaliphilus can exist
in the shallow marine zone at pH 6.5-10.5 and temperatures of
56-90 °C (Dirmeier et al. 1998). These anaerobic alkaliphiles
have polysulfides, which are the essential component used to
diminish hydrogen sulfide from the environment (Horikoshi
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1999). This examination has been done by using the DNA-
DNA hybridization and 16S rRNA amplicon sequencing tech-
niques, which can be further used to identify additional alka-
liphilic species like Thermococcus acidaminovorans (Dirmeier
et al. 1998).

Haloalkaliphiles: microorganisms survive
at high salt concentration and high pH

Haloalkaliphiles are the conditions where hypersaliniza-
tion situations occur. This type of environment is mostly
found in soft drink deserts and soft drink lakes. These types
of lakes are found, for instance, in Kenya (Magadi Lake)
and Egypt (Wadi Natrun). It was observed that the pH con-
dition of these lakes lies between 10.5 and 12.0. In these
lakes, some microorganisms required antacids, which could
be done by adding more salts to the lake; these types of
microorganisms are known as haloalkaliphiles (Salano et al.
2017). These microorganisms show numerous gas vacuoles
and are highly pigmented. These microorganisms contain
62.7 mol% of GC. Based on their phylogenetic tree rela-
tionship with Archaea, most haloalkaliphiles are classified
under the Natronobacterium genus. The characteristics of
this genus are gram-positive bacteria, obligate anaerobes,
alkaliphilic bacteria, and fermentative bacteria. Xin et al.
(2001) found novel strains in the Tibet Soft Drink Lake,
and the characteristics of these strains were gram-negative
bacteria, non-motile, and rigorously growing in saline condi-
tions. A new genus and species, Tindallia magadii (Kevbrin
et al. 1998), were proposed.

Methanogens

Halophilic methanogens were taken from distinct hypersa-
line conditions. These straisalts ranging fromns can be easily
grown in a medium having a pH of 7 and containing salt
0.5-2.5 M (Ventosa et al. 1998). Another type of methylo-
trophic methanogen has been found at Magadi Lake, and it
has been classified under the Methanohalophilus (Metha-
nosalsus zhilinaeae) (Koga et al. 1998; Sorokin et al. 2017;
Bueno de Mesquita et al. 2021). Besides, the methanogens
are often able to grow over a broad range of saline concen-
trations, leading to physiological and morphological differ-
ential responses (Galagan et al. 2002).

Cyanobacteria

Alkaliphilic cyanobacteria have been found in 16 genera
and 34 species in a variety of environments and environ-
mental conditions (Oren 2015; Namsaraev and Zavarzin
2016; Gupta and Khanna 2019). It has been found that these
species carry electrogenic antiporters, as is the case with
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Synechocystis sp., (Nobel 2014; Nagao and Kojima 2017),
an alkaliphile cyanobacterium has also been used to obtain
urease (Vicente et al. 2008).

Halophiles: salt-loving microorganisms

Salt is an important part of all living things. It is needed
to keep the osmotic pressure between cell compartments
and between the inside and outside of the cell (Figs. 1 and
4). Halophiles require a high concentration of salt for their
survival, i.e., 0.2 M NaCl. Halophiles are a group of micro-
organisms that includes eukaryotes and prokaryotes (Singh
et al. 2019). There are different types of halophiles depend-
ing on their preferred saline concentration, such as slightly
halophiles (bear salt concentrations of 0.2—-0.85 M), moder-
ately halophiles (tolerate salt concentrations of 0.85-3.4 M),
and true halophiles (tolerate salt concentrations between
3.4 and 5.1 M) (Dutta and Bandopadhyay 2022). The most
extreme halophiles are reported to belong generally to the
Archaea. Hence, halophiles are organisms that can be found
everywhere around the world where saline conditions pre-
vail, like in beachfront areas, salt mine areas, and solar salt-
erns (Mani et al. 2020). In earlier civilizations, halophilic
microorganisms were used as biomarkers for salt creation
in old societies like China and the Middle East. Even today,
halophilic organisms are used for gem creation, like the
red—purple shading that builds in salts due to sun radiation.
They were also utilized for making cheese, restoring meat,
making nutrient supplements, etc. These halophiles are now
used as biomarkers, biofuel drugs, and medical care busi-
nesses, which are probably going to be accessible (Rotter
et al. 2021) and gain importance for exploration of other
planets like Mars (Oren 2014) in the near future.

Barophiles (piezophiles): pressure tolerating
microorganisms

Barophillic microorganisms, also called piezophiles, are
tiny entities that can live in very deep parts of the ocean
floor. Pressure increases with depth due to the weight of
the water column above. Thus, values above 1000 atm can
be reached at the deepest zones of the oceans, such as the
Mariana Trench in the Western Pacific Ocean, with a depth
of up to 11,000 m (Kato 1999). Barophiles are mostly found
on the seafloor, where pressure regularly surpasses 380 atm
(38 MPa). Some of the barophiles are found in the lower
part of the Pacific Ocean, where extreme pressure exists,
i.e., 117 MPa (www.bionity.com), at a depth of 1.5-2.4 km
(Fang et al. 2017). The high-pressure factors experienced by
these life forms can make the ordinarily liquid cell film waxy
and impermeable to supplements. These novel living beings
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have adjusted in novel ways to get lenient under such pres-
sure factors where microbes colonize in remote ocean living
spaces. One model, xenophyophores, has been found in the
most profound sea channel, 6.6 miles (10,541 m) underneath
the surface (Kato et al. 1998).

Barophiles are microorganisms that can endure high pres-
sure and require very specific and minimal growth condi-
tions (Figs. 1 and 4). Halomonas species, for instance, need
a pressure of 1000 atm (100 MPa) and a temperature of 3 °C.
Most piezophiles are hazy and UV-sensitive (Ichiye 2018;
Marino et al. 2019). Among the Archaea, different species
have been reported as barophiles. Examples are the anaero-
bic hyperthermophiles within the order Thermococcales:
Thermococcus peptonophilus (Canganella et al. 1997; Can-
ganella and Wiegel 2014), Pyrococcus horikoshii (Gonzalez
et al. 1998), and Pyrococcus abyssi (Erauso et al. 1993) that
show enhanced growth under high pressure. Another exam-
ple is the case of Methanopyrus kandleri strain 116, which
can grow up to 122 °C under increased pressure (Takai et al.
2008) so that the water can be maintained as a liquid at such
high temperatures.

Barophiles: microorganisms growing
under high-pressure

The remote ocean climate is described by high pressing fac-
tors and low temperature, yet nearby aqueous vent locales of
amazingly high temperature exist. Remote ocean microor-
ganisms have extraordinarily adapted features that empower
them to live and thrive in this limited climate (Verde et al.
2016). Ongoing examination of the physiology and atomic
science of remote ocean barophilic microorganisms has rec-
ognized pressing factor-managed operons and shown that
microbial development is impacted by the connection among
temperature and pressing factors in the remote ocean climate
(Horikoshi 1999; Kato 1999; Pham et al. 2019).

Kato and his colleagues thought about living things
in the Mariana Trench, which is the deepest place in the
ocean on Earth. It is about 11,000 m down. Genuine sea
residue was obtained by the automated Japanese submers-
ible Kaiko (Kato et al. 1998). These researchers deciphered
a fraction of these microbial communities, concluding
several features. The microbial species detected belong
mostly to the genera Shewanella DB21MT-2 and Moritella
DB21MT-5 (Nogi et al. 1998; Kato et al. 1998). The least
pressing factor for development was 50 MPa, and develop-
ment up to 70-80 MPa was noted. Microbes at this depth
additionally have a psychrophilic character given the low
water temperatures. The researcher’s expanded unsaturated
fat structure was recognized by gas-fluid chromatography
and mass spectrometry in the two species. The most well-
known unsaturated fats in the barophiles were a) hexadece-
noic acid (16:1), b) eicosapentaenoic acid (EPA) (20:5), and

¢) docosahexaenoic acid (DHA) (22:6) (Kato et al. 1998).
This investigation demonstrated the occurrence of microbial
activity and singular responses at the deepest ocean floors.

Xerophiles and xerotolerant
microorganisms: survivors of dry places

Numerous microorganisms have adapted to survive in envi-
ronments in which water is scarce; these organisms are
termed xerotolerant bacteria (Fig. 1) (Suzina et al. 2022).
Burkholderia grimmiae R27, isolated from xerophilous
moss (Grimmia montana) grown on a large stone in China,
is capable of growth under conditions of minimum life-
supporting water activity. It is resistant to toxic metals such
as cadmium (Cd), chromium (Cr), copper (Cu), selenium
(Se), mercury (Hg), and tellurium (Te) (Tian et al. 2013). It
is environmental, physiological, and molecular adaptations
that enable xerotolerant bacteria to survive in different envi-
ronments. Bacterial cells that are getting too dry lose cyto-
plasmic volume because their surface area and capsular layer
shrink (Suzina et al. 2022). This loss of water inside the cell
lowers the turgor pressure, which increases the number of
metabolites and ions inside the cell, concentrates macromol-
ecules, and makes the cell less fluid (Filipovi¢ et al. 2020).
When there are more van der Waals interactions between
phospholipids, the membrane becomes less stable. Most of
the time, water molecules attached to phosphate head groups
weaken these interactions. Changes in protein function, bio-
synthesis, transport, and repair result in the formation of free
radicals such as O-2 (Alberts et al. 2002; Bogdanov et al.
2008; Cooper and McNeil 2015).

Changes in the gel-to-liquid transition temperature that
are not the same everywhere lead to membrane fusion and
rupture, changes in the structure of the lamellae, protein
clumping, and large molecules leaking out. Therefore, dehy-
dration causes DNA damage and activates the DNA repair
and protection pathways. When reactive oxygen species
build up inside a cell, it leads to oxidative stress and cell
death (Lebre et al. 2017). To avoid cell dysfunction and cell
death, xerophilic bacteria possess molecular mechanisms to
protect their cells and macromolecules. Protection of cells
and macromolecules was ensured by intracellular accumu-
lation of late embryogenesis abundant (LEA) proteins that
perform pleiotropic roles (Liu et al. 2021).

Radiophiles: radiation-resistant bacteria

In inhospitable environments, a group of microorganisms
thrive in the presence of radiation (ultraviolet light, gamma
rays, and X-rays) and huge oxidative stress, termed radio-
philes or radiation-resistant extremophiles (Figs. 1 and 4).
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Radiophiles produce primary and secondary metabolic prod-
ucts that can protect the DNA of an organism (Sysoev et al.
2021; Basu 2022). Therefore, extremolytes (electrolytes
either produced or contained in extremophile cells) of these
microorganisms can be used in the formulation of anticancer
drugs, antioxidant-containing products, and commercial skin
protectants (sunscreens), such as mycosporin-like amino
acids from red algal species Porphyra rosengurttii. Methy-
lobacterium terricola 17Sr1-39 (Kim et al. 2020), Hymeno-
bacter armeniacus BT189, Hymenobacter montanus BT664
(Park et al. 2022), and Sphingomonas radiodurans S9-5 (Liu
et al. 2022) were recently found in gamma-irradiated soil
from the Republic of Korea and Mount Everest. Moreover,
deinoxanthin isolated from Deinococcus radiodurans and
bacterioruberin from Rubrobacter spp. and Halobacterium
spp., etc., are potential drugs that can be used to treat can-
cer (Sysoev et al. 2021). Deinococcus radiodurans ATCC
13939 and Deinococcus gobiensis 1-0 were reported as the
most radiation-tolerant species that can grow in the presence
of 15 kGy and 14 kGy gamma rays. These microbial spe-
cies have a role in DNA damage repair (Brooks and Murray
1981; Yuan et al. 2009).

Polyextremophiles

Microorganisms in their characteristic living environments
are thought to face a number of limiting factors and pres-
sures during their life cycle. Numerous extremophiles pos-
sess conditions with more than one limit boundary (Mesbah
and Wiegel 2012), for instance, extremophiles that flourish
in the profundity of the seas or near underground aquifers
(Kato and Takai 2000). In the primary circumstance, if the
extremophiles are found in deep-sea mud, they could be
piezophiles and psychrophiles. They could be piezophiles
and thermophiles if they inhabit a deep-sea hydrothermal
vent (Poli et al. 2017; Merlino et al. 2018). With an end goal
to give a complete gander at the limits of temperature and
pH, researchers arranged more than 200 extremophile spe-
cies found in the writing. They are called thermoacidophiles,
thermoalkaliphiles, psychroacidophiles, and psychroalka-
liphiles. Since film smoothness diminishes at low tempera-
tures, the lower penetrability to protons (H+) benefits the
growth of acidophiles and alkaliphiles (Dalmaso et al. 2015;
Varrella et al. 2020).
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Important molecules from extremophilic
prokaryotes

Biomolecules of different types or functions are looked
for in extremophilic microorganisms (Fig. 4), in addition
to the large number of enzymes that have a wide range of
functions and unique properties.

Retinal proteins

Halophiles like Halobacterium are a major source for
bacteriorhodopsins. It has been observed that an haloar-
chaeon contains rhodopsins (Fendrihan et al. 2006). Bac-
teriorhodopsins are simple natural transducers that capture
sunlight, forming electrochemical potential. This process
was first investigated in the 1970s (Saeedi et al. 2012).
Bacteriorhodopsins are used in a number of applications
because of their chemical properties, such as their stability
at a broad range of temperatures and pH levels, for exam-
ple in bio-hybrid electronic devices (Li et al. 2018). These
characteristics showed the various applications of the bac-
teriorhodopsins, like how they could be used for nonlinear
optics, as sensors, and to handle optical information (Li
et al. 2018). NASA also used a bacteriorhodopsin film
to illuminate the distance of gas spill locations (https://
astrobiology.nasa.gov/news/terrestrial-powerhouses/). So
all these applications showed that bacteriorhodopsins are
being used in modern robots.

Compatible solutes

Halophiles can retain water inside the cell by producing
osmolytes to maintain osmolality. Most of the halophilic
microbes usually present high concentrations of osmolytes
in the cytoplasm (Roberts 2005). The osmolytes maintain
the pH of molecules. However, in order to comprehend
a fundamental mechanism like cell size regulation, the
electrical impacts of ion fluxes need to become an integral
component of cell biology (Kay 2017).The osmolytes are
generally composed of amino acids and polyols. The halo-
philic and halotolerant species are zwitterionic. Halophiles
have been used for cosmetics, and the solutes have been
proposed as stabilizers during DNA amplification routines
by PCR (Harding et al. 2016). The biosynthetic pathway
in Ectothiorhodospira halochloris has been transformed
into Escherichia coli to produce betaine and enhance salt-
tolerant efficiency (Ledn et al. 2018). Similarly, halophilic
Dunaliella salina is now used as a wellspring of glycerol,
as a conditioner, as a defensive material (Monte et al.
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2020), and as a functional nutrition supplement, e.g., lith-
ium (I) bio-fortified Dunaliella salina (Yiice et al. 2021).

Hereditary transfer of salt tolerance and resistance

The salt tainting can be seen in farming areas, which cover
up to % of the 33% of land used for farming due to excessive
use of water systems. Most of the plants are highly sensitive
to salt, which leads to changes in osmotic pressure and a
decrease in the plant's capacity to absorb water (Shrivastava
and Kumar 2015). The sodium proton antiporter character-
istics are inherited by plants, resulting in a salt-sensitive
response by the plant. Salt resistance in plants at levels
similar to the sea (530 mM) could be enhanced by import-
ing systems that have evolved in halophilic microorganisms,
which could really improve the agricultural use of increased
salt in extensive arable lands (Rust and Ekmekcioglu 2016).

Potential applications of extremophiles
and extremozymes

Thermostable enzymes vs. cold-active enzymes

The need for thermostable enzymes has skyrocketed as a
result of increasing industrialization. The rise in demand
can be attributed to the thermostability and practicality of
enzymes that can withstand high temperatures during the
bioprocessing process in industries (Gavande et al. 2021).
Some of the industrially important enzymes are mentioned
below (Table 1).

Taq DNA polymerases

In the past few decades, there have been major advancements
in the discovery and use of DNA polymerases for DNA
amplification reactions. Among them, the best known is the
polymerase chain reaction (PCR). In a commercial PCR Kkit,
Tag DNA polymerase is the primary thermostable enzyme.
The Taq polymerase shows exonuclease activity in the 5’
to 3’ direction, whereas no activity was shown at 3’ to 5°,
leading to a relatively low fidelity insertion rate that carries
a measurable error rate. Although PCR has developed rap-
idly, the problem of increasing fidelity has been of interest
(Wang et al. 2022). For example, among other alternatives,
the use of Pfu DNA polymerase (an enzyme obtained from
the hyperthermophile Pyrococcus furiosus) greatly increases
fidelity during amplification by PCR (Kim et al. 2008).

Thermophilic proteases

Proteases are the enzymes that are widely used to decom-
pose other proteins, classified as exopeptidases and

endopeptidases (Walter et al 1980). The protease enzymes
constitute 20% of worldwide industrial enzyme production
(Razzaq et al. 2019). These enzymes are primarily used in
the food, pharmaceutical, textile, and leather industries to
meet the need for thermostable proteases that can withstand
harsh conditions during biotechnological processes (gnajder
et al. 2019). Therefore, there is a broad market and demand
for highly thermostable proteases.

Starch-degrading enzymes

The hydrolysis and modification of the commercial staple
by the starch industry requires 30% amylolytic enzymes
(van der Maarel et al. 2002; Park et al. 2017). The pro-
cess of starch hydrolysis involves glucoamylases (Prajapati
et al. 2014), isoamylases (Rahman et al. 1998), and alpha-
amylases (El-Fallal et al. 2012). The amylolytic enzymes
are classified as endo- and exoacting. Endo-acting enzymes
hydrolyze glycosidic linkages and result in the formation of
oligosaccharides, while exo-acting enzymes lead to the for-
mation of oligo- and monosaccharides. For the economy and
efficacy of processes, the enzymatic conversion of starch can
be done by gelatinization and saccharification by using the
alpha-amylases at high temperatures of 100—110 °C (gelati-
nization) and 80-90 °C (liquefaction) (de Souza and de
Oliveira Magalhaes 2010; Mehta and Satyanarayana 2016).
Therefore, the latest technology is required for enzymatic
operation in the scientific and industrial fields.

Cellulose degrading enzymes

Cellulose is one of the most abundant organic compounds
on the planet and is often used as a raw material source
in the production of biofuels, feed, and as a building-block
chemical. Cellulose has more hydrolyzing properties as
compared to starch due to the difference in crystalline form.
The enzymes that are mostly used for cellulose hydrolysis
are exoglucanases and endoglucanases (Wu et al. 2018;
Escuder-Rodriguez et al. 2018). These enzymes have many
applications in the industry, like being used as a component
in detergents, coloring materials, enhancing the nutritional
quality of materials, washing jeans, etc.

Xylan degrading enzymes

Xylan is a hemicellulosic compound that has great applica-
tions in the paper and pulp industries (Nechita et al. 2021).
The xylanases used in the paper and pulp industries should
be thermostable in order to tolerate the high temperature
and high pH during biomass processing (Verma 2021). The
paper and pulp industries are growing at a fast pace, so we
have to focus on the high yield production of xylanases to
meet the demand of these industries (Bhardwaj et al. 2021;
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Table 1 Important examples of extremophilic bacteria and archaea with adopted mechanisms and potential applications

Industry Extremozyme Brand name/Company Specific uses

Detergents Amylases Purafect® OxAm (Genen- Degradation of starch-based Sarmiento et al. (2015)
cor), Stainzyme® Plus, stains
Preferenz’™ S100 (DuPont)

Cellulases Rocksoft™ Antartic, Antar-  Cotton fabric washing and
tic LTC (Dyadic), UTA-88  cleaning cotton cloths
and UTA-90 (Hunan
Youtell Biochemical), Ret-
rocell Recop and Retrocell
ZircoN (EpyGen Biotech),

Celluzyme®, Celluclean®
(Novozymes)

Lipases Lipoclean®, Lipex®, Degradation of lipid-based
Lipolase® Ultra, Kannase, stains
Liquanase®, Polarzyme®
(Novozymes)

Mannanases Mannaway? (Novozymes), Mannan-gum degradation
Effectenz”™ (DuPont) and removal

Pectate lyases XPect® (Novozymes) Removel of pectin-contain-

ing stains

Proteases Purafect® Prima, Degradation protein-based
Properase®, Excellase strains
(Genencor)

Textile Amylases Optisize®, COOL, Optisize® Desizing of woven fabrics
NEXT (Genencor/DuPont)

Cellulases Primafast® GOLD HSL, Biofinishing of cellulosic
IndiAge® NeutraFlex, fibers may combined with
PrimaGreen®, EcoLight 1,  dyeing
EcoFade LT100 (Genen-
cor/DuPont)

Molecular Biology Alkaline phosphatases Antartic phosphatases (New Dephosphorylation of 5’
England Biolabs Inc) end of a linearized DNA
fragment

Food & beverages

Textile, Research and

cosmetics

Sequencing &

Next-generation sequencing

Uracil-DNA-N-Glycosy-
lases

Pectinases

Catalase

DNA Polymerase

Uracil-DNA-N-Glycos-
ylases (UNG), (Artic-
Zymes), Antartic Thermo-
labile UDG (New England
Biolabs Inc.)

Novoshape® (Novozymes),
Pectinase 62L (Biocata-
lysts), Lallzyme® (Lal-
lemand)

Catalase (CAT) (Swissau-
stral)

Q5® High-Fidelity DNA
Polymerases (New
England Biolabs),
MightyAmp, Takara
bio (Tokyo), KOD FX,
Toyobo (Tokyo), BIOTAQ
(Bioline), Tag DNA
polymerase (Go Taq Flexi,
Promega), Hemo KlenTaq
(New England Biolabs),
KAPA Blood (KAPA
Biosystems), Phusion
Blood II (Thermo Fisher
Scientific)

Release of free-form of Ura-
cil from Uracil containing
DNA

Uses in brewery, wine,
bread-making and fruit
juice processing

Fiber treatment and beauty
products

PCR, Highest fidelity ampli- Miura et al. (2013)

fication

Some examples of commercially available thermostable extremozymes
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Joshi et al. 2022). To meet this demand nowadays, metagen-
omic analysis is focused on isolating non-cultivable micro-
organisms from man-made and natural habitats (Rabee et al.
2022; Wei et al. 2022).

Lipid degrading enzymes

Lipases are versatile and can lead to bioconversion reac-
tions in many ways, like hydrolysis, inter-esterification,
acidolysis, alcoholysis, and amylolysis. Thermophilic lipases
should exhibit distinctive qualities such as stereo-specificity,
substrate specificity, and heterogeneous reaction catalysis
(Royter et al. 2009). Nonetheless, more study is urgently
required to properly comprehend each of these elements. The
generated esters are used to give flavor and aroma to food
in the food industry (Kumar Verma et al. 2022). Along with
this, the ester’s long chains are used as fuel, lubricants, and
additives in cosmetics. There is another important applica-
tion of ester like pitch removal from the pulp in paper indus-
tries, impurities removal in non-cellulosic substrates, fats
hydrolysis in dairy industries, and synthesis of novel drugs
in pharmaceutical industries (Guo et al. 2021; Y1ldirim and
Avci 2022). For economic stability, the thermostable lipase
enzymes are used so that they can work at 50 °C. Although
many researchers have found some lipases that can operate
at 100 °C, generally they have a short life span at high tem-
peratures (Borrelli and Trono 2015; Chandra et al. 2020).

Conclusion

Extremophiles, the organisms that are capable of surviving
and thriving under extreme environmental conditions, have
become an exciting field of research for scientists. Extre-
mophiles are capable of meeting novel standards required
for sustainability through their applications and goods, but
they are generally difficult to be cultured. The study of
these organisms has revealed several unique mechanisms,
e.g., production of specialized enzymes that can func-
tion in extreme temperatures, pH levels, and pressures,
production of protective proteins that help the organism
resist harsh conditions, formation of biofilms that help
the organism resist desiccation and other extreme condi-
tions, ability to adjust membrane fluidity in response to
changes in temperature and pressure, production of pig-
ments that protect against UV radiation, development of
heat shock proteins that help the organism recover from
exposure to high temperatures, utilization of alternative
metabolic pathways that allow the organism to function in
the absence of oxygen, production of compatible solutes
that help the organism maintain water balance in high-
salt environments, utilization of unique lipids in their cell
membranes that maintain fluidity in extreme conditions

and use of molecular chaperones that help proteins main-
tain their proper shape in extreme environments, that
they employ to survive in harsh environments. One of
the most significant mechanisms found in extremophiles
is the production of specialized enzymes that can func-
tion at extreme temperatures, pH levels, and pressures.
These enzymes have found applications in several indus-
trial processes, including bioremediation and bioprocess-
ing. Other mechanisms found in extremophiles include
the production of protective proteins and the formation of
biofilms that help them resist desiccation and other harsh
conditions. These mechanisms have significant potential
for developing new biotechnological and medical applica-
tions. Extremophiles have also provided important insights
into the evolution of life on Earth. By studying the genetic
material of these organisms, scientists have been able to
understand the adaptive strategies they use to survive in
different environments. The applications of extremophiles
are numerous, and they are increasingly being used in sev-
eral areas of research. For example, the study of extremo-
philes has led to the development of new technologies for
treating wastewater, producing biofuels, and manufactur-
ing pharmaceuticals. In conclusion, the study of extremo-
philes has provided unique insights into the mechanisms
they use to survive and adapt to harsh environments. These
mechanisms have found applications in several industrial
processes and are increasingly being studied for medical
applications. This review aims to provide a better under-
standing of the features of extremophiles and their poten-
tial biotechnological and medicinal applications resulting
from this knowledge. Furthermore, the study of extremo-
philes has provided important insights into the evolution
of life on Earth. As research in this area continues, we can
expect to see further applications and benefits from the
study of these remarkable organisms. Thus, use of “multi-
omics” approaches help in a better ways to know functions
of genes, characteristics, and to find newer applications.
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