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Khushboo Dasauni, Divya, and Tapan K. Nailwal

Abstract

Cyanobacteria are dominant primary producers and near ubiquitous, inhabiting
diverse range of ecosystems. They are found in freshwater, marine system to
extreme environment such as the Antarctic, Arctic, and alpine regions. It seems
paradoxical that most polar cyanobacteria are psychrotolerant rather than psy-
chrophilic. Fluctuation in temperature, availability of nutrients and liquid water,
and irradiance can alter the microbial community dynamics. Cyanobacteria use
screening compounds, antifreeze proteins, antioxidants, membrane proteins, ion
regulation, etc. to thrive in extremely challenging conditions. This chapter
reviews various mechanisms of acclimatization of cyanobacteria at low
temperatures of the Arctic and Antarctic.

Keywords

Acclimatization - Cyanobacteria - Psychrotolerant - Antifreeze protein - Arctic
region - Antarctic region

1.1 Introduction

Cyanobacteria (blue-green algae) are the only known photosynthetic prokaryotes
capable of fixing both carbon dioxide and nitrogen. They are considered as among
the first microorganisms to inhabit the earth, therefore playing a key role in nutrient
cycling and energy flow on earth. Unicellular, surface-attached, multicellular, fila-
mentous colony and mat-forming are the various morph types of cyanobacteria.
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Polar or low-temperature ecosystems are the largest untouched or unlocked
biological resources of our planet. In these regions, temperature remains below
0 °C during most part of the year. Cyanobacteria are frequently found in cryospheric
ecosystems such as polar deserts, permafrost, cryoconites, snow lake ice, glacial ice,
etc. Swedish-Finnish explorer Adolf Erik and his team are one of the first to discover
cyanobacteria thriving in cryoconite of cryosphere during their expedition to green
ice cap in 1870. Commonly found polar cyanobacteria belong to the orders
Chroococcales (Gloeocapsa (several species), Chroococcidiopsis, Aphanocapsa,
Hormathonema), Oscillatoriales (Lyngbya and Leptolyngbya), and Nostocales
(Anabaena (several species) and Microchaete). Some of these assemblages are
conspicuously pigmented, such as the red Gloeocapsa community. Cryospheric
cyanobacteria are required to deal with the challenges of fluctuating low tempera-
ture, high irradiance (PAR and UVR), desiccation, availability of nutrient and liquid
water, and, now due to global warming, elevated temperature. Though cyanobacteria
are dominant organisms in cryo-ecosystems, it seems paradoxical that most polar
cyanobacteria are psychrotolerant rather than psychrophilic. It has been reported that
cyanobacteria are able to survive in extreme conditions of polar region and are
hypothetically also capable of acclimatization under hard environmental conditions
and could contribute to the field of astrobiology research. Here we review current
literature on ecology and the functional role played by cyanobacteria in various
Arctic and Antarctic environments. We will focus on the ecological importance of
cyanobacterial communities in polar regions and assess what is known regarding
their general mechanism of adaptation (Nienow and Friedmann 1993).

1.2  Significance of Cold Ecosystem

Arctic and Antarctic polar regions together have attention gathering impact on global
biogeochemical cycle and share a large proportion of the earth’s surface area.
Various different habitats in polar ecosystem include soil, permafrost, cryptic
niche (biological soil crust, hypoliths and endoliths), ice, snow, and a number of
aquatic habitats. Low water temperature in cryo-ecosystems shows increased carbon
dioxide solubility accounting for 30% of global uptake that helps sequester a huge
amount of carbon from atmosphere enriched with greenhouse gases. Mobilizing
frozen methane deposits into ocean water and atmosphere as a result of rising Arctic
temperature ultimately exacerbates the global warming. Sulfur particles formed via
conversion of polar phytoplankton metabolite dimethylsulfoniopropionate (DMSP)
to dimethylsulfide (DMS), a volatile gas, help seed clouds which mitigate climate
warming. On the other hand, polar microbial population plays a primarily key role in
various biogeochemical cycles, food webs, and re-mineralization processes. These
microbial communities are dominated by various orders of cyanobacteria which
form the base of food webs and account for large proportion of polar biomass despite
extremely low temperature and other stress factors prevailing in polar ecosystems.
Poor ideal level of nutrient availability for biological activity restricts the diversity of
microbial communities in polar environment. Physiological and phenotypic
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characteristic of species determines its vulnerability to extreme weather events
resulting in some species being more susceptible to challenging stress than others
(Nienow and Friedmann 1993).

1.3  Ecology and Biogeochemistry of Cyanobacteria

Cryo-ecosystem active cyanobacteria are challenged with extreme environmental
parameters of high altitude and latitude. These environmental parameters include
high UV radiation, desiccation tolerance, and freeze and thaw damage.
Cyanobacteria within microbial communities are the only dominant and most widely
distributed photoautotrophs contributing to structural stability, moisture retention,
and fertility of surrounding microbes (Belnap and Gardner 1993). They are consid-
ered a dominant contributor of essential ecosystem services (carbon and nitrogen
cycle). Classical and modern microbiological techniques have revealed the presence
of cyanobacteria as primary colonizer in a wide range of polar niche such as
permafrost, ice shelves, rocks, ponds, lakes, and glaciers (Vincent 2000). Variability
in environmental factors restricts development of other photoautotrophic clades,
while domination of cyanobacterial autotrophy supports a diverse number of hetero-
trophic microorganisms (such as Actinobacteria, Proteobacteria, Firmicutes, and
Bacteroidetes) as well as a small number of organisms at higher trophic level (De los
Rios et al. 2014; Yung et al. 2014). Besides polar cyanobacterial cohorts, polar
ecosystems are also inhabited by a number of eukaryotic photoautotrophs which
include diatoms, green algae, and mixotrophic organisms. Studying and understand-
ing the mechanism of adaptation of these dominant cyanobacteria helps understand
the whole ecosystem dynamics in cryo-ecosystems (Curtis 2006). Cyanobacteria
exhibit biogeographical patterns; as such, their diversity is often linked to latitudinal
gradients, with highest diversity and density found between 70 and 80 ’S (south)
(Namsaraev et al. 2010) (Table 1.1).

Table 1.1 Types of lithic environment

Lithic
environment Definition References
Epilithic Rock surface-inhabiting organisms Omelon (2008)
Endolithic Organisms inhabiting the interior of rock Nienow and
Friedmann (1993)
Hypolithic Communities inhabiting the soil-rock interface Cockell and Stokes
(2004)
Euendolithic Microorganisms can bore actively into the rock and | Cockell and Herrera
inhabit the resultant hole (2007)
Cryptoendolithic Microorganisms inhabit the space between grains Omelon et al.
of porous rocks (2007)
Chasmoendolithic | Microorganisms inhabiting rocks cracks and Budel et al. (2008)

fissures
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1.3.1 Cryptic Niches

Cryptic niches include biological soil crust (BSC), hypoliths, and endoliths that
provide physical stability, allowing slow-growing cyanobacterial and other
specialized microbial communities to develop (Agawin and Agusti 1997). Antarctic
BSCs are composed of unique filamentous cyanobacteria such as Nostoc commune
and Tolypothrix, Calothrix, and Leptolyngbya species (Budel and Colesie 2014),
while BSC communities in high Arctic favor members of Nostocales,
Chroococcales, and Oscillatoria.

1.3.2 Hypoliths

In an extreme cold ecosystem, the underside of rocks acts as a “refuge” for photoau-
totrophic microorganisms. The community performs photosynthesis with irradiance
levels less than 0.1% of incident light. Hypolithons are protected from UV radiation,
wind scouring, and trapped water. This provides bioavailable liquid water for
hypolithons (Makhalanyane et al. 2014; Ramond et al. 2015). Among hypolithons
cyanobacteria forms the base of community structure and functional processes, and a
clonal-based analysis of hypolith samples showed close homology to Nostocales and
Oscillatoriales dominance. Arctic hypoliths are also dominated by cyanobacteria,
and species found include Gloeocapsa atrata Kiitzing, Gloeocapsa punctata Nageli,
Gloeocapsa kuetzingiana Nageli and Chroococcidiopsis-like cells; unicellular algal
chlorophytes are also present (Cockell and Stokes 2004).

In another study by Pointing et al. (2009), colonized quartz rock examination was
done, and observations indicated dominance of oscillatorian cyanobacterial
morphotypes, belonging to genus Leptolyngbya. De los Rios et al. (2014)
demonstrated the unique spatial organization by hypoliths dominated by
cyanobacteria and found that most were structured by filamentous cyanobacteria
and associated with extracellular polymeric components, largely forming a biofilm.
The presence of extracellular polymeric substances has a major impact on survival of
these cyanobacteria especially in water-limited environment as EPS plays a key role
in water retention. On the other hand, Arctic hypoliths are dominated by a diverse
range of cyanobacterial species like Gloeocapsa, Chroococcidiopsis-like cells, and
unicellular algal chlorophytes (Cockell and stokes 2004).

1.3.3 Endoliths

Study on gypsum crusts on Alexander Island, West Antarctic Peninsula, revealed the
predominance of Cyanobacterium chlorogloea sp. (Makhalanyane et al. 2014).
Cyanobacteria are dominant colonists in endolith niches, and their colonization
mode depends on micro-morphological and structural properties of the rock (Hughes
and Lawley 2003). In a similar study conducted in Canadian High Arctic, analysis of
endolthic communities of gypsum crust indicated predominance of phototrophic
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cyanobacteria which included Nostoc species, Loriellopsis sp., and
Chroococcidiopsis sp. (Ziolkowski et al. 2013). In Mcmurdo Dry Valley, Antartica,
endolithic communities were dominated by three communities: Gloeocapsa,
Hormathonema, and Chroococcidiopsis. Bu del et al. (2008) through their studies
of endoliths from Antarctica reported presence of different genera of cyanobacteria
such as Chroococcidiopsis, Cyanothece, and Nostoc species.

1.3.4 Cryoconites

Cryoconites play a key role in glacial ecosystems exhibiting different boundaries,
nutrient cycling, and energy flow. Cyroconites act as refugia from harsh environment
for a diverse range of microbes as well as different species of cyanobacteria. These
are cylindrical cavities of thin layer of sediment present in the ice surfaces. These
layers of sediments provide a favorable environment for microbial colonization and
growth, thereby acting as biomass seeding sources in polar regions (Mueller et al.
2001). Dominating species of cyanobacteria in cryoconites are Phormidium, Nostoc,
and various species of the genus Leptolyngbya (Cameron et al. 2012).

1.3.5 Aquatic Habitats

Studies have suggested presence of cyanobacterial species in inland aquatic systems
of Antarctica to be low in diversity. However, 20 years later (Taton et al. 2003), in
their study using 16S rRNA gene and internal transcribed spaces (ITS), regions came
up with 15 phylotypes present on microbial mats of Lake Fryxell in McMurdo Dry
Valley, Antartica, and belonged to genera Geitlerinema, Nostoc, Hydrocoryne,
Leptolyngbya, Lyngbya, Pseudonabaena, Phormidium, Oscillatoria, Schizothrix,
and Nodularia (Table 1.2).

1.4  Ecophysiology of Polar Cyanobacteria and Functional Role
of Arctic and Antarctic Cyanobacteria

Current scientific exploration shows that both Arctic and Antarctic cyanobacterial
species are essential for ecosystem services (Wagner and Adrian 2009). Fluctuation
in temperature and availability of nutrients and liquid water can alter microbial
community dynamics (Chan et al. 2013). For example, global warming leading to
warmer water in polar lakes and ponds and nutrient accumulation from catchment
often results in cyanobacterial blooms (Wagner and Adrian 2009). Application of
modern molecular phylogenetic techniques can enhance the understanding of func-
tionality of cryo-microbial communities. Experimental studies by various scientific
communities have made it clear that cyanobacteria are central to such ecosystems
(Fernandez-Valiente et al. 2001). Recent evidence suggests that even moderate
change or reduction in microbial community will affect the whole functional



K. Dasauni et al.

Table 1.2 Genera of dominant cyanobacteria with their cryospheric habitat

Genus

Anabaena

Aphanocapsa

Calothrix

Chroococcidiopsis

Eucapsis
Gloeocapsa

Leptolyngbya

Lyngbya

Microchaete
Microcoleus

Myxosarcina
Nodularia

Nostoc

Oscillatoria

Habitat

Permafrost, soil, endolithic,
cryoconite

Soil, endolithic

Soil, hypolithic,
chasmoendolithic, epilithic
Soil, hypolithic,
chasmoendolithic,
endolithic, epilithic
Cryptoendolithic

Soil, hypolithic,
cryptoendolithic,
chasmoendolithic,
cryoconite

Permafrost, soil
cryptoendolithic, cryoconite,
glacial ice, lake ice

Soil, hypolithic,
chasmoendolithic,
cryoconite

Soil, endolithic

Soil, cryoconite

Epilithic
Soil, hypolithic,
chasmoendolithic

Permafrost, soil, hypolithic,
chasmoendolithic,
cryoconite

Soil, endolithics, cryoconite

References

Friedmann et al. (1987), Vishnivetskaya
(2009), Mataloni et al. (2000), Mueller
and Pollard (2004)

Friedmann et al. (1987), Fermani et al.
(2007)

Broady (1981, 1986, 1989), Cavacini
(2001)

Friedmann et al. (1987), Ryan et al.
(1989), Cockell and Stokes (2004)

Friedmann et al. (1987)

Broady (1981, 1986, 1989), Friedmann
et al. (1987), Cockell and Stokes (2004)

Vishnivetskaya (2009), Friedmann et al.
(1987), Cavacini (2001), Mataloni et al.
(2000)

Broady (1981)

Friedmann et al. (1987)

Komarek et al. (2008), Mueller and
Pollard (2004)

Broady (1981)
Broady (1981)

Budel et al. (2008), Mueller and Pollard
(2004)

Cameron (1972), Mataloni et al. (2000),
Mueller and Pollard (2004)

dynamics of cold ecosystem (Philippot et al. 2013; Singh 2014). Recent
metagenomic analysis of genes responsible for stress response to various environ-
mental stress parameters in microbial mat communities which are dominated by
cyanobacteria (in Arctic and Antarctic) includes sigma B, EPS, cold shock proteins,
and membrane modifications (Varin et al. 2012). Under low temperatures, proteins
are more susceptible to tertiary and quaternary structural damage, while nucleic acid
content becomes more stable, unable to support basic processes like replication,
transcription, and translation (D’ Amico et al. 2006). Thus, cyanobacteria for survival
produce specialized proteins and other biomolecules such as cold shock proteins,
antifreeze protein, and glycine betaine. Cyanobacteria survival is also accompanied
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by higher production of unsaturated fatty acid to retain membrane fluidity as loss of
fluidity highly affects the nutrient transport (Los and Mironov 2013). DEAD-box
RNA helicases are also expressed in abundance which help maintain cellular
processes even under thermodynamic constraints (Rocak and Linder 2004). To
cope up with the challenges of freezing and desiccation, cyanobacteria have adapted
the strategy of entering to dormant state followed up by low metabolic activity
(Vincent et al. 2004).

Cyanobacteria-driven biofilms provide exopolymer matrix which supports
biological as well as biogeochemical interaction. These cyanobacterial biofilms
secrete a large number of exopolysaccharides (EPS). EPS matrixes also play a
structural role and are responsible for creation and maintenance of microenviron-
ment to support growth and metabolism of cyanobacterial consortia. De los Rios
et al. (2014) showed that EPS also provides cryoprotection and desiccation protec-
tion for a diverse range of microorganisms.

1.5 Polar Region: Extreme Environmental Parameters
and Stress Factors

Generally, cyanobacteria surviving in high latitude and altitude are cold tolerant
known as psychrotrophs, and they show suboptimal growth at low temperature as
against psychrophiles that show optimal growth at low temperature (Tang and
Vincent 1999). Psychrotrophs exhibit a variety of mechanisms to tolerate and
grow at extremely low temperatures. They have adapted to freeze-thaw conditions
by enhancing the production of polyunsaturated fatty acids accompanied with short
chain length to be incorporated in their membrane. Cyanobacteria also produce
compatible solutes which reduce freezing point of intracellular solutes such as
trehalose, which also reduces cell desiccation. Cyanobacteria also produce and
secrete extracellular polymeric substances which help minimize ice nucleation
around the cells. Through these ways, cyanobacteria consortiums are able to with-
stand long-term seasonal dormancy phases in frozen environment. Later, these
freeze-dried cyanobacterial mats resume photosynthesis and high metabolics upon
rethawing (Vincent 2007). Temperature, liquid water availability, and irradiance are
crucial stress factors in cryo-ecosystem. Different adaptation and acclimatization
responses are due to various combinations of seasonal and diurnal variation, range of
values, and periodicity of these major stress factors. Studies have reported dynamic
fluctuation of temperature in polar regions. For example, average temperature during
vegetation season ranges from O to 5 °C, where temperature can be much higher or
lower than air temperature particularly at localized microenvironments. Elster et al.
(2012) demonstrated that the temperature of dry hummock top ranges from 2 to
10 °C in the beginning of vegetative season, and with time when hummock bottom is
completely submerged in water, the temperature becomes constant around 0 °C.
Therefore, decrease in liquid water availability from aquatic to dry habitats is a
characteristic of seasonal variation. These seasonal variations are responsible for
causing precipitation events. Polar streams, rock surfaces, or wet hummock tundra
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meadows are exposed to variable wet and dry periods during vegetation season.
Another stress encountered by microbial consortia is when temperature for a short
period of time rapidly increases to 0 °C and liquid water prevails for 1 or 2 weeks.
This event of rain on snow takes place from January to February and results in
significant reduction in survival rate of cyanobacteria. Irradiance is yet another key
factor and includes PAR (400-700 nm) and UVR (280—400 nm). Polar nights as well
as continuous irradiance during polar day cause stress to thriving life. PAR is the
main known source of energy for photoautotrophic microorganism. UVR is known
to have greater impact on polar aquatic and terrestrial ecosystems. Microclimate can
be very different from macroclimate; such dynamic differences can be observed in
thermal springs or within cryoendolithic communities (Friedmann et al. 1987).

1.6  Polar Cyanobacteria: Response to Various Stress Factors
1.6.1 General Mechanism of Adaptation

Duration of stress and stress intensity determines the stress effect and course of stress
reaction (Schulze 2005). Stress response also depends on adaptation capabilities of
microbial communities. These cryo-microbial communities in nature are exposed to
combinations of different types of stresses at the same time. For example, high PAR
is followed by UVR. As a result of multiple stresses, stress responses in turn are
highly complex involving various protection mechanisms. Basic stress response is
categorized as active (stress tolerance) and passive (stress avoidance) according to
Schulze (2005). For algae and cyanobacteria, the following terms are defined:
adaptation, genetically fixed responses to outer environmental conditions (Elster
1999), and acclimation, response to sporadic extremes of environment that is not
genetically fixed, but biochemical (e.g., synthesis of screening pigments), morpho-
logical (e.g., cell wall modification), or physiological (e.g., state transitions) changes
occur. Elster (1999) defined this type of response as ‘“acclimatization.” Stress
reaction usually triggers specific processes, for example, state transitions (Allen
2003), metabolic changes like increased synthesis of polyunsaturated fatty acids
(Shivaji et al. 2007), or modification of cell ultrastructure, viz., increased number of
photosystem units in membranes.

1.6.2 Stress Avoidance

Stress avoidance is done by microbial communities using escape strategies to avoid
harsh conditions or insulate cells from the surroundings. Escape mechanisms involve
migration to acceptable (favorable) conditions or suitable habitats. For migration,
unicellular and filamentous forms use gliding movement (Hoiczyk 2000; McBride
2001), and planktonic species use buoyancy mechanisms involving gas vacuoles to
control and monitor their position in the water column (Oliver 1994). Habitat
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Fig. 1.1 Strategies of polar Dormant Cell
cyanobacteria use for stress Formation
avoidance

Morphological
Structures

’—[ Consortia

selection is a favorable option for non-motile living forms. Habitat selection is
advantageous as it provides favorable conditions than outside such as rock interior
is warmer and wetter, protecting against PAR and UVR) (Friedmann et al. 1987).
Gilichinsky et al. (2008) observed that permafrost samples were dominated by viable
non-heterocystous filamentous cyanobacteria of the family Oscillatoriales (Fig. 1.1).

I |

1.6.3 Stress Tolerance

When stress factors damage the cell, stress tolerance mechanism comes into play.
Stress response events that help restore the cell’s function are known as stress
reactions. The point when cell structure as well as function is disturbed, signaling
molecules trigger appropriate receptor to carry a cascade of reactions, resistance of
organism increases up to a maximal level, and resistance need not to last constantly
as it can decrease again during long-term and intensive stress (Schulze 2005).

1.6.4 Dormant Cell Formation

One of the mechanisms of protection from harsh environment is to produce akinetes
whose formation has not been observed in polar cyanobacteria (Lubzens et al. 2010),
and it can rarely be seen in genera Anabaena or Hydrocoryne. Nonpolar
cyanobacteria do exhibit the ability to form akinetes, which is defined as a resting
stage where the cell wall is thick and large amounts of intracellular storage
compounds are present. This allows survival under extremely harsh conditions.
Trigger mechanisms for akinete formation from vegetative cells are probably species
specific (Van den Hoek et al. 1995). It is reported that hormogonia and hormocyst
are polar akinete in polar regions. Hormogonia and hormocyst are formed via
fragmentation of vegetative or mother filaments and possess ability to migrate to
favorable conditions.

Tashyreva and Elster (2016) in their study on polar Microcoleus (a filamentous
species of cyanobacteria) observed that at the end of vegetative season, a dense sheet
starts to develop, and later in spring, a large number of hormogonia is released. They
also stated that at the end of vegetative season, freezing, desiccation, and nitrogen
starvation trigger the acclimatization process. This promotes development of resis-
tance to winter (Tashyreva and Elster 2016). Under stress conditions of vegetative
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season, hormogonia and hormocysts may still form in large number and spread
actively or passively via gliding or by water, respectively, to a suitable habitat.
Despite very low survival rate, few hormogonia manage to outlast severe conditions
and later act as inoculums for colonization of habitat. Since filaments are more
delicate to desiccation, freezing, and biochemical modifications, therefore, produc-
tion of osmotically active compounds, or formation of other types of dormant cells,
like cyst-like cells in chroococcidiopsis (Caiola et al. 1996), could facilitate
continued cell existence (Tashyreva and Elster 2012, 2016).

1.6.5 Morphological Structures

To cope with hostile external conditions, cyanobacteria promote differential devel-
opment of morphological structure. These morphological structures can help survive
in times when migration toward suitable environment is restricted. Against desicca-
tion and freezing, polar cyanobacteria develop various types of extracellular muci-
laginous envelopes and sheaths (De los Rios et al. 2004; Makhalanyane et al. 2014;
Tashyreva and Elster 2016; Deming and Young 2017). The surrounding envelops
protect via different compounds that screen the cell against PAR and UVR. Colonial
forms are more resistant to stress (Xiong et al. 1996), probably because surface cells
protect those inside the colony. Formation of a colony of cells or filaments was
indeed observed after exposure to high irradiance and nutrient depletion (Callieri
et al. 2012).

1.6.6 Consortia

In polar environments, the consortium of different species develops into several
structures like firm layered structures, microbial mats, and biofilms. These colonial
patterns are often characterized by an outer or upper layer of cell containing
screening pigments. A sheath pigment, scytonemin, protects subsurface layers.
This shows that the condition is more favorable in the interior of the mat than
outside (Vincent et al. 1993). Such microbial mats are found at aerial-liquid-solid
interfaces as periphyton in seepages or at the aerial-solid interface on the soil surface
as a soil crust. These microbial mats and biofilms show more resistance response to a
number of stress factors (Elster and Benson 2004). Tashyreva and Elster et al. (2012)
demonstrated an extreme case of avoidance strategy by lichen formation where
fungal filaments play a role in structural and chemical protection and provide
water to phycobiont, and in return cyanobactreium offers organic nutrients to the
mycobiont. Here lichen system provides an advantage of good water management in
polar regions, which are often exposed to water stress.
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1.6.7 Low Temperature

In a study, oscillatorian cyanobacteria isolated from melt water ponds which are
psychrophilic (temperature range from 0 to 8 °C). Polar cyanobacteria also exhibit
longer doubling time than psychrophilic eukaryotic algae and heterotrophic bacteria
(Vincent 2007) (Fig. 1.2).

1.6.8 Temperature Perception

Cold adapted microbial plus cyanobacterial consortia possess temperature sensors
which trigger signal transduction in cells. The scheme of acclimatization reaction in
synechocystis PCC6803 was studied by Murata and Wada (1995) and Nishida and
Murata (1996), and they reported that the fall in external temperature decreases
fluidity of cellular membrane which is sensed by membrane-bound sensors.
Receptors of cold shocks could possibly be membrane proteins. Temperature sensors
trigger a cascade of reaction that ultimately leads to expression of desaturase genes
leading to restoration of membrane fluidity with accumulation of desaturated fatty
acids.

1.6.9 Lipids

Based on fatty acid composition, cyanobacteria belong to four different groups.
Alteration in fatty acid composition during exposure to low polar temperature in
cyanobacterial membranes depends on the group to which cyanobacterium belongs.
When temperature shifts to extreme low, fatty acid composition of membrane
changes and results in an increased ratio of unsaturated fatty acids, increase in
cis-double bonds, methyl branching, and shortening of fatty acid chain (Gounot
and Russell 1999). It involves changes in level of desaturation together with acyl
chain length (Shivaji et al. 2007). In a study conducted on polar Calothrix
sp. Samples, it was shown that membrane phospholipid containing branched long
chain fatty acids improves cold tolerance (Rezanka et al. 2009). In another study, it
was shown that in Synechocystis sp., level of unsaturated fatty acid changes due to
unsaturation of existing fatty acid and not because of de novo synthesis.

Fig. 1.2 Survival strategies .
of cyanobacteria at low Temperature perception

temperature
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1.6.10 Proteins/Enzymes

Conservation of structural and functional integrity of cellular proteins at extreme low
temperature is challenging for polar cyanobacteria and other microbial communities.
At low temperature, decaying of compact protein structure can be observed, further
resulting in individual subunit dissociation (Primalov 1979). Catalytic activity of
enzymes too gets affected at low temperature. Protein folding must take play in such
a way as to maintain structural and functional integrity (Walles et al. 1999).
Sensitivity to low temperature could be different for various enzymes even when
isolated from the same species, and different enzymes have developed different
responses to low temperature (Loppes et al. 1996). When compared to mesophilic
enzymes, enzymes from cold adapted organisms are more active at lower tempera-
ture, and their catalytic activity is more temperature independent, though their active
site is less stable (Feller and Gerday 2003).

Still, few enzymes follow opposite scenario, for example, the highly conserved
enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) catalytic
activity was observed to be low in psychrophilic algae in comparison with
mesophiles. Lower enzymatic activity in RuBisCO is compensated with synthesis
of greater amount of enzyme subunits in psychrophilic alga (Devos et al. 1998).
Many microbial species together with diverse cyanobacterial communities undergo
dormancy or hibernation to survive in polar environment. Cold shock proteins are
synthesized as they are essential for restoration of growth under lower temperature,
and they function at transcriptional and translational levels (Raymond-Bouchard and
Whyte 2017). Cold shock proteins act differently in psychrophiles and mesophiles.
The number of cold shock protein is higher and is directly proportional to the
intensity of stress, i.e., the higher the cold stress, the greater the production of cold
shock proteins. Another group of proteins called cold acclimation proteins (CAPs)
are also considered to play a role in promoting growth in polar environments along
with cold shock proteins (Berger et al. 1997).

1.6.11 Freeze/Melting Cycles

In polar regions especially polar hydroterrestrial and terrestrial ecosystems,
cyanobacteria are more frequently subjected to freeze-thaw cycle. There are many
factors on which sensitivity of cell to freezing and melting depends (Elster et al.
2012), like the physiological state of cell, rate of cooling, freezing and melting, and
also the chemical composition of freezing medium. It was observed that polar
cyanobacteria are more resistant to freezing than polar algae and could possibly
survive freezing up to —100 °C (Sabacka and Elster 2006). Polar freezing and
melting in turn are responsible for inducing many stresses like temperature change,
change in water content and phase, and change in concentration of many compounds
that often leads to alteration in pH, salt precipitation, and intracellular ice crystal. The
rate of freezing and melting is very slow (Elster et al. 2012). Ice crystals penetrate the
intracellular structure which could damage cells (Tanghe et al. 2003). ROS
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production together with in—/outflow of water with osmotic gradient also damages
the cell. Synthesis of AFPs and dimethylsulfoxide (DMSO) prevents ice crystal
formation and could account for freeze avoidance strategy, while freeze tolerance
mechanism involves phenomenon of ice nucleation (Cockell et al. 2000) (Fig. 1.3).

1.6.12 Antifreeze Proteins

AFPs function by depressing the freezing point and avoiding recrystallization of ice
(Chao et al. 1996). In a study on Antarctic cyanobacterial mats (dominated by
Nostoc sp. and Phormidium), presence of AFPs was observed (Raymond and Fritsen
2000). These AFPs include a diverse range of proteins and are present at low
concentration in cells.

1.6.13 Compatible Solutes and Cryoprotectants

Psychrophilic and psychrotolerant cyanobacteria are expected to synthesize and
accumulate compatible solutes, though their accumulation in them is not well
studied (Klihn and Hagemann 2011). However, marine algae have been known to
produce cryoprotectant or compatible solutes, for example, DMSO which provides
protection against freezing injury (Day et al. 2005; Day and Brand 2005). In
halotolerant cyanobacteria, a similar compound was found, namely,
dimethylsulfoniopropionate (DMSP) which can also serve as a cryoprotectant like
DMSO (Kirst et al. 1991; Karsten et al. 1992). EPS (extracellular polysaccharides)
present in thick mucilaginous envelopes and sheaths are also observed to slow down
water movement during freeze and thaw (to prevent sudden alteration in cell volume)
and, therefore, can also be considered as a sort of cryoprotectant (Deming and
Young 2017). EPS are known to consist of glucose, xylose, galactose, and uronic
acid (Helm et al. 2000). Chain-forming carbohydrates contain hydrophilic solutes.
So, the extracellular matrix provides cryoprotection to cells during encapsulation.
This effectively protective encapsulation has been demonstrated in coccal algae and
yet not sufficiently studied in polar cyanobacteria (Elster et al. 2008; LukeSova et al.
2008).
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1.6.14 Ice Nucleation Proteins

In bacteria, proteins present in the outer cell membrane act as template for ice
nucleation which helps prevent desiccation. Ice nucleation separates water source
present near the cell surface, and ice particles spreading outward from the cell can be
observed. In this way, damage to the cell via ice formation reduces to minimum (Lee
et al. 1995). Freezing temperatures required for ice nucleation activity are —13 °C,
—15 °C, and —18 °C for Antarctic soil Phormidium scotii, Pseudophormidium sp.,
and Phormidium attenuatum, respectively, indicating that the cyanobacteria do not
use ice nucleation mechanism for freezing protection (Worland and LukeSova 2000).

1.6.15 Dessication

Poikilohydric organisms such as microalgae, lichens, and mosses are defined as
organisms that can tolerate desiccation (Alpert 2000, 2005). Cyanobacteria are also
poikilohydric. Desiccation causes failure of various physiological processes, there-
fore impairing essential cellular process. In a study, long-term survival of desiccation
in cyanobacterial Nostoc sp. was observed where Nostoc sp. was successfully
revived after 55 (Shirkey et al. 2003), 87 (Lipman 1941), and more than 100 years
(Cameron 1962). Cyanobacteria follow diverse strategies to minimize osmotic and
mechanical stresses which are also common in poikilohydric organisms, indicating
early evolutionary relatedness of these photosynthetic organisms (Fig. 1.4).

These strategies include complex interaction networks and processes at several
cellular levels. In cyanobacterial consortia, desiccation leads to inhibition of nitrogen
fixation and decline in photosynthesis and also affects respiration (Potts 2000; Qiu
and Gao 2001). Even upon rehydration, it takes hours to recover photosynthetic
function and days for nitrogenase activity recovery. Cyanobacterial tolerance to
extreme desiccation is mainly due to its ability to tolerate extreme low water
potentials. In a study by Potts and Friedmann (1981), it was shown that
cryptoendolithic Chroococcus and Chroococcidiopsis were able to fix carbon diox-
ide at unusually low potential (Potts and Friedmann 1981; Palmer and Friedmann
1990). In another study, it was observed that Nostoc sp. carry out usual photochemi-
cal and nitrogen fixation activity even after losing 50% of its original weight when
present at fully hydrated state. Stress response during desiccation is reported in
Calothrix sp. and Nostoc sp., respectively. These responses include enhanced rate of
lipid production and accumulation of polyunsaturated membrane lipids. Superoxide

Fig. 1.4 Survival strategies
in response to desiccation
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dismutase and catalase are the oxygen scavenging enzymes produced to reduce or
prevent membrane damage due to ROS generation. As a desiccation tolerance
strategy, cyanobacteria modify protein structure by acetylation, phosphorylation,
and glycosylation. Photoreactivation, excision repair, and post-replication repair are
the DNA protection mechanisms adapted by polar cyanobacteria.

1.6.16 Extracellular Envelopes

In polar regions, microbial species are usually desiccation resistant as they develop
thick mucilage envelopes and sheaths (Tamaru et al. 2005). The major component of
this envelop is a mucopolysaccharide that helps delay desiccation and retains water
(Caiola et al. 1996; Pereira 2009). In Nostoc commune colonies, it has been
demonstrated that EPS are responsible for possible water storage function and,
therefore, keep cells in hydrated state (Kviderova et al. 2011). Prolonged desiccation
does affect the size and biochemical composition, resulting in larger cellular
envelops in Chrococcidiopsis sp. (Caiola et al. 1996).

1.6.17 Water Stress Proteins

Another challenging parameter in the polar region is availability of water. Many
microbial species including cyanobacterial species have water stress proteins
(WSPs), late embryogenesis abundant (LEA) proteins, and dehydrin among them.
LEA proteins have mechanism to stabilize other proteins and cellular membrane
during drying (in presence of trehalose) (Close 1997). Dehydrins exhibit a functional
role of inhibition of coagulation of macromolecules. Both proteins are found to be
present in cyanobacteria (Close and Lammers 1993). Disaccharides such as treha-
lose, sucrose, and glucosylglycerol are considered compatible solutes especially in
water-stressed mesophilic cyanobacteria (Reed et al. 1984; Klihn and Hagemann
2011). Some WSPs have been detected in Nostoc commune colonies that perform
modification in extracellular envelop (or extracellular glycan) (Potts 1999).

1.6.18 Salinity

Osmotic and ionic components are required to combat with salinity stress through
their specific response (Epstein 1985; Lauchli and Epstein 1990). Osmotic compo-
nent is linked to water efflux, and response mechanism helps minimize or reduce
water loss. Ionic component acts against toxic effects caused by higher concentration
of ions and nutritional misbalance by performing selective or specific ion transport
(Elster 1999). Cyanobacterial response to increase tolerance to salinity includes
reduction in total lipid content and undergoes desaturation of membrane lipids.
Salt tolerance mechanism also involves regulation of ion and water membrane
channels (Singh et al. 2002). Salt stress often generates ROS, and cyanobacteria
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deals with it by activating quenching mechanisms (Latifi et al. 2009). Response
involves several steps: (1) active Na* extrusion (ionic regulation), (2) uptake/syn-
thesis of compatible solutes (osmotic regulations), (3) modification of membrane
lipid composition, and (4) increased energetic capacity due to increased photosyn-
thesis and respiration (Joset et al. 1996) (Fig. 1.5).

1.6.19 lonic Regulation

Ion regulation is a crucial process that takes place in every microbial as well as
eukaryotic cell. It can be achieved by active and passive ion transport. Active ion
transport provides rapid response to changes in intracellular Na* concentration.
When extracellular concentration of Na* increases, to maintain osmotic balance as
aresult, intracellular Na* concentration increases steeply and later declines slowly to
attain physiological value (Packer et al. 1987; Blumwald et al. 1983). Active ion
transport eliminates excess Na* to maintain an intracellular range of 10-30 mM. K*
uptake too helps in adjustment of turgor (Apte 2001). These active ion transport
systems such as antiport Na*/H" are powered by P-ATPase (Joset et al. 1996).

1.6.20 Osmotic Regulation

In Synechocystis sp., the processes of uptake/synthesis of compatible compounds
takes place simultaneously along with ion transport to maintain positive turgor (Reed
et al. 1984; Joset et al. 1996). However, very less has been explored about the
osmotic regulation in polar cyanobacteria. Cyanobacteria surviving under combined
stress of desiccation and salinity in hypersaline deserts do synthesize necessary
compatible solutes, for example, glycinebetaine, the most commonly synthesized
compatible solute (Kldhn and Hagemann 2011; Oren 2007).

1.6.21 Irradiance (PAR) and Ultraviolet Radiation (UVR)

Orthodoxically, cyanobacteria in polar regions have the ability to tolerate high doses
of UVR and are less sensitive to it (Seckbach and Oren 2007). They exhibit different
morphological and community organization patterns such as bigger cells or grow in
large colonies, coenobia, or mats which provides protection to internal cells or
filaments (Pattanaik et al. 2007). Screening strategies are species specific. For
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Fig. 1.6 Survival strategies of polar cyanobacteria against PAR and UVR

example, outer layers of Scyfonema mats are characterized by actively moving
filaments, whereas the upper layer cells in oscillatoracean mats contain low pigment
concentration thereby protecting internal cells (Quesada et al. 1999) (Fig. 1.6).

High level of UVR exposure to cyanobacteria may cause photo-inhibition,
photochemical damage, and cellular component degradation; as a consequence of
which, generation of ROS takes place. Primary target of ROS is DNA leading to
harmful mutations (Quesada and Vincent 1997; Xue et al. 2005). Consequences of
high-dose exposure of UVR include slow growth rate and damage to photosynthetic
apparatus, nitrogenase complex, and cellular membranes. As an adaptive mecha-
nism, cyanobacteria possess four lines of defense which also favor cyanobacteria
acclimatization under high light (Vincent 2000).

¢ Selection of habitat

* Production of screening compounds
* Production of antioxidants

* Repair mechanisms

Sunlight is the main source of energy for phototrophic clades including
cyanobacteria. Variations in the availability of PAR together with its spectral
composition and intensity impose challenges to cyanobacterial communities
(Falkowski and Raven 2007; Markager and Vincent 2000). In water, blue and
blue-green light prevails more, while red light diminishes in very short time. Its
intensity can vary from minute intensities in cryptoendolithic communities of
0.1 pmol m 2 s~ " up to full sunlight of 1500 pmol m 2 s~ (Nienow et al. 1988).
To survive in cold habitats, cyanobacteria are required to acclimatize to a broad
range of PAR values (Vincent 2000).

1.6.22 Photosynthesis and Photoinhibition at Low Temperature

Rate of photosynthetic reaction depends mainly on factors like temperature, sunlight,
water, and CO,. Photosynthesis occurs at temperature ranges of —7 to +75 °C
(Castenholz 1969). It is observed that rate of photosynthesis first increases to an
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optimum temperature and then declines (Davison 1991). Generally, at cold temper-
ature, rate of individual steps of electron transport, carbon dioxide diffusion, enzy-
matic activity, and turnover of membrane protein is slow. This limits photosynthesis
in phototrophic clades when exposed to higher irradiance resulting in
photoinhibition (called as photo-inhibition of low temperature) (Powels and Berry
1983; Smillie and Hetherington 1988). In a study, it was shown that Synechocystis
sp. are resistant to photoinhibition due to lipid desaturation, through light regulation
of desaturase genes expression, resulting in higher photosynthetic productivity
(Sakurai 2003). Therefore, cryo-cyanobacteria attain higher photosynthetic rates
even at low temperatures considering their upper temperature limits of photosynthe-
sis are still lower than algae of warmer region (Kuebler et al. 1991).

1.6.23 Screening Compounds

Cyanobacterial consortia often exhibit colored colonies. Cyanobacteria produce
pigments that absorb in UV and blue regions of electromagnetic spectrum (Quesada
and Vincent 1997). The major screening compound mycosporine-like amino acid
(MAA) accumulates in cytoplasm of cyanobacteria and shows absorbance maxima
at 310-360 nm (Oren and Seckbach 2001; Pattanaik et al. 2007). Another screening
pigment scytonemin (yellowish-brown) shows maximal absorbance at 370-390 nm
(Oren and Seckbach 2001 ; Pattanaik et al. 2007). Scytonemin is a stable pigment and
provides prolonged protection. Cyanobacterial mats exhibit black and dark colora-
tion due to the presence of scytonemin in extracellular sheath. Gloeocapsa species of
cyanobacteria lacks scytonemin and exhibits brown coloration due to the presence of
a different screening pigment in the envelope, the gloeocapsin. Colored Gloeocapsa
sp. were reported by Novacek (1930, 1934), and the observation of Jaag (1945) may
imply possible effects of environmental conditions, namely, pH, on sheath pigment
color in Gloeocapsa. Presence of gloeocapsin is usually connected with absence of
scytonemin in some cyanobacterial species, thus suggesting independent develop-
ment of scytonemin and gloeocapsin-based protective strategies (Storme 2015). It
has been reported that even common cellular compounds have screening property
against excess UVR. There is an observation by Araoz and Hider (1999) that
synthesis of phycoerytherin increases with increased exposure to UVR due to faster
rate of repair of photosynthetic apparatus, whereas phycobiliprotein (PBP) do show
absorbance in UVR region but still can be easily damaged by it (Hader 2001). In
cyanobacterial mats, mucilaginous sheath performs a dual function to provide
resistance against UVR, firstly by providing matrix for extracellular screening
compound and secondly EPS showing UVR absorption (Ehling-Schulz et al.
1997). Dark red gloeocapsin in the envelopes of Gloeocapsa sp. is responsible for
the brown coloration of crusts on rocks (Sheath et al. 1996); however, further data on
its properties are lacking.
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1.6.24 Antioxidants

Cryo-cyanobacteria have adapted a system of enzymatic and non-enzymatic antiox-
idant to scavenge ROS. These ROS are formed in cyanobacteria when exposed to
high PAR and UVR (Pattanaik et al. 2007). In cryo-cyanobacteria, non-enzymatic
oxidants include carotinoids, tocopherol, ascorbic acid (act rapidly to URV induced
damage (Ehling-Schulz et al. 1997), and reduced glutathione though not considered
as very effective ROS quenchers (Wolfe-Simon et al. 2005). SOD, catalase, and
glutathione reductase as well as enzymes of ascorbate-glutathione cycle however
account for enzymatic antioxidant systems of cyanobacteria growing in the polar
regions (Pattanaik et al. 2007).

1.6.25 Survival Strategies: Insight from Metagenomics

A study tested whether increasing age and associated stress challenges drive adap-
tive changes in diversity of microbial community and their function. Pleistocene
permafrost chronosequence from 19,000 to 33,000 (kyr) was performed with deep
metagenomics and 16S rRNA gene sequencing. It was concluded that age affected
microbial community composition and also reduced its diversity. Consistent shifts
were observed with long-term strategies in cryo-ecosystem; this includes increased
reliance of community on scavenging detritus biomass, horizontal gene transfer,
chemotaxis, dormancy, environmental sensing, and stress response.

1.6.26 Subzero Temperature Effect

Under subzero temperature, nucleic acid and its secondary structure as well as
structural flexibility of proteins are stabilized that inhibits replication, transcription,
and translation. At extremely low temperature, concentration of ROS increases and
damages DNA, RNA, proteins, and lipids. Stressors on the microbial community
accumulate over time, demanding a counteractive adaptation for long-term survival
in extremely harsh polar conditions. However, we know little about the ecological
strategies utilized by microbial communities in response to the challenges presented
by spending millennia in permafrost. The study showed older permafrost samples
were enriched with pathways involved in synthesis of cell envelope component,
amino acid, peptide, carbohydrate metabolism, environmental sensing, membrane
transport, and degradation of recalcitrant biomass as compared to younger perma-
frost samples.

Along the permafrost chronosequence, the ability to respond to harsh environ-
mental conditions increased, for example, ancient cryo-environment includes
nutrients and other resource limitation, low temperature, and high osmolarity (Raivio
2014). Older permafrost samples are also enriched with diverse sensor system genes
involved in temperature sensing, protein misfolding, H" regulation, salt stress,
osmolarity, oxygen limitation, and cell membrane stress. Expression of genes
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responsible for nutrient and resource sensing ion, trace metal, nitrogen, acetoacetate,
malate, and glucose amplified in chronosequence. Chemotaxis pathway also showed
significant increase in ancient permafrost.

ATP-binding cassette transporter pathway genes, importer genes responsible for
transfer of amino acid, peptides, osmoprotectant, and stress compounds together
with exporter genes involved in transfer of LPS layer and cell wall component,
increased in abundance along with chronosequence. The study mapped high expres-
sion of genes accounting from four of the six classes of secretion machinery and two
membrane-spanning systems in older permafrost. These abundantly expressed secre-
tion systems include type IV secretion system which encodes conjugation machin-
ery, type I secretion system that secretes product in extracellular milieu, and type III
secretion system involved in interaction with eukaryotic domain of life. Abundance
of pathways involving biosynthesis of three cell envelope components—fatty acids,
lipopolysaccharides (LPS), and peptidoglycan—increased with age. Fatty acid
chains in phospho- and glycolipids form the membrane and are altered to increase
membrane fluidity in response to cold (Phadtare 2004).

1.7  Impact of Rise in Global Temperature on Polar
Cyanobacteria

Ancient literature and ongoing scientific studies suggest how important Arctic and
Antarctic cyanobacterial communities are, for a number of ecosystem processes. The
rise in global temperature has resulted in global climate change, which is
accompanied with melting of polar glaciers. This causes harmful alteration in
community dynamics in polar habitats (Wynn-Williams 1996; Strauss et al. 2012;
Chan et al. 2013). One can observe the rise in cyanobacterial blooms in lakes and
ponds having warmer water and enriched with nurients due to discharge of untreated
industrial and community waste. It is crucial to understand cyanobacterial function-
ality along with its interaction networks with other microbial species under changing
global climate. This can reveal the acclimatization strategies and also tell us in what
way global changes are affecting the biogeochemical processes derived by microbes.
Studies on soil systems suggest that moderate losses in microbial diversity definitely
affect the functionality of the whole ecosystem (Philippot et al. 2013; Singh 2014).

1.7.1 Nitrogen Cycling

Climate change does have impact on microbial communities, for example, it affects
nitrogen-fixing microorganisms. Yergeau (2008) did an environmental microarray
analysis of Antarctic soil communities, where they observed a rise in cyanobacterial
population with increasing latitude. This study revealed a strong connection between
community structure and functional gene distribution in Antarctic soils. Results of
Principal Coordinate Analysis (PCA) exhibited a relationship between cyanobacteria
and genes for nitric oxide reductase (norB). Surprisingly, the study showed a strong
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relationship between cyanobacteria and genes implicated in nitrogen fixation (nifH),
ammonium oxidizing bacteria (amoA), and other genes associated with nitrogen
cycling (nar, nos, nas). However, in a similar study undertaken on Arctic permafrost,
cyanobacteria-mediated nitrogen fixation was suggested through the identification of
a single type of nitrogenase (nifH) (Yergeau et al. 2010). Cyanobacteria also appear
to drive nitrogen fixation in moist soil communities (Niederberger et al. 2012). For
instance, it has been shown that N,-fixing activity of cyanobacteria in Arctic regions
is primarily governed by moisture gradients associated with topography that
determines nutrient availability. The energy demand leads to high photosynthetic
and respiration rates (Joset et al. 1996). Since respiration rates are low, photosynthe-
sis seems to be the primary energy source (Apte 2001). Due to the allocation of
energy to ion regulation and inhibition of nitrogenase activity, nitrogen fixation may
be depressed in N,-fixing species at high salt concentrations (Apte 2001) as observed
in nonpolar Anabaena sp. (Apte et al. 1987). On the contrary, optimum nitrogen
fixation in marine tropic and subtropic Trichodesmium sp. occurs in a salinity range
from 3.3% to 3.7%, indicating adaptation of this cyanobacterium to the marine
environment.

1.7.2 Carbon Cycling

Cyanobacteria, the globally dominant photoautotrophic lineage, are considered to be
particularly important in Antarctic carbon cycling. In a study, using metagenomics,
Pearce et al. (2012) reported cyanobacteria being underrepresented in southern
maritime Antarctic soil, with only 3.4% of total sequences belonging to this phylum,
although 1% of the genes identified were involved in CO, fixation. This result is
surprising and may be a localized phenomenon, rather than representative of all
southern maritime Antarctic soils. In any event, cyanobacteria have been shown to
use a number of methods in order to increase photosynthesis (Rae et al. 2013). For
example, they are able to produce carboxysomes, which together with CO,-
concentrating mechanisms (CCM) augment chemical conditions in the locality of
the primary CO,-fixing enzyme (RuBisCO), resulting in increased photosynthesis
(Rae et al. 2013). In Antarctic habitats, such mechanisms are essential for nutrient
input. Interestingly, Functional Forms II and IIT of RubisCO were assigned to other
groups including Archaea, Actinobacteria, and Proteobacteria, the known
chemolithotrophs. Cyanobacterium Nostoc commune is a prominent primary pro-
ducer in continental Antarctica and has been used as a model for elucidating the
ecological constraints on total carbon fixation particularly for ice-free areas (Novis
2007).
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1.8 Conclusion

The knowledge of these adaptation or acclimation processes is believed to determine
several important survival strategies. The scientific data collected from numerous
studies have the potential to improve current models which can impact global
climate change on polar ecosystems and determine the future distribution of invasive
species, especially in the Arctic. Cyanobacteria do not seem to be particularly
adaptable to low temperatures because they cannot maintain a rapid growth rate in
a cold environment. On the other hand, studies in the modern cryosphere have
shown that they have a wide range of adaptive mechanisms that can make them
grow under irradiance such as freezing, ice cover, and regular exposure to ultraviolet
rays and bright PAR. These mechanisms include concentrating pigments, screening
pigments, ROS quenching compound (such as carotenoids), and alteration in mem-
brane fluidity at low temperatures and production of cold stable proteins. Despite the
cold, polar and alpine cyanobacteria can maintain a slow but steady growth. This
cold tolerance strategy has been very successful in many cold ecosystems. The
fitness test of extreme microorganisms should also help determine the possible
habitability to extreme environments on earth and other regions. Detailed biochemi-
cal and molecular research may help discover new specific biotechnologically
important compounds. These compounds can be used as food supplements (polyun-
saturated fatty acids), cosmetics (colors), cryoprotectants (antifreeze), drugs (anti-
freeze and antibiotics), etc. Low-temperature biotechnology applications using polar
cyanobacteria will benefit from the continuous light in the polar summer and the
tolerance range of selected species. Cyanobacteria could play an important role in
regenerative system for waste disposal in future polar stations or small settlements in
distant areas as is proposed for space stations (Godia et al. 2002, 2004).
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Abstract

The versatility displayed by kingdom Fungi in terms of physiological, genomic
and metabolic complexities has ensured their presence in all major ecosystems.
Given that 85% of the Earth experiences cold temperatures of below 5 °C, either
seasonally or permanently, there is no shortage of cold environments resulting in
global distribution of psychrophilic and psychrotrophic fungi. The cold-adapted
extremophilic fungi possess molecular adaptations to persist and proliferate
against harsh conditions exerted on them by their environment such as multiple
freeze-thaw cycles, desiccation, low water activity, high exposure to harmful UV
radiation or complete absence, high hydrostatic pressure and low nutrient avail-
ability. Cold habitats include polar regions such Antarctica and the Arctic as well
as non-polar regions such as the deep seas and alpine regions. These regions offer
a broad spectrum of niches for colonization of fungi including but not limited to
rocks, ice sheets, snow cover, glaciers, cold soils, frozen seas, freshwater ice and
permafrost, with varying levels of abundance and diversity.
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2.1 Introduction

As suggested by one of the pioneering and late mycologists Alexopoulos, the
attempt to classify and define the boundaries of any group of living organisms is
futile, given that we are in a constant state of discovery (Alexopoulos and Mims
1979). This may not be truer when it comes to the members of the kingdom Mycota
as many resist classifications, perhaps more vehemently than any other group of
Eukaryota. Traditionally, fungi are defined as heterotrophic, spore-bearing
eukaryotes, capable of producing tubular networks made of chitin or cellulose and
do not contain chlorophyll. Fungi lead an osmotrophic lifestyle, producing an
arsenal of secretory enzymes and obtain nutrients through extracellular digestion
and endocytosis. Their life cycles consist of both a sexual and asexual stage, and they
come in many forms from the unicellular yeasts and zoosporic parasites to multicel-
lular filamentous fungi to macroscopic fruiting bodies formed by many members of
the phyla Ascomycota and Basidiomycota (Alexopoulos and Mims 1979). In recent
years, this definition more or less still holds true but has become more inclusive
taking into consideration the genomic, cellular and physiological characteristics. As
reviewed by Naranjo-Ortiz and Gabaldon (2019), currently, nine phylum clades of
fungi are recognized: Opisthosporidia, Chytridiomycota, Neocallimastigomycota,
Blastocladiomycota, Zoopagomycota, Mucoromycota, Glomeromycota,
Basidiomycota and Ascomycota.

2.2 Natural Habitats and Their Occurrence

Fungi are ubiquitously found in both terrestrial and aquatic communities throughout
the globe. It is believed that there are over 1.5 million species of fungi, with 120,000
identified species, and only a handful of that number have been characterized and
studied in detail. Members of the kingdom Fungi are often found in associations and
interactions with other organisms such as plants, animals, insects, nematodes and
macroalgae. In accordance with their relationship status, fungi can be classified as
free-living, symbiotic or parasitic, pathogenic or predatory fungi. Fungi have also
evolved their lifestyles to suit “extreme environments” and are found in the polar,
alpine and deep-sea regions as well as micro-niches of increased temperature. The
diversity of fungi in a particular ecological niche varies as fungal species present in
the specific micromilieu can inhabit a broad range of substrata, depending on the
metabolic activities they possess. Terrestrial fungi have been extensively studied.
The aquatic ecosystem consists of both freshwater and marine ecosystems. Zoo-
sporic fungi dominate aquatic environments.
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23 Temperature Range

Thermophilic and thermotolerant fungi compromise only a tiny slice of the Earth’s
mycobiota, with approximately 50 species being identified in phylum Ascomycota
and phylum Mucoromycotina (Salar and Aneja 2007; Maheshwari et al. 2000). de
Oliveira et al. (2014) define thermophilic fungi as those with optimum growth,
ranging between 40 and 50 °C. Thermotolerant fungi also exhibit this optimum
growth temperature but are able to grow below 20 °C also, while thermophilic fungi
cannot. However, it should be noted there is no set definition for distinguishing the
boundaries of heat-tolerant fungi. Thermophilic fungi generally do not exceed
growth temperature of 55 °C due to the upper limit placed on eukaryotic life
forms, despite their “extremity” found throughout most temperate and tropical
environments, present in transient microenvironments (Hutchinson et al. 2019).

The habitats and lifestyles of thermophilic fungi are surprisingly varied. They are
found in associations with animals (for instance, in bird’s nests) and plant hosts, as
free-living saprotrophs in soil and more frequently as key microbial components in
composts. Thermophilic fungi are believed to play an important role in plant biomass
decomposition in association with other microorganisms (Hutchinson et al. 2019; de
Oliveira et al. 2014; Kornittowicz-Kowalska and Kitowski 2012). Like most fila-
mentous fungi, thermophilic fungi synthesize a slew of secretory enzymes that act on
different components present in the biomass. These include cellulases, proteases,
xylanses, amylases, pectinases, phytases and amylases (Maheshwari et al. 2000).
The metabolites of thermophilic fungi including enzymes and nanoparticles have
been characterized for potential use in the industries (Chadha et al. 2019; Molnar
et al. 2018;). Toxigenic thermophilic fungi also have severe implications in agricul-
ture and pose a threat to global food security under the light of global warming
(Paterson and Lima 2017).

24  Cold Adaptations in Fungi: Definition

It is not uncommon for microorganisms to be categorized according to their maxi-
mum, minimum and optimum temperature of growth. According to Gounot (1986),
psychrophilic and psychrotrophic organisms are those that are able to grow at 0 °C
(Robinson 2001). The two groups are differentiated on the basis of maximum growth
temperature with psychrophilic unable to grow above 20 °C, whereas psychrotrophic
beings can. However, as Cavicchioli (2015) eloquently explained, temperature-
dependent growth rate determined by laboratory studies may not hold to describe
how well an organism is adapted to cold environments and where it stands
ecologically. A newer classification of isolated cold-adapted organisms divides
them into eurypyschrophiles and stenopyschrophiles, with the former having a
broader growth range and the latter exhibiting growth in a restricted temperature
range (Raymond-Bouchard et al. 2018).
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2,5 Cold-Adapted Fungi: A Background

The study of cold-adapted fungi is a field that was born out of necessity. In the early
twentieth century, psychrophilic and psychrotrophic microorganisms were causing
economic losses due to contamination of cold storage food (Kuehn and Gunderson
1963; Rangaswami and Venkatesan 1961). However, the collection and taxonomic
identification of fungi in cold-dominated regions (alpine and polar regions) were
done by several eminent botanists (as fungi were considered part of plants) and
mycologists well before the effects of spoilage fungi were observed. Several sailing
expeditions to the Canadian Arctic, Alaska and Greenland were taken starting from
the early nineteenth century (Noffsinger et al. 2020). Notable mycologists and
naturalists include Rev. Miles Joseph Berkeley, David Lyall, David Walker, Emil
Rostrup, Herman George Simmons and John Dearness Jules Favre who is consid-
ered the father of alpine mycology and was one of the earlier pioneers among those
who studied macrofungi in the alpine regions (Brunner et al. 2017). Among the
studies that predominated in the early twentieth century was Arctic and Antarctic
aero-mycology research on fungal spores. However, it wasn’t until the mid-twentieth
century that the physiology of psychrophilic and psychrotrophic fungi was studied.
Apart from ecology and spoilage, an interest in the biotechnological use of psychro-
philic organisms began to arise in the early 1990s.

2.6 Molecular Adaptations

Microorganisms dominate extreme cold environments such as the polar regions and
the deep sea. However, life for these organisms is often a stressful existence, as
psychrophiles and psychrotrophs must persist against unfavourable conditions.
Limiting factors include low water availability, low temperatures, freezing, unpre-
dictable and frequent fluctuations in temperature, high exposure to UV radiation,
high pressure and low nutrient availability. In order for cold-adapted fungi to
persevere against the extremophilic conditions presented by their surroundings,
they have evolved adaptations to ensure their growth and survival.

Biological life is sustained through numerous physiological processes, in which
enzymes play a central role. Psychrophilic and some psychrotrophic fungi synthesize
an array of cold-adapted enzymes that are often functional over a broad temperature
range, including cold-adapted proteases, amylases, pectinases, lipases, etc. (Hassan
et al. 2016). These enzymes not only are essential for the growth and proliferation of
cold-adapted fungi, but also contribute to ecosystem functioning and global geo-
chemical cycles (citation required). A detailed account on fungal cold-adapted
enzymes and their potential applications is covered here.

Low temperatures exert numerous changes in the structure, physiology and
metabolism of an organism. One such example is the increase in rigidity in the
plasma membranes, compromising its integrity (Collins and Margesin 2019). Cold-
adapted fungi surmount the loss of fluidity by altering the composition, ratio and
distribution of lipids throughout the plasma membrane. Fluidity is maintained by
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increasing the concentration of unsaturated and polyunsaturated fatty acyls as well as
by decreasing the chain length of said polymers (Hassan et al. 2016). Fatty acid
desaturase is an important enzyme in this adaption mechanism (Boo et al. 2012). A
study done by He et al. (2015) demonstrates this relationship between polyunsatu-
rated fatty acids and membrane fluidity in cold-adapted yeast of Rhodotorula
glutinis. Another commonly found genus, Mrakia, in cold environments, was
found to contain a high amount of unsaturated fatty acids in its plasma membrane
(Tsuji et al. 2013).

The formation of ice crystals in the cytosol of cells under subzero temperatures
can cause cryoinjury and osmotic stress (Collins and Margesin 2019). Many cold-
adapted fungi are known to synthesize and/or secrete substances known as
cryoprotectants that halt the freezing of cellular interiors. Antifreeze proteins
(AFPs) and ice-binding proteins (IBPs) are well-recognized cryoprotectants and
have been well characterized in snow moulds Antarctomyces psychrotrophicus
and Typhula ishikariensis (Xiao et al. 2009). AFPs exert their antifreeze activity
by attaching to minute ice crystals, preventing the formation of larger ice crystals or
recrystallization (Rahman et al. 2019). AFBs lower the freezing point of the fluid
without altering the melting point, a phenomenon known as thermal hysteresis. This
is hypothesized to keep essential water channels responsible for physiological
processes functioning, such as those involved in nutrient uptake as well as in
maintaining fluidity of exterior cell environments (Alcaino et al. 2015). A very
recent study (Batista et al. 2020) detected the presence of an ice-binding protein in
Antarctomyces pellizariae, a psychrotolerant fungi endemic to Antarctica (Villarreal
et al. 2018), and identified and purified AFPs and IBPs from numerous Antarctic
yeast species.

Increased accumulation of compatible solutes such as glycerol, mannitol and
trehalose is another mechanism through which the fluidity of membrane structure
and osmotic balance of cells is maintained in response to stresses such as desiccation
and low temperatures (Hassan et al. 2016). While there is no doubt in the importance
of adaptation mechanisms in response to low temperatures, Robinson (2001)
attributes the survival of fungi in extreme cold environments primarily to their
ability to withstand multiple freeze-thaw cycles. Villarreal et al. (2018) suggested
that no single mechanism is responsible for this resistance. Instead, they stated that
combating freeze-thaw cycles most likely involved the initiation of a complex stress
response involving AFBs, membrane composition, accumulation of compatible
solutes and other factors unknown. The ability of fungi to induce a cold response
as well as the degree of the response is highly species dependent (Alcaino et al.
2015).

Psychrophilic and psychrotrophic fungi exploit a broad range of substrates, many
of which receive high levels of UV irradiation. Pigment production has been
observed in several fungi taxa in the polar regions (Sajjad et al. 2020). These
pigments, such as melanin, are often heavily concentrated in the cell walls of hyphae
and yeasts (Wang et al. 2017). The presence of pigments provides a photo-protective
mechanism by preventing DNA damage caused by prolonged UV exposure (Hassan
et al. 2016). Black fungi or microcolonic fungi are members of cryptoendolithic
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communities present in and on the exposed surfaces of rocks and are excellent
examples of organisms that utilize melanin as a sun shield. Microcolonic fungi are
also known to secrete exopolysaccharides, which are gel-like polymers of mostly
carbohydrate nature secreted by a diverse set of microorganisms (Mahapatra and
Banerjee 2013). EPS is believed to aid in the survival of the organism by providing
protection from drying and freezing (Selbmann et al. 2005). These adaptations along
with their minimal life cycles slow proliferation, and their meristematic nature
contributes to the highly extremophilic and resilient character of black fungi
(Wang et al. 2017; Pacelli et al. 2017). Other pigments such as carotenoids,
mycosporines and mycosporine like amino acids act as UV sunscreens by absorbing
radiation at 310-360 nm (Vaz et al. 2011; Sajjad et al. 2020). Vaz et al. (2011)
identified mycosporine production in both pigmented and non-pigmented yeast
species from Antarctic soil Microglossum sp. and Exophiala xenobiotica.

Adaptations in cold-adapted fungi vary among fungi, with respect to the specific
niche inhabited by the organism and by its ecological role as seen in saprobic,
parasitic and mutualistic interactions (Wang et al. 2017). It is not necessary that all
the adaptations discussed must be present in a single organism (Alcaino et al. 2015).
Due to the versatility of cold environments, cold-adapted fungi may exhibit
polyextremophile capabilities such as high salinity and high-pressure tolerance
(Turk et al. 2007; Hassan et al. 2016).

2.7 The Arctic

The Arctic is a vast circumpolar region located in the northernmost part of the Earth
above latitude 60 N. The boundaries separating it from the lower non-Arctic regions
remain blurry (AMAP 2009). It consists predominantly of ice-covered oceans
including the Arctic Ocean, Nordic Sea and Bering Sea (two thirds of the region),
enclosed by the terrestrial boreal forests, tundra regions and polar deserts of the eight
Arctic nations (ACIA 2005). The Arctic tundra is considered a maritime environ-
ment (Walker et al. 2005). Cryosphere components such as sea, lake and river ice,
permafrost, glaciers and continental ice shelves pervade the Arctic. Svalbard, Franz
Joseph Island, Ellesmere Island and the New Siberian Islands all fall within the
region of the Cold Arctic (Robinson 2001).

2.8 The Antarctic

The Antarctica continent is an isolated, dry and cold land mass present in the
southern hemisphere. More than 99% of the region is permanently covered by
snow or ice. It is often divided into three terrestrial biogeographic zones: the
sub-Antarctica, Maritime Antarctica and Continental Antarctica (Convey 2013).
Maritime Antarctica includes the Scotia Arc island archipelagos and the western
coastal regions of the Antarctic Peninsula. Continental Antarctica is marked by
varying substratum such as nunatalks, old glacial lakes and permafrost. It is also
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home to the unique ecosystem of an arid polar desert, the McMurdo Dry Valley.
Ice-free zones are mostly found in continental Antarctica and host microbial
communities such as endolithic communities or those present in transient freshwater
communities or hypersaline ice-covered lakes (Robinson 2001). Antarctica
experiences a variable climate. Continental Antarctica remains engulfed in darkness
throughout the winter and experiences mean temperatures as low as —30 °C. In fact,
this region of the continent only witnesses positive temperatures only during summer
months (de La Torre et al. 2003). In the case of Maritime Antarctica, the region
experiences mean positive temperatures of 1-2 °C for 3—4 months of the year, and its
climate is influenced to a certain degree by the surrounding ocean (Convey 2013).

29 Nonpolar Regions

It is estimated that approximately 90% of the ocean biome experiences temperatures
below 5 °C, with deep seas routinely encountering temperatures between —1 and
—4 °C (Wang et al. 2017). Fungi are distributed throughout the marine ecosystem
from the surface waters to the deep seas well below 10,000 m sea level (Nagano et al.
2010). Currently, there are 1112 recognized species of marine fungi amongst
472 genera (Jones et al. 2015).

2,10 Arctic Fungi
2.10.1 Plant-Associated and Free-Living Fungi of Arctic Soils

Fungi in terrestrial ecosystems often form associations with plant hosts and contrib-
ute enormously to the survival and growth of the plant, especially in harsh
environments (Bjorbakmo et al. 2010). In the Arctic tundra, they also play a role
in biogeochemical and mineral cycles and have the potential to influence the Earth’s
climate in this era of global warming and climate change (Timling and Taylor 2012).
The Arctic soil mycobiota is diverse and is represented by saprophytes, mycobionts
in lichens, mycorrhizal fungi and root-associated endophytic fungi (Zhang et al.
2016; Newsham et al. 2009).

The Arctic can be divided into five bioclimatic subzones in accordance with
summer temperature and vegetation (Walker et al. 2005). Areas classified as subzone
A prove to be the harshest and coldest, whereas areas designated subzone E are the
warmest. Bioclimatic zones influence the composition of fungal communities pres-
ent in the Arctic soils. For instance, the abundance of melanized forms of fungi rose
in subzones A and B in comparison to the warmer zones, possibly due to the increase
in UV exposure (Timling et al. 2012).

Arctic plants inhabiting endophytes predominantly belong to phylum
Basidiomycota (Botnen et al. 2014; Bjorbekmo et al. 2010). Zhang and Yao
(2015) investigated the nature of endophytic fungal communities present in the
leaves and stems of vascular plants Cassiope tetragona, Saxifraga cespitosa,
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Saxifraga oppositifolia and Silene acaulis present in the Svalbard archipelago and
found them to differ from endophytes present on non-Arctic plants. Species detected
frequently by the group included Rhizosphaera macrospora, Phaeosphaeria
triglochinicola, Leptosphaeria pedicularis, Venturia alpina, Phoma herbarum and
Mrakia frigida. Timling et al. (2012) detected mycorrhizal fungal sequences belong-
ing to the genera Thelephora, Tomentella, Sebacina, Inocybe, Cortinarius, Russula,
Hebeloma, Laccaria and Clavulina across the North American tundra, with the
fungal class Thelephoraceae dominating a third of the isolates. Along with
Thelephoraceae (Abrego et al. 2020), several mycorrhizal fungi were identified
associated with Arctic plants in Northeast Greenland belonging to the family
Cortinariaceae, Gloniaceae, Sebacinaceae and Inocybaceae.

Timling et al. (2012) noted that there was widespread distribution of EMF
communities associated with S. antarctica and D. integrifolia, but these
communities had little to no pattern. They attributed this finding to the
non-specific nature of EMF and how plant hosts were not rigid in their EMF
partners. Botnen et al. (2014) also reported similar findings. In contrast to mycorrhi-
zal fungi of the Arctic, endophytic fungi and root-associated fungi show high host
specificity, to the point that phylogenetically related plant hosts have similar
communities of root-associated fungi (Zhang and Yao 2015; Abrego et al. 2020;
Botnen et al. 2020).

Aside from bioclimatic zones, abiotic factors including glaciation history, chem-
istry of bedrocks, pH, C/N ratio and available P and temperature can also influence
the structure and distribution patterns of Arctic fungi communities in soil (Fujimura
and Egger 2012; Zhang et al. 2016). Gittel et al. (2013) reported the decrease in
fungal abundance with depth in the buried soils of the Siberian Tundra, while
Semenova et al. (2016) observed alterations in fungi composition with increase of
snow depth, including the decline of many functional groups such as the
ectomycorrhizal fungi. Abrego et al. (2020) found that root-associated fungal
communities in Northeast Greenland differed with elevation and were less species
rich in higher elevations.

2.10.2 Glacial Ice

Slow-forming glacial ice are reservoirs of the global freshwater supply and consist of
mountain glaciers, ice caps, ice cheers and shelf ice (Boetius et al. 2015). Subglacial
ice is a relatively thin layer of ice containing debris found in the basal zone of
glaciers and houses rich and abundant microbial communities (Skidmore et al. 2000;
Butinar et al. 2011). The genus Penicillium is widespread in subglacial environments
(Perini et al. 2019a). Sonjak et al. (2006) isolated several species of common
foodborne penicillia such as P. crustosum, P. nordicum, P. solitum, P. expansum
and P. chrysogenum.

An elaborate investigation into the subglacial, three polythermal glaciers
(Pedersenbreen, Vestre Brgggerbreen and Midtre Lovénbreen) in Kongsfjorden,
Svalbard, done by Perini et al. (2019a) offered illuminating insights on the fungal
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diversity, abundance and species richness of this unique habitat. By using high-
throughput amplicon-based screening, they demonstrated that Basidiomycetes
(e.g. Mrakia sp., Rhodotorula svalbardensi, Glaciozyma watsonii) is the dominant
phylum, followed by Chytridiomycota and Ascomycota (e.g. black yeast Hortaea
werneckii, Pseudogymnoascus sp., Penicillium bialowiezense).

Pyschrophillic fungi of genera Rhodotorula, Thelebolus, Cryptococcus, Mrakia,
Phialophora, Articulospora and Varicosporium were identified in cryoconite holes
of Brgggerbreen, Midre Lovénbreen and Vestre Brgggerbreen glaciers in Svalbard
(Singh and Singh 2011; Edwards et al. 2013; Singh et al. 2016). Cryoconite holes are
protective water-filled microenvironments of differing sizes distributed among the
supraglacial surfaces (Poniecka et al. 2020). Novel species Articulospora tetracladia
were identified using DNA sequencing in cryoconite holes in Svalbard (Singh et al.
2016).

A research team analysed several substrata from the Greenland Ice Sheet, the
largest ice sheet in the northern hemisphere, such as snow, dark ice (algal containing
ice), clear ice, supraglacial water and cryoconite holes. They found varied commu-
nity composition between substratum and isolated numerous taxa including those
belonging to plant-associated fungi, filamentous fungi and basidiomycete yeasts
(Perini et al. 2019b).

2.10.3 Marine Fungi from the Arctic

The marine fungi comprise a large group of phylogenetically diverse organisms
(Jones et al. 2015). Much of the marine mycobiota remains unclassified, highlighting
the biodiversity potential of this ecosystem (Richards et al. 2012; Amend et al.
2019). They are known to utilize a wide range of substrate such as driftwood, marine
sediments, macroalgae, sea water columns, sea grasses and sponges. However, there
are comparatively less studies on the nature of the Arctic marine mycobiota, possibly
due to the inaccessibility of the region.

Driftwood, acting as both a shelter and an energy source, is an excelled substra-
tum for Arctic marine fungi and is known to house diverse, species-rich, fungal
communities (Blanchette et al. 2016; Rdmai et al. 2016). Another study reported
several genera of fungi from the marine sediments of Kongsfjorden, Svalbard,
including dominant genera Fusarium and Pichia and other genera such as
Malassezia, Alternaria, Rhodotorula and Aspergillus (Zhang et al. 2015). Hagestad
et al. (2019) isolated poorly studied marine fungi Lulworthiaceae as well as genera
Mucor, Penicillium, Oidiodendron, Tolypocladium and the dimorphic Glaciozyma
from varying samples (e.g. sea ice, algae and driftwood) in Svalbard, Norway.

It is known that phylum Ascomycota dominate the marine world, followed by
Basidiomycetes, Chytridiomycota and Mucoromyctoa (Jones et al. 2015). But a
study done by Comeau et al. (2016) demonstrated the widespread distribution of
phylum Chytridiomycota, with varying abundance across the Arctic ocean and
related seas. Chytrids are zoosporic parasites and are participants in major ecological
processes, such as modulating the flow of carbon through degradation of organic
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compounds (Hassett et al. 2019; Kilias et al. 2020). Apart from genes responsible for
biodegradation of compounds such as lignin, a study also detected the presence of
genes related to the assimilation of nitrate and denitrification, a possible indication in
its role in the global nitrogen cycle (Hassett et al. 2019).

2,11 Antarctic Fungi
2.11.1 Soils

Antarctic soils are primarily of oligotrophic nature and present unfavourable
conditions, such as dryness and oscillating temperatures, for organisms to survive
in (Godinho et al. 2015). Yet the inhospitable soil is rich in cosmopolitan, bipolar
(taxa found in both the polar regions but not elsewhere) and endemic species of fungi
that vary in diversity and abundance in respect to different soil types (Gomes et al.
2018; Cox et al. 2019) and other factors like C/N ratio (Duran et al. 2019). Soil
diversity can range from poorly developed soils without vegetation, moderately
developed soils and mature ornithogenic soils (da Silva et al. 2020).

Like most fungi, many members of Antarctic mycota form associations with other
members of the Antarctic biome including plants (Santiago et al. 2016a; Yu et al.
2018), mosses (Hirose et al. 2016; Melo et al. 2013; Rosa et al. 2020), lichens
(Santiago et al. 2015), animals (Godinho et al. 2015) and macroalgae (Furbino et al.
2017). In these relationships, Antarctic fungi exist as either parasites or mutualists or
live independently as saprophytes (Newsham et al. 2018). The abundance of fungi in
root associated soil is much more when compared to bulk soil (Wentzel et al. 2018).
In these soils, fungi prove extremely useful for plants, aiding in their survival, for
example, through acquiring nitrogen and proving exposure against UV (Hill et al.
2019; Oses-Pedraza et al. 2020; Ramos et al. 2018).

Ascomycota is the dominant phylum in Antarctica. In fact, it is estimated that
members of the Basidiomycota represent less than 3% of fungal sequences in
sub-Antarctica, low maritime Antarctica and High Maritime Antarctica (Cox et al.
2016). Most of the fungi detected in Antarctic soils are in anamorphic forms,
possibly indicating the loss of sexual lifestyles to ensure survival in this extreme
habitat (Ruisi et al. 2006). However, Durén et al. (2019) observed that telemorphs of
Ascomycetes such as Cadophora, Antarctomyces and Thelebolus, Basidiomycetes
such as Vishniacozyma and Bjerkandera and Mucormycetes Mortierella and Rhizo-
pus were dominant in the soils of King George Island, Maritime Antarctica.

Filamentous fungi recognized from the Antarctic soils belong mostly to phylum
Ascomycota, whereas the detected yeasts belong mostly to Basidiomycota (Godinho
et al. 2015). Dominant genera of fungi include Pseudogymnoascus, Penicillium,
Peniophora, Cryptococcus and Mortierella (Gongalves et al. 2015; Wentzel et al.
2018; Gomes et al. 2018). Vaz et al. (2011) isolated numerous genera of yeasts and
yeasts like organisms from Maritime Antarctica including endemic species Crypto-
coccus antarcticus, Cr. victoriae, Dioszegia hungarica and Leucosporidium scottii.
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Cold-tolerant strains of Saccharomyces cerevisiae are also present in Antarctic soils
(Gomes et al. 2018).

2.11.2 Antarctic Permafrost

The Antarctic region encompasses 37% of the global permafrost (French 2007).
Permafrost refers to soil that has been frozen for 2 or more consecutive years.
Goordial et al. (2016) investigated the nature of microbial communities present in
permafrost in the McMurdo Dry Valleys of Continental Antarctica. Their group
reported low abundance and diversity of fungi, with Dothideomycetes being the
dominantly detected fungal class. The group also isolated cryophilic yeast
Rhodotorula, which was able to grow at temperatures as low as —10 °C.

Another research team isolated 27 taxa from the permafrost present in Maritime
Antarctica as well as an additional 31 taxa from the active layer, with only 5 taxa
present in both groups. Oidiodendron, Penicillium and Pseudogymnoascus were the
most abundant taxa in permafrost samples, whereas Bionectriaceae, Helotiales,
Mortierellaceae and Pseudeurotium were more abundant in the active layer (da Silva
et al. 2020). Mrakia blollopis, a cold-tolerant yeast of research interest (Tsuji 2016),
was detected and was the only taxa belonging to Basidiomycota that was detected in
their study. Interestingly, da Silva et al. (2020) observed that while Mortierella,
Pseudogymnoascus and Penicillium were present in all collected samples, there was
no commonality between the samples when it came to species.

2.11.3 Endolithic Communities

In the ice-free zones of continental Antarctica, exposed rocky substrates such as
sandstones, nunataks and mountain tops are the primary source of biomass in the
region and are utilized by endolithic microbial communities (Coleine et al. 2018;
Archer et al. 2016). This inhospitable polar desert is burdened with unpredictable
living conditions, desiccation and high UV exposure, factors that have led its
comparison to the likes of Mars (Onofti et al. 2004). Hence microbiota of this border
ecosystem is fragile, with extinction events believed to be common (Selbmann et al.
2017). There are numerous reports of endolithic colonies worldwide and are known
to be involved in mineral transformation and bioweathering as well as disease and
biocorrosion (Muggia et al. 2015; Selbmann et al. 2005; Pernice et al. 2019; Gleason
et al. 2017). Fungi occur in these communities either as mycobionts in lichen
associations (citation required) or independently (Fleischhacker et al. 2015).
According to Rios et al. (2004), fungi present in these communities possess a very
low metabolic rate, which may be a mechanism of adaptation for survival against
extreme conditions.
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2.12 Harmful Effects in Plants, Animals and Humans

While fungi are indispensable to the environment and modern society, they are
agents of destruction, causing severe economic, health-related, agricultural and
biodiversity losses on an international scale. In comparison with their viral and
bacterial counterparts, fungal and fungal-like diseases have been largely neglected,
possibly due to the non-communicable nature of human mycoses, and often have
suffered from insufficient funding and lack of global surveillance especially in
developing countries (Rodrigues 2016). However, there has been a growing increase
in fungal and fungal-like diseases in the last few decades, starting from the latter half
of the twentieth century.

This phenomenon of fungi as animal and plant pathogens in emerging infectious
diseases (EIDs) has been attributed to numerous reasons: (1) a steady increase in
immunocompromised patients (e.g. due to administration of immunosuppressive
drugs in autoimmune and cancer treatments), (2) global networks of trade (including
the “exotic” species market), (3) the chronic nature of fungal infections and (4) grow-
ing resistance to antifungal agents (Almeida et al. 2019; Fisher et al. 2012, 2016;
Casadevall 2018). Furthermore, fungi are biologically suited as persistent infectious
agents as they propagate by spore dispersal leading to persistence in soil and airborne
environments, and many have the ability to switch between parasitic and saprophytic
life stages (Fisher et al. 2012).

Fungi also produce toxic, low-molecular-weight secondary metabolites termed as
mycotoxins, which have widespread implications for animals, plants and humans as
they are frequent contaminants of food and animal feed (Alshannaq and Yu 2017).
The Food and Agriculture Organization has estimated that 25% of the world’s crops
are affected by mycotoxins each year, with annual losses of around one billion
metric tons of foods and food products. The genera Aspergillus, Fusarium and
Penicillium are among the major producers of mycotoxins. Consumption of
mycotoxins results in a variety of symptoms.

In humans, there has been far-reaching emergence of mycoses across the
continents, with new pathogens arising and being reported in intensive care units
from patients who have undergone transplantation or contracted AIDS or are
suffering from leukaemia and other malignancies (Low and Rotstein 201 1; Friedman
2019). Invasive candidiasis caused by non-albicans strains of Candida
(e.g. C. glabrata and C. auris, multidrug-resistant opportunistic pathogens with
the latter being a potent nosocomial agent) and invasive aspergillosis caused by
both azole drug-resistant Aspergillus fumigatus and non-fumigatus strains of Asper-
gillus (A. flavus) are among the more recent EIDs. Drug resistance in fungi can be
attributed to the long-term use of antifungal agents in treatment and the use of
fungicides in agriculture settings, as in the case of azole-resistant Aspergillus
fumigatus.

Oomycetes reside in kingdom Protoctista but resemble fungi in their filamentous
growth pattern and production of spores (Latijnhouwers et al. 2003). Phytophthora
infestans, Phytophthora palmivora, Plasmopara viticola and Albugo candida are
among some of the major oomycetous plant pathogens causing an assortment of
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diseases (including late blight, downy mildew and white blister rust) in economically
important plants such as citrus plants, cocoa, soybean, tubers, rubber plants and
grapes. Much of the deadly invasive tree diseases are caused by fungi and fungi-like
organisms.

A current global crisis in chytridiomycosis pandemic amphibians is caused by
fungal pathogen Batrachochytrium dendrobatidis. Geomyces destructans infects
brown bats and has caused several epidemics in little brown bats in various parts
of the world. Finally, aquatic animal pathogen oomycetes include Halioticida
noduliformans, Saprolegnia parasitica and Aphanomyces invadans are responsible
for great economic losses in the fish industry (Kamoun et al. 2014).

2,13 Applications of Fungi in Industry

Fungi are vital to modern industrial microbiology and biotechnology. Since ancient
times, fungi have been utilized in the production of fermented foods such as bread,
wine, soy sauce, tempeh and miso to enhance, preserve and add flavour. In the
current scenario, fungi and fungal metabolites are exploited by the food, textile,
leather, detergent and pharmaceutical industries. Filamentous fungi are used exten-
sively as they produce large quantities of industrially important metabolites and
secrete them extracellularly. Filamentous fungi like Aspergillus niger and A. terreus
are major producers of organic acids such as citric acid, gluconic acid, lactic acid and
itaconic acid. Cephalosporins and ergot alkaloids (a natural toxin and a pharmaceu-
tical) are produced by Cephalosporium acremonium and Claviceps purpurea,
respectively. Several studies have been done on the use of white rot fungi for the
decolourization of environmentally hazardous textile dyes and tannery wastewater
effluents. More novel uses, namely, the potential of anaerobic gut fungi in biofuel
production and the production of higher quality animal feed by addition of fungal
probiotics, have also been highlighted in recent reviews (Chuang et al. 2020;
Ranganathan et al. 2017). With advent of metagenomics, the untapped potential of
fungi in industrial applications can be explored further.

2.13.1 Cold-Active Enzymes

The vast potential of cold-adapted enzymes has been much explored in the last
decade, especially with the advent of culture-independent methods including
metagenomic approaches and through genome mining (Ekkers et al. 2011; Gong
et al. 2013; Vester et al. 2014). However, there is still a necessity for culture-
dependent methods in order to assess and characterize metabolite production
capabilities of psychrophilic and psychrotrophic organisms in order to exploit
them for industrial and biotechnological applications (Zucconi et al. 2020). When
compared to their mesophilic homologues, cold-active enzymes require a greater
protein flexibility thus compromising the stability of the enzyme (Gerday et al.
2000). Cold-adapted enzymes have a wide range of temperature and pH optima,
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possibly in order to withstand sudden and frequent fluctuations in their environment
(Duarte et al. 2018). Psychrophilic and some psychrotrophic fungi produce an
arsenal of both intra- and extracellular cold-adapted enzymes to combat the harsh
realities of their environment, ensuring their survival, growth and proliferation
(Hassan et al. 2016).

The increasing interest in the biotechnological applications of cold-adapted
enzymes can be attributed to several advantages that cold-adapted enzymes have
over their mesophilic homologues. Firstly, employing cold-adapted enzymes in
industrial processes cuts down on energy costs, creating a more efficient, environ-
mentally conscious and economic production (Santiago et al. 2016b). Secondly,
unwanted chemical side-chain reactions that occur at high temperatures can be
avoided (Siddiqui 2015). Finally, due to their heat-labile nature and relatively high
thermo-sensitivity, they can be easily inactivated, bypassing the need for chemical
inactivation ensuring quality of product is retained (Cavicchioli et al. 2011).

2.13.1.1 Proteases

Proteases are a large class of hydrolytic enzymes that break down proteins into
peptides and amino acid units by cleaving peptide bonds. Mesophilic proteases
enjoyed a long history of commercial use as a therapeutic agent (e.g. for wound
debridement), in the cosmetic industry (e.g. for removal of frown lines), in the food
processing industry, in bioremediation and for pharmaceutical applications
(Fornbacke and Clarsund 2013). Cold-adapted alkaline proteases were introduced
as third-generation proteases in the detergent industry and were found to have
excellent activity and stability in surfactants and bleaches (Hao and Sun 2014). In
the food industry, psychrophilic enzymes have potential uses in flavour enhance-
ment of frozen meat, casein degradation in dairy products, improving stability and
solubility of health foods and other food-processing applications (Furhan 2020).
Cold-adapted proteases were also reviewed for their therapeutic role in (Fornbacke
and Clarsund 2013).

Alkaline peptidase and aspartic protease produced by marine cold-adapted Peni-
cillium chrysogenum and Antarctic psychrophilic fungus Geomyces pannorum,
respectively, proved to be suitable for cheesemaking (Furhan 2020). Psychrophilic
fungal strains of Saccharomyces cerevisiae, Candida parapsilosis, Candida mogii
and Schizosaccharomyces pombe all secrete extracellular proteases, with potential
commercial applications in food, fruit and milk processing (Srilakshmi et al. 2015).

2.13.1.2 Chitinases

Chitin is a linear natural polymer, present in fungal cell walls, exoskeletons and inner
parts of certain invertebrates. As chitin is the second most abundant biopolymer on
Earth, the chitinase group of enzymes plays an essential ecological role in breaking
down chitin. In a biotechnological perspective, some of the uses of chitinases include
the manufacturing of food supplements and chito-oligosaccharides and synthesis of
N-acetyl D glucosamine and in generating fungal protoplasts for biological research
(Hamid et al. 2013; Oyeleye and Normi 2018). Chitin is thought to be a major
contributor of coastal pollution (Kumar et al. 2018); hence, it has the potential to be
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used in bioremediation of chitin-rich wastes. It can also be used as a biological
control agent to lessen the economic burden caused by plant diseases and post-
harvest pathogens (Kumar et al. 2018; Veliz and Martinez-Hidalgo 2017). The
psychrotolerant Antarctic fungus Lecanicillium muscarium CCFEE 5003 is a
remarkable producer of chitinolytic enzymes (Fenice 2016).

2.13.1.3 Cellulases and Pectinases

Cellulose is the p-1,4-linked homopolymer of -d-glucose. Cellulases are a class of
enzymes that degrade cellulose. They can be used in the bioconversion of lignocel-
Iulosic biomass to liquid biofuel and also have applications in the paper, textile and
leather industry (Payne et al. 2015; Phitsuwan et al. 2012). Novel isolates of
psychrophilic basidiomycetous yeast species Mrakia hoshinonis sp. isolated from
the Canadian Arctic showed high production of lipases and cellulases that were
active even at —3 °C (Tsuji et al. 2019). Krishnan et al. (2014) recognized 13 isolates
from King George Island that showed significant cellulase activity. These fungal
genera included Geomyces sp., Galerina fallax, Glomerella sp., and four unidenti-
fied fungi. Pectinases are a heterogeneous group of enzyme hydrolases consisting of
polygalacturonase, pectinesterase and pectin lyase. They act on the high-molecular-
weight plant polysaccharide pectin and have applications spread across the
disciplines (Satapathy et al. 2020). Cold-adapted pectinases are of enormous interest
as their high specific enzymatic activity at low temperatures makes them suitable for
use in the fruit processing industry to eliminate pectin in fruit juices, avoiding
contamination associated with higher temperatures and retaining volatile aromatic
compounds to preserve aroma and flavour. They are also ideal for efficient juice
extraction and improving appearance of juice in wine fermentation which is carried
out at low temperatures (Adapa et al. 2014). Apart from the fruit and food industry,
pectinases can be exploited by the paper processing and textile industry as well as for
biofuel production and wastewater treatment (Sharma et al. 2012). Cold-adapted
pectinase producing yeasts have been isolated from geographically diverse locations
such the snow-covered Europeans alps of northern Siberia, frozen environmental
samples of Iceland, forest soil in Hokkaido (Japan), grape vineyard soils in San
Rafael (Argentina) and the cold soils and spoiled fruits and vegetables of fruit yards
in the Himalayas (Birgisson et al. 2003; Nakagawa et al. 2004; Margesin et al. 2005;
Naga Padma et al. 2011; Merin et al. 2011).

A research group identified high pectinolytic activity at 15 ° C in the filamentous
fungus Geomyces sp. Strain F09-T3-2 isolated from Antarctic marine sponges and
promoted its biotechnological potential (Poveda et al. 2018). Extracellular pectinase
activity was also identified in three yeast and yeast-like microorganisms (Dioszegia
sp., Phenoliferia glacialis and Tetracladium sp.) in a study done by Carrasco et al.
(2019). In this study, the best activity was exhibited by Tetracladium sp., and the
enzyme was identified as a polygalacturonase.

2.13.1.4 Amylases
Amylases (subgroups: a-amylase, f-amylase and y-amylase) hydrolyse starch and
related polymers. Hence, they are used extensively not only in the food processing
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industry but also in the detergent, laundry and textile industries. Three isolates of
Geomyces, one of Pseudeurotium, one of Phialemonium and one unidentified isolate
from King George Island, showed significant amylase activity (Krishnan et al.
2014). Polyextremophilic marine fungi from deep-hypersaline anoxic basins are a
rich source of extracellular enzymes like amylases, lipases and esterase (Barone et al.
2019). Carrasco et al. (2016) identified high amylase activities in psychrotolerant
yeasts Tetracladium sp. and Rhodotorula glacialis; however, both yeasts had their
activity maxima at different temperature ranges. Tetracladium sp. showed optimum
amylase activity between 30 and 37 °C, whereas Rhodotorula glacialis showed
optimum amylase production between 10 and 22 °C.

2.13.1.5 Xylanases

Xylan is a major constituent of hemicellulose. The latter, along with cellulose and
lignin, contributes to the bulk of lignocellulosic biomass. As xylan is a complex
polymer, several different types of xylanase enzymes are required to act in a
synergistic manner for it is degraded into xylose (Juturu and Wu 2012). Some of
the xylanase enzymes include endo-1,4-f-xylanase, B-D-xylosidase, acetylxylan
esterase and arabinase. Xylanase production in fungi is well documented, and their
applications have been reviewed (Polizeli et al. 2005). However, among other cold-
adapted enzymes, xylanases are characterized much less, despite their enormous
biotechnological potential (Sarmiento et al. 2015). Cold-adapted xylanases can
contribute to the softening and enhancement of bread dough texture by conversion
of hemicellulose present in flour. It can be used in pulp and paper biobleaching and
in bioremediation and biofuel production acting in combination with cellulases and
other enzymes (Sarmiento et al. 2015; Walia et al. 2017; Gottschalk et al. 2010;
Watanabe et al. 2015).

In the literature, instances of xylanase production in cold-adapted fungi seem to
be predominantly associated with marine-derived fungal species. In a study done by
Del-Cid et al. (2013), 38 fungal isolates derived from marine sponges in King
George Island, Antarctica, demonstrated xylanase activities, with the Cladosporium
sp. isolate showing the highest activity. In a similar more recent study (Duarte et al.
2017), various fungi specimens recovered from marine samples in King George
Island exhibited xylanase activity. Among them, isolates belonging to Penicillium
sp. showed the greatest activity.

2.13.1.6 Lipolytic Enzymes
Lipolytic enzymes are a robust group of enzymes consisting of true lipases and
esterases. They catalyse two different reactions on the basis of solvents: in water,
lipolytic enzymes catalyse the hydrolytic cleavage of an ester bond between a
carboxylic acid and an alcohol group, and in organic solvents or non-aqueous
media, they are capable of catalysing the formation of an ester bond by
transesterification or esterification (Lopez-Lopez et al. 2014).

Yeasts isolated from the Antarctic environment all seemed to possess a minimum
of low-to-moderate lipase activity (Troncoso et al. 2016). Nine yeast isolates (genera
Metschnikowia, Cryptococcus and Leucosporidium) from marine sediments of
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Admiralty Bay (King George Island, Antarctica) showed significant lipase activity,
producing lipase above 0.5 U mL ~'. Metschnikowia sp. CRM1589 showed the
highest activity (0.88 U mL 71) among the isolates (Wentzel et al. 2018). Tsuji et al.
(2018) identified excellent lipase activity from novel psychrophilic yeast Mrakia
arctica sp. nov. Mrakia arctica was isolated from ice island Disraeli Fjord (northern
Ellesmere Island, Canadian High Arctic) and showed high lipase activity at an
optimum temperature at —3 °C but still exhibited strong lipase activity even at
20 °C. The low optimum temperature of the cold-adapted lipase has led the authors
to believe that M. arctica may play an essential role in the biochemical cycle of its
habitat. The highly specific and efficient biocatalyst Lipase B produced by Candida
antarctica catalyses the eco-friendly synthesis of biodegradable polymers and in the
biodegradation of aliphatic polyesters (Kundys et al. 2017).

The use of esterases can be applied widely, for example, in pharmaceutical
industries for synthesis of chiral drugs and in bioremediation, as esterases function
to degrade both natural materials like cereal wastes and toxic chemicals like poly-
styrene (Panda and Gowrishankar 2005; Tahir et al. 2013). Unfortunately, to our
knowledge, the production of esterases by psychrophilic and psychrotrophic fungi
has not been well characterized.

2.13.2 Pharmaceutical Products

The screening of filamentous fungi and yeasts in cold environments for synthesis of
novel bioactive metabolites has been a fruitful endeavour. cold-adapted fungi have
developed for themselves a huge repertoire of unique both known and novel
secondary metabolites to survive in their harsh environments of climate extremes.
There are numerous instances in the literature of psychrophilic and psychrotrophic
fungi exhibiting antibacterial, antifungal, antiviral and antiprotozoal activities
(Gongalves et al. 2015; Zain ul Arifeen et al. 2019; Zucconi et al. 2020; Bratchkova
and Ivanova 2011). Oidiodendron truncatum isolate GW25-13, an Antarctic psy-
chrophilic fungus, shows high antifungal and anti-mycobacterium activity. Addi-
tionally, Oidiodendron truncatum GW25-13 also shows extraordinary cytotoxicity
activity against several cancer cell lines, possibly through production of secalonic
acid and chetracin, and has the potential to be developed further as a chemothera-
peutic agent (Ding et al. 2016). In another instance of anticancer activity, 30 fungal
strains isolated from soils and mosses of the Schirmacher Hills region (Dronning
Maud Land, East Antarctica) of genera Aspergillus, Coprinopsis and Trichosporon
exhibited production of L-asparaginase free of glutaminase and urease, which can be
used as a therapeutic against lymphoblastic leukaemia (Godinho et al. 2019).

In a study performed by Gongalves et al. (2015), extracts of fungal isolates
collected from King George’s Island, Antarctica, was used in various bioassays to
test for antibacterial, antiprotozoal and anticancer activities. In this study,
Purpureocillium lilacinum UFMGCB 1510 showed broad-spectrum antimicrobial
activity effectively preventing the growth of amastigote intracellular forms of
Trypanosoma cruzi, Pennicium brasiliensis and Staphylococcus aureus.
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Psychrophilic yeasts from the Antarctic Peninsula (Cryptococcus gastricus,
C. victoriae (syn. Vishniacozyma victoriae), C. gilvescens, Leucosporidium
sp. and Rhodotorula mucilaginosa) exhibited anti-yeast activity by secretion of a
novel protein factor (Troncoso et al. 2016).

Many fungal inhabitants from cold deep-sea environments are known to produce
pharmaceutically valuable novel bioactive compounds. Among them are
polyketides, alkaloids, polypeptides, phenolic derivatives and terpenoid compounds
with the capabilities of treating human diseases (Wang et al. 2015b). Numerous
strains of deep-sea fungi from diverse environments synthesized polyketides which
showed impressive antimicrobial activity against pathogens Bacillus subtilis,
Acinetobacter baumannii, Escherichia coli, Staphylococcus aureus, Enterococcus
faecalis, Staphylococcus epidermidis and Propionibacterium acnes. In this study,
numerous strains also showed high cytotoxic abilities (Zain ul Arifeen et al. 2019).
Scequinadoline A extracted from marine fungus Dichotomomyces cejpii F31-1
showed activity against dengue-virus serotype 2 and is worth further investigation
as an antiviral agent against the Dengue virus (Wu et al. 2018). A team of workers
(Hagestad et al. 2019) found ten isolates of marine fungi from the Arctic Archipelago
of Svalbard that showed antibacterial activity against Gram-positive human
pathogens (S. aureus, E. faecalis and S. agalactiae) with strains of genera
Eurotiomycetes and Leotiomycetes showing the strongest antimicrobial activity.

2.13.3 Bioremediation

The polar regions and other cold environments of the Earth suffer severely from
petroleum hydrocarbon contamination. This is partly due to slower ecosystem
recovery and low temperatures, but the issue is exacerbated due to human activities
such as resource mining, accidental spills and improper waste disposal (Mair et al.
2013; van Dorst et al. 2020; Chaudhary and Kim 2019). The conventional bioreme-
diation methods are not as effective in cold and temperate environments as there is
poor bioavailability of hydrocarbons and enzymatic activity is reduced (Aislabie
et al. 2006; Camenzuli and Freidman 2015). This has led to investigation of
psychrophilic and psychrotrophic organisms for assimilation and degradation of
environmental pollutants such as toxic metals and petroleum-based contaminants.
While fungi and psychrophilic bacteria have been extensively studied for their
bioremediation potential (Wang et al. 2015a), the use of cold-adapted fungi in
bioremediation is an emerging field. Several fungi from Antarctica have been
assessed for their ability to degrade pollutants. Antarctic strains of Aspergillus
fumigatus demonstrated degradation phenolic compounds (Gerginova et al. 2013).
Biodegradation of aliphatic and aromatic hydrocarbons using the filamentous fungus
Penicillium sp. CHY-2 was explored by Govarthanan et al. (2017).

In an interesting study, Urbanek et al. (2021) showed the potential of cold-
tolerant marine filamentous fungi Geomyces sp., Fusarium sp. and Sclerotinia
sp. to degrade biodegradable plastics such as poly(e-caprolactone) (PCL),
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polybutylene succinate (PBS) and poly(butylene succinate-co-butylene adipate)
(PBSA).

2.13.4 Pigment Production

Over the years several previously FDA-approved synthetic dyes were found to be
toxic, carcinogenic and/or allergenic (Rao et al. 2017). As synthetic dyes became
unfavourable with the public, natural pigments have found a surge of interest due to
their sustainability, biodegradable nature and their gentler effect on the environment
(Sajjad et al. 2020). Biological pigments formed by microorganisms are preferred as
opposed to plant pigments as they are more stable, generally possess a greater
solubility and can be easily cultivated by fermentation methods and have their
pigments extracted by downstream processing (Rao et al. 2017). Between the
years 2007 and 2011, international commerce of naturally sourced pigments has
increased by 29% (Tuli et al. 2014). The microbiota of cold-adapted environments
produces a variety of unique pigments in response to the environmental stresses
already addressed in this chapter, which can be exploited for multiple applications.
Several pigment-producing yeasts and filamentous fungi form the Arctic, Antarctic
and Alpine regions have been isolated and identified over the years for the last
decade (Sajjad et al. 2020).

Pigments produced predominantly by cold-adapted fungi include melanin, carot-
enoid derivatives (such as beta-carotene, lycopene, torule) and mycosporines. Pig-
ment production is affected by external factors such as temperature and pH (Wang
et al. 2017). Pigment-producing psychrophilic and psychrotrophic fungi can be
utilized in the food industry, textile industry, cosmetics industry, pharmaceutical
industry and other applications.

Numerous studies show the potential of pigment-producing fungi in the textile
industry (Venil et al. 2020). Chadni et al. (2017) extensively reviewed the red
pigment production of Talaromyces verruculosa and possible uses in the textile
industry. Though there are several reports on cold-adapted pigment-producing fungi
(Hassan et al. 2016; Sajjad et al. 2020), their potential in the textile industry is yet to
be a studied in detail. Perhaps, the best-known application of natural pigments is as
food colourants and additives in the food industry. Monascus pigments, riboflavin
from Ashbya gossypii and beta-carotene from Blakeslea trispora are already being
employed (Lagashetti et al. 2019).

Apart from being a colouring agent, pigments exhibit other properties, for
example, antioxidant activity, antitumor activity and flavour enhancer depending
on the structural conformation of the pigment. Bisht et al. (2020) identified and
extracted red-coloured pigments from psychrophilic yeast Rhodonellum
psychrophilum isolate GL8 from the high-altitude Pangong Tso Lake (Leh Ladakh,
India). These red pigments were found to exhibit antimicrobial, antioxidant and
cytotoxicity properties.
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2,14 Agriculture

A number of psychrophilic and psychrotrophic fungi were identified to produce
metabolites that are effective against phytopathogens and thus can be used as
biological control agents (Pandey et al. 2018; Zucconi et al. 2020). Antarctic
psychrotrophic yeasts Leucosporidium scottii Atl7 and two isolates of Candida
sake were effective in suppressing fungal diseases caused by postharvest fungal
pathogens of apple (A. alternata, A. tenuissima, A. arborescens, Botrytis cinerea and
P. expansum), using tactics like biofilm production and synthesis of antifungal
volatile compounds (Arrarte et al. 2017; Vero et al. 2012).

Phosphate-solubilizing fungi mobilize bound phosphate by converting inorganic
phosphate to organic phosphate via the production of phosphatase enzymes and/or
secretion organic acids, a process that is essential for plant yield and health. Cold-
tolerant fungi have exhibited phosphate-solubilizing activity, which can be exploited
for commercial production of biofertilizers (Hassan et al. 2016). Psychrotrophic
strains of Paecilomyces hepiali and Penicillium from Himalayan soil were found to
possess phosphate-solubilizing activity (Rinu and Pandey 2010). Cold-tolerant yeast
strains from a crater of Xinantécatl volcano (Mexico) belonging to genera
Rhodotorula, Mrakia and Naganishia inhibited growth of phytopathogens, with
certain strains exhibiting phosphate-solubilizing activity as well (Tapia-Vazquez
et al. 2020).

2.15 Conclusion

The cold-adapted fungi are a taxonomically heterogeneous group of great ecological
and potential industrial importance. Historically, the cold-adapted fungi have been
broadly separated into either “psychrotrophs” or “psychrophiles”, though in recent
years, this has largely been replaced by the more fitting terminology
“eurypyscrophiles” and “stenopyscrophiles”. It is an exciting era for the study of
cold-adapted fungi as several fungal taxonomic investigations have been conducted
throughout the world in the past decade. The diverse nature of global cold
environments is reflected in varying degrees of abundance, richness and diversity
of fungal communities present in various substrata such as permafrost, snow, glacial
ice, lakes, rocks and marine waters. Both culture-dependent and culture-independent
techniques have further contributed to the advancement of this field of study. Future
directions for the field of psychrophilic and psychrotrophic fungi include identifying
intrinsic and extrinsic factors influencing fungal communities, elucidating the
molecular and genomic basis of adaptations to extremophilic conditions and the
progress of cold-adapted fungi for industrial use. Determining the molecular basis
for adaptation is essential to understanding fungi. For example, several cosmopolitan
fungi have been isolated in the polar regions, but the adaptations these fungi possess
are poorly understood. The function of cold-adapted fungi in their respective
ecosystems still requires further investigations. Accessibility to extreme cold
environments remains a problem and hinders research. The composition and
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ecological roles of fungal communities not only provide us with a more complete
picture of a specific ecosystem but also set a working model for future comparisons.
This is particularly of necessity as global climate change is drastically altering the
cryosphere. Many cold-adapted fungi are known to produce an arsenal of secondary
metabolites of known industrial importance such as pharmaceutical products, extra-
cellular enzymes and pigments. However, with the exception of very few, none of
the metabolites have been fully exploited and developed for commercial production.
Hence, the development of large-scale production of cold-adapted fungal
metabolites for commercial use remains a priority in the future.

References

Abrego N, Huotari T, Tack AJM, Lindahl BD, Tikhonov G, Somervuo P, Martin Schmidt N,
Ovaskainen O, Roslin T (2020) Higher host plant specialization of root-associated endophytes
than mycorrhizal fungi along an arctic elevational gradient. Ecol Evol 10:8989-9002. https://
doi.org/10.1002/ece3.6604

ACIA (2005) Arctic climate impact assessment. Cambridge University Press, Cambridge

Adapa V, Ramya LN, Pulicherla KK, Rao KRSS (2014) Cold active pectinases: advancing the food
industry to the next generation. Appl Biochem Biotechnol 172:2324-2337. https://doi.org/10.
1007/s12010-013-0685-1

Aislabie J, Saul DJ, Foght JM (2006) Bioremediation of hydrocarbon-contaminated polar soils.
Extremophiles 10:171-179. https://doi.org/10.1007/s00792-005-0498-4

Alcaino J, Cifuentes V, Baeza M (2015) Physiological adaptations of yeasts living in cold
environments and their potential applications. World J Microbiol Biotechnol 31:1467-1473.
https://doi.org/10.1007/s11274-015-1900-8

Alexopoulos CJ, Mims CW (1979) Introductory mycology, 3rd edn. Wiley, New York

Almeida F, Rodrigues ML, Coelho C (2019) The still underestimated problem of fungal diseases
worldwide. Front Microbiol 10:214. https://doi.org/10.3389/fmicb.2019.00214

Alshannaq A, Yu J-H (2017) Occurrence, toxicity, and analysis of major mycotoxins in food.
IJERPH 14:632. https://doi.org/10.3390/ijerph14060632

AMAP (2009) Amap assessment 2009: human health in the Arctic. Arctic monitoring and assess-
ment programme. AMAP, Oslo

Amend A, Burgaud G, Cunliffe M, Edgcomb VP, Ettinger CL, Gutiérrez MH, Heitman J, Hom
EFY, laniri G, Jones AC, Kagami M, Picard KT, Quandt CA, Raghukumar S, Riquelme M,
Stajich J, Vargas-Muiiiz J, Walker AK, Yarden O, Gladfelter AS (2019) Fungi in the marine
environment: open questions and unsolved problems. MBio 10:e01189. https://doi.org/10.1128/
mbio.01189-18

Archer SDJ, de los Rios A, Lee KC, Niederberger TS, Cary SC, Coyne KJ, Douglas S, Lacap-
Bugler DC, Pointing SB (2016) Endolithic microbial diversity in sandstone and granite from the
McMurdo dry valleys, Antarctica. Polar Biol 40:997-1006. https://doi.org/10.1007/s00300-
016-2024-9

Arrarte E, Garmendia G, Rossini C, Wisniewski M, Vero S (2017) Volatile organic compounds
produced by Antarctic strains of Candida sake play a role in the control of postharvest pathogens
of apples. Biol Control 109:14-20. https://doi.org/10.1016/j.biocontrol.2017.03.002

Barone V, Tangherlini R, Dell’Anno D, Corinaldesi (2019) Marine fungi: biotechnological
perspectives from deep-hypersaline anoxic basins. Diversity 11:113. https://doi.org/10.3390/
d11070113

Batista TM, Hilario HO, de Brito GAM, Moreira RG, Furtado C, de Menezes GCA, Rosa CA, Rosa
LH, Franco GR (2020) Whole-genome sequencing of the endemic Antarctic fungus
Antarctomyces pellizariae reveals an ice-binding protein, a scarce set of secondary metabolites


https://doi.org/10.1002/ece3.6604
https://doi.org/10.1002/ece3.6604
https://doi.org/10.1007/s12010-013-0685-1
https://doi.org/10.1007/s12010-013-0685-1
https://doi.org/10.1007/s00792-005-0498-4
https://doi.org/10.1007/s11274-015-1900-8
https://doi.org/10.3389/fmicb.2019.00214
https://doi.org/10.3390/ijerph14060632
https://doi.org/10.1128/mbio.01189-18
https://doi.org/10.1128/mbio.01189-18
https://doi.org/10.1007/s00300-016-2024-9
https://doi.org/10.1007/s00300-016-2024-9
https://doi.org/10.1016/j.biocontrol.2017.03.002
https://doi.org/10.3390/d11070113
https://doi.org/10.3390/d11070113

52 A. J. Suresh and R. S. Dass

gene clusters and provides insights on Thelebolales phylogeny. Genomics 112:2915-2921.
https://doi.org/10.1016/j.ygeno.2020.05.004

Birgisson H, Delgado O, Garcia Arroyo L, Hatti-Kaul R, Mattiasson B (2003) Cold-adapted yeasts
as producers of cold-active polygalacturonases. Extremophiles 7:185-193. https://doi.org/10.
1007/s00792-002-0310-7

Bisht G, Srivastava S, Kulshreshtha R, Sourirajan A, Baumler DJ, Dev K (2020) Applications of red
pigments from psychrophilic Rhodonellum psychrophilum GL8 in health, food and antimicro-
bial finishes on textiles. Process Biochem 94:15-29. https://doi.org/10.1016/j.procbio.2020.03.
021

Bjorbakmo M, Carlsen T, Brysting A, Vralstad T, Hgiland K, Ugland K, Geml J, Schumacher T,
Kauserud H (2010) High diversity of root associated fungi in both alpine and arctic Dryas
octopetala. BMC Plant Biol 10:244. https://doi.org/10.1186/1471-2229-10-244

Blanchette RA, Held BW, Hellmann L, Millman L, Biintgen U (2016) Arctic driftwood reveals
unexpectedly rich fungal diversity. Fungal Ecol 23:58—65. https://doi.org/10.1016/j.funeco.
2016.06.001

Boetius A, Anesio AM, Deming JW, Mikucki JA, Rapp JZ (2015) Microbial ecology of the
cryosphere: sea ice and glacial habitats. Nat Rev Microbiol 13:677-690. https://doi.org/10.
1038/nrmicro3522

Boo SY, Wong CMVL, Rodrigues KF, Najimudin N, Murad AMA, Mahadi NM (2012) Thermal
stress responses in Antarctic yeast, Glaciozyma antarctica PI12, characterized by real-time
quantitative PCR. Polar Biol 36:381-389. https://doi.org/10.1007/s00300-012-1268-2

Botnen S, Thoen E, Eidesen PB, Krabbergd AK, Kauserud H (2020) Community composition of
arctic root-associated fungi mirrors host plant phylogeny. FEMS Microbiol Ecol 96(11):1-12.
https://doi.org/10.1093/femsec/fiaal 85

Botnen S, Vik U, Carlsen T, Eidesen PB, Davey ML, Kauserud H (2014) Low host specificity of
root-associated fungi at an Arctic site. Mol Ecol 23:975-985. https://doi.org/10.1111/mec.
12646

Bratchkova A, Ivanova V (2011) Bioactive metabolites produced by microorganisms collected in
Antarctica and the Arctic. Biotechnol Biotechnol Equip 25:1-7. https://doi.org/10.5504/bbeq.
2011.0116

Brunner I, Frey B, Hartmann M, Zimmermann S, Graf F, Suz LM, Niskanen T, Bidartondo MI,
Senn-Irlet B (2017) Ecology of alpine macrofungi-combining historical with recent data. Front
Microbiol 8:2066. https://doi.org/10.3389/fmicb.2017.02066

Butinar L, Strmole T, Gunde-Cimerman N (2011) Relative incidence of Ascomycetous yeasts in
Arctic coastal environments. Microb Ecol 61:832-843. https://doi.org/10.1007/s00248-010-
9794-3

Camenzuli D, Freidman BL (2015) On-site and in situ remediation technologies applicable to
petroleum hydrocarbon contaminated sites in the Antarctic and Arctic. Polar Res 34:24492.
https://doi.org/10.3402/polar.v34.24492

Carrasco M, Rozas JM, Alcaino J, Cifuentes V, Baeza M (2019) Pectinase secreted by
psychrotolerant fungi: identification, molecular characterization and heterologous expression
of a cold-active polygalacturonase from Tetracladium sp. Microb Cell Fact 18:45. https://doi.
org/10.1186/s12934-019-1092-2

Carrasco M, Villarreal P, Barahona S, Alcaino J, Cifuentes V, Baeza M (2016) Screening and
characterization of amylase and cellulase activities in psychrotolerant yeasts. BMC Microbiol
16:21. https://doi.org/10.1186/512866-016-0640-8

Casadevall A (2018) Fungal diseases in the 21st century: the near and far horizons. Pain 3:183.
https://doi.org/10.20411/pai.v3i2.249

Cavicchioli R (2015) On the concept of a psychrophile. ISME J 10:793-795. https://doi.org/10.
1038/ismej.2015.160

Cavicchioli R, Charlton T, Ertan H, Omar SM, Siddiqui KS, Williams TJ (2011) Biotechnological
uses of enzymes from psychrophiles. J Microbial Biotechnol 4:449—460. https://doi.org/10.
1111/.1751-7915.2011.00258.x


https://doi.org/10.1016/j.ygeno.2020.05.004
https://doi.org/10.1007/s00792-002-0310-7
https://doi.org/10.1007/s00792-002-0310-7
https://doi.org/10.1016/j.procbio.2020.03.021
https://doi.org/10.1016/j.procbio.2020.03.021
https://doi.org/10.1186/1471-2229-10-244
https://doi.org/10.1016/j.funeco.2016.06.001
https://doi.org/10.1016/j.funeco.2016.06.001
https://doi.org/10.1038/nrmicro3522
https://doi.org/10.1038/nrmicro3522
https://doi.org/10.1007/s00300-012-1268-2
https://doi.org/10.1093/femsec/fiaa185
https://doi.org/10.1111/mec.12646
https://doi.org/10.1111/mec.12646
https://doi.org/10.5504/bbeq.2011.0116
https://doi.org/10.5504/bbeq.2011.0116
https://doi.org/10.3389/fmicb.2017.02066
https://doi.org/10.1007/s00248-010-9794-3
https://doi.org/10.1007/s00248-010-9794-3
https://doi.org/10.3402/polar.v34.24492
https://doi.org/10.1186/s12934-019-1092-2
https://doi.org/10.1186/s12934-019-1092-2
https://doi.org/10.1186/s12866-016-0640-8
https://doi.org/10.20411/pai.v3i2.249
https://doi.org/10.1038/ismej.2015.160
https://doi.org/10.1038/ismej.2015.160
https://doi.org/10.1111/j.1751-7915.2011.00258.x
https://doi.org/10.1111/j.1751-7915.2011.00258.x

2 Cold-Adapted Fungi: Evaluation and Comparison of Their Habitats, Molecular. . . 53

Chadha BS, Kaur B, Basotra N, Tsang A, Pandey A (2019) Thermostable xylanases from thermo-
philic fungi and bacteria: current perspective. Bioresour Technol 277:195-203. https://doi.org/
10.1016/j.biortech.2019.01.044

Chadni Z, Rahaman MH, Jerin I, Hoque KMF, Reza MA (2017) Extraction and optimisation of red
pigment production as secondary metabolites from Talaromyces verruculosus and its potential
use in textile industries. Mycology 8:48-57. https://doi.org/10.1080/21501203.2017.1302013

Chaudhary DK, Kim J (2019) New insights into bioremediation strategies for oil-contaminated soil
in cold environments. Int Biodeter Biodegr 142:58-72. https://doi.org/10.1016/j.ibiod.2019.05.
001

Chuang WY, Hsieh YC, Lee T-T (2020) The effects of fungal feed additives in animals: a review.
Animals 10:805. https://doi.org/10.3390/ani10050805

Coleine C, Stajich JE, Zucconi L, Onofri S, Pombubpa NE, Franks A, Buzzini P, Selbmann L
(2018) Antarctic Cryptoendolithic fungal communities are highly adapted and dominated by
Lecanoromycetes and Dothideomycetes. Front Microbiol 9:1392. https://doi.org/10.3389/
fmicb.2018.01392

Collins T, Margesin R (2019) Psychrophilic lifestyles: mechanisms of adaptation and biotechno-
logical tools. Appl Microbiol Biotechnol 103:2857-2871. https://doi.org/10.1007/s00253-019-
09659-5

Comeau AM, Vincent WF, Bernier L, Lovejoy C (2016) Novel chytrid lineages dominate fungal
sequences in diverse marine and freshwater habitats. Sci Rep 6:30120. https://doi.org/10.1038/
srep30120

Convey P (2013) Antarctic ecosystems. In: Encyclopedia of biodiversity, 2nd edn. Academic Press,
Amsterdam, pp 179-181

Cox F, Newsham KK, Bol R, Dungait JAJ, Robinson CH (2016) Not poles apart: Antarctic soil
fungal communities show similarities to those of the distant Arctic. Ecol Lett 19:528-536.
https://doi.org/10.1111/ele.12587

Cox F, Newsham KK, Robinson CH (2019) Endemic and cosmopolitan fungal taxa exhibit
differential abundances in total and active communities of Antarctic soils. Environ Microbiol
21:1586-1596. https://doi.org/10.1111/1462-2920.14533

da Silva TH, Silva DAS, de Oliveira FS, Schaefer CEGR, Rosa CA, Rosa LH (2020) Diversity,
distribution, and ecology of viable fungi in permafrost and active layer of maritime Antarctica.
Extremophiles 24:565-576. https://doi.org/10.1007/s00792-020-01176-y

de la Torre JR, Goebel BM, Friedmann EI, Pace NR (2003) Microbial diversity of Cryptoendolithic
communities from the McMurdo dry valleys, Antarctica. AEM 69:3858-3867. https://doi.org/
10.1128/aem.69.7.3858-3867.2003

de Oliveira TB, Gomes E, Rodrigues A (2014) Thermophilic fungi in the new age of fungal
taxonomy. Extremophiles 19:31-37. https://doi.org/10.1007/s00792-014-0707-0

Del-Cid A, Ubilla P, Ravanal M-C, Medina E, Vaca I, Levican G, Eyzaguirre J, Chavez R (2013)
Cold-active xylanase produced by fungi associated with Antarctic marine sponges. Appl
Biochem Biotechnol 172:524-532. https://doi.org/10.1007/s12010-013-0551-1

Ding Z, Li L, Che Q, Li D, Gu Q, Zhu T (2016) Richness and bioactivity of culturable soil fungi
from the Fildes peninsula, Antarctica. Extremophiles 20:425-435. https://doi.org/10.1007/
$00792-016-0833-y

Duarte AWF, Barato MB, Nobre FS, Polezel DA, de Oliveira TB, dos Santos JA, Rodrigues A,
Sette LD (2018) Production of cold-adapted enzymes by filamentous fungi from King George
Island, Antarctica. Polar Biol 41:2511-2521. https://doi.org/10.1007/s00300-018-2387-1

Duarte AWF, dos Santos JA, Vianna MV, Vieira JMF, Mallagutti VH, Inforsato FJ, Wentzel LCP,
Lario LD, Rodrigues A, Pagnocca FC, Pessoa Junior A, Durdes Sette L. (2017) Cold-adapted
enzymes produced by fungi from terrestrial and marine Antarctic environments. Crit Rev
Biotechnol 38:600-619. https://doi.org/10.1080/07388551.2017.1379468

Duran P, Barra PJ, Jorquera MA, Viscardi S, Fernandez C, Paz C, Mora M d 1 L, Bol R (2019)
Occurrence of soil fungi in Antarctic pristine environments. Front Bioeng Biotechnol 7:28.
https://doi.org/10.3389/fbioe.2019.00028


https://doi.org/10.1016/j.biortech.2019.01.044
https://doi.org/10.1016/j.biortech.2019.01.044
https://doi.org/10.1080/21501203.2017.1302013
https://doi.org/10.1016/j.ibiod.2019.05.001
https://doi.org/10.1016/j.ibiod.2019.05.001
https://doi.org/10.3390/ani10050805
https://doi.org/10.3389/fmicb.2018.01392
https://doi.org/10.3389/fmicb.2018.01392
https://doi.org/10.1007/s00253-019-09659-5
https://doi.org/10.1007/s00253-019-09659-5
https://doi.org/10.1038/srep30120
https://doi.org/10.1038/srep30120
https://doi.org/10.1111/ele.12587
https://doi.org/10.1111/1462-2920.14533
https://doi.org/10.1007/s00792-020-01176-y
https://doi.org/10.1128/aem.69.7.3858-3867.2003
https://doi.org/10.1128/aem.69.7.3858-3867.2003
https://doi.org/10.1007/s00792-014-0707-0
https://doi.org/10.1007/s12010-013-0551-1
https://doi.org/10.1007/s00792-016-0833-y
https://doi.org/10.1007/s00792-016-0833-y
https://doi.org/10.1007/s00300-018-2387-1
https://doi.org/10.1080/07388551.2017.1379468
https://doi.org/10.3389/fbioe.2019.00028

54 A. J. Suresh and R. S. Dass

Edwards A, Douglas B, Anesio AM, Rassner SM, Irvine-Fynn TDL, Sattler B, Griffith GW (2013)
A distinctive fungal community inhabiting cryoconite holes on glaciers in Svalbard. Fungal
Ecol 6:168-176. https://doi.org/10.1016/j.funeco.2012.11.001

Ekkers DM, Cretoiu MS, Kielak AM, van Elsas JD (2011) The great screen anomaly—a new
frontier in product discovery through functional metagenomics. Appl Microbiol Biotechnol
93:1005-1020. https://doi.org/10.1007/s00253-011-3804-3

Fenice M (2016) The Psychrotolerant Antarctic fungus Lecanicillium muscarium CCFEE 5003: a
powerful producer of cold-tolerant Chitinolytic enzymes. Molecules 21:447. https://doi.org/10.
3390/molecules21040447

Fisher MC, Gow NAR, Gurr SJ (2016) Tackling emerging fungal threats to animal health, food
security and ecosystem resilience. Philos Trans R Soc B 371:20160332. https://doi.org/10.1098/
1stb.2016.0332

Fisher MC, Henk Daniel A, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL, Gurr SJ (2012)
Emerging fungal threats to animal, plant and ecosystem health. Nature 484:186—194. https://doi.
org/10.1038/nature 10947

Fleischhacker A, Grube M, Kopun T, Hafellner J, Muggia L (2015) Community analyses uncover
high diversity of Lichenicolous fungi in alpine habitats. Microb Ecol 70:348-360. https://doi.
org/10.1007/s00248-015-0579-6

Fornbacke M, Clarsund M (2013) Cold-adapted proteases as an emerging class of therapeutics.
Infect Dis Ther 2:15-26. https://doi.org/10.1007/s40121-013-0002-x

French HM (2007) The periglacial environment, 3rd edn. Wiley, West Sussex, p 458

Friedman S (2019) Emerging fungal infections: new patients, new patterns, and new pathogens. JoF
5:67. https://doi.org/10.3390/j0f5030067

Fujimura KE, Egger KN (2012) Host plant and environment influence community assembly of high
Arctic root-associated fungal communities. Fungal Ecol 5:409-418. https://doi.org/10.1016/j.
funeco.2011.12.010

Furbino LE, Pellizzari FM, Neto PC, Rosa CA, Rosa LH (2017) Isolation of fungi associated with
macroalgae from maritime Antarctica and their production of agarolytic and carrageenolytic
activities. Polar Biol 41:527-535. https://doi.org/10.1007/s00300-017-2213-1

Furhan J (2020) Adaptation, production, and biotechnological potential of cold-adapted proteases
from psychrophiles and psychrotrophs: recent overview. J Genet Eng Biotechnol 18:36. https://
doi.org/10.1186/s43141-020-00053-7

Gerday C, Aittaleb M, Bentahir M, Chessa J-P, Claverie P, Collins T, D’Amico S, Dumont J,
Garsoux G, Georlette D, Hoyoux A, Lonhienne T, Meuwis M-A, Feller G (2000) Cold-adapted
enzymes: from fundamentals to biotechnology. Trends Biotechnol 18:103—107. https://doi.org/
10.1016/s0167-7799(99)01413-4

Gerginova M, Manasiev J, Yemendzhiev H, Terziyska A, Peneva N, Alexieva Z (2013) Biodegra-
dation of phenol by Antarctic strains of Aspergillus fumigatus. Z Naturforsch C 68:0384. https://
doi.org/10.5560/znc.2013.68c0384

Gittel A, Barta J, Kohoutova I, Mikutta R, Owens S, Gilbert J, Schnecker J, Wild B, Hannisdal B,
Maerz J, Lashchinskiy N, Capek P, Santrtickova H, Gentsch N, Shibistova O, Guggenberger G,
Richter A, Torsvik VL, Schleper C, Urich T (2013) Distinct microbial communities associated
with buried soils in the Siberian tundra. ISME J 8:841-853. https://doi.org/10.1038/ismej.2013.
219

Gleason FH, Gadd GM, Pitt JI, Larkum AWD (2017) The roles of endolithic fungi in bioerosion
and disease in marine ecosystems. I General concepts. Mycology 8:205-215. https://doi.org/10.
1080/21501203.2017.1352049

Godinho VM, de Paula MTR, Silva DAS, Paresque K, Martins AP, Colepicolo P, Rosa CA, Rosa
LH (2019) Diversity and distribution of hidden cultivable fungi associated with marine animals
of Antarctica. Fungal Biol 123:507-516. https://doi.org/10.1016/j.funbio.2019.05.001

Godinho VM, Gongalves VN, Santiago IF, Figueredo HM, Vitoreli GA, Schaefer CEGR, Barbosa
EC, Oliveira JG, Alves TMA, Zani CL, Junior PAS, Murta SMF, Romanha AJ, Kroon EG,
Cantrell CL, Wedge DE, Duke SO, Ali A, Rosa CA, Rosa LH (2015) Diversity and


https://doi.org/10.1016/j.funeco.2012.11.001
https://doi.org/10.1007/s00253-011-3804-3
https://doi.org/10.3390/molecules21040447
https://doi.org/10.3390/molecules21040447
https://doi.org/10.1098/rstb.2016.0332
https://doi.org/10.1098/rstb.2016.0332
https://doi.org/10.1038/nature10947
https://doi.org/10.1038/nature10947
https://doi.org/10.1007/s00248-015-0579-6
https://doi.org/10.1007/s00248-015-0579-6
https://doi.org/10.1007/s40121-013-0002-x
https://doi.org/10.3390/jof5030067
https://doi.org/10.1016/j.funeco.2011.12.010
https://doi.org/10.1016/j.funeco.2011.12.010
https://doi.org/10.1007/s00300-017-2213-1
https://doi.org/10.1186/s43141-020-00053-7
https://doi.org/10.1186/s43141-020-00053-7
https://doi.org/10.1016/s0167-7799(99)01413-4
https://doi.org/10.1016/s0167-7799(99)01413-4
https://doi.org/10.5560/znc.2013.68c0384
https://doi.org/10.5560/znc.2013.68c0384
https://doi.org/10.1038/ismej.2013.219
https://doi.org/10.1038/ismej.2013.219
https://doi.org/10.1080/21501203.2017.1352049
https://doi.org/10.1080/21501203.2017.1352049
https://doi.org/10.1016/j.funbio.2019.05.001

2 Cold-Adapted Fungi: Evaluation and Comparison of Their Habitats, Molecular. . . 55

bioprospection of fungal community present in oligotrophic soil of continental Antarctica.
Extremophiles 19:585-596. https://doi.org/10.1007/s00792-015-0741-6

Gomes ECQ, Godinho VM, Silva DAS, de Paula MTR, Vitoreli GA, Zani CL, Alves TMA, Junior
PAS, Murta SMF, Barbosa EC, Oliveira JG, Oliveira FS, Carvalho CR, Ferreira MC, Rosa CA,
Rosa LH (2018) Cultivable fungi present in Antarctic soils: taxonomy, phylogeny, diversity,
and bioprospecting of antiparasitic and herbicidal metabolites. Extremophiles 22:381-393.
https://doi.org/10.1007/s00792-018-1003-1

Gongalves VN, Carvalho CR, Johann S, Mendes G, Alves TMA, Zani CL, Junior PAS, Murta SMF,
Romanha AJ, Cantrell CL, Rosa CA, Rosa LH (2015) Antibacterial, antifungal and
antiprotozoal activities of fungal communities present in different substrates from Antarctica.
Polar Biol 38:1143-1152. https://doi.org/10.1007/s00300-015-1672-5

Gong J-S, Lu Z-M, Li H, Zhou Z-M, Shi J-S, Xu Z-H (2013) Metagenomic technology and genome
mining: emerging areas for exploring novel nitrilases. Appl Microbiol Biotechnol
97:6603-6611. https://doi.org/10.1007/s00253-013-4932-8

Goordial J, Davila A, Lacelle D, Pollard W, Marinova MM, Greer CW, DiRuggiero J, McKay CP,
Whyte LG (2016) Nearing the cold-arid limits of microbial life in permafrost of an upper dry
valley, Antarctica. ISME J 10:1613-1624. https://doi.org/10.1038/ismej.2015.239

Gottschalk LMF, Oliveira RA, Bon EP d S (2010) Cellulases, xylanases, p-glucosidase and ferulic
acid esterase produced by Trichoderma and Aspergillus act synergistically in the hydrolysis of
sugarcane bagasse. Biochem Eng J 51:72-78. https://doi.org/10.1016/j.bej.2010.05.003

Gounot A-M (1986) Psychrophilic and psychrotrophic microorganisms. Experientia
42:1192-1197. https://doi.org/10.1007/bf01946390

Govarthanan M, Fuzisawa S, Hosogai T, Chang Y-C (2017) Biodegradation of aliphatic and
aromatic hydrocarbons using the filamentous fungus Penicillium sp. CHY-2 and characteriza-
tion of its manganese peroxidase activity. RSC Adv 7:20716-20723. https://doi.org/10.1039/
c6ra28687a

Hagestad OC, Andersen JH, Altermark B, Hansen E, Rdma T (2019) Cultivable marine fungi from
the Arctic archipelago of Svalbard and their antibacterial activity. Mycology 11:230-242.
https://doi.org/10.1080/21501203.2019.1708492

Hamid R, Javed S, Ahmad M, Ahmad M, Abdin M, Khan M, Musarrat J (2013) Chitinases: an
update. J Pharm Bioallied Sci 5:21. https://doi.org/10.4103/0975-7406.106559

Hao J-H, Sun M (2014) Purification and characterization of a cold alkaline protease from a
psychrophilic Pseudomonas aeruginosa HY 1215. Appl Biochem Biotechnol 175:715-722.
https://doi.org/10.1007/s12010-014-1315-2

Hassan N, Rafig M, Hayat M, Shah AA, Hasan F (2016) Psychrophilic and psychrotrophic fungi: a
comprehensive review. Rev Environ Sci Biotechnol 15:147-172. https://doi.org/10.1007/
s11157-016-9395-9

Hassett BT, Borrego EJ, Vonnahme TR, Rdmé T, Kolomiets MV, Gradinger R (2019) Arctic
marine fungi: biomass, functional genes, and putative ecological roles. ISME J 13:1484-1496.
https://doi.org/10.1038/s41396-019-0368-1

HeJ, Yang Z, Hu B, Ji X, Wei Y, Lin L, Zhang Q (2015) Correlation of polyunsaturated fatty acids
with the cold adaptation of Rhodotorula glutinis. Yeast 32:683—-690. https://doi.org/10.1002/
yea.3095

Hill PW, Broughton R, Bougoure J, Havelange W, Newsham KK, Grant H, Murphy DV, Clode P,
Ramayah S, Marsden KA, Quilliam RS, Roberts P, Brown C, Read DJ, Deluca TH, Bardgett
RD, Hopkins DW, Jones DL (2019) Angiosperm symbioses with non-mycorrhizal fungal
partners enhance N acquisition from ancient organic matter in a warming maritime Antarctic.
Ecol Lett 22:2111-2119. https://doi.org/10.1111/ele.13399

Hirose D, Hobara S, Matsuoka S, Kato K, Tanabe Y, Uchida M, Kudoh S, Osono T (2016)
Diversity and community assembly of moss-associated fungi in ice-free coastal outcrops of
continental Antarctica. Fungal Ecol 24:94—101. https://doi.org/10.1016/j.funeco.2016.09.005


https://doi.org/10.1007/s00792-015-0741-6
https://doi.org/10.1007/s00792-018-1003-1
https://doi.org/10.1007/s00300-015-1672-5
https://doi.org/10.1007/s00253-013-4932-8
https://doi.org/10.1038/ismej.2015.239
https://doi.org/10.1016/j.bej.2010.05.003
https://doi.org/10.1007/bf01946390
https://doi.org/10.1039/c6ra28687a
https://doi.org/10.1039/c6ra28687a
https://doi.org/10.1080/21501203.2019.1708492
https://doi.org/10.4103/0975-7406.106559
https://doi.org/10.1007/s12010-014-1315-2
https://doi.org/10.1007/s11157-016-9395-9
https://doi.org/10.1007/s11157-016-9395-9
https://doi.org/10.1038/s41396-019-0368-1
https://doi.org/10.1002/yea.3095
https://doi.org/10.1002/yea.3095
https://doi.org/10.1111/ele.13399
https://doi.org/10.1016/j.funeco.2016.09.005

56 A. J. Suresh and R. S. Dass

Hutchinson MI, Powell AJ, Herrera J, Natvig DO (2019) New perspectives on the distribution and
roles of thermophilic fungi. In: Fungi in extreme environments: ecological role and biotechno-
logical significance. Springer, Cham, pp 59-80

Jones EBG, Suetrong S, Sakayaroj J, Bahkali AH, Abdel-Wahab MA, Boekhout T, Pang K-L
(2015) Classification of marine Ascomycota, Basidiomycota, Blastocladiomycota and
Chytridiomycota. Fungal Divers 73:1-72. https://doi.org/10.1007/s13225-015-0339-4

Juturu V, Wu JC (2012) Microbial xylanases: engineering, production and industrial applications.
Biotechnol Adv 30:1219-1227. https://doi.org/10.1016/j.biotechadv.2011.11.006

Kamoun S, Furzer O, Jones JDG, Judelson HS, Ali GS, Dalio RJD, Roy SG, Schena L,
Zambounis A, Panabieres F, Cahill D, Ruocco M, Figueiredo A, Chen X-R, Hulvey J,
Stam R, Lamour K, Gijzen M, Tyler BM, Griinwald NJ, Mukhtar MS, Tomé DFA, Tor M,
Van Den Ackerveken G, McDowell J, Daayf F, Fry WE, Lindqvist-Kreuze H, Meijer HIG,
Petre B, Ristaino J, Yoshida K, Birch PRJ, Govers F (2014) The top 10 oomycete pathogens in
molecular plant pathology. Mol Plant Pathol 16:413-434. https://doi.org/10.1111/mpp.12190

Kilias ES, Junges L, §upraha L, Leonard G, Metfies K, Richards TA (2020) Chytrid fungi
distribution and co-occurrence with diatoms correlate with sea ice melt in the Arctic Ocean.
Commun Biol 3:183. https://doi.org/10.1038/s42003-020-0891-7

Korniltowicz-Kowalska T, Kitowski I (2012) Aspergillus fumigatus and other thermophilic fungi in
nests of wetland birds. Mycopathologia 175:43-56. https://doi.org/10.1007/s11046-012-9582-3

Krishnan A, Convey P, Gonzalez-Rocha G, Alias SA (2014) Production of extracellular hydrolase
enzymes by fungi from King George Island. Polar Biol 39:65-76. https://doi.org/10.1007/
s00300-014-1606-7

Kuehn HH, Gunderson MF (1963) Psychrophilic and mesophilic fungi in frozen food products.
Appl Microbiol 11(4):352-356

Kumar M, Brar A, Vivekanand V, Pareek N (2018) Bioconversion of chitin to bioactive
Chitooligosaccharides: amelioration and coastal pollution reduction by microbial resources.
Marine Biotechnol 20:269-281. https://doi.org/10.1007/s10126-018-9812-x

Kundys A, Biatecka-Florjaiczyk E, Fabiszewska A, Matajowicz J (2017) Candida antarctica lipase
B as catalyst for cyclic esters synthesis, their polymerization and degradation of aliphatic
polyesters. J Polym Environ 26:396—407. https://doi.org/10.1007/s10924-017-0945-1

Lagashetti AC, Dufossé L, Singh SK, Singh PN (2019) Fungal pigments and their prospects in
different industries. Microorganisms 7:604. https://doi.org/10.3390/microorganisms7120604

Latijnhouwers M, de Wit PIGM, Govers F (2003) Oomycetes and fungi: similar weaponry to attack
plants. Trends Microbiol 11(10):462—469. https://doi.org/10.1016/j.tim.2003.08.002

Lopez-Lopez O, Cerdan M, Siso M (2014) New extremophilic lipases and esterases from
metagenomics. CPPS 15:445-455. https://doi.org/10.2174/1389203715666140228153801

Low C-Y, Rotstein C (2011) Emerging fungal infections in immunocompromised patients. F1000
Med Rep 3:14. https://doi.org/10.3410/m3-14

Mahapatra S, Banerjee D (2013) Fungal exopolysaccharide: production, composition and
applications. Microbiol Insights 6:10957. https://doi.org/10.4137/mbi.s10957

Maheshwari R, Bharadwaj G, Bhat MK (2000) Thermophilic fungi: their physiology and enzymes.
Microbiol Mol Biol Rev 64:461-488. https://doi.org/10.1128/mmbr.64.3.461-488.2000

Mair J, Schinner F, Margesin R (2013) A feasibility study on the bioremediation of hydrocarbon-
contaminated soil from an alpine former military site: effects of temperature and biostimulation.
Cold Reg Sci Technol 96:122-128. https://doi.org/10.1016/j.coldregions.2013.07.006

Margesin R, Fauster V, Fonteyne P-A (2005) Characterization of cold-active pectate lyases from
psychrophilic Mrakia frigida. Lett Appl Microbiol 40:453—459. https://doi.org/10.1111/j.1472-
765x.2005.01704.x

Melo IS, Santos SN, Rosa LH, Parma MM, Silva LJ, Queiroz SCN, Pellizari VH (2013) Isolation
and biological activities of an endophytic Mortierella alpina strain from the Antarctic moss
Schistidium antarctici. Extremophiles 18:15-23. https://doi.org/10.1007/s00792-013-0588-7


https://doi.org/10.1007/s13225-015-0339-4
https://doi.org/10.1016/j.biotechadv.2011.11.006
https://doi.org/10.1111/mpp.12190
https://doi.org/10.1038/s42003-020-0891-7
https://doi.org/10.1007/s11046-012-9582-3
https://doi.org/10.1007/s00300-014-1606-7
https://doi.org/10.1007/s00300-014-1606-7
https://doi.org/10.1007/s10126-018-9812-x
https://doi.org/10.1007/s10924-017-0945-1
https://doi.org/10.3390/microorganisms7120604
https://doi.org/10.1016/j.tim.2003.08.002
https://doi.org/10.2174/1389203715666140228153801
https://doi.org/10.3410/m3-14
https://doi.org/10.4137/mbi.s10957
https://doi.org/10.1128/mmbr.64.3.461-488.2000
https://doi.org/10.1016/j.coldregions.2013.07.006
https://doi.org/10.1111/j.1472-765x.2005.01704.x
https://doi.org/10.1111/j.1472-765x.2005.01704.x
https://doi.org/10.1007/s00792-013-0588-7

2 Cold-Adapted Fungi: Evaluation and Comparison of Their Habitats, Molecular. . . 57

Merin MG, Mendoza LM, Farias ME, Morata de Ambrosini VI (2011) Isolation and selection of
yeasts from wine grape ecosystem secreting cold-active pectinolytic activity. Int J Food
Microbiol 147:144—-148. https://doi.org/10.1016/j.ijfoodmicro.2011.04.004

Molnar Z, Bédai V, Szakacs G, Erdélyi B, Fogarassy Z, Safran G, Varga T, Kénya Z, Té6th-
Szeles E, Sziics R, Lagzi I (2018) Green synthesis of gold nanoparticles by thermophilic
filamentous fungi. Sci Rep 8:3943. https://doi.org/10.1038/s41598-018-22112-3

Muggia L, Fleischhacker A, Kopun T, Grube M (2015) Extremotolerant fungi from alpine rock
lichens and their phylogenetic relationships. Fungal Divers 76:119-142. https://doi.org/10.
1007/s13225-015-0343-8

Naga Padma P, Anuradha K, Reddy G (2011) Pectinolytic yeast isolates for cold-active
polygalacturonase production. Innov Food Sci Emerg Technol 12:178-181. https://doi.org/10.
1016/j.ifset.2011.02.001

Nagano Y, Nagahama T, Hatada Y, Nunoura T, Takami H, Miyazaki J, Takai K, Horikoshi K
(2010) Fungal diversity in deep-sea sediments—the presence of novel fungal groups. Fungal
Ecol 3:316-325. https://doi.org/10.1016/j.funeco.2010.01.002

Nakagawa T, Nagaoka T, Taniguchi S, Miyaji T, Tomizuka N (2004) Isolation and characterization
of psychrophilic yeasts producing cold-adapted pectinolytic enzymes. Lett Appl Microbiol
38:383-387. https://doi.org/10.1111/j.1472-765x.2004.01503.x

Naranjo-Ortiz MA, Gabaldén T (2019) Fungal evolution: diversity, taxonomy and phylogeny of the
fungi. Biol Rev 94:2101-2137. https://doi.org/10.1111/brv.12550

Newsham KK, Garnett MH, Robinson CH, Cox F (2018) Discrete taxa of saprotrophic fungi respire
different ages of carbon from Antarctic soils. Sci Rep 8:1-11. https://doi.org/10.1038/s41598-
018-25877-9

Newsham KK, Upson R, Read DJ (2009) Mycorrhizas and dark septate root endophytes in polar
regions. Fungal Ecol 2:10-20. https://doi.org/10.1016/j.funeco.2008.10.005

Noffsinger C, Cripps CL, Horak E (2020) A 200-year history of arctic and alpine fungi in North
America: early sailing expeditions to the molecular era. Arct Antarct Alp Res 52(1):323-340.
https://doi.org/10.1080/15230430.2020.1771869

Onoftri S, Selbmann L, Zucconi L, Pagano S (2004) Antarctic microfungi as models for exobiology.
Planet Space Sci 52:229-237. https://doi.org/10.1016/j.pss.2003.08.019

Oses-Pedraza R, Torres-Diaz C, Lavin P, Retamales-Molina P, Atala C, Gallardo-Cerda J, Acufia-
Rodriguez IS, Molina-Montenegro MA (2020) Root endophytic Penicillium promotes growth
of Antarctic vascular plants by enhancing nitrogen mineralization. Extremophiles 24:721-732.
https://doi.org/10.1007/s00792-020-01189-7

Oyeleye A, Normi YM (2018) Chitinase: diversity, limitations, and trends in engineering for
suitable applications. Biosci Rep 38(4):1-21. https://doi.org/10.1042/bsr20180323

Pacelli C, Selbmann L, Moeller R, Zucconi L, Fujimori A, Onofri S (2017) Cryptoendolithic
Antarctic black fungus Cryomyces antarcticus irradiated with accelerated helium ions: survival
and metabolic activity, DNA and ultrastructural damage. Front Microbiol 8:2002. https://doi.
org/10.3389/fmicb.2017.02002

Panda T, Gowrishankar BS (2005) Production and applications of esterases. Appl Microbiol
Biotechnol 67:160—169. https://doi.org/10.1007/s00253-004-1840-y

Pandey A, Dhakar K, Jain R, Pandey N, Gupta VK, Kooliyottil R, Dhyani A, Malviya MK,
Adhikari P (2018) Cold adapted fungi from Indian Himalaya: untapped source for
bioprospecting. Proc Natl Acad Sci, India, Sect B Biol Sci 89:1125-1132. https://doi.org/10.
1007/s40011-018-1002-0

Paterson R, Lima N (2017) Thermophilic fungi to dominate Aflatoxigenic/Mycotoxigenic fungi on
food under global warming. IJERPH 14:199. https://doi.org/10.3390/ijerph14020199

Payne CM, Knott BC, Mayes HB, Hansson H, Himmel ME, Sandgren M, Stahlberg J, Beckham GT
(2015) Fungal cellulases. Chem Rev 115:1308-1448. https://doi.org/10.1021/cr500351¢

Perini L, GostinCar C, Anesio AM, Williamson C, Tranter M, Gunde-Cimerman N (2019a)
Darkening of the Greenland ice sheet: fungal abundance and diversity are associated with
algal bloom. Front Microbiol 10:557. https://doi.org/10.3389/fmicb.2019.00557


https://doi.org/10.1016/j.ijfoodmicro.2011.04.004
https://doi.org/10.1038/s41598-018-22112-3
https://doi.org/10.1007/s13225-015-0343-8
https://doi.org/10.1007/s13225-015-0343-8
https://doi.org/10.1016/j.ifset.2011.02.001
https://doi.org/10.1016/j.ifset.2011.02.001
https://doi.org/10.1016/j.funeco.2010.01.002
https://doi.org/10.1111/j.1472-765x.2004.01503.x
https://doi.org/10.1111/brv.12550
https://doi.org/10.1038/s41598-018-25877-9
https://doi.org/10.1038/s41598-018-25877-9
https://doi.org/10.1016/j.funeco.2008.10.005
https://doi.org/10.1080/15230430.2020.1771869
https://doi.org/10.1016/j.pss.2003.08.019
https://doi.org/10.1007/s00792-020-01189-7
https://doi.org/10.1042/bsr20180323
https://doi.org/10.3389/fmicb.2017.02002
https://doi.org/10.3389/fmicb.2017.02002
https://doi.org/10.1007/s00253-004-1840-y
https://doi.org/10.1007/s40011-018-1002-0
https://doi.org/10.1007/s40011-018-1002-0
https://doi.org/10.3390/ijerph14020199
https://doi.org/10.1021/cr500351c
https://doi.org/10.3389/fmicb.2019.00557

58 A. J. Suresh and R. S. Dass

Perini L, Gostin¢ar C, Gunde-Cimerman N (2019b) Fungal and bacterial diversity of Svalbard
subglacial ice. Sci Rep 9:20230. https://doi.org/10.1038/s41598-019-56290-5

Pernice M, Raina J-B, Ridecker N, Cardenas A, Pogoreutz C, Voolstra CR (2019) Down to the
bone: the role of overlooked endolithic microbiomes in reef coral health. ISME J 14:325-334.
https://doi.org/10.1038/s41396-019-0548-z

Phitsuwan P, Laohakunjit N, Kerdchoechuen O, Kyu KL, Ratanakhanokchai K (2012) Present and
potential applications of cellulases in agriculture, biotechnology, and bioenergy. Folia
Microbiol 58:163-176. https://doi.org/10.1007/s12223-012-0184-8

Polizeli MLTM, Rizzatti ACS, Monti R, Terenzi HF, Jorge JA, Amorim DS (2005) Xylanases from
fungi: properties and industrial applications. Appl Microbiol Biotechnol 67:577-591. https://
doi.org/10.1007/s00253-005-1904-7

Poniecka EA, Bagshaw EA, Sass H, Segar A, Webster G, Williamson C, Anesio AM, Tranter M
(2020) Physiological capabilities of Cryoconite hole microorganisms. Front Microbiol 11:1783.
https://doi.org/10.3389/fmicb.2020.01783

Poveda G, Gil-Duran C, Vaca I, Levican G, Chavez R (2018) Cold-active pectinolytic activity
produced by filamentous fungi associated with Antarctic marine sponges. Biol Res 51:28.
https://doi.org/10.1186/s40659-018-0177-4

Rahman AT, Arai T, Yamauchi A, Miura A, Kondo H, Ohyama Y, Tsuda S (2019) Ice recrystalli-
zation is strongly inhibited when antifreeze proteins bind to multiple ice planes. Sci Rep 9:2212.
https://doi.org/10.1038/s41598-018-36546-2

Rémd T, Davey ML, Nordén J, Halvorsen R, Blaalid R, Mathiassen GH, Alsos IG, Kauserud H
(2016) Fungi sailing the Arctic Ocean: speciose communities in North Atlantic driftwood as
revealed by high-throughput amplicon sequencing. Microb Ecol 72:295-304. https://doi.org/10.
1007/s00248-016-0778-9

Ramos P, Rivas N, Pollmann S, Casati P, Molina-Montenegro MA (2018) Hormonal and physio-
logical changes driven by fungal endophytes increase Antarctic plant performance under UV-B
radiation. Fungal Ecol 34:76-82. https://doi.org/10.1016/j.funeco.2018.05.006

Ranganathan A, Smith OP, Youssef NH, Struchtemeyer CG, Atiyeh HK, Elshahed MS (2017)
Utilizing anaerobic fungi for two-stage sugar extraction and biofuel production from lignocel-
lulosic biomass. Front Microbiol 8:635. https://doi.org/10.3389/fmicb.2017.00635

Rangaswami G, Venkatesan R (1961) Two fungi causing spoilage of refrigerated poultry meat. Curr
Sci 30(2):64-65

Rao MPN, Xiao M, Li W-J (2017) Fungal and bacterial pigments: secondary metabolites with wide
applications. Front Microbiol 8:1113. https://doi.org/10.3389/fmicb.2017.01113

Raymond-Bouchard I, Tremblay J, Altshuler I, Greer CW, Whyte LG (2018) Comparative
transcriptomics of cold growth and adaptive features of a Eury- and steno-Psychrophile. Front
Microbiol 9:1565. https://doi.org/10.3389/fmicb.2018.01565

Richards TA, Jones MDM, Leonard G, Bass D (2012) Marine fungi: their ecology and molecular
diversity. Ann Rev Mar Sci 4:495-522. https://doi.org/10.1146/annurev-marine-120710-
100802

Rinu K, Pandey A (2010) Slow and steady phosphate solubilization by a psychrotolerant strain of
Paecilomyces hepiali (MTCC 9621). World J Microbiol Biotechnol 27:1055-1062. https://doi.
org/10.1007/s11274-010-0550-0

Rios A, Wierzchos J, Sancho LG, Ascaso C (2004) Exploring the physiological state of continental
Antarctic endolithic microorganisms by microscopy. FEMS Microbiol Ecol 50:143-152.
https://doi.org/10.1016/j.femsec.2004.06.010

Robinson CH (2001) Cold adaptation in Arctic and Antarctic fungi. New Phytol 151:341-353.
https://doi.org/10.1046/j.1469-8137.2001.00177.x

Rodrigues ML (2016) Funding and innovation in diseases of neglected populations: the paradox of
Cryptococcal meningitis. PLoS Negl Trop Dis 10:e0004429. https://doi.org/10.1371/journal.
pntd.0004429


https://doi.org/10.1038/s41598-019-56290-5
https://doi.org/10.1038/s41396-019-0548-z
https://doi.org/10.1007/s12223-012-0184-8
https://doi.org/10.1007/s00253-005-1904-7
https://doi.org/10.1007/s00253-005-1904-7
https://doi.org/10.3389/fmicb.2020.01783
https://doi.org/10.1186/s40659-018-0177-4
https://doi.org/10.1038/s41598-018-36546-2
https://doi.org/10.1007/s00248-016-0778-9
https://doi.org/10.1007/s00248-016-0778-9
https://doi.org/10.1016/j.funeco.2018.05.006
https://doi.org/10.3389/fmicb.2017.00635
https://doi.org/10.3389/fmicb.2017.01113
https://doi.org/10.3389/fmicb.2018.01565
https://doi.org/10.1146/annurev-marine-120710-100802
https://doi.org/10.1146/annurev-marine-120710-100802
https://doi.org/10.1007/s11274-010-0550-0
https://doi.org/10.1007/s11274-010-0550-0
https://doi.org/10.1016/j.femsec.2004.06.010
https://doi.org/10.1046/j.1469-8137.2001.00177.x
https://doi.org/10.1371/journal.pntd.0004429
https://doi.org/10.1371/journal.pntd.0004429

2 Cold-Adapted Fungi: Evaluation and Comparison of Their Habitats, Molecular. . . 59

Rosa LH, de Sousa JRP, de Menezes GCA, da Costa CL, Carvalho-Silva M, Convey P, Camara
PEAS (2020) Opportunistic fungi found in fairy rings are present on different moss species in
the Antarctic peninsula. Polar Biol 43:587-596. https://doi.org/10.1007/s00300-020-02663-w

Ruisi S, Barreca D, Selbmann L, Zucconi L, Onofri S (2006) Fungi in Antarctica. Rev Environ Sci
Biotechnol 6:127-141. https://doi.org/10.1007/s11157-006-9107-y

Sajjad W, Din G, Rafig M, Igbal A, Khan S, Zada S, Ali B, Kang S (2020) Pigment production by
cold-adapted bacteria and fungi: colorful tale of cryosphere with wide range applications.
Extremophiles 24:447-473. https://doi.org/10.1007/s00792-020-01180-2

Salar RK, Aneja KR (2007) Thermophilic fungi: taxonomy and biogeography. J Agri Tech 3(1):77—
107.

Santiago IF, Rosa CA, Rosa LH (2016a) Endophytic symbiont yeasts associated with the Antarctic
angiosperms Deschampsia antarctica and Colobanthus quitensis. Polar Biol 40:177-183.
https://doi.org/10.1007/s00300-016-1940-z

Santiago IF, Soares MA, Rosa CA, Rosa LH (2015) Lichensphere: a protected natural microhabitat
of the non-lichenised fungal communities living in extreme environments of Antarctica.
Extremophiles 19:1087-1097. https://doi.org/10.1007/s00792-015-0781-y

Santiago M, Ramirez-Sarmiento CA, Zamora RA, Parra LP (2016b) Discovery, molecular
mechanisms, and industrial applications of cold-active enzymes. Front Microbiol 7:1-32.
https://doi.org/10.3389/fmicb.2016.01408

Sarmiento F, Peralta R, Blamey JM (2015) Cold and hot Extremozymes: industrial relevance and
current trends. Front Bioeng Biotechnol 3:148. https://doi.org/10.3389/fbioe.2015.00148

Satapathy S, Rout JR, Kerry RG, Thatoi H, Sahoo SL (2020) Biochemical prospects of various
microbial pectinase and pectin: an approachable concept in pharmaceutical bioprocessing. Front
Nutr 7:1-17. https://doi.org/10.3389/fnut.2020.00117

Selbmann L, de Hoog GS, Mazzaglia A, Friedmann EI, Onofri S (2005) Fungi at the edge of life:
cryptoendolithic black fungi from Antarctic deserts. Stud Mycol 51:1-32

Selbmann L, Onofri S, Coleine C, Buzzini P, Canini F, Zucconi L (2017) Effect of environmental
parameters on biodiversity of the fungal component in lithic Antarctic communities.
Extremophiles 21:1069-1080. https://doi.org/10.1007/s00792-017-0967-6

Semenova TA, Morgado LN, Welker JM, Walker MD, Smets E, Geml J (2016) Compositional and
functional shifts in arctic fungal communities in response to experimentally increased snow
depth. Soil Biol Biochem 100:201-209. https://doi.org/10.1016/j.50ilbio.2016.06.001

Sharma N, Rathore M, Sharma M (2012) Microbial pectinase: sources, characterization and
applications. Rev Environ Sci Biotechnol 12:45-60. https://doi.org/10.1007/s11157-012-
9276-9

Siddiqui KS (2015) Some like it hot, some like it cold: temperature dependent biotechnological
applications and improvements in extremophilic enzymes. Biotechnol Adv 33:1912-1922.
https://doi.org/10.1016/j.biotechadv.2015.11.001

Singh P, Roy U, Tsuji M (2016) Characterisation of yeast and filamentous fungi from Brgggerbreen
glaciers, Svalbard. Polar Record 52:442-449. https://doi.org/10.1017/s0032247416000085

Singh P, Singh SM (2011) Characterization of yeast and filamentous fungi isolated from cryoconite
holes of Svalbard, Arctic. Polar Biol 35:575-583. https://doi.org/10.1007/s00300-011-1103-1

Skidmore ML, Foght JM, Sharp MJ (2000) Microbial life beneath a high Arctic glacier. Appl
Environ Microbiol 66:3214-3220. https://doi.org/10.1128/aem.66.8.3214-3220.2000

Sonjak S, Frisvad JC, Gunde-Cimerman N (2006) Penicillium Mycobiota in Arctic subglacial ice.
Microb Ecol 52:207-216. https://doi.org/10.1007/s00248-006-9086-0

Srilakshmi J, Madhavi J, Lavanya S, Ammani K (2015) Commercial potential of fungal protease:
past, present and future prospects. J Pharmaceut Chem Biol Sci 2:218-234

Tahir L, Ishtiaq Ali M, Zia M, Atiq N, Hasan F, Ahmed S (2013) Production and characterization of
esterase in Lantinus tigrinus for degradation of polystyrene. Pol J Microbiol 62:101-108. https://
doi.org/10.33073/pjm-2013-015

Tapia-Vazquez I, Sanchez-Cruz R, Arroyo-Dominguez M, Lira-Ruan V, Sanchez-Reyes A, del
Rayo S-CM, Padilla-Chacén D, Batista-Garcia RA, Folch-Mallol JL (2020) Isolation and


https://doi.org/10.1007/s00300-020-02663-w
https://doi.org/10.1007/s11157-006-9107-y
https://doi.org/10.1007/s00792-020-01180-2
https://doi.org/10.1007/s00300-016-1940-z
https://doi.org/10.1007/s00792-015-0781-y
https://doi.org/10.3389/fmicb.2016.01408
https://doi.org/10.3389/fbioe.2015.00148
https://doi.org/10.3389/fnut.2020.00117
https://doi.org/10.1007/s00792-017-0967-6
https://doi.org/10.1016/j.soilbio.2016.06.001
https://doi.org/10.1007/s11157-012-9276-9
https://doi.org/10.1007/s11157-012-9276-9
https://doi.org/10.1016/j.biotechadv.2015.11.001
https://doi.org/10.1017/s0032247416000085
https://doi.org/10.1007/s00300-011-1103-1
https://doi.org/10.1128/aem.66.8.3214-3220.2000
https://doi.org/10.1007/s00248-006-9086-0
https://doi.org/10.33073/pjm-2013-015
https://doi.org/10.33073/pjm-2013-015

60 A. J. Suresh and R. S. Dass

characterization of psychrophilic and psychrotolerant plant-growth promoting microorganisms
from a high-altitude volcano crater in Mexico. Microbiol Res 232:126394. https://doi.org/10.
1016/j.micres.2019.126394

Timling I, Dahlberg A, Walker DA, Gardes M, Charcosset JY, Welker JM, Taylor DL (2012)
Distribution and drivers of ectomycorrhizal fungal communities across the north American
Arctic. Ecosphere 3:1-25. https://doi.org/10.1890/es12-00217.1

Timling I, Taylor DL (2012) Peeking through a frosty window: molecular insights into the ecology
of Arctic soil fungi. Fungal Ecol 5:419-429. https://doi.org/10.1016/j.funeco.2012.01.009

Troncoso E, Barahona S, Carrasco M, Villarreal P, Alcaino J, Cifuentes V, Baeza M (2016)
Identification and characterization of yeasts isolated from the South Shetland Islands and the
Antarctic peninsula. Polar Biol 40:649-658. https://doi.org/10.1007/s00300-016-1988-9

Tsuji M (2016) Cold-stress responses in the Antarctic basidiomycetous yeast Mrakia blollopis. R
Soc Open Sci 3:160106. https://doi.org/10.1098/rs0s.160106

Tsuji M, Fujiu S, Xiao N, Hanada Y, Kudoh S, Kondo H, Tsuda S, Hoshino T (2013) Cold
adaptation of fungi obtained from soil and lake sediment in the Skarvsnes ice-free area,
Antarctica. FEMS Microbiol Lett 346:121-130. https://doi.org/10.1111/1574-6968.12217

Tsuji M, Tanabe Y, Vincent WF, Uchida M (2018) Mrakia arctica sp. nov., a new psychrophilic
yeast isolated from an ice island in the Canadian high Arctic. Mycoscience 59:54-58. https:/
doi.org/10.1016/j.myc.2017.08.006

Tsuji M, Tanabe Y, Vincent WF, Uchida M (2019) Mrakia hoshinonis sp. nov., a novel psychro-
philic yeast isolated from a retreating glacier on Ellesmere Island in the Canadian high Arctic.
Int J Syst Evol Microbiol 69:944-948. https://doi.org/10.1099/ijsem.0.003216

Tuli HS, Chaudhary P, Beniwal V, Sharma AK (2014) Microbial pigments as natural color sources:
current trends and future perspectives. J Food Sci Technol 52:4669-4678. https://doi.org/10.
1007/s13197-014-1601-6

Turk M, Abramovii Z, Plemenitad A, Gunde-Cimerman N (2007) Salt stress and plasma-membrane
fluidity in selected extremophilic yeasts and yeast-like fungi. FEMS Yeast Res 7:550-557.
https://doi.org/10.1111/j.1567-1364.2007.00209.x

Urbanek AK, Strzelecki MC, Mironiczuk AM (2021) The potential of cold-adapted microorganisms
for biodegradation of bioplastics. Waste Manag 119:72-81. https://doi.org/10.1016/j.wasman.
2020.09.031

van Dorst J, Wilkins D, King CK, Spedding T, Hince G, Zhang E, Crane S, Ferrari B (2020)
Applying microbial indicators of hydrocarbon toxicity to contaminated sites undergoing biore-
mediation on subantarctic Macquarie Island. Environ Pollut 259:113780. https://doi.org/10.
1016/j.envpol.2019.113780

Vaz ABM, Rosa LH, Vieira MLA, de Garcia V, Branddao LR, Teixeira LCRS, Moliné M,
Libkind D, van Broock M, Rosa CA (2011) The diversity, extracellular enzymatic activities
and photoprotective compounds of yeasts isolated in Antarctica. Braz J Microbiol 42:937-947.
https://doi.org/10.1590/s1517-83822011000300012

Veliz E, Martinez-Hidalgo P, Hirsch A (2017) Chitinase-producing bacteria and their role in
biocontrol. AIMS Microbiol 3:689-705. https://doi.org/10.3934/microbiol.2017.3.689

Venil CK, Velmurugan P, Dufossé L, Renuka Devi P, Veera Ravi A (2020) Fungal pigments:
potential coloring compounds for wide ranging applications in textile dyeing. JoF 6:68. https://
doi.org/10.3390/jof6020068

Vero S, Garmendia G, Gonzalez MB, Bentancur O, Wisniewski M (2012) Evaluation of yeasts
obtained from Antarctic soil samples as biocontrol agents for the management of postharvest
diseases of apple (malus x domestica). FEMS Yeast Res 13:189-199. https://doi.org/10.1111/
1567-1364.12021

Vester JK, Glaring MA, Stougaard P (2014) Improved cultivation and metagenomics as new tools
for bioprospecting in cold environments. Extremophiles 19:17-29. https://doi.org/10.1007/
$00792-014-0704-3


https://doi.org/10.1016/j.micres.2019.126394
https://doi.org/10.1016/j.micres.2019.126394
https://doi.org/10.1890/es12-00217.1
https://doi.org/10.1016/j.funeco.2012.01.009
https://doi.org/10.1007/s00300-016-1988-9
https://doi.org/10.1098/rsos.160106
https://doi.org/10.1111/1574-6968.12217
https://doi.org/10.1016/j.myc.2017.08.006
https://doi.org/10.1016/j.myc.2017.08.006
https://doi.org/10.1099/ijsem.0.003216
https://doi.org/10.1007/s13197-014-1601-6
https://doi.org/10.1007/s13197-014-1601-6
https://doi.org/10.1111/j.1567-1364.2007.00209.x
https://doi.org/10.1016/j.wasman.2020.09.031
https://doi.org/10.1016/j.wasman.2020.09.031
https://doi.org/10.1016/j.envpol.2019.113780
https://doi.org/10.1016/j.envpol.2019.113780
https://doi.org/10.1590/s1517-83822011000300012
https://doi.org/10.3934/microbiol.2017.3.689
https://doi.org/10.3390/jof6020068
https://doi.org/10.3390/jof6020068
https://doi.org/10.1111/1567-1364.12021
https://doi.org/10.1111/1567-1364.12021
https://doi.org/10.1007/s00792-014-0704-3
https://doi.org/10.1007/s00792-014-0704-3

2 Cold-Adapted Fungi: Evaluation and Comparison of Their Habitats, Molecular. . . 61

Villarreal P, Carrasco M, Barahona S, Alcaino J, Cifuentes V, Baeza M (2018) Antarctic yeasts:
analysis of their freeze-thaw tolerance and production of antifreeze proteins, fatty acids and
ergosterol. BMC Microbiol 18:66. https://doi.org/10.1186/s12866-018-1214-8

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

Walker DA, Raynolds MK, Daniéls FJA, Einarsson E, Elvebakk A, Gould WA, Katenin AE,
Kholod SS, Markon CJ, Melnikov ES, Moskalenko NG, Talbot SS, Yurtsev BA, CAVM Team
(2005) The circumpolar Arctic vegetation map. J Veg Sci 16:267-282. https://doi.org/10.1111/j.
1654-1103.2005.tb02365.x

Wang J, Wang J, Zhang Z, Li Y, Zhang B, Zhang Z, Zhang G (2015a) Cold-adapted bacteria for
bioremediation of crude oil-contaminated soil. J Chem Technol Biotechnol 91:2286-2297.
https://doi.org/10.1002/jctb.4814

Wang M, Tian J, Xiang M, Liu X (2017) Living strategy of cold-adapted fungi with the reference to
several representative species. Mycology 8:178—188. https://doi.org/10.1080/21501203.2017.
1370429

Wang Y-T, Xue Y-R, Liu C-H (2015b) A brief review of bioactive metabolites derived from Deep-
Sea fungi. Mar Drugs 13:4594-4616. https://doi.org/10.3390/md13084594

Watanabe T, Suzuki K, Sato I, Morita T, Koike H, Shinozaki Y, Ueda H, Koitabashi M, Kitamoto
HK (2015) Simultaneous bioethanol distillery wastewater treatment and xylanase production by
the phyllosphere yeast Pseudozyma Antarctica GB-4(0). AMB Expr 5:36. https://doi.org/10.
1186/s13568-015-0121-8

Wentzel LCP, Inforsato FJ, Montoya QV, Rossin BG, Nascimento NR, Rodrigues A, Sette LD
(2018) Fungi from Admiralty Bay (King George Island, Antarctica) soils and marine sediments.
Microb Ecol 77:12-24. https://doi.org/10.1007/s00248-018-1217-x

Wu D-L, Li H-J, Smith D, Jaratsittisin J, Xia-Ke-Er X-F-K-T, Ma W-Z, Guo Y-W, Dong J, Shen J,
Yang D-P, Lan W-J (2018) Polyketides and alkaloids from the marine-derived fungus
Dichotomomyces cejpii F31-1 and the antiviral activity of Scequinadoline a against dengue
virus. Mar Drugs 16:229. https://doi.org/10.3390/md 16070229

Xiao N, Suzuki K, Nishimiya Y, Kondo H, Miura A, Tsuda S, Hoshino T (2009) Comparison of
functional properties of two fungal antifreeze proteins from Antarctomyces —psychrotrophicus
and Typhula ishikariensis. FEBS J 277:394-403. https://doi.org/10.1111/j.1742-4658.2009.
07490.x

Yu NH, Park S-Y, Kim JA, Park C-H, Jeong M-H, Oh S-O, Hong SG, Talavera M, Divakar PK,
Hur J-S (2018) Endophytic and endolichenic fungal diversity in maritime Antarctica based on
cultured material and their evolutionary position among Dikarya. Fungal System Evol
2:263-272. https://doi.org/10.3114/fuse.2018.02.07

Zain ul Arifeen M, Ma Y-N, Xue Y-R, Liu C-H (2019) Deep-Sea fungi could be the new arsenal for
bioactive molecules. Mar Drugs 18:9. https://doi.org/10.3390/md 18010009

Zhang T, Fei Wang N, Qin Zhang Y, Yu Liu H, Yan Yu L (2015) Diversity and distribution of
fungal communities in the marine sediments of Kongsfjorden, Svalbard (high Arctic). Sci Rep
5:14524. https://doi.org/10.1038/srep 14524

Zhang T, Wang N-F, Liu H-Y, Zhang Y-Q, Yu L-Y (2016) Soil pH is a key determinant of soil
fungal community composition in the Ny-Alesund region, Svalbard (high Arctic). Front
Microbiol 7:227. https://doi.org/10.3389/fmicb.2016.00227

Zhang T, Yao Y-F (2015) Endophytic fungal communities associated with vascular plants in the
high Arctic zone are highly diverse and host-plant specific. PLoS One 10:e0130051. https://doi.
org/10.1371/journal.pone.0130051

Zucconi L, Canini F, Temporiti ME, Tosi S (2020) Extracellular enzymes and bioactive compounds
from Antarctic terrestrial fungi for bioprospecting. Int J Environ Res Public Health 17:6459.
https://doi.org/10.3390/ijerph 17186459


https://doi.org/10.1186/s12866-018-1214-8
https://doi.org/10.1007/s13205-016-0584-6
https://doi.org/10.1007/s13205-016-0584-6
https://doi.org/10.1111/j.1654-1103.2005.tb02365.x
https://doi.org/10.1111/j.1654-1103.2005.tb02365.x
https://doi.org/10.1002/jctb.4814
https://doi.org/10.1080/21501203.2017.1370429
https://doi.org/10.1080/21501203.2017.1370429
https://doi.org/10.3390/md13084594
https://doi.org/10.1186/s13568-015-0121-8
https://doi.org/10.1186/s13568-015-0121-8
https://doi.org/10.1007/s00248-018-1217-x
https://doi.org/10.3390/md16070229
https://doi.org/10.1111/j.1742-4658.2009.07490.x
https://doi.org/10.1111/j.1742-4658.2009.07490.x
https://doi.org/10.3114/fuse.2018.02.07
https://doi.org/10.3390/md18010009
https://doi.org/10.1038/srep14524
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.1371/journal.pone.0130051
https://doi.org/10.1371/journal.pone.0130051
https://doi.org/10.3390/ijerph17186459

®

Check for
updates

Jupinder Kaur, A. L. Vishnu, Neha Khipla, and Jaspreet Kaur

Abstract

Deep sea ecosystem is not only the largest but also the most remote biome of the
biosphere. Exploration of sea depths has resulted in the discovery of several new
microbial habitats with unique nutritional composition and high microbial diver-
sity. Microorganisms present in deep sea play a fundamental role in global
biogeochemical cycles, and with their functional activities, they allow the exis-
tence of life. To survive and multiply in cold regions of deep sea, microorganisms
should be able to adapt to a variety of changing conditions and stresses.
Adaptations to fluctuations in temperature and pressure are possibly the most
common; thus, psychropiezophilic microbes dominate in cold regions of the deep
sea. These microorganisms make numerous adjustments to cope up with
temperatures and pressure lower or higher than optimum. Benthic microbes
exhibit both autotrophic and heterotrophic modes of nutrition in obligate oligo-
trophic environments of the deep sea. The rearrangement of simple metabolic
strategies might help these microbes to metabolize in nutrient-poor environments.
Further understanding of the genetic switches regulating the metabolism versatil-
ity at the deep sea could help us use and manipulate deep sea microbial strains for
improved bioprocesses.
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3.1 Introduction

Ecological biodiversity is always a subject of interest for researchers, and a vast
amount of information about the distribution of microorganisms around the world
has also been collected. Several researchers have focused in recent years on the great
potential of marine microbial treasures as a prolific producer of bioactive substances
as well as a potential source of drug and antimicrobial compounds (Gimmler et al.
2016). Furthermore, the use of deep sea microbes in biogeochemical processes,
biotechnology, pollution, and health has become increasingly interesting. The
microbes that inhabit these unusual habitats are usually extremophiles.
Extremophiles are the microbes that are capable of surviving in extreme
environments. These microbes can survive in conditions like elevated (thermophilic)
or low-temperature (psychrophilic), heavy ionic strength (halophilic), acid or alka-
line conditions (acidophilic, alkalophilic), anaerobic environment, higher pressure
(piezophilic), UV rays and polyextremophilic conditions, such as thermoacidophilic
and thermohalophilic values. In cold regions of the deep sea, temperatures would be
cold (2-3 °C), and the pressure can be more than 10 MPa, and thus microbes living
there are called psychropiezophiles, and if the temperature is high like 400 °C (near
hydrothermal vents), then microbes living there are called thermo-piezophiles,
respectively (Fang et al. 2010). Extremophiles thrive in hot, cold, and high-pressure
environments owing to their lipids, enzymes, and other biopolymers having specific
properties/features to function in extreme conditions.

The Earth’s biosphere is dominated by low-temperature ecosystems which are
effectively colonized by a wide number of cold-adapted organisms. Although
microorganisms, particularly, bacteria, yeasts, archaea, and protists, predominate
in these cold habitats, microorganisms such as algae and microalgae have also been
reported in these ecosystems. The ability of psychrophilic microorganisms to prevail
in these conditions reflects their adaptability to the cold deep sea environment
(Margesin and Collins 2019). This is accomplished through a set of morphological
and physiological adaptations of all cellular elements, from a molecule level to
whole cells and even complete ecosystems. In the deep sea, life is encountered
with low temperature and high pressure. In addition to reduced thermal energy, low
temperatures often contribute to more physicochemical constraints such as higher
viscosity of solvents and solubility of the gases (such as oxygen and reactive oxygen
species). Low temperature also lead to decreased solubility of solutes and nutrients,
reduced diffusion, increased osmotic tension, desiccation, and ice formation. Vari-
ous cold habitats are also marked with other extreme conditions including high
salinity, oxidative stress, low nutrient levels, low water activity, and freeze-thaw
cycles. Microorganisms in extreme sea interior and subglacial conditions are often
subjected to the additional stress of high pressure. Thus, a multitude of synergistic
adaptations are required for life in the cold biosphere, to react to not only the
low-temperature threat but also the multitude of other interactive stresses imposed
by particular environmental conditions. Importantly, many of these methods have
multiple uses and can be used to address a variety of problems or combinations of
problems. Unraveling the various interacting parameters and deciphering the precise
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role of a specific trait, whether it is a specific response to low temperatures or another
(or other) environmental stressor (s) common to a particular habitat, is a common
problem with the classification of cold-adapted microorganisms. Moreover,
microorganisms do not necessarily use all resources in their “cold adaptation”
toolbox. In reality, each organism will use its strategy or combination of strategies,
depending on its specific requirements and the environmental parameters, and the
microbial community structure.

High hydrostatic pressure (HHP) is an important parameter in the deep oceans as
the average hydrostatic pressure is estimated at 38 MPa. Piezophiles are the species
that survive at a pressure higher than ambient pressure (0.1 MPa) with an optimum
growth rate. The effects of HHP on the physiological functioning of microbes have
been studied in piezosensitive mesophilic (e.g., Escherichia coli) and psychrophilic
bacteria (e.g., Photobacterium profundum SS9). In piezo-sensitive bacteria, due to
HHP, compaction of lipid constituents of the cytoplasmic membrane occurs, and it
turns to a rigid structure, whereas piezophiles counteract this constraint by altering
the composition of the membrane lipids, particularly the ratio of monounsaturated
fatty acids. For example, P. profundum SS9, a piezophilic bacterium, has a high ratio
of unsaturated/saturated membrane lipids in the membrane which increases the
membrane fluidity under HHP. The effect of HHP on piezophiles could arise through
multiple pathways directly related to the composition of the membrane-like altered
functioning of cellular transporters, motility, and respiratory chain components.
Therefore, understanding the regulation of genes and enzymes involved in the
respiratory chain of piezophiles is important to have an insight into differential
mechanisms involved to counteract the effect of HHP. In this chapter, we will
discuss the various concepts about psychrophiles and piezophiles, living in cold
regions of the deep sea.

3.2 Deep Sea as a Microbial Habitat
3.2.1 With Low Temperature

For the past three million years, the relationship between microbial diversity and
temperature is one of the most fascinating ecological phenomena (Tittensor et al.
2010). The mechanisms involved in this relationship have been explained through
various hypothetical theories based on ecology and evolution. However, due to the
inability to reach the deep sea region, accessible microbial diversity is still restricted
to a few taxa. Also, the numerous theories suggested so far are still controversial
(Brown and Thatje 2014), posing the requirement for more detailed studies with
comparative analysis under natural conditions. Since current Intergovernmental
Panel on Climate Change (IPCC) scenarios indicate that temperatures in most
ocean regions will change rapidly in the coming decades, one of the main objectives
of current ecological research is to gain a better understanding of potential responses
to these changes. During the glacial/interglacial cycles of the Late Quaternary, deep
sea temperatures in glacials were ~4 °C cooler than in interglacials.
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Palacoceanographic data showed 1-2 °C temperature variations in deep sea both on
millennial and centennial time scales. Deep-water temperatures in the Labrador sea
have demonstrated complex decadal variation at rates of change of up to 0.5 °C per
decade over the last 60 years. Abrupt changes in temperature of deep-water temper-
ature can impact physical and biological processes occurring down in the sea (Canals
et al. 2006). There are significant differences in deep sea temperature, especially
between oceans. There are exceptionally high deep sea temperatures in certain
marginal seas, such as the Mediterranean, Red, and Sulu seas (from around 13 °C
for the Mediterranean to >20 °C for the Red sea at a depth of 2000 m). Some deep
waters are very cold at high latitudes, with temperatures close to —2 °C (e.g.,
Antarctic bottom water). Sometimes deep sea organisms are sensitive to even
minor temperature changes because they encounter less seasonal variation in tem-
perature compared to surface-sea organisms. The microorganisms that travel from
shallow-sea environments to the deep sea are thought to be more temperature
tolerant compared to those that originated at deep sea.

3.2.2 With High Pressure

The relationship between the rate of change in pressure and ocean depth is linear. In
the shallower areas, the relative rate of pressure change is much higher with depth.
For example, a microbe descending from 500 to 1000 m will experience a 101.2%
pressure change, whereas an organism going from 9500 to 10,000 m will experience
a pressure change of just 5.3%, while the absolute change is still ~500 dbar (decibar)
per 500 m. Therefore, vertical migration does not generally account for any shifts in
the regular pressure faced by benthic fauna. Likewise, the pressure difference is also
negligible if an organism traverses a smooth and vast abyssal plain. If, however, an
entity travels in any direction inside the trench perpendicular to the trench axis, then
compression (if heading toward the axis) or decompression is encountered
(if moving away from the axis). The pressure increases by 30—60 dbar per km across
the abyssal plains (4000-6000 m). As the sea surface rises and falls, the atmospheric
hydrostatic pressure is subject to tidal cycles regardless of changes in depth or
distance traveled overground. Pressure data from the Kermadec Trench from 4329
to 8547 m, taken both in 2007 and 2009, indicate a cumulative mean tidal duration of
12.42 h 0.64 S.D. (semidiurnal), implying the presence of an internal tidal period of
M2 (lunar semidiurnal tide). The M2 tidal cycle is one of the region’s dominant
semidiurnal tides and rotates around New Zealand anti-clockwise (Chiswell and
Moore 1999). It is also common in conditions that are bathyal and abyssal. It was
found that the mean amplitude (peak to trough) of these cycles of pressure was 1.26
dbar 0.19 S.D., approximating a swell of 1 m. In the Kermadec Trench, as well as in
all other stations examined during the HADEEP project, these tidal cycles have been
found as deep as 9900 m, regardless of depth (Kermadec, Tonga, [zu-Bonin, Japan,
and Peru-Chile trenches). The same signature of the cycle is seen as deep as 7700 m
in the North Pacific trenches. Hadal species would therefore likely be able to detect
minor tidal variations in pressure.
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3.3  Microbial Diversity in Deep Sea

Microbes are found everywhere on Earth. Microbial activities (nitrogen fixation,
phosphate solubilization, etc.) are affected by various environmental factors and
climatic changes (Kaur et al. 2014; Kaur and Gosal 2015, 2017). The deep seafloor
comprises the largest ecological realm of the world. In deep sea sediments, bacteria
and archaea (mostly in deep sea hyperthermal vents) and some fungi comprise the
largest fraction of taxonomic richness and biomass at deep sea, playing a major role
in remineralizing the organic matter as well as in nutrient cycling (Jgrgensen and
Boetius 2007; Wei et al. 2010). The highest sea depth reported for microbial
occurrence in the deep sea is 10,898 m for bacteria Dermacoccus abyssi MT1.1 T
(Pathom-aree et al. 2006) and Shewanella benthica DB21MT-2 (Kato et al. 1998;
Nogi and Kato 1999). Understanding the spatial patterns of microbial diversity could
pave the way toward better insight into mechanisms of diversification in the deep sea
(Varliero et al. 2019) (Table 1.1).

3.4 Microbial Adaptations at Deep Sea

Microorganisms are novel living agents which can tolerate extreme environmental
conditions existing on earth. Many environmental conditions on earth may be
unideal for the survival of living agents. These conditions may exist normally or
due to some external forces. Among them, physical extreme conditions, temperature,
and pressure are important. Below are the details of various adaptation mechanisms
adopted by microorganisms to thrive under deep sea extreme environmental
conditions like low temperature and high pressure.

3.4.1 Low-Temperature Adaptations

Permanently cold environments existing on earth (like the deep sea and polar
regions) have been successfully colonized by microbial species. Microbes surviving
in deep sea or polar regions are referred to as psychrotolerants or psychrotrophs,
based on their ability to grow at different temperature ranges (Morita 1975).
Depending on the temperature, the abundance and composition of the microbial
community vary. Variation in temperature only changes the types of microbes but
not their ability to grow under such an environment. This novel property has made
psychrophiles able to tolerate the effects of lower temperature like high viscosity
(increases by drop-down of 2 °C) and negative effects on biochemical reactions.
These effects of low temperature are successfully overcome by some of the
psychrophiles (Moritella profunda). Moritella profunda has the ability to survive
under a temperature range of 2—12 °C (Xu et al. 2003a, b). Other microorganisms
also show adaptations to the cold environment by evolving various mechanisms
which are discussed below.
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3.4.1.1 Maintenance of Membrane Structure by the Generation
of Unsaturated Fatty Acids

Enzymes are responsible for various conversions (Kaur et al. 2020). Due to a
decrease in temperature, certain enzyme-mediated changes occur in the microbial
cell membrane fatty acid profile. One such conversion is a change of saturated fatty
acids to unsaturated fatty acids. This conversion is carried out by desaturase enzyme.
These changes may occur to maintain optimum fluidity. Desaturase is also known to
preferentially synthesize various types of fatty acids which may include short-chain
fatty acids, branched-chain fatty acids, and anteiso fatty acids (Suutari and Laakso
1994). Some of the microbes involved in carrying out these functions are Micrococ-
cus roseus, Sphingobacterium antarcticus, and Pseudomonas syringae
(Chattopadhyay and Jagannadham 2001). Anteiso saturated fatty acid (a-C15:0)
plays a major role in the survivability of psychrophiles (Annous et al. 1997).
Kumar et al. (2002) described the role of hydroxy fatty acids in homeoviscous
adaptation (an adaptation of lipid composition in the cell membrane) of outer
membrane fluidity. It was demonstrated using P. syringae that when bacteria were
incubated at a low temperature, there was an increased concentration of hydroxy
fatty acids in lipopolysaccharides. When Bacillus subtilis, a mesophilic bacterium,
was incubated in a psychrophilic condition, there was a transcriptional upregulation
of some of the genes which were involved in coding those enzymes that degrade
amino acid with branched chains (Kaan et al. 2002). Compounds like isobutyryl-
CoA and o -methylbutyryl-CoA which are the intermediate product of valine and
isoleucine degradation are utilized as a part of the cellular mechanism (synthesis of
branched chain fatty acids) to maintain fluidity at low temperature. This indicates
that not only anabolic pathways but catabolic pathways are also involved in
maintaining membrane fluidity.

To thrive under cold conditions, many bacteria have evolved various other
different mechanisms like the synthesis of unsaturated fatty acids in the case of
B. subtilis under low temperature. In order to regulate glycerophospholipid,
B. subtilis harbors a sensory system called DesK (dimeric histidine kinase). It has
two domains that include five transmembrane helical domains and cytosolic kinase/
phosphate domains. Under cold conditions, DesK changes from phosphatase active
site to kinase active site leading to autophosphorylation. This phenomenon activates
the DesR which in turn activates 5-lipid desaturase, which transforms saturated lipid
acyl chains to unsaturated. Once the conditions become normal, DesK returns to the
phosphatase active site, and dephosphorylation occurs, inactivates the DesR, and
stalls the production of desaturase.

3.4.1.2 Cold-Shock Proteins (CSP)

A sudden downshift in temperature leads to harmful effects on the cells. Such
damages are counteracted by proteins called cold-shock proteins (Phadtare 2004).
These proteins are activated only under cold shock. Immediately after its synthesis,
other proteins are recruited for growth synthesizes leading to the growth under cold
conditions but at a slower pace (Ermolenko and Makhatadze 2002). Recent studies
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have revealed the role of cold-shock proteins in bacterial stress tolerance (Schmid
et al. 2009).

CSPs are “small nucleic acid-binding proteins” whose length ranges between
65 and 75 amino acids (Czapski and Trun 2014). These proteins occur in
psychrophiles as well as mesophiles (Jin et al. 2014). There is a total of nine CSPs
(CspA to Cspl) which are homologous to each other and share 46-91% similarity
(Yamanaka et al. 2001). Among all, CspA plays an important role during cold shock,
and its role has been described in E. coli (Goldstein et al. 1990).

Even though all CSPs share structural similarity, still their thermostability varies
(Jin et al. 2014). CspA protein can even tolerate the mesophilic temperature of 40 °C
(Lee et al. 2013). This nature of the protein helps them survive in varying
temperatures (Jin et al. 2014). It was first identified in Listeria monocytogenes (Jin
et al. 2014). At mesophilic temperature, mRNA of cspA is highly unstable. Usually
under mesophilic range, half-life will be very less (12 s) but increases up to 20 min
under cold conditions (Mitta et al. 1997). Under cold conditions, it is essential to
transiently stabilize cspA mRNA as it plays a greater role in inducing CspA
(Phadtare and Severinov 2005).

Functions of Cold-Shock Proteins

The highly conserved nucleic acid-binding domain of CSPs is called cold-shock
domain (CSD) (Graumann and Marahiel 1996). Ribonucleoproteins 1 and 2 are two
important nucleic acid-binding motifs of CSD (Lee et al. 2013). These help the
protein to bind to its target RNA or DNA. Jiang et al. (1997) stated that the binding
ability of CspA to RNA is weak and is responsible for minimal specificity for RNA.
CSPs are known as molecular chaperones because they disrupt the secondary
structure of RNA thereby helping transcription and translation to occur smoothly.
This process is highly dependent on the mode of attachment of CSP to RNA. If CSP
binds strongly to RNA, then, their role as molecular chaperon will be interrupted.
CSPs are also known as anti-terminators as they terminate the formation of hairpin
structures, which halt the transcription (Phadtare et al. 2002). Usually, during cold
shock, CspA, CspB, CspE, CspG, and Cspl are induced, but during the first
temperature downshift, only CspA and CspB are synthesized (Jung et al. 2010).

3.4.1.3 Viable but Non-Culturable Cell (VBNC)

Viable but non-culturable cells (VBNC) are live bacteria that neither grow nor divide
but are alive and capable of performing necessary metabolic operations for their
survival. Generally, VBNC has greater physical and chemical resistance compared
to culturable cells because of reduced metabolic activity and high content of
peptidoglycan (Signoretto et al. 2000). Bacteria do not directly enter into VBNC
state; before it, they enter into a persister cell phase (Bigger 1944). Persister cells
refer to phenotypic variants in the population. Till today, persister cells are consid-
ered to be a nongrowing state of the cell. These are also known to tolerate antibiotics.
Ayrapetyan et al. (2015) stated that “VBNC and persister cells are closely related
states of a shared dormancy continuum.” It suggests that logarithmic phase cells may
enter into the persister state before entering the VBNC state.
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Mechanism of VBNC Formation

The mechanism by which bacteria enter to VBNC state is not thoroughly under-
stood. Various hypotheses have been put forward to explain the mechanism lying
behind it. Among them, three important include the following: firstly, the severe
conditions may lead to cells with poor quality which may result in null activity, and
such cells cannot be cultured (Nystrom 2003). Secondly, it is described as a strategy
of survivability in order to overcome harsh environmental conditions (Oliver 2005).
Thirdly, it has been stated that genes are involved in the formation of VBNC
(Ayrapetyan and Oliver 2016). The third hypothesis is widely accepted by scientists.
Although the molecular mechanism of VBNC formation is not understood
completely, several genes involved in its formation have been identified. One
among them is the rpoS gene, which codes for the stress regulator protein RpoS
which is known to enhance the efficiency of bacterial survivability under extreme
conditions. If bacteria cannot produce this protein, then bacteria may enter VBNC.
Research over a longer period revealed the role of ppGpp in VBNC formation.
ppGpp is considered as a regulatory signaling molecule that regulates RpoS. The
higher the ppGpp concentration, the greater the synthesis of RpoS, which contributes
to resistance and persistence of cells under stress. Thus, ppGpp is considered as an
inducer of the VBNC state.

3.4.1.4 Antifreeze Proteins

Antifreeze proteins (AFPs) refer to a class of polypeptides produced by certain
animals, plants, fungi, and bacteria that enable their survivability in freezing temper-
ature. These proteins are also known as ice structuring proteins. The main functions
of AFPs are to bind to ice crystals and prevent growth and recrystallization (Collins
and Margesin 2019). Unlike ethylene glycol (automotive antifreeze agent), they will
not reduce freezing point but instead work in a non-colligative manner. This
phenomenon enables them to be better antifreeze agents. These are known to act
as an antifreeze agent at a concentration of 1/300th to 1/500th. As it is highly
effective at lower concentrations, it doesn’t have any side effects on the organism.
A unique property of AFP is to bind to the particular ice crystals and immediately
prevent their formation. AFPs mechanism is completely based on thermal hysteresis
(TH) (Zhang et al. 2008). Thermal hysterisis refers to “a difference between the
melting and freezing point” (busting temperature of AFP bound ice crystal). Ther-
modynamically favored growth of ice crystals can be inhibited by the addition of
AFP between the solid ice and liquid water. Kinetically, ice growth can be inhibited
by AFP that covers the water-accessible surfaces of ice.

Mechanism of AFP

The mechanism adopted by AFP is not frozen avoidance but freeze tolerance.
Crystallization involves two major steps: nucleation (formation of a stable crystal
nucleus) and extending the synthesis of crystals by nucleus growth. Based on the
occurrence, nucleation is classified into two groups, i.e., nucleation taking place
around the foreign molecule called heterogeneous nucleation and spontaneous
formation of nucleus due to natural fluctuations called homogeneous nucleation.
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Homogeneous nucleation occurs in the case of absolutely pure water. Crystallization
is a cyclic process that may occur again and again; this is due to fluctuation in
temperature within the subzero range. This fluctuation is the result of the dissolving
of small crystals and the formation of larger crystals. This phenomenon may cause
more damage to the cells and tissues (Hassas-Roudsari and Goff 2012).

As mentioned earlier, AFP mechanism is based on TH, which prevents the death
of cells by various mechanisms like modification of ice crystal morphology
(Kontogiorgos et al. 2007), recrystallization inhibition (Zhang et al. 2008), and
intensifying integrity of the cell. All these properties are the result of interactions
occurring between AFP, water, and ice. Freezing point depression occurs through a
non-colligative mechanism (occurrence of protein between water ice interface to
modify the growth of ice crystals). On to the outer world, the mechanism seems to be
the adsorption-inhibition process (antifreeze agents bind to the surface of growing
crystals). According to this, crystals of ice grow between adjacent antifreeze
molecules with high surface curvature. High energy is required for the addition of
water molecules to the convex surface. The whole process is nothing but mainte-
nance of freezing point keeping the melting point at constant. This phenomenon is
called as Kelvin effect. There are two models (mattress model and step pinning
model) that justify the Kelvin effect. In the mattress model, the growth of ice crystals
perpendicular to the ice surface is prevented by adsorbed molecules, whereas in the
case of the step pinning model, molecules are blocked by ice growth (Bouvet and
Ben 2003).

3.4.1.5 Adaptation Mechanism of Psychrophilic Enzymes

A higher degree of structural flexibility, lower thermostability, and specific activity
are some of the characteristics of psychrophilic enzymes. Increased structural flexi-
bility of psychrophilic enzymes may be restricted to a catalytic site which helps them
exist in a disordered state. Increased flexibility in turn intensifies the degree of
compatibility between catalytic site and substrate. This leads to an increase in
substrate turnover rate and a decrease in activation energy. Multiple mechanisms
have been evolved by psychrophilic enzymes to enhance their flexibility and activity
and decrease thermostability. Among them, one mechanism involves reducing
amino acids like arginine and proline. These amino acids are known to reduce
conformational flexibility by the formation of a large number of hydrogen bonds
and salt bridges. This mechanism has been observed in many psychrophilic
enzymes. Some of the psychrophilic bacteria (Shewanella sp.) were known to
have less alanine content, while others (Psychrobacter arcticus) lack proline/argi-
nine content (particularly in those proteins involved in reproduction and cell divi-
sion) (Zhao et al. 2010). Some other compositional variations found in the
psychrophilic enzymes are increased content of methionine, asparagine, and glycine.
These amino acids are found especially in the catalytic site which is known to
contribute to local mobility. Increased lysine/arginine ratio is known to lower the
hydrogen bond and salt bridge formation. Psychrophilic proteins with a longer
external loop and reduced proline content result in less compact and highly stable
proteins and also a catalytic site with more flexibility and mobility. Electron
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microscopic study of cold-adapted enzymes revealed that they contain a greater
number of cavities with a larger size compared to that of mesophiles (Paredes et al.
2011). Larger cavities can hold a maximum number of hydrophilic groups thereby
binding the large number of water molecules which enhance the flexibility by
increasing internal salvation. For example, a region present near the helical lid of
the psychrophilic enzyme lipase M37 found in Photobacterium lipolyticum consists
of the surface cavity (Jung et al. 2008). The destabilizing effects of these surface
cavities may provide flexibility to the helical lid thereby enhancing the lateral
movement when substrate binds to it.

3.4.1.6 Piezophiles/Barophiles

Piezophiles or barophiles are organisms with the ability to survive under high
pressure (depth of sea/ocean). Piezophiles are primarily found in ocean depths,
with an average pressure of 10 MPa (megapascals). Some of the microbes are also
found in the deepest point in the ocean (Mariana trench) where the pressure is around
110 MPa (Abe and Horikoshi 2001). Pyrococcus yayanosii, an extremophile, could
survive in pressures ranging up to 150 MPa (Zeng et al. 2009). To counteract the
effects of the elevated pressure, these organisms have evolved various mechanisms.
As of yet, very little information is gathered regarding the piezophiles. Preliminary
research on piezophiles indicated their potential applications in the industrial and
biotechnological field (Abe and Horikoshi 2001).

3.4.2 Adaptation Mechanism of Piezophiles (High-Pressure
Adaptations)

3.4.2.1 Membrane Lipid Adaptation

The effect of high pressure is similar to that of low temperature as both are involved
in decreasing fluidity by increasing packing of the fatty acyl chains of phospholipids.
Piezophiles found in the depths of the ocean need to acclimatize not only to high
pressure but also low temperature. Intense hydrostatic pressure reduces membrane
fluidity which results in the formation of the gel-like membrane that may interfere
with the uptake of nutrients and cell signaling. These problems in piezophiles can be
avoided by increasing the number of mono- and polyunsaturated fatty acids in their
membranes. These fatty acids are difficult to be packed tightly. This nature of fatty
acids makes the movement of the membrane easier (Bartlett 1999). An example is
mentioned below.

Synechocystis, a phototrophic bacterium, has a two-component regulatory system
to control the expression of desaturase which is involved in regulating membrane
viscosity. A key regulatory element involved in inducing the expression of desB
gene (codes for desaturase) is histidine kinase 33 (Hik33) (Suzuki et al. 2001). Hik33
are the key regulatory element in homeoviscous adaptation also known to regulate
more than two dozens of the gene. There are several highly conserved domains in
Hik33 which include HAMP domain (histidine kinases, adenyl cyclases, methyl-
accepting chemotaxis proteins, and phosphatases), a leucine zipper domain which
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transfers signals to the 2-helix bundle in DesK, and a PAS domain (Per, Arnt, Sim
sensor proteins) acting as a light-sensitive module in Hik33. Two helical regions of
HAMP domain present adjacent to each other are involved in converting cold stress
signal by structural modification. HAMP domain signal transmission is mediated by
homo-dimeric, four-helical, parallel coiled coils. Hik33 gets activated by the
enhanced molecular lipid packing (Los and Murata 2004), but the underlying sensor
mechanism remains to be unknown.

3.4.2.2 Outer Membrane Porins

In response to high pressure, the membrane becomes highly rigid which has a greater
influence on the movement and nutrient uptake. Many different proteins are involved
in order to get acclimatized to these situations. The best example is Photobacterium
profundum SS9, which regulates the outer membrane protein under high pressure.
These bacteria consist of a specialized protein called OmpH. Its concentration
increases with increasing pressure. It is usually expressed at a pressure of 28 MPa
which is the minimum pressure required by the P. profundum SS9 for its growth (Chi
and Bartlett 1993). Another protein involved is ompL which acts simultaneously
along with ompH, but ompL is encoded by pressure-regulated genes that express at
0.1 MPa (decreases with increasing pressure); therefore, ompH contributes more to
the pressure regulation when compared to ompL (Le Bihan et al. 2013). These both
are the fourth most expressed proteins at high pressure. At elevated pressure,
P. profundum lacking the ompH is not greatly affected. OmpH is also known to
play a greater role under nutrient-deprived low-pressure conditions. There are a
series of nine genes that are known to be present on the outer membrane, but the
functions of these genes are not analyzed yet. Among these genes, ompC and two
others, hypothetical maltoporins, are studied to some extent. These two maltoporins
are known to express usually at constant pressure, while other genes, pbpra2139,
express at elevated pressure. Porin-encoding genes that express at high pressure are a
counter-intuitive example to show how difficult it would be to survive at high
pressure. Increased porin produces many different compounds to boost survivability
in the nutrient-scare ecosystem (Bartlett et al. 1993).

3.4.2.3 Membrane Transport

High hydrostatic pressure (HHP) has a greater influence on the transportation system
in the bacterial cell membrane (Vezzi et al. 2005). Due to high hydrostatic pressure,
fluidity is affected which may interfere with the transportation of nutrients across the
membrane. HHP leads to an increase in volume, inhibits certain reactions, and makes
amino acid (histidine, lysine, leucine, and tryptophan) movement difficult (Abe and
Horikoshi 2001). Some of the bacteria in the sea/ocean use a higher amount of
acetate and glutamate at elevated pressure. In P. profundum SS9, amino acid
synthesis and ion transport were upregulated at 0.1 MPa. This is the best example
that represents the adaptation of P. profundum SS9 transporters to high pressure. A
variety of transporters such as ion, sugar, and phosphate transporters have isoforms
known to function at varying pressure. It is essential to regulate the transporters in
order to survive in the case of marine bacteria. Some hypothetical models have been
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explained to reveal the mechanism of transportation under high pressure, but a much
detailed study has not been done yet.

3.4.2.4 Respiratory Chain

The respiration mechanism in piezophiles is quite different from other organisms to
survive under extreme conditions. These consist of two kinds of electron transport
systems in the inner membrane. A model organism used to study the respiratory
chain in the deep sea is Shewanella benthica (Kato et al. 1999). A series of steps are
involved in the respiratory chain of this organism: Initially, NADH, is oxidized to
NAD by transferring two electrons to quinone(Q), that quinone get reduces to quinol
(QH2), and it is carried out by NADH-dehydrogenase (ionic complex I). Within
complex III (cytochrome c-551), electrons are exchanged between quinol and
cytochrome c-551. These electrons are then passed to the active complex which
covalently binds to the terminal cytochrome oxidase (a soluble protein). Later,
oxygen is broken down to water by periplasmic oxidase and pumps proton to the
cell. Not only periplasmic oxidase but also BC1 complex pumps proton to the cell,
and this leads to the synthesis of ATP in the cytoplasm which is catalyzed by an
enzyme called ATP synthase.

Under high pressure (60 MPa), the respiratory chain becomes more compact.
During this situation, electrons are donated to quinol oxidase reducing the supply of
oxygen to cytochrome c-551. This leads to the pumping of protons to the periplasmic
vacuum. At elevated pressure, cytochrome c-552 will not be produced. The ability of
a piezophile Shewanella violacea DSS12, to survive under high pressure
depends 40% on its strain and 60% on cytochrome bc-1 complex. Streptococcus
existing under high pressure contain two forms of soluble cytochrome. Under high
hydrostatic pressure, cytochrome cA (belongs to c5 group) is constitutively
expressed, whereas cytochrome cB is repressed. Three terminal oxidases exist
under HHP, i.e., one terminal cytochrome c-oxidase, two bo, and bd-type quinol
oxidases. At low oxygen high pressure, bd-type quinol oxidase increases, while all
other terminal oxidase genes decrease. Bd-type quinol oxidase plays a greater role at
high pressure and also makes a significant contribution to respiration. These kinds of
variation do not occur in all types of microbes but only in piezophiles.

3.4.2.5 Motility Under High Pressure

Motility is a critical process for the survivability of bacteria as it enables bacteria to
escape unfavorable conditions and helps to move toward the nutrient-rich environ-
ment. Motility occurs due to flagella. Flagella are found attached to cell envelopes
and extended to extracellular space (Schuhmacher et al. 2015). The basic structure of
flagella includes basal body, hook, and filament. The basal body has a C-shaped ring
with a rod attached to it. All three parts of the flagellum are assembled by a type III
secretion system. Approximately 25 different types of proteins are assembled in
flagella. An important component of flagella is flagellin protein; 20,000-30,000
flagellin subunits are found at the distal end of the flagella. The synthesis of flagella
is a highly complex process as there is the involvement of many genes. These genes
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are classified as early, middle, and late genes based on their involvement in the
synthesis (Merino et al. 2006).

Flagellar structure and its role under high pressure are studied using two
piezophiles, i.e., Shewanella piezotolerans WP3 and Photobacterium profundum
SS9; these will have either polar or lateral flagella (Campanaro et al. 2005). Lateral
flagella (LF) have a complex structure, encoded by 40 genes, and have higher GC
content. There are two different kinds of motors for the motion of flagella, i.e.,
sodium-driven motors (Shewanella piezotolerans WP3) and proton-driven motors
(Photobacterium profundum SS9) (Wang et al. 2008). Two genes identified to be
away from the flagellar cluster were responsible for the movement of both types of
flagella. Two flagellin genes (flaA, flaC) are known to regulate flagella in
S. piezotolerans WP3 whereas three (flaA, flaC, and flab) in case of P. profundum
SS9. Recent studies have confirmed that high pressure inhibits the flaA and flaC and
prevents motility. Under high physical tension and viscosity, lateral flagella enable
the bacteria to swarm rather them swim. Under nutrient-deprived status, motA and
flaB are not expressed leading to non-motility. Mutants of any of the genes in the
flagella inhibit either swimming or swarming. It is revealed that the developmental
process is responsible for the proper functioning of flagella. Destruction of polar
flagella either genetically or physically leads to activation of lateral flagella and vice
versa.

3.4.2.6 Enzymes Adaptations Under High Pressure

Microbes are the richest source of enzymes; they help microbes to carry out
biochemical reactions (Kaur et al. 2020). These proteins under high pressure may
undergo physical damage; hence, microbes have developed a certain mechanism for
their protection. Piezophilic microbes contain proteins that are homologs
mesophilic proteins. When a comparison is made between them, some mesophilic
proteins are found to be pressure adapted but not all. Microbes are found in the
deepest region of the ocean, i.e., Mariana trench (temp. 1-4 °C, pressure 1.1 kbar)
and in the hydrothermal vent (temp. >100 °C, pressure ~0.5 kbar), describing
microbes’ ability to survive by acclimatizing to varying temperature and
pressure (Prieur et al. 2009). Therefore, it is confirmed that microbes’ survival is
based on their adapting mechanism; among them, protein protection mechanisms are
explained below.

Low Stability

One of the common enzymes found in the piezophiles is DHFR (dihydrofolate
reductase) which is used as a model to explain piezotolerant enzymes. Usually,
enzymes found in high-pressure areas will have low stability because low stability is
associated with high flexibility. So far, DFHR is less stable which is indicated by
AG,. Unlike fatty acid conversion in psychrophiles, low stability is not a driving
force for survivability. It just prevents enzymes from being ruptured under high
pressure. It is not essential to adapt a feature of low stability in the piezophilic
microbe. Low stability may also exist in microbes under normal pressure. Overall, it
can be inferred that low stability and greater flexibility appear to be favorable for the
survival of enzymes under cold and high-pressure conditions.
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High Compressibility

A common feature found in all piezophilic enzymes is high compressibility. The
presence of a larger internal cavity makes the protein more susceptible to pressure
unfolding. Maintaining normal protein structures under high pressure without lead-
ing them to get distorted keeps the microbes highly active (Kato et al. 1998). A study
on crystal structures of piezophilic enzymes revealed that enzymes are loosely
packed and highly hydrated with a large internal cavity. Piezophilic enzyme will
have a greater number of small cavities instead of a single larger cavity (Fig. 3.1).
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High Absolute Activity

Regardless of temperature and pressure, one mechanism adapted by microbes to
retain their catalytic activity is maintaining high absolute activity. The turnover
number (k.,,) of most of the piezophilic microbes is usually four or five times greater
than other enzymes. It indicates that even activity of microbes is reduced at low
temperature and high pressure, and still they can survive at their GTP. This is due to
greater versatility, as they have lower stability and novel modifications to enhance
the catalytic activity. But, some of the enzymes isolated from Shewanella normally
have high catalytic activity. They do not possess any absolute activity to retain
catalytic activity. Recent studies have confirmed that the catalytic activity of
enzymes greatly depends on microbes rather than the condition they exist.

High Relative Activity at High Pressures

Increased relative activity helps the piezophilic microbes to maintain catalytic
activity under high-pressure conditions. Many piezophilic enzymes maintain high
relative activity to retain catalytic activity with available GTP. In some enzymes,
increased pressure enhances both relative and absolute activity. An example is
D27E, a mutant of DFHR which shows increased relative activity with a 50%
increase in k., and a slight 2 kJ/mol increase in AG, (Ohmae et al. 2013). An
amino acid residue Asp27 in DFHR plays a central role in hydride transfer (Schnell
et al. 2004). This indicates that DFHR has a slightly opened substrate-binding cleft
which is the explanation for the increased activity of DFHR under high pressure.
Low stability of DFHR leads them to decrease their activity above 500 bar.

3.5 Microbial Nutrition and Metabolism in Deep Sea
3.5.1 Chemistry of Deep Sea

Seawater is an open ecosystem serving as a sink of nutrients from various reservoirs.
The knowledge of chemical features of seawater can provide an insight into the net
functioning as well as the inflow and outflow of energy from the system. Sea
surfaces have complex nutritional composition and are rich in ionic forms of
nutrients especially nitrogen and sulfur. Urban storm, water runoff, irrigation drain-
age, agricultural runoff, creeks, rivers, and estuaries are the general portals of entry
of nutrients into the marine environment (Akinde and Obire 2011). Unlike the
organisms of the terrestrial ecosystem, marine organisms are dependent on dissolved
forms of nutrients. Carbon, the major building block of life forms, can enter the sea
interior from the atmosphere through a network of processes, where it can be stored
or sequestered for millennia. Of the stored carbon on Earth, deep ocean zones
constitute the largest reservoir (3150 Pmol, 1 Petamole = 1015 moles). It also
corresponds to more than 50 times the amount of carbon present in the atmosphere
(currently estimated as 62.5 Pmol) and more than one order of magnitude greater
than all the carbon present in microbes, terrestrial vegetation, and soils combined.
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Table 3.2 Major nutrient forms at deep sea levels and their source of origin [Source: Jgrgensen
et al. (2019), Thompson and Johnston (2017), Voss et al. (2013), Jasiriska et al. (2012)]

Nutrient form
Carbon

Dissolved organic carbon
(DOC)

Inorganic (carbonic acid,
bicarbonate, and carbonate)

Sulfur
Sulfate (S0,27)

Sulfide
Iron sulfide (FeS); pyrite (FeS,)

Nitrogen
Dissolved organic nitrogen
(DON)

Source

Living plants and marine organisms (mainly
phytoplankton), organic-rich detritus, or as dissolved
organic carbon

Atmospheric carbon dioxide

Sediments, weathering and leaching of rocks, biological or
chemical oxidation of sulfides, sulfur partitioning, and
riverine inflow

Sulfate (S0,27) reduction by marine microbes

Product of sulfide oxidation in the presence of C,, and
Fe**; Pyritization of H,S and Fe$S

Rivers, atmospheric processes, wind, Ekman upwelling,
biomass of surface autotrophs

No, Regeneration of particles, microbial nitrification

Noz™ Wind, convective overturning, and Ekman upwelling, eddy
activity/gyres, rivers, atmospheric deposition, shelf
processes, regeneration of particles, microbial nitrification

NH,* Diffusion, atmospheric deposition, regeneration of
particles, decomposition of debris

N,O Bacterial and archaeal nitrification, intermediate of

denitrification

Aside from atmospheric carbon, there are many other sources of carbon entry into
the marine system (Table 3.2).

3.5.2 Microbial Metabolism in Deep Sea

Nutrient availability is a key factor for microbial existence and activity in any
environment. The deep sea is an extreme oligotrophic environment that is often
thought to set limits for microbial activity. However, this challenging environment is
a habitat for great microbial diversity (Molari et al. 2013). The ability to survive in
such contrasting extremes of temperature and pressure is assumed to have arisen
from the adaptive route they followed to reprogramme their metabolism, scavenge
the limiting nutrients, and bypass starvation.

The dark conditions of the deep sea enable microbes to develop photopigments;
therefore, the major source of energy for benthic microbes is the downward flux of
organic matter from primary producers on the sea surface (Danovaro et al. 2014). In
marine environments, phytoplanktons are the primary producers (Azam and Malfatti
2007) and thereby the continuous source of organic matter for other life forms. A
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large fraction of their primary production is released as dissolved organic matter
(DOM) into the system, either by the producers or by the degradative action of other
organisms (Ducklow and Carlson 1992). Almost half of the DOM is consumed by
higher-trophic-level organisms, while the remaining (1-2%) reach the benthic
microbes (chemoorganoheterotrophs), which they assimilate into their biomass and
re-mineralize the excess into inorganic nutrients that re-enter the nutrient cycle.
Therefore, microbes play a critical role in the marine food web by organic matter
turnover and establishing a balance between net energy flux (Mason et al. 2009). It is
estimated that about one-third of the CO, produced in oceans originates from the
microbial transformations at sea bottom (Aristegui et al. 2005). Despite the hetero-
trophic C metabolism, there is evidence for the existence of microbes with an
expression of enzymes involved in autotrophic nutrition, especially the Calvin
cycle and 3-hydroxypropionate pathway subsidizing autotrophic nutrition.

Benthic microbes can also metabolize several reduced inorganic compounds to
accomplish heterotrophic nutrition. These compounds usually serve as an additional
source of energy for support. The most prevalent of these is the oxidation of sulfur
compounds via chemolithoheterotrophy (Ghosh and Dam 2009). On an average,
10% of microbes from marine environments are found with genes (sox) for sulfur
oxidation (Venter et al. 2004). Microbes at sea sediments are also found with the
ability of nitrification, the oxidation of ammonia to nitrite and nitrate. These
microbes hold 21-50% of the total oxygen demand of the deep sea and mainly
belong to the group of Gammaproteobacteria and Archaea (Konneke et al. 2005;
Swan et al. 2011). The energy derived from nitrification is usually associated with
carbon-dioxide fixation (chemolithoautotrophs) in dark regions of the deep sea. The
process of carbon-dioxide fixation in these heterotrophs is not to derive biomass
carbon like autotrophs but for the transformation of organic compounds into
precursors of central metabolism using assimilatory carboxylases (Wuchter et al.
2006; Middelburg 2011). This is often termed as “mixotrophic nutrition,” since the
fixation of inorganic CO, without photoactivity often costs much energy to an
organism, while, here, the energy is supplied from heterophony.

Despite the evidence of diverse metabolic activity at deep sea levels, it is
important to understand the stress-derived metabolic alterations in microbes in
their natural environment. Studies are based on quantifying the metabolic fluxes of
marine microbes under conditions of varying temperature and pressure. The metab-
olism of model psychrophilic bacterium Colwellia psychrerythraea 34H at 4 °C (the
temperature at natural environment) and under heat-stressed conditions was com-
pared with cold-stressed and mesophilic E.coli, respectively (Jeffrey et al. 2018).
Genetic analysis revealed that both bacteria had a similar metabolic network, but
34H had certain metabolic alterations that allow it to survive as an obligate
psychrophile. These include the ability to suppress catabolic repression under a
complex medium, activation of anaplerotic reactions to supplement TCA
intermediates via CO, fixation, and therefore the maintenance of high cell biomass
and metabolic flux. In contrast to E. coli, 34H favored ED pathway as the primary
glycolytic route under glucose-rich medium. The potential driving force behind is
the thermodynamic advantage of the ED pathway (AG = —36 kJ/mol) to the



82 J. Kaur et al.

bacterium as compared to EMP pathway (AG = —8 kJ/mol) at low temperature.
Therefore, it can be said till further evidence that marine heterotrophs also use
simplified metabolic strategies but are rearranged to overcome the thermodynamic
constraints imposed by the environment.

3.6 Conclusion

The microorganisms thriving the extreme environmental conditions indeed have
uniquely adapted enzymatic and metabolic systems as discussed in the chapter.
These unique metabolic and enzymatic mechanisms are the most promising
resources for the isolation of cold-adapted and pressure-tolerant enzyme systems.
This potential appears even larger with psychrophiles than for peizophiles in terms of
their diversity and potential uses in industries. Presently, huge data is available on
biochemical/physicochemical reaction and protein and enzyme structure of
peizizophiles and psychrophiles which open two major research avenues: (1) detailed
insights in survival mechanism of these extremophiles and (2) application of these
mechanisms for biotechnological applications. These extremophiles provide an
immense genetic resource for manipulating industrial strain to work under extreme
environmental conditions, thus delimiting the various stress factors during industrial
production. Finally, combining the basic knowledge of extreme pressure and tem-
perature effects on biochemical/physical reaction and advanced molecular biology
techniques opens greater possibilities toward generating clean, efficient, and energy-
saving industrial applications.
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Abstract

Earth, the wonderland inhabited by huge diversity of microbial life, has more than
three-quarters of its habitat occupied by ubiquitous microorganisms. These
habitats include deep dark ocean, the subzero polar and extreme cold alpine
regions. A class of extremophilic microorganisms known as psychrophiles have
successfully colonized these cold conditions. This unique class of extremophiles
can easily thrive at very low temperatures, i.e. below 15 °C or lower than this
where otherwise no any other life is able to survive. In order to survive under such
harsh environmental conditions, these microorganisms require much specialized
adaptation features to maintain the best homeostasis to perform various metabolic
activities to sustain their growth and development. These features of
psychrophiles may also be exploited by various industries to develop novel
catalysts and therapeutics to establish successful biochemical processes for the
betterment of mankind. This chapter will provide updated information on
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psychrophilic microbes, various specialized adaptations to extreme conditions
like morphological features and molecular adaptations along with some other
survival strategies adopted by these extremophiles to thrive in the coldest envi-
ronment of the earth.

Keywords

Psychrophiles - Antifreeze proteins - Microbial adaptations - Cold-adapted
enzymes

4.1 Introduction

Cold environments are predominant over the Earth since its origin. During its
evolution and transformation to present form, various habitats originated which are
occupied by different microorganisms, whereas some dark, deep habitats inside the
ocean and colder regions of earth are still occupied by cold-loving microorganisms
referred to as psychrophiles. These extremophilic cold-loving bacteria or archaea
generally prefer lower temperature of about 15-0 °C or lower for their growth
(Barria et al. 2013). These microorganisms need a broad variety of adaptations at
all levels to survive in extreme conditions, beginning from the cell structure to the
metabolites to the specific biocatalysts to catalyse various anabolic and catabolic
functions. Certain specialized stabilizing factors have been synthesized by these
extremophiles which interfere with each other as well as with other structural
proteins to aid in their compactness, kinetic stability and thermodynamic stability
making them immune to chemical denaturation and harsh environments (Bhatia
et al. 2020; Cavicchioli 2016). These different factors must be avoided in order to
deal with low temperatures in order to conduct biochemical processes effectively in
order to make life simpler under these extreme conditions. Cold-adapted proteins/
factors must be structurally modified to improve their cold tolerance role since these
factors are often heat sensitive, whereas the majority of these related proteins from
their mesophilic counterparts are otherwise stable (De-Maayer et al. 2014). As a
consequence, different molecular modifications and evolutions influence their
properties and characteristics. Thus, it has been proposed that strong evolutionary
pressure can modify nucleotides through substitution, addition and deletion to alter
the respective amino acid in the polypeptide chain that ultimately alters their activity
towards low temperatures (Maccario et al. 2015). Psychrophiles rising in the cold
world have evolved special mechanisms at their molecular and protein levels to
regulate their various intrinsic and extrinsic functions to sustain in the freezing
conditions. This chapter offers new perspectives and comprehensive details about
the different traits and characteristics that psychrophiles have embraced in order to
live under intense circumstances in the varied ecosystems of the world, where
otherwise life cannot thrive.
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4.2 Ecological Adaptability of Psychrophiles

Almost 80% of our planet’s area is permanently cold, with temperature below 5 °C
(Margesin and Miteva 2011). The major fraction of this low-temperature environ-
ment is represented by the deep sea (nearly 71% of the Earth is covered by oceans,
and 90% of the ocean volume is below 5 °C), followed by permafrost (24% of land
surface), snow (35% of land surface), glaciers (10% land surface) and sea ice (13%
of coverage space). Other cold environments are cold water lakes, cold soils
(especially subsoils), cold deserts and caves (Rodrigues and Tiedje 2008). The
diversity of cold-adapted microbes associated with various aquatic and terrestrial
and aquatic cold environments has recently been comprehensively reviewed (Piette
et al. 2011). Several physiochemical constraints were put on cellular function of
microbes by lower temperature negatively influencing cell integrity, membrane
fluidity, macromolecular interactions, solute diffusion rates and enzyme kinetics
(Tehei and Zaccai 2005). Therefore, in order to grow, survive and reproduce, they
must adopt themselves by changing their chemical composition of cell membrane
and small molecules within the cells ( De-Maayer et al. 2014). Microbes have
remarkable potential to successfully colonize or adapt to harsh cold environmental
conditions, where the temperature seems to be around —20 °C and survival seems to
be almost impossible (Morgan-Kiss et al. 2006). Despite all these challenges to
survive in these extreme environments, a remarkable diversity of microbes of
bacteria, fungi (yeast) and microalgae exists. Although cold-adapted microbes are
found in diverse environment conditions, their culture-dependent and culture-
independent studies were mostly done in sea ice and deep sea water permafrost
environments (Ganzert et al. 2007; Cavicchioli 2006). Psychrophilic bacteria repre-
sent Gram-negative bacteria (e.g. Psychrobacter, Pseudoalteromonas, Moraxella,
Polaromonas, Psychroflexus, Moritella, Pseudomonas and Vibrio species), Gram-
positive bacteria (e.g. Micrococcus, Arthrobacter and Bacillus species), Archaea
(such as Methanococcoides, Methanogenium and Halorubrum species), yeast (Can-
dida and Cryptococcus species), fungi (such as Cladosporium and Penicillium) and
microalgae (Chloromonas) displaying striking cold-adaptive characteristics. Ecolog-
ical limiting factors such as water availability and nutrient, pressure, salinity, UV
irradiation and temperature are all characteristic properties of cold environments
(Cary et al. 2010).

Water plays a crucial role in the survival of cold-adaptive microbes, as its role is
more important and great in cold environments (Franks et al. 1990). To perform its
critical function under harsh environments, cold-adaptive microbes need to improve
catalytic efficiency of protein, improve mechanism to stabilize macromolecules their
needed function and improve cell envelope (Mazur 1977; Nedwell 1999; Herbert
and Bell 1977). Freezing, thawing, nutrient availability and drought are common
processes in cold regions on earth including polar regions and high altitude (Bolter
et al. 2005). Low temperature decreases the thermal notion of atoms and molecules
decreasing or slowing down all the metabolic processes effecting its survival and
reproduction (De-Maayer et al. 2014; Mackelprang et al. 2017). Below the freezing
point, water availability of solvent is reduced affecting metabolic processes. Rigidity
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of protein increases with decrease in temperature that indirectly decreases the
reaction rate. Continued freezing and thawing influences the membrane structure
and function of microbial membrane lipids of cold-adaptive microbes (Hazel 1995).
Reduction in activity of membrane-bound enzyme slows the rate of lateral protein
diffusion within plane of membrane bilayer and induces cluster formation of integral
membrane protein challenges faced during transition from fluid to gel phase
(Jagannadham et al. 2000). Insufficient kinetic energy to overcome the enzyme
activation barrier resulted in the slow rate of chemical reaction, main factor
preventing growth at low temperature.

There are some psychrophiles that encounter cold and high pressure both at the
same time, called as piezopsychrophile. High pressure has similar effect on cell
membrane and protein as high temperature, i.e. they reduce the fluidity of membrane
by increasing packing of fatty acyl chains of phospholipid, nutrient uptake and cell
signalling mechanism. The conformation of cellular protein changes hydrostatic
pressure (Bartlett 1999). The active site of catalytic domain reduces/inhibits the
enzymatic reaction under overpressure. Selection of highly stable protein models
and production of osmolyte, chaperone proteins are adaptive mechanisms adopted
by cold-adaptive microbe for survival (Richardson 1981). Presence of high hydro-
static pressure leads to upregulation of chaperone protein which helps in proper
folding of proteins (Oger and Jebbar 2010). In cold environments, primary producer
of food webs are photoautotrophic phytoplanktons, and many algal classes
(Bacillariophyceae, Chlorophyceae, Chrysophyceae, Dinophyceae, Cryptophyceae,
Prymnesiophyceae, Cyanobacteria and Prasinophyceae) are identified in the polar
ice communities (Dieser et al. 2010). UV-A and UV-B have damaging effects to
phototrophic organisms, i.e. UV-B affects nucleotides by damaging cells and at the
protein level by inhibiting photosynthesis that leads to cell death, later causing
formation of reactive oxygen species (ROS) that attack protein, lipid and nucleotide
(Correa-Llantén et al. 2012). The “coloured snow” generally found in alpine snow-
field at high altitudes (>2500 m) and polar regions persists throughout the summer.
At this altitude, algal cells are exposed to more light with PAR levels as high as
5000pmol m~2 5! during summer and 30% more UV compared to phototrophic
organism (Smith et al. 1992). To inhibit the effect C. nivalis synthesize secondary
carotenoid astxanthin causing red coloration of cells and accumulate around chloro-
plast as lipid droplets and also accumulate phenolic compounds and mycosporine-
like amino acids to maximize photoprotection (Remias et al. 2005). Microbial
extremophiles’ nature and distribution inhabiting earth’s polar regions provides
valuable information for development of instruments and operational techniques
needed to recognize evidence of extinct life elsewhere in the cosmo.
Chlamydomonas nivalis, Ankistrodesmus, Chloromonas and Raphidonema are
among the most common species of snow algae (Duval et al. 2000).
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4.3 Environmental Adaptability of Psychrophiles

A larger area of the Earth’s biosphere is covered by cold blanket with temperature
below 5 °C. These cold habitats include oceans (envelop 70% of the Earth’s surface),
high peaks of Alps polar regions (arctic circle) and rocky mountains, Himalayan
regions (Hamdan 2018). Despite harsh and unfavourable conditions, theses habitats
are potentially colonized by huge amounts of cold-adaptive microbes, i.e. bacteria,
fungi (yeast) and microalgae broadly subdivided as psychrophiles and
psychrotrophs/psychrotolerants (Margesin and Collins 2019). These microbes have
accumulated a multiplicity of approaches and mechanisms that enable them to
survive inhabiting permanent cold environments (Kawahara 2017). Psychrophiles
are true extremophiles because they are exposed to not only the cold condition but
also high pressure (piezopsychrophile), high salt concentration (halopsychrolphiles)
and absence of light (troglo-psychrophiles). Researchers have reported
cyanobacteria, i.e. Umbilicaria aprine from Antarctica that carries out photosynthe-
sis at —17 °C (Schroeter 1994) and yeast (Rhodotorula glutinis) causing food
spoilage at —18 °C (Collins and Buick 1989).

The main challenges encountered by psychrophiles are low temperature that
directly affects the rate of biochemical reaction, and another one is viscosity of
aqueous environment. A vast array of unique adaptive features was required to be
adapted by psychrophiles to survive in harsh and extremely cold environments.

4.3.1 Membrane Fluidity

The most adaptive strategies adopted by the microbes in freezing environment are
the ability to regulate and modulate the fluidity of membrane and provide interface
between external and internal environment to overcome the deleterious effects of
harsh environments (Morita 1975). An increase in membrane rigidity, activation of
membrane-associated sensor and upregulation of membrane fluidity are
characteristics adopted by microbes under freezing environment (Shivaji and
Prakash 2010). Physical properties and function of membranes are affected at low
temperature, as it leads to decrease in membrane fluidity, the onset of gel-phase
transitions and loss of cell function. Modification of lipid fatty acyl chains associated
with cell membrane helps maintain optimum membrane fluidity. Desaturases, a cold-
shock activated enzyme, converts saturated acyl fatty acids to unsaturated acyl
chains; an increase in methyl branched fatty acid helps cold microbial cells survive
under harsh environmental conditions. Change in composition plays a crucial role in
enhancing membrane fluidity by introducing steric constraints that reduce the
number of interaction and change the packing order in the membrane. Kerekes and
Nagy (1980) reported an increase in degree of unsaturated fatty acid in Candida,
Leucosporidium and Torulopsis. Similarly, in Psychrobacter urativorans, increase
in 14% cell lipid content and enhanced synthesis of wax ester synthase in
Psychrobacter arcticus when exposed to cold temperature (Ayala-del-Rio et al.
2010).
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4.3.2 Cold-Shock and Heat-Shock Responses

Bacteria encounter varied changing environmental conditions to cope with stress and
adaptation to changing environmental conditions. A shift in temperature downshift
or upward decreases cell membrane fluidity, affecting protein secretion and active
transport (Phadtare and Severinov 2010). Low temperature affects fluidity of the
membrane, efficiency of translocation and translation due to formation of secondary
structure of DNA and RNA and protein folding (Phadtare 2004). A rapid drop in
temperature leads to synthesis of cold-induced proteins (Cips) in microbes and
increases severity of protein. Csps (cold-shock proteins) are small nucleic acid-
binding proteins (65-75 amino acids in length), highly conserved but vary in
thermostability (Graumann and Marahiel 1996). In E.coli, numerous Cips have
been recognized, e.g. cold-shock proteins (csps), RNA helicase csdA,
exoribonuclease PNPase and RNase R (Jones et al. 1987). After the downshift in
temperature, a cold-shock response is initiated, whose synthesis declines with time
and other protein synthesis increases (Ermolenko and Makhatadze 2002). Cold-
shock domain (CSD) having two nucleic acid-binding motifs 1 and 2 that facilitate
binding of DNA and RNA is a highly conserved nucleic acid domain synthesized by
Csps. Csps also work as chaperons preventing misfolding of RNA to maintain
functional conformation and suppressing mutation that affects RNA structure; they
are also linked with biofilms and persister cell formation, thus helping microbes deal
with environmental stress. Jung et al. (2010) reported a CspA of psychrophilic
Psychromonas arctica that helps in cell survival at low temperature. Cpn60 and
Cpn 10 are cold-adaptive chaperons named as artic express commercialized by
Agilent Technologies (Vancuren and Hill 2019).

4.3.3 Antifreeze Proteins (AFPs)

AFPs are a survival strategy for psychrophiles in cold environments. They synthe-
size some unique proteins that prevent growth and recrystallization of ice. A diverse
group of AFP was isolated and characterized from varied sources (i.e. fishes, insects
and plants). AFP has been recovered from different sources including snow mould
fungi (Hoshino et al. 2003), sea ice diatoms (Janech et al. 2006), snow algae
(Raymond 2011) and bacteria (Garnham et al. 2008). Bacteria that reported AFP
activity are Rhodococcus sp., Enterobacter agglomerans, Stenotrophomonas
maltophilia, Psychrobacter sp., P. fluorescens and Marinomonas protea (Santiago
et al. 2016). AFP leads to depression of freezing points of the solution thereby
preventing ice growth (Celik et al. 2010). The difference in freezing and melting
point is referred as thermal hysteresis (TH) resulted in adsorption of AFP on the
crystal surface of ice. That resulted in ice growth on the convex surface between
adjacent AFPs thus decreasing the freezing point (Kristiansen et al. 2011). Mufioz
et al. (2017) isolated antifreeze protein (AFN) from Antarctic bacterial culture
GU3.1.1 that helps maintain frozen food cell structure, having great potential
value for frozen food industry. Similarly, a novel antifreeze protein Afpl was
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isolated from psychrophilic yeast Glaciozyma antarctica by Hashim et al. (2012)
exhibiting both thermal hysteresis (TH) and ice recrystallization inhibition
(RI) properties (Hashim et al. 2012).

4.3.4 Cryoprotectants

Exposure of microbes to cold environments leads to osmotic drainage and dehydra-
tion of cell interior that leads to deactivation of enzymes and negative effect on
function of cell and its survival. But psychrophiles have evolved to prevent this cold
aggregation of protein by maintaining optimum membrane fluidity through secretion
of exopolymeric substances, i.e. extracellular polymeric substances (EPS),
ice-nucleating proteins, compatible solutes and bio-surfactants (Bar Dolev et al.
2005). To prevent cell from shrinkage, these organic osmolytes accumulate inside
the cell and suppress the freezing of solutes inside the cell membrane, thereby
protecting the cell from cryo-injuries. Mechanical disruption to cell membranes
caused by ice provides protection by secreting extracellular polymeric substances
(EPS). Colwellia psychrerythraea, a sea ice bacteria, produce EPS providing protec-
tion to the cell membrane (Thomas and Dieckmann 2002; Junge et al. 2019).
Psychrophilic microbial cell forms biofilms that provide protection against invasive
ice crystal damage as well as acquire the nutrient within the channels (Bowman et al.
2003). Scavenging of free radicals and proper folding and stabilizing of proteins are
an essential role played at low temperature (Mykytczuk et al. 2016). Psychrophilic
diatom (Melosira arctica) and cold-tolerant bacterium (Colwellia psychrerythraea)
secrete exopolymeric substances that cause alterations in the desalination and micro-
structure of growing ice, and also enhance ice crystal disorder and increase pore
density. An increase in accumulation of threonine, sarcosine and valine was
observed in Mesorhizobium sp. strain N33 when grown at 4 °C that probably acts
as a cryoprotectant for microbes (Ghobakhlou et al. 2015).

4.3.5 Cold-Adapted Enzymes

The demand for enzymes with novel and potential characteristics has been rising
continuously in multiple industrial processes. Microbes living in harsh environmen-
tal conditions like pH, temperature, high pressure and salt are potential sources of
extremozymes having potential biotechnological application. A vast majority of
metabolic adaptations are required by microbes to adapt and survive under harsh
environmental conditions. Temperature lower or below the melting point enhances
the compactness of protein (enzyme) thereby decreasing the chemical reaction rate
and alters the conformational movement required for catalysis.

By decreasing temperature dependence of the reaction, enzymes maintain high
activity at low temperature and improve the flexibility of active site required by
substrate binding (K,;,). Secondly, to maintain specificity of catalytic centre and to
improve catalysis at low temperature by better accessibility of active site and



94 S. Pathania et al.

favourable electrostatic interactions with the substrate. The stability curve of
psychrophiles shows that they are stable at room temperature, indicating effect of
hydrophobic forces in protein folding. The higher stability of cold-adaptive enzymes
is driven at low temperature by change in entropy (Feller and Gerday 2004). Cold-
adaptive enzymes can be exploited to replace with mesophilic enzymes as they have
economic benefits by decreasing the industrial energy expenditure. Researchers are
already exploiting their benefits by production of biogas, cost-effective lignocellu-
losic conversion, their utilization in treatment of petroleum-contaminated sites and
food additive such as dietary supplement in human diets, aquaculture and livestock;
enzymes like subtilisin, protease and lipase have potential application in detergent
industries. Bacillus subtilis subsp. subtilis A-53, isolated from the seashore of
Kyungsang (Korea), produce potential carboxymethyl cellulose able to hydrolyse
cellulosic material for the industrial conversion of biomass of fermentable sugars
(Kim et al. 2009). Neelamegam et al. (2012) isolated a potential bacterium,
i.e. Bacillus licheniformis AUOl from marine sediments in India capable of
synthesizing cellulose which is thermostable and resists to high pH and is thus
found applicable for hydrolysis of lignocellulosic materials for ethanol production
(Neelamegam et al. 2012).

4.3.6 Carotenoid Pigments

Extreme environment causes several structural damages to non-adaptive organisms;
to survive in this harsh environment, organism must possess mechanisms to protect
themselves. Microbes isolated from icy environments have thick cell walls and
polysaccharide capsules (Priscu et al. 2006) to overcome stress, i.e. intracellular
cellular concentration, decreased cell size and physical cell ruptures caused by
thawing and freezing. Bacterial groups, i.e. Bacillus and Actinomycetes, from icy
environments synthesize a high concentration of pigment, i.e. glaciers (Foght et al.
2004) or marine surface or ice cores. It was observed that carotenoid pigment may
play an essential function in modulation of fluidity within cell membrane of bacteria.
Solar radiations are highly damaging to biological system of microbes; to overcome
this, microbes have employed UV screening or absorbing components,
i.e. carotenoid pigments, scytonemin or amino acid (mycosporine); these
compounds provide protection to photosynthetic and non-photosynthetic bacteria
(Sinha and Hader 2008).

4.3.7 Protein Folding in Psychrophiles

Enzymes are the catalyst performing most of the enzymatic reaction in microbes, and
their efficiency depends upon the temperature. Psychrophiles living at low tempera-
ture have metabolic flux close to mesophiles. That means their enzymes have been
modified to overcome the cooling effect on reaction rates. Structural analysis has
revealed that the change in thermostability of psychrophilic enzyme contributed to a
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discrete change in amino acid composition. Increase in flexibility of molecular
structure enables accommodation of substrate at temperatures lower than the freez-
ing point of water. Kahlke and Thorvaldsen (2012) performed a conformative
bioinformatical analysis of Vibrionaceae genomes to characterize membrane
proteins, signal peptides and transmembrane proteins and observed that amino
acids, i.e. Lys (K), Asp (D) and Thr (T), were statistically increased under cold-
adaptive environment that provides conformational stability to proteins synthesized.
Psychrophile can optimally grow at temperature 15 °C. As compared to mesophiles,
heat stress occurs at a very low temperature in psychrophiles. They possess some
gene encoding a complete set of heat-shock protein (Hsp) by specific system that
enables the expression and function of Hsps at a relatively low temperature. The
focus on microbial biodiversity and abundance and also the functional activity,
biogeography and adaptation of psychrophilic microorganisms varied in different
cold environments.

4.3.7.1 Marine Environment

Almost 71% of the earth’s surface is occupied by the ocean, and majority of the area
is over 3000 m deep. This extreme environment is characterized by low temperature
with hydrothermal vents (temperature 370 °C), hadal zone (>6000 m; the deepest
part of the marine environment) and abyssal zone (3000-6000 m) characterized by
enhanced hydrostatic pressure (up to 110 MPa) and the absence of solar radiation
(Lauro and Bartlett 2008; Nogi 2008). Bacteria, archaea, protists and yeasts
communities are the major biomass in oceans and also responsible for 98% of
primary production (Whitman et al. 1998). Gammaproteobacteria are the
predominates among varied psychrophilic and piezophilic microbes in the deep
sea. Majority of culturable cold-adaptive microbes are affiliated to genera Colwellia,
Moritella, Photobacterium, Psychromonas, Marinomonas and Shewanella species
(Dang et al. 2009; Lauro and Bartlett 2008; Nogi 2008). A higher amount of
unsaturated fatty acids in the cell membranes provides flexibility to the cell mem-
brane, ease of solute movement and nutrient availability to the cell. Low availability
of nutrients in the deep ocean leads to widespread production of extracellular
hydrolytic enzymes (amylase, protease, lipases and DNases), which explains the
ecological role of cold-adaptive enzymes helping in biocycling of elements in deep
sea and providing food to the other simplified microbes (Dang et al. 2009).
Chemoautotrophs are the dominant group in deep seas and sediments of ocean,
e.g. ammonia oxidizing Crenarchaeota (2000-3000 m depth) (Francis et al. 2005;
Nakagawa et al. 2007), playing a role in global nitrogen cycle (Francis et al. 2005).
Sea ice is another most extensive and extreme cold habitat covering almost an area of
30 million km? in polar ocean (Collins et al. 2008) with varied ice matrix brine
channels providing some extreme and harsh conditions, i.e. high salinity
(35-200 psu) and pH, low temperature (0-35 °C) and solar radiation for the
microbial communities (Collins et al. 2008; Junge and Swanson 2008). The diverse
communities of diatoms persisting in deep oceans contribute as the primary producer
in polar oceans (Collins et al. 2008). Deep sea extremophiles have attracted the
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attention of researchers searching for novel bioactive substances synthesized by
these potential microbes.

4.3.7.2 Non-marine Environment

Almost 70% of the earth’s surface is covered by the seas and oceans that harbour a
variety of life forms The great majority of marine environment belongs to two
domains, i.e. Bacteria and Archaea, capable of survival in extreme chemical and
physical environments. The largest fraction of the global biosphere has temperature
permanently below 5 °C (Feller and Gerday 2004; Cavicchioli 2006; Siddiqui and
Cavicchioli 2006; Margesin and Miteva 2011). Geographically dispersed alpine
regions, vast tracts of the deep sea, geologically specific subterranean caverns and
climatically challenged regions of permafrost are diverse types of environment,
having plethora of cold-adaptive microbes, i.e. archaea, bacteria, eucarya and
viruses. Metagenomics, small subunit ribosomal RNA (SSU rRNA) sequencing
and fluorescent in situ hybridization (FISH) are among the molecular genetic
approaches adopted to study the microbial diversity of these icy environments.
Antarctic lakes contain varied molecular signatures of archaea aerobic haloarchaea
and strictly anaerobic methanogens (Bowman et al. 2003). Arthrobacter,
Gelidibacter, Halobacillus, Marinobacter, Pseudoalteromonas, Psychrobacter,
Shewanella and Sphingomonas are among the most prominent Antarctic isolates.
They have physiological and genetic traits that enable them to effectively compete
and proliferate under the specific physiochemical regimes. The methanogenic
archaea and homoacetogenic bacteria are chemolithoautrophic producers of organic
matter capable of utilizing hydrogen and CO,/CO for growth.

Psychrophiles employ small RNA-binding proteins (Rbps) that generally accu-
mulate in cold stress having an important role in termination of transcription. During
cold and osmotic stress, RNA-binding motif gets upregulated by Rbps (Maruyama
et al. 1999). Ehira et al. (2003) studied that expression of rbp gene increases at low
temperature in psychrophilic cyanobacteria Oscillatoria sp. SU1 during cold stress.
Psychrobacter cryohalolentis, a eurypsychrophilic bacterium isolated from Siberian
permafrost, showed an enhanced upregulation of specific energy conservation and
biosynthetic pathways and an increase in cytoplasmic pool of ATP and specific
carbon substrate utilization pathways (Amato and Christner 2009). Ice damage,
oxidative insult and osmotic balance are some of the stress microbe encounter at
temperature low enough to form ice (Williams et al. 2010). Microbes synthesize EPS
that protect cell against mechanical disruption. Colwellia psychrerythraea produce
EPS that resulted in biofilm formation providing protection against invasive ice
crystal in glaciers (Thomas and Dieckmann 2002). Similarly, many psychrophilic
microbes (Gammaproteobacteria, i.e. Colwellia, Moritella, Photobacterium,
Psychromonas, Marinomonas and Shewanella) have cell membrane composition
with high proportion of unsaturated fatty acids (Margesin and Miteva 2011). Diverse
classes of enzyme (e.g. oxidoreductases, glucanases, hydrolases, hydrogenases,
isomerases, nucleic acid-modifying enzymes) have evolved to effectively function
ranges from O to 100 °C to maintain its structure and function (Siddiqui and
Cavicchioli 2006). Bacillus psychrosaccharolyticus, a cold-adaptive microbe,
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synthesize alanine racemase capable of thriving at temperature optimum of 0 °C
(Okubo et al. 1999).

4.3.7.3 Glacier Environment

Glacial environment is referred to as a life-preserving environment. Polar regions
account for 15% of the area (glaciers are added as well as permafrost). These cold
temperature biotropes are colonized by cold-adapted organisms, i.e. psychrophiles
representing three domains of life, i.e. bacteria, archaea and eukarya. A vast array of
adaptive features are required by psychrophiles to survive and function under low
temperature. Priscu and Christtner (2004) initially describe the concept of ice as a
habitat for cold-adapted organisms. Viable microbial population reported beneath
Canadian high arctic regions and polythermal glaciers in Alaskan (Bhatia et al.
2006), occurrence of yeasts in glacial meltwater river originated from glaciers of
Argentinean Patagonia, bacterial population beneath glacier in Swiss Alps, yeast in
alpine glacier cryoconites (Margesin et al. 2002). Psychrophiles generally grow in
three habitats in the glacial environment: (1) liquid veins between ice crystals—
solutes from ice crystals are concentrated in intestinal vein allowing these veins to
retain liquid even at temperature —35 °C; (2) unfrozen water film which is
nanometers thick allowing cells to get immobilized forming a film of water; and
(3) polycrystalline ice trap individual microbes within the crystals having mineral
inclusions. Microbes entrapped in ice carry out survival metabolic without cell
division, which only requires a specific quantity energy available, utilized only for
macromolecular damage repair. The reduced metabolic activity in ancient bacteria
removed from ice can easily recover from spontaneous macromolecular damages,
i.e. nucleic acid depurination and amino acid racemization. The reduced rate of
diffusion of ion nutrients and waste products is a survival strategy for the microbes to
survive on ice conditions. High-fidelity RNA replication and reduced activity of
ribozyme enable the synthesis of replication products for extended periods of time
at =7 °C indicating that mutations in RNA sequences are able to confer adaptive
traits to the microbe (Montiel 2000). At subzero temperature, reduced enzyme
activity and slow chemical reaction rates, denaturation of protein, increased water
viscosity, decreased cell membrane fluidity and limited availability of water for
performing biochemical reactions are some special challenges that microbes cope
with to survive (Hassan et al. 2016; Wynn-Williams 1990).

4.4  Adaptation to Cold Habitat
4.4.1 Morphological Features
Optimum growth temperatures: Generally, psychrophiles multiply at temperatures

>15 °C, up to 20 °C. They are named as (Atlas and Bartha 1998; Cavicchioli and
Siddiqui 2004):



98 S. Pathania et al.

1. Eurypsychrophile—having wide environmental tolerance.
2. Stenopsychrophile—having narrow environmental tolerance.

Factors governing the morphological and physiological adaptations in
psychrophiles may be summarized under “Genetic elements and regulation of their
expression” explained further under “Molecular aspects” and Environmental Factors
(Cavicchioli 2016). The latter may further be classified as:

1. Biotic factors: predatory microorganisms, viruses, inter-cellular interactions,
natural habit and habitat.

2. Abiotic factors: pH, buffers, salinity, dissolved gasses like oxygen and CO,,
nutrients, toxins and antibiotics.

Adaptations in the envelopes and cell membrane: the lipid composition of the cell
membrane in psychrophiles dictates the membrane fluidity, through shorter-chain
fatty acids and decreased lipid saturation, at low temperatures, preventing the
freezing or crystallization of the membrane (Table 4.1).

4.4.2 Molecular Aspects

The era of metagenomics has unveiled the genetic characterization of non-culturable
novel microorganisms, suggesting their role and basis of adaptations to their natural
habitats. Genomics coupled with proteomics helps in interpreting not only the
functional potential of the gene but also the role of proteins in establishing the
favourable adaptations in the microorganisms. Analysis of transcriptome and
metatranscriptome has elucidated the mechanistic and metabolic adaptations that
enable psychrophiles to survive in cold temperatures.

1. Regulation of genome and proteome: These molecular adaptations include
changes at transcriptional levels and regulation of genes involved in metabolism,
biosynthetic pathways and stress responses (Table 4.2).

2. Role of enzymes in psychrophiles: Structural and functional alterations in
enzymes enable psychrophiles to adapt and survive under cold environment.
Cold adaptation results from preferred selection of high enzymatic activity at
low temperatures and lowered preference for thermostability (Feller and Gerday
2004). Enzymes in psychrophiles are adapted to have higher K., i.e. faster
turnover, and lower K,,,, i.e. higher affinity for their substrate, thus increasing
the overall enzymatic efficiency (Baratna et al. 2017). Characteristics features of
enzymes present in psychrophiles in comparison with meso—/thermophilic
homologs are summarized in Table 4.3 (Feller and Gerday 1997; Smalas et al.
2000; Fields and Somero 1998; Russell 2000; Gianese et al. 2002; D’ Amico et al.
2003; Georlette et al. 2004).

3. Cold-shock proteins (CSPs) and cold acclimatization/adaptation proteins (CAPSs):
CSPs are RNA chaperone proteins that regulate processes of transcription and
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Table 4.1 Cold adaptations in cell envelopes and membranes of bacteria

Psychrophile
Gram-negative bacteria

Pseudoalteromonas
haloplanktis

Psychrobacter
arcticus

Sphingopyxis
alaskensis

Pseudomonas
syringae nL.z4w

Pseudomonas
extremaustralis

Pseudoalteromonas
sp.

Winogradskyella,
Colwellia, and
Shewanella genera

Colwellia
psychrerytharea

Gram-positive bacteria
Exiguobacterium
sibiricum
Planococcus
halocryophilus Orl

Adaptations in the envelopes and cell
membrane

T cell envelope genes

Genes of membrane lipids and cell wall
synthesis

T expression of proteins for biosynthesis of
envelope, cell wall, cell membrane, and
exopolysaccharides at 10 °C

Alterations in the configuration and fluidity
of lipopolysaccharides | polymyxin B
sensitivity T hydroxy fatty acids

Core lipopolysaccharide glycosyltransferase
regulates cell envelope’s flexibility and
turgor pressure, surface area/volume ratio,
and cell permeability, depending on
temperature

Exopolysaccharides with mannose as
primary constituent

Freeze-thaw survival through extracellular
polymeric substances

Proteins for synthesis, ramification, and
cis-isomerization of polyunsaturated fatty
acids

T biosynthesis of cell wall at —2.5 °C

Cell envelope having encrustations
containing calcium carbonate (20%),
peptidoglycan (50%), and choline (29%) at
—-15°C

T peptidoglycan synthetase and precursors
T carbonic anhydrase

T hydrophobicity and T fatty acid saturation
Inactive fatty acid desaturases

References

Meédigue et al.
(2005)

Bergholz et al.
(2009)

Ting et al. (2010)

Kumar et al.
(2002)

Benforte et al.
(2018)

Caruso et al.
(2018b)
Caruso et al.
(2018a)

Nunn et al. (2015)

Rodrigues et al.
(2008)
Mykytczuk et al.
(2013, 2016),
Ronholm et al.
(2015)

translation in prokaryotes through destabilizing the secondary RNA structures
formed due to exposure to cold environment (Phadtare 2004; Baratdna et al.
2017). CSP studies in E. coli can be broadly classified into CSPs I and II

(Table 4.4).
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Table 4.2 Molecular targets and resultant changes for cold adaptations in psychrophiles

Targeted genes/pathways Resultant changes

* Cold-shock proteins (CSPs A-E and G) and * T Membrane fluidity

cold adaptation/acclimatization proteins * Cell wall thickening

* Antifreeze proteins or ice-nucleating proteins * Survival strategies and stress responses for
* RNA/DNA helicases cryoprotection

* Protein chaperones * Enzyme response to decompose organic
* Osmoprotectants matter upon thawing

* Proteins of oxidative stress response * Acetogenesis

* Exopolysaccharide synthesis * Heterotrophic methanogenesis

* Fatty acid desaturases * | Freezing point for the cytoplasmic

* Trehalose synthase aqueous phase and molecular stabilization
* Membrane modifications * Resist turgor pressure and prevent water
* pH homeostasis pathway loss

* Production of compatible solutes

Jiaet al. (1997), Russell (1997), Hébraud and Potier (1999), Jagannadham et al. (2000), Varin et al.
(2012), Coolen and Orsi (2015), Liljeqvist et al. (2015), Koo et al. (2016), Mackelprang
et al. (2017).

Table 4.3 Characteristic features and molecular adaptations in enzymes of psychrophiles

Molecular modification in Characteristics developed in Cold adaptations in

the enzymes enzymes due to modifications psychrophilic enzymes
| Stabilizing interactions in | Thermostability (often), or | Optimum temperature:
3° protein structure T Thermolability 0-20 °C

T Number and length of 1 Structural flexibility for better | Activation energy
hydrophobic loops enzyme-substrate interaction requirement

T Size of hydrophobic core 1 Catalytic efficiency at
T Glycine content low temperatures

| Proline and arginine

content

| Intramolecular bonds:
H-bonds and salt bridges

Table 4.4 Cold-shock protein characteristics in E. coli (Phadtare 2004; Pierce et al. 2011; Baratina
et al. 2017)
CSP Expression induced due to cold shock but dramatically decreased afterwards
Group 1 CspA, CspB, CspG, Cspl: RNA chaperones
CsdA: DEAD-box RNA helicase, induces coccobacilli shape, RNA chaperone
RbfA: Ribosome binding factor, causes ribosome maturation

PNPase: Enzyme, catalyzes phosphorolysis of sspolyribonucleotides; responsible
for decrease in CSPs after cold-shock response

CSP group | Expression induced during acclimatization phase for maintenance of cellular
1I functions. RecA, IF-2, H-NS, GyrA, Hsc66, and HscB

4.4.3 Other Special Features

Microorganisms living in extremely cold environments have also been reported to
possess altered metabolic lifestyles for survival in such harsh conditions. Microbes
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living in lower-temperature conditions also have to face the additional problem of
higher probability of encountering reactive oxygen species owing to higher solubil-
ity of oxygen at lower temperatures. In order to deal with this problem, common
oxidative pathways like EMP, TCA cycle, electron transport chain, etc. are generally
depressed in such conditions (Piette et al. 2012). However, there is still a lot of gap in
our understanding regarding the mechanisms involved in the depression as well as
alternate mechanisms of metabolism (Tribelli and Lopez 2018).

Ayala-Del-Rio et al. (2010) have reported that Psychrobacter arcticus 273-4
possessed several gluconeogenesis enzymes but lacked glycolytic genes and
phosphotransferase system genes. Induction of glyoxylate cycle genes was reported
by Aliyu et al. (2016) in polyextremophilic Nesterenkonia sp. AN1 found in
Antarctic soil. Similarly, the glyoxylate pathway has also been observed to play a
significant role in Planococcus halocryophilus Orl, isolated from high Arctic
permafrost (Raymond-Bouchard et al. 2017). Another alternative metabolic
approach has been observed in the case of Pseudomonas extremaustralis, isolated
from Antarctica, where ethanol oxidation genes were observed to be indispensable
for low-temperature growth by Tribelli et al. (2015). Another approach used by
microorganisms to survive in extreme conditions includes fatty acid metabolism
involving intermediates like acetyl CoA and propionyl-CoA (Ting et al. 2010).
Evidence also suggests that amino acid metabolism can also serve as a source of
propionyl-CoA (Ting et al. 2010). So, it appears that for growth in cold conditions,
the conventional pathways are repressed, and alternative pathways or modified
pathways become significant for generation of energy and biomolecules.
Carotenoids also offer another line of defence in several microorganisms residing
in low-temperature environments (Dieser et al. 2010). Presence of several genes
associated with carotenoid biosynthesis was observed in Arthrobacter sp. isolated
from Antarctic soil (Dsouza et al. 2015). The primary action of carotenoids is
thought to be by alleviation of stress associated with UV radiation damage as well
as oxidative stress (Dsouza et al. 2015).

Another metabolic adaptation which seems to be important in cold conditions is
related to compatible solutes. Apart from the conventional role of osmoprotectant,
they may also act as a cryoprotectant as well as carbon, nitrogen and energy sources.
Cryoprotective action may be mediated via mechanisms like prevention of aggrega-
tion of macromolecules, prevention or delaying the freezing of cytoplasm by
depressing its freezing point and stabilization of membranes (Collins and Deming
2013). Additionally, they may also act as scavenger of free radicals, thus helping in
tolerance of oxidative stress. In the case of the Antarctic bacterium
Pseudoalteromonas haloplanktis TAC125, cryotolerance seemed to be associated
with spermine glutathione and ornithine, mediated via glutathione metabolism
(Mocali et al. 2017). Similarly, in the case of Mesorhizobium sp. strain N33, isolated
from the Arctic region, enhancement in levels of sarcosine, threonine and valine was
observed on growing the microbe at lower temperature indicating possible role of
this compound in tolerating cold conditions (Ghobakhlou et al. 2015). Kumar et al.
(2020) analysed the proteomic response of psychrophilic Pseudomonas
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helmanticensis, from the Himalayan mountains, and observed higher expression of
enzymes involving biosynthesis of compatible solutes like proline, polyamines, etc.

Many bacteria also make use of another strategy of survival under extremely cold
conditions. This strategy involves antifreeze proteins. The primary activity of these
proteins is to protect the cells from cryodamage arising from ice crystals by
preventing or controlling their formation within the cytoplasm or in the immediate
vicinity of the cell (Cheung et al. 2017). These proteins exercise the cryoprotective
action via lessening of recrystallization of ice and thermal hysteresis (Bowman
2017). Muiioz et al. (2017) carried out the structural and functional analysis of
antifreeze proteins from Antarctic bacterial isolates and reported their potential
application in protection of frozen foods.

Apart from this, many bacteria rely on polyhydroxyalkanoates (PHA) for survival
in cold conditions. Though the exact mechanism of protection is not clear, in many
microbes like Pseudomonas extremoautralis, there are evidences of survival benefits
provided by the PHAs (Catone et al. 2014). The protective action of the PHAs may
be attributed to their association with global stress response (Ruiz et al. 2001). It has
also been suggested that a cryoprotective role of polyhydroxybutyrate monomer may
be due to protection from intracellular and extracellular ice crystal injuries (Obruca
et al. 2016). The potential role of PHAs in cold tolerance has also been indicated by
the presence of genes encoding PHA synthases in the bacterial community culture in
samples from Antarctic freshwater environments (Ciesielski et al. 2014).

4.5 R&D Effort Innovation Technologies to Find Specific
Adaptations

Psychrophilic microbes offer a unique opportunity to better understand life under
extremely harsh and dynamic environmental conditions replete with frigid
temperatures, freezing-thawing cycles, low water activity, high oxidative stress,
etc. These environments which appear barren to the naked eyes for most parts of
the years are teeming with microorganisms. Traditionally, earlier efforts to study
these microorganisms have relied on the conventional cultivation-based techniques;
however, nowadays, newer techniques are gaining importance in unravelling the
mysterious lives of the psychrophilic microorganisms. “Omics”-based techniques
are especially playing a pivotal role in exploring the adaptations of these
microorganisms (Junge et al. 2019). Allen et al. (2009) carried out the genome
sequencing of the psychrophilic Methanococcoides burtonii and concluded that cold
adaptations of this archaeon could be attributed to evolution encompassing
thousands of years through genome plasticity (mediated by horizontal gene transfers,
transposases as well as nucleotide skews). Comparison of psychrophilic microbes
with mesophilic microbes can also help in deciphering the mechanisms of cold
adaptations. Metpally and Reddy (2009) carried out comparative proteomic analyses
of several microorganisms and observed elevated levels of amino acids which add to
flexibility in the coil regions of proteins of psychrophiles as compared to the proteins
of mesophilic origin.
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The role of “omics” in analysing the adaptations in cold environments may be
depicted with the help of the model organism Exiguobacterium antarcticum, isolated
from biofilm in Ginger Lake situated in the Antarctic Peninsula (Carneiro et al.
2012). The genome sequencing of this microbe was carried out by Carneiro et al.
(2012), and the gene expression of this bacterium in low-temperature conditions was
analysed by the transcriptomic and proteomic approach by Dall’ Agnol et al. (2014).
The genomic analysis led to identification of 2772 coding sequences, 9 rRNA
operons as well as 76 pseudogenes (Carneiro et al. 2012). Transcriptomic data
revealed differential expression of 564 genes at lower temperatures, and proteomic
data showed differential expression of 73 proteins (Dall’ Agnol et al. 2014). In-depth
analysis of these data led to the conclusion that CSP1 was the major cold-shock
protein in this bacterium. Further, evidence of post-translational modification of this
gene was also observed by them. These kinds of large amounts of data were
generated by omic studies and were used for carrying out bibliomic analysis for
reconstruction of fatty acid biosynthesis pathway by Kawasaki et al. (2016).

Another unique approach put forth by Mocali et al. (2017) included the integrated
genomic and phenomic approach for assessing the bacterial adaptations to
low-temperature environments. The integrated high-throughput phenotypic data
and genomic data of Pseudoalteromonas haloplanktis TAC125, grown at low
temperatures, was compared with another bacterium Pseudoalteromonas
sp. TB41. Apart from the expected mechanisms like alteration of membrane fatty
acids, synthesis of cold-shock proteins, etc., a novel possible cold adaptation mech-
anism involving protein  S-thiolation regulated by glutathione and
glutathionylspermidine was observed by Mocali et al. (2017). Thus, by bringing
together the data from different “omic” approaches, we may achieve higher levels of
understanding about the psychrophilic lifestyles.

The applicability of metagenomics in providing information about the diversity of
the microbial populations as well as the activities occurring within the microbial
communities of the extremely cold environments is well established (Koo et al.
2016, 2018). These techniques also allow discovery of novel cold-adapted or cold-
active enzymes as well as identification of novel metabolites (Aliyu et al. 2017). In a
pioneering effort, Mackelprang et al. (2017) analysed the microbial survival
strategies in the case of microbes in permafrost with the help of metagenomics and
reported enhanced involvement of functions like stress response, environmental
sensing, scavenging of detrital biomass, horizontal gene transfer, chemotaxis, dor-
mancy, etc. For obtaining an ever clearer insight into the lives of microbial commu-
nity in cryoenvironments, transcriptomics and especially metatranscriptomics offer a
better option (Raymond-Bouchard and Whyte 2017). Hultman et al. (2015) carried
out a metatranscriptomic study of permafrost from Fairbanks, Alaska, and observed
lower metabolic activity in the permafrost as compared to the active layer. However,
they also reported elevated levels of transcripts involved in methane oxidation in the
permafrost sample.

In various “omic”-based studies, the significance of computers is well
established. However, computer-based simulations also play a crucial role in
analysing the structure and functions of various enzymes. For example, Sofan
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et al. (2020) elucidated the anomalous temperature optimum in cold-adapted alpha
amylases with the help of computer-based simulations.

4.6 Conclusion

Life in cryoenvironments present a plethora of challenges to the microorganisms
living there. Not only they have to face extremely low temperatures and freezing-
thawing damages, but also they are exposed to radiation damage, low water activity,
lower nutritional concentrations, oxidative stress, etc. Lower temperatures also have
a detrimental effect on the membrane fluidity as well as functioning of enzymes.
Microorganisms have developed various means of combating these difficulties with
the help of various morphological, physiological and genetic adaptations. With the
advances in research techniques, especially the “omics”-based approaches, many
novel metabolites as well as many aspects of the cold-adapted microbial lifestyles
are being unravelled. Although many of the strategies used by the psychrophilic
microorganisms have been deciphered, there are still many glaring gaps in our
understanding. So, more research efforts need to be directed towards comprehending
the intricacies of psychrophilic metabolisms as well as their interactions among each
other as well as with their environment.
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Abstract

Cold adapted microbes inhabiting at near-zero temperatures produce psychro-
philic enzymes to withstand such harsh environments and sustain their life cycles.
They are the requisites for the adaption of psychrophilic organisms in the cold. A
remarkable characteristic demonstrated by cold active enzymes is their high
catalytic activity (K., at low temperatures which is obtained at the expense of
substrate affinity (K,,) and by minimizing their reaction dependence on the
temperature. This is achieved by increasing their molecular flexibility and
destabilizing the active site by decreasing the strength of weak interactions
along with removal of factors responsible for stabilization, subsequently refining
the active site dynamics. These activity-stability-flexibility relationships are
understood with the help of folding funnel model. In addition, to overcome the
free energy (AG) barrier of the active site, they exhibit distinct partition of energy
into its enthalpic and entropic constituents in contrast to their mesophilic
orthologues. These characteristics of cold active enzymes make them commer-
cially useful for several biotechnological applications such as wastewater treat-
ment, molecular biology, food industry, etc.
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5.1 Introduction

The earth’s biosphere is abundantly occupied by cold territories exhibiting
temperatures lesser than 5 °C. This is mainly due to the fact that 71% of our planet’s
surface is submerged in oceans which have temperature ranging from 2 to 4 °C
below 1000 m depth. These inhospitable and extreme environments are colonized by
cold adapted microbes like bacteria, yeast, unicellular algae and fungi.

These extremophiles have adapted to such harsh environments and show such
high biocatalytic activity due to the presence of the psychrophilic enzymes which are
the key determinants of the cold adaptation at the molecular level. It may appear
contradicting to the biochemical Q;y guide which states that with each 10 °C
reduction in the temperature, enzyme activity gets halved (Aqvist et al. 2017).
Psychrophilic enzymes don’t disobey this concept; instead, they have shifted their
peak activities to lower temperatures (Brenchley 1996). There is a vast array of
functional and structural features which have been acquired by these enzymes to do
so. The high specific activity of these enzymes enables them to compensate for the
exponential decrease in the biochemical reactions with the decrease in temperature,
and also, they exhibit high biocatalytic activity due to the absence of several
non-covalent stabilizing interactions. Destabilization also results in improved flexi-
bility and conformation.

One of the most important properties of psychrophilic enzymes is high specific
activity at low temperature which is due to low requirement of activation energy for
accommodation of substrates, particularly macromolecules. This is a result of a more
flexible framework which subsequently decreases the cost of conformational
changes desired for binding to the substrate. These enzymes also have to overcome
another problem that at low temperatures, ice formation takes place which increases
the risk of crystal formation inside the cell which may result in cell death. This is
resolved by the expression of antifreeze protein (Gounot and Russell 1999).

Many psychrophilic organisms are irreversibly adapted to cold environments and
are heat labile (Singh and Singh 2015). Heat liability, high specificity and biocata-
Iytic activity make them important for several biotechnological uses. In this chapter,
we are going to study about the main structural and functional properties of cold
adapted enzymes important for the survival at low temperature and the kinetic and
thermodynamic challenge along with several industrial applications which make
them important for future studies.

5.2  Psychrophillic Enzymes

Psychrophilic enzymes show biocatalytic activity at low temperature approximately
below 20 °C (Gerday et al. 2000). These biocatalysts attain this high activity at such
extreme environments by increasing their flexibility and decreasing their stability.
Most of these enzymes are thermolabile and cannot function at higher temperatures.
Crystal structure of the cold active enzyme is quite important in order to study
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several characteristics of cold active enzymes and for comparison with the
mesophilic and thermophilic enzymes.

5.2.1 Cold Adapted Activity

5.2.1.1 Inactivation and Unfolding

The most common characteristic which is observed in the psychrophiles is heat-
labile activity regardless of the structural stability. Moreover, the most unstable and
heat-labile region of the enzyme is found to be the active site which is majorly
involved in the catalytic cycle (Fig. 5.1). This property results in easier inactivation
which makes them valuable for industrial utilization.

It has been observed that the cold active enzymes are a lot more flexible than the
mesophilic and thermophilic enzymes as they have localized flexibility in specific
regions of their molecular structure (Feller 2013). This has been seen in cold active
carbonic anhydrase and isocitrate dehydrogenase, and they have a stable overall
structure except for the catalytic regions (Fedgy et al. 2007).

In low-temperature conditions, thermal energy provided by the environment is
low, so in order to compensate that, psychrophilic enzymes need to be flexible.
Hence, flexibility is considered accountable for the poor chemical and thermal
stability of psychrophilic enzymes. Mesophilic and thermophilic proteins are more
rigid and stable when compared to the psychrophilic counterparts; therefore, when
temperature rises, the psychrophiles lost their activity quite soon, even before the
protein unfolding occurs, while the rest are inactivated by the heat after protein
unfolding (Fig. 5.2). The multidomain cold active enzymes such as a-amylase
derived from Pseudoalteromonas haloplanktis have unstable catalytic regions, but
the non-catalytic parts are as stable as the mesophilic proteins (Siddiqui et al. 2005).

Adaptations to

the cold

Inactivation Active site .
and dynamics Energetics of
cold Activity

unfolding

Adaptive drift and
adaptive optimization
of substrate affinity

Active Site

Architecture

Fig. 5.1 Adaptations to cold
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Fig. 5.2 Inactivation and unfolding of psychrophilic enzymes (D'Amico et al. 2003)

5.2.1.2 Active Site Architecture

Crystal structures of cold active enzymes have a significant role in investigation of
the properties of their thermolabile and cold-adapted active sites. The active site is
the most flexible and unstable domain of the cold active enzymes, due to its
involvement in the catalytic activity. If we get in detail of these catalytic sites, the
side chains of the active site which take part in the biocatalytic process are strongly
conserved along with all the residues making the catalytic cleft. From this, it can be
demonstrated that no change in the catalytic centre is accountable for the distinct
characteristics of the cold active enzymes, and they can be approached without any
amino acid substitution in the catalytic region. As a result, some other changes
localized in a different region of the active site are accountable for enhancing the
catalytic efficiency and improved dynamics of the active site (Saxena and Singh
2015; Socan et al. 2019) However, certain conformational adjustments are observed
at the active site of cold active enzymes such as formation of bigger opening of the
catalytic cleft which can be accomplished by removal of the bulky side chains and
substituting it with smaller groups. Bigger active site facilitates convenient release
and exit of products and therefore lessens the effect of a rate-limiting step on the
reaction rate (Struvay and Feller 2012). The adaptations are reported in the psychro-
philic citrate synthase. In Ca®*, Zn** protease (Gerday et al. 2000) derived from cold
adapted pseudomonas species, supplementary Ca®* ion, stretches the backbone
involved in the development of the entrance of the catalytic site and enhance its
accessibility, which subsequently cuts the high energy cost required for binding of
substrates and hence decrease the amount of activation energy needed for the
generation of the enzyme substrate complex. Another important parameter for
catalytic activity at cold temperature is the production of electrostatic surface
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potential by the charged and polar groups. The potential generated attracts the
substrate before any linkage is observed between the enzyme and the substrate. In
comparison to thermophiles and mesophiles, a significant difference has been
observed in the amount of electrostatic potentials generated in psychrophiles such
as psychrophilic citrate synthase, trypsin, malate dehydrogenase, etc.

5.2.1.3 Active Site Dynamics

Most of the cold active enzymes are characterized as heat labile. This feature
suggests that the catalytic side chains of the active site of the enzyme play a
significant role in the cold adapted activity of these enzymes. It also improves the
approachability of the enzyme to the substrate and liberation of product.
Non-specific psychrophilic enzymes have larger range of specificity in comparison
to the thermophilic and mesophilic counterparts. This is the result of broader and
deeper binding pocket and highly flexible active site. Due to high flexibility, the cold
active alcohol dehydrogenase is able to oxidize huge bulky alcohols, and a-amylase
is able to accustom macromolecular polysaccharides (Hiteshi and Gupta 2014). It is
also observed that the flexible sites of cold active enzymes are not able to hold on to
short oligosaccharides and similar substrates efficiently. Moreover, in a-amylase, the
inhibition pattern suggests that it can form ternary enzyme, substrate and inhibitor
complexes, while the mesophilic counterparts can only form binary substrate,
enzyme inhibitor complexes (Socan et al. 2020).

5.2.1.4 Adaptive Drift and Adaptive Optimization of Substrate Affinity
Psychrophilic enzymes have low affinity toward the substrate due to adaptations in
the active site dynamics which results in weak binding between the active site of the
enzyme and substrate. The enzyme and substrate affinity is measured by the K,
value (refer to Table 1.1). High K, is observed in cold active enzymes which shows
its low substrate affinity (Chiuri et al. 2009). As observed in a-amylase which is
found to be active on macromolecular substrates, it has 30-fold high K, values
which means it has 30-fold low substrate affinity. It reflects that psychrophilic
enzymes achieve the high catalytic activity at the expense of K. K, value needs
to be high to maximize the reaction rate. This adaptive drift is demonstrated by cold
active a- amylase and lactate dehydrogenase.

However, some of the psychrophilic enzymes counteract the adaptive drift of K,
to enhance their substrate affinity. K, value is linked with the regulatory activity of
the intracellular enzymes, e.g. intracellular chitobiase enzyme, which catalyses the
chitin hydrolysis derived from psychrophilic Arthrobacter species (Table 5.1).

5.2.1.5 Comparative Structural Analysis of Extremophiles

Cold active enzymes are mostly illustrated by increased molecular flexibility, which
enables good interaction with the substrates, and by reduced activation energy
constraints in contrast to their homologues. Therefore, high flexibility could ratio-
nalize these features: heat-labile activity and increased catalytic efficiency in cold
environments. The high molecular flexibility of cold active enzymes, in comparison
to their mesophilic and thermophilic homologues, is the consequence of
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Table 5.1 Kinetic parameters of different psychrophilic enzymes and their orthologues
kcat (minil) Km (mM) Ref.

Imidase Mesophile 1500 1.0 Siddiqui et al. (2013)
Psychrophile 25,700 1.6

Cellulase Mesophile 0.6 1.5 Siddiqui and Cavicchioli (2006)
Psychrophile 11 6.0

o-Amylase Mesophile 700 0.10 Feller et al. (1996)
Psychrophile 2148 0.50

amalgamation of many distinct characteristics: deteriorating intramolecular bonds,
reduced hydrophobic core compactness, increased number of hydrophobic side
chains which are revealed to the solvent, elongated and increased number of
hydrophilic loops, lesser proline and arginine residues and increased glycine
residues. However, every protein family has adopted its own distinct approach to
enhance complete or local molecular flexibility by utilizing one or more than one of
these conformational adaptations (Tronelli et al. 2007).

5.2.1.6 Composition of Amino Acids

Amino acids such as alanine, aspartic acid, serine and threonine are majorly pre-
ferred in psychrophiles in comparison to their mesophilic counterparts. However,
glutamic acid and leucine residues are less preferred in psychrophilic proteomes.
Neutral AA residues are majorly favoured in psychrophiles, while the charged,
basic, aromatic and hydrophilic residues are quite less preferred (Metpally and
Reddy 2009).

5.2.1.7 Secondary Structural Elements

Constitution of amino acids of cold active and mesophilic proteomes in three main
secondary structure components: o-helices, f-sheets and coils. Psychrophiles have
substantially reduced amount of residues in the a-helix and significantly increased
amount of residues in the coil regions. AA such as glutamic acid, phenylalanine
leucine, asparagine and tyrosine are in substantially less number in o-helices of
psychrophilic proteomes, while AA such as alanine, aspartic acid, glycine, serine,
threonine and valine are substantially increased in the coil region of psychrophilic
proteomes. The AA glutamic acid is substantially reduced in the coil region of cold
active proteomes. -sheets of psychrophiles don’t have any major differences than
mesophiles (Aghajari et al. 1998).

5.2.1.8 Comparative Proteome Analysis

Approximately, 10-25% of sequences from each proteome show best hit
homologues from constituents of other thermal groups. This percentage relies
upon the size of the proteome under consideration. If a high number of proteins
are present in a query proteome, then increased percentage of hits are observed from
the subject proteomes searched. On average 16.7% and 17.1% orthologous proteins
in psychrophilic and mesophilic proteomes are observed in a study.
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5.2.1.9 Amino Acid Substitution Pattern

Psychrophilic proteins preclude having the AA glutamic acid, phenylalanine leucine,
asparagine and tyrosine, while residues alanine, aspartic acid, glycine, serine and
threonine are preferred as compared to mesophilic counterparts (Sindhu et al. 2017).

5.3  Kinetics and Energetics of Cold Activity

Enzyme activity is highly dependent on the temperature, and k., is the catalytic
constant which refers to the maximum number of substrate molecules which are
transformed to product per active site per unit of time. As per the Michaelis-Menten
mechanism, catalytic constant is the first-order rate constant utilized for converting
the enzyme-substrate complex to enzyme and product. According to the transition
state theory, the stable and activated enzyme substrate complex is in equilibrium
with the inactivated ground-state enzyme substrate complex:

E+S < ES < ES* % E+P

and dependence of temperature on the K, is given as follows which is equivalent
to the Arrhenius law (Feller et al. 1996):

Keat = K%g*“”/’” (5.1)

where K = transmission coefficient (usually close to one), Boltzmann constant (kg)
_ 1.38 x 1072JK !, Plank constant, h = 6.63 x 10>*Js, Universal constant,
R = 8.31 JK ' mol™', AG = Gibbs energy.

Here, AG represents the free energy of activation or variation of the Gibbs energy
between the activated enzyme substrate complex ES”, and the ground state is
represented as ES (D’ Amico et al. 2002).

As a point of reference, the catalytic activity of a mesophilic enzyme is reduced
by 20 to 80 times when the temperature drops from 37 °C to 0 °C in a biochemical
reaction. This is one of the major factors due to which the growth of the organism
could not occur in low-temperature ranges.

The above equation is applicable for the exponential increase in the catalytic
activity of the enzyme with the temperature. Several models have been anticipated in
order to stimulate the effect of heat inactivation. The elementary characteristics of
psychrophilic enzymes acquired for the adaptation in the low temperatures are the
following: (1) the major physiological adaptation is that the cold active organisms
produce large amount of enzymes which have almost tenfold enhanced specific
catalytic activity; this adaptation is to counterbalance the impact of low biochemical
reaction rates at low temperatures. (2) These organisms have modified their optimum
maximum activity temperatures to the lower range; as a consequence, they show
poor stability, and their unfolding and inactivation occur at higher temperatures.
Several studies have revealed certain relationships between the stability, activity and
flexibility of these enzymes (Fig. 5.3). Definitely, increased low temperature activity
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Fig. 5.3 Enzyme activity dependence on temperature. Activity of cold active a-amylase (open
symbols, green line) from P. haloplanktis AHA and its mesophilic orthologue (symbols closed,
black line) from B. amyloliquefaciens BAA depicts properties of cold active enzymes: cold activity
and heat-labile behaviour (Marx et al. 2004)

has emerged from high flexibility, but it results in enhanced mobility which reflects
the decreased stability.

Referring to (5.1), enhanced catalytic activity of psychrophilic enzymes is linked
to the reduced free energy of activation denoted as AG”. In order to decrease the
height of the activation energy barrier, two approaches are introduced. In the first
one, the evolutionary pressure increases the K., to maximize the reaction rate. In
accordance to the transition state theory, as the enzyme and substrate come across
each other, the enzyme-substrate complex formed falls into an energy pit. To
continue the reaction, a transition state ES” needs to be achieved, which further
breaks down into enzyme and the product. The length of activation energy barrier
midst the ground (ES) and transition/active state ES” is the free activation energy.
The lower is this barrier, the more the activity there is. Psychrophilic enzymes have
low affinity for the substrate due to which the energy pit is less deep for the enzyme-
substrate complex. It illustrates that the height of the energy barrier is decreased,
increasing the activity.

The second strategy takes into account the temperature dependency of the
reaction which is catalysed by the psychrophilic enzyme. The classic Gibbs
Helmholtz reaction shows that the free energy of activation, i.e. AG” comprises
both enthalpic and entropic terms.

AG" = AH” — TAS? (5.2)
According to (5.1) and (5.2), k., can be rewritten as

Koy — K%[(AH“/RLAS#/R) (5.3)
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This equation shows that k., is dependent upon the AH” and AS” values. AH*
(enthalpy of activation) shows the dependence of the enzyme activity on tempera-
ture. They are related as follows: the lower the value of AH the less the variation
would be in activity with temperature (Feller and Gerday 2003). The psychrophiles
tend to have low enthalpy value which exhibits that their reaction rate is less effected
as the temperature is reduced. Therefore, this decrease in activation enthalpy is
considered as one of the main reasons for the low-temperature adaptation in
psychrophiles. This is a result of the reduced number of enthalpy-driven interactions
occurring in psychrophiles. These interactions are also related to the structural
stability of the protein folded. And as a consequence, the domain having the active
site structure should be more flexible. The entropic contribution TAS” is found to be
larger and negative in the psychrophilic enzymes. This has been inferred as the huge
decrease in the disorder among the ground state with its comparatively loose
conformation and the well-organized and compact transition state. The
thermolability of psychrophilic enzymes shows a macroscopic explanation for this
thermodynamic parameter (Feller 2003). As a result of catalytic site flexibility, the
enzyme-substrate complex occupies a wider distribution of conformational states
interpreted into high entropy of this state, in comparison to the mesophilic and
thermophilic counterparts. Moreover, a broader distribution of ground-state ES is
not accompanied by a weaker substrate binding strength, as witnessed in several cold
active enzymes. In conclusion, it can be interpreted that the typical activation
parameters of cold active enzymes are produced by kinetic stimulations.

5.4 Conformational Stability

Cold active enzymes tend to have weak conformational stability and are fragile in
contrast to their thermophilic and mesophilic homologues. They have very few
stable interactions and heat-tolerant proteins which can reduce the unstable
behaviour. The thermodynamics of the low stability can be demonstrated by various
techniques, and one of them is calorimetry. Calorimetric analysis of psychrophilic
enzymes in comparison to the mesophilic and thermophilic counterparts revealed
that they display discrete stability patterns from one another (Cipolla et al. 2012).
These patterns have progressed from simple profile, unstable psychrophilic enzymes
to stable but complicated thermophiles. These characteristics have been adapted
using a set of parameters: (1) psychrophilic enzymes unfold as the temperature
decreases, and it is referred to as the melting point or temperature of half denatur-
ation T,,; (2) the region under the transition corresponds to the total amount of heat
absorbed in the process of unfolding, that is, calorimetric enthalpy AH.,, which is
related to the enthalpic contribution concerned with maintaining the stable native
form and is remarkably low in cold active enzymes (Fig. 5.4). As we move from
psychrophiles to mesophiles to thermophiles, increase in the value of the calorimet-
ric enthalpy is observed. This indicates that cold active enzymes undergo coopera-
tive unfolding; the molecular edifice is stabilised by some weak interactions, and the
commotion in these weak interaction affects the overall structure of the enzyme
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Fig. 5.4 Thermal unfolding of psychrophilic (blue), mesophilic (black) and thermophilic (red)
proteins. Thermograms of a-amylases and DNA ligases recorded by microcalorimetry. The psy-
chrophilic proteins illustrated by low T, (top of transition) and calorimetric enthalpy AHcal (region
under transition), by cooperative transition and absence of stability domains (depicted by thin black
lines in stable proteins) (D’ Amico et al. 2001)

which subsequently causes unfolding (Georlette et al. 2003). The unfolding of these
enzymes is a all-or-none process which reflects the uniformly low stability of its
structure. Unlike psychrophilic enzymes, the thermophilic and mesophilic enzymes
have configurational domains of distinct stabilities which unfold independently.
However, the unfolding process in the psychrophilic enzymes is quite reversible in
comparison to the other homologues, due to the low temperature of unfolding and
presence of hydrophobic core clusters. These characteristics inhibit the process of
aggregation and are responsible for the reversible unfolding of psychrophilic
enzymes (Feller and Gerday 1997).

5.4.1 Structural Origin of Low Stability

Low stability of cold adapted enzymes is a well-known characteristic along with role
of flexibility in cold adapted activity. Several structural factors are responsible for
this behaviour. Generally, it is known that the structural factors responsible for
stabilizing the conformation of these enzymes are attenuated in strength and are
low in number. The major elements of stability are conformational factors,
hydrophobicity and most importantly the weak interactions between structural
molecules. This includes clustered glycine residues which are responsible for the
movement, absence of proline in loops which increases the flexibility of the chain
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Fig. 5.5 Structural adaptations responsible for weak conformational stability

(Georlette et al. 2004) and less arginine content which forms several salt bridges and
hydrogen bonds. Most of the weak interactions such as aromatic interactions,
hydrogen bonds, ion pairs, etc. are found to be limited, and weak hydrophobic effect
is observed in the core clusters. This collectively results in less compact protein
interior. Cofactors responsible for stability are commonly found to be bound in a
loose fashion and consequently favouring unzipping. Various solvent exposed ion
pairs are absent on the surface of the protein due to which nonpolar ions get exposed
to the outer environment or medium (entropy-driven destabilizing factor). Negative
charge is also present abundantly which enhances the interaction with the solvent.
The molecular plasticity of the outer shell is increased due to these factors. In
multimeric proteins and enzymes, the coherence in the monomers is decreased due
to the reduction in the number and strength of interaction. However, different
families of proteins have adapted distinct strategies in order to reduce stability
with the help of combined or individual structural alterations (Chao et al. 2020)
(Fig. 5.5).
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5.5 Folding Funnel Model of Cold Active Enzymes

Wolynes, Onuchic and Thirumalia introduced the folding funnel model which is a
pictorial representation of protein folding (Onuchic et al. 1997). Various kinetic
properties of cold active enzymes are merged in a folding funnel-based model in
order to express the activity-stability association in the different extremophilic
enzymes on the basis of free energy of folding (E) and conformational diversity.
Energy landscapes are depicted in Fig. 5.6. Every part of the model portrays different
features.

The upper most part of the model depicts the high-energy, unstable state, but as
we move down the funnel, there is increase in the stability of the protein and
decrease in the free energy. Therefore, the lowermost section of the funnel is
occupied by the stable and folded state having minimum free energy. The length
of the funnel represents the free energy of folding which correlates to the conforma-
tional stability (Ma et al. 1999). The top edge represents the unstable and unfolded
state in random coil conformation; however, in cold active enzymes, it is found that a
limited number of stabilizing interactions and high hydrophobic loops are available
along with more glycine composition and less arginine and proline composition than
that of thermophilic or mesophilic homologs. Also, an increased number of glycine
clusters are found and few disulphide bonds due to which the funnel of psychrophilic
enzymes is broader and placed at a higher energy level in comparison to the
mesophilic and thermophilic counterparts during protein folding; the structure starts
achieving conformational stability and reduction in free energy level is observed.
Yet, ruggedness in the funnel slopes of the thermophilic proteins is observed due to

PSYCHROPHILE

MESOPHILE
THERMOPHILE

CONFORMATION COORDINATES

Fig. 5.6 Folding funnel model of psychrophilic, mesophilic and thermophilic enzymes (Papaleo
et al. 2011; Gerday 2013)
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the formation of intermediate states which result in lower cooperativity in the
folding-unfolding process (Mereghetti et al. 2010). Contrary to it, in the cold active
enzymes, the funnel slopes are smooth as intermediate states are absent and less
stable domains and interactions are found. As a consequence, unfolding occurs
cooperatively.

5.6  Psychrophillic Enzymes in Biotechnology

Psychrophilic organisms have gained comparatively less attention than the
thermophiles, despite their various potential applications in applied fields. But in
recent years, an increased interest of biotechnologists has been observed for the
psychrophiles. Cold active enzymes have several properties which make them
important for commercial and industrial use: (1) as most of the cold active enzymes
are heat labile, they can be easily inactivated by moderate-heat treatment (Margesin
and Schinner 1994). Selective inactivation of their enzymatic activity can also be
done in a complex medium (2) as a result of high enzymatic activity at low
temperature, amount of enzyme required is quite less, and it also reduces the process
time thereby decreasing the energy use (Fig. 5.7).

HEAT LIABILITY * SELECTIVE INACTIVATION

PROPERTIES OF * LESS TIME REQUIRED
COLD ACTIVE FOR PROCESSING
ENZYMES « LOW ENERGY

REQUIREMENT

Low * CONTAMINATION RISK
TEMPERATURE REDUCED (FOOD
ACTIVITY INDUSTRY)

Fig. 5.7 Properties of cold active enzymes advantageous for industrial use
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5.6.1 Heat Lability in Molecular Biology

Psychrophilic enzymes maintain high activity at low temperatures mainly by
decreasing the temperature dependence of the reaction that is catalysed. Ribonucle-
ase H (RNase H) explicitly cuts the RNA strand of the hybrid of RNA and DNA.
This enzyme is found to be produced by several organisms and shows its involve-
ment in DNA replication and repair. On the basis of AA sequence composition and
related data, we can classify RNase H enzymes into two major categories, Type
1 and Type 2 RNases H (Ohtani et al. 1999), which is subsequently divided into
three subcategories which are viral RNase H, bacterial RNase HI and eukaryotic
RNase H1. Type 2 RNase H family is further divided into four subcategories,
bacterial RNases HII and HIII, archaeal RNase HII and eukaryotic RNase H2. Out
of the different RNase H enzymes, E. coli RNase HI, which constitutes bacterial
Type 1 RNases H, has been extensively researched upon for structural and functional
analysis. E. coli RNase HI is characterized by these characteristics: monomeric and
small in size (155 AA residues).

5.6.2 Application of Cold Active Enzymes for Manufacturing
Chemicals and Wastewater Treatment

Chemicals can be enzymatically synthesized, and one of the best examples of it is the
production of acrylamide by Rhodococcus sp.-derived nitrile hydratase.
Immobilized strain of Rhodococcus sp. and Pseudomonas chlororaphis can be
utilized for the continuous production of acrylamide at low temperatures. Along
with that, nitrile hydratase is used for the synthesis of R. Mandelic and nicotinamide
as well, which are used in the pharmaceutical industry. Lipases are also in high
demand by the pharmaceutical industries as the cold active lipases can be used for
the production of optically active esters and volatile compounds. A psychrophilic
Acinetobacter sp. produced lipase which catalyses the ester synthesis reaction of
n-hexane and is highly active at —25 °C, while scallop hepatopancreas lipase is
highly active at 10 °C. Furthermore, lipases are absolute for the production of
nitrogenated compounds and show high stereospecificity during chemical synthesis
similar to esterase (Maiangwa et al. 2015; Cabrera and Blamey 2018).

Cold active enzymes can be used as bioremediation agents for wastewater
treatment at low temperature. Lipases derived from Bacillus cereus HSS are efficient
in degrading the oily wastes from wastewater by forming grease traps (Hassan et al.
2018). Cold active catalases can degrade the excess hydrogen peroxide from the
wastewater, and due to this ability of catalases, they can be also be used in the cold
pasteurization of milk as permitted by the Food and Agriculture Organization.
Concentration of 0.05-0.25% of hydrogen peroxide can be added to milk as a
preservative if all the hydrogen peroxide can be degraded by using immobilized
catalase after processing (Table 5.2).
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Table 5.2 Industrial application of psychrophilic enzymes at low temperature (Sarmiento et al.
2015; Margesin and Schinner 1994)

Applications Enzymes Advantages
Biotechnology
Molecular biology Alkaline phosphatases Dephosphorylation of 5’ end of a
linearized fragment of DNA
Uracil-DNA Release of free uracil from uracil-
N-glycosylases (UNGs) containing DNA
Nucleases Digestion of all types of DNA and RNA

Protoplast formation Cell wall digesting

enzyme phosphatase

High viability

Enzymatic synthesis
Lipase nitrile hydratase, For volatile and heat sensitive materials
etc
Food industry
Modification of
constituents

Galactosidase, lipase Keeping freshness

Improvement of taste
and flavour

Protease, lipase, etc. Keeping freshness

Removal of fish skin Protease Maintaining product quality

Clarification of fruit Pectinase, cellulase Keeping fragrance

juice

Detergent
Lipases Breaking down of lipid stains
Proteases Breaking down of protein stains
Amylases Breakdown starch-based stains
Cellulases Wash of cotton fabrics
Mannanases Degradation of mannan or gum

Wastewater treatment

Pectate lyases

Catalase

Pectin-stain removal activity

Less energy consumption

5.6.3 Cold Active Enzymes Used in the Food Industry

Microbes are utilized in food fermentation processes for a long time and are still
useful within the preparation of several food items. Microbic enzymes play a
significant role in food industries as they are more stable than plant and animal
enzymes.

Alpha-amylases. Cold active amylases could be of interest for baking to enhance
bread softness and forestall obstruction, since they will be simply inactivated
throughout cooking. A patent developed with Novozymes involves a Bacillus
licheniformis enzyme whose specific activity was increased at temperatures from
10 to 60 °C by protein engineering (Borchert et al. 2004). A second patent developed
with the commercial partner Coldzymes ApS, Greenland describes a system for the
heterologous expression of a Clostridium o-amylase retaining activity at
temperatures lower than 10 °C (Mangiagalli et al. 2020).
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B-p-Galactosidases hydrolyse milk sugar (lactose) into glucose and galactose and
catalyse the transgalactosylation of lactose, which is used in the synthesis of galacto-
oligosaccharides. 3-galactosidases are used in the dairy industry to produce lactose-
free products (Ohgiya et al. 1999). Lactose hydrolysis is of benefit in lactose
intolerance and increases milk sugar. Furthermore, during the production of ice
cream, treatment with p-p-galactosidases prevents the milk from developing lactose
crystals which make the texture uneven. Many industrial B-p-galactosidases are
secreted by mesophilic microbes having optimum temperature of the range
30-60 °C. To avoid spoilage, lactose hydrolysis is generally done at 30—40 °C for
4 h or at 5-10 °C for 24 h.

Proteases find wide application in food processing, including brewing, bakery,
dairy, meat tenderization and the production of hydrolysates from meat, fish, gelatin
and soy. Presently, the commonest enzymatic meat tenderizers are cysteine
proteases, such as bromelain, papain, actinidin and ficin from fruits. They are
thermostable, and most remain active upon heating at 70 °C. The inherent thermola-
bility of CAEs is a desirable feature of meat tenderizers, since it would allow enzyme
inactivation at cooking temperatures.

5.7 Future Prospects

Even though substantial advancements have been attained in understanding the
enzymatic adaptations to such harsh environmental conditions, certain questions
remain as an area of concern, regarding their structure and function relationships in
cold active proteins.

Folding at low temperature. As we know, the folding process must be majorly
dependent on the temperature at which the individual synthesizes the polypeptides.
This develops the question “What is the process by which these polypeptides are
produced and regulated at such low temperatures, and what is the role of chaperons
and the rate-limiting step of the folding process?” (Siddiqui and Cavicchioli 2006)
Engineering cold activity. This entails introducing the properties of cold active
enzymes to an already commercially used enzyme in order to gain more industrial
benefits. But engineering the psychrophilic activity in a mesophilic enzyme has not
been reported yet, and the main concern is the large complexity of amino acid
substitution and interactions leading to cold activity that have been acquired in the
course of evolution. Flexibility. As we know, to catalyse a biochemical reaction at
such low temperature, the cold active enzymes have acquired a flexible configuration
of the active site through evolution and natural selection. This peculiarity makes
them fascinating for understanding models in protein research: for protein evolution,
folding and related fields. But of course, the following challenge is to explain the
molecular flexibility in context of type, amplitude and timescale of molecular
motions.
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5.8 Conclusion

It can be concluded that psychrophilic enzymes are the significant factors required
for the low-temperature adaptation of cold adapted microbes, and the correlation
between the activity-flexibility-stability is one of the features accountable for the
dominant adaptive characteristics of psychrophilic enzymes. The molecular flexibil-
ity of cold active enzymes improves the capability of the protein to undergo rapid
conformational changes in cold environments. However, flexibility is achieved at the
expense of stability of the native space and substrate affinity. The low stability of the
native state is the result of a few numbers of weak interactions and makes the cold
active enzymes heat labile. Another important characteristic of the cold active
enzyme is the large opening of the catalytic cleft caused by the small deletions in
the loops surrounding the catalytic region and by the substitution of the bulky chains
with the light ones. Lower enthalpic and entropic values are accountable for the
decrease in the activation energy barrier of the cold active enzymes. The distinct
characteristics of the cold active enzymes make them useful for the industrial use in
food industry, molecular biology, detergents and wastewater treatment. Yet, a need
for better understanding of enzyme evolution and dynamics is required for more
extensive application of psychrophilic enzymes.
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Abstract

Psychrophiles are capable of surviving under extreme cold conditions, subzero
temperatures. They have adapted various mechanisms like altered membrane
fluidity, antifreeze proteins, cold shock proteins, chaperones, trehalose,
exopolysaccharides, synthesis of carotenoid pigments, production of ice
nucleating proteins, decreased flagellar motility, etc. Psychrophiles mainly find
their application in environmental bioremediation, in preventing food spoilage, as
cell factories for production of various enzymes, and also in degradation of oil
spills in oceans. They have proved to be a boon for the agriculture due to their
plant growth-promoting properties at low temperatures. Development of micro-
bial consortium and genetic engineering may be fruitful in the coming future in
plant biotechnology. This chapter describes the cold tolerance mechanisms in
psychrophilic microorganisms and the application of such microbes in different
industrial sectors and agriculture. We also included the gaps and overcome
strategies in the agriculture application of cold-tolerant microorganisms.
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6.1 Introduction

In the last few decades, the pioneer conditions in which existence will thrive are
regularly fluctuating with higher ranges of temperature, pH, pressure, radiation,
salinity, energy, and restriction on supplements. Under such a wide range of
parameters, not only can microorganisms thrive on earth, but they can also survive
extreme space conditions (Horneck et al. 2010; Yamagishi et al. 2018). When taking
extremophilic (instead of extremotolerant) organisms into account, it is imperative to
remember that these living beings are exceptionally adjusted for extreme conditions
establishing the standard under which the life form can metabolically and biochemi-
cally operate. In the course of the recent years, researchers have been captivated by
the interesting life forms that occupy extraordinary conditions. All such organisms,
regarded as extremophiles, live in such intolerably hazardous or even lethal environ-
ment in which other life forms cannot survive such as high acidic or alkaline pH,
high and low pressure, high salt condition, and cold and hot springs
(Rampelotto 2013).

The majority of extremophiles are microorganisms in which Archaea accounts a
major portion. In Archaea, most of the organisms are hyperthermophilic, acido-
philic, alkaliphilic, and halophilic microorganisms. The archaeal strain
Methanopyrus kandleri 116 has been reported to show growth at 122 °C tempera-
ture, while the genus Picrophilus has potential to grow at 0.0 pH to 0.06. In
Eubacteria, cyanobacteria are the prominent species adapted to different extreme
environments. Cyanobacteria can survive to hypersaline, high-metal, and xerophilic
conditions. On the other hand, fungi are also reported to survive in mining areas,
high pH conditions, hot and cold deserts and metal-contaminated water. In eukary-
otic invertebrates, Tardigrade is known as polyextremophiles for surviving under
extreme temperatures ranging from —272 °C to 151 °C, 6000 atm pressure, and
radiation environment (Rampelotto 2013).

6.2 Types of Extremophiles
6.2.1 Thermophiles

Some microbial life can survive at moderately high temperatures, between 45 °C and
80 °C, and are known as thermophiles. In fact, hyperthermophiles are especially
outrageous thermophiles with ideal temperatures of over 80 °C (Madern et al. 2006).
In numerous geothermally warmed districts on Earth, such microorganisms include
volcanic deposits infiltrated by hot gases and deep-sea hydrothermal vents
(Nakagawa and Takai 2006). Usually, such extreme regions are abundant in
decreased synthetics from the inside of the Earth, and subsequently, numerous
thermophilic microorganisms are chemoautotrophs (Amend et al. 2003). During
chemoautotrophic nature, acidic condition is created in the surrounding environment
due to production of acid and product. These reactions produce sulfuric acid as a
result of removing energy by oxidizing sulfur compounds, thereby also rendering
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geothermal waters extremely acidic. Thus, many heat-loving microorganisms are
additionally adjusted to highly acidic environments (Satyanarayana et al. 2005). For
instance, Picrophilus spp. are reported to survive at pH 0.7 and at temperature of
60 °C (Schleper et al. 1995). In Japan, they were secluded from volcanically induced
dry land. Hydrothermal deep ocean vent populations are located near subsurface
volcanoes and at the border between seawater and magma, typically kilometers
underneath the sea surface (Desbruyeres et al. 2000). As no light is visible and the
oxygen content is extremely limited, chemoautotrophic anaerobes are the large
proportion of thermophilic isolates found in these areas.

For high temperatures, the subatomic explanation for changes to outrageous
conditions has been more intensively researched than for any other parameter.
Biomolecules, for example, catalysts, denature, lose their potential at high
temperatures, and then subsequently halt metabolism at high temperatures. In
addition, membrane’s fluidity rises exponentially, disrupting the cell. A number of
mobile diversifications are presented by thermophiles to protect them. The mem-
brane lipids comprise greater straight and saturated fatty acids than mesophiles
(Ulrih et al. 2009). By supplying the exact degree of fluidity needed for membrane
operation, this allocates thermophiles to expand at elevated temperatures. Thermo-
philic proteins seem to be smaller and mainly greater in a few instances, which can
also contribute to prolonged stability (Kumar and Nussinov 2001). An additional
mechanism for protection of proteins is the action of chaperones, which facilitate the
refolding of denatured proteins (Jaenicke 1996). In addition, monovalent and diva-
lent salts upgrade the stability of nucleic acids (Hickey and Singer 2004). Another
approach to stabilize out DNA is more compaction of genome into chromatin
(Marguet and Forterre 1998).

6.2.2 Psychrophiles

Psychrophiles have an ideal growth temperature of 15 °C and an upper limit of 20 °C
that expand at or below 0 °C (Rothschild 2007). Such microbes establish in an
assortment of cold conditions, from the stratosphere to the deep ocean. A significant
part of the deep sea is at a stable temperature of 2 °C, while liquid sea water can also
be cooled to below 0 °C across the polar ice caps, when the usual salt content of
ocean water (3.4%) takes the freezing edge down to —1.8 °C (Atkins and Locke
2004). At the point when the seawater freezes up, salt turns out to be progressively
gathered in little compartments. Under these conditions, the edge of water freezing
may be discouraged to —20 °C (Margesin et al. 2008). Table 6.1 represents the
diversity of psychrophiles in different areas.

Psychrophiles such as Psychrobacter cryopegellai have shown regular digestion
and metabolic activity at frozen temperature such as —10 °C (Rodrigues et al. 2009).
For this cause, numerous psychrophiles are halophiles as well (microorganisms that
develop