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Mechanistic Adaptation of Microbiomes
in Extreme Environments 3
K. Viswadeepika and Pallaval Veera Bramhachari

Abstract

Extreme environments are referred to as ecosystems with a constant or fluctuating
exposure to one or more environmental factors such as high and low
temperatures, salinity, osmolarity, UV radiation, barometric pressure, and
pH. Microbiomes inhabiting these ecosystems have vast and flexible metabolic
diversity combined with extraordinary physiological abilities to colonize harsh
environmental conditions. Extremophilic microbes offer a variety of adaptation
strategies that include structural, physiological, and metabolic changes primarily
in the cell membrane, DNA, RNA, protein, and enzymes. Adaptive strategies
inevitably incorporate biological and geological processes such as pigment pro-
duction, cell membrane changes, or movement into solid rock layers and geolog-
ical modifications. In addition, the synthesis and accumulation of small molecules
in the cytoplasm, surface modifications on proteins, for instance, acidification or
increase in the stable amino acid content, molecular chaperones, polyphosphates,
and mobile genetic elements also lead to better survival in hostile environments.
Furthermore, characterisation of cell signalling systems in these populations,
horizontal gene transfer, and transcriptomic and proteomic studies along with
metabolomics may be especially useful in the analysis of the possibility of
adaptations at group level. Owing to the enormous potential of commercial
exploitation of extremophiles in biotechnology, understanding the processes
underlying the adaptation of microbes to extreme environments from both evolu-
tionary and ecological perspectives is of fundamental importance.
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3.1 Introduction

Extremophiles live in severe physical and geochemical environments that threaten
life’s physicochemical limitations such as high salinity, temperature, radiation, pH,
desiccation, etc. This kind of harsh environmental conditions might be regarded as
innate or induced factors which compel most living systems tough to survive and
grow (Rothschild and Mancinelli 2001). Most of the genetic, bio, and physicochem-
ical techniques that extremophilic microbes use are not fully explored so far.
Apparently, nutritional requirements must be adapted to the availability at the
particular extreme environment. Adaptation to physiological requirements may be
complicated and diverse (Rampelotto 2013). Nevertheless, it was reported that some
biological molecules and unusual biochemical strategies enable extremophiles to
thrive, which garner great attention in the fields of biotechnology and other industrial
processes.

Communication mechanisms (quorum sensing) used by these microorganisms in
extreme environments are important for the survival of microorganisms (de Oliveira
et al. 2015; Pérez-Rodríguez et al. 2015). Cell signalling controls many essential
activities in microorganisms and can perform crucial tasks in managing diversity
levels of microbes in extreme environments as well as ecological balance. Moreover,
for synchronized expression of genes at elevated cell density, most bacteria rely on
quorum sensing (QS) which is focused on the synthesis and recognition of
autoinducer signalling molecules (Miller and Bassler 2001). Characterising cell
signalling networks in these populations can present distinct ways to decipher the
microbial communication associated with existence and functioning in intense
climatic conditions. The most commonly reported signalling system is
autoinducer-1 (AI-1) apart from thermophilic organisms since autoinducer-2 is
present in them. Although peptide-based system was not common in this kind of
microorganisms. Extremophiles use quorum sensing for processes such as cold
adaptation, reduction of the freezing point and development of biofilms, tolerance
to oxidative damage, and persistent cell development. Model organisms for all
extremophile groups include Leptospirillum ferriphilum (acidophile) (Christel
et al. 2018), Sulfolobus solfataricus (thermoacidophile) (Quehenberger et al.
2017), Natronomonas pharaonis (haloalkaliphile) (Falb et al. 2005), Bacillus
halodurans (halophile) (Van-Thuoc et al. 2013), Haloferax volcanii DS2 (halophile)
(Hartman et al. 2010), Halobacterium sp. NRC-1 (halo radiophile) (Berquist et al.
2007), Deinococcus radiodurans (radiophile) (Pavlopoulou et al. 2016),
Thermococcus barophilus (piezophile) (Birien et al. 2018), Halorubrum
lacusprofundi (psychrohalophile) (Liao et al. 2016), Pseudoalteromonas
haloplanktis (psychrophile) (Parrilli et al. 2019), Thermococcus kodakarensis



(thermophile) (Atomi and Reeve 2019), Thermus thermophilus (thermophile)
(Miyazaki and Tomariguchi 2019), and Cronobacter sakazakii SP291 (xerophile)
(Srikumar et al. 2019).
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Extremophiles are crucial not only for their exceptional ability to survive extreme
conditions but also for their wide range of uses in the areas of industrial and
pharmaceutical biotechnology. Microbial communities were acclimatized to remark-
able stress intensities in extreme conditions. These modifications play significant
role in the improvement of remediation methods for certain polluted sites of hazard-
ous waste and acid mine drainage sites. Novel enzymes isolated from extremophiles
are tailored to extremes of temperature and pH. Lastly, they help in unravelling the
evolutionary record as well as promising effects of climate in near future. Dynamic
metabolic processes present in extremophiles were well explained by environmental
transcriptomic and proteomic studies. Nonetheless, metabolic compounds explicitly
associated with the microbial physiology are not fully explored. Due to the wide
range of experimental complexities related to environmental matrix, metabolomic
techniques fall behind other advanced technologies. The present chapter compre-
hensively discusses the basic microbial adaptations of various extremophiles for
their survival.

3.2 Psychrophiles

At low temperatures, enzymes will be inactive, whereas solute concentrations are
elevated and become lethal (Cavicchioli 2006). In addition, ice crystals can slice the
cell membranes once the water is frozen, thereby damaging cell integrity (D’Amico
et al. 2006). Psychrophilic membranes (Shewanella putrefaciens) contain increased
amounts of unsaturated fatty acids, fatty acids with cyclopropane, and short-chain
fatty acids that increase further with temperature reduction to modulate membrane
fluidity (Feller and Gerday 2003; D’Amico et al. 2006; Gao et al. 2019) (Fig. 3.1).
Psychrophilic microbes synthesize enzymes that are cold adapted and possess
increased specific activities at cold conditions (Feller and Gerday 2003). Cold-
tolerant enzymes can assist transcription and translation at very low temperatures.
In addition, antifreeze proteins were found in microbes adapted to cold environments
(Gilbert et al. 2004). AFPs have two major functions, namely thermal hysteresis and
ice recrystallisation inhibition activity (Kawahara 2008). Such proteins can attach to
ice crystals with a broad corresponding surface and thus avoid ice crystals from
slicing the cell membranes.

Microorganisms have developed several physiological adaptations to balance the
harmful impacts of cold environment such as producing temperature-related
chaperones and antifreeze molecules, such as ice nucleation proteins (INPs), that
shield the RNA and protein synthesis (De Maayer et al. 2014; Godin-Roulling et al.
2015). INPs arrest the extreme cooling of water due to ice crystallisation (Kawahara
2002; Muñoz et al. 2017). Psychrophiles control membrane fluidity by increasing the
amount of branched-chain or unsaturated fatty acids or by reducing the stretch of
fatty-acyl chains or both. Molecular chaperones help in protein refolding and have an



effect on protein synthesis levels (Math et al. 2012). Prevention of UV damage to
cells and reduction of cytoplasmic freezing point were achieved by aggregation of
mannitol and other compatible solutes as cryoprotectants (Casanueva et al. 2010). In
addition, they may probably stop protein assemblage/deterioration, stabilisation of
membranes, and free radical scavenging in cold environment (Kandror et al. 2002)
(Table 3.1).
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C. Halophiles

D. Xerophiles

E. Piezophiles
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Temperature-Psychrophiles & Thermophiles

pH-Acidophiles & Alkaliphiles

Fig. 3.1 Molecular mechanisms of extremophiles for their adaptation to extreme environmental
conditions. (a) Temperature—psychrophiles and thermophiles. (b) pH—acidophiles and
alkaliphiles. (c) Halophiles. (d) Xerophiles. (e) Piezophiles. (f) Radiophiles

The first bacterial AFP discovered from sea ice Gram-negative bacterium
Colwellia strain SLW05 (Raymond et al. 2007). However, the earliest reported
bacterial antifreeze characteristics were identified in soil bacterium Rhodococcus
erythropolis and psychrophile Micrococcus cryophilus (Duman and Olsen 1993).
Strikingly, Pseudomonas fluorescens KUAF-68 and Pseudomonas borealis DL7
have both ice nucleation and antifreeze activity (Kawahara et al. 2004; Wilson et al.
2006). Several types of ice nucleation proteins (i.e. InaK, InaQ, InaV, and InaZ)
were reported in Pseudomonas syringae (Li et al. 2012). Temperature also affects
structural proteins. To sustain their activities at low temperatures, enzymes have to
surmount mainly two difficulties including cold distortion and slow reaction rates.
Cold distortion takes place at freezing temperatures as they result in extra structured
water molecules occupying the surface of protein resulting in less protein interaction
and moving the system equilibrium towards the unfolded state (de Maayer et al.
2014). Other cold stress adaptations provided by EPS and cold shock proteins, in
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(continued)

3 Mechanistic Adaptation of Microbiomes in Extreme Environments 27

Table. 3.1 Adaptations of extremophilic microorganisms under various climatic conditions

Type of
extremophile

1 Thermophiles Geobacillus sp. TFV3 Chaperone protein
DnaJ, chaperone protein
DnaK, heat-shock protein
GrpE, chaperone GroEL

Ching et al.
(2020)

Geobacillus,
Parageobacillus

Heat-shock proteins
(HSPs)

Wang et al.
(2019)

Geobacillus
Thermodenitrificans
ArzA-6, Geobacillus
toebii ArzA-8 strains

EPS production Panosyan
et al. (2018)

Thermolongibacillus,
Aeribacillus,
Geobacillus,
Anoxybacillus

Biofilm formation Cihan et al.
(2017)

Anoxybacillus sp. strain
R4–33

EPS production Zhao et al.
(2014)

Sulfolobus
acidocaldarius,
S. solfataricus,
S. tokodaii

Biofilm formation Koerdt et al.
(2010)

2 Psychrophiles Paenisporosarcina
Antarctica CGMCC
1.6503T

Fatty acid desaturases,
dioxygenases, antifreeze
proteins, and cold-shock
proteins

Rong et al.
(2020)

Pseudoalteromonas
sp. MER144

EPS production Caruso et al.
(2018)

Colwellia
psychrerythraea 34H

EPS production Casillo et al.
(2017)

Pseudomonas mandelii Alginate production,
biofilm formation

Vásquez-
Ponce et al.
(2017)

Flavobacterium frigoris
PS1

Ice-binding protein
(FfIBP)

Do et al.
(2012)

Pseudomonas syringae Ice nucleation proteins
(INPs) – Variant (InaQ)

Li et al.
(2012)

Sphingopyxis alaskensis Polyhydroxyalkanoates
(PHAs)

Ting et al.
(2010)

Pseudomonas putida
GR12–2

Antifreeze protein
(AfpA)

Muryoi
et al. (2004)

Colwellia strain SLW05 Antifreeze protein (AFP) Raymond
et al. (2007)

3 Halophiles Halomonas smyrnensis
K2

EPS production Joulak et al.
(2020)

Alkalicoccus halolimnae
BZ-SZ-XJ29T

Ectoine biosynthesis
gene cluster (ectA, ectB,
and ectC)

Zhang et al.
(2020a, b)
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Table. 3.1 (continued)

Type of
extremophile

Nitriliruptoria species K+ influx and efflux,
betaine and ectoine
synthesis, and compatible
solute transport

Chen et al.
(2020a, b)

Halomonas
nitroreducens WB1

EPS production Chikkanna
et al. (2018)

Salinibacter ruber K+ uptake via
tropomyosin receptor
kinase A

Oren
(2002b)

Methylarcula marina,
M. terricola

Ectoine Doronina
et al. (2000)

Halorhodospira
Halochloris

Osmolyte glycine betaine Galinski
and Trüper
(1982)

4 Acidophiles Acidithiobacillus caldus Ferric uptake regulator
(AcFur)

Chen et al.
(2020a, b)

Acidithiobacillus
ferrooxidans YNTRS-40

rus operon, res operon,
petI, petII, sqr, doxDA,
cydAB, and cyoABCD

Zhang et al.
(2020a, b)

Acidithiobacillus
ferrooxidans

Proteins associated with
inorganic sulphur
compound (ISC)
oxidation

Bellenberg
et al. (2019)

Acidithiobacillus
ferrooxidans

Fumarate nitrate
reduction transcription
factor (FNR)-like protein
(FNRAF)

Osorio et al.
(2019)

Acidithiobacillus Squalene–hopene cyclase
(SHC) sequences

Jones et al.
(2012)

Picrophilus torridus Potassium-transporting
ATPases and other cation
transporter

Fütterer
et al. (2004)

Ferroplasma
Type II, Leptospirillum
group II (L. ferriphilum)

Proton efflux systems
(H+ ATPases, antiporters,
and symporters)

Tyson et al.
(2004)

Ferroplasma
acidarmanus

Tetraether-linked
membrane monolayers

Macalady
et al. (2004)

5 Alkaliphiles Bacillus sp. AK13 EPS production Jung et
al. (2020)

Alcaligenes sp., Dietzia
sp.

Biofilm formation Rout et al.
(2018)

Alishewanella, Dietzia
spp.

Biofilm formation Charles
et al. (2017)

Cronobacter sakazakii EPS production Jain et al.
(2012)
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Table. 3.1 (continued)

Type of
extremophile

Vagococcus carniphilus
MCM B-1018

EPS production Joshi and
Kanekar
(2011)

Bacillus pseudofirmus
OF4

Plasmids, cardiolipin
synthase genes, sodium-
coupled Npt type
phosphate transporters,
toxin-antitoxin genes
mazE mazF

Janto et al.
(2011)

Thioalkalimicrobium
aerophilum strain AL 3T,
Thioalkalivibrio versutus
strain ALJ 15

Accumulation of
unsaturated fatty acids,
cyclopropane fatty acids,
organic compatible
solutes, pigments

Banciu et al.
(2005)

6 Piezophiles Salinimonas sediminis
N102T

tesA (acyl-CoA
thioesterase I), tesB
(acyl-CoA thioesterase
II), and yciA (acyl-CoA
thioesterase YciA);
polyhydroxyalkanoates,
rRNA operons

Xue et al.
(2020)

Colwellia More basic and
hydrophobic proteome,
archaeal
methyltransferase for
tRNA modification,
NADH ubiquinone
oxidoreductase (nuo)
gene cluster

Peoples
et al. (2020)

Shewanella benthica
DB21MT-2

Toxin-antitoxin
(TA) system

Zhang et al.
(2019)

Thermococcus
barophilus

Mannosyl-glycerate
(MG)

Cario et al.
(2016)

Thermococcus
piezophilus CDGST

Synthesis of compatible
solutes, several
hydrogenase gene
clusters (hydrogenases
and sulfhydrogenases)

Dalmasso
et al. (2016)

Photobacterium
profundum SS9

Monounsaturated fatty
acid accumulation

Allen et al.
(1999)

7 Radiophiles Deinococcus
radiodurans

Single-stranded binding
proteins (DdrB and SSB)

Lockhart
and
DeVeaux
(2013)

Rubrobacter
xylanophilus,
Rubrobacter
radiotolerans

High intracellular
concentration of
trehalose, Mn2+

Webb and
DiRuggiero
(2012)
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addition to extensive microbial decomposition and nutrient reuse potential, are also
documented for microbial mat communities from ice layers of Antarctica and the
Canadian High Arctic (Varin et al. 2012).
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Table. 3.1 (continued)

Type of
extremophile

Deinococcus
radiodurans

Nucleotide excision
repair pathway
(uvrA1B), base excision
repair pathway (ung and
mutY), homologous
recombination pathway
(recA, ruvA, ddrA, and
pprA)

Makarova
et al. (2001)

8 Xerophiles Helicobacter pylori Serine protease HtrA Zarzecka
et al. (2019)

Actinopolyspora,
Nocardiopsis,
Saccharomonospora,
Streptomonospora,
Saccharopolyspora

Polyketide synthetases
and non-ribosomal
peptide synthetases
(NRPS)

Meklat et al.
(2011)

Nostoc commune Water stress proteins
(WSP)

Gao and Ye
(2007)

Caulobacter crescentus Chaperone systems
(DnaK/DnaJ and GroES/
GroEL)

Susin et al.
(2006)

3.3 Thermophiles

The molecular mechanisms of microbial adaptations to temperature extremes were
thoroughly investigated in comparison with other conditions. Enzymes denature at
elevated temperatures, become inactive, and, thus, hinder the metabolic activities.
Besides, increase in the membrane fluidity takes place disrupting the cell. The
thermophilic microbes possess a wide range of cell modifications to avoid cell
disruption. Thermophilic membrane lipids include more saturated fatty acids and
straight-chain fatty acids than mesophilic organisms (15–40 �C) (Reed et al. 2013)
(Fig. 3.1). These features allow thermophiles to sustain elevated temperatures and
maintain membrane integrity. Improved stability of proteins isolated from
thermophiles was attributed to their more basic nature and small size (Kumar and
Nussinov 2001).

In addition, monovalent and divalent salts improve nucleic acid stability since
they conceal the negative charges. DNA will be protected from depuration and
hydrolysis by the presence of phosphate groups, KCl and MgCl2 (Hickey and Singer
2004). Another way of stabilising DNA is by using DNA-binding proteins and by
compression of whole genome into chromatin (Marguet and Forterre 1998). A



common mode of thermophilic microbes to protect their cell machinery at extreme
temperatures is the adaptation of these proteins by modifying the primary structure
amino acid composition, thus enhancing their thermal stability (Xu et al. 2018).
Proteins of thermophiles have a greater proportion of short length amino acids as
well as α-helices containing amino acid residues (Urbieta et al. 2015; Xu et al. 2018).
Another main strategy is the presence of heat-shock proteins (HSPs), like DnaK,
GroEL, and GroES chaperones in protein folding. In a recent study by Wang et al.
(2019), stress-tolerant HSP genes from thermophiles Geobacillus and
Parageobacillus were isolated which contributed to the increased heat and osmotic
tolerance. In addition, DNA damage is effectively handled by DNA-repair systems
(SOS system). They use fatty acids arranged in branched chains and polyamines
(spermidine) to stabilize the membranes. Another adaptation employs the suitable
solutes to stabilize cellular components (Urbieta et al. 2015). Furthermore, proteins
from the glycolysis pathway (pyruvate dehydrogenase complex) supply instant
energy to survive the high-temperature stress conditions (Wang et al. 2015)
(Table 3.1).
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Additional hydrogen bond networks, reduced surface loop length, enhanced
secondary structure tendency, increased core hydrophobic nature, improved Van
der Waals interactions, ionic exchanges, and better packing density, on the whole,
contributed to thermal stability of protein (Brininger et al. 2018). More recently, it
has been shown that cells of archaea use a structure stabilisation strategy along with
aforementioned adaptations, whereas bacterial cells utilize a sequence stabilisation
strategy (Berezovsky and Shakhnovich 2005). The lipid composition of the thermo-
philic membranes is yet another well-known adaptation. Some species have novel/
specific lipids, such as Thermotoga maritima (15,16-dimethyl-30-glycerylox-
triacontanedioic acid) (Siliakus et al. 2017). In archaea, ether-based lipids were
found to be hydrolysis-resistant at high temperatures. In contrast, cells of archaeal
thermophiles comprise a monolayer consisting of “fused lipid bilayer”, which was
shown to be resistant for hydrolysis at higher temperatures (DasSarma et al. 2009).

In thermophiles, DNA shows thermal resistance by inserting positive supertwists
by reverse gyrase (Jamroze et al. 2014). In addition, an increase in GC base pairs has
been shown to stabilize DNA in specific regions (stem-loops). Thermophilic archaea
contain histones directly correlated to the eukaryotic core histones (H2A/B, H3, and
H4). Binding of these histones was demonstrated to enhance DNA melting tempera-
ture (Stetter 1999). Besides, specific microbial adaptations to improve protein
stability at extreme temperatures comprise a greater number of disulphide bridges,
improved aromatic peptide interactions, and enhanced peptide hydrogen bonding
(Maier and Neilson 2015).

3.4 Acidophiles

Acidic pH conditions are a threat to cellular biochemistry, as extreme low pH
contributes to protein degradation. Acidophilic microbes preserve their proteins by
adding additional amino acids with neutral side groups and aggressively pumping



protons out of the cell to preserve steady intracellular pH conditions (Baker-Austin
and Dopson 2007). They possess a complex of cell modifications to control pH
within the cell. Many exoenzymes are reported to be efficient at very low pH than the
pH of cytoplasm which is isolated from acidophiles. In addition to these enzymes,
other significant biomolecules like plasmids, rusticynin, and maltose-binding
proteins were isolated from acidophiles.

32 K. Viswadeepika and P. V. Bramhachari

Acidophiles have many distinguishing structural and functional features for pH
control (Golyshina et al. 2000; Crossman et al. 2004). Although these species are
able to live under extremely acidic conditions, they do not withstand this kind of
circumstances within the cell since DNA turns uncertain; hence, they have
established strategies for pumping acid out of the cell to keep neutral to weak acidic
environment (pH 5–7) within the cell (Matin 1999). Furthermore, some records of
several other species with acidic internal pH (Van de Vossenberg et al. 1998;
Macalady et al. 2004). Other proton flux systems include primary proton pumps
(symporter) and secondary proton pumps (e.g. antiporter cation/HC), as well as
proton-consuming reactions. Leptospirillum ferriphilum was shown to contain a
carbonic anhydrase and amino acid decarboxylases which assist in pH equilibrium
by overwhelming protons (Christel et al. 2018). Next strategy is a reduced cell
membrane permeability which suppresses the cytoplasmic proton entry. The entry of
protons is constrained by KC ions produced within positive membrane potential
(Christel et al. 2018). In Leptospirillum ferriphilum, a broad range of genes
associated with biosynthesis of cell membrane has been identified that can be related
with acid tolerance.

Adaptations comprise a cell membrane that is relatively proton-impermeable
(Konings et al. 2002). Another mechanism is the reduced pore size of membrane
channel which was demonstrated for Acidithiobacillus ferrooxidans (Amaro et al.
1991). Acidophilic microbes comprise net positive charge within the cell which can
offset the elevated H+ ion concentration in their environment. They can use aggres-
sive proton pumping, as reported in Bacillus and Termoplasma (Michels and Bakker
1985) (Fig. 3.1). Microbes should preserve a near-neutral cytoplasmic pH to allow
cellular activities for their growth and metabolism (Krulwich et al. 2011; Jin and
Kirk 2018). One of the first functions to evolve inside the earliest cells was possibly
the balance of protons through various transporters, together with the ion-using ATP
synthase (Lane and Martin 2012). Chemiosmosis is also a feature of both bacterial
and archaeal cells (Lane et al. 2010).

Acidophiles may discharge organic metabolites like acetic acid and lactic acid in
addition to intracellular pH, thereby modifying the nearby pH conditions (Zhang
et al. 2016). Many of them consist of organic acid degradation pathways to avoid
proton separation by organic acids (Baker-Austin and Dopson 2007). Archaeal
members like Ferroplasma acidiphilum and Sulfolobus solfataricus were reported
to contain tetrapetric lipids in the cell membrane which offer resistance to acidic
pH. Advanced protein and DNA-repair systems were found in acidophiles compared
to mesophiles. A pH shift from 3.5 to 1.5 externally persuades the proteins
concerned with heat-shock reaction, for instance, chaperones were reported in
Acidithiobacillus ferrooxidans (Amaro et al. 1991).
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In a study conducted by Guazzaroni et al. (2013), novel acid resistance genes
from the metagenome of the Rio Tinto River were isolated including ClpXP
protease, the transcriptional repressor LexA, and nucleic acid-binding proteins
such as an RNA-binding protein, HU, and Dps (Table 3.1).

3.5 Alkaliphiles

Under alkaline conditions, H+ concentrations are particularly low and cells experi-
ence trouble using ATP synthase to generate energy and precipitation of other
essential ions like Mg2+ and Ca2+ from water as salts will take place (Krulwich
et al. 1998). Alkaliphiles overcome these complexities by vigorously pumping in
these ions and by transporting others to preserve neutral conditions. Besides, the cell
wall of alkaliphiles serves as a protective shield to harsh climatic conditions
(Horikoshi 2006) (Table 3.1). Alkaliphilic microbes have evolved a cell wall with
negative charge, lowering the environmental pH external to the cell. They also
synthesize an additional acid cell wall consisting of teichurono-peptide and
teichuronic acid or polyglutamic acid. All these acids absorb H+ and resist OH�

and probably assist in generating the proton motive force required to stimulate the
synthesis of ATP. The proton motive force for ATP synthesis is driven by Na+ or K+

antiporters in several alkaliphilic Bacillus species, which catalyses an electrogenic
swapping of external ions (Na+ or K+) and high number of entries into H+ ions
(Preiss et al. 2015). In general, alkaliphiles can use these antiporters (Na+/H+ and K+/
H+) (Krulwich et al. 2011) and also generate acids to lower the inner pH when
metabolism is impaired due to elevated pH levels (Moran-Reyna and Coker 2014).
The transporters are regulated, possibly through a transmembrane pH sensor signal-
ling (Krulwich 1995) (Fig. 3.1).

3.6 Halophiles

Increased salt concentrations usually deprive protein water content leading to accu-
mulation and precipitation due to exposed hydrophobic patches binding to one
another. To neutralize this, these microbes have formed a proteome consisting
mostly of acidic proteins (Brininger et al. 2018), and the acid remnants (aspartic &
glutamic acid) are usually located on the protein surface. They help in arranging the
water molecules (H+ of water interacts with COO� of acidic side chain) surrounding
proteins building a “water cage” which guards the proteins from dehydration and
precipitation (DasSarma and DasSarma 2015; DasSarma et al. 2009).

Many halophiles retain increased concentrations of various solutes in their cyto-
plasm in response to the salt to maintain their interiors in osmotic equilibrium with
the external world. Halophilic archaea maintains exceptionally high KCl in its cells
(Oren 2002a, b). Halophilic proteins must be properly folded and operative in heavy
salt concentrations considerably similar to the hyperthermophilic proteins which stay
functional around 100 �C (Michael et al. 1999). Halophiles achieve the necessary



osmotic balance by accumulating KC in the cytoplasm as a “salt-in” strategy and
combined action on bacteriorhodopsin and ATP synthase (Margesin and Schinner
2001). Other strategy observed was the exclusion of salts through the synthesis of
suitable organic solutes like polyols, amino acids, sugars, and betaines. The “salt-in”
strategy has only been established in a small number of halophilic microbes
(e.g. Salinibacter and Halanaerobiales) that need KCl to form active proteins
(Fig. 3.1). On the contrary, various halophiles using salt omission approach can
withstand a variety of salt concentrations because of the synthesis of organic solutes
to counteract the high salt content in the surroundings (Oren 2013). Many
microorganisms need to adapt to low water activity in saline environments. It was
established that freezing point of water can be considerably decreased by salts;
however, solutions containing saturated salts show very low water activity. Apart
from pH and salinity, water activity is the only variable that certain microbes are able
to control using their metabolites capable of accumulating or captivating water
(e.g. EPS proteins and polysaccharides) (Frösler et al. 2017).
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Halobacillus halophilus, isolated from a salt marsh on the North Sea coast of
Germany, can withstand high levels of salt content up to 3.0 M NaCl with an
optimum survival rate of 38% (Roeßler and Müller 1998). H. halophilus adopts a
hybrid osmoadaptation approach by collecting together molar chloride
concentrations and suitable solutes (glutamate, glutamine, proline, ectoine,
N-acetyl ornithine, and N-acetyl lysine) (Saum et al. 2013; Saum and Müller
2008). More recently, Halomonas socia strain CKY01 developed
polyhydroxybutyrate (PHB) with genes responsible for the absorption, synthesis,
and transportation of osmolytes such as betaine, choline, ectoine, carnitine, and
proline as a strategy for survival (Park et al. 2020) (Table 3.1).

3.7 Xero-Tolerant Extremophiles and Oxidative Stress

Xerophiles are able to sustain in dry climatic conditions with water activity <0.75
(Connon et al. 2007; Lebre et al. 2017). Additional parameters like hot and cold
temperatures, poor water activity, increased salt concentrations, poor organic carbon
content, and extreme radiation, in addition to low rainfall, intensify xeric conditions,
limiting existence of microbes (Dose et al. 2001; Crits-Christoph et al. 2013).
Xerophiles have evolved few survival mechanisms in dry environments including
environmental stress avoidance and adaptive mechanisms (Table 3.1). Avoidance of
dry environment requires alteration of cells into non-replicative viable state by
development of spores (Crits-Christoph et al. 2013). Adaptive strategies are related
to the prevention of water loss and improved water preservation by amassing of
osmoprotectants (trehalose, L-glutamate, glycine betaine), synthesis of EPS, cell
membrane alterations to maintain intracellular water, DNA repair, and protein
synthesis (Dose et al. 2001; Lebre et al. 2017) (Fig. 3.1). Under oxidative stress,
proteins undergo conformational changes that contribute to the unfolding and
aggregation of proteins. The key drivers of protein folding are DnaK and GroEL



chaperones along with other cochaperones that stabilize proteins by promoting
adequate folding and preventing their self-association (Susin et al. 2006).
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Desiccation tolerance is distinctive in the midst of other extreme conditions faced
by microbes since the cells will not proliferate under desiccation and most of their
lifespan might be used up in desiccated condition. Therefore, desiccation cycles tend
to persuade survival mechanisms for the cells instead of the capability to survive
under harsh conditions. As stated by Maier and Neilson (2015), well-established
survival mechanisms consist of DNA protection and repair ability when exposed to
UV radiation, maintaining protein stability during desiccation and preserving mem-
brane integrity. The main survival strategy of cyanobacteria is the synthesis of EPS
which controls water absorption and loss, acts as a matrix for the immobilisation of
cell contents formed by cell in reaction to dehydration, and possibly shields cell
walls during shrinking and swelling (Potts 1999). EPS facilitates the formation of
biofilms and may be essential components of water loss prevention mechanism that
seals the cell (Ortega-Morales et al. 2001). When exposed to desiccation and UV
stress, the cell produces multiple molecules. They were also reported in EPS and
contain UV captivating molecules such as mycosporine-like amino acids and
scytonemin, carotenoids, and detoxifying enzymes or radical quenchers that defend
against harsh radicals, oxygen species, and water stress proteins (WSP) (Gao and Ye
2007). WSP were found to be highly stable, and up to 70% of the soluble proteins are
present in Nostoc commune. Additionally N. commune cells contain trehalose and
sucrose, which are capable of stabilising proteins and maintain membrane integrity
during desiccation (Maier and Neilson 2015). In pathogens like Helicobacter pylori,
serine protease HtrA plays key role in survival under various stress conditions
(thermal, osmotic and acidic) (Zarzecka et al. 2019) (Table 3.1).

3.8 Piezophiles

As the pressure increases, membranes lose fluidity and permeability since lipids
arrange themselves more compactly and reach a thickening process similar to what
occurs at extremely low temperatures (Bartlett 2002). Organisms avoid this problem
by increasing the proportion of polyunsaturated and monounsaturated fatty acids or
phosphatidylglycerol and phosphatidylcholine in their membranes, rather than
phosphatidylethanolamine (Usui et al. 2012; Siliakus et al. 2017) (Table 3.1).
Protein-protein interactions are responsive to high pressure leading to the dissocia-
tion of enzymes (Sharma et al. 2002). Pressure is known to modify gene expression
(Nakasone et al. 1998). Further modifications may contain chaperone-encoding
genes for upregulation, respiratory chain alteration, porin expression, and develop-
ment of osmolytes (Oger and Jebbar 2010; Jebbar et al. 2015) (Fig. 3.1).
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3.9 Radiophiles

When bacteria are exposed to perils of environmental stress as ionising (gamma)
radiation and UV radiation, a series of signals were expected to trigger physiological
responses. Ionising radiation is primarily accountable for double-stranded breaks in
microbial genome. On the other hand, both proteins and lipids will also get damaged,
and constant oxidative stress was induced upon exposure (Slade and Radman 2011).
Consequently, ionising radioresistant microbes developed unique strategies like new
and robust DNA repair mechanisms, antioxidant and enzymatic defence systems,
and a condensed nucleoid. Rapid and effective genome repair is important for
sustaining ionising radiation doses. This was demonstrated by the use of the nucleo-
tide excision repair pathway (uvrA1B), base excision repair pathway (ung and
mutY), and homologous recombination pathway (recA, ruvA, ddrA, and pprA) in
Deinococcus radiodurans (Makarova et al. 2001). In Halobacterium sp. NRC-1
(genes close to Rfa) (Berquist et al. 2007) and D. radiodurans (DdrB and SSB)
single-stranded binding proteins were reported (Cox et al. 2010; Lockhart and
DeVeaux 2013; Pavlopoulou et al. 2016). The cells of D. radiodurans consist of
many of the following mechanisms for preventing oxidative stress and resistance.
The cell cleans up by removing oxidized macromolecules, selective protein defence
versus oxidative injuries, and the inhibition of reactive oxygen output. It has also
been shown that a condensed nucleoid facilitates the efficiency/accuracy of DNA
repair (Minsky et al. 2006) and restricts the diffusion of radiation-generated DNA
fragments (Daly et al. 2007).

UV radiation enhances reactive oxygen species (ROS) production, with two
distinct outcomes. Initially, ROS acts as cell signals encouraging cells to defend
themselves against these stressors (Caldwell et al. 2007), and later when ROS levels
exceed the cell’s defence mechanisms, significant cell damage and apoptosis may
occur. Biofilm formation is one of the techniques formed by microorganisms to
colonize areas with high levels of UV radiation. Biofilms are layers of planktonic
bacteria attached to each other, forming an intricate, growing, three-dimensional
structure at their surfaces. Bacteria need to communicate with each other (quorum
sensing) to develop this three-dimensional colony, and polyP was proposed as the
modulator of quorum sensing and development of biofilms. UV radiation subtly
damages DNA through the formation of cyclobutene pyrimidine dimmers (thymine
dimers) and pyrimidine-pyrimidone (6–4) photoproducts (6–4 PPs). They account
for approximately 80% of photolesions induced by UV radiation (Jones and Baxter
2017) (Table 3.1).

Radiophiles generally exploit an amalgamation of photoreactivation (phr) genes,
nucleotide excision repair (uvrABCD, xpf, and rad), base excision repair (mutY and
nth), and homologous recombination (recA and radA/51) to restore these DNA
lesions (Jones and Baxter 2017). In addition, microbes have developed a set of
photoprotective strategies to defend themselves from continuous exposure to UV
radiation. They incorporate carotenoids, gene duplication via polyploidy, genome
composition hydroperoxidases and superoxide dismutases (Jones and Baxter 2017),
effective DNA-repair machinery, chaperone induction, and dynamic protection



against oxidative stress induced by UV radiation (e.g. accumulation of glutathione)
(Pérez et al. 2017). Radiation resistance has been correlated with the ability of these
microorganisms to repair DNA damage, because it was reported that radiophiles
aggregate elevated levels of intracellular Mn2+ and reduced Fe (Pikuta et al. 2007)
bestowing UV radiation resistance (Paulino-Lima et al. 2016) (Fig. 3.1).
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3.10 Conclusions and Future Perspectives

Life on Earth will continue to be found in a plethora of climatic conditions previ-
ously considered to be adamant from an anthropocentric viewpoint to sustain
existence of life. Studying extreme environments and extremophile biology includ-
ing their position will help in predicting and hypothesising theories about situations
that prevailed in the course of origin and progression of life on the ground and
throughout the world. In the midst of rapid innovations made over the past few
decades and latest developments in “omics” tools, extremophilic world has been
thoroughly investigated, and our understanding of biosphere was evolved, extending
the limits of life on Earth. Extremophiles take part in many important tasks in the
environment. Their robust nature to resist, sustain, and mediate catalysts under harsh
environmental conditions not only make them exceptional but also promising for
environmental conservation. Extremophiles like deep-sea microorganisms contrib-
ute greatly to the atmospheric geochemical cycles. They preserve the chemical
equilibrium in the environment, help to lessen the greenhouse gases (GHGs) in the
atmosphere, and detoxify the hazardous chemicals in the environment. Next-
generation sequencing (NGS) and next-generation proteomics (NGPs) provide
important strategies for gaining insight into the molecular processes concerned
with extremophilic strategies for survival (Armengaud 2016). This kind of research
and methodologies may illustrate the strategies that microorganisms use to acclima-
tize to harsh climatic conditions and are constructive in understanding the microbial
evolution with respect to extreme environments.

Acknowledgements The authors thank Krishna University Machilipatnam and St. Joseph’s Col-
lege for Women, Visakhapatnam, and for the constant support during the work.

Conflict of Interest The authors declare that there is no conflict of interest.

References

Allen EE, Facciotti D, Bartlett DH (1999) Monounsaturated but not polyunsaturated fatty acids are
required for growth of the deep-sea bacterium Photobacterium profundum SS9 at high pressure
and low temperature. Appl Environ Microbiol 65(4):1710–1720

Amaro AM, Chamorro D, Seeger M, Arredondo R, Peirano I, Jerez CA (1991) Effect of external pH
perturbations on in vivo protein synthesis by the acidophilic bacterium Thiobacillus
ferrooxidans. J Bacteriol 173(2):910–915



38 K. Viswadeepika and P. V. Bramhachari

Armengaud J (2016) Next-generation proteomics faces new challenges in environmental biotech-
nology. Curr Opin Biotechnol 38:174–182

Atomi H, Reeve J (2019) Microbe profile: Thermococcus kodakarensis: the model hyperthermo-
philic archaeon. Microbiology 165(11):1166

Baker-Austin C, Dopson M (2007) Life in acid: pH homeostasis in acidophiles. Trends Microbiol
15(4):165–171

Banciu H, Sorokin DY, Rijpstra WIC, Sinninghe Damste JS, Galinski EA, Takaichi S et al (2005)
Fatty acid, compatible solute and pigment composition of obligately chemolithoautotrophic
alkaliphilic sulfur-oxidizing bacteria from soda lakes. FEMS Microbiol Lett 243(1):181–187

Bartlett DH (2002) Pressure effects on in vivo microbial processes. Biochim Biophys Acta
1595(1–2):367–381

Bellenberg S, Huynh D, Poetsch A, Sand W, Vera M (2019) Proteomics reveal enhanced oxidative
stress responses and metabolic adaptation in Acidithiobacillus ferrooxidans biofilm cells on
pyrite. Front Microbiol 10:592

Berezovsky IN, Shakhnovich EI (2005) Physics and evolution of thermophilic adaptation. Proc Natl
Acad Sci U S A 102(36):12742–12747

Berquist BR, DasSarma P, DasSarma S (2007) Essential and non-essential DNA replication genes
in the model halophilic Archaeon, Halobacterium sp. NRC-1. BMC Genet 8(1):31

Birien T, Thiel A, Henneke G, Flament D, Moalic Y, Jebbar M (2018) Development of an effective
6-methylpurine counterselection marker for genetic manipulation in Thermococcus barophilus.
Genes 9(2):77

Brininger C, Spradlin S, Cobani L, Evilia C (2018, December) The more adaptive to change, the
more likely you are to survive: protein adaptation in extremophiles. In: Seminars in cell &
developmental biology, vol 84. Academic Press, pp 158–169

Caldwell MM, Bornman JF, Ballaré CL, Flint SD, Kulandaivelu G (2007) Terrestrial ecosystems,
increased solar ultraviolet radiation, and interactions with other climate change factors.
Photochem Photobiol Sci 6(3):252–266

Cario A, Jebbar M, Thiel A, Kervarec N, Oger PM (2016) Molecular chaperone accumulation as a
function of stress evidences adaptation to high hydrostatic pressure in the piezophilic archaeon
Thermococcus barophilus. Sci Rep 6(1):1–8

Caruso C, Rizzo C, Mangano S, Poli A, Di Donato P, Nicolaus B et al (2018) Extracellular
polymeric substances with metal adsorption capacity produced by Pseudoalteromonas
sp. MER144 from Antarctic seawater. Environ Sci Pollut Res 25(5):4667–4677

Casanueva A, Tuffin M, Cary C, Cowan DA (2010) Molecular adaptations to psychrophily: the
impact of ‘omic’ technologies. Trends Microbiol 18(8):374–381

Casillo A, Ståhle J, Parrilli E, Sannino F, Mitchell DE, Pieretti G et al (2017) Structural characteri-
zation of an all-aminosugar-containing capsular polysaccharide from Colwellia psychrerythraea
34H. Antonie Van Leeuwenhoek 110(11):1377–1387

Cavicchioli R (2006) Cold-adapted archaea. Nat Rev Microbiol 4(5):331–343
Charles CJ, Rout SP, Patel KA, Akbar S, Laws AP, Jackson BR et al (2017) Floc formation reduces

the pH stress experienced by microorganisms living in alkaline environments. Appl Environ
Microbiol 83(6):e02985-16

Chen DD, Tian Y, Jiao JY, Zhang XT, Zhang YG, Dong ZY et al (2020a) Comparative genomics
analysis of Nitriliruptoria reveals the genomic differences and salt adaptation strategies.
Extremophiles 24(2):249–264

Chen XK, Li XY, Ha YF, Lin JQ, Liu XM, Pang X et al (2020b) Ferric uptake regulator provides a
new strategy for acidophile adaptation to acidic ecosystems. Appl Environ Microbiol 86(11)

Chikkanna A, Ghosh D, Kishore A (2018) Expression and characterization of a potential
exopolysaccharide from a newly isolated halophilic thermotolerant bacteria Halomonas
nitroreducens strain WB1. PeerJ 6:e4684

Ching XJ, Teoh CP, Dexter JH, González-Aravena M, Najimudin N, Cheah YK et al (2020)
Genome of a thermophilic bacterium Geobacillus sp. TFV3 from Deception Island, Antarctica.
Adv Polar Sci 146–152



3 Mechanistic Adaptation of Microbiomes in Extreme Environments 39

Christel S, Herold M, Bellenberg S, El Hajjami M, Buetti-Dinh A, Pivkin IV et al (2018) Multi-
omics reveals the lifestyle of the acidophilic, mineral-oxidizing model species Leptospirillum
ferriphilum T. Appl Environ Microbiol 84(3)

Cihan AC, Karaca B, Ozel BP, Kilic T (2017) Determination of the biofilm production capacities
and characteristics of members belonging to Bacillaceae family. World J Microbiol Biotechnol
33(6):118

Connon SA, Lester ED, Shafaat HS, Obenhuber DC, Ponce A (2007) Bacterial diversity in
hyperarid Atacama Desert soils. J Geophys Res Biogeo 112(G4)

Cox MM, Keck JL, Battista JR (2010) Rising from the ashes: DNA repair in Deinococcus
radiodurans. PLoS Genet 6(1):e1000815

Crits-Christoph A, Robinson CK, Barnum T, Fricke WF, Davila AF, Jedynak B et al (2013)
Colonization patterns of soil microbial communities in the Atacama Desert. Microbiome 1(1):
1–13

Crossman L, Holden M, Pain A, Parkhill J (2004) Genomes beyond compare. Nat Rev Microbiol
2(8):616–618

D’Amico S, Collins T, Marx JC, Feller G, Gerday C, Gerday C (2006) Psychrophilic
microorganisms: challenges for life. EMBO Rep 7(4):385–389

Dalmasso C, Oger P, Courtine D, Georges M, Takai K, Maignien L, Alain K (2016) Complete
genome sequence of the hyperthermophilic and piezophilic archeon Thermococcus piezophilus
CDGST, able to grow under extreme hydrostatic pressures. Genome Announc 4(4)

Daly MJ, Gaidamakova EK, Matrosova VY, Vasilenko A, Zhai M, Leapman RD et al (2007)
Protein oxidation implicated as the primary determinant of bacterial radioresistance. PLoS Biol
5(4):e92

DasSarma S, DasSarma P (2015) Halophiles and their enzymes: negativity put to good use. Curr
Opin Microbiol 25:120–126

DasSarma S, Coker JA, DasSarma P (2009) Archaea. In: Encyclopedia of microbiology. Oxford
Academic Press, Oxford, pp 1–23

DeMaayer P, Anderson D, Cary C, Cowan DA (2014) Some like it cold: understanding the survival
strategies of psychrophiles. EMBO Rep 15(5):508–517

Do H, Lee JH, Lee SG, Kim HJ (2012) Crystallization and preliminary X-ray crystallographic
analysis of an ice-binding protein (FfIBP) from Flavobacterium frigoris PS1. Acta Crystallogr
Sect F: Struct Biol Cryst Commun 68(7):806–809

Doronina NV, Trotsenko YA, Tourova TP (2000) Methylarcula marina gen. nov., sp. nov. and
Methylarcula terricola sp. nov.: novel aerobic, moderately halophilic, facultatively
methylotrophic bacteria from coastal saline environments. Int J Syst Evol Microbiol 50(5):
1849–1859

Dose K, Bieger-Dose A, Ernst B, Feister U, Gómez-Silva B, Klein A et al (2001) Survival of
microorganisms under the extreme conditions of the Atacama Desert. Orig Life Evol Biosph
31(3):287–303

Duman JG, Olsen TM (1993) Thermal hysteresis protein activity in bacteria, fungi, and
phylogenetically diverse plants. Cryobiology 30(3):322–328

Falb M, Pfeiffer F, Palm P, Rodewald K, Hickmann V, Tittor J, Oesterhelt D (2005) Living with
two extremes: conclusions from the genome sequence of Natronomonas pharaonis. Genome
Res 15(10):1336–1343

Feller G, Gerday C (2003) Psychrophilic enzymes: hot topics in cold adaptation. Nat Rev Microbiol
1(3):200–208

Frösler J, Panitz C, Wingender J, Flemming HC, Rettberg P (2017) Survival of Deinococcus
geothermalis in biofilms under desiccation and simulated space and Martian conditions. Astro-
biology 17(5):431–447

Fütterer O, Angelov A, Liesegang H, Gottschalk G, Schleper C, Schepers B et al (2004) Genome
sequence of Picrophilus torridus and its implications for life around pH 0. Proc Natl Acad Sci
101(24):9091–9096



40 K. Viswadeepika and P. V. Bramhachari

Galinski EA, Trüper HG (1982) Betaine, a compatible solute in the extremely halophilic
phototrophic bacterium Ectothiorhodospira halochloris. FEMS Microbiol Lett 13(4):357–360

Gao K, Ye C (2007) Photosynthetic insensitivity of the terrestrial cyanobacterium Nostoc
flagelliforme to solar UV radiation while rehydrated or desiccated. J Phycol 43(4):628–635

Gao X, Liu W, Mei J, Xie J (2019) Quantitative analysis of cold stress inducing lipidomic changes
in Shewanella putrefaciens using UHPLC-ESI-MS/MS. Molecules 24(24):4609

Gilbert JA, Hill PJ, Dodd CE, Laybourn-Parry J (2004) Demonstration of antifreeze protein activity
in Antarctic lake bacteria. Microbiology 150(1):171–180

Godin-Roulling A, Schmidpeter PA, Schmid FX, Feller G (2015) Functional adaptations of the
bacterial chaperone trigger factor to extreme environmental temperatures. Environ Microbiol
17(7):2407–2420

Golyshina OV, Pivovarova TA, Karavaiko GI, Kondratéva TF, Moore ER, Abraham WR et al
(2000) Ferroplasma acidiphilum gen. nov., sp. nov., an acidophilic, autotrophic, ferrous-iron-
oxidizing, cell-wall-lacking, mesophilic member of the Ferroplasmaceae fam. nov., comprising
a distinct lineage of the Archaea. Int J Syst Evol Microbiol 50(3):997–1006

Guazzaroni ME, Morgante V, Mirete S, González-Pastor JE (2013) Novel acid resistance genes
from the metagenome of the Tinto River, an extremely acidic environment. Environ Microbiol
15(4):1088–1102

Hartman AL, Norais C, Badger JH, Delmas S, Haldenby S, Madupu R et al (2010) The complete
genome sequence of Haloferax volcanii DS2, a model archaeon. PLoS One 5(3):e9605

Hickey DA, Singer GA (2004) Genomic and proteomic adaptations to growth at high temperature.
Genome Biol 5(10):1–7

Horikoshi K (2006) Alkaliphiles: genetic properties and applications of enzymes. Springer, Berlin
Jain RM, Mody K, Mishra A, Jha B (2012) Isolation and structural characterization of biosurfactant

produced by an alkaliphilic bacterium Cronobacter sakazakii isolated from oil contaminated
wastewater. Carbohydr Polym 87(3):2320–2326

Jamroze A, Perugino G, Valenti A, Rashid N, Rossi M, Akhtar M, Ciaramella M (2014) The reverse
gyrase from Pyrobaculum calidifontis, a novel extremely thermophilic DNA topoisomerase
endowed with DNA unwinding and annealing activities. J Biol Chem 289(6):3231–3243

Janto B, Ahmed A, Ito M, Liu J, Hicks DB, Pagni S et al (2011) Genome of alkaliphilic Bacillus
pseudofirmus OF4 reveals adaptations that support the ability to grow in an external pH range
from 7.5 to 11.4. Environ Microbiol 13(12):3289–3309

Jebbar M, Franzetti B, Girard E, Oger P (2015) Microbial diversity and adaptation to high
hydrostatic pressure in deep-sea hydrothermal vents prokaryotes. Extremophiles 19(4):721–740

Jin Q, Kirk MF (2018) pH as a primary control in environmental microbiology: 1. Thermodynamic
perspective. Front Environ Sci 6:21

Jones DL, Baxter BK (2017) DNA repair and photoprotection: mechanisms of overcoming
environmental ultraviolet radiation exposure in halophilic archaea. Front Microbiol 8:1882

Jones DS, Albrecht HL, Dawson KS, Schaperdoth I, Freeman KH, Pi Y et al (2012) Community
genomic analysis of an extremely acidophilic sulfur-oxidizing biofilm. ISME J 6(1):158–170

Joshi AA, Kanekar PP (2011) Production of exopolysaccharide by Vagococcus carniphilus MCM
B-1018 isolated from alkaline Lonar Lake, India. Ann Microbiol 61(4):733–740

Joulak I, Finore I, Poli A, Abid Y, Bkhairia I, Nicolaus B et al (2020) Hetero-exopolysaccharide
from the extremely halophilic Halomonas smyrnensis K2: production, characterization and
functional properties in vitro. 3 Biotech 10(9):1–12

Jung Y, Kim W, Kim W, Park W (2020) Complete genome and calcium carbonate precipitation of
alkaliphilic Bacillus sp. AK13 for self-healing concrete :404–416

Kandror O, DeLeon A, Goldberg AL (2002) Trehalose synthesis is induced upon exposure of
Escherichia coli to cold and is essential for viability at low temperatures. Proc Natl Acad Sci U S
A 99(15):9727–9732

Kawahara H (2002) The structures and functions of ice crystal-controlling proteins from bacteria. J
Biosci Bioeng 94(6):492–496



3 Mechanistic Adaptation of Microbiomes in Extreme Environments 41

Kawahara H (2008) Cryoprotectants and ice-binding proteins. In: Psychrophiles: from biodiversity
to biotechnology. Springer, Heidelberg, pp 229–246

Kawahara H, Nakano Y, Omiya K, Muryoi N, Nishikawa J, Obata H (2004) Production of two
types of ice crystal-controlling proteins in Antarctic bacterium. J Biosci Bioeng 98(3):220–223

Koerdt A, Gödeke J, Berger J, Thormann KM, Albers SV (2010) Crenarchaeal biofilm formation
under extreme conditions. PLoS One 5(11):e14104

Konings WN, Albers SV, Koning S, Driessen AJ (2002) The cell membrane plays a crucial role in
survival of bacteria and archaea in extreme environments. Antonie Van Leeuwenhoek 81(1–4):
61–72

Krulwich TA (1995) Alkaliphiles: ‘basic’molecular problems of pH tolerance and bioenergetics.
Mol Microbiol 15(3):403–410

Krulwich TA, Ito M, Hicks DB, Gilmour R, Guffanti AA (1998) pH homeostasis and ATP
synthesis: studies of two processes that necessitate inward proton translocation in extremely
alkaliphilic Bacillus species. Extremophiles 2(3):217–222

Krulwich TA, Sachs G, Padan E (2011) Molecular aspects of bacterial pH sensing and homeostasis.
Nat Rev Microbiol 9(5):330–343

Kumar S, Nussinov R (2001) How do thermophilic proteins deal with heat? Cell Mol Life Sci
CMLS 58(9):1216–1233

Lane N, Martin WF (2012) The origin of membrane bioenergetics. Cell 151(7):1406–1416
Lane N, Allen JF, Martin W (2010) How did LUCA make a living? Chemiosmosis in the origin of

life. BioEssays 32(4):271–280
Lebre PH, De Maayer P, Cowan DA (2017) Xerotolerant bacteria: surviving through a dry spell.

Nat Rev Microbiol 15(5):285–296
Li Q, Yan Q, Chen J, He Y, Wang J, Zhang H et al (2012) Molecular characterization of an ice

nucleation protein variant (inaQ) from Pseudomonas syringae and the analysis of its transmem-
brane transport activity in Escherichia coli. Int J Biol Sci 8(8):1097

Liao Y, Williams TJ, Walsh JC, Ji M, Poljak A, Curmi PMG et al (2016) Developing a genetic
manipulation system for the Antarctic archaeon, Halorubrum lacusprofundi: investigating
acetamidase gene function. Sci Rep 6:34639

Lockhart JS, DeVeaux LC (2013) The essential role of the Deinococcus radiodurans ssb gene in
cell survival and radiation tolerance. PLoS One 8(8):e71651

Macalady JL, Vestling MM, Baumler D, Boekelheide N, Kaspar CW, Banfield JF (2004)
Tetraether-linked membrane monolayers in Ferroplasma spp: a key to survival in acid.
Extremophiles 8(5):411–419

Maier RM, Neilson JW (2015) Extreme environments. In: Environmental microbiology. Academic
Press, pp 139–153

Makarova KS, Aravind L, Wolf YI, Tatusov RL, Minton KW, Koonin EV, Daly MJ (2001)
Genome of the extremely radiation-resistant bacterium Deinococcus radiodurans viewed
from the perspective of comparative genomics. Microbiol Mol Biol Rev 65(1):44–79

Margesin R, Schinner F (2001) Bioremediation (natural attenuation and biostimulation) of diesel-
oil-contaminated soil in an alpine glacier skiing area. Appl Environ Microbiol 67(7):3127–3133

Marguet E, Forterre P (1998) Protection of DNA by salts against thermodegradation at temperatures
typical for hyperthermophiles. Extremophiles 2(2):115–122

Math RK, Jin HM, Kim JM, Hahn Y, Park W, Madsen EL, Jeon CO (2012) Comparative genomics
reveals adaptation by Alteromonas sp. SN2 to marine tidal-flat conditions: cold tolerance and
aromatic hydrocarbon metabolism. PLoS One 7(4):e35784

Matin A (1999) pH homeostasis in acidophiles. In: Novartis Foundation symposium, vol 221.
Wiley, pp 152–166

Meklat A, Sabaou N, Zitouni A, Mathieu F, Lebrihi A (2011) Isolation, taxonomy, and antagonistic
properties of halophilic actinomycetes in Saharan soils of Algeria. Appl Environ Microbiol
77(18):6710–6714

Michael T, Madigan M, Orent A (1999) Thermophilic and halophilic extremophiles. Curr Opin
Microbiol 2(3):265–269



42 K. Viswadeepika and P. V. Bramhachari

Michels M, Bakker EP (1985) Generation of a large, protonophore-sensitive proton motive force
and pH difference in the acidophilic bacteria Thermoplasma acidophilum and Bacillus
acidocaldarius. J Bacteriol 161(1):231–237

Miller MB, Bassler BL (2001) Quorum sensing in bacteria. Annu Rev Microbiol 55(1):165–199
Minsky A, Shimoni E, Englander J (2006) Ring-like nucleoids and DNA repair through error-free

nonhomologous end joining in Deinococcus radiodurans. J Bacteriol 188(17):6047–6051
Miyazaki K, Tomariguchi N (2019) Occurrence of randomly recombined functional 16S rRNA

genes in Thermus thermophilus suggests genetic interoperability and promiscuity of bacterial
16S rRNAs. Sci Rep 9(1):1–10

Moran-Reyna A, Coker JA (2014) The effects of extremes of pH on the growth and transcriptomic
profiles of three haloarchaea. F1000Research 3

Muñoz PA, Márquez SL, González-Nilo FD, Márquez-Miranda V, Blamey JM (2017) Structure
and application of antifreeze proteins from Antarctic bacteria. Microb Cell Factories 16(1):138

Muryoi N, Sato M, Kaneko S, Kawahara H, Obata H, Yaish MW et al (2004) Cloning and
expression of afpA, a gene encoding an antifreeze protein from the arctic plant growth-
promoting rhizobacterium Pseudomonas putida GR12-2. J Bacteriol 186(17):5661–5671

Nakasone K, Ikegami A, Kato C, Usami R, Horikoshi K (1998) Mechanisms of gene expression
controlled by pressure in deep-sea microorganisms. Extremophiles 2(3):149–154

Oger PM, Jebbar M (2010) The many ways of coping with pressure. Res Microbiol 161(10):
799–809

Oliveira GBD, Favarin L, Luchese RH, McIntosh D (2015) Psychrotrophic bacteria in milk: how
much do we really know? Braz J Microbiol 46(2):313–321

Oren A (2002a) Adaptation of halophilic archaea to life at high salt concentrations. In: Salinity:
environment-plants-molecules. Springer, Dordrecht, pp 81–96

Oren A (2002b) Molecular ecology of extremely halophilic archaea and bacteria. FEMS Microbiol
Ecol 39:1–7

Oren A (2013) Life at high salt concentrations, intracellular KCl concentrations, and acidic
proteomes. Front Microbiol 4:315

Ortega-Morales BO, López-Cortés A, Hernandez-Duque G, Crassous P, Guezennec J (2001)
[27] Extracellular polymers of microbial communities colonizing ancient limestone
monuments. In: Methods in enzymology, vol 336. Academic Press, pp 331–339

Osorio H, Mettert EL, Kiley P, Dopson M, Jedlicki E, Holmes DS (2019) Identification and unusual
properties of the master regulator FNR in the extreme Acidophile Acidithiobacillus
ferrooxidans. Front Microbiol 10:1642

Panosyan H, Di Donato P, Poli A, Nicolaus B (2018) Production and characterization of
exopolysaccharides by Geobacillus thermodenitrificans ArzA-6 and Geobacillus toebii ArzA-
8 strains isolated from an Armenian geothermal spring. Extremophiles 22(5):725–737

Park YL, Choi TR, Han YH, Song HS, Park JY, Bhatia SK et al (2020) Effects of osmolytes on salt
resistance of Halomonas socia CKY01 and identification of osmolytes-related genes by genome
sequencing. J Biotechnol 322:21–28

Parrilli E, Tedesco P, Fondi M, Tutino ML, Giudice AL, de Pascale D, Fani R (2019) The art of
adapting to extreme environments: the model system Pseudoalteromonas. Phys Life Rev. 36:
137–161

Paulino-Lima IG, Fujishima K, Navarrete JU, Galante D, Rodrigues F, Azua-Bustos A, Rothschild
LJ (2016) Extremely high UV-C radiation resistant microorganisms from desert environments
with different manganese concentrations. J Photochem Photobiol B Biol 163:327–336

Pavlopoulou A, Savva GD, Louka M, Bagos PG, Vorgias CE, Michalopoulos I, Georgakilas AG
(2016) Unraveling the mechanisms of extreme radioresistance in prokaryotes: lessons from
nature. Mutat Res Rev Mutat Res 767:92–107

Peoples LM, Kyaw TS, Ugalde JU, Mullane KK, Chastain RA, Yayanos AA et al (2020)
Distinctive gene and protein characteristics of extremely piezophilic Colwellia. bioRxiv



3 Mechanistic Adaptation of Microbiomes in Extreme Environments 43

Pérez V, Hengst M, Kurte L, Dorador C, Jeffrey WH, Wattiez R et al (2017) Bacterial survival
under extreme UV radiation: a comparative proteomics study of Rhodobacter sp., isolated from
high altitude wetlands in Chile. Front Microbiol 8:1173

Pérez-Rodríguez I, Bolognini M, Ricci J, Bini E, Vetriani C (2015) From deep-sea volcanoes to
human pathogens: a conserved quorum-sensing signal in Epsilonproteobacteria. ISME J 9(5):
1222–1234

Pikuta EV, Hoover RB, Tang J (2007) Microbial extremophiles at the limits of life. Crit Rev
Microbiol 33(3):183–209

Potts M (1999) Mechanisms of desiccation tolerance in cyanobacteria. Eur J Phycol 34(4):319–328
Preiss L, Hicks DB, Suzuki S, Meier T, Krulwich TA (2015) Alkaliphilic bacteria with impact on

industrial applications, concepts of early life forms, and bioenergetics of ATP synthesis. Front
Bioeng Biotechnol 3:75

Quehenberger J, Shen L, Albers SV, Siebers B, Spadiut O (2017) Sulfolobus—a potential key
organism in future biotechnology. Front Microbiol 8:2474

Rampelotto PH (2013) Extremophiles and extreme environments. Life 3:482–485
Raymond JA, Fritsen C, Shen K (2007) An ice-binding protein from an Antarctic sea ice bacterium.

FEMS Microbiol Ecol 61(2):214–221
Reed CJ, Lewis H, Trejo E, Winston V, Evilia C (2013) Protein adaptations in archaeal

extremophiles. Archaea 2013
Roeßler M, Müller V (1998) Quantitative and physiological analyses of chloride dependence of

growth of Halobacillus halophilus. Appl Environ Microbiol 64(10):3813–3817
Rong JC, Liu Y, Yu S, Xi L, Chi NY, Zhang QF (2020) Complete genome sequence of

Paenisporosarcina antarctica CGMCC 1.6503 T, a marine psychrophilic bacterium isolated
from Antarctica. Mar Genomics 49:100690

Rothschild LJ, Mancinelli RL (2001) Life in extreme environments. Nature 409(6823):1092–1101
Rout SP, Payne L, Walker S, Scott T, Heard P, Eccles H et al (2018) The impact of alkaliphilic

biofilm formation on the release and retention of carbon isotopes from nuclear reactor graphite.
Sci Rep 8(1):1–9

Saum SH, Müller V (2008) Regulation of osmoadaptation in the moderate halophile Halobacillus
halophilus: chloride, glutamate and switching osmolyte strategies. Saline Syst 4(1):1–15

Saum SH, Pfeiffer F, Palm P, Rampp M, Schuster SC, Müller V, Oesterhelt D (2013) Chloride and
organic osmolytes: a hybrid strategy to cope with elevated salinities by the moderately halo-
philic, chloride-dependent bacterium Halobacillus halophilus. Environ Microbiol 15(5):
1619–1633

Sharma A, Scott JH, Cody GD, Fogel ML, Hazen RM, Hemley RJ, Huntress WT (2002) Microbial
activity at gigapascal pressures. Science 295(5559):1514–1516

Siliakus MF, van der Oost J, Kengen SWM (2017) Adaptations of archaeal and bacterial
membranes to variations in temperature, pH and pressure. Extremophiles 21(4):651–670

Slade D, Radman M (2011) Oxidative stress resistance inDeinococcus radiodurans. Microbiol Mol
Biol Rev 75(1):133–191

Srikumar S, Cao Y, Yan Q, Van Hoorde K, Nguyen S, Cooney S et al (2019) RNA sequencing-
based transcriptional overview of xerotolerance in Cronobacter sakazakii SP291. Appl Environ
Microbiol 85(3)

Stetter KO (1999) Extremophiles and their adaptation to hot environments. FEBS Lett 452(1–2):
22–25

Susin MF, Baldini RL, Gueiros-Filho F, Gomes SL (2006) GroES/GroEL and DnaK/DnaJ have
distinct roles in stress responses and during cell cycle progression in Caulobacter crescentus. J
Bacteriol 188(23):8044–8053

Ting L, Williams TJ, Cowley MJ, Lauro FM, Guilhaus M, Raftery MJ, Cavicchioli R (2010) Cold
adaptation in the marine bacterium, Sphingopyxis alaskensis, assessed using quantitative prote-
omics. Environ Microbiol 12(10):2658–2676

Tyson GW, Chapman J, Hugenholtz P, Allen EE, Ram RJ, Richardson PM et al (2004) Community
structure and metabolism through reconstruction of microbial genomes from the environment.
Nature 428(6978):37–43



44 K. Viswadeepika and P. V. Bramhachari

Urbieta MS, Donati ER, Chan KG, Shahar S, Sin LL, Goh KM (2015) Thermophiles in the
genomic era: biodiversity, science, and applications. Biotechnol Adv 33(6):633–647

Usui K, Hiraki T, Kawamoto J, Kurihara T, Nogi Y, Kato C, Abe F (2012) Eicosapentaenoic acid
plays a role in stabilizing dynamic membrane structure in the deep-sea piezophile Shewanella
violacea: a study employing high-pressure time-resolved fluorescence anisotropy measurement.
Biochim Biophys Acta 1818(3):574–583

Van de Vossenberg JL, Driessen AJ, Zillig W, Konings WN (1998) Bioenergetics and cytoplasmic
membrane stability of the extremely acidophilic, thermophilic archaeon Picrophilus oshimae.
Extremophiles 2(2):67–74

Van-Thuoc D, Hashim SO, Hatti-Kaul R, Mamo G (2013) Ectoine-mediated protection of enzyme
from the effect of pH and temperature stress: a study using Bacillus halodurans xylanase as a
model. Appl Microbiol Biotechnol 97(14):6271–6278

Varin T, Lovejoy C, Jungblut AD, Vincent WF, Corbeil J (2012) Metagenomic analysis of stress
genes in microbial mat communities from Antarctica and the high Arctic. Appl Environ
Microbiol 78(2):549–559

Vásquez-Ponce F, Higuera-Llantén S, Pavlov MS, Ramírez-Orellana R, Marshall SH, Olivares-
Pacheco J (2017) Alginate overproduction and biofilm formation by psychrotolerant Pseudo-
monas mandelii depend on temperature in Antarctic marine sediments. Electron J Biotechnol
28:27–34

Wang L, Cheng G, Ren Y, Dai Z, Zhao ZS, Liu F, Li S, Wei Y, Xiong J, Tang XF, Tang B (2015)
Degradation of intact chicken feathers by Thermoactinomyces sp. CDF and characterization of
its keratinolytic protease. Appl Microbiol Biotechnol 99(9):3949–3959

Wang J, WangW,Wang H, Yuan F, Xu Z, Yang K et al (2019) Improvement of stress tolerance and
riboflavin production of Bacillus subtilis by introduction of heat shock proteins from thermo-
philic bacillus strains. Appl Microbiol Biotechnol 103(11):4455–4465

Webb KM, DiRuggiero J (2012) Role of Mn2+ and compatible solutes in the radiation resistance of
thermophilic bacteria and archaea. Archaea 2012

Wilson SL, Kelley DL, Walker VK (2006) Ice-active characteristics of soil bacteria selected by
ice-affinity. Environ Microbiol 8(10):1816–1824

Xu L, Wu YH, Zhou P, Cheng H, Liu Q, Xu XW (2018) Investigation of the thermophilic
mechanism in the genus Porphyrobacter by comparative genomic analysis. BMC Genomics
19(1):385

Xue J, Fang J, Zhang H, Wei Y, Wang L, Liu R, Cao J (2020) Complete genome sequence of a
piezophilic bacterium Salinimonas sediminis N102T, isolated from deep-sea sediment of the
New Britain Trench. Mar Genomics 56:100807

Zarzecka U, Harrer A, Zawilak-Pawlik A, Skorko-Glonek J, Backert S (2019) Chaperone activity of
serine protease HtrA of Helicobacter pylori as a crucial survival factor under stress conditions.
Cell Commun Signal 17(1):1–18

Zhang L, Su F, Kong X, Lee F, Day K, Gao W et al (2016) Ratiometric fluorescent pH-sensitive
polymers for high-throughput monitoring of extracellular pH. RSC Adv 6(52):46134–46142

Zhang WJ, Cui XH, Chen LH, Yang J, Li XG, Zhang C et al (2019) Complete genome sequence of
Shewanella benthica DB21MT-2, an obligate piezophilic bacterium isolated from the deepest
Mariana Trench sediment. Mar Genomics 44:52–56

Zhang Y, Qiu D, Liao Z, Zhao B (2020a) Draft genome sequence of Alkalicoccus halolimnae
BZ-SZ-XJ29T, a moderately halophilic bacterium isolated from a salt Lake. Microbiol Resour
Announc 9(27)

Zhang Y, Zhang S, Zhao D, Ni Y, Wang W, Yan L (2020b) Complete genome sequence of
Acidithiobacillus ferrooxidans YNTRS-40, a strain of the ferrous iron-and sulfur-oxidizing
acidophile. Microorganisms 8(1):2

Zhao S, Cao F, Zhang H, Zhang L, Zhang F, Liang X (2014) Structural characterization and
biosorption of exopolysaccharides from Anoxybacillus sp. R4-33 isolated from radioactive
radon hot spring. Appl Biochem Biotechnol 172(5):2732–2746


	3: Mechanistic Adaptation of Microbiomes in Extreme Environments
	3.1 Introduction
	3.2 Psychrophiles
	3.3 Thermophiles
	3.4 Acidophiles
	3.5 Alkaliphiles
	3.6 Halophiles
	3.7 Xero-Tolerant Extremophiles and Oxidative Stress
	3.8 Piezophiles
	3.9 Radiophiles
	3.10 Conclusions and Future Perspectives
	References




