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Abstract: Limits of life on earth is still an expanding topic and extensive research is being carried out throughout the world.
These limits are the nether and higher boundaries of various parameters like atmospheric, geochemical, temperature and
water/nutrient availability. By the means of evolution many microorganisms have evolved and adapted to harsh extreme
conditions whose study can give us insight into their defense mechanisms and adaptive strategies. The secondary metabolites
as well as enzymes which are stable over a broad range of conditions can be extracted and put forward for the betterment
of the environment and humankind. This review focuses on extremophiles living in the extreme environmental conditions
of temperature, radiation, desiccation, salinity and pH.
Index Terms: Extremophiles, Thermophiles, Xerophiles, Psychrophiles, Acidophiles, Alkaliphiles
________________________________________________________________________________________________________
I. INTRODUCTION
In the recent decades many studies have emphasized on exploring the capabilities of living things to survive in extreme conditions.
These extreme conditions refer to the upper and lower boundaries of various parameters including pH, temperature, salinity,
desiccation, radiation, pressure and nutrient availability [1]. Microorganisms that are capable of growing in such extreme conditions
are known as extremophiles (extreme-loving). However one should not confuse extremotolerants with extremophiles.
Extremotolerant are those organisms which can withstand the extreme conditions upto a certain extent [2]. Microorganisms that can
grow in two or more extreme conditions are called polyextremophiles [3]. This shows us that life can acclimatize to extensive
parameters and thus by understanding the extremes in which life can sustain, we can advance our knowledge and search for life
elsewhere in the universe. This review focuses on different extreme conditions and the strategies employed by microorganisms to
survive in these harsh conditions. Review also gives insights on applications of enzymes and secondary metabolites obtained from
these extremophiles.
II. EXTREMOPHILES
1. Temperature:
Temperature on earth ranges from -98℃ to 495℃ which was recorded at East Antarctica and Beebe deep hydrothermal vent
[4][5]. Depending on the temperatures in which microorganisms can survive, they can be divided into three categories namely
psychrophiles, mesophiles and thermophiles. Psychrophilic microorganisms grow optimally at temperatures below 15-20℃ [6].
Mesophiles are the microorganisms that grow optimally between 20-45℃ [7]. Microorganisms growing optimally at temperatures
above 45℃ are called Thermophiles [8]. Out of these three categories, psychrophiles and thermophiles are regarded as extremophiles.
A. Psychrophiles:
The term psychrophiles originate from two Greek words “Psukhros” which means cold and “Philein” meaning love [9].
Psychrophiles belonging to different phyla have been reported including Actinobacteria, Ascomycota, Basidiomycota, Chlamydiae,
Chloroflexi, Cyanobacteria, Firmicutes, Euryarchaeto, Gemmatimonadetes, Nitrospirae, Mucoromycota, Planctomycetes,
Proteobacteria, Thaumarchaeota, Verrucomicrobia, Flavobacterium, Shewanella Clostridium and many more [10][11][12][13][14].
Psychrophiles and their products have a wide spectra of applications. Pigments such as carotenoid, due to their low toxicity and
high stability have applications in fields like food, cosmetology and pharmaceuticals as coloring agent [15]; Indolic biochromes have
multiple properties such as antitumour, antiviral, antiparasitic, antibacterial, antiprotozoal, and antioxidant activities [16][17];
Ubiquinone Q-10 is used in treatment of various diseases like Parkinson’s, Alzheimer’s and cardiovascular diseases [18]. Cold-active
enzymes extracted from psychrophiles are important from an industrial point of view. Β-glycosidase extracted from Exiguobacterium
oxidotolerans, a deep sea sediment dwelling bacteria, which at 10℃ retains 61% of its utmost activity within pH 6.6-9.0 [19];
Zunongwangia profunda and Flammeovirga pacifica living in deep sea, produces cold adapted xylanases which are used in bakery
industry [20][21]. Cold adapted ɑ-amylase isolated from a deep sea resident of Bacillus spp. has its application in detergent as well
as textile and food industries [22]. Exopolysaccharides (EPSs) isolated from psychrophilic marine bacteria Colwellia psychrerythraea
show antifreeze properties [23]. EPSs are also used as thickeners, gelling agents, stabilizers as well as prebiotic, antioxidant and
antitumoral [24].
Psychrophilic microorganisms employ various strategies to adapt themselves to lower temperatures including structural
adaptations and enzyme adaptations. Genes responsible for long chain fatty acid production are upregulated and thus change the lipid
bilayer composition of cell membrane [25]. This fatty acids are highly branched, long chained having cis-isomerisation (KAS-II and
KAS-III) which help in preventing formation of ice crystals of fluids in cell membrane [26][27]. Long Chain Polyunsaturated Fatty
acids (LC-PUFAs) like eicosapentaenoic (EPA, 20:5ω3), docosahexaenoic (DHA, 22:6ω3) and arachidonic (ARA, 20:4ω6c) acid
play vital role in maintaining cell membrane fluidity in marine organisms as well as LC-PUFAs act as antioxidants against ROS like
H2O2 which is present in high levels in deep sea [28][29][30][31]. Membrane pigments such as carotenoids play a vital role in
membrane stabilization by acting against the fluidizing effects of LC-PUFAs [32]. These pigments also contribute in protecting
organisms from freeze-thaw cycles [33]. Some psychrophilic organisms show hydrophobic encrustations made up of choline,
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peptidoglycan and calcium carbonate outside cell wall [34]. Modification in LPS structure is also seen in some Gram negative
organisms in which shortened length LPS is produced without a specific O-chain component [35]. Psychrophilic organisms produce
compatible solutes which are non-toxic, organic, low molecular mass osmolytes in high amounts [36]. These osmolytes help in
maintaining the osmotic pressure and thus prevent loss of water and cell shrinkage as well as reduce intracellular glass transition
temperature [37]. Another strategy to survive in the cold is by production of Antifreeze Proteins (AFPs). AFPs help the organism in
maintaining inner cell fluidity via two processes; thermal hysteresis (TH) and ice recrystallization inhibition (IRI). In TH, AFPs lower
the freezing temperature without affecting melting temperature of a solution whereas in IRI, AFPs inhibit growth of ice crystals [38]
[39]. On the contrary are the ice nucleating proteins (INPs) that are released in extracellular space which initiates ice
nucleation/formation and help them damage plants and get access to nutrients [40]. Secretion of exopolysaccharides (EPSs) act as a
barrier for ice formation around the cell as well as provide a habitable semi liquid environment [41]. Genomic and protein stability
is conferred by DNA/RNA chaperone and protein chaperones whose production is upregulated and is continuously overexpressed in
psychrophilic organisms [42]. Several studies have shown the capability of various psychrophilic organisms to accumulate and/or
degrade polyhydroxyalkanoate (PHA) and/or cyanophycin like compounds which can act as carbon and nitrogen reservoirs [43].
Apart from above mentioned strategies there are many more minor yet important adaptations that help microorganisms to survive
in harsh cold environments.
B. Thermophiles:
The term thermophiles is derived from Greek words; “thermotita” meaning heat and “philia” which means love. Thermophilic
organisms include wide range of archaea and bacteria genre like Moorella, Gelria, Pseudomonas, Geobacillus, Bacillus,
Thermococcus, Thermus, Mycobacterium, Thermotoga, Gallionella, Crenothrix, Sphaerotilus, Leptothrix, Lieskeella, Pyrococcus,
Sulfolobus, Metallosphaera, Caldicellulosiruptor, Thermoanaerobacter, etc [44][45].
Enzymes isolated from thermophiles have significant biotechnological applications. Lipases isolated from thermophiles are used
in detergents, in pharmaceutical formulations as esterification agent, they are also used in pulp and paper industries to remove
hydrophobic components [46][47][48]. Thermolysin is used in synthesis of DNA processing enzymes, dipeptides and pretaq [49].
Prolidase isolated from Pyrococcus furiosus is the most stable prolidase which shows no loss of activity even after 12hrs at
temperatures above 100℃ [50]. Novel pH stable and thermostable β-agarase AgaP4383 isolated from Flammeovirga pacifica
WPAGA1 showed endolytic activity against agar at temperature 50°C without any loss for 10hrs, this activity can be useful in
successfully extracting DNA from agarose gel [51][52]. Taq DNA Polymerase isolated from Thermus aquaticus set a benchmark by
proving its application in Polymerase Chain reaction [53]. Chen, G., et al. reported detoxifying activity of thermophilic bacteria
Anoxybacillus sp. PDR2 against azo dye Direct Black G, thus implying importance of thermophilic organisms in bioremediation [54].
Laccase-like multicopper oxidase isolated from Thermothelomyces thermophila carries out oxidative cyclization of 2’,3,4trihydroxychalcone; other than that lacasses can be used in bioremediation, bio sensor, dye decolorization, etc [55].
Similar to psychrophiles, thermophilic organisms also need to modify their cell membrane, protein folding and packaging
strategies, metabolic pathways, as well as produce heat shock proteins in order to survive in higher temperatures. Membrane
phospholipids has been instrumental in protecting cell internals from its harsh surroundings. In thermophilic bacteria, length of lipid
acyl chains is increased along with iso/anteiso ratio of branching and degree of saturation [56][57]. Thermophilic archaea contain
lipid monolayers formed from glycerol dialkyl glycerol tetraethers (GDGTs) which are isoprenoidal tetraether lipids which lower the
permeability of membrane for the solutes [58]. In Thermoplasma and Sulfolobus strains, C40 isoprenoid cyclisation was increased
when grown at high temperatures, which resulted in tight packaging of lipids and thus lowering the fluidity of cell membrane [59].
Other than changes in cell membrane, thermostable proteins and enzymes play a significant role in allowing organisms to tackle
adverse effects of high temperature. In thermostable proteins it was observed that there was reduction of thermolabile amino acids
like threonine, histamine and glutamine as well as increase in frequency of charged residues like positively charged lysine and
arginine and negatively charged glutamic acid implying that ionic bonds may help stabilize the proteins at higher temperature
[60][61][62]. Increase in the number of intra helical salt bridges may also contribute to protein stability at high temperatures [63].
Chaperones has an important role to play in protein folding and refolding as well as unfolding and refolding of misfolded proteins.
Chaperones are also designated as heat shock proteins as their synthesis is upshifted by increase in temperature [64]. There are five
major conserved classes of heat-shock chaperones namely- Hsp100s, Hsp90s, Hsp70s, Hsp60s and sHsps [65]. In the organism
Pyrodictium occultum, overproduction of 16-subunit chaperone was observed at 108°C [66]. Archaea like Thermoplasma
acidophilum and Methanobacterium thermoautotrophicum showed the presence of Hsp70 also known as DnaK [67]. Similar to
psychrophilic organisms, thermophiles also produce and accumulate compatible solutes in order to overcome stress like high
temperature and desiccation. One such compatible solute called Cyclic 2,3-Diphosphoglycerate (cDPG) was detected for the first
time in thermophile Methanobacterium thermoautotrophicum [68]. 0.5 M concentration of potassium-cDPG was able to prevent
rapid inactivation of enzyme formyltransferase at 90°C in Methanopyrus kandleri [69]. cDPG also serve as a storage compound for
phosphate and energy as well as it also protects plasmid DNA from hydroxyl radical’s oxidative damage [70]. Another such
compatible solute is Diglycerol Phosphate (DGP). Only 15% drop in activity of glutamate dehydrogenase was observed with 100
mM DGP rather than 80% drop observed without DGP in Thermococcus litoralis when incubated at 90°C for 80 minutes [71]. Many
other extremolytes like ectoin, proline, mannitol, mannosyl-glyceramide, glucosyl-glycerate and di-myo-inositol 1,1-phosphate have
been reported to confer thermostability [72]. Studies have shown presence of high G+C content at the stem region of structural RNAs
imparting thermostability [73]. Aslo, polyadenine tracts present in mRNA impart thermostability in single stranded RNA [74]. Studies
carried out by Deeya Saha and team sheds light on overlapping genes as a new strategy to overcome thermophilic stress [75]. Role
of G+C content in thermostability of DNA stills remains a point of debate.
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2. Radiation:
Lower Earth Orbit (LEO) and space beyond LEO consist of various radiations like GCR, SEP and UV. We have seen how this
radiation interacts with cells at DNA level and how it can alter it. However, studies have reported resistance in microorganisms
against these radiations. Microorganisms employ various strategies like upregulation of DNA repair proteins, increased ability to
counteract oxygen-free radicals, genomic rearrangements, upregulation of certain enzymes, pigment formation, etc [76].
Various studies have reported radiation resistant microorganisms. Gram negative bacterium Acinetobacter radioresistens 50v1
showed resistance to high UV radiation along with vapor and plasma H2O2 [77]. Deinococcus radiodurans can withstand with no
loss in viability, high IR radiation dose of 5000-15000 Gy [78]. Cryomyces antarcticus a black fungus found in Antarctica permafrost
has been reported to resist high UV doses for prolonged duration as well as it also remained viable at 6.66 kGy of gamma radiation
[79]. Bacillus pumilus SAFR-032 showed survivability of 85-100% as well as its spores showed survivability of 10-40% when
exposed to EXPOSE facility for 18 months [80]. Desert cyanobacteria Chroococcidiopsis was reported to withstand high UVC
radiation in BOSS and BIOMEX experiments [81]. Caenorhabditis elegans a nematode was reported to withstand high LET gamma
ray exposure with no effect on chemotaxis as well as locomotion [82]. Xanthoria elegans showed not only resistance but increased
viability as well as higher photosynthetic activity when exposed to 208-215 mGy [83]. Musilova, M. et al. isolated radiation resistant
Halomonads from Antarctic dry valleys and also established the correlation between desiccation resistance and radiation resistance
[84].
Biotechnological applications of radiation resistant organisms include bioremediation, biomining and disposal of radioactive
waste. Biomineralization of uranium by phosphatases released by various organisms like D.radiodurans, Sphingomonas,
C.crescentus, Bacillus, H.noricense etc [85]. Mycosporine-like amino-acids (MAA) can absorb UV radiation as well as antioxidants
and thus can be used in sunscreens [86]. Bacterioruberin produced by Rubrobacter radiotolerans can prevent screen cancer by
repairing DNA strands damaged by ionizing radiation [87]. C.cellulans and B.pumilus were able to degrade cellulose at high rate
[88]. Shewanella putrefaciens and Geobacter sulfurreducens have been proclaimed to convert soluble uranium into insoluble uranium
[89].
Radiation affects mostly DNA and RNA, thus, various strategies are employed at genomic and proteomic levels to resist radiation.
Adaptation strategies against radiation are widely studied in Deinococcus radiodurans as it is highly radiation resistant bacteria plus
a polyextremophile. The cell envelope of D.radiodurans is different from other Gram negative bacteria. Electron microscopic study
of its envelope has revealed that it has six layers with innermost layer being plasma layer and outermost being the S-layer. Second
layer is a porous cell wall containing peptidoglycan. Third layer is made up of fine compartments whereas the fourth layer is an outer
membrane. The fifth layer emits light under the influence of electrons in an electron microscope [90][91][92]. Before DNA repair, it
is important to get rid of products formed by detrimental effects of radiation, one of the processes to achieve this is cellular cleansing.
In this process, the organism eliminates damaged fragments of DNA thus preventing integration of disrupted bases during DNA
synthesis and thereby avoiding higher levels of mutagenesis [93]. Other remaining mutagens present within the cell are removed
using enzyme MutT which belongs to the pyrophosphohydrolase family [94]. Superoxide dismutases like SodA and catalases like
KatA help in enzymatic removal of reactive oxygen species as well as dienoxanthin and pyrroloquinoline-quinone (PQQ) act as
antioxidants and impart gamma radiation resistance in D.radiodurans. [95][96]. Various pathways are proposed for DNA repair in
D.radiodurans. UV endonuclease-beta enzyme is isolated from D.radiodurans which recognize and cut out pyrimidine cyclobutane
dimers formed by UV irradiation [97]. Other enzymes that play a role in DNA repair are thymine glycol glycosylase, uracil DNA
glycosylase and deoxyribophosphodiestrase [98]. PprA and DrRecA are ascertained to be crucial in gamma radiation resistance in
D.radiodurans. Pleiotropic protein promoting DNA repair protein activates NAD and ATP-dependent RNA ligases which inhibit
exonucleolytic degradation and protect DNA ends [99]. DrRecA plays a crucial role in extended synthesis-dependent strand annealing
(ESDSA). Irradiation leads to formation of overhangs in double stranded DNA fragments. DrRecA binds to these overhangs and
undergoes homologous recombination to form an intact genome [100]. Another type of DNA damage induced by UVC radiation is
formation of bipyrimidine photoproducts (BPPs). These BPPs are removed via two separate nucleotide excision repair pathways.
These pathways rely on different proteins like UV DNA damage endonuclease, DNA polymerase I and Protein A of the UvrABC
system [101]. Secondary structures of DNA/RNA called Guanine quadruplex (G4) play an important role in imparting radioresistance
in D.radiodurans. D.radiodurans was exposed to G4 stabilizing drug called N-Methyl mesoporphyrin (NMM) prior to irradiation.
Hampered DNA metabolism as well as sensitivity towards irradiation was observed [102]. Studies on IR resistant Rubrobacter
radiotolerans and Rubrobacter xylanophilus showed that Mn2+ along with higher intracellular concentration of compatible solute
trehalose play an important role in scavenging reactive oxygen species and thus eliminating the ROS formed due to irradiation [103].
Thermococcus gammatolerans is the most radioresistant archea reported [104]. Oxidative damage in DNA of Thermococcus
gammatolerans after exposure to 5 kGy of gamma radiation was observed. Post exposure study revealed that it was repaired by two
base excision repair enzymes called endonuclease III (TGAM_1277) and DNA lyase (TGAM_1653) whose transcription was
upregulated after irradiation. These enzymes had β-elimination cleavage activity by which TGAM_1277 was able to remove affected
pyrimidines whereas TGAM_1653 was able to eliminate oxidized guanine [105]. Various proteins like thioredoxin reductase,
peroxiredoxin, and superoxide reductase capable of dealing with oxidative stress have been reported in the archaea [106].
3. Desiccation:
Life as we know requires liquid water to carry out its function and sustain. Desiccation is defined as removal of water from a
body. Complete desiccation refers to water content below 0.1 g water per gram of dry mass [107][108]. Water activity (aw) can be
defined as pressure of water vapor in a material divided by vapor pressure of pure water at the same temperature [109].
Desiccation tolerance can be observed in a variety of living organisms starting from bacteria, fungi to plants. Organisms that can
prevail in dessication are called xerophiles. Bradyrhizobium japonicum, Rhodococcus jostii RHA1, Mycobacterium, Chloroflexus
aurantiacus, Staphylococcus aureus, Methanothermobacter thermautotrophicus, Sulfolobus metallicus, Thermoproteus tenax,
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Hydrogenothermus marinus, Aquifex aeolicus, Archaeoglobus fulgidus, etc. have been described as xerophiles
[110][111][112][113][114].
Desiccation tolerant bacteria Sphingomonas sp. OF178, Azospirillum brasilense Sp7 and Acinetobacter sp. EMM02 has been
reported to improve maize plant growth [115]. Pseudomonas fluorescens, Pseudomonas migulae and Enterobacter hormaechei were
isolated from a drought tolerant crop called oxtail millet, were found to be xerophiles and improved soil/root ratio as well as moisture
in soil around roots thus enhancing plant growth [116]. Organisms like Acidithiobacillus ferrooxidans strain Wenelen DSM 16786
and Acidithiobacillus thiooxidans strain Licanantay DSM 17318 have been isolated from Atacama Desert and have been patented for
bioleaching of copper [117]. Lechevalieria and Amycolatopsis species have been isolated from Atacama Desert and have been shown
positive for nonribosomal peptide synthase gene clusters which are responsible for production of antitumoral agents [118]. Drought
resistant, phosphorus solubilizing microbes have been stated to improve plant growth [119]. Thus, studies are being conducted to
analyze the potential of these xerophiles to establish and help sustain life in dry conditions as well as examine their other
biotechnological applications.
Survival strategies employed by xerophiles include biofilm formation, increased secretion of EPS as well as extracellular DNA
(eDNA), increased intracellular Mn(II), import and synthesis of compatible solutes or osmolytes, formation of HSP, and protein
aggregation [120]. Various organisms such as Klebsiella spp., Salmonella spp., and some mucoid strains of E.coli produce a capsular
polysaccharide called Colanic acid. Ophir and Gutnick isolated strains of E.coli K-12 which were able to produce colanic acid as
EPS. The ability to produce EPS imparted resistance against desiccation which resulted in upto 35% survival as compared to their
non-mucoid variants which showed 0.7 to 5% survival [121]. Methanosarcina barkeri produces EPS called Methanochondroitin
which imparts desiccation resistance by retaining the water at critical level inside the cell [122]. Along with EPS production,
accumulation of compatible solutes or osmoprotectants plays an important role in desiccation resistance by enabling vetrification of
cytoplasmic matrix.. Anhydrobiotic cyanobacteria called Chroococcidiopsis showed presence of genes encoding for enzymes
responsible for biosynthesis of trehalose and sucrose which were upregulated by 8 to 9 folds after 60 minutes of desiccation [123]. A
nosocomial pathogen Acinetobacter baumannii has been reported to accumulate exogenous trehalose in response to desiccation [124].
Amassing of compatible solutes like K+ ions, betaine, trehalose and sucrose was observed in Rhizobia when exposed to desiccation
using NaCl [125]. Accumulation of Mn2+ was observed in Deinococcus radiodurans when it was subjected to desiccation stress thus
protecting the proteins from oxidative stress resulting from desiccation [126]. Lack of water due to desiccation can lead to protein
misfolding and agglomeration resulting in death of microbes. However in some organisms this protein aggregation provides resistance
against desiccation via mechanisms yet to be discovered. Aggregation of proteins was observed in Acinetobacter baumannii during
desiccation, which in turn protected functional proteins from desiccation [127]. Reversible aggregation of pyruvate kinase was
observed in yeast exposed to desiccation, which prevented degeneration of protein and ensured the proper restart of cell cycle post
stress [128]. HSPs form hydrogen bonds with other molecules and compensate for loss of water. The upregulation of heat shock
proteins (HSPs) in response to desiccation was observed in cyanobacterium Anabaena sp. 7120 as well as of Hsp20 in D.radiodurans
[129].
4. Salinity:
Salinity can be defined as concentration of salts dissolved in seawater and is expressed as parts per thousand or salt in grams per
kilogram of seawater [130]. The salinity of the seawater is around 35 ppt or 3.5% [131]. The organisms capable of reproducing and
surviving in high salt concentration niches are called Halophiles and depending on their ability to tolerate different concentrations of
salt they are classified as slight, moderate, borderline extreme and extreme halophiles [132].
Halophiles can be isolated from brackish or hypersaline environments and comprises organisms from genus like Bacillus,
Brevibacterium, Dunaliella (Algae), Dactylococcopsis (Cyanobacteria) Halobacillus, Halococcus, Haloferax, Halogeometricum,
Halomonas, Haloterrigena, Marinococcus, Natrialba, Natrinema, Salinibacter, Salinicoccus, Salinivibrio, Virgibacillus, etc.
[133][134][135].
Halophilic archaea, bacteria and fungi are known to produce carotenoids, hydrolytic enzymes, retinal proteins, macromolecule
stabilizers, biofertilizers, and bioplastics, anticancer and antimicrobial compounds [136]. β - Carotene is mainly produced by
halophilic algae called Dunaliella salina. It has potential applications in medicine as it exhibits antiviral, anti-inflammatory, anticancerous, and anti-allergic activity. Another carotenoid pigment produced by halophiles is Bacteriorhodopsin. It is found in cell
membrane also called as purple membrane of halophilic archaea such as Halobacterium salinarium, Haloferax larsenii, Haloarcula
japonica, Halorubrum sodomense, Halostagnicola larsenii, Haloferax mucosum, etc. The light driven proton pump activity changed
the course of bioelectronics. It is used to produce holographic associative processors, optical volumetric memories, motion biosensors,
photovoltaic cells, x-ray sensors, photoelectric immunosensors, artificial retinas, and so on. Bacterioruberin, a carotenoid pigment,
synthesized by halophiles act as antioxidant and research is being conducted on its application in optoelectronics and photovoltaics
[137][138][139][140][141]. Das, D. et al. isolated ⍺-amylase producing halophiles belonging to genus Halococcus, Halorubrum,
Haloarcula and Halogeometricum. ⍺-amylase has potential application in food, brewing, laundry, textile and pharmaceutical
industry. They also isolated protease, lipase, and esterase producing organisms and reported more than one hydrolytic activity in
organisms. Industries like leather, detergent, textile, paper, cosmetic and pharmaceuticals make use of lipases and esterases
[142][143]. Halophiles also play a crucial role in bioremediation in sea water where saline concentration is high. Waghmode, S. et
al. reported biosurfactant producing halophilic organism Planococcus maritimus which was able to tolerate 2.7 M NaCl [144]. Gomes,
M. B. et al. reported reported halophilic organisms belonging to genus Bacillus, Brevibacterium, Halomonas, Idiomarina,
Marinobacter, Modicisalibacter, Nitratireductor, capable to degrading different hydrocarbons including benzopyrene, hexadecane,
naphthalene, phenol, phenanthrene and pyrene [145]. Eslami, M. et al. reported azo dye degradation using halophilic bacterium
Halomonas elongata [146]. Yadav and Saxena have reviewed the use of halophilic organisms for sustainable agriculture [147].
Halophilic organisms such as Bacillus, Halobacillus, Dietzia, Halomonas, Marinobacter, Idiomarina, Paenibacillus, Rhodococcus,
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Planococcus, Stapia, Vibrio and Pseudomonas are able to produce enzymes, L-arginase, L-asparaginase and L-glutaminase which
manifest anticancer activity [148]. Production of bioplastics like polyhydroxyalkanoate (PHA), polyhydroxybutyrate (PHB) and
polyhydroxyvalerate (PHV) have been reported in halophiles like Halococcus, Halorubrum, Haloferax, Halobacterium, Halopiger,
Natronobacterium, Haloarcula and Natranococcus [149].
As we all know that higher concentration of salt outside cells leads to release of water from cells by a phenomenon called osmosis.
Thus cellular membranes exhibit a key role in maintaining osmotic balance in halophilic organisms. It has been well established that
the membrane proteins of halophilic organisms have more acidic and polar amino acid composition as compared to non-halophiles.
The tetraethers responsible for locking the two halves of bilayer are absent in halophiles thus maintaining the fluidity of membranes
in high salinity. Phosphatidylglycerol phosphate is the major component of lipid bilayer, with some amount of usual phosphatidyl
glycerol. In some halobacterium species phosphate is substituted by sulfate. Thus, existence of high concentration of negative charge
is an adaptive mechanism to cope up with extracellular high Na+ concentrations along with internal K+ concentration [150]. DasSarma
et al. studied amino acid sequences of cold adapted proteins in halophilic archaea Halorubrum lacusprofundi from Antarctica. They
found that amino acids found in mesophilic variants were replaced by acidic and polar amino acids. Also bigger amino acids were
substituted with smaller ones resulting in misfolding of protein and thus imparting flexibility required to work under stress conditions
[151]. Halophilic microorganisms maintain osmotic pressure within their cytoplasm by employing two strategies called salt-in
cytoplasm and organic-osmolyte strategy. In the salt-in cytoplasm strategy, halophiles accumulate K+ ions along with Cl- ions as
counter ions within cytoplasm in molar concentrations which are later on replaced with Na+ ions in the stationary phase. To make
enzymes adaptive to these high ionic environments, they are composed of acidic charged amino acids. Thus this mechanism maintains
the hydration within the cell. In the later strategy, organisms either produce or take up organic compatible solutes from the
environment and thus maintain osmotic balance. These organic solutes can be sugars, amino acids and/or their derivatives, polyols.
Other than maintaining osmotic balance, these organic solutes also stabilize proteins and cells [152].
Apart from these main strategies, various other mechanisms such as upregulation of heat shock proteins, stress proteins, DNA
repair proteins like Uvr system, proteasome subunits and formation of biofilm, are observed within halophiles to deal with stress
caused due to high salinity [153].
5. pH:
Depending on the pH, extremophiles are characterized into two categories namely, acidophiles and alkaliphiles. Acidophiles are
those organisms whose optimal pH requirement lies between 1 and 5 whereas alkaliphiles are those who grow when pH is above 9
[154].
A. Acidophiles:
Acidophiles are organisms that can continue to exist in highly acidic environments (pH 3–4). Diverse group of archaea and
bacteria can thrive in an acidic environment such as Euryarchaeota, Ferroplasma, Acidobacter, Acidohalobacteria, Leptospirillum,
Sulfobacillus, Acidibacillus, Desulfurococcus, Metallosphaera, Pyrococcus, Acidianus, Sulfolobus, picrophilus. They are found in
natural environments such as marine volcanic vents, acidic sulfur spring, solfataric fields, sulfuric pools, and geysers, acid mine
drainage, acid rock drainage as well as artificial environments such as areas associated with human activities like metal ores and coal
mining [155][156].
Acidophiles play a critical function in biomining of metals from the low-grade ores and the enzymes such as amylase, pectinase,
cellulase, xylanase yielded by them have found several applications in the food and feed industry. α-amylase from Pyrococcus
furiosus (pH5.5), Alicyclobacillus (pH3.0), Bacillus acidicola (pH-4.0), Bacillus sp. DR90 (pH-4.0) is used in the starch industry
[157][158]. Pectinase from Scleritium rolfsii (pH-3.5), Mucor pusillus (pH-5.0), Rhizoctonia solani (pH-4.8), Penicillium frequentans
(pH-4.5) for fruit juice clarification [159]. Xylanase from Aspergillus foetidus (pH-5.3), Aspergillus Awamori (pH-5.0) and phytase
from Aspergillus niger (pH-5.0) is used in baking industry and animal feed [160][161][162]. Acidithiobacillus and Ferroplasma
species are used for biological electricity production where as Acidiphilium rubrum is capable of removing contaminants from
polluted extreme environments [159]. Chemolithotrophic bacterial strains L. ferrooxidans and At. ferrooxidans are used to detect
organic molecules on Mars as chemolithoautotrophic acidophiles provide a link to early Earth when oxygen was unavailable. Tinto
River (Spain) and Eagle plains (Canada), are also considered to be important terrestrial analogs of mars as they are inhabited by
acidophilic microorganisms [163].
Microorganisms usually require a neutral intracellular pH, however the mechanism of acidophile homeostasis is unknown. The
impenetrability of the cell membrane, which limits the inflow of protons into the cytoplasm, is one of the adaptations that helps
acidophiles maintain their internal pH. There's a link between the existence of tetraether lipids in the cell membrane and acid pH
tolerance in archaea. Another strategy for maintaining pH homeostasis and preventing protons from entering cells has been proposed:
reducing the pore size of membrane channels. At. ferrooxidans outer membrane porin Omp40 has a bigger exterior loop that may be
responsible for modulating the size of the pores in the cells as well as ion selectivity, as result in pH shift from pH3.5 to 1.5 they are
expressed [163]. According to Baker-Austin, C., et al., the production of inside positive Δψ that is formed by Donnan potential of
positively charged ions is the second major strategy for the active mechanism used by acidophiles to minimize the influx of protons.
A positive inside transmembrane potential is due to a reversed Δψ that could prevent protons from leakage into the cells. Acidophiles,
in particular Na+/K+ transporters, may use similar techniques to generate a reversed membrane potential to oppose the inward flow
of protons. Although raising the expression of secondary transporters and improving proton efflux and consumption are common
strategies, the most effective technique is to minimize the proton permeability of the cell membrane. To respond to proton attack,
acidophiles can produce a very impermeable membrane. When protons reach the cytoplasm, acidophiles use their buffering capacity
to trap and release protons as one of their defense mechanisms. Buffer molecules containing basic amino acids like lysine, histidine,
and arginine are found in the cells and aid in proton sequestration [164][165][163]. Metal tolerance is seen in acidophiles through
both passive and active mechanisms. The metal efflux proteins transport metals out of the cytoplasm, and the metal is converted to
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a less harmful form by active processes. The creation of metal sulfate complexes reduces the concentration of the free metal ion, and
an internal positive membrane potential provides a chemiosmotic gradient against which metal cations must flow in the passive
process. These bacteria also resist high levels of metals by using active efflux or trapping of the metal ions by metal chaperones
[166][167].
B. Alkaliphiles:
Alkaliphilic microorganisms, often known as "alkaliphiles," are microorganisms that thrive at pH levels higher than 9, typically
in the 10–13 range. Obligate alkaliphiles grow only at pH values of ~pH 9 and higher, while facultative alkaliphiles are strains that
grow ideally under severe alkaline conditions but are still capable of thriving near neutral pH. Haloalkaliphiles require a high salinity
(up to 33% (w/v) NaCl) as well as an alkaline pH (>pH 9). Bacillus pseudofirmus and Bacillus halodurans, Alkalibacterium strains
Alkaliphilus metalliredigens, Thioalkalivibrio, and Pseudomonas alcaliphila, Natranaerobius thermophilus were isolated from soda
lakes, hydrothermal vents, and carbonate-rich soil [168].
Alkaliphiles are widely used in industry, particularly in the detergent and textile industries. Alkaliphile enzymes have a wide
range of industrial applications. Many products such as antibiotics and carotenoids have also been reported. Apart from that, they
play a vital role in biogeocycling. Several reports suggested that they are also able to break down xenobiotic compounds [169].
Detergents, the food industry, and the tanning of leather all require alkaline proteases several bacillus strains such as Bacillus cohnii
D-6, Bacillus LP-Ya, Bacillus KSM-9860, Bacillus NP-1 were reported for the production of alkaline protease [170]. A high amount
of an extracellular and thermostable xylanase enzyme has also been developed from Bacillus pumilus ASH [171]. Al-Johani, N. B.,
et al., 2017 reported the development of alkaline amylase from Bacillus subtilis [172]. The antibiotic Naphthospironone A was
isolated from alkalophilic Nocardiopsis species and showed cytotoxic and antibiotic action [173]. Carotenoids were produced using
alkaliphilic Microbacterium arborescens-AGSB, Paracoccus bogoriensis BOG6, and Roseinatronobacter thiooxidans ALG1 [169].
All alkaliphiles have an intracellular pH homeostasis; alkaliphiles maintain a lower cytoplasmic pH than their external
environment [174]. Alkaliphiles keep the intracellular pH below that of the surrounding environment. Metabolic energy is required
to maintain the reversed pH gradient. Alkaliphiles have to take solutes from the environment. Aerobic alkaliphiles regulate their
intracellular pH via a Na+/H+ antiporter in conjunction with H+ coupled respiration. [175]. The Mrp antiporter is a cation/proton
antiporter which is most dominantly present in alkaliphiles [176]. Alkaliphiles are rich with negatively charged residues in their cell
walls. The alkaliphilic's principal cell wall component is glutamic and glucuronic acids, which are negatively charged residues. This
highly negatively charged cell wall structure interacts with cations such as H+, delaying the rapid loss of H+ from the cell surface
due to the equilibration action of the alkaline bulk phase in the environment, which contributes considerably to alkaliphile pH
homeostasis and bioenergetics [177]. One of the most essential difficulties for living in alkaline environments is bioenergetics.
Alkaliphiles are thought to have mechanisms that compensate for the negative element, namely, a lack of H+, in energy production
[178]. It has been studied that the isoelectric point of alkaliphilic proteins is much lower than its homologues found in other
prokaryotic organisms. Such proteins have a reduced number of basic amino acids like arginine and lysine, and an increased number
of acidic amino acids like glutamate and aspartate. Examples include, SecY protein present in B.halodurans C-125, c-binding domain
of cytochrome oxidase subunit II found in B.pseudofirmus OF4 [179]. Many of the alkaliphiles are also thermophilic or halophilic in
nature and thus the survival strategies other than those explained above remain the same.
III. CONCLUSION
Pigments, exopolysaccharides, various enzymes, and secondary metabolites extracted from extremophilic organisms have a wide
range of applications. They can be used in various industries like detergents, textiles, pharmaceuticals, and the biotechnological
industry. They show antitumor, antibacterial as well as antiviral activity and thus can be extensively used in medicinal treatments.
Extremophiles can be employed in bioremediation strategies as they are adapted to harsh conditions and can still perform efficiently.
Condition specific adaptive and defense strategies are exhibited by microorganisms. Archaea are the most robust and extremophilic
class of microorganisms. Many different adaptation strategies have been discovered yet a lot is to be known and thus extensive
research in the field of extremophiles is required.
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