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temperature,andextremelyacidicandalkalinepH.Microorganismsbelongingtoprokaryotesinclude
truebacteriaandarchaeabacteriawhichprevailinharshenvironments.Inrecentyears,extremophilic,
basically,archaeabacteriahavebeenreportedfortheirimmensepotentialapplicationinthebioremediation
process.Bioremediationisatechniquethatutilizesmicroorganismsforthedecompositionoforganic
andinorganicpollutants;anthropogenicactivitiesarethebasiccauseofsoilpollution,waterpollution,
andairpollutionglobally.Extremophilesarecapableofproducingenzymesthatarethermolabileand
canfunctionnormallyeveninextremeconditions.Theseenzymesandproteinscanbeutilizedinthe
bioremediationprocessunderextremepH,heavymetalstress,andunfavorabletemperatureconditions.
Inthischapter,theroleofextremophilesinbioremediationisdiscussed.
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Stabilityinorganicsolventsaddstotheasymmetriccatalysisandtherebyexemplifiestheapplicability
ofextremozymesandinfosteringbiobasedeconomies.Marine,cold-adaptedenzymes,andthosethat
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Withtheincreasingdemandsforfoodsandotheragriculture-basedproducts,sustainableagricultural
practicesarethecornerstoneforimprovinglow-inputagriculturalproduction.Incontrasttocropproduction,
plant-microorganisminteraction(PMI)playsacrucialrole.PMIsignificantlyraisesproductivityaswell
asmaintainingtheoverallhealthofthecrop.Duringharshandextremephysiologicalconditions,plant-
associatedextremophilicmicrobes(PAEM)areknowntocontributetocropproduction,survivability,
andfitness.Thus,theapplicationofextremophileseitherintheformofbiofertilizerorbiopesticidesis
highlybeneficial.Extremophileshavebeenadaptedtowithstanddiverseharshenvironmentalconditions.
Theypossessuniquemechanismsatthemolecularleveltoproduceenormouspotentialextremozymesand
bioactivecompounds.Consequently,extremophilesrepresentthefoundationofefficientandsustainable
agriculture.Thischapterintroducesthesignificanceandapplicationofplant-associatedextremophilic
microbesinsustainableagriculture.

Chapter 12
ApplicationofExtremophilesinFoodIndustries............................................................................... 251

Ankita Pradeepkumar Leanwala, Naran Lala College of Professional and Applied Sciences, 
Navsari, India

Extremophileshaveadaptedthemselvesatextremeenvironmentalconditionslikehighorlowtemperature,
pH,salinity,andpressure.Extremophilesmaybeeitheracidophilic,alkaliphilic,halophilic,thermophilic,
psychrophilic,oligotrophic,endolithic,andxerophilic.Thereextremozymesarefoundtobebiocatalysts
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foodandaddnaturalflavourtofood.So,thecurrentchapterwilldealwiththevariousapplicationsof
theseextremophiles.
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physiology,ecology,biochemistry,andmoleculargenetics.Thebio-activecompoundsfromextremophiles
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reaching.Lookingtotheglobalscenariomedical,pharmaceuticalandalliedhealthcaresectorshave
apersistent surge foranovelanticancer,antimicrobial, stabledrugdeliverables,nutraceuticals,fine
chemicals,naturalantioxidants,andbio-polymerscompounds.Geneticengineeringtoolsclubbedwith
-omicsapproachenhanceandbetterthechancesforapplicabilityoftheextremophilicmetabolitesin
variedsectorsofredandyellowbiotechnology.Thechapterprovidesaninsightintothevarioustypes
ofbio-activemoleculesfromextremophilesandtheirwidebiotechnologicalapplicabilityinthemedical
andpharmaceuticalindustry.
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Microbial fuelcell (MFC) technology isconsideredoneof the renewablesourcesofenergyfor the
productionofbioelectricityfromwaste.Duetothedepletionoffossilfuelsandenvironmentalconsiderations,
MFChaagarneredincreasingimportanceasitisasustainableandenvironmentally-friendlymethodof
generationofbioenergy.InMFC,electroactivebacteria(EAB)andbiofilmsareharnessedtoconvert
organicsubstancestoelectricalenergy.Extremophilessurviveinextremeenvironments,andtheyhave
demonstratedpotentialapplicationsinmicrobialelectricalsystems(MES)andMFCtechnology.The
keylimitationsofMFCarethelowpoweroutputandengineeringconstraintsofthefuelcell.Hence,
itisimperativetounderstandthegenetics,keymetabolicpathways,andmolecularmechanismsofthe
EABforenhancingthepowergenerationinMFC.Thischaptergivesabriefoverviewofthescopeand
applicationsofextremophilesinwastewatertreatment,bioelectricity,andbiohydrogenproductionusing
MFC,eventuallyenhancingthefunctionalefficiencyofMFC.
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Preface



Extremophilesaremicroorganismsthatthriveinextremelyharshenvironments.Discoveredjustinthe
early20thcenturybyCarlWoeseandhiscolleagues,extremophileshavecreatedaparadigmshiftinour
understandingofmicrobiallifeanditsphysiologyunderstress.Extremophilessurviveunderextremeand
harshconditionsanditisimperativetounderstandtheirphysiologyandadaptationmechanismsunder
suchconditions.Extremophileshavealsogarneredimmenseimportanceduetoitsmyriadapplications,
e.g.Taq polymerase inPCRreactionsandotherapplicationsinagriculture,pharmaceuticalindustry
andmedicine.WithgreatpleasurewewouldliketointroducethisbookentitledPhysiology, Genomics, 
and Biotechnological Applications of Extremophiles,focusesonthreedistinctsectionsofextremophiles.

Thefirstsectionofthisbookincludesfivechaptersthatdealwiththephysiologyofextremophiles.
Chapter1dealswithintroductionofextremophiles.Chapter2focusesonhalophiles.Chapter3men-
tionsaboutalkalophiles-theirtaxonomy,physiology,bioenergetics,survivalmechanismandenzymes.
Chapter4describesaboutanothergroupofextremophilesi.e.,thermophiles,whileChapter5described
physiologyofpsychrophiles.

Incontinuation,thesecondsectionofthebookincludesthreechaptersthatdealwithgenomicsof
extremophiles.Chapter6describesthebiochemistrybehindproteinadaptationinextremophiles.Chapter
7focusesonCRISPR/Cassystemofextremophiles,whileChapter8dealswithmajorcompatiblesolutes
andstructuraladaptationofproteinsinextremophiles.

Thethirdsectionofthisbookincludeseightchaptersthatdealwiththebiotechnologicalapplications
ofextremophiles.Chapter9describestheapplicationofextremophilesinbioremediation.Chapter10
focusesonapplicationsofenzymesfromextremophiles.Chapter11describesapplicationofextremophiles
insustainableagriculture.Chapter12describesapplicationofextremophilesinfoodindustries.Chapter
13focusesonuseofextremophilesinmedicineandpharmaceuticalindustries.Chapter14mentions
extremophilesinbioenergyproductionasmicrobialfuelcells.Chapter15describesbiotechnological
productsfromextremophiles,andChapter16dealswiththermophilicbacterialexopolysaccharides.

Wehopethiseditedbookwillbeaveryusefulresourceforreaders,scientists,student’sespecially
undergraduateandpostgraduatestudents,researchers,andProfessorsfromCollegesandUniversities
forunderstandingandstudyingallmajoraspectsofextremophiles.
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Section 1

Physiology of Extemophiles
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Extremophiles:
Subsistence of an Extreme 

Nature Enthusiast

ABSTRACT

Extremophiles are extreme nature devotees, mostly bacteria and archaea, which bloom with extreme 
environmental parameters like temperature, pH, pressure, and salinity. Extremophiles are responsible 
for the beginning of geographical structures throughout the evolution and establishment of all pres-
ently known ecological units. They are classified into several categories like acidophiles, alkaliphiles, 
psychrophiles, thermophiles, xerophiles, piezophiles/barophiles, halophiles, and many more, as given 
in this chapter. The subsistence of these microorganisms in extreme environments produces extremo-
lytes and extremozymes that have the potential of valued resources for the enlargement of a bio-based 
economy. In addition to their solicitations, extremophiles offer treasured information regarding the 
physiochemical limitations of natural life. This chapter mainly evaluates extremophiles, the classifica-
tion of extremophiles, and their biotechnological applications in grey, white, and red biotechnologies 
with the perspective of exploring celestial life.
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INTRODUCTION

Extremophiles are extreme nature devotees mostly bacteria and archaea which blooms with extreme 
environmental parameters. Extremophiles from prokaryotic genera were the first evidence for the life 
on Earth which are responsible for the beginning of geographical structures throughout the evolution 
and establishment of all presently known ecological unit. (Pikuta, Hoover et al., 2007)

Extremophiles can endure and bloom in punitive surroundings executed by physical i.e. pressure, 
radiation, and temperature and natural chemical immoderations i.e. desiccation, oxygen levels, redox 
potential, salinity and pH. Providentially, there are many extremophiles that flourish in life-threatening 
surroundings that are found in environment and deals with an outstanding source of auxiliary enzymes 
in lieu of mesophilic ones (Cullen and MacIntyre, 2016) presently which contests the typical functions of 
live hood. (Stan-Lotter and Fendrihan, 2012, Shrestha, Chilkoor et al., 2018) to withstand this surround-
ings they possess temperature stable proteins (thermos, cold stable) enzymes to withstand varying pH 
and certain secondary metabolites to defend radioactivity based on that they are classified in to various 
categories as given in Fig. 1 (Irwin, 2020).

The parameters under which life can survive have been pushed in every direction during the last 
century, embracing greater swaths of extreme environments. Microorganisms can live in a wide range 

Figure 1. Types of extremophiles based on various environmental parameters
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of environments on Earth, similarly they can tolerate the harsh conditions like space, which include in-
tense radiation, vacuum pressure, drastically fluctuating temperature, and microgravity (Horneck, Klaus 
et al., 2010). As NASA scientists at Rensselaer Polytechnic Institute found that, during spaceflight on 
the International Space Station, microbes seems to adapt the space environment in ways “not observed 
on Earth” and that “may lead to increases in growth and virulence” during travel on the International 
Space Station.

Now a days many extremophiles and extremozymes have established their potential into large-scale 
usage in the field of biotechnology (Elleuche, Schroeder et al., 2014) extremophiles have a huge impact 
on daily basis of life i.e. applications of extremophiles include food, beverage, dairy, textile, detergents 
and many more...as described in this chapter.

BACKGROUND

Extremophiles sounds amended to the extremes and choose to grow entirely under extreme conditions. 
This is why these organisms were named “extremophiles” (Latin: extremus, Greek: philiā), which means 
“extreme-lovers.” (Schröder, Burkhardt et al., 2020).

Thomas Dale Brock who is utmost known for discovering hyperthermophiles in Yellowstone National 
Park’s hot springs, while Brock discovered high-temperature bacteria in Yellowstone’s Great Fountain 
region in the late 1960s with his colleague Hudson Freeze and they have extracted a sample named 
Thermus aquaticus (Brock, 1998).

The study of extremophiles began with the publication of “Life at High Temperatures” a 1967’s ar-
ticle summarizing Brock’s research in the journal Science. Later on T. aquaticus was shown to be useful 
for artificially amplifying DNA segments in 1976 (In Polymerase Chain Reaction). Brock’s discoveries 
aided in the advancement of biology, as well as new breakthroughs in medicine and agriculture, as well 
as the birth of the disciplined biotechnology (Snyder, 2007).

CLASSIFICATION OF EXTREMOPHILES

Extremophiles are taxonomically broadly distributed and are a functionally assorted group of organisms 
(Raddadi, Cherif et al., 2015). “Extreme” environments not only denotes temperature, even though heat 
and cold are the most prominent extremes, but also to extreme pH conditions and high pressure and 
salinity (Rothschild and Mancinelli, 2001) that includes acidophiles, alkaliphiles, psychrophiles, ther-
mophiles, xerophiles, piezophiles/barophiles, halophiles, metallophiles and radiophiles.

Acidophiles

Acidophiles are rehabilitated to environments with acidic pH values that falls between the ranges of 1 
to 5. Generally at pH <2. This group includes bacteria, archaea and some eukaryotic organisms that are 
found in certain places like sulphuric pools, acidic mine drainage polluted areas, and also in our own 
stomachs. Some examples of acidophiles are from the genus Acidobacterium, Leptospirillum, Picrophilus, 
Ferroplasma and etc. (Irwin, 2020).
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Alkaliphiles

Alkaliphiles are organisms normally bacteria and archaea that optimally grows at pH > 9. They are found 
in environments like soda lakes, dessert soils and industrial wastes. For example Chorococcus spp., 
Synechococcus sp, Ectothiorhodospira, Halorhodospira, in gram negative mainly Aeromonas/Vibrio/
Enterobacteria and Pseudomonas. Gram–positive isolates show a prevailing association with Bacillus 
spp., Terrabacter and Dietzia (Horikoshi, 2004).

Psychrophiles

Psychrophiles are cold loving organisms which grows at temperature <15 0C, mostly <50C .they are 
commonly found in polar ice, glaciers, fields of snow and in the deep ocean waters. i.e. Deltaproteobac-
teria, Firmicutes, Gammaproteobacteria, Bacteroidete, Actinobacteria, Alphaproteobacteria and etc. 
(Siddiqui, Williams et al., 2013).

Thermophiles

Thermophiles are high temperature devotees which blooms best at temperature >40 0C, optimally between 
50- 55 0C. They are found in hot springs, deep-sea hydrothermal vents, volcanic islands, and deep-sea 
hydrothermal vents. Examples from thermophiles includes Thermus species, Thermococcus species, 
Aquifex aeolicus, Bacillus stearothermophilus and etc. (Turner, Mamo et al., 2007).

Xerophiles

It is a kind of extremophilic organisms which grow and reproduce with low water activity generally (aw 
< 0.7). They are habitat of dry places like desserts, and arid dessert soils. Some commonly found fungus 
from this group includes Aspergillus flavus, A.ochraceus, A.carbonarius, Penicillium nordicum and P. 
verrucosum (Medina, Schmidt-Heydt et al., 2015) other includes Burkholderiales, Xanthomonadales, 
actinomycetes and etc. (Prenafeta-Boldú, Guivernau et al., 2012).

Piezophiles/Barophiles

Piezophiles/Barophiles are kind of organisms that desires to grow at high pressure range up to 110 MPa. 
They are most commonly found in deep sea environments where pressure is comparatively high. Examples 
includes Thermococcus barophilus, Photobacterium profundum, Shewanella violacea, T. barophilus and 
Desulfovibrio hydrothermalis and etc. (Michoud and Jebbar, 2016).

Halophiles

Halophiles are salt loving organisms which prefers salt concentrations up to 3.4–5 mol L -1 NaCl i.e. 
Halobacillus, Bacillus, Marinococcus, Salinococcus, Haloarcula, Halococcus, Haloferax and etc…
(DasSarma and Arora, 2001) they are inhabitants of hyper saline environment.
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Metalophile

These kind of extremophiles are resistant to high metal concentrations which are found in metal pol-
luted sites that includes bacteria from the genera Acidithiobacillus, Leptospirillum, Alicyclobacillus, 
Acidiphilium, Acidimicrobium, Ferrimicrobium, Sulfobacillus and archaea from the genera Ferroplasma, 
Acidiplasma, Sulfolobus, Metallosphaera, and Acidianus (Raddadi, Cherif et al., 2015).

Radiophile

Radiophiles can resist the high level of radiation (x-rays, gamma rays, UV) as they possess DNA repair 
mechanisms. They belongs to the genera Deinococcus, Bacillus, Rubrobacter, and Kineococcus, and 
cyanobacteria including the genera Nostoc and Chroococcidiopsis (Gabani and Singh, 2013, Raddadi, 
Cherif et al., 2015).

Table 1. Classification of extremophiles

Pressure Piezotolerant
(0.1–10 MPa)

Piezophile
(10–50 MPa)
Thermococcus 
barophilus

Hyperpiezophile
(>50 MPa)
 Thermococcus 
piezophilus

Salinity

Non-halophile 
(<1.2%) 
V. cholerae
V. mimicus

Halo tolerant 
(1.2–2.9%; tolerate 
Salt concentration up 
to ≤14.6%) 
Halobacterium,
Halocalculus,

Halophile 
(Grow >8.8% Salt 
concentration) 
Salinibacter ruber

Extreme halophile 
(>14.6%, cannot 
grow < 8.8%) 
Halomonas salaria

Temperature

Psychrophile 
(Growth < 15 
°C) 
Arthrobacter sp.,
Psychrobacter sp

Mesophile 
(Growth > 15-45 °C) 
 Escherichia coli

Thermophile 
(Growth > 45-80 °C) 
Streptococcus 
thermophilus

Hyperthemophile 
(Growth > 80 °C) 
Sulfolobus 
solfataricus 

pH

Hyperacidophile 
(Grow at <pH 3) 
A.ferrooxidans,
A. thiooxidans

Acidophile 
(Grow at <pH 5) 
Thiobacillus 
prosperus
T. acidophilus,

Neutrophile 
(Grow at pH 5–9) 
Pseudomonas 
aeruginosa

Alkaliphile 
(Grow at >pH 9) 
Natronomonas 
pharaonis

Hyperalkaliphile 
(Grow at >pH 11) 
Halorhodospira 
halochloris

Water activity

Xerophile 
(aw < 0.7) 
Trichosporonoides 
nigrescens

other

Endoliths 
(Extreme 
rockiness) 
Ostracoblabe 
implexis
and
Lithopythium 
gangliiforme

Radiophile 
(Radiation 
Loving) 
 
Deinococcus 
radiodurans

Metallotolerant 
(Tolerating high 
level of Heavy metal 
Concentration) 
 
Ferroplasma sp. and
Cupriavidus 
metallidurans

Psychropiezophile 
(Require 10 MPa 
pressure and 2-3 °C)

Thermopiezophile 
(Require 52 MPa 
pressure and 80 °C) 
Pyrococcus yayanosii

Polyextremophiles Microorganism that survives or loving more than one extreme conditions combined.
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APPLICATIONS OF EXTREMOPHILES

Biotechnology has a huge prospective particularly when directing for a sustainable bio economy (bio-
based economy) (Schröder, Burkhardt et al., 2020). When it comes to applications of extremophiles they 
are tremendously beneficial in numerous industries like food, dairy, starch liquefaction, baking, brewing, 
and feed and in medical purpose they are used in pharmaceuticals, diagnosis and PCR when it comes 
to particular molecular basics. Moreover they are also used in the bio refineries, textile, and detergent 
making industries. Table. 2. Contain the details of the applications shown in the Fig. 2.

Mainly enzymes of extremophiles carries out complex reactions in an easy way dealing with thrilling 
conditions which is generally not possible for other organisms. Examples of various extremophiles are 
given in Table 2. These enzyme’s efficacy is usually improved through genetic and/or chemical alteration 
(Coker, 2016) as well as with the immobilization approaches (Mukhopadhyay, Dasgupta et al., 2015, 
Ruparelia, 2020), altogether they are intended to make biocatalysts with enhanced stuffs such as improved 
activity and/or stability to use in definite industrial practises (Gatti-Lafranconi, Natalello et al., 2010).

Figure 2. Overview of extremophiles applications in Biotechnology
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Table 2. Biotechnological application of extremophiles in daily life

Microorganism Domain Habitat Extreme 
Condition Application Reference

Thermus aquaticus Bacteria Hot springs Thermophile PCR (Valones, Guimarães et 
al., 2009)

Desulfovibrio piezophilus Bacteria Wood falls in the Mediterranean 
Sea Piezophile Sulfate-reducing bacterium (Khelaifia, Fardeau et 

al., 2011)

Sulfolobus Archea sulfur-rich acidic hot springs Acidophilus Recovery of metals from the ores (Sharma, Parashar et 
al., 2016)

Thermotoga elfii Bacteria African oil-producing well Thermophile Biofuel Production (De Vrije, De Haas et 
al., 2002)

Thermococcus barophilus Ch5 Archaea Chimmney wall of a deep-sea 
hydrothermal vent piezophile PCR (Di Giulio, 2005)

Acidithiobacillus Bacteria Acid mine Drainage 
Environment Acidophilus Bio mining (Vera, Schippers et al., 

2013)

Halobacterium salinarum Archaea Hyper saline lakes, and salterns Halophile Carotenoids production (Schiraldi, Giuliano et 
al., 2002)

Haloferax alexandrinus Archaea Hyper saline lakes Extreme halophile Canthaxanthin production (Asker and Ohta, 2002)

Bacillus acidicola Bacteria Acidic Sphagnum peat bog in 
Wisconsin. Acidophile Starch hydrolysis (Sharma and 

Satyanarayana, 2012)

Micrococcus antarcticus Bacteria Antarctica Psychrophilic Detergent, Textile and 
Bioremediation (Miao, Hou et al., 2016)

Fomitopsis meliae Fungi Gold and gemstone mine site 
soils Metallotolerent Remediation Cu, Pb, Cd and Fe 

contaminated environments
(Oladipo, Awotoye et 

al., 2018)

Thermococcus litoralis Archaea Submarine thermal springs and 
Hydrothermal vents Hyperthermophile PCR (Coker, 2016)

Janibacter sp. R02 Bacteria Antarctica Thermohalophilic Pharmaceutical, Leather and 
Food industry

(Castilla, Panizza et al., 
2017)

Erwinia sp. E602 Bacteria Frozen soil Psychrophile Food Industry (Xia, He et al., 2018)

Paenibacillus tarimensis Bacteria Sahara Desert Thermophile Textile industry (Raddadi, Cherif et al., 
2013)

Acidianus sulfidivorans Archaea solfatara on Lihir Island Acidophile Bioremediation (Plumb, Haddad et al., 
2007)

Deinococcus radiodurans Bacteria Inside walls of nuclear reactor Raditolrent, 
Polyextremophile

Treatment of nuclear energy 
waste 

(Bioremediation)

(Brim, McFarlan et al., 
2000)

Alkaliphilus metalliredigens Bacteria Alkaline borax leachate ponds Metallotolerent, 
Alkaliphilic

Useful applications to 
metal-contaminated alkaline 

environments
(Roh, Chon et al., 2007)

Bacillus sp Bacteria Textile wastewater drain Alkaliphilic Treatment and recycling of 
textile bleaching effluents (Paar, Costa et al., 2001)

Thioalkalivibrio halophilus Bacteria Alkaline hypersaline lake Alkali-Halophile Desulfurization of natural gas (Banciu, Sorokin et al., 
2004)

Deinococcus geothermalis Bacteria Hot springs, 
Radioactive places Raditolrent Bioremediation of radioactive 

waste sites
(Ranawat and Rawat, 

2017)

Pyrobaculum islandicum Archaea Boiling sulfataric and 
geothermal waters in Iceland

Raditolrent, 
Polyextremophile

Bioremediation of radioactive 
waste sites

(Ranawat and Rawat, 
2017)

Ferroplasma acidarmanus Archaea Heavy metal contaminated sites, 
Acid mine drainage environment

Metallotolerent, 
Polyextremophile

Bioleaching of Copper and 
Arsenic

(Baker-Austin, Dopson 
et al., 2005)

Cupriavidus metallidurans strain 
CH34 Bacteria Decantation tank of zink factory Metallotolerent Remediation of heavy metal-

contaminated environments (Nies, 2000)

Pyrococcus abyssi Archaea Hydrothermal vent Piezophile DNA Polymerase 
Working in Extreme conditions (Di Giulio, 2005)

Trichoderma ghanense Fungi Gold and gemstone mine site 
soils Metallotolerent Remediation Cu, Pb, Cd and Fe 

contaminated environments
(Oladipo, Awotoye et 

al., 2018)

Pyrococcus furiosus, Archaea Geothermally heated marine 
sediments Hyperthermophile PCR (Coker, 2016)

Eurotium Fungi Dry cured ham and dry beef 
cecina Xerophile Biological control of mites (Ortiz‐Lemus, Campoy 

et al., 2021)

Halobacterium salinarium Archaea Traditionally fermented Thai 
fish sauce Halophile Fermentation of food (Thongthai, McGenity et 

al., 1992)

Halalkalicoccus jeotgali Archaea Shrimp jeotgal Halophile Fermentation of food (Oren, 2010)

Arthrobacter psychrolactophilus Bacteria Soil in the United States Psychrophile Biodegradability of organic 
compounds in the wastewater

(Margesin and Feller, 
2010)
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FUTURE PROSPECTS

With conventional market success in the DNA polymerase, biofuels, bio mining, and carotenoid sectors 
of biotechnology, extremophiles and extremozmes have an all-encompassing toe hold in the market place.
(Coker, 2016) From last few years, consideration for extreme environments has amplified as of interests 
to isolate and identify formerly unknown extremophilic organisms in pure form and to characterise their 
different metabolites. Innovative improvements in the cultivation and production of extremophiles derives 
developments related to the cloning and gene expression in heterologous hosts, will upsurge the numeric 
enzyme based transformations in chemical, food, pharmaceutical and other industrial applications in 
near future. Although enzymes and enzymatic proteins of extremophiles are able to defence different 
kinds of stress responses which includes all of the processes that organisms have developed to survive 
when they are exposed to environmental challenges, such as heat stress, desiccation, chemical stress, or 
starvation (Laksanalamai and Robb, 2004) which will deal with new era of biotechnological applications.

CONCLUSION

At present, Biotechnology based on extremophiles has established its way into day-to-day life. where 
other organisms marks their limit, Extremophiles have made their significant mark with their massive 
capability of producing extremozymes which are applied in an every aspect of life like in food and drink, 
either it is production of lactose free milk or in sugar free contents with high nutrition source or if we 
consider detergent industry (cellulase, lipases) and etc. They have made remarkable impact through 
surviving at extreme pH, salinity, temperature, pressure, radiation, water activity and many more as 
described in this chapter. Where at present it is suspected to have existence of radiophiles on space too. 
Yet innovation in new methodologies for their isolation and to understand their adaptation strategies are 
still required to open a broad lane for biotechnology.
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INTRODUCTION

Halophiles include diverse group of organisms which include Archaea, Bacteria, and Eukarya and grow 
in presence of salt (Oren, 2015). The halophiles are isolated mainly from saline soil, water, springs, 
marshes, brines and lakes. These are classified viz., slight halophiles (0.2-0.5 M salt tolerance), moder-
ate halophiles (0.5-2.5 M salt tolerance), borderline extreme halophiles (2.5-4.0 M salt tolerance) and 
extreme halophiles (4.0-5.9 M salt tolerance) based on their ability to tolerate salinity (Fig. 1). The ability 
to tolerate salt depends on parameters such as temperature, pH, nutrients, etc. (Corral et al., 2020). In 
this way, the halophiles are adapted and limited by specific environmental factors. Halophiles belong 
to family Halomonadaceae and class Gammaproteobacteria. The halophiles can be aerobes, anaerobes, 
chemo heterotrophs, photo heterotrophs, or photoautotrophs (Edbeib et al., 2016). The halophiles have 
been reported to be isolated from Dead Sea of Israel (Wei et al., 2015), lake Urmia near Iran (Mehrshad 
et al., 2015a), Tuzkoy salt mines of Turkey (Mutlu & Guven, 2015), Great salt lake, Utah in United States 
of America (Tazi et al., 2014), Rambla Salada, Murcia, Spain (Luque et al., 2014), etc. The sources for 
isolation of halophiles are represented in Fig. 2.
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Halophiles

ABSTRACT

Halophiles are extremophilic salt-loving microorganisms that can survive in an extremely high level 
of salinity (10-30% NaCl). They belong to all three groups (i.e., bacteria, archaea, and eukaryotes). 
Halophiles tolerate high salt concentration due to unique cellular adaptations like salt-in strategy, com-
patible solute strategy, and enzyme adaptations. The chapter describes the classification, physiology, 
ecology, and mechanisms of adaptations and biotechnological applications of halophiles.
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HISTORY OF HALOPHILES

The first halophilic microorganism came into account in 2700 BC (Bass-Becking, 1931) and found in 
hyper saline area. In 1920s and 1940s halophilic bacteria were isolated from different sources, e.g., fish, 
animal hides, and anchovies. Elazari isolated various extreme halophiles, Halobacterium trapanicum 
and Micrococcus morrhuae and moderate halophiles Chromohalobacterium marismortui, Pseudomonas 
halestrogus, and Flavobacterium halmephium from the Dead Sea (Edbeib et al., 2016). The ecology, 
physiology and biochemistry of halophiles have been reported (Oren, 2015). The genome sequencing 
of halophiles has immense interest. The first genome sequence has been studied of Halobacterium 
NRC-1 (Ng et al., 2000). During the last three years, the genome sequence of eight halophiles has been 
reported. From these, four halophiles belong to the Halomonas genus. The in-silico studies help to know 
exact biology of halophiles (Oren, 2014). The in-silico post-genomic and genetic engineering studies 
have developed new pathways of growth optimization for halophilic microorganisms (Yue et al., 2014).

Figure 1. Classification of group of halophiles
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Cellular Adaptation

Microorganisms which cannot tolerate high salt concentration or saline environment tend to lose water 
because of which cells shrink resulting in complete loss of cell structure and function (Fig. 3a). Halophiles 
produce osmoprotectants which enhances the osmotic activity of their cytoplasm (Fig. 3b). Some of the 
halophiles are able to produce excess salt concentration in the cell in order to have equal salt concentra-
tions with that of the environment (Fig. 3c) (Edbeib et al., 2016).

PHYSIOLOGY AND ADAPTATIONS OF HALOPHILES 
TO THEIR ENVIRONMENTS

The halophiles adapt to high salt concentrations due to various strategies which helps them to maintain 
osmotic balance. These strategies include cellular adaptations; high salt-in strategy; low-salt, organic 
solute-in strategy; and enzyme adaptation (Fig. 4).

High Salt-In Strategy

In high-salt-in strategy halophiles produce excess of inorganic ions in order to maintain the salt balance in 
the environment. The special feature of halophiles is the presence of Cl- pumps which facilitates transport 
of Cl- ions from the environment in the cytoplasm. The amino acids arginine or lysine placed at ends of 
the channel helps the pumping of Cl- ions in the cytoplasm uptake (Edbeib et al., 2016). The proton-pump 
such as bacteriorhodopsin, ATP synthase, and Na+/H+ antiporter also helps in this mechanism. Due to 
this, an electrical potential is created and this helps to transports K+ ions into the cells due to K+ uniport 

Figure 2. Sources for isolation of halophiles
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mechanism. The electrical potential created must be greater as compared to the diffusion potential of 
K+, which enables uptake of Cl- ions by primary or secondary transporters (Edbeib et al., 2016).

Figure 3. Adaptations of halophiles to extreme saline environments. a) The non-halophile macromolecules 
are compromised, the water flows outside cell leading to turgor effect. b) Moderate halophiles maintain 
synthesize compatible organic solutes. c) Extreme halophiles adapt to saline conditions through balance 
of cellular and outside salt concentrations
Source: Bell, 2012

Figure 4. Mechanisms for adaption by halophiles in environment
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Low-Salt, Organic Solute-In Strategy

The low-salt, organic solute-in strategy makes use of osmolytes. The osmolytes provide protection to 
the proteins of halophiles from degradation in solvent such as water. Also, these osmolytes enable the 
halophiles to adapt extreme variations in saline conditions. These osmolytes of halophiles are without 
positive or negative charges, and water-soluble. The examples of osmolytes in halophiles are betaine, 
ectoine, hydroxyectoine, glutamine, sucrose and glycine betaine (Edbeib et al., 2016).

Requirement for Salt

Halophilic microorganisms are able to grow under high salt concentration. The ability to tolerate high 
salt concentration depends on the nutrients in the medium, temperature, etc. Osmoadaptation is the 
important feature in all halophiles which covers physiological and genetic adaptation under minimum 
water conditions (Kanekar et al., 2012). Since the cell membranes are permeable to water, so the mi-
croorganisms need to maintain their cytoplasm ‘isosmotic’ so that they are able to survive under the 
extreme conditions. If a hydrostatic pressure is applied, then the condition under which cytoplasm is 
maintained becomes ‘hyperosmotic’.

Enzyme Adaptation

The enzymes of halophiles have special features viz., ability to tolerate high temperature, remain stable 
in high salt concentration and pH. These enzymes help the halophiles to grow in presence of high salt 
concentration, lakes, brines or other saline areas (Edbeib et al., 2016). There are reports on enzymes 
produced by halophiles viz., amylase, xylanase, protease, cellulase, esterase, amylopullulanase, endo-1, 
4-β-xylanase, etc. (Edbeib et al., 2016).

Halophilic Adaptation of Enzymes

The proteins of halophiles adapt “salt-in” strategy to survive under saline environments. These proteins 
have more of glutamate and aspartate amino acids which are acidic in nature. The proper salt concen-
tration is necessary for these proteins and intracellular organelles of halophiles to function correctly 
(Kanekar et al., 2012).

Cell Envelopes

The cytoplasmic membrane of halophiles is important. The ability to modify the cytoplasmic membrane 
with the outside salt concentration is important for the halophiles. The cell membrane of halophiles is 
composed of phospholipids and glycolipids. Due to the anionic nature of the lipids, they give negative 
charge to the cell membrane (Kanekar et al., 2012).
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Adaptation Strategies of Haloarchaea: Coping with 
Desiccation, Starvation, and Radiation

Organisms such as Haloarchaea living in extreme environments have to acquire physiological adapta-
tions to cope. Two of the major factors that influence survival are desiccation and nutrition. The salt-in 
and salt-out strategies utilized help to preserve intracellular water in majority of the cases. However, 
some species, such as the Haloquadratum walsbyi makes use of a protein known as halomucin to help 
retain water (Bolhuis et al., 2006). Halomucin is a large protein, with an amino acid length of 9159, 
which helps retain water inside cells through formation of a water-rich capsule. In terms of starvation, 
numerous microorganisms have been observed to have a higher surface-volume ratio in order to help 
maximize nutrient usage from the environment. Most recently, Haloarchaea with an increased surface-
volume ratio were observed in fluid inclusions found inside halite crystals (Survival of Halobacteria 
within fluid inclusions in salt crystals - Microbiology Society, n.d.). Thus, it can be hypothesized that 
archaea flatten their cellular structure in order to maximize the surface-volume ratio as a means of 
dealing with desiccation and starvation. Exposure to radiation leads to double stranded breaks leading 
to hampered transcription and translation. Haloarchaea are able to survive high doses of radiation that 
may be attributable to polyploidy. Polyploidy organisms are able to repair double-stranded breaks and 
give rise to intact chromosomes (Soppa, 2013).

HALOPHILIC MICROORGANISMS

The list of halophilic microorganisms is shown in Table 1.

PHYLOGENETIC DIVERSITY OF HALOPHILES

Halophilic microorganisms are found in three domains of life viz., Archaea, Bacteria, and Eucarya (Fig. 
5). The halophiles growing in presence of oxygen - Archaea of the order Halobacteriales and family 
Halobacteriaceae, are under the group of extremophiles with special features. These are found mainly near 
Dead Sea, saline lakes such as Lake Magadi, Kenya, saltern ponds, etc. These halophiles show presence 
of carotenoid pigments (e.g., bacterioruberin, the purple photosynthetic pigment, bacteriorhodopsin, etc.). 
Due to bacterioruberin pigment, the lakes become red in colour (Oren, 2002). Even the Euryarchaeota 
includes halophiles which are able to carry methanogenesis process even at NaCl saturation. Within 
the domain Eucarya, there is less number of halophiles. The green alga Dunaliella which is known to 
produce high amount of carotene is the only one included in Eucaryal microorganism which can grow 
in presence of high concentration of salt. Dunaliella can grow over a wide range of salt concentrations 
(Oren, 2002). The domain Bacteria includes different types of halophilic and halo tolerant microorgan-
isms, and is widely spread over huge phylogenetic subgroups. Within the domain Bacteria, majority of 
them are moderate halophiles. The Proteobacteria also include halophilic microorganisms. Halophiles are 
also seen among the group of Cyanobacteria, e.g. the Flavobacterium - Cytophaga branch, spirochetes, 
and actinobacteria. In the group of Firmicutes which are Gram-positive bacteria, halophiles are reported 
in aerobic as well as anaerobic. The Halanaerobiales includes two families which are Halanaerobiaceae 
and Halobacteroidaceae. These two families include only anaerobic microorganisms (Oren, 2001).
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Table 1. List of halophiles

S. No. Halophiles

1 Halobacillus sp.

2 Halococcus sp.

3 Paenibacillus sp.

4 Halomonas sp.

5 Halovibrio sp.

6 Haloarcula sp.

7 Chromohalobacter sp.

8 Halobacterium sp.

9 Hortaea werneckii

10 Halorubrum sp.

11 Salinibacter ruber

12 Haloferax mediteranei

13 Salinivibrio sp.

14 Salinibacillus sp.

15 Salinicoccus sp.

16 Salicola sp.

17 Oceanobacillus sp.

18 Halalkalicoccus jeotgali

Figure 5. Halophiles found in three domains of life
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Thalassohalines

Thalassohalines have salt concentration of 35% which is nearly 10 times of sea water. The examples of 
thalassohaline brines are viz., solar salterns, salt mine, brine springs, etc. (Edbeib et al., 2016). Protozoa, 
diatoms and algae are found below 10% (w/v) NaCl in solar salterns. The eukaryotes Dunaliella spp. 
and Artemia salina are found mostly at very high salt concentration. Halomonas sp., Salinivibrio sp. 
and Flavobacteria are also reported to be found under the group of thalassohalines (Edbeib et al., 2016).

Athalassohaline

The Great Salt Lake and Dead Sea are the reported hyper saline environments. The human activities have 
changed the microbial flora and also chemical composition of Great Salt Lake and Dead Sea (Edbeib 
et al., 2016).

MECHANISMS OF OSMOREGULATION BY HALOPHILES

The different mechanisms of osmoadaptation by halophiles are shown in Fig. 6. The list of different 
osmolytes is shown in Table 2.

Figure 6. Mechanisms of osmoadaptation by halophiles
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Compatible Solute Strategy

Halophiles maintain their cytoplasm with the high salt concentration as they produce osmolytes. These 
osmolytes or compatible solutes are secreted by the cells itself. Osmolytes are of organic and inorganic 
types (Nath, 2016). Some of the bacteria do not have intracellular systems and hence are unable to 
transport water and cannot adjust to osmotic stress. Hence, halophiles maintain internal environment 
by producing osmolytes (Moghaddam et al., 2016).

Zwitter Solutes

Halophiles have neutral amino acids which serve as osmolytes in saline stress environment. Polar 
amino acids are useful as intermediates in translation process. The microbial cells produce zwitter 
solutes derived from amino acids and these serve as osmolytes under high salt concentration environ-
ment (Knief et al., 2012). The zwitter ionic solutes include betaine, hydroxyectoine, β-glutamine, N-γ-
acetyldiaminobutyrate, etc.

Organic Anions

Due to presence of high intracellular K+ ions, this results in negative potential in the cell. The anions 
help to balance this negative potential which enables the halophiles to survive at high salt concentration. 
Some of the halophiles synthesize ectoine and L-glutamate which are osmolytes (Tanimura et al., 2016). 
Ectoine and L-glutamate have presence of carboxylate group which gives the negative charge (Pinar et 
al., 2014). The Halobacteria enhance their glutamate levels at high salt concentrations. The negative 
charge of L-glutamate balances with positive charge of K+ inside the cell (Borjian et al., 2016).

Amino Acids and Peptides

Proline, glutamine dipeptide and carboxamine are the major osmolytes from the class amino acids and 
found in halophilic purple sulphur bacteria. Other osmolytes from amino acids include Carbamoyl-
Lglutamine-1-amide and N-acetyl glutaminyl glutamine amide (Besse et al., 2015; Raizel et al., 2016).

Table 2. List of different osmolytes

Zwitter solutes Organic anions Amino acids and peptides Polyols Non-charged solutes

betaine ectoine Carbamoyl-Lglutamine-1-
amide glucose trehalose

hydroxyectoine L-glutamate N-acetyl glutaminyl glutamine 
amide sorbitol sucrose

β-glutamine arabitol α-glucosylglycerol

N-γ-
acetyldiaminobutyrate mannitol α-Mannosylglyceramide

glycerol N-acetylglutaminyl-
glutamine amide
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Polyols

The polyols viz., glucose, sorbitol, arabitol, mannitol and glycerol are used as osmolytes for osmoadapta-
tion by halophiles (Youssef et al., 2014).

Non-Charged Solutes

Non-charged compatible solutes are also used by some halo tolerant and halophilic bacteria for osmo-
adaptation. Few halo tolerant e.g. yeast Debaryomyces hatnsenii and Hortea werneckii accumulate 
glycerol as an osmolyte to protect their cells in extreme conditions (Rhaisa, 2016; Sorokin et al., 2014). 
The examples of non-charged solutes are trehalose, sucrose, α-glucosylglycerol, α-Mannosylglyceramide 
and N-acetylglutaminyl-glutamine amide.

Ectoine

Ectoine is synthesized by some halophiles and used as osmolyte to protect under high salt concentra-
tion. Some of the halophiles which synthesize ectoine are Halomonas, Oceanobacillus, Marinococcus 
and Nesterenkonia (Moghaddam et al., 2016). The pathway for synthesis of ectoine has been studied in 
Halomonas and Oceanobacillus (Tanimura et al., 2016).

TAXONOMIC GROUPING OF HALOPHILES

The taxonomic grouping of halophiles is shown in Fig. 7. The halophiles with fully sequenced genomes 
are Halomonas salina CIFRI 1, Halomonas hydrothermalis MTCC 5445, Erythrobacter vulgaris O1, 
Pontibacillus yanchengensis Y32, Halomonas zhanjiangensis DSM 21076, Gammaproteobacteria 
MFB021, Halomonas titanicae BH1, Bacillus sp. SB49 (Edbeib et al., 2016).

ENZYMES PRODUCTION BY HALOPHILES

The halophiles produce many enzymes which are stable at various salt concentrations or saline envi-
ronments. The enzymes produced by halophiles include amylase, lipase, xylanase, protease, cellulase, 
esterase, alcohol dehydrogenase, amylopullulanase, etc. (Fig. 8). These enzymes have numerous bio-
technological and industrial applications.

ANTIMICROBIAL RESISTANCE IN HALOPHILES

The problem of antimicrobial resistance (AMR) in non-terrestrial bacteria has seen a surge over the last 
decades due to increase in the use of antibiotics in industries as well as improper waste disposal. The 
emergence of antibiotic resistance in halophilic organisms is shown in Fig. 9. The use of antibiotics is 
widespread in the food industry in order to increase yield and prevent infections. However, the use of 
excessive antibiotics exerts selection pressure on existing bacterial populations, promoting the growth of 
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AMR strains. Direct selection pressure as well as conjugal plasmid transfer across distant species due to 
improper biomedical waste disposal leads to antimicrobial resistance in marine species and halophiles 
in niches unexposed to antibiotics. Exposure of halophiles, abundant in saline environments, adversely 
impacts industries relying on biomolecules produced by halophiles as well as poses a threat to human 
health through their presence in salt-rich foods. The studies concerning halophiles have largely focused 
on their physiological adaptations and the biomolecules produced as a consequence of the same. Halo-
philes have emerged as an economically valuable resource being utilized to produce pharmacologically 
relevant molecules, bioremediation, tanneries, as a source of carotenoids, and so on. In terms of research, 
halophiles have proven to be unique model organisms to study processes like electron transport system, 
physiological adaptations of microorganisms to extreme environments, as model organisms for astro-
biology, to elucidate protein functions, and several others. However, recent studies reporting the rise of 
AMR in halophiles is leading to increasing concern due to its widespread impacts.

Figure 7. Taxonomic grouping of halophiles
Source: Kanekar et al., 2012
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Vibrio parahaemolyticus is a well-known pathogenic organism leading to gastroenteritis in humans 
upon consumption of contaminated fish or fish products. It is a Gram-negative halophile bacterium that 
has been recently reported to exhibit AMR due to an increased use of antibiotics in fish farming. The tdh 
and trh genes responsible for hemolytic activity confer pathogenicity to V. parahaemolyticus; however, 
among the fish samples tested for the presence of pathogenic strains, <3% tested positive. Antibiotic 
resistance profiling of V. parahaemolyticus revealed ampicillin resistance caused by β-lactamase activity. 
Thus, ampicillin should no longer be utilized in fish farming. V. parahaemolyticus remains susceptible 
to tetracyclines, chloramphenicol, and nalidixic acid. Even though the presence of the pathogenic strain 
is not widespread and the organism remains susceptible to several classes of antibiotics, care should be 
taken to avoid rampant, unregulated use of antibiotics in order to improve yield (Elmahdi et al., 2016; 
Letchumanan et al., 2015; Tan et al., 2020).

Vibrio vulnificus is a halophile Gram-negative bacterium that causes infections such as cellulitis, gas-
troenteritis, and septicemia, following consumption of contaminated sea food (Vibrio vulnificus: Review 
of mild to life-threatening skin infections - MDedge Dermatology, n.d.). Examination of V. vulnificus 
revealed a multi-drug resistant profile. The bacterium exhibited resistance to vancomycin, ampicillin, 
penicillin, cephalothin, and vancomycin; while it was susceptible to kanamycin, tetracycline, and strep-
tomycin (Elmahdi et al., 2016; Vibrio vulnificus in aquariums is a novel threat to marine mammals and 
public health, n.d.). The rise of AMR in bacteria occurring in sea food poses a serious threat to human 
health with additional economic impacts.

Several other species of marine halophilic bacteria and archea viz., Halomonas koreensis, Salimi-
crobium flavidum, Alkalibacillus almallahensis, Salimicrobium salexigens, Marinobacteroulmenensis, 
Halomonas smyrnensis, Haloarcula sp., and Halovivax sp. have been reported to exhibit AMR (Shinde 
& Thombre, 2016). The halophilic bacteria exhibited resistance to the antibiotics ampicillin, bacitracin, 
chloramphenicol, and ciprofloxacin; while the Haloarchaea exhibited resistance to all antibiotics. Further 

Figure 8. Enzymes produced by halophiles
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examination also revealed an increased expression of efflux pumps on nearly all halophiles, which may 
be indicative of their role in conferring resistance. While antimicrobials such as silver nanoparticles 
(Shinde & Thombre, 2016) have proven effective against AMR halophiles, further research is required 
to elucidate the underlying mechanisms and explore additional antimicrobial agents.

In addition to food-borne pathogens, AMR halophiles also have significant detrimental impacts on 
industries. The presence of AMR halophiles in tanneries leads to degradation of hides cured in brine 
posing a problem in long-term storage. The halophiles from tanneries exhibited resistance to kanamycin, 
neomycin, and ampicillin (Ghosh et al., 2010). This may be attributable to a conjugal plasmid transfer 
from terrestrial bacteria to marine bacteria.

The AMR resistance in halophiles presents an emerging threat to health and economy and thus 
highlights the need to elucidate resistance mechanisms. The mechanisms of antibiotic resistance in 
halophilic organisms are shown in Fig. 10. Resistance to antibiotics in halophiles may be attributable 
to the following factors:

• R-plasmids

Figure 9. Emergence of antibiotic resistance in halophilic organisms
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Horizontal transfer of plasmids occurs across bacterial species in several ecosystems such as waste-
water, marine environments, soil, and lakes. Plasmid transfer has also been shown to occur between 
genetically distant organisms under a range of environmental factors.

• Expression of efflux pumps

A significant up regulation of efflux pumps was observed in AMR halophiles. Halophiles could 
potentially utilize any one among the five types of efflux pumps, MATE (Multidrug and toxic efflux) 
pumps, ABC (ATP binding cassettes) transporters, MF (Major facilitator) pumps, RND (Root Nodula-
tion and Division) pump, and SMR (Small Multidrug Resistance) pumps.

• β-lactamase gene

The β-lactamase gene contributes to resistance against antibiotics by hydrolysing peptide bonds in 
the beta-lactam ring. This gene is present in the genome of halophilic organisms and could be one of 
the potential causes of AMR.

• Lack of targetable molecules

Halophile physiology varies significantly from that of other bacteria, thus reducing the number of 
potentially targetable molecules.

• Polyploidy

Halophilic organisms have been reported to have multiple gene copies, which may help resist DNA 
damage caused by antibiotics such as nalidixic acid.

APPLICATIONS OF HALOPHILIC MICROORGANISMS

Halophiles in Lignin Degradation

Halophiles play very important role in lignin degradation. Sagittula stellata, a marine aerobic bacterium, 
was reported as first halophile which was able to degrade lignin. Halophiles produce enzyme laccase 
which helps in lignin degradation (Uthandi et al., 2010). This laccase enzyme is stable at varied salt 
concentration and temperature. Laccase enzyme is produced by halophiles e.g., Chromohalobacter sp., 
Bacillus sp. strain WT, Aquisalibacillus elongates (Rezaei et al., 2017), Bacillus safensis sp. strain S31 
(Siroosi et al., 2018), Haloferax volcanii strain SB01, Pycnoporus sanguineus, Digitatispora marina, 
Halocyphina villosa and Nia vibrissa (Pang et al., 2011).
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Biodiesel and Methane Production from Halophilic Microalgae

Biodiesel is most important energy source because of many applications (Nejad & Zahedi, 2018). The 
chemical processes used for the production of biodiesel are costly, time consuming and causes pollu-
tion. The production of biodiesel from edible oils is costly. Therefore, use of non-edible oils such as 
oils from halophilic microalgae is economical and eco-friendly (Abdullah et al., 2015; Yu et al., 2013). 
Halophilic microalgae are able to grow fast and have high lipid content (about 80% of their weight) which 
has increased the interest of researchers for their use in the production of biodiesel. Dunaliella salina 
and Tetraselmis elliptica microalgae isolated from hyper saline Bardawil (Abomohra et al., 2017) have 
good content of lipid and fatty acids viz., linoleic, palmitic and oleic acids and hence can be used for 
the production of biodiesel. The marine microalgae viz., Nannochloropsis salina (Bartley et al., 2013) 
and A. halophytica (Miriam et al., 2017) which have the ability to produce lipids also been reported as 
promising feed stocks for bioenergy production. The production of biodiesel from halophilic microalgae 
is a very clean and economical technology.

Figure 10. Mechanisms of antibiotic resistance
Source: BioRender, n.d.
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Methane is good source of renewable fuel and can be used to produce heat and electricity. Many of 
the marine microalgae can be used to produce methane. By hydrolysis, they can convert livestock ma-
nure, crop residues, wastes, etc. to methane (CH4) and carbon dioxide (CO2) (Amoozegar et al., 2019; 
Wei et al., 2013).

Applications of Pigments from Halophiles

The halophilic microorganisms produce pigments such as β-carotene, bacteriorhodopsin and bacterio-
ruberin. The halophilic algae Dunaliella salina produces β-carotene pigment which has immense ap-
plications in food industries as well as medicinal uses such as anti-diabetic, antiviral, anti-inflammatory, 
etc. (Manjula et al., 2018). Bacteriorhodopsin is another pigment produced by halophilic archaea viz., 
Halobacterium salinarium and Halobacterium halobium. It has applications in ocular and computer-
ized devices, photovoltaic cells and artificial retinas (Ashwini et al., 2017). Bacterioruberin pigment is 
produced by halophilic archaea such as Halobacterium salinarum, Halorubrum sodomense, Haloarcula 
vallismortis, Haloarcula japonica, Halococcus morrhuae, Haloferax volcanii, etc. This pigment has 
good antioxidant property and also has applications in solar cells (Manjula et al., 2018).

Glycerol and Biohydrogen

The members of order Halanaerobiales and green algae Dunaliella are known to produce glycerol (Oren, 
2017). They breakdown glycerol and form important by-products. Glycerol-based hydrogen production by 
halophilic microorganisms has been studied from Halanaerobium saccharolyticum subsp. senegalensis. 
Biohydrogen can be used for generation of electricity and as fuel.

Ectoine and Hydroxyectoine

Ectoine and hydroxyectoine produced by halophilic actinobacteria have important applications as protec-
tive and stabilizing agents for the mammalian cells (Pastor et al., 2010).

Treatment of Saline Wastewaters Using Halophiles

The industrial processes generate huge amount of wastewater with high conc. of salt. Such wastewater 
contains many toxic compounds, and hence needs to be treated. Anaerobic biodegradation process is ef-
fective for the treatment of such wastewater. The halophiles such as Halobacterium salinarum, Halomonas 
spp., Halanaerobium lacusrosei, etc. are useful in the anaerobic degradation process for the treatment 
of saline wastewater (Mohammadipanah et al., 2015).

Therapeutic Compounds from Halophilic Actinobacteria

Halophilic actinobacteria produce many therapeutic compounds viz., anticancer, antitumor, anti-
inflammatory, antioxidant, and antimalarial substances. The therapeutic compounds from halophilic 
actinobacteria are represented in Table 3.

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



29

Halophiles


CONCLUSION

The halophiles are salt loving microorganisms having immense industrial applications. They have vari-
ous mechanisms to adapt to salt conditions, which includes them under the class of extremophiles and 
makes them novel. The halophiles are diverse in phylogeny and taxonomy aspects. The halophiles also 
have antimicrobial resistance and hence can be used for preparation of drugs and therapeutic compounds. 
More research needs to be carried on the molecular level identification of halophiles and also genes 
responsible for adaptation by halophiles to extreme salt and other stress conditions.
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ABSTRACT

Alkalophiles are a class of extremophiles capable of survival in alkaline (pH roughly 8.5–11) environ-
ments, growing optimally around a pH of 10. At such high pH, the normal cellular functions are det-
rimentally affected for mesophilic organisms. The alkalophiles successfully manage stability of DNA, 
plasma membrane, and function of cytosolic enzymes, as well as other unfavorable physiological changes 
at such an elevated pH. A recent development in NextGen sequencing technology facilitates identifying 
uncultivable organisms amongst the extreme environments. In recent years, distribution of alkalophiles 
was reported from Soda Lake, marine environments, saline deserts, and natural thermal vents to natural 
water bodies. Although alkalophiles were first reported in 1889, their enzymatic and industrial ap-
plications still make them an interesting area of research. This chapter provides basic information on 
environmental distribution, taxonomy, physiology, bioenergetics, and survival mechanism and enzymes 
produced by alkalophilic organisms.
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INTRODUCTION

Microorganisms are the most common living things on Earth. They are also highly diverse organisms 
found in almost every corner of the blue planet. Extremophilic microorganisms are a largely unexplored 
group that can survive in extreme conditions. Among the extremophiles group, Alkaliphiles or alkalo-
philes can thrive in alkaline (pH 8 to 11) environments. At such a high pH, normal cell functions for 
mesophilic organisms are adversely affected including inactivation of cytosolic enzymes, instability of 
DNA and plasma membrane. The adaptations in the genetic and metabolic machinery of these organisms 
allowed them to thrive in hostile conditions.

Chester (1889) reported bacterium Sporosarcina pasteurii (formerly Bacillus pasteurii) as the first 
alkaliphilic organism (Chester, 1897). The organism has capability to generate ammonium carbonate from 
urea in the presence of ammonia and alkaline environment. Later on in 1934, Vedder reported Bacillus 
alcaliphilus as a second example of isolation of alkalophiles. After the initial discovery, Takahara and 
Tanabe isolated indigo-reducing alkalophile capable of growing at pH 12.1 in 1960. During 1970-1980s, 
several studies reported for the applications of alkalophiles industrial applications. However, due to lack 
of proper methods to classification most of the isolates could not be appropriately classified upto spe-
cies level. In 1990, Fritzie et al., reclassified such alkalophiles based on their physiological and charac-
teristics up to species level. With the advent of technology, the taxonomic classifications were revised 
based on DNA G+C mol% values, presence of diaminopimelic acid (DAP) in its cell wall, DNA–DNA 
hybridization and 16S rRNA gene. Initially, most of the species of Bacillus from phylum Fermicutes 
were proposed in Alkalophiles. However, several research studies have greatly isolated the organisms 
from phyla Cyanobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, Thermotogae, Spirochaetas, 
Archaea (Euryarchaeota), and Yeast. The current scenario is still in favor of increased isolation and 
identification of alkalophiles due to their enormous capability for industrial applications. In recent years, 
distribution of alkalophiles was reported from soda lake, marine environments, saline deserts, natural 
thermal vents to natural water bodies. There are innumerous examples of these fascinating organisms 
have been discovered now and these include primarily prokaryotes (bacteria and archaea) and some 
eukaryotes (algae, yeast and fungi) (Kumar and Hovik, 2019).

BACKGROUND

Alkalophiles are a class of extremophilic microbes capable of survival in alkaline (pH roughly 8.5–11) 
environments, growing optimally around a pH of 10. These are generally categorized into two major 
physiological groups: Alkali-tolerant organisms that show optimal growth in the pH range of 7.0–9.0 
but cannot grow above pH 9.5 and alkalophilic organisms that show optimal growth between pH 10.0 
and 12.0. Furthermore, the extreme alkalophiles subdivided into facultative alkalophiles, obligate alka-
lophiles etc. Along with that, alkali tolerant strictly anaerobic strains and obligatory anaerobic species 
reported in lake Magadi Kenya in 1988 (Norton and Grant, 1988).

As alkalophiles were able to sustain at high temperature under aerobic and anaerobic conditions, the 
enzymes produced by such organisms were alkalostable and thermostable. Such physiological features 
allow us to explore new applications in protein engineering and production of thermostable enzymes 
industries (Reed et al., 2013). Most of the alkalophiles are spore formers, the environmental effects would 
not directly affect in spore form (Tayyem et al., 2021). However, the organism faces a central problem in 
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pH homeostasis during the growth at extreme pH values. The mechanism behind the survival has been 
extensively investigated in past decades. In Spite of that, the complete understanding still needs more at-
tention to study undelaying adaptations, bioenergetics and survival mechanisms by extreme alkalophiles.

The alkaline conditions are detrimental to biochemical processes and reproduction compared to 
normal conditions, as high pH value is extremely harmful to normal cellular processes. Alkalophiles 
developed several structural and functional adaptations to survive in such alkaline environments. Most of 
the alkalophiles are difficult to grow in culture media. However, recent developments in genomics make 
it possible to understand the importance of uncultivable organisms in such extreme environments (Grant 
and Heaphy, 2010). The genetic structure responsible for these adaptations developed a special interest in 
fundamental and applied research. The findings from genome and gene sequence revealed several poten-
tial applications of the organism grow at higher pH. These organisms deploy several strategies to thrive 
in extreme habitats; cytosolic acidification, high level of cytochromes, efficient respiratory and cations/
proton antiport system, abundant unsaturated branched fatty acids, highly anionic cell surface, efficient 
protein damage repair system, production of extracellular products to acidify external cell environment 
etc. These organisms’ ability not only supports only growth but also makes them rapid ATP producer 
compared to non-alkalophilic group of organisms. Various adaptations of the alkalophilic organisms 
such as acid production, efficient siderophores, highly anionic cell surface, alkaline active enzymes, 
antibiotics production showing great importance in various fields of Biotechnology (Mamo, 2019).

The main effects due to high pH value are instability of DNA, plasma membrane and cytosolic en-
zymes present in the cell. There must be specific mechanisms in alkalophilic organisms to sustain in 
such high pH value. The alkalophilic organisms must either have a specific machinery within them or the 
acidification mechanism of cytosolic region of the cell. Since few experiments suggest, the cytosolic pH 
must remain almost neutral. In this case, alkalophiles must have one or more mechanisms of acidifying 
the cytosol when in the presence of a highly alkaline environment. The present chapter includes some 
of the major adaptations and bioenergetics of the alkalophiles.

Alkaline enzymes have found major commercial applications in laundry detergents, for effectual food 
processing, finishing of fabrics, and pulp and paper industries(Bocchini et al., 2003; Priyadarshini et al., 
2020; Sehar and Hameed, 2011; Zhao and Eun, 2020). Alkaline protease extensively studied, character-
ized, and commercialized from Bacillus sp. Alkaline proteases are convenient in detergent formulations, 
silk degumming, food and feed industry, photographic gelatine hydrolysis, leather dehairing, cosmet-
ics, and pharmaceutical preparations (Joshi and Satyanarayana, 2013; Sarkar and K, 2020). The unique 
therapeutic potential of commercially available alkaline proteases, reported for degradation of prion 
protein (PrPSc). Amylase operative for biocatalysis of starch-based products (Cha et al., 1998). The 
highly reported exo-alkaline amylases from alkaliphilic Bacillus sp. Alkaline debranching enzymes with 
amylase like pullulanases, amylopullulanase, neopullulanase, or isoamylase can be effectively applicable 
in stain removal. They are highly promoted globally at alkaline β-glucanases, as vivacious components 
of detergents. The activity of cellulase at alkaline pH was stable and not repressed by ingredients of 
laundry detergents. Alkaline cellulase functions in biostoning to remove pumice stones of denims, and 
biopolishing through elimination of the rough cellulose lumps formed on fabrics and clothes (Kakkar 
and Wadhwa, 2021). Cellulase is effective to improve biological de-inking and the activity of recycling 
paper pulp. Lipase produced by alkalophilic Pseudomonas sp. is also extensively used in detergents, 
pharmaceutical products, and fat processing in meat industries (Yang et al., 2018; Zhao and Eun, 2020). 
Along with that, alkaline lipase reported for synthesis of biopolymers, biodiesel, pharmaceuticals and 
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other composites. Similarly, alkaliphilic xylanase was studied from soil, kraft pulp, alkaline soda lakes, 
and pulp and paper industry wastes.

TAXONOMY AND DISTRIBUTIONS

Alkalophiles are categorized into alkali-tolerant, obligate alkalophilic, facultative alkalophilic, and halo-
alkalophilic groups depending on the adaptation to a high pH value and / or neutral pH value together 
with the NaCl concentration (Yumoto et al., 2011). The group of alkali tolerant can grow at pH 9 and 
their optima pH around 7 but cannot grow at pH greater than 10. Virgibacillus sediminis can grow at 6.0 
to 10.5 but optimum pH is 7.5 to 8.0 (Chen et al., 2009), Virgibacillus chiguensis can survive at pH 5–9 
with 7.5 optimum pH but able to grow at pH 10 (Wang et al., 2008) and Rheinheimera pleomorphica 
require pH 6 to 12 for growth but not able to grow above pH 10, and their optimum pH around 7 to 8 
(Panda et al., 2020). The Obligate alkaliphiles grow at high basic pH (up to 9) value like, Alkalibacterium 
indicireducens, Alkalibacterium iburiense, and Bacillus marmarensis requires a pH range of 9 to 12 for 
their growth, but cannot grow at pH 7 to 8 (Yumoto et al., 2008); (Nakajima et al., 2005); (Denizci et 
al., 2010). The facultative alkaliphiles are cluster that rise optimally under harsh alkaline conditions but 
are also capable of growing near neutral pH. For examples, Clostridium thermoalcaliphilum (LI et al., 
1994), Oceanobacillus indicireducens (Hirota et al., 2013) grow at pH 7 to 12 with optimum pH 10 and 
Rhodobaca bogoriensis (Milford et al., 2000) grow at optimally 9 pH and survive at pH range between 
7.5 to 10. Bacillus genus is communal and having alkali-tolerant and alkaliphilic attributes for survive 
under wide range of basic pH e.g., Bacillus horikoshii (Nielsen et al., 1995). The haloalkaliphiles are 
adapted under dual extremities of high salinity and elevated pH (Arayes et al., 2021). Bacillus arsenic-
oselenatis and Bacillus selenitireducens can grow at 8.5 to 10 pH and 6% w/v NaCl concentration (Vyas 
et al., 2014). After the 2000s, due to the massive potential application and interesting physiology of 
alkaliphiles and versatility of the alkaline environment for biotechnological applications, novel alkali-
philic species are often found. Alkalophiles are widespread in alkaline niches where the pH is above 10. 
These niches include alkaline soda lakes, desert, rhizosphere, gardens, manure, agricultural soil, Sodium 
Sulfate Lake, hot baths, sewage sludge from a beverage industry, potato wastewater effluent, and costal 
area that were found throughout the world harbor environment for diversity of alkalophiles. In Table-1, 
some important organisms were listed observed worldwide.

Alkalophiles are widely dispersed in eubacteria, eukaryata and archaea domain. The alkaline niches 
like, Soda lakes, dry and fresh water lakes, soda solonchak, lagoon, steppe epitomize the most stable 
naturally distributed throughout the world but highly explored and studied in soda saline lakes. About 136 
salt bodies are present worldwide. All these are distributed in almost all continents, including Africa (48 
sites), Asia (43), America (23), Australia (14) and Europe (8). Maximum African rift valley studied for 
microbial diversity exploration (Mwatha, 1990; Gouda et al., 2020). Lake Magadi is one of the smallest 
and most saline lakes in the East Rift Valley (Bernhart Owen et al., 2019). There are several sites avail-
able that have not been explored for microbial ecological study. Table 2 contains the list of all the sites 
available in 5 different continents. Among all the listed sites, some sites explored by researcher, while 
remaining sites are still not properly explored for any extremophiles diversity study.
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Table 1. Worldwide distribution of diverse alkalophilic organism reported in research field

No. Name of organism Strain pH Temp 
(°C)

NaCl 
(W/V) Source Reference

1 Alkalibacterium 
olivoapovliticus WW2- SN4a 8.5 27 - 32 3 - 5 Edible-olive wash-waters (Ntougias and Russell, 

2001)

2 Bacillus alkalicola Zby6 10 37 3 Saline Soda Zhabuye Lake, Tibet, China. (Zhai et al., 2014)

3 Bacillus miscanthi AK13 8.0 - 9.0 28 - 35 10 Rhizosphere of Miscanthus 
sacchariflorus (Shin et al., 2020)

4 Bacillus okuhidensis GTC 854 10.5 45 - 50 10 Okuhida hot spa, Japan (Li et al., 2002)

5 Bacillus polygoni YN-1 10 29 - 31 5 Indigo balls, Ibaraki, Japan (Aino et al., 2008)

6 Bacillus solisalsi YC1 7 - 10 35 - 42 15
Sodium sulfate inland Yuncheng Lake, 
South Shanxi Basin of Shanxi Province, 
China

(Liu et al., 2009)

7 Bacillus sp. NG-27 9.0 - 10.0 27 - Decaying organic matter from northern 
India (Gupta et al., 2000)

8 Bacillus vedderi JaH 10 40 2.5 – 
7.5 bauxite-processing red mud tailing pond. (Agnew et al., 1995)

9 Emericellopsis alkalina VKPM F1428 10.5 - The edge of the soda lake Tanatar-2, 
Altai area, Russia (Kuvarina et al., 2021)

10 Exiguobacterium 
alkaliphilum 12/1 9.5 35 9.5 Alkaline wastewater drained sludge of a 

beverage industry, New Delhi, India
(Kulshreshtha et al., 
2013)

11 Exiguobacterium 
aquaticum IMTB-3094 8.0 30 10 Tikkar Tal Lake, Haryana, India (Raichand et al., 2012)

12 Exiguobacterium 
aurantiacum DSM 6208 9.5 37 12 Potato wastewater effluent (Collins et al., 1983; 

Souza & Deal, 1977)

13 Exiguobacterium 
oxidotolerans T-2-2 7 - 10 34 12 Drain of a fish processing plant, 

Hokkaido, Japan (Yumoto et al., 2004b)

14 Halomonas 
alkaliantarctica CRSS 9.0 30 10 Saline lake Cape Russell in Antarctica (Poli et al., 2007)

15 Nocardiopsis 
alkaliphila YIM-80379 9.5 - 10 28 - Desert soil sample collected in Egypt (Hozzein et al., 2004)

16 Phytoactinopolyspora 
alkaliphila EGI 80629 9.0 - 10.0 30 3 - 5 Xinjiang, north-west China. (Zhang et al., 2016)

17 Phytoactinopolyspora 
halophila YIM 96934 7.0 - 8.0 28 - 37 5 - 8 Edge of a saline lake in Xinjiang, north-

west China. (Ding et al., 2019)

18 Phytoactinopolyspora 
limicola HAJB-30 9.5 -10.0 - 1.0 – 

3.0
Soda alkali-saline soil, Heilongjiang, 
Northeast China (Wei et al., 2021)

19 Phytoactinopolyspora 
mesophila XMNu-373 7.0 - 8.0 28 - 37 2 - 5

Mongolia Plateau, Dongwu County, 
Inner Mongolia Autonomous Region, 
PR China

(Feng et al., 2020)

20 Pseudomonas 
aeruginosa - 9.0 50 -

Gut of Penaeus monodon, from 
Rajakkamangalam marine coastal area, 
Kanyakumari, Tamilnadu

(Jaradat et al., 2013)

21 Salinococcus sp BAB 3246 9.0-9.5 - 15 Coastal Region of Gujarat, India. (Mevada et al., 2017)

22 Sodiomyces alkalinus CBS 110278 8.7 - 10.5 27 - Choibalsan area, North-East Mongolia, 
Shar-Burdiyn lake

(Grum-Grzhimaylo et 
al., 2013)

23 Thermococcus 
acidaminovorans DSM 11906 9.0 85 - Marine hydrothermal Porto di Levante, 

Vulcano Island, Italy (Dirmeier et al., 1998)

24 Thioalkalibacter 
halophilus ALCO 1 8.5 30 0.6 Hypersaline alkaline lakes, South-

Western Siberia (Russia) (Banciu et al., 2008)
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Table 2. Environmental site supporting the growth of Alkalophiic organism

No. Continent Country Environment/sites for presence of alkalophiles Reference

1 Africa

Egypt Wadi El Natrun (Gouda et al., 2020)
Algeria Shaṭṭ Al-Jarīd (Brittanica, 2014)

Ethiopia Abijatta Lake, Aranguadi (Green Lake), Chitu Lake, Hertale Lake, 
Metahara Lake, Kilotes Lake, Shala Lake

(Lanzén et al., 2013; 
Schagerl, 2016)

Kenya Bogoria lake, Crater (Sonachi) Lake, Elmenteita Lake, Magadi Lake, 
Nakuru Lake, Oloidien Lake, Simbi Lake, Taurkana Lake

(Bernhart Owen et al., 
2019; Grant and Sorokin, 
2011)

Chad Bodu Lake, Dijikare Lake, Monboio Lake, Munyanyange Lake, Murumuli 
Lake, Nunyampaka Lake, Rombou Lake, Yoan Lake

(Kambura, 2016; 
Schagerl, 2016)

Libiya Fezzan Lake (Schagerl, 2016)

Uganda Kikorongo Lake, Mahenga Lake, Nyamunuka Lake, Rukwa North Katwe 
Lake (Mwatha, 1990)

Tanzania

Lake Natron, Lake Embagi, Lake Magad, Lake Manyara, Lake Balangida, 
Bosotu Crater, Lakes, Lake Kusare, Lake Tulusia, El Kekhooito, Momela 
Lakes, Lake Lekandiro, Lake Reshitani, Lake Lgarya, Lake Ndutu, Lake 
Rukwa North

(Bernhart Owen et al., 
2019; Kambura, 2016)

Sudan Dariba Lake, Malha Crater Lake (Schagerl, 2016)

2 Europe

Poland Janikowo (Kuyavia) Soda saline lake (Kalwasińska et al., 
2017)

UK Malham Tarn (Pentecost, 2009)

Spain Las Eras (Sanz-Montero et al., 
2019)

Serbia Rusanda Lake (Felföldi et al., 2009)

Hungary Böddi-szék, Kelemen-szék, Lake Fehér (Szeged), Lake Neusiedl (Fertő) (Felföldi et al., 2009; 
Forró et al., 2017)

3 Asia

India

Chhapra, Chilika Lake, Didwana, Khyagar Lake, Kuchaman, Kushul lake, 
Little Rann of Kutch, Lonar Lake, Lunkaransar, Mansagar, Namucuo Lake, 
Pachpadra Lake, Pokaran, Pulicat Lake, Sambhar Lake, Thar Desert, Thob, 
Tso Kar Salt Lake, Tso Moriri Salt Lake

(Gupta et al., 2015; 
Kumar et al., 2016; Patel 
et al., 2015; Singh et al., 
2018; Zhu et al., 2020)

Russia
Barabinskaya Soda solonchak Steppe, Buriatia lake, Kiran soda lake, 
Kulunda Soda solonchak Steppe, Lake Khatyn, Malyi Kasytui, Torey Lakes, 
Verkhnee soda lake

(Shapovalova et al., 
2009; Sorokin et al., 
2008)

Turkey Kartsakhi Lake, Lake Salda, Lake Van (Schagerl, 2016)
Aksai 
Chin, 
India/ 
China

Lake Surigh Yilganing Kol, Tso Tang Lake, Aksayqin Hu Lake, Lake 
Hongshan Hu, North Tianshuihai lake, Tianshuihai lake, Pangong Salt 
Lake, Spanggur Tso (Pongur Tso)

(Wikipedia contributors”, 
2021)

China Badain Jaran Desert, Guozha lake, Lake Zabuye (Drangyer), Mongolia lake, 
Qinghai Lake

(Itoh et al., 2005; Sorokin 
et al., 2021)

4 Australia Australia
Lake Eyre, Lake Werowrap, Lake Corangamite, Red Rock Lake, Lake 
Chidnup, Lake Torrens, North Blue Lake, Lake Bulla, Mid Blue Lake, 
Gidgee Lake, Lake Mere, Lake Buchanan, Lake Wyara

(Schagerl, 2016; Timms, 
2021)

5 America

US

Alkali Lake, Baldwin Lake, Borax Lake, Mono Lake, Owens Lake, Soap 
Lake, Soda Lakes (Nevada), Summer Lake, Albert Lake, Lake Lenore, 
Searles Lake, Deep Springs, Rhodes, Marsh, Harney Lake, Surprise Valley, 
Pyramid Lake, Walker Lake

(Asao et al., 2011; Grant 
and Sorokin, 2011; 
Schagerl, 2016)

Canada Goodenough Lake, Manitou Lake
(Grant and Sorokin, 
2011; Schultze-Lam et 
al., 1996)

Mexico Lake Alchichica, Lake Texcoco (Schagerl, 2016)

Chile Antofagasta Lake (Grant and Sorokin, 
2011)
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CYTOSOLIC ACIDIFICATION

It is very important to maintain the pH of cytoplasm for proper functioning of the intracellular compo-
nents of the cell. Alkalophiles are normally grow at an elevated alkaline pH, which leads to inadequate 
cell functioning. However, Alkaliphiles are able to maintain cytosolic acidification by both passive as 
well as active transport means. In the passive form of transport mechanism, the energy is not required 
to maintain the pH of cytoplasm. While the Active transport mechanism uses the ATP as an energy 
molecule to maintain intracellular pH.

The passive mode of acidification is based on cell structure of alkalophilic organisms. Most of the 
organism contains the acidic polymers composed of residues of aspartic acid, galacturonic acid, gluconic 
acid, glutamic acid and phosphoric acid. All these residues form a matrix, which is acidic in nature. The 
acidic matrixes created by acidic residues prevent entry of hydroxide ions and facilitate entry of sodium 
and hydronium ions from external regions. The importance of these acidic residues already explored 
with induced mutant alkalophilic organism. The mutant organism lacking the ability to synthesize such 
residues showing complete loss of ability to grow in alkaline conditions. However, only passive transport 
mechanism only would not able to maintain pH of intracellular matrix; there must be active transport 
mechanism work around to maintain the structure

The active mode of acidification relies on Na+/H+ antiporters, which are present in the cell mem-
brane of the alkalophilic organisms. The Na+/H+ antiporter protein of alkalophilic organisms, allows 
ions H+ and Na+ to move across a membrane in order to change a concentration gradient (Padan et al., 
2001). These antiporter proteins in acidophiles recognize a higher pH on the outside of cell, which leads 
to activation of a homeostatic mechanism to bring the pH level back to optimal range (Padan, 2014). In 
respiratory cells, H+ ions are first extruded through the electron transport chain and in fermentative cells 
through the ATPase enzyme. This proton shift creates the proton gradient to facilitate the exchange of 
Na+/H+. This process accumulates the H+ ions in the cell leads to a lowering of cytosolic pH. Along with 
that, Na+ dependent solute uptake is crucial in providing sodium for antiport activity as well as nutrients 
(i.e., sugars, amino acids) or precursors (such as choline) for the purpose of general metabolism. The 
Na+ can also facilitate nutrient uptake via solute symport, which is necessary for cellular processes. The 
mutation in the Na+/H+ antiporters via mutation or any other means rendered the neutrophilic nature of 
the alkalophilic organisms. The alkalophiles combat the high pH concentration in the area by lowering 
cytosolic pH. The sodium is crucial for the antiporter system to operate in alkalophilic organisms. That 
is the reason, why most of the alkalophilic organisms are grow in saline environments (Lee et al., 2013).

Bioenergetics and ATP Production

In alkaliphilic organisms, the antiporter system contains huge number of respiratory components such as 
cytochrome a, b and c. The high concentration of these components may allow the ATP generation via 
ATPase enzyme present in the cytoplasm of the cell (Fujisawa et al., 2010). There are major two factors are 
known to associated with proton motive force that drives ATPase in alkalophilic organism; 1. Difference in 
H+ concentration across membrane and 2. Negatively charged molecules near cell membrane. In general, 
the cell could not estimate pH across membrane and nearby surface. That requires electron transport chain 
mechanism and translocation H+ across membrane in respiratory chain for the ATP generation (Figure 1). 
The ATP generation via respiratory chain in alkalophiles and neutrophils is similar. However, the rates of 
H+ translocation by alkalophiles were extremely lower compared to neutrophilic organism.
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SURVIVAL MECHANISMS

Alkalophiles also known as extremophiles belong to group of special organism, which always need a 
harsh environment for optimal growth. They use several structural, chemical and defensive mechanisms 
to grow in extreme environments. This adaptations and mechanism are important in several industrial 
applications as well as clean garbage near dump sides. The mechanism used by alkalophiles often 
based on the secretion of enzymes and metabolic products outside of the cell (Singh and Gabani, 2011). 
This allows the cells adapt stressful conditions from surrounding environment. Some of the important 
mechanisms are explained here.

1. Ectoine-Mediated Mechanism

Ectoine is the widely occurring and one of the important osmolyte, known as stabilisers protecting cell, 
proteins and enzymes from the deleterious effect of environmental stress such as alkalinity, high tempera-
ture, desiccation, osmotic stress (Lentzen and Schwarz, 2006). Many alkaliphilic halotolerant Bacillus sp. 
were reported for the biosynthesis of ectoine (5-2-methyl-1, 4, 5, 6-tetrahydropyridine- 4-carboxylic acid) 
(Van-Thuoc et al., 2013). The cluster of ectABC genes encode the diaminobutyric acid acetyltransferase 
(EctA), the diaminobutyric acid aminotransferase (EctB), and the ectoine synthase (EctC), which are 
responsible for the ectoine biosynthesis (Bursy et al., 2007). Still the mechanism of action for ectoines 
is not fully understood, but it is believed that the stabilization effect is achieved by the hydration of 
protein due to the exclusion of ectoines from the protein surface. Ectoine and other compatible solute 
like trehalose, hydroxyectoine decrease surface area of protein by increasing surface tension resulting 

Figure 1. Membrane transport and ATP generation mechanism
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in compact fold state of protein (Street et al., 2006). Under the extreme stress condition, the halophiles 
prone to produce more hydroxyectoine than ectoine, which facilitate more preservation by increasing 
hydration of protein and rigidity. Microorganism produce hydroxyectoine because ectoines can be de-
grade into N-acetyldiaminobutyric acid by consuming a hydroxyl group (Van-Thuoc et al., 2013). Zhao 
et al., have reviewed the production of Ectoine from haloalkaliphiles as an one of the biotechnologically 
import product (Zhao et al., 2014).

2. Increased Catalytic Activity

Extremophiles produce enzymes which are stable in harsh environment and resist to denaturation. Due 
to the high pH environment, the catalytic efficiency of in alkalophilic organisms is greatly affected. 
However, the metaproteomic based discovery of an Enzyme from an Indian Hot Spring suggest the im-
portance of high catalytic efficiency to reduce the damage due to pH (Sander et al., 2021). An optimum 
activity of enzymes of alkalophilic organisms observed at pH 10 but amylase isolated from Bacillus spp. 
reported to have hydrolysis capability of starch at pH of 2 as well still active at pH of 12 (Mesbah and 
Wiegel, 2018). The wide range indicated mechanism of high catalytic activity of alkalophilic enzymes as 
well. Georlette et al., 2003, suggest adapted DNA ligase has increased activity and high conformational 
flexibility at active site domain (Georlette et al., 2003). The study on extremophile enzyme suggests 
that there is an interfacial correlative mechanism between stability, activity, rigidity, and flexibility. In 
summation enzymes have complex catalytic and regulatory strategies which plays important role in liv-
ing organisms (Purich, 2010).

3. Amino Acid Accumulation

Accumulation of amino acids near membrane proteins contribute to cation trapping. Secretion of amino 
acids such as teichuronic acid, teichoic acids, aspartic acid, and phosphoric acid leads to formation of 
anionic surface in alkalophilic organisms. This negatively charged surface absorbs Na+ and H+ from sur-
rounding of cell and repulse hydroxide ions, which facilitates growth in alkaline niches by maintaining 
pH homeostasis. This property of alkalophiles is also useful in increasing their stability and activity in 
nonaqueous solvents. In sum, amino acid accumulation participate in passive mechanism of pH homeo-
stasis by regulating osmotic stress (Ling et al., 2018).

4. Activation of the Nuclear Factors

The NF-kB (Nuclear factor-kappaB) is the elementary transcription factor and plays an important role 
in the cell-cycle progression. Recent developments in sciences facilitate better understanding of nuclear 
factors. The transciptions factors ChbZIP1 from Alkaliphilic Microalgae Chlorella also reported to provide 
alkaline stability to Arabidopsis thaliana (Qu et al., 2021). A wide range of stimuli from alkalophiles 
including cytokines, environmental particles, oxidative stress, and toxic metals leads to activation of 
NF-kB (Hayden and Ghosh, 2008). Activation of NF-kB signaling pathway in response to oxidative 
stress has been frequently observed in certain types of alkalophilic cells (Chen et al., 2001).

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



44

Alkalophiles


5. Overexpression of Heat Shock Protein Genes

Extremophiles overexpress single or collective ubiquitous HSP genes (Heat Shock Protein). Overexpres-
sion of these highly conserved HSPs genes, are thought to be induced for survival and play essential role 
in maintain protein complex machinery, in the growth and viability at high osmotic pressure or in hot 
condition. Heat Shock Proteins prevent protein mis-folding, aggregation and promote degradation of the 
irreversibly denatured polypeptides. High temperature exposure and high hydrolytic pressure increase the 
synthesis rate of heat shock proteins, which mediate folding of molecular chaperones (Koide et al., 2006).

ENZYMES AND THEIR APPLICATIONS

Alkalophiles are known to synthesize a large number of compounds such as extracellular alkaline active 
enzymes, bioactive substance, siderophores, novel carotenoids and compatible solutes like ectoine, treha-
lose. Among that the enzyme production shows great potential for application in detergent formulation, 
environmental protection, textile and fiber processing, paper and pulp processing etc. Unfortunately, 
Screening of the active compounds from culturable isolated alkalophiles serves as the boundary for the 
wide application. However, the NGS platform overcomes this problem by exploring the new way to 
screen biotechnological potential.

Alkaline Protease

Alkaline protease seems to have peaked attention because of its wide application in dairy, detergent 
industry, leather dehairing, gelatin hydrolysis, silk degumming, silver recovery, cosmetic and pharma-
ceutical preparations. In natural environment, protease can be produces by plants, animals, and microor-
ganisms. However, it is difficult to take plants and animals as a sustainable proteolytic enzyme sources. 
Among the different producers, extracellular protease producer microbes are considered with the aim 
of a large-scale fermentation process. Proteolytic enzymes are basically produced inside cell but their 
presence found inside (endo-peptidases) as well as outside of cell as exo-peptidases. Both these type of 
peptidases are having different cell function as per their catalytic property. Horikoshi (1971) reported 
Bacillus sp. no. 221 (B. clausii ATCC 21522) as first and highest alkaline protease producer (Horikoshi, 
1971). Recently, various novel microorganisms are reported for the alkaline protease production such as, 
Bacillus sp.K-3 (Yin et al., 2019), Bacillus sp.HL-8 (Gimza et al., 2019), Bacillus sp.HS-4 (Sehar and 
Hameed, 2011),Bacillus sp. N-40 (Sevinc and Demirkan, 2011), Pseudomonas aerugin (Ghorbel-Bellaaj 
et al., 2012), Streptomyces sp. GS – 1(Sarkar and K, 2020), Bacillus licheniformis MK90 (Hamed et al., 
2019). Darwesh et al., 2019, reported alkaline protease production by Saccharomonospora viridis strain 
Hw G550 which shows the nematicidal activity.

In the environment protection, protease found an eco-friendly agent for the degradation of waste 
because chemical treatment or physical treatment of waste shows hazardous effect for the environment 
and its surroundings. Researcher proves this method better than physical and chemical method, even 
though waste management by using protease may be produce useful products (Abdel-Shafy and Mansour, 
2018). In the leather industry, protease is very useful for dehairing from skin. Human kind traditionally 
uses different method for dehairing, such as use of sodium sulfate and lime which have environmental 
effect including bad odor and air pollution. Besides that, alkaline protease also useful for enhancing 
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quality of leather products. Streptomyces sp. GS-1 reported for the alkaline protease production in basal 
media (BM) supplemented with wheat bran at 45 °C and pH 8.5 which displayed dehairing property 
(Sarkar and K, 2020). In detergent industry protease cover about 30% enzyme market. Protease enzyme 
produce from Bacillus species have been widely useful in detergent because of their activity and stabil-
ity at high pH, stability in high temperature, compatibility with other chelating agents and should be 
active in the presence of inhibitors during the use (Karataş et al., 2013). Nowadays, alkaline protease 
also apply in medical and health area; one of the hot area of human life. By using proteases from differ-
ent species scientists are also able to produce different medicine, drugs and vaccines to prevent or treat 
diseases (Palanivel et al., 2013; Razzaq et al., 2019; Sou et al., 2011). It has been reported that fibrin 
degradation was achieved by alkaline fibrinolytic proteases. The use of this fibrinolytic enzyme suggests 
its future use as a cancer drug and in thrombolytic therapy (Jaouadi et al., 2011). Drugs production by 
using protease have found their application in treating enzyme deficiency and disorder in human kind 
(Kumar et al., 2012).

Alkaline Amylase

Numerous Amylase- an amylolytic enzyme have been isolated from various alkaline niches and depos-
ited in the literature. Alkaline amylase was the first time produce in Horikoshi-II medium by cultivating 
alkaliphilic Bacillus sp. A-40-2 (Horikoshi, 1971). Subsequently, Bacillus sp. NRRL B 3881, Bacillus 
KSM-1876, and several other alkaliphilic microorganisms have been discovered for the starch degrading 
alkaline amylase production (Ara et al., 1992; Boyer and Ingle, 1972)

Alkaline amylases are hydrolytic enzymes that are stable in an alkaline environment and hydrolyzes 
starch molecules by cleaving glycosidic bonds to give diverse products including dextrins and smaller 
polymers of glucose (Windish and Mhatre, 1965). Among the bacteria, Bacillus species has been re-
ported widely for the production of amylase. B. subtilis, B. stearothermophilus, B. licheniformis, and 
B. amyloliquefaciens are known to be good producers of alpha amylase (Coradin et al., 2011). Vari-
ous strategies have applied for the production of recombinant enzyme, such as optimising promoters, 
ribosome binding site, decreasing the degradation of proteins, fermentation optimization, mutagenesis 
screening, signal peptides and secretory pathways etc. Transport and transcription levels regulation can 
enhance alkaline α-amylase production by deleting a putative peptide segment of YwbN’. Insertion of 
arginine (R) between residues 5 and 6 of YwbN’ further increased the protein yield (Yang et al., 2020).

Amylase is classified into Endoamylase, Exoamylase, α-amylase, β – Amylase, and γ- Amylase. 
These are one of the main enzymes used in industries and play magnificent role in industrial area. Alpha 
amylase is the important candidate of Starch processing industries, Food industries, Biofuel industries, 
Detergent industries, Textile industries, Paper industries, and in medical field. The major market of 
α-amylase is in the starch industry, during the liquefaction process for the hydrolysis of starch (Saini 
et al., 2017). In food industry amylase can be added to the dough of bread for conversation of starch to 
dextrin in flour, which followed by yeast fermentation. The addition of amylase in dough increase the 
rate of fermentation, reduce the viscosity resulting in the improvement in dough rheological property 
and volume of dough. In addition, amylase also improves the taste, colour and toasting qualities of the 
bread. Bacillus subtilis US586 identified as amylase producer and improved activity in the backing 
industry (Trabelsi et al., 2019). The textile industries are one of the largest industries in the form of 
spreading the environment pollution. Application of amylase in textile industry allows the develop-
ment of eco-friendly technology in fiber processing such as removal of starch sizing agent from woven 
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fabric. Amylase is important component in detergent for removal of starchy foods from cloths (Mojsov 
et al., 2018). Amylase is also showed important application in medical filed to treat digestive disorder 
(Pandey et al., 2000). Alkalophilic microorganisms, able to produce amylase are promising tool for the 
development of sustainable environment by participating in pollution control, and also important in food 
industry, textile industry and backing industry.

Alkaline Cellulase

In 1984, Horikoshi and his researcher found the Bacillus No. N4 and No. 1139 for the extracellular 
production of alkaline carboxymethylcellulases (CMCases) (Horikoshi, 2011). Recently certain bacte-
rial strain are identified as a source of Cellulase such as Bacillus vallismortis RG-07 (Gaur and Tiwari, 
2015), Pseudomonas sp. (Kaur et al., 2020), Bacillus thuringiensis, Bacillus licheniformis (Awasthi et 
al., 2018), Bacillus sp. KSM-S237 (Hakamada et al., 1997), Bacillus subtilis BC1 (Dehghanikhah et al., 
2020). Cellulase is abundantly found in alkaliphilic microbes and play crucial role in biotechnological 
applications. Cellulosic material can be hydrolyze by the action of cellulase which cleave β-1,4-glycosidic 
bonds and resulting the production of glucose (Zainuddin et al., 2015). CMCases aids in various pro-
cesses for breaking down of cellulosic material in the production of different commercially important 
products like monomeric sugar production, antibiotic production, single-cell protein (SCP) production 
which are essential for human kind (Kaur et al., 2020).

In present time cellulase have attracted great attention because of its application in various industrial 
prospects including food industry, textile industry, and paper and pulp industry, laundry as well as in 
agriculture. In textile industry cellulase can be applicable for bio-polishing of fabrics, pretreatment of 
bast fibers, scouring, mercerization, stone finishing and carbonization process (Shah, 2013). Alkaline 
cellulase is an additive in detergent industry, supplemented into the detergents to enhance the fabric 
smoothness and removal of soil from the cloths without damaging the fiber of cloth. Cellulase act by 
passing through the interfibril spaces of cloths to preserve the fabric quality. This process is environment 
friendly and diminishes the utilization of toxic chemical constituents for washing purpose which prevent 
humans and environment both from hazardous effect (Niyonzima, 2019). Ito et al., 1989 isolated an 
alkaliphilic Bacillus sp. No. KSM-635 from soil and reported for the production of detergent additive 
cellulase production at industrial scale. Bacillus thuringiensis and Bacillus licheniformis are identified 
as food waste degrader containing 60% cellulose and starch (Awasthi et al., 2018).

Alkaline Lipase

The enzyme can degrade fats into more hydrophilic fatty acids known as lipase. Lipases are ubiquitous 
in nature and naturally produce by several plants, animals and microorganisms. Lipases from alkalo-
philic microbes are superior to normal lipase because of their reasonable activity even at wide range 
of pH, high temperature and high stability in organic solvents. In current scenario, alkaline lipase have 
versatile industrial potential and attracting more attention (Eddehech et al., 2019). The fat degradation 
capacity of lipase, put into a member of detergent industry. However, introduction or entry of alkaline 
lipase in detergent industry is recent but the market value is comparable to proteases. Alkaline lipase is 
successful to remove hydrophobic stains caused by cosmetics, body fats and oil based foods from cloth 
due to the high degradation capacity (Horikoshi, 2011). The alkaline lipase also reported in degradation 
of petroleum hydrocarbons from automobile oil spillage (Sahoo et al., 2020) .
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Bacillus sonorensis 4R (Bhosale et al., 2016), Halobacillus sp. (Esakkiraj et al., 2016), Serratia sp. 
W3 (Eddehech et al., 2019), Pseudomonas aeruginosa HFE733 (Hu et al., 2018) were screened for the 
production of alkaline lipase. The alkaline lipase from Pseudomonas aeruginosa HFE733 reported to 
degrade oil films on waste water surface. Oil film production causing serious environmental pollution, 
leading death of any aquatic species by decreasing diffused oxygen level. Based on the finding of Hu 
et al., 2018, application of alkaline lipase producer P. aeruginosa HFE733 may overcome this problem 
by degrading oil film (Hu et al., 2018). Thus, alkaline lipase can be considered as a potential candidate 
for environment friendly aspects.

Alkaline Xylanase

Xylan consists of hemicellulose, most abundant natural polymer on the earth planet. The bleaching of 
lignin from kraft pulp with chlorine often leads to the formation of dioxins. However, xylanases degrade 
xylans, which bind to lignin and cellulose, and therefore xylanases can bleach kraft pulp without producing 
dioxins (Damiano et al., 2006) . The Solubility of xylans in water increases under alkaline pH conditions, 
so alkaline xylanases are suitable for treating xylans (Kumar et al., 2014). For the hydrolysis of xylan, 
required combine activity of xylanolytic enzyme like β-1,4-endoxylanase, β-xylosidase, αglucuronidase, 
α-L-arabinofuranosidase, acetyl xylan esterase and phenolic acid esterase. In 1973, Horikoshi and his 
co-researcher first time isolate xylan producer Alkalophilic Bacillus No. C-59-2 from the soil. The puri-
fied xylan enzyme from this strain exhibited great stability at pH ranging from 6.0 to 8.0. (Horikoshi, 
1973). Alkalphilicity of alkaline xylanase Xyn11A-LC from Bacillus sp. SN5 can be improve by satu-
ration mutagenesis at Glu135 residue (Bai et al., 2016). Xylanase have found great potential economic 
application in diverse biotechnological approach such as in paper and pulp industry for prebleaching 
of pulp, biofuel production, animal feed, fabric bio-processing, food industry and degumming of plant 
fabrics (Popa et al., 2016)

Other Applications of Alkaline Enzymes Isolated from Alkalophiles

Keratin, a protein present in human hairs and feathers of the birds. To degrade such compounds keratinases 
type of proteases are extremely helpful. Previously, and keratinass derived from alkalophilic Bacillus 
sp. have reported (Kojima et al., 2006; Takami et al., 1992). Alkaline keratinases, which are difficult to 
break down by proteases due to their high content of disulfide bonds, can effectively break down feathers 
at an alkaline pH, but keratinases hardly break down human hair. They would be used to recycle waste 
from feathers. Once keratinase has been found, which can break down human hair, it may be useful to 
clear clogs in drains. Alkalophiles have traditionally been used in Japan for indigo color reducers as a 
traditional method. Both facultative and obligate alkaliphiles have been screened from indigo balls by 
Yumoto et al., (Yumoto et al., 2004a). In addition, alkaliphiles have been used to confirm the quality of 
Asian yellow alkaline noodles (Saito et al., 2003)

FUTURE RESEARCH DIRECTIONS

The last 50 years of extremophile research have shown limitless capabilities of life on extreme environments. 
For example, the organisms can grow beyond 100 degree celsius, extreme acidic-alkaline pH, elevated 
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pressure etc. (Merino et al., 2019; Stetter, 1982). Alkalophilic organisms have pushed our understanding 
of life beyond pH 9. The adaptations, survival mechanism, energy production and molecular stability of 
cellular components have major applications in the field of Industrial applications. Past several years, 
the successful industrial products has been given by alkalophilic organism including, alkaline amylase 
(Ozawa et al., 2007), alkaline protease (Fujiwara et al., 1993), alkaline lipases (Chinnathambi, 2015), 
alkaline celluloses (Kim et al., 2005), alkaline peroxidase (Ikehata et al., 2005), Gaurdzymes (Olsen and 
Falholt, 1998), Siderophores (McMillan et al., 2010) etc. Despite the several benefits and industrially 
important features, the non-cultivable organisms would not grow under in vitro conditions. This would 
limit our understanding to study such uncultivable organisms. With the advent of genome sequencing, 
transcriptomics and proteomics methods, it would become easier to understand alkalophiles. The multi-
omics greatly expands our knowledge to study adaptive mechanisms, metabolic regulations, industrial 
applications, potential enzymes produced by such organisms (Ece et al., 2018). In addition to that, a 
recent study also suggests the importance of alkalophiles in antibiotics production (Terra et al., 2018), 
anti-cancer therapeutics products (VA et al., 2017), IAA production (Goswami et al., 2014). Although 
the major applications are associated with industrially important products, the alkalophilic organism 
were shown their importance in environment friendly aspects (such as bioremediation, biodegradation 
and biocontrol) (Dhakar and Pandey, 2016).

Along with that, The research conducted to use alkalophiles as microbial fuel cells (MFCs) in electronic 
devices (Logan et al., 2006). As bacteria oxidized organic or inorganic substrate and generate current 
and generate electrons. These electrons are likely to be transferred to the anode and the movement of 
electrons creates millivolt currents for powering small microprocessor chips in devices. The psychro-
philic alkalophilic Pseudomonas alcaliphila MBR produces phenazine-1-carboxylic acid under alkaline 
conditions (Yumoto et al., 2001). While Corynebacterium sp. strain MFC03 uses organic compounds to 
generate potential redox difference to be use as “Bioelectricity” in Microbial fuel cells.

Actinobacteria are an ecologically important group that play an important role in biogeochemical 
cycles, bioremediation (Chen et al., 2010), bioweathering (Cockell et al., 2013), plant growth promotion 
(Palaniyandi et al., 2013), nanoparticle synthesis (Dayma et al., 2019). Along with that, these organism 
have large array of pharmaceutical applications in antibiotics, anti-inflammatory compounds, antitumor 
agents and enzyme inhibitor (Shivlata and Satyanarayana, 2015). Prince et al., (2020) reviewed the 
production of polyhydroxybutyrate for bioplastic production from alkaline cyanobactria from biological 
wastes (Price et al., 2020). Although, alkalophiles provides several success stories in industrially impor-
tant products, but are inefficient for antibiotics production. Because most antibiotics are an intracellular 
product. Obtaining intracellular antibiotics therefore appears difficult. In addition, the antibiotics produced 
must contains stable molecular components that can remain stable at such a high pH.

As the space explorations are always fascinating to scientists. Astrobiology is the field associated 
with to search life on planets beyond Earth. Some of the craters on planets and moons in the “Goldilock 
zones” or habitable zones were suggesting the life of microorganisms. Space explorations has been re-
ported extremely harsh and inhabitable environments such as extreme radiation, extreme temperatures, 
altered gravity and extreme salinity and nutrients (Thombre et al., 2017). These conditions appear to 
detrimental to support the growth of life in outer space.

Recent developments in the fields of Genomics revealed several unresolved layers hidden inside 
the genetic codes. Because the cost of sequencing has been greatly reduced with the development of 
NextGen sequencing technology. Metagenomics, a science to study all genomic sequencing amongst 
sample has been revealed uncultivable organism amongst specific alkaline and saline habitats. The 
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current research in culture independent techniques led to in-depth studies into composition, functional 
capabilities and ecological impact on the environment. Alkalophiles are not limited to just prokaryotic 
group only. Rather massive numbers of organisms were observed in alkalophilic environment using 
metagenomics approach. Metagenomics help us gain valuable insights in catabolic, anabolic potentials, 
genomic features, molecular adaptations, stop codon reassignments and several unique features of organ-
isms at such extreme environment. This also helps understand diversification of microbial lineages and 
phylogenetic relationship. Other innovative techniques like Fluorescent in situ hybridization with micro 
autoradiography (MAR-FISH), FISH-NanoSIMS, Raman FISH Spectroscopy, Phylogenetic microar-
rays with CHIP-SP can serve as potential methods study extreme environments (Hedlund et al., 2014). 
Finally, as the scientific fraternity gears for the future, the study of alkalophilic organism would help to 
develop new products with better efficacy and outcome.

CONCLUSION

Alkalophiles have played an important role in biotechnology. Several success stories have been reported 
for their applications in routine life. Today, alkalophiles are well established in their commercial applica-
tions fields such as detergent, paper and pulp, leather and textile industries. The newer technologies in 
the field of metagenomics, transcriptomics and proteomics have multiple facets to explore alkalophilic 
organism for unexplored uses in industrial applications. The metagenomics approach imperatively expands 
the exploration of non-traditional enzymes with new applications as well. However, the main revenue 
generating products till used is hydrolases, lipase and amylase with a well-established market. Moreover, 
several other studies have shown the promising potential of alkaliphiles in the production of novel as 
well as known antibiotics, siderophores and cellular metabolites of great biotechnological importance. 
On the other hand, the industrial applications of all these substances are still lagging behind for several 
reasons. One of the important parameter, the cultivation of these alkalophiles is not well-established. 
Thus, in order to efficiently use the full potentials of alkaliphiles, it is necessary to develop the cultiva-
tion system and develop few selected alkalophiles as hosts for heterologous expression, metagenome 
library construction, metabolic engineering, and other related applications. This chapter is summarizing 
present and future aspects of alkalophiles and their applications.
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ABSTRACT

Microorganisms are the diverse living things present on the Earth. India has numerous unique thermal 
habitats that comprise several diversity hotspots, such as hot springs, deep oceanic hydrothermal open-
ings, anaerobic biodigesters. The existence of life at high temperatures is quite attractive. At both ends 
of the temperature range suited with life, only microorganisms can grow and survive. Thermophiles are 
a typical extremophilic microbes capable of existence in high temperature environments. At such high 
temperature, the ordinary cellular functions adversely affected for mesophiles. The thermophiles effec-
tively manage instability of the plasma membrane, inactivation of enzymes instability of DNA, as well 
as other hostile physiological variations at such an elevated temperature. Heat shock proteins (Hsps) 
have established the most attention in thermophiles under stress condition, which is well described in 
this chapter. This chapter offers comprehensive information about thermophiles, physiology, metabolism, 
enzymes of metabolic pathways, and various adaptation mechanisms.
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INTRODUCTION

Extremophiles comprise members from each of the three areas of life such as bacteria, archaea, and eu-
karyote (Robb et al., 2008). Soon after finding of archaea in 1970s, the phylogenetic tree of life had one 
more branch of thermophiles and hyperthermophiles in both the domains of Bacteria and Archaea (Amend 
& Shock, 2001). Prokaryotes are considered as ubiquitous due to their simple dispersal and metabolic 
adaptability, smaller size, capacity to endure hostile ecosystems, usage of wide range of supplements and 
capacity to endure hostile ecosystems, hence they form a striking portion of a most of the environments 
(Kumar et al., 2014). Thermophiles inhabit in tropically heated conditions on the earth. Temperature 
significantly affects the evolution and distribution of biodiversity and microbial community structure in 
an ecosystem. Thermophiles are prokaryotic microorganisms show specific attention because of their 
capacity to endure the denaturing consequence of higher temperatures on biomolecules such as DNA 
and proteins (Li et al., 2005). Thermophiles are omnipresent and flourish in wide range of environments 
from marine habitats to hot springs to natural water bodies. In addition to these habitats, thermophiles 
are now being regularly identified in continental solfataras, heated sediments, mining sites, water heaters 
to the industrial dumping wastes. The microbes residing extreme environments evolve earlier because of 
high rate of horizontal gene transfer than those occupying normal habitats (Li et al., 2014).

Temperature is one of the essential factors for the regulation of the activities of microorganisms. 
Thermophilic microorganisms endure the higher temperatures, yet they require such high temperatures 
for their optimum growth and survival. Thermophiles are categorized into moderate thermophiles (Topt, 
50°C-60°C), extreme thermophiles (Topt, 60°C-80°C), and hyperthermophiles (Topt, 80°C-110°C) 
(Gupta et al., 2014). The investigation in the Thermophile’s arena has become a significant space of 
exploration and several novel microbial genera and species (Yoneda et al., 2013; Cihan et al.,2014). 
Due to their increased importance, potential applications, and roles in different fields, scientists have 
concentrated their studies to discover new genus and species across the world (Yoneda et al., 2013; Cihan 
et al., 2014; Aanniz et al., 2015). To study such a wide range of thermophilic bacteria, both culturable 
and unculturable methods have been utilized for comprehension study of microbial diversity in hot en-
vironments. At present, 16S rRNA sequence-based classification of bacteria appears to be significant 
for identifying novel taxonomic groups. In addition, more traditional taxonomic features such as G + 
C contents of DNA, DNA-DNA homology, morphology, and physiological characteristics may be used 
to separate characters from obtaining larger resolution of classification inside groups of a phylogenetic 
line of descent. To endure in such a harsh ecosystem, thermophiles produce several unique compounds, 
for examples, enzymes, stress proteins, chaperones, exopolysaccharides. Moreover, thermophiles have 
enormous biotechnological potential and industrial applications. From the finding of thermophilic mi-
croorganisms, they are the attractive tools for the biologist to understanding the basics physiological 
adaption and application of their metabolites. In this chapter, we have presented habitats, physiology, 
metabolism, enzymology and adaptation mechanisms including heat shock proteins and thermostable 
enzymes of thermophiles isolated from various thermal habitats.

THERMOPHILES FROM VARIOUS THERMAL ENVIRONMENTS IN INDIA

Natural activity has created different types of thermal biological processes where, the heat is formed due 
to geothermal activity, self-heating. Such habitats reside by thermophiles are different namely thermal 
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springs, deep oceanic hydrothermal outlets, deep marine sediments. Moreover, human-made activity has 
developed many types of high-temperature biotic processes where the heat is artificially formed. Such 
environments were occupied by thermophiles (optimal growing temperature between 50°C-65°C) are 
various markedly anaerobic digestion reactors, garden compost heaps, pressed cooked cheeses (Godon 
et al., 2020). There are also anthropogenic hot places including compost piles (temperature, generally 
about 60°C-70 °C but as high as 100 °C), water heaters, industrial processes, and slag heaps (Oshima 
& Moriya, 2008). Thermophiles are occupants of different habitats such as deep oceanic hydrothermal 
vents, geothermal springs, and other extreme topographical/geographical locales comprises volcanic 
habitats, tectonic plates, and compost matters. Various thermal sites and samples includes hot springs, 
Vegetable waste compost, Anaerobic biogas digestor, Municipal dry vegetable waste was explored. Many 
thermophilic microbes including bacteria, archaea were detected. In hot springs, Bacillus, Geobacillus, 
Paenibacillus, Listeria, Clostridium were typically found whereas in anaerobic methanogenesis process, 
Methanogens were found.

PHYSIOLOGY OF THERMOPHILES

Thermophiles may be Gram positive or negative, spore forming or non-spore forming, and may show 
an aerobic or anaerobic metabolism pattern. The changes in the physical and chemical conditions such 
temperature, nutrient availability, light intensity, and pH in the environments develop stress conditions 
for thermophilic microbes. Due to the presence of Heat shock proteins (HSPs) and other chaperones 
in the thermophiles, they can withstand stress and survive under extremely heated conditions. In this 
chapter, we pointed out the growth, cultivation and biochemical basis of heat stability of thermophiles

Table 1. Representative thermophiles isolated from thermal environments in India

No. Thermal 
environments Location Predominant genera/common 

bacteria Reference (s)

1 Lasundra hot spring Lasundra, Gujarat Bacillus, Geobacillus, Paenibacillus, 
Listeria, Clostridium Mangrola et al., (2015)

2 Vegetable waste 
compost Kolkata Geobacillus spp. Sarkar et al., (2010)

3 Anaerobic biogas 
digestor Punjab Methanogenic bacteria Singh et al., (2017)

4 Tuwa hot spring Tuwa, Gujarat Bacillus, Paenibacillus, Clostridium, 
and Geobacillus Mangrola et al., (2015)

5 Vegetable waste 
compost Geobacillus spp. Varma & Kalamdhad (2015)

6 Unnai hot spring Unnai, Gujarat Bacillus, Paenibacillus, Geobacillus, 
Clostridium, and Anoxybacillus Mangrola et al., (2019)

7 Municipal dry 
vegetable waste

MSW ramp, 
Koregaon park, 
Pune.

Methanogens Wadkar et al., (2013)

8 Tulsi Shyam hot 
spring

Tulsi Shyam, 
Gujarat Bacillus, Geobacillus, Clostridium, Ghelani et al., (2014)
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1. Growth and Cultivation of Thermophiles

Sampling from the different natural and man-made habitats is usually carried out in temperature control 
containers to avoid the reduction of temperature. Enrichment is a commonly used technique for the iso-
lation and cultivation of thermophiles. The serial dilution of the sample before inoculation is common 
practice for the isolation of hot spring thermophiles (Pandey et al., 2015). The growth media need to 
be optimized based on the nature and type of habitats. Trace elements, Elemental sulfur and Casamino 
Acids are the key ingredients for the isolation of thermophiles (Childers et al.,1992). The pH and tem-
perature are set on the habitats or sample’s pH and temperature. Seawater is also used for the preparation 
of media if the sample is of marine origin. The visible growth in liquid media is usually observed after 
a week and similar time required for the colonial growth on solidified media. Due to the low melting 
temperature of the agar-agar, gellan gum or polysilicate may be used as solidifying agents (Giavasis et 
al., 2000). The single-cell culture is prepared using serial dilution, micromanipulator, cell sorters and 
optical tweezers. Due to different biotopes, thermophiles and hyperthermophiles are adopted to distinct 
environmental factors, including acidity, oxygen and low salinity within terrestrial solfataric fields or 
neutrality, high salinity and low redox potentials within the submarine hydrothermal system (Purcell et 
al., 2007). So, the growth parameters and cultivation requirements of thermophiles are species-specific 
and vary due to biogeographic variation (Valverde et al., 2012).

Thermophilic microorganisms that survive at temperature beyond mesophilic range of temperature, 
25 oC to 40 oC that symbolizes the mainstream of entity. Thermophiles have long remained a gold dust 
and are known as scarcely available microorganisms requiring elevated temperatures for their optimal 
growth. An additional term, hyperthermophiles is introduced to recognize microbes that require extreme 
temperatures. These are inhabitants of the environment with high to extreme temperatures such as hot 
springs (Panda et al., 2013), volcanic environment (Stathopoulou et al., 2013), fumaroles (Muñoz et 
al., 2011), mud pots (Castenholz, 1969), geysers (Gaisin et al., 2017), deep-sea hydrothermal vents 
(Miroshnichenko & Bonch-Osmolovskaya, 2006) and coastal thermal springs (Zelenkina et al., 2009). 
Thermophiles are phylogenetically related to mesophiles. So, they have the all the properties generally 
present in mesophiles. These comprise biochemical metabolic pathways, growth yields and metabolic 
rates, regulatory mechanisms like allosteric regulations, and activation of protein synthesis. The primary 
difference between and thermophiles and mesophiles are the ability of thermophiles to cultivate at high 
temperatures.

2. Biochemical Basis of Heat Stability

Adaptations help the organisms to survive in their ecological niche or habitat; adaptations can be 
morphological, physiological or molecular level. A bacterial cell must be coped up with extremities to 
survive in harsh conditions. Otherwise, cell damage and destruction may occur, which includes protein 
unfolding, DNA and RNA denaturation, enzyme inactivation, breakdown of membrane integrity etc. 
Heat stability and optimal activity at high temperatures are inherent properties of thermophiles’ protein 
and enzymes (Vieille et al., 2001). The biomolecules of the cell, including lipids, nucleic acid, proteins, 
are very sensitive to heat. But thermophilic biomolecules contain unusual structural components, i.e., 
n-fatty acids, diabolic acid and a glycerol ether lipid in the membrane lipid of Thermotoga maritime. 
The ether lipid may increase stability against heat. Thermophilic archaea contain heat resistant lipid 
derived from diphytanylglycerol diether or its dimer called di (biphytanyl) diglycerol tetraether. The 
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presence of unusual lipid is reported in thermophilic Methanopyrus kandleri, which contains 2,3-di-O-
Geranylgeranyl-sn-glycerol as a dominating ether core lipid in the membrane. Heat stable lipid mono-
layer membrane is also common in the few thermophilic bacteria and many archaea. So, thermophiles 
are evolving habitat-specific adaptation mechanisms to respond effectively in diverse physicochemical 
conditions of their habitats (Siliakus et al., 2017). Up to 80ºC temperature, the thermophilic bacterial 
membrane is exclusively composed of ester-lipids and whereas the beyond the 80ºC ether bonds are 
essential for hyperthermophilic growth (Huber et al., 1992). Hence, the thermophiles maintain the 
membrane fluidity and permeability at high temperatures. DNA thermal stability can be increased by 
concentrating the GC content, but it is not universal properties in all thermophiles and hyperthermophiles 
as Methanococcus igneus, Pyrococcus furiosus, Acidianus infernus and many more such thermophiles 
exhibit only 30 to 40% GC content.

Figure 1. Extreme thermophiles and optimum growth temperatures
Source: Zeldes et al., 2015
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METABOLISM AND ENZYMES OF BIOCHEMICAL PATHWAYS

Thermophiles have been modified their biochemical pathways and well-adopted molecular diversity to 
survive under hot conditions. In this chapter, we discussed about various metabolic pathways like aerobic 
and anaerobic and also enzyme involved in the biochemical reactions.

1. Aerobic Metabolism in Thermophiles

The electron donors for basic metabolism of the thermophilic and hyperthermophilic microorganisms, 
as studied under laboratory conditions are niche depended which usually includes, H2, S, Fe2+, CH4, 
H2S, S2O3

2–, S4O6
2–, sulfide minerals, various amino acids, alcohols, mono-, di- and hydroxyl-carboxylic 

acids and complex organic substrates (Amend & Shock, 2001). Similarly, the electron acceptors besides 
the oxygen (for aerobic microbes) it includes S, Fe3+, CO, CO2, NO, NO2

–, NO3
–, N2O, SO3

2–, SO4
2– and 

S2O3
2– (Amend & Shock, 2001). As studied under laboratorial conditions, the major known phylogeny 

of thermophiles and hyperthermophiles are obligate heterotrophs. Their preferential carbon and energy 
sources are complex mixtures of carbohydrates and/or polypeptides. Few assimilates CO2, thus they are 
strict autotrophs, while others hetero- or autotrophic (i.e., mixotrophic) depending upon the availability 
of carbon sources (Amend and Shock, 2001). It was observed that all hypertherophiles and many thermo-
philic microorganisms are chemosynthetic, rather than autotrophic or photosynthetic. They derive cellular 
energy by the oxidation of inorganic and organic compounds, because native ecotype of these microbes 
correlates with geochemistry and geophysics of high temperature ecosystem. At such environmental 
depths sunlight penetration becomes exceedingly low. For thermophiles, the energy yielding mechanisms 
also depends on sugar (carbohydrate) metabolism like their mesophilic counterparts. In thermophiles 
entire EM pathway along with their enzymes are decoded (Selig et al., 1997). But for theromophilic 
bacteria like Geobacillus thermoglucosidasius and Caldicellulosiruptor saccharolyticus, activities of the 
key enzymes, phosphogluconate dehydratase and 2-keto-3-deoxy-6-phosphogluconate aldolase of ED 
pathway are not detected (Tang et al. 2009; De Vrije et al. 2007). Under thermophilic conditions oxygen 
concentration also varies. In G. thermoglucosidasius PP pathway operate differently under different oxygen 
concentration (Tang et al., 2009). Under fermentative conditions with glucose metabolism, oxidative part 
of the pathway found to have relatively lower activity, with missing of 6-phosphogluconolactonase gene 
(Tang et al., 2009). However, under oxygen rich environment (i.e., aerobic conditions) two/third of the 
glucose are shunted to glycolysis pathway and remaining glucose are metabolised through PP pathway. 
While under microaerophilic conditions, study suggest that, PP pathway and TCA cycle are reduced to 
half of the original level (Tse & Ma, 2016; Tang et al., 2009). The oxygen concentration also affects the 
growth rate of the bacteria. Thermotoga maritima, a hyperthermophilic bacterium, metabolise glucose 
through conventional EM pathway (Schröder et al., 1994).

The thermophilic archaea, as observed in bacteria, metabolize carbohydrate through modified EM 
pathway. The ED and EM pathways are also modified in hyperthermophilic archaea, while the oxidative 
PP pathway has been replaced by non-oxidative pathway (Van der Oost & Siebers 2007; Schönheit & 
Schäfer 1995). Thermococcus stetteri and Thermococcus zilligii have unique glyceraldehyde-3phosphate: 
ferredoxin oxidoreductase and ADP-dependent phosphofructokinase (Ronimus et al. 1999; Xavier et al. 
2000; Kengen et al. 1996). Xavier et al., (2000) during their studies with 13C-glucose-labelling experi-
ment suggests that a novel glycolytic pathway with possible involvement of pentoses might exists in T. 
zilligii. This following pathway is as proposed (Tse & Ma, 2016):
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In the above suggested pathway, according to the Xavier et al., (2000), gluconate-6-phosphate could 
cleave into formate and xylulose-5-phosphate, reaction catalyse by novel type lyase (as mentioned 
in Reaction III). While the pentose phosphate can be catabolized through pentose phosphoketolase 
pathway. The hyperthermophilic archaea such as Archaeoglobus fulgidus, Thermococcales, Pyrococ-
cus and Desulfurococcales found to utilize the modified EM pathways with novel enzymes (Figure 3) 
(Bertoldo & Antranikian 2006; Huber & Stetter 2006; Siebers & Schönheit, 2005; Labes & Schönheit, 
2001; Schönheit & Schäfer, 1995; Kengen et al. 1994). The enzymes claiming to be novel or unique in 
thermophilic archaea participating in the modified pathway is ADP-dependent phosphofructokinase, 
including ADP-dependent kinases and ADP-dependent glucokinase, which in their mesophilic counter-
parts are found to be depended on ATP (Dörr et al., 2003; Sakuraba et al., 2002; Koga et al., 2000). The 
metabolic energy derivation from ADP is as equal to ATP-hydrolysis (Hongo et al., 2006). Moreover, 
at thermophilic temperatures ADP is presence of certain divalent metal ions found to the more stable 
than ATP (Hongo et al. 2006; Tetas and Lowenstein 1963).

In many thermophilic microbes like Thermococcales, Desulfurococcus amylolyticus and Pyrococcus 
furiosus, the mesophilic glycolytic enzymes phosphoglycerate kinase and glyceraldehyde-3-phosphate 
dehydrogenase is replaced by glyceraldehyde-3-phosphate ferredoxin-linked oxidoreductase, a tungsten-
containing iron-sulphur protein (Mukund & Adams 1991, 1995; van der Oost et al., 1998; Kletzin et al. 
1995; Mukund & Adams 1993; Selig et al., 1997). The enzyme catalyses the oxidation reaction converting 
GA3P into 3-phosphoglycerate and reduced ferredoxin, which in their mesophilic counterpart are two 
step reactions (de Vos et al., 1998). In above reaction, in thermophilic microbes, phosphoglycerate kinase 
did not generate ATP; therefore, the substrate-level ATP yield becomes zero (Verhees et al., 2004). The 
reduction in ATP yield might be because, ferredoxins are more thermo-stable than pyridine nucleotides 
and intermediate 1,3- biphosphoglycerate is heat liable, whose production can be avoided (Brunner et 
al., 2001). In Thermococcus kodakarensis, the ATP loss during the conversion of phosphoenolpyruvate 
(PEP) into pyruvate is compensated by replacing it with PEP synthase (Sakuraba et al. 2004; Sakuraba 

Figure 2. Pentose Phosphoketolase Pathway
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& Ohshima 2002). The PEP synthase uses AMP and a phosphate, to produce an additional 2 ATP per 
glucose molecule (Imanaka et al. 2006; Sakuraba et al. 2004; Sakuraba & Ohshima, 2002). Moreover, 
Imanaka et al., (2006) suggest that, the deletion of PEP synthetase encoding gene from T. kodakarensis, 
decreases the survival rate of the bacterium on the medium containing carbohydrate.

Figure 3. Conventional EM pathway found in mesophilic microorganisms and Modified EM pathway 
found in thermophilic or hypertheromophilic microorganisms
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The enzymes of this pathway from mesophilic microbes are either modified or replaces by novel or 
unique enzymes in modified EM pathways in thermophilic microbes. PFK: phosphofructose kinase, it is 
modified in thermo/hyperthermopiles; FBA: fructose bisphosphatase aldolase; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase, it is modified in hyperthermophilic acidophiles; PGK: phosphoglycerate 
kinase, it is modified in hyperthermophilies; GAPOR: glyceraldehyde-3-phosphate oxidoreductase is 
replacing GAPDH and PGK in hyerthermophiles; DAPH: Dihydroxyacetone phosphate (Tse & Ma, 
2016). The aerobic acidophilic hyperthermophiles employ the non-phosphorylated ED pathway, where 
glucose is oxidized into gluconate with the production of 2-keto-3-deoxy-gluconate and novel kinase 
phosphorylates the glycerate (Siebers & Schönheit, 2005). Looking at the genome sequences of hyper-
thermophilic archaea, it would be difficult to predict the enzyme homology between mesophilic and 
thermophilic microorganisms.

2. Anaerobic Metabolism in Thermophiles

Zeikus & Wolfe (1972) isolated an autotrophic methane producer, Methanobacterium thermoautotro-
phicum, from sewage sludge sample. This bacterium is anaerobic in nature and cultivate on a mineral 
media in presence of H2 and CO2 atmospheric environment that is further reduced to CH4 which acts as 
a source of carbon for providing energy to the bacterium. In addition to these, bacterium, Methanobac-
terium thermoautotrophicum shows Topt value between 65°C and 70°C and a temperature range from 
40 to 75°C. Besides this property, Methanobacterium thermoautotrophicum has optimum pH value 
between 7.2 and 7.6, and the growth was not observed when pH was below 6.0 or above 8.8. The G+C 
content of DNA is 52% and ribosomes are stable at high temperature (i.e., 80°C). Methanobacterium 
thermoautotrophicum not produced methane when hydrogen is changed with ethanol, formate, metha-
nol, acetate or pyruvate but when exposed with hydrogen and carbon dioxide, it stimulates methane gas 
productions. Therefore, this bacterium when grown, on all substrates, used only hydrogen as a source of 
electrons and carbon dioxide as a carbon source. Additionally, Malashenko et al., isolated thermophilic, 
obligate, methane-oxidizing bacterium Methylococcus thermophilus, which cultivates at temperature in 
the range of 37 to 42°C with an optimum temperature value between 50°C and 56°C. The bacterium 
utilizes ammonia, nitrite, and nitrate as a nitrogen source. Interestingly, the GC content of the DNA of 
this bacterium is 63.3% (Malashenko et al., 1975). In the case of aerobic growth, thermophiles require 
oxygen as a terminal electron acceptor while oxidizing various substrates to harvest electrons. In contrast, 
anaerobic growth in thermophiles does not require oxygen for their growth requirements. The study of 
anaerobic thermophiles has numerous advantages such as understanding life under extreme conditions, 
finding their biotechnological potential, and obtaining hints towards the evolutionary path of life on 
the earth. Since the primitive earth environment was anaerobic (Kasting, 1993), a study of anaerobic 
thermophiles can present a wealth of information towards the origins of life and its molecular evolution.

Most of the thermophiles are predominantly obligate anaerobes or facultative aerobes. While seek-
ing answers to the questions as to why the thermophilic microbes grew to be anaerobic led to certain 
conspicuous factors. These include less water solubility of oxygen under elevated temperatures, presence 
of reducing gases (H2 and H2S), isolated habitat from common environment etc. All of these factors best 
explain why the thermal environments are anaerobic or low in oxygen. It must be noted that oxygen con-
sumption by aerobic thermophiles in habitat with elevated temperatures is only possible near the water 
surface. Metabolism in majority of the anaerobic thermophiles is chemoorganoheterotrophic since they 
utilize organic compounds to fulfil their requirement of energy and carbon. Depending on the substrate 
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available, chemoorganoheterotrophy can be subdivided e.g., cellulolytic, proteolytic, peptidolytic, lipo-
lytic, glycolytic etc. Other metabolic strategies observed in anaerobic thermophiles till date may include 
chemolithoheterotrophy, chemolithoautotrophy, photoautotrophy, and photoheterotrophy. Observing 
these strategies adopted, a staggering metabolic diversity can be observed in thermophilic anaerobes.

Phototrophic thermophiles are able to carry out photosynthesis. As stated above, most thermal 
environments lack oxygen, these thermophilic microbes have to opt for anoxygenic photosynthesis for 
their requirements. At higher temperature, very few species of anaerobic phototrophs are able to grow 
or exist. A thermophile, Chloroflexus aurantiacus is well known member of microbial mat communities 
in hot springs that can grow as anoxygenic phototroph (Castenholz & Pierson, 1995). Under anaerobic 
condition, it grows as photoheterotroph while chemoheterotrophic growth is observed under aerobic 
conditions in night or darkness. Optimal growth is reported near pH 8 and temperature optima between 
52 and 60°C (Pierson & Castenholz, 1974). Molecular assemblies known as chlorosomes are ultimate 
structures containing chlorophyll c, d or e in the photosynthetic membrane enabling it to efficiently 
harvest blue-green light (Yakovlev et al.,2021). Chlorobium tepidum, an inhabitant of hot springs is a 
green sulfur bacterium requiring sulfide or thiosulfate as a photoreductant and grow as photoautotroph 
(Madigan et al.,1989). Since thiosulfate acts as major electron donor, utilisation of sulfide is much poor 
in comparison to thiosulfate. At optimal temperature 48°C, its generation time is about 2 hours. Photo-
heterotrophic growth of Chlorobium tepidum is also possible under anaerobic conditions (Wahlund et 
al.,1991). As per the suggestion by Brock and Medigan, thermophilic property of all such phototrophic 
thermophiles might be of greater significance in defining phylogeny of green sulfur bacteria instead of its 
phototrophic character (Sirevåg, 2021). Mechanisms behind collection of light energy and its conversion to 
chemical energy are highly dependent on the variety of pigment contained within photosynthetic reaction 
centres e.g., bacteriochlorophyll and rhodopsin. Earlier, it was believed that no thermophile exists that 
contain rhodopsin as a photosynthetic pigment. Recent findings (Shim et al.,2021) brings discovery of 
microbial rhodopsin in notice that is most stable in extreme environments. A proton pumping rhodopsin 
Tara76 isolated from a thermophilic bacterium Thermus thermophilus shows strong stability against 
temperature, pH, detergent, salt stress and dehydration stress. It shows higher thermal stability at 80°C, 
pH 0.02 to 13 and strong resistance to the presence of detergents such as Triton X-100. Such properties 
of Tara76 ushers in a new direction towards its suitability in biotechnological applications. Mutation 
studies on thermophilic rhodopsin resulted in further improvement in its thermo-stabilization property.

Thermotogae are anaerobic and organotrophic organism, able to cultivate on a various complex substrate 
(Conners et al. 2006). These substrates are found in thermal habitats of the globe, including hot springs, 
petroleum reservoirs, and hydrothermal vents (Ollivier & Cayol 2005; Huber & Hannig, 2006), with 
some groups cultivate at temperatures up to 90 °C. Thermotogae is important microbial ancestry used 
for biotechnological and industrial relevance. For instant, majority of Thermotogae species synthesize 
hydrogen (Nguyen et al., 2008; Maru et al., 2012). Another important T. maritima strain was used for 
hydrogen gas production through metabolic engineering using in-silico redesign metabolism process 
(Nogales et al., 2012). Moreover, T. neapolitana convert CO2 and acetate to lactic acid when cultivate in 
presence of CO2 (D’Ippolito et al., 2014). T. maritima has been investigated for sugar usage by examin-
ing the substrate affinity and specificities of sugar transpoters (Nanavati et al., 2005, 2006; Cuneo et 
al., 2009; Boucher & Noll, 2011; Ghimire-Rijal et al., 2014). Information about substrate specificities, 
enzymatic activities, and catalytic mechanisms of many of T. maritima’s glycoside hydrolases are also 
available (Kleine & Liebl 2006; Comfort et al., 2007; Arti et al., 2012), which has been used, for instance, 
to engineer an -galactosidase from T. maritima into an efficient α-galactosynthase (Cobucci-Ponzano et 
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al., 2011). The transcriptional regulation of glycoside hydrolases and other carbohydrate metabolism-
related genes in response to growth on various carbohydrates highlights the differences in carbohydrate 
utilization, even between closely related Thermotogae lineages (Chhabra et al., 2002, 2003; Frock et al., 
2012). Moreover, interconnections exist between sugar regulons in T. maritima’s carbohydrate utiliza-
tion network, suggesting coordinated regulatory responses to particular types of complex carbohydrates 
(Rodionov et al., 2013).

Methanogenesis Process

Methanogenesis is a process involving utilisation of carbon dioxide and hydrogen to generate methane 
gas and falls under the category of chemolithoautotrophic pathways. Among the Archaea, Methanogens 
are one of the most diverse groupings with genomic DNAs carrying 26 to 68% mol% G+C. To gain 
energy, they can efficiently utilize acetate, formate, carbon monoxide, carbon dioxide, and methanol (JN, 
1992). Thermophilic taxa belonging to families such as Methanococcaceae, Methanocaldococcaceae, 
Methanothermaceae, and Methanobacteriaceae are well characterized and known for methanogenic 
potential (Amend & Shock, 2001). The overall reaction is:

4 2
2 2 4 2
H CO CH H O+ + +  (1)

Methane, a product of methanogenesis is a valuable gas that can be efficiently utilized as a reliable 
energy source with promising biotechnological potential in treatment of agricultural and domestic waste-
water (Hu et al., 2019) as well as generation of hydrogen (Li et al., 2019), a next generation fuel. In pure 
culture of methanogens, methane can be produced via acetoclastic methanogenesis during conversion of 
carbon dioxide to methane or by hydrogenotrophic methanogenesis where hydrogen mediates reduction 
of carbon dioxide to methane. In addition, methylotrophic methanogenesis can also take place where 
bioconversion of methylated compounds forms methyl-S-CoM which is either broken down further to 
carbon dioxide and methane or reduced by hydrogen (Lyu et al.,2018).

Acetogenic methanogens are obligate anaerobic archaea responsible for the conversion of acetate to 
methane. Methanosaeta concilii and Methanosaeta spp. occupy the dominant aceticlastic methanogen 
in a variety of anaerobic reactors when acetate concentrations are low. RT-PCR based quantitate analy-
sis of community structure in a full-scale digestor supports the existence of microorganisms from the 
family Methanosaetaceae. In such systems, partial pressure generated by hydrogen is considered to be 

Figure 4. Steps in methanogenic pathway
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a necessary parameter. Therefore, Hydrogenotrophic methanogens play an essential role in ensuring a 
stable and efficient process performance (Demirel & Scherer, 2008).

Metabolism in Clostridium spp

Metabolic and evolutionary responses of Clostridium thermocellum to genetic interventions aimed at 
improving ethanol production (Holwerda et al.,2020). Several species of Clostridium are well known for 
their ability to live in elevated temperatures. Clostridium thermocellum can ferment glucose obtained 
from cellulose hydrolysis to ethanol and acetate (Fig. 4a). The mechanism behind the conservation of 
ATP in this case is substrate-level phosphorylation. It has been observed that in presence of Methanobac-
terium thermoautotrophicum, transfer of hydrogen at interspecies level promotes excessive production 
of acetate which in turn conserve additional mole of ATP (Fig. 4b).

A much faster growth rate can be observed when Clostridium thermocellum is grown on hemicellulose 
instead of cellulosic materials (Zinder, 1993). One more example of a similar organism is Clostridium 
Thermosuccinogenes, a thermophilic anaerobic bacterium that can convert various carbohydrates into 
acetate and succinate as main fermentation products (Koendjbiharie et al.,2018). Bioengineering efforts 
had been successful in modifying the central fermentative metabolism of Clostridium thermocellum 
targeted to enhance ethanol production. This might be of industrial importance keeping ethanol yield in 
context (Holwerda et al.,2020). Recently, an acetogenic bacteria-based bioethanol production process 

Figure 5. (a) Growth of Clostridium thermocellum on cellulose axenically (b) Growth of Clostridium 
thermocellum in the presence of Methanobacterium thermoautotrophicum
Source: Zinder, 1993
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has attracted considerable attention. Syngas fermentation using microbial catalysts has been hampered 
by low ethanol yield, which is the biggest obstacle to its commercialization. Metabolic experiments on 
Clostridium ljungdahlii that included growth on carbon monoxide establishes an important link between 
biomass production and production of ethanol (Liu et al.,2020).

ADAPTATION MECHANISMS OF THERMOPHILES

Thermophiles synthesize thermostable proteins or enzymes for their adaption at elevated temperatures. 
Despite, bacteria of thermophilic origin grow at optimum temperature (Topt), heat-shock reactions are 
still activated at temperature higher than that of optimum temperatures that required by thermophilic 
bacteria. Thermophiles developed some modifications compared to mesophilic bacteria for their survival 
at an elevated temperature (Trivedi et al.,2005). The combined hereditary and functional alterations 
in the cell induced by extreme environmental conflicts referred to as ‘Stress responses’ (Helmann et 
al.,2001; Tam et al.,2006). These microbes survive at high temperature due to the presence of several 
biomolecules such as nucleic acids, proteins, and lipids. Several mechanisms in the thermophiles, includ-
ing covalent modifications, extra amino acids, make protein molecules to withstand at high temperature. 
Many researchers reviewed on structural alteration in the protein biomolecule for adaptability of ther-
mophiles at the extreme temperature (Liu & LiCata, 2013; Chakraborty et al., 2015). More importantly 
the proteins and enzymes normally denature at higher temperatures. But in thermophilic microorganisms 
two basic mechanisms have been evolved for stabilizing and preventing the denaturation of proteins at 
elevated temperatures (Tse & Ma, 2016; Berezovsky and Shakhnovich, 2005). In the first mechanism, 
three-dimensional protein structures in thermophiles are significantly more compact when compared 
to homologues proteins in mesophilic microbes, by increasing the number of interactions among the 
constituting amino acids (Berezovsky & Shakhnovich, 2005). In second mechanism, the structures are 
not significantly different, but the protein sequence is altered to form few strong interactions to be able 
to sustain at higher temperatures (Li et al., 2005).

Heat Shock Proteins (HSPs)

The thermophiles have specific heat shock proteins and chaperons for constantly aiding the proteins fold-
ing for those who fail to form required conformation at higher temperatures (Feder & Hofmann 1999; 
Hendrick & Hartl 1993). The heat-shock proteins (HSPs) are varied in structure and mechanism, and are 
typically classified based on molecular masses of their subunit. Many heat-shock proteins like Hsp10 
(GroES), Hsp27 (sHsp), Hsp40 (DnaJ), Hsp60 (Chaperonin, GroEL), Hsp70 (DnaK), Hsp90 (HtpG), 
Hsp104 (ClpB), and other small HSPs are activated during heat-shock reaction as per their molecular 
masses (Buchner 1996; Trent, 1996). These chaperones performed the folding of unfolded or nascent 
polypeptide chain into complete shape of protein and also prevents denatured proteins from mass forma-
tion. The well-studied chaperon Hsp60 complex prevents the aggregation of unfolded proteins at elevated 
temperatures and maintains cell homeostasis by channeling the denatured and misfolded proteins and 
enzymes into cellular protein degradation systems, a thermosomes (Tse & Ma, 2016; Sterner & Liebl, 
2001). Taguchi et al., first isolated and characterized chaperonin from T. thermophilus HB8 (Taguchi et 
al., 1991). In thermophiles, some gene expression products like HSPs perform thermoadaptation func-
tions at higher temperatures and these genes are upregulated at either the transcriptomic or proteomic 
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range because of temperature variations (Wang et al., 2013). The upregulation of HSP genes has been 
broadly detected at both the transcriptional and proteomics levels in thermophiles. For example, at the 
transcriptional level, Pyrococcus furiosus activated Hsp20 and Hsp60 during a temperature change from 
90°C to 105°C (Shockley et al., 2003). At the proteomic level, the upregulation of chaperonin proteins, 
such as GroES, GroEL, GrpE, and DnaK, when temperature was higher in several thermophiles, such 
as Thermotoga maritime and Thermoanaerobacter tengcongensis (Chen et al., 2012; Wang et al., 2007; 
Wang et al., 2012). The molecular chaperone system of thermophilic archaea is pointedly diverse from 
that of thermophilic eubacteria (Table 2).

Types of Heat Shock Proteins

1. Small Heat-Shock Proteins (sHsps)

Small heat-shock proteins are the most universal of all chaperone proteins. Structurally, Hsps have 
α -crystallin domain which is headed by variable N-terminal and C-terminal regions. The chaperone 
potential of sHsps is dormant when they exist as large oligomeric structures under normal physiologi-
cal conditions like temperature, pH, and salt concentrations. When physiological condition especially 
higher temperatures developed, as result these large oligomeric structures of sHsps separates into small 
oligomers (possibly dimers). In the presence of denatured proteins, separated sHsps produce a bulky 
stable complex to shield the visitor protein from mass formation.

2. Prefoldin

The prefoldin complex is an approximately 90 kDa molecular chaperone, alternatively known as GimC 
(genes involved in microtubule biogenesis complex). This chaperon is ubiquitously present in archaea 
and eukaryotes with their structure similarity, but they are so far unavailable in bacterial species (Geissler 
et al., 1998; Vainberg et al., 1998). Prefoldin chaperone was first detected in archaea named as Metha-

Table 2. Different types of chaperones in thermophiles (Sahlan and Yohda, 2013)

Chaperones Thermophilic eubacteria Thermophilic archaea

Hsp100s/AAA proteins CIpA, CIpB, CIpC, HsIU Absent (Genes for CIpA/B homologues were detected in the genome of 
Methanothermobacter thermatotrophicus)

Hsp90s HtpG Absent

Hsp70s DnaK Absent

Hsp60s GroEL Group II Chaperonin (Thermosome)

Hsp40s DnaJ Absent

SHsp IbpA, IbpB, sHsp sHsp

Hsp10 GroES Absent

Prefoldin Absent Prefoldin present

Others Trigger factor 
PPIase

NAC 
PPIase
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nobacterium thermoautotrophicum (Leroux et al., 1999). The prefoldins are also named as ‘‘holdase’’ 
chaperones and their crystal structure was first determined from the archaeon, Methanothermobacter 
thermoautotrophicum (Siegert et al., 2000; Stirling et al., 2003). Prefoldins are hexameric in nature, 
composed of two α-subunits and four β- subunits. The body structure of prefoldins made up of two-barrel 
structure with six lengthen arms like coiled coils extending from it. Each of subunits comprises one or 
two central β -hairpins, that includes N - and C-terminal lined by coiled-coil spirals. These spirals within 
each subunit gather into an antiparallel configuration, resulting formation of the packet in the protein 
structure (Siegert et al., 2000; Ohtaki et al., 2008). It has been recommended that prefoldin chaperone 
arrest an unfolded protein substrate and transfers it to a group II chaperonin in eukaryotes and archaea 
(Vainberg et al., 1998). Prior investigations on the prefoldin of Thermococcus KS1 strain showed that 
prefoldin complexes transfer substrate to chaperonins (Class II) through a direct contact process (Iizuka 
et al., 2008).

Thermal Stability of Proteins

In contrast to salt and pH, temperature influences cells with no distinction between the external and 
inward cell limits. One major challenge for the thermophilic microorganisms is the cultivation and main-
tenance its protein integrity under such high temperature. This topic has facilitated attention for long 
time. In a recent time, proteomic developments deliver more considerable mark for supporting protein 
stability in thermophiles. Gu & Hilser, (2009) suggested that an adaptation via elevated temperature 
seems to be focus in the proteins with regulatory proteins and catalytic reactions. Some thermophilic 
microorganisms own a higher number of disulfide bonds than mesophilic organisms, and it was suggested 
that some of these organisms utilize disulfide bridges for their protein stabilization (Beeby et al., 2005; 
Jorda & Yeates, 2011; Mallick, 2002). In thermophiles, utilization of disulfide bridges is astonishing, 
but, in light of the fact that the intracellular condition is usually in reducing position, preventing the 
establishment of disulfide linkages. Subsequently, it turns into an inquiry concerning the intracellular 
condition of thermophilic microbes and the systems of protein disulfide bond arrangement. Afterwards, 
comparative genomics investigations uncover that a protein of disulfide oxidoreductase was available 
in thermophilic microbes and that these microbes possess an intracellular disulfide linkage, which is no 
doubt the important molecular mechanism for intracellular protein disulfide bolding in thermophiles 
(Beeby et al., 2005, Pedone et al., 2004).

In thermophiles, solutes require to pass three membrane regions like hydrocarbon chain segment near 
the polar head group (semi-rigid), hydrocarbon tail near the bilayer center (fluid, thus high permeation), 
and the lipid head group (highly viscous, thus low permeation) for permeation via monopolar diester 
bilayer membranes.

Thermostable Enzymes

More than 75 proteins or enzymes have been isolated from Bacillus stearothemophilus alone. Thermozymes 
are proteins that reveal greater stability and provide exciting stages for biocatalysis and biotransforma-
tion reaction. One of greatest discovery in the field of extremophile is the finding of Taq polymerase, 
a thermostable DNA polymerase, from Thermus aquaticus bacterium which is now a day used in PCR 
reactions. Thermophiles have developed diverse biochemical, structural and physiological modifications, 
allowing the catalytic synthesis of enzymes and proteins with interesting physicochemical and structural 
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properties. Extremozyme offers unlimited potentials due to their stability and activity in the presence 
of heat. These enzymes are especially stable over a wide range of temperatures, and also pH, salt and 
high concentration organic solvent and surfactants. The great industrial and biotechnological interests 
of thermophilic enzymes are due to the fact that these enzymes are better suited for harsh industrial 
processes. There are many advantages of conducting industrial processes at high temperatures, such as 
the increased solubility of many polymeric substrates, resulting in decreased viscosity, increased bio-
availability, faster reaction rate and the decreased risk of microbial contamination. These enzymes have 
also been used as models for the understanding of thermostability and term activity, which is useful for 
protein engineering (Sterner and Liebl, 2001; Kumar and Nussinov, 2001).

Thermophilicity of these enzymes is due to the unique enzyme architecture properties (Bezsudnova 
et al., 2012; Eichler, 2001), including

• Presence of highest arginine, aspartate and glutamate amino acid
• The occurrence of the high frequency of salt bridges
• Compact hydrophobic core and
• A large number of surface ion pairs
• Additional hydrogen bonding and shortening of loops

These strategies, used at differing extents by different thermophilic proteins and enzymes, confer not 
only higher thermal stability to proteins but also enhanced rigidity and resistance to chemical denatur-
ation. That is why thermostable enzymes are resistant and remains active in solvents and surfactants. 
Molecular packing is also contributing to the thermostability of enzymes and can be achieved by the 
occurrence of additional alpha-helices in its structure (Charron et al., 2000).

Thermophilic extremozymes adapting to extremely high temperatures are apparently genetically 
encoded (Jaenicke and Bohm, 1998). However, different mechanisms of thermostabilisation may be 
utilized by different bacterial and archaeal enzymes. Thermophiles also produce special proteins known 
as ‘chaperonins’, which are thermostable and resistant to denaturation and proteolysis. It is clear that 
there are a number of features that have been identified as possible contributors to increased enzymes 
thermostability; however, there are substantial differences between the conclusions reached with different 
proteins, and there appears to be no universal rule for the structural basis of stability. Acidothermophilic 
enzymes are structurally similar to thermozymes as they are stable at elevated temperatures. Additionally, 
such an enzyme contains a high concentration of acid-stable amino acids and hydrophobic amino acids 
to render the enzyme stable in acidic conditions. Theoretically, the thermostability of enzymes can be 
calculated by the free energy difference between folded and unfolded enzymes. Extremozymes indicated a 
lower rate of unfolding and a higher rate of refolding and thereby increase the Tm and decrease the rate of 
thermal inactivation. Thus, enzyme is thermodynamically and kinetically stabilized at high temperatures.

FUTURE PROSPECTS

Thermophilic enzymes have well known for industrial and biotechnological application in the past two 
decades. With the advent of next generation high throughput sequencing technologies, gene coding 
for enzymes of thermophiles can be explored well and also understand various biochemical pathways. 
Still occult science of heterologous gene expression study is understudy, which is being focus in the 
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future line of this subject area. In order to proficiently usage of complete potential of thermophiles, it is 
compulsory to develop some thermophilic microbes as a host for gene expression, metagenome library 
construction metabolic engineering, and other related studies. This chapter is summarizing current and 
future aspects of thermophiles and their broad range of application in various sectors.

CONCLUSION

It is recognized that microbial life can flourish in extremely harsh environments. This chapter pres-
ent the overview of physiology, metabolism, enzymes involved in metabolic activities and adaptation 
mechanisms of thermophiles and hyperthermophiles. The thermo/hyperthermophilic microorganisms 
are found from various habitats over the planet ranging from marine habitats to hot springs and natural 
water bodies. These microorganisms have evolved various basic mechanisms like altered cell membrane 
permeability, high G+C content in their DNA composition, altered protein structures and change in amino 
acids sequences, etc. as compare to their mesophilic counterparts. Thermophiles also adapts to their 
environment by changing in the protein folding aided by chaperons and presence of certain thermostable 
enzymes. The metabolism and metabolic pathways also remain same in the thermo/hyperthermophilic 
microbes as found in the mesophiles, however, many central pathways like EM and ED pathways are 
modified along with the few modifications in the participating enzymes.
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BACKGROUND

Much of the knowledge on the microorganisms inhabiting the cold environments has been accumulated 
during 1960s and 1970s. Several debatable definitions have been proposed for the range of tempera-
tures for the growth for psychrophiles. It has now been well accepted that the microorganisms defined 
as psyhrophiles have maximum growth temperature of 20 oC. However, those microbes that grow well 
at lower temperatures but can also grow at >20 oC are termed as psychrotolerant or also called prychro-
trophs. The difficulty faced in defining psychrophiles is because many microorganisms have evolved to 
withstand the temperature fluctuations and there is no threshold cut off of temperature for the growth 
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ABSTRACT

Life on the Earth has evolved in the cold environments. Such cold habitats pose special challenges to the 
microbes in cold ecosystems, such as minimum metabolic activities, very limited nutrient availability, 
and often extreme conditions such as pH and salinity apart from temperature. Microbial communities 
surviving under these extreme conditions must have evolved complex structural and functional adapta-
tions. Prokaryotic adaptations to cold environments are through physiological adaptations by increasing 
membrane fluidity through large amount of unsaturated fatty acids. These microbes also possess some 
cold adapted proteins whose steady state levels are maintained. They also produce certain compounds 
such as polyamines, sugars, polyols, amino acids, and some antifreeze proteins to protect themselves 
under freezing conditions. They also produce exopolymeric substances that promote adhesion of microbes 
to moist surfaces to induce biofilm formation which helps getting nutrients and protect the cells from 
harsh conditions. Antioxidants help destroying toxic reactive oxygen species.
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of microorganisms. However, proposed the definition of psychrophiles as ‘Any organism that grows at 
5 oC or below’ to distinguish from mesophiles that grow well at 37 oC. However, it is difficult to distin-
guish psychrotolerant from psychrophiles on the basis of metabolic activities because there are several 
organisms that can grow above 20 oC temperature and can produce enzymes that can show good activity 
below 20 oC.

The diversity of psychrophiles comprises vast variety of microorganisms as most of the Earth’s 
surface have temperature favourable for psychrophilic organisms. Moreover, these organisms are also 
reported from harsh environmental conditions such as high pH, high pressure, nutrient scarcity, high 
salt concentration, deep sea and ice accretions. The capacity of these organisms to produce different 
hydrolytic enzymes and antifreeze proteins, antioxidants make them competent to grow and catalyse 
many organic compounds that help them to survive under inhospitable environments.

INTRODUCTION

The initial colonization of life on the Earth has been reported to be evolved in the cold environments. 
The largest portion of the global biosphere is represented by the communities growing and surviving at 
temperatures below 5oC (Siddiqui & Cavicchioli 2006; Margesin & Miteva, 2011). Low to extreme low 
temperature environment have always been fascinating source for scientists particularly for microbial life 
existing and for long term survival as well as adaptation to some of the very harsh conditions including 
frost and permafrost temperatures.

Microbial species inhabiting the cold environment are recognized by different terminology such as 
“Psychrotrophs”, Psychrophiles, Psychrotolerant and Cold active etc., and are exploited for their ability 
to survive and grow at low temperatures. “Psychrophile” is a generic term used generally to include all 
organisms inhabiting cold climatic conditions. Psychrophilic microorganisms have been an interesting 
subject for microbial ecologist, physiologists, geneticists and taxonomists for their biochemical and 
physiological adaptations through complex processes for protein stability and their catalytic function.

It has been reported that about 80% of the biosphere of the Earth experiences an average of 15oC 
temperature. However, some of the specialized psychrophilic habitats such as permafrost sediments, 
Antarctic lakes and deep marine ecosystems have been explored for microbial diversity and found greater 
diversity than expected.

HABITAT

It is well accepted that wherever there is possibility for existence of microbial life, it is found to exist. 
Microbes are found in very harsh environments of extremely halophilic conditions especially spore 
forming bacilli are found in a 250 million year old salt crystal. A bacterial spore has also been revived, 
cultured and identified from 40 million year old amber . Similarly microbial life has also been reported 
to be found at several kilometres of depth in the Earth’s crust and viable bacterial populations have been 
discovered at depths of 750 m in Pacific Ocean sites. Bacterial population can also grow and reproduce 
at ≤ 0 oC in the cloud droplet at high altitude.

Microbes might have existed in permanent ice cap some 14 million years ago and their descendants 
may live in sub glacial rock crevices, lakes and sediments. Some population of psychrophilic bacteria 
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in deep antarctic ice in the absence of sunlight or oxygen at pressure up to 400 bars, at temperature well 
below 0oCand in strongly acidic or saline solutions.

About 10000 years of age in the vein of ice accretion the carbon and energy source can maintain 
significant numbers of cells that are not multiplying but are actively metabolizing species of Thiobacillus 
can crow at below 0oC and very low pH while fungi belonging to hyper acidophilic group can grow at 
the least pH. Species of Acontiumvelatium has been grown in 2.5 M H2SO4. Thus, microorganisms can 
survive under sub zero temperature, without oxygen, under dark conditions, under pressure up to 400 
bars, also tolerate 1 to 2 M of salt concentrations.

The liquid vein habitat has been shown to act as source of water, energy and carbon. However, no 
species have been reported to tolerate all the inhospitable conditions such as no sunlight, zero oxygen, 
high pressure of 400 bars, subzero temperature, highly acidic or saline conditions. This implies that those 
very few surviving in liquid veins in ice may be characteristically different from the known species.

Antarctica

Antarctica is the fifth largest continent. About 98% of it is covered under ice with environment and 
climatic conditions such as extreme low temperatures, very low humidity, low liquid water availability 
and high solar radiation. Despite of severity in environmental conditions, microbial communities have 
adapted and inhabited such environments.

This cold biosphere is also represented by various types of environments viz., deep sea, alpine regions, 
climatically challenged regions of permafrost as well as polar regions. A diverse group of microbes have 
been found to proliferate such as bacteria, eukarya and viruses. Some members have limited range of 
temperatures for growth, maximum being 20 oC, while majority of members have capacity to tolerate 
warmer climate. Those that grow below 20 oC are called stenopsychrophile while the later members are 
grouped as eurypsychrophiles. These have been revealed by various genetic methods viz, small subunit 
rRNA sequencing, FISH and DNA sequencing of whole environmental samples.

Recently, metagenomic and metaproteomic studies have been successfully used for recording diversity, 
community dynamics and microbial processes driven by psychrophiles. The biochemical, physiological 
and genetic studies have revealed the cold adaptation of psycharophiles.

Several novel species isolated from terrestrial habitat of antarctica are listed in following table 1.
Maritime and Peninsula: The Antarctic peninsular soil contain complex communities of algae, 

lichens, mosses etc. The overall macro- and micro- species diversity is law. However, fungi play a sig-
nificant role as decomposer and thus carryout transformation of nutrients. The dominant–fungal taxa 
reported include Basidiomycetes, Ascomycetes and Oomycetes (Wicklow and Soderstrom, 1997).

Continental

The oasis regions of continental Antarctica and Queen Mand land soils are dominantly inhabited by gram 
negative bacteria mainly by the genus Pseudomonas. (Shivaji et al., 1989). The other gram negative bacilli 
strain of Achromobacter, Alkaligenes and halotolerant – species of Planococcus have also been isolated.

Based on phospholipid and lipid profiles, Psychrobacter species are reported to belong to the psy-
chrotolerant / psychrophilic and halotolerant group. The ubiquitous distribution of these bacteria in many 
antarctic marine and terrestrial habitats is attributed to the above characteristics (Bowman et al., 1996).
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Table 1. Novel microbial species isolated from soil ecosystems in Antarctica

Species Taxonomic Affiliation Source Growth 
Range(oC) Reference

Brevibacillus levickii Actinobacteria Geothermal soils, Mt 
Melbourne 15–55 Allen et al., (2005)

Cryobacterium psychrophilum Actinobacteria Antartica soil <18 Suzuki et al., (1997)

Friedmanniella Antarctica Actinobacteria Sandstone, McMurdo Dry 
Valleys 18-25 Schumann et al., (1997)

Micromonospora endolithica Actinobacteria Sandstone, McMurdo Dry 
Valleys 8-39 Hirsch et al., (2004)

Modestobacter multiseptatus Actinobacteria Soil Asgard Range, 
Transantarctic Mountains 0-28 Mevs et al., (2000)

Pseudonocardia antarctic Actinobacteria Cyanobacterial mat, 
McMurdo Valley 7-38 Hirsch et al., (2004)

Streptomyces hypolithicus Actinobacteria Hypolithic community, 
Miers Valley 22-30 Le Roes-Hill et al., (2009)

Aequorivita sublithincola Bacteroidetes Quartz rock 2-25 Bowman and Nichols (2002)

Flavobacterium antarcticum Bacteroidetes Penguin habitat, King 
George Island 5-24 Yi et al., (2005)

Flavobacterium weaverense Bacteroidetes Soil, Weaver Peninsula 5-19 Yi and Chun (2006)

Flavobacterium segetis Bacteroidetes Penguin habitat, King 
George Island 5-21 Yi and Chun (2006)

Sejongia antarctica Bacteroidetes Penguin habitat, King 
George Island 4-28 Yi et al., (2005)

Sejongia jeonii Bacteroidetes Moss sample, King George 
Island 4-31 Yi et al., (2005)

Alicyclobacillus pohliae Firmicutes Soil, King George Island 0-23 Yu et al., (2008)
Aneurinibacillus 
terranovensis Firmicutes Soil, King George Island 20-55 Allan et al., (2005)

Sporosarcina antarctica Firmicutes Soil, King George Island 0-23 Yu et al., (2008)

Pseudoalteromonas antarctica γ-Proteobacteria Mud, Admiralty Bay, King 
George Islan 4-30 Bozal et al., (1997)

Pseudomonas guinea γ-Proteobacteria South Shetland Islands -4 to 30 Bozal et al., (1997)

Psychrobacter frigidicola γ-Proteobacteria Penguin colony, Vestfold 
Hills -18 to 22 Bowman et al., (1996)

Psychrobacter urativorans γ-Proteobacteria Penguin colony, Vestfold 
Hills -10* to 25 Bowman et al., (1996)

Shewanella livingstonensis γ-Proteobacteria Sediment, Johnson’s Dock, 
Livingston Island 4-20 Bozal et al., (2002)

Shewanella vesiculosa γ-Proteobacteria Sediment, Deception Island -4 to 30 Bozal et al., (2002)
Eukaryotic species
Cryptococcus albidosimilis Basidiomycota Soil, Linnaeua Terrace 4 to <20 Vishniac and Kurtzman (1992)
Cryptococcus antarcticus Basidiomycota Soil, University Valley 4 to <25 Vishniac and Kurtzman (1992)
Cryptococcus consortionis Basidiomycota Ross Desert 4 – 23 Vishniac (1985)

Cryptococcus lupi Basidiomycota Dolerite gravel, South 
Victoria Land 4 to <25 Baharaeen and Vishniac (1982)

Cryptococcus socialis Basidiomycota Ross Desert 4 -23 Vishniac (1985)

Cryptococcus statzelliae Basidiomycota Soil, Lichen Valley, 
Vestvold Hills <20 Thomas-Hall et al., (2002)

Dioszegia antarctica Basidiomycota Taylor Valley, South 
Victoria Land <20 Connell et al., (2010)

Dioszegia cryoxerica Basidiomycota Taylor Valley, South 
Victoria Land <20 Connell et al., (2010)

Curtsey: Extremophiles Handbook, Ch.6.5, Kirby et al., 2011.
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The Dry Valleys

The dry valley of Eastern Antarctica covering about 2% of ice free area is considered to be the coldest 
and driest desert representing the extreme climatic conditions such as low humidity, very low precipita-
tion and strong winds. The climo – edaphic factors favours the growth of organisms which produces 
cryoprotactants (Cameron, 1969).

The microbial biomass in these area have been reported to be four magnitude greater than expected 
(Cowan et al., 2002). Algal species also dominate here that are favoured by climatic conditions and these 
have been analysed by metagenomic studies (Wood et al., 2008, Pointing et al., 2009). Several other 
heterotrophs predominantly psychrotrophs are better adapted to dry valley conditions. Corynebacterium 
species also dominate here (Cameron et al., 1972).

Actinobacterial population appears to be dominant phylotype in Antarctic soils. Species of Arthro-
bacter, Nocordia and Streptomycetes and a noval Flavobacterum sp., have been reported.

THE ARCTIC

The arctic circle includes parts of Alaska, Canada, Europe, Greenland, Iceland and Rusia, dominated by 
arctic ocean. The area include under this region includes tundra, alpine soils, polar deserts and perma-
frost. Population diversity is sustained by the minerals and other organic compounds from fossil fuels 
present in the soils of this region (Callaghan et al., 2014).

The tundra region which mostly is a permafrost have quite unique characteristically dwarf plants 
including shrubs, lichens and mosses. These soils have challenging climatic conditions of low tempera-
ture, low pH, and high water content because of drainage limitations. These stress conditions with large 
organic carbon in tundra region may favour the growth of psychrophiles mainly methanotrophs

Methanogens have been isolated from different temperate soils of various countries such as Western 
Siberia, Northern Russia, Northern Germany. Different kinds of microorganisms such as bacteria, algae 
and fungal representatives are reported from polar soils. Acetobacterium and Acenetobacter species a 
lipolytic psychrotrophic bacteria have been reported from the specialized habitat of tundra. Members of 
Firmicutes, Flavobacteriaceae and Moraxellaceae are found as dominant – species from Little Ank and 
Spitsbergen capable of growing between 4 oC to 30 oC temperatures.

Cold adapted heterotrophic and lipolytic microbial communities have been reported from the pris-
tine and hydrocarbon contaminated soils of Western Antarctcia having wider pH range from 4.8 to 9.2 
with organic matter less than 2%. Here α, β and γ-proteobaeteira were found to be dominating members 
(Labbe et al., 2007). Apart from these, species of Pseudomonas, Rhodocoans, Mycobacterium and 
Acinetobacteria have also been found.

Ecology, Distribution and Physiology

The survival of an organism is influenced by climo-edaphic factors among which temperature has very 
strong influence both directly through its effect on water in liquid form and directly through its influ-
ence on the organic molecules within the living cells. Cold environments are colonized by vast variety 
of microorganisms including bacteria, filamentous fungi, algae, yeasts and archaea.
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The challenges faced by the microbes in the cold habitats include reduced growth rates, reduced 
enzymatic reaction rates, limitations in nutrient availability, extreme conditions of pH, water stress, salin-
ity, hydrostatic pressure and survival under different stress conditions, microorganisms have to evolve a 
complex range of structural and functional adaptations. Hence, a wide range of metabolic activities are 
reported through several studies even at sub-zero temperatures in different habitats of cold environments. 
The distribution of psychrophilic microorganisms in different ecosystems under cold environments are 
discuss below.

Atmosphere and Clouds

Bacteria have been reported to survive at altitudes of the atmosphere up to the stratosphere (dominated 
by gram positive bacteria) and mesosphere (41 to 47 km) where temperature up to -100 oC have been 
reported (Green, 2008; Pearce et al., 2009; Wainwright et al., 2003). Microbial life at this very low tem-
perature is also affected by high UV radiation, very low moisture, oxidative stress, very low nutrients 
and desiccation. Depending upon the meteorological and seasonal conditions microbes are transported 
to short and very long distances through aerosols. A model developed for the estimation of bacterial 
mass transported in the global atmosphere has estimated to be 40 – 1800 Gg (1Gg = 109 g) (Burrows et 
al., 2009). These microbial cells are further transported in to other different ecosystems after remaining 
suspended in the atmosphere for days or weeks through precipitation.

The metabolic activity of these microbes and their role in cloud formation through adherence with 
suspended particulate matters has gained attention of many scientists (Morris et al., 2008). Clouds are 
indispensable component of atmosphere, and water vapours at higher altitude gets cooled and condensed 
into water droplets as well as ice crystals. The microbial cells in the cloud water find this as better habitat 
because the water droplets in the cloud can remain in liquid form even at very low temperature including 
below zero where these microbial cells can easily metabolize organic pollutants (Sattler et al., 2001; 
Deguillaume et al.,2008). Several bacterial and fungal species have been reported from the atmospheric 
cloud water (up to103 to 105 per ml), the species of Deinococcus aethius and Bacillus stratosphericus 
have also been reported in the same environment (Ahern et al., 2007; Amato et al., 2005, 2007b). The 
microbial cells have the ability to play a key role in the formation of ice nuclei through cloud conden-
sation and thus also in precipitation. The cloud condensation is activated at super saturated conditions 
(Bauer et al., 2002). Cloud condensation efficiency is also enhanced through bio-surfactant activity by 
the glycoprotein and lipoproteins of the microbial origin (Ekstorm et al., 2010). However, several new 
techniques have been employed to find out the ecological role of biological ice nucleators in the atmo-
spheric process (Mohler et al., 2007).

Snow

Approximately 35% of the Earth’s land surface is covered with snow, predominantly in the Northern 
hemisphere. Seasonal fluctuation in temperature, oxygen availability, intensive solar radiation including 
UV irradiation are the key ecological characteristics of snow (Cockell and Cordoba-Jabonero, 2004; Jones 
1999). Because of constant fluxes of dust, microbial cells and other biomaterials deposited along with 
precipitation, also its involvement in formation of glaciers have made snow a habitat just like atmosphere 
and hence have good impact on soils covered with snow (Hodson et al., 2008; Pérez and Sommaruga, 
2007 and Pearce 2011). The dominance of the algal growth as primary producer provides colour to 
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the ice as this environment has intense sunlight with high moisture. (Hohum and Duval, 2001). The 
dominant bacterial species of Hymenobacter is reported in red snow (Fujii et al., 2010). The bacterial 
abundance in snow cover is influenced by latitude, altitude and seasonal fluctuations. The numbers of 
bacteria vary between 103and 105 per ml and correlate with concentration of Ca+2 ion that might serve 
as carrier against dust particles. The arctic region has higher abundance of microbial communities than 
antarctic in mountains but increases with altitude. (Carpenter et al., 2000; Liu et al., 2006). Significant 
diversity among heterotrophic bacteria, cyanobacteria and eukaryotes including psychrotolerant species 
are reported from this region (Ameto et al., 2007b; Segawa et al., 2005) and also from Tibetian glaciers 
(Liu et al., 2009b). These microbes being photochemical reactors have been shown to be involved in ac-
tive exchange of reactive nitrogen species with the atmosphere and thus are contributing significantly in 
biogeochemical cycling of elements at low temperatures. There is some correlation between the amount 
of snow cover and bacterial as well as fungal diversity in Alpine Tundra soils (Zinger et al., 2009).

Cryoconite Holes

Cryoconites are specific water filled ice depressions (1m wide and 0.5m deep) with dark material usually 
found on the surface of snow free glaciers. These are formed by airborne debris which absorbs more 
solar radiation and melt down in to the ice. Generally these remains open to the atmosphere, however, 
in antarctica these are covered with ice lid and occasionally they remain connected to the subsurface 
run off system. Variety of microbial populations have been detected from polar and alpine cryoconite 
holes such as photosynthetic cyanobacteria and algae, bacteria, viruses, yeasts and metazoa showing 
greater adaptability to cold environments (Anesio et al., 2007; Christner et al., 2003a; Margesin et al., 
2002, Vincent,2007, Zakhia et al.,2008). The cold adapted novel species viz., Pedobacter cryoconitis, 
Sphingomonas glacialis, and Mrakiella cryoconiti have been isolated and reported from glacial habitats 
(Margesin et al., 2003, Margesin and Fell 2008; Zhang et al., 2011). These glacial mini ecosystems 
are found to be the ‘hot spots’ of microbial metabolic activity signifying their active role in the cling 
of nutrient elements through biogeochemical processes. The photosynthetic microbes are the principle 
drivers in the primary production which serves as food for the heterotrophic bacteria (Bagshaw et al., 
2007; Foreman et al., 2007; Stibal et al., 2007).

Glaciers

Glaciers are the hardest habitat for microorganisms to live as the temperature here remain extremely low 
up to -56 oC to -12 oC (Priscu et al., 2007). Apart from extreme cold conditions, high pressure, scanty 
nutrients with low organic matter availability, and absence of solar radiation are other unfavourable con-
ditions making the survival very difficult in these habitats for microorganisms. Despite of these stressful 
environmental conditions, glaciers are found to be large reservoir of microorganisms for thousands of 
years. Glaciers with different physical hydrological and geochemical characteristics are said to be the 
most versatile ecosystems in cryoconite holes and deep sea ice. (Hodson et al., 2008). The diversity and 
abundance of microorganisms varies with the altitudes and depth of glaciers and ranges between <102 
to 106-107 cells per ml.

The study of microbial diversity from glaciers is very challenging because it is difficult to drill in deep 
ice cores; very limited sample volumes with low microbial load are available for cultivation and DNA 
isolation. Intensive studies on polar and non-polar glaciers have shown vide variety of morphological, 
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physiological and phylogenetic microbial diversity (Miteva, 2008). Major dominating bacterial phyloge-
netic group comprised Acinetobacteria, Firmicutes, Proteobacteria and also included yeasts and fungi, 
some plant and bacterial viruses and few archea (Simon et al., 2009), with potential of degrading variety 
of organic compounds. The isolated microbial physiological groups had common characteristics such as 
ability to grow at very low temperature, with low nutrient availability, pigment production, modifying 
specific membrane structure and synthesis of cryoprotectants, exopolymers, cold active enzymes and 
ice binding proteins (Margesin et al., 2005, 2007). The antifreeze proteins also known as ice binding 
proteins are responsible for inhibition of growth of ice-crystals and thus making the survival of microbes 
possible under freezing conditions (Christner, 2010 and Raymond et al., 2008). The origin, abundance 
and composition of microbial communities and their pattern of diversity in the ice layers deposited 
chronologically under the influence of local and global climatic conditions and composition of glaciers 
have supported the identification of microbial markers that may help understand the climates of near past.

POLAR AND ALPINE LAKES

Polar and high altitude Alpine lakes represent the majority of cold lakes on Earth which show limno-
logical diversity ranging from fresh water to hyper saline, from highly acidic to highly alkaline, highly 
aerobic to anaerobic, permafrost to ice free environments (Vincent et al., 2008). Artic region comprises 
much greater number of lakes compared to Atarctica because of geograpbhy, nature of origin and the 
environmental conditions (Ryanzhin et al., 2010).

Arctic Lakes

Naturally occurring Arctic lakes cover more than 80,000 sq. km. It is reported that the coastal arctic 
ecosystem shows microbial activities throughout the year during all seasons. These activities are oc-
curring with different temperature options ranging from 12 oC to 20 oC indicating presence of different 
phgylogenetic groups (Adams et al., 2010). Among various groups, members of cyanobacteria espe-
cially members of Occilatoriales, Nostocales and Chroococales play a significant and dominant role 
in high arctic lakes and streams (Bonilla et al., 2005; Jungblut et al., 2010; Tang et al., 1997). As these 
organisms show tolerance to desiccation, can survive under high solar radiation, resist the freeze-thaw 
cycles and grow in wider range of temperature, have dominated to other organisms (Tang et al., 1997).

Among the archaeal communities Euryarchaeota and Crenarchaeota are found to dominate. The 
Euryarchaeota dominate in the ice layers of moderate oxygen and show remarkable nitrification activi-
ties because of the presence of ammonia monooxygenase A gene variant. (Pouliot et al., 2009). While 
Crenarchaeota have been recorded exclusively as free living inhabitants of marine waters.

The total area of ice shelves is lower than the antarctica. The main reason of lower ice shelves in 
Arctic region is global warming. Microbial activities have been reported from Canadian high arctic at 
lower temperature up to -10oC. Bacteriodetes, Proteobacteria, Actinobacteria, represents the dominant 
bacterial population. While Euryarchaeota represent the archaeal population.
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Alpine Lakes

The Alpine mountains remain under 1.5 m to 3 m thick ice sheets and for a period that varies between 
six to nine months in a year. The ice cover that exist in this region is composed of alternating layers of 
ice and slush and constitute a sandwich like structure (Psenner et al., 1999). This is considered to be the 
highest productive habitat with higher carbon turnover rates as the nutrients get accumulated through 
atmospheric deposition and from the catchment area of the lakes. (Waldhuber et al., 2002). The Alpine 
lakes usually are exposed to high UV irradiation because of very thin layer of atmosphere, they contain 
very low nutrient elements and the transparency of water is very high (Rose et al., 2009). The composi-
tion of microbial population is also affected by climatic and soil factors (Parez and Sommaruga, 2007). 
The biomass assemblage is also affected by physic-chemical structure of ice cover during its formation 
and growth (Felip et al., 2002).

The slush layers contained up to 6 x 105 cells per ml, while in lake water and snow the same was 
reported to be 4 x 105 cells per ml, where Alphaproteobacteria were present in low numbers but Beta-
proteobacteria species dominated in all layers of slush and water (Alfreider et al., 1996). The pelagic 
microbial communities in the high mountain lakes are recurrent annually, vertically stratified and sea-
sonally variable (Pernthaler et al., 1998). The members of betaproteobacteria have been reported to be 
dominant throughout the year and contribute to about 24% of total bacterial counts, while alphaproteo-
bacteria constitute about 11% and are dominant during spring. Furthermore, rod shaped archaea have 
been reported to dominate during Autumn when ice starts getting covered (Pernthaler et al., 1998).

Antarctic Lakes

The covered lakes are usually found in large numbers in Antarctica. There are more than 150 subglacial 
lakes in this area that are interconnected by subglacial rivers (Hodson et al., 2008; Priscu and Foreman, 
2009, Sattler and Storrie Lombardi, 2009). The most interesting subglacial lake is Vostok made of 200 
m of accretion ice formed by refreezing on bottom of the 4 km deep ice sheet. The microbiological and 
biogeochemical study on this lake has revealed significant information of the lake environment which 
is extremely oligotrophic and highly oxygenated. A large diversity of prokaryotic microbial commu-
nities have been reported from very low number of pupulation (only 400 cells per ml) from where a 
thermophilic proteobacterium, Hydrogenophilus thermoluteolus was isolated (Bulat et al., 2004; D’Elia 
et al., 2008). The lakes of antarctica are permanently covered with ice which include both fresh water 
and highly saline lake environment and reported to have approximately seven times salinity than the sea 
water. The ice cover may reach height up to 3-6 metres. These lakes are considered to be oasis of life in 
a polar desert where microbial diversity and as large as 105 to 106 cells per ml are reported that include 
bacteria, archaea, eukaryote and viruses in the ice cover, lake water and sediments (Mosier et al., 2007; 
Laybourn-Parry and Pearce 2007; Sawstrom et al., 2008; Stingl et al., 2008).

DEEP SEA AND ICE

On the Earth, about 70% of the total surface area covered by ocean and at least half of which is up to 
3000 m deep. It is the lowest layer of ocean below thermocline. However, the normal temperature of 
this extreme environment remains around 2o–4oC, while the hydrothermal vents may have the highest 
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temperature up to 370 oC but this happens very rare. There also occurs in two different zones viz., the 
abyssal zone between 3000 to 6000 m and the hadal zone with >6000 m, both are experiencing high 
hydrostatic pressure up to 110MPand are without any light. There is very low availability of nutrients 
but the oxygen is abundant (~4 ml DO per 1000 ml) at about 6000 m (Lauro and Bartlett, 2008; Nogi, 
2008). The deep sea microbial communities may have developed several unique and unusual character-
istics to adapt the environmental conditions (Abe, 2004; Deming, 2009b). Most of the isolates belong 
to psychropiezophiles having growth optima of > 0.1 MPa and cannot be cultivated at more than 20 oC 
temperature. The ocean microbial life is mainly comprised of bacteria, yeast archaebacteria, and protists. 
These are responsible for almost 98% of primary production (Whiteman et al., 1998). The microbial 
abundance in deep sea water is low but the phylogenetic diversity is high which is underestimated through 
culture based studies (Sogin et al., 2006). The predominating psychrophilic and piezophilic bacteria 
belong to gammaproteobacteria. Most of the culturable bacteria mainly belong to the genus Shewanella, 
Colwellia, Moritella, Marinomonas, Psychromonas, Photobacterium, and also comprised by some new 
species (Dang et al., 2009;Nogi, 2008). These organisms’ possess very high amount of saturated fatty 
acids in their cell membranes. These bacteria play a very vital role in biochemical cycling of nutrients 
in deep sea through characteristic hydrolytic enzymes (Kaneko et al., 2007).

Chemoautotrophic ammonia oxidizing archaea (Crenoarchaeota) in deep sea at the depth of 2000–3000 
m play an important role in the transformation of nitrogen. The presence of these archaea in high numbers 
and ability to carry metabolic reactions at 4o-10oC temperature implies that they might also play vital 
role in the nitrification process at various depths in the sea water. (Francis et al., 2005; Nakagawa et al., 
2007; Kalanetra et al., 2009). Only few members of yeast and fungal species have been reported from 
deep sea environments. The study of samples collected from the depth of about 15000 - 4000 m have 
recorded only 32 fungal 18S types (Ban et al., 2007). Mainly the species belonging to Basidiomycetes 
and Actinomycetes have been reported from the depth up to 4000 m that belong to different genera such 
as Candida, Cryptococcus, Rhodotorula, and Torulopsis (Kutty and Philip, 2008).

The most extreme cold habitat is sea ice which is spread over 30 million sq km in polar oceans (Collins 
et al., 2010). The temperature here ranges between 0oand -35oC, salinity of 35 -200 psu, high pH and low 
solar radiation. Abundant microbial communities have been reported in the upper and the lowest layers 
of sea ice (Bowman and Deming, 2010; Gosink et al., 1993; Junge and Swanson, 2008 and Sullivan and 
Palmisano, 1984). The primary production in this condition is predominantly carried out by Diatoms.

TERRESTRIAL COLD ENVIRONMENTS

Arctic Soils

In the arctic soils, extreme temperatures, low precipitation, low nutrients low moisture and freeze-thaw 
cycles are the main challenging factors for microbial metabolism. The dominant microbial communities 
in these habitats are gram negative bacteria, usually the members of alpha-, beta- and gamma- pro-
teobacteria. The arctic tundra soils contain about 60% of Pseudomonas. However, about 30% of the 
isolates belonged to unclassified bacteria which may play a significant and yet unknown ecological role 
(Gilichinsky et al., 2008).

Bedrock material has significant effects on the composition of microbial communities while the 
altitude or vegetation has negligible effects (Mannisto et al., 2007). On the contrary, Wallenstein et al., 
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(2007), has shown that the bacterial and fungal communities are significantly influenced by the vegeta-
tion of the Alaskan soil. Tussock soils having contaminating recalcitrant compounds are reported to 
be dominated by Acetobacteria and Ascomycota while shrub soils contain high amounts of available 
carbon which favours the colonization of Proteobacteria and Zygomycota. The arctic bacteria in their 
cold habitats show higher activities of variety of extracellular enzymes viz., amylases, proteases, lipases 
and cellulases showing significant ecological role in these habitats (Mannisto and Haggblom, 2006). 
These also play an important role in the regulation of greenhouse gas methane which is liberated due to 
climatic warming and this is done by members of Methanotrophs (Wartiainen et al., 2003).

Alpine Soils

The ‘Alpine’ is a region with high altitude and a continuous forests on high mountains. A large variation 
in temperature is experienced here while frost and ice remain for long time causing freeze-thaw cycles 
and a very high precipitation is also recorded. Therefore, in these soils a large seasonal variation in mi-
crobial communities is also reported (Lipson, 2007). With increase in altitude the environment becomes 
difficult to be inhabited and so the composition of microbial communities and their activities decrease. 
But there is significant increase in culturable psychrophilic heterotrophic bacteria and fungi. The culture 
independent approach has revealed that as the altitude increases the Himalayan soils show decrease in 
psychrophilic bacterial community with about 73% dominance of Proteobacteria and 31% dominance 
of Betaproteobactreia. Similar observations have been reported with culture dependent studies but here 
the dominant community is of Gammaproteobacteria. Studies have shown that microbial diversity have 
spatial patterns in specific geographical locations with dominance of endemic species (Papke et al., 2003; 
Souza et al., 2008; Whitaker et al., 2003). However, these depends on how efficient is the analytical 
methods used for the same (Green et al., 2008; Pearce and Galand 2008; Rammete and Tiedje, 2007).

The cold environments on the Earth, particularly polar regions create ideal ecosystems showing similar 
ecological characteristics which are geographically separated by climatic conditions (Staley and Gosink, 
1999). It is well known that the microbial cells are carried by dust to both the poles, originate from dif-
ferent places among which Asian deserts are the main source. The 16S rRNA studies of soil samples 
from polar and non-polar glaciers have recorded species form genera viz., Actinobacteria, Proteobacteria 
and Flavobacrteria indicating that they all have similar survival mechanism (Chistener et al., 2008b).

Lithic Communities

Microbial colonization are also found in porous translucent rocks which provide trapped moisture for 
microbial growth (Cockell et al., 2003; Cockell and Stokes, 2004). Three different Lithic communities 
are classified on the basis of environmental niches where they reside viz., hypoliths, chasmoliths and 
cryptoendoliths. Hypoliths constitute photosynthetic microbial communities that reside in porous trans-
luscent rocks (Broady 1981b, Thomas, 2005). Most of the green and red algae such as Leptolyngbya 
and Phormidium sp. are reported. Heterotrophic bacteria include alpha and gamma – Proteobacteria, 
Arthrobacteria, Micrococcuss, Pseudomonas are also reported (Smith et al., 2000).

Chasmoendoliths mainly reside in cracks of weathering rocks caused by repeated freezing and thaw-
ing process in the ice free areas. Chasmoendolithic Communities are normally colonized by endolithic 
lichen associated with as cyaobacteria such as Gleocapsa species. (Nienow & Friedmann, 1993).
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Cryptoendolithic organisms colonize in the interstices of crystalline rocks and the microbial colo-
nization is dependent on the geological features of the rock subatrate (Friedmann and Ocampo 1976). 
Mainly two types of cryptoendolithic communities have been identified viz., lichen and cyanobacterium 
assemblages and these have clear zonal stratification. Heterotrophic microbes include gram positive cocci 
and several actinobacterial genera (Siebert& Hirsch 1988).

METABOLISM

Amato Pierre and Brent Christner (2009) have reported that the energy metabolism of psychrophiles 
under freezing temperature results in increase in the levels of ADP and ATP. The unfavourable condi-
tions created at very low temperature are overcome through increased unsaturation of membrane lipids, 
increase in enzyme concentration and production of heat shock proteins. The metabolic state of the 
organism cn easily be evaluated by determining the concentration of ADP and ATP. Although, Proton 
Motive Force (PMF) plays a significant role in adapting freezing conditions.

The concentration of adenylic acid also have significant effect on metabolism of cold adapted mi-
croorganisms. Increased levels of adenylate maintain the optimum metabolic reaction rates by offsetting 
the decreased rate of enzymatic reactions. Adversely affected metabolic pathways are either repaired 
or maintained through nigh concentration of ATP and ADP. These are responsible for resumption of 
normal metabolism under favourable growth conditions.

Studies on physiology of cold adapted microbes have reported the metabolic activities at sub-zero 
temperatures of -10 oC to -196 oC (Amato et al., 2009, Junge et al., 2004, Mader et al., 2006). Metabolic 
activities have been reported from solute rich liquid veins existing between grain crystals Price., (2000) 
and are not restricted to icy microenvironments.

Low temperatures induces the synthesis or uptake of compatible solutes which helps to neutralize 
the osmotic pressure and also maintain turgor pressure of cell under high salinity condition (Kempf et 
al., 1998, Ko et al., 1994). At subzero temperatures, the ice formation produces stress on microbial cells 
through mechanical disruption, osmotic imbalance and oxidative damage which is overcome by the cells 
by producing antifreeze proteins that prevent recrystallization of water in to ice crystals. To maintain the 
metabolic reaction within the cell, hydrolysis of ATP into ADP provides the required energy. Cellular 
ATP concentration is increased at decreasing temperature (Napolitano et al., 2004, Napolitano et al., 
2005). Study on E. coli mutant have shown that increased ATP levels in the cells have provided tolerance 
to lower temperature of 0 oC for several days than the wild strain. It has been reported by (Napolitano 
et al., 2004) that increasing adenylate concentration has positive effect on rate of diffusion between the 
substrate and the enzyme.

The experiments with P. cryohalolantis grown in the temperature range of 15 oC to -20 oC, showed 
that the concentration of ATP increased with the decrease in temperature. This is due to the cell inhibit 
ATP utilizing and at the same time stimulate ATP generating pathways at low energy change (Feniouk 
et al., 2007). However, the ADP concentration was found to be 1.8 to 6.0 times higher than that of ATP 
and the total adenylate concentration in respiring cells compared to the cells without coupled respiration 
and was non-significant at freezing temperatures. This implies that for the production of ATP and ADP 
there may be existing a noncanonical pathway. However, Amato and Christner (2009) have reported that 
temperature has less effect on the production of ATP than its utilization and this may be the reason of 
accumulation of ATP in the cell. However, it is also possible that there is a indirect effect of temperature 
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on enhancement in catabolic reactions and suppression of anabolic reactions in the microbial cells. This 
is also called as physiological regulation due to lower energy change form metabolism (Atkinson., 1968, 
Feniouk et al., 2007). It is also shown that the higher ATP/ADP ratio in liquid conditions, the hydrolysis 
of ATP is favoured.

Psychrophilic organisms increase their adenylate concentration with decrease in temperature. This 
indicate that adenylate may have important role in tolerating cold temperatures. Bakermans et al., (2007) 
showed that at low temperature (-4 oC), the concentrations of five different proteins that are involved 
in energy production, transport of products, gene expression as well as protein synthesis were signifi-
cantly increased. ATP synthase has reported to comprise a submit which is identified as cold induced 
protein which implies that ATP synthase is highly required for ATP production at subzero temperatures. 
At freezing temperatures, the microbial cells are partitioned in the interstitial veins existing in the ice 
crystals and they have been shown to maintain their basal metabolic activity at such low temperatures 
(Christener., 2002, Junge et al., 2006, Mader et al., 2006, Miteva et al., 2007, Price., 2000). High solute 
concentration in the liquid fraction of ice make the microbial cells to metabolize and survive under 
freezing temperatures as well as osmotic pressure (Chen, 1987).

The active biomes in the permanently frozen environments are comprising the significant pool of 
microorganisms that are capable of remaining metabolically active under frozen conditions (Priscu et 
al., 2003, Priscu et al., 2008). Bacterial communities have been reported to carry out oxidative phos-
phorylation at -80 oC temperature (Amato and Christner, 2009).

Cold Adaptation

The Earth’s cryosphere with extreme environmental conditions making the life difficult to sustain still 
harbours much diverse, viable and metabolically active microbial populations belonging to different 
phylogenetic groups. The common striking feature among all he populations of these microorganisms 
is their capability to overcome the negative effects of very low temperature by adaptations which may 
be structural or functional (Gostincar, 2009; Siddiqui and Cavicchioli, 2006).

The ability to sense a very slight change in the temperature makes these microorganisms to adapt 
to the low temperatures and the very sensitive cold sensor is the cell membrane that behaves as an 
interface between the internal and external environments. The membrane becomes more rigid at cold 
temperatures and that activates the membrane associated sensor. The signal is transduced to the regula-
tor to the response and the genes involved in modulating the membrane fluidity are up regulated. This 
again up-regulates many other genes that are involved in adaptation to the cold conditions (Shivaji and 
Prakash, 2010). Among the psychrophilic bacteria and archaea the genome sequencing and proteomic 
studies have shown that the protein synthesis stage is the main up regulating function for growth. While 
other functions such as RNA and protein folding, maintenance of fluidity in membranes, production and 
uptake of cryoprotective compounds, regulation of specific metabolic pathways and antioxidant activi-
ties are also up-regulated for adapting the organisms to cold conditions (Bowman, 2008; Kurihara and 
Esaki, 2008; Ng et al., 2010 and Riley et al., 2008).

The lower limit of psychrophiles for growth and reproduction is considered to be -12oC and for 
maintaining metabolic activity it is -20 oC (Bakermans, 2007). However, significant metabolic activities 
have also been recorded at subfreezing temperatures but the validation of such reports are awaited. To 
adopt the cold environment through membrane fluidity, microbes apply various strategies. The most 
frequently recoded change is the unsaturation of fatty acid composition as observed in most bacteria, 
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fungi and algae. The fatty acid isomerization is other mode of modulation of membrane fluidity where 
methyl- branched fatty acid composition is increased in polar carotenoids and also the ratio of anteiso 
to iso-branched fatty acid is increased. The ratio of sterol to phospholipids determines the length of the 
fatty acid (Russel, 2008).

Cold Active Enzymes

Production of cold active enzymes having better catalytic activity than the mesophilic counterparts under 
low and moderate temperature is another strategy for adaptation to cold environments by the psychro-
philes. These enzymes are heat labile and may get inactivated at temperatures which do not harm the 
mesophiles. However, the flexibility and dynamics of the active sites are maintained at low temperatures 
by the psychrophiles, whereas the meso and thermophilic microbes have been severely restricted the 
molecular motions (D’ Amico, et al., 2006; Feller, 2007).

Cold Shock and Heat Shock

A cold shock response is always encountered under sudden temperature changes but the response from 
psychrophiles is different than meso- and thermo-philes. There are two major mechanisms to overcome the 
cold shock by the psychrophiles. First, the house keeping proteins synthesis is not repressed and second, 
the number of cold shock proteins are that are higher and they increase with the severity of cold shock. 
When the temperature is further lowered, the steady state of these cold shock proteins is maintained by 
other set of proteins that is also known as cold acclimatization protein, probably produced constitutively.

Antifreeze Proteins and Cryoprotectants

Psychrophilic microorganisms produce several cryoprotective compounds to protect themselves against 
deleterious effects of ice crystal formation or the intercellular freezing due to extreme low temperatures 
of environments. AntiFreeze Proteins (AFP) are one of the most produced cryoprotective compounds 
which either modify the ice crystals or inhibit the growth of ice. This is achieved in two ways, firstly, 
AFP lower down the freezing point of water prior to freezing and thus altering the melting point and 
secondly, the AFPs show ice re-crystallization inhibition and cause growth inhibition of large crystals 
at sub-zero temperatures (Gilbert et al.,2004).

Bacteria in cold aquatic environments such as Antarctic or Arctic sea ice have been shown to produce 
large amounts of exopolymeric compounds (Krembs et al., 2002). The main function of these exopoly-
meric substances is to facilitate adhesion of bacteria to the wet surfaces resulting in the formation of 
biofilm which helps to trap the nutrients, helps to protect cells under stress condition and it also mediate 
biochemical interactions.

Genomics and Proteomics

The complete genome sequenced during 2004-05 of Desulfotalea psychrophyla (Rabus et al., 2004), 
Colwelliapsychroerythraea34H (Methe et al., 2005) and Pseudomonas haloplanktis TAC125 (Medigue 
et al., 2005) have revealed that there are several Cold shock proteins (Csps) and Cold acclimatization 
proteins (Caps) involved in unsaturated fatty acid synthesis. Apart from usual lipid desaturases, two gene 
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clusters that are involved in membrane fluidity / rigidity through steroid degradation have been reported 
from P. haloplanktis. Also from C. psychroerythraea a fatty acid cis-trans isomerase, β-keto acyl CoA 
synthetases and some β-keto acyl carrier proteins have been identified that might enhance membrane 
fluidity depending upon their cold adaptive activity or their up regulated expression.

The proteomic approach has also been studied for cold adaptation at protein level. Both Csps and Caps 
have been reported to be expressed by Arthrobacter globiformis, a psychrophile (Berger et al., 1996) 
and also from psychrotrophic species Aeromonas hydrophila (Imbert and Gancel, 2004). More than 30 
over expressed proteins have been reported from Bacillus pshychrosaccharolyticus under psychrophilic 
environmental conditions. Furthermore, several other proteins involved in transcription, translation, 
energy metabolism as well as quality control of proteins have been identified from Methanococcoides 
burtanii (Goodchild et al., 2004) at 4 oC temperature. Another enzyme prolyl-cis-trans isomerase was 
identified by Suzuki et al., (2004) from Shewanella species strain SIB1.

Antioxidants

At low temperatures the Reactive Oxygen Species (ROS) rapidly solubilizes and causes significant cell 
damage. Protection against ROS is thus very important to survive under low temperature. The bacteria 
detoxify the ROS through production of several antioxidants enzymes such as catalase, superoxide dis-
mutase, oxygen consuming lipid desaturase or they lack the ROS producing pathways (Medigue et al., 
2005; Methe et al., 2005)

CONCLUSION

Large are of the Earth is experiencing cold climatic conditions where the average temperature remains 
between 0 oC and 15 oC. Particularly the Northern and Southern pole have temperature that remains 
permanently below zero. The microorganisms have adapted to every climatic conditions and have devel-
oped the capacity to grow, metabolize and reproduce under inhospitable conditions. The psychrophilic 
microorganisms are the naturally habitants of the cold environment and they have adapted to the seasonal 
temperature fluctuations and more particularly the freeze-thaw cycles which have led these microorgan-
isms to evolve different adaptive mechanisms with regard to metabolic reactions, reproduction, survival 
and protection strategies. These adaptive techniques have enabled microbes to remain active at low and 
even sub-zero temperatures.

The research in the field of microbial ecology of the cold environment through culture dependent and 
culture independent molecular techniques has acquired great pace in the present time and thus has led to 
understand the diversity and ecological role of microbial populations in the cold ecosystems. The modern 
and emerging field of genomics and proteomics have added new insights into the psychrophilic and also 
psychrotrophic microbial life. The community structure of microbes has shown that a wide range of 
gram positive, gram negative bacteria, fungi, yeast, members of archaebacteria, and even cyanobacteria 
constitute a very large pool of microorganisms and may contain novel and yet to be cultured organisms.

The research in the field of astrobiology includes the diversity and ecology of microbes that permanently 
reside in the frozen environments such as permafrost and ice is increased in the recent time. This would 
also give us an insight about the possibility of microbial life in the cryogenic planets of our solar system.
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The biogeographical study in microbial ecology would clear the distribution pattern of the psychro-
philes and this would also reveal that some new species of the cold environment may be endemic to the 
particular environment.
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Biochemistry Behind Protein 
Adaptations in Extremophiles

ABSTRACT

Extremophiles are the mortals that tolerate in the most limiting and aggravating conditions to life. 
Because of these fantastic ecological criticisms, extremophiles have substituted innumerable intriguing 
transformations to cell films, proteins, and extracellular metabolites. These stimulatingly regulated usual 
particles and frameworks as of now play parts in numerous biotechnological fields. Compounds from 
extremophilic microorganisms as a rule catalyse synthetic responses in non-standard conditions. Such 
conditions advance accumulation, precipitation, and denaturation, diminishing the movement of most 
non-extremophilic catalysts, regularly because of the shortfall of adequate hydration. Extremophilic 
catalysts can go after hydration by means of modifications particularly to their surface through more 
noteworthy surface charges and expanded sub-atomic movement. These assets have permitted few ex-
tremophilic compounds to work within the sight of non-fluid natural solvents, with potential for plan of 
valuable impetuses.
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INTRODUCTION

Extremophiles are the microorganisms that are equipped for enduring and flourishing in conditions re-
cently thought to be unwelcoming or unequipped for supporting life. A huge portion of the organic entities 
living conditions have adjusted such conditions, for example, pressing factor and temperature like remote 
ocean or the soluble pH and saline. Such conditions are extremely astonishing for organic entities are 
exceptionally specific with explicit protein variations, for example, chaperone frameworks or chemicals 
fit for working in the climate without denaturing. Because of such conditions these creatures are able to 
work below conditions in which mesophilic proteins may not. Proteins and catalysts disengaged from 
extremophiles are considered helpful for an assortment of uses, because of their incomparable properties 
to work in hostile conditions. Current utilization of diverse proteins sourced from extremophiles have as 
of now for assorted as atomic science reagents (Terpe, 2013) or as clothing cleansers (Ito et al., 1998). 
The biotechnological along with mechanical interest for constant compounds working in unforgiving 
functional conditions has flooded.

From the massive majority of the spots, we can disconnect the extremophiles and furthermore can 
be used as a part of bioremediation of contaminated climate (Zhuang et al., 2010). Biosphere contains 
numerous extremophilic microorganisms with catalysts fit for working in unfavourable conditions (Gomes 
& Steiner, 2004; Hough & Danson, 1999). Microorganisms which fill in outrageous conditions have been 
a significant wellspring of steady and important catalysts (Adams et al., 1995; DasSarma et al., 2010; 
Kaul & Asano, 2012). The compounds likewise called “extremozymes”, play out analogous capacities 
as their non-outrageous partners, yet they can catalyse such responses in conditions which repress or 
denature the less outrageous structures. The immense mainstream of the proteins got from extremophiles 
shows poly extremophilicity, for instance steadiness and action in more than one outrageous condition, 
embracing high salt, basic pH, low temperature, and non-fluid medium (Bowers et al., 2009; Pire et al., 
2004). According to a phylogenetic perspective, extremophiles have a place with the realm of Archaea, 
one of the three species of life, not withstanding the areas of Bacteria and eukaryotes. Archaea creates 
in very limits conditions like warmth, chilly, corrosive, base, saltiness, pressing factor, and radiation.

PROTEIN ADAPTATION MECHANISMS IN EXTREMOPHILES

Extremophiles have custom to alternate their enzymes in order that those continue to be functionally 
energetic in great situations at which an enzyme from non-extremophile may want to have different-
sensible aggregated, prompted or denatured (Figure 1).

Radiation Adaptation by Extremophiles

Microorganisms that are profoundly impervious to undeniable degrees of ionizing and bright radiation are 
called radiophiles. Two kinds of radiations where organic entities’ reactions fundamentally in (gamma) 
radiation and UV radiation - have been considered.

Ionizing radiation is dependable fundamentally for twofold abandoned breaks in the genome of crea-
tures. Nonetheless, it has additionally been displayed to harm the proteins and lipids and instigate indus-
trious oxidative pressure (Slade & Radman, 2011). Because of such a state of ionizing, radio safe living 
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beings have fostered all, or a blend of, the accompanying methodologies: novel and versatile DNA fix 
components, cancer prevention agent and enzymatic safeguard frameworks, and a consolidated nucleoid.

Quick and exact fix of genomes is fundamental in enduring dosages of ionizing radiation. This has 
been demonstrated to be refined using the nucleotide extraction fix pathway (uvrA1B), base extraction 
fix pathway (ung and mutY), and homologous recombination pathway (recA, ruvA, ddrA, and pprA) in 
Deinococcus radiodurans (Pavlopoulou et al., 2016) and single-abandoned restricting proteins in Halo-
bacterium sp. NRC-1 (Rfa-like qualities) (DeVeaux et al., 2007) and Deinococcus radiodurans (DdrB 
and SSB) (Cox et al., 2010; Lockhart & DeVeaux, 2013).

Figure 1. Protein adaptations mechanisms in extremophiles
Source: Kumar et al., 2018
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In some particularly delicate species, protein harm causes demise before twofold abandoned breaks 
begin to shape. It has been proposed that, particularly for bacterial species, the job of protein harm in 
cell demise because of ionizing radiation is disparaged. For instance, D. radiodurans cells contain a 
few oxidative pressure counteraction and resilience components: cell cleaning via disposal of oxidized 
macromolecules, particular insurance of proteins against oxidative harm, and camouflage of reactive 
oxygen species creation. A condensed nucleoid has likewise been displayed to advance the effectiveness/
precision of DNA fix (Minsky et al., 2006), besides to restrict the dissemination (Daly et al., 2007) of 
radiation-created DNA parts. Unrelated to ionizing radiation where DNA harm is essentially twofold 
abandoned breaks, UV radiation harms DNA in more unobtrusive manners through the development of 
cyclobutene pyrimidine dimers (that is, thymine dimers) and pyrimidine (6-4) pyrimidine photoproducts 
(that is, 6-4 photograph items). These two kinds of harm represent generally 80% of photolesions prompted 
by UV radiation (Jones & Baxter, 2017). Nonetheless, cyclobutene pyrimidine dimers are unquestion-
ably more various and ordinarily dwarf pyrimidine (6-4) pyrimidine photoproducts. To fix these DNA 
sores, life forms utilize a mix of photoreactivation (phr) qualities, nucleotide extraction fix (uvr ABCD, 
xpf, and rad), base extraction fix (mutY and nth), and homologous recombination (recA and radA/51) 
(Jones & Baxter, 2017). Furthermore, organic entities have advanced a set-up of photoprotection gadgets 
to shield themselves from nonstop openness to UV radiation. These integrates carotenoids, superoxide 
dismutase and hydro peroxidases, quality duplication by means of polyploidy, and genome organization 
(that is, decrease in the number of bi pyrimidine sequences) (Jones & Baxter, 2017). Nonetheless, as 
in ionizing radiation, responsive oxygen species obstruction with ordinary metabolic cycles is a more 
common reason for cell demise (Quintana-Cabrera et al., 2012).

Temperature Adaptations by Extremophiles

Thermophiles are living beings fit for enduring temperatures outside the mesophilic range-in the scope 
of 40°C to 85°C and these conditions incorporate, aqueous vents or geothermally warmed mines, cave 
frameworks and warm underground aquifers. Various organically fundamental atoms like proteins, 
lipids or nucleic acids, are unprotected to embarrassment because of the outrageous warmth, therefore 
thermophilic organic entities have fostered various methodologies to redress. Catalysts sourced from 
thermophiles are generally esteemed for their thermotolerance, the most eminent model maybe is the 
DNA polymerase sourced from Thermophilus aquaticus usually alluded to as Taq polymerase, which 
empowered the course of PCR which is a basic supporting of atomic science (Saiki et al., 1988). There 
is a scope of additional thermostable chemicals that can detached a possibility of substrates from chitin, 
lignin, cellulose just as an assortment of protein, lipid and polysaccharides. These catalysts have effec-
tively tracked down various modern uses in paper-production, feed handling and cleanser businesses 
(Elleuche et al., 2015). Various thermophilic organisms have shown the capacity to create novel mixtures, 
for example, the thermofiles from Talaromyces thermophilus with novel enemy of nematode movement 
(Elleuche et al., 2015). Actinobacteria from warm springs in Teng Chong, China was examined and 
found to have a different cluster of non-ribosomal peptide union (NRPS) and polyketide blend (PKS) 
potentials, proposing the chance of innovative mixtures being found from a thermophilic climate (El-
leuche et al., 2015).

While warm vents and underground aquifers are viewed as the absolute most outrageous conditions 
on Earth, a few creatures can flourish in these threatening areas where most life would die. Among these 
are thermophiles and hyperthermophiles. These two offer comparative transformations to get by in these 
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limits, they contrast in their temperature development ideal. Hyperthermophiles can become ideally up 
to 105°C, while thermophiles are delegated developing between 50°C and 70°C. At such outrageous 
temperatures, proteins coming up short on the vital transformations go through irreversible unfurling, 
uncovering the hydrophobic centres, which causes conglomeration (Tomazic & Klibanov, 1988). Ther-
mophilic proteins have a few transformations that enable the protein to hold construction and capacity in 
limits of temperature. Probably the most noticeable are expanded number of huge hydrophobic deposits, 
disulphide bonds, and ionic associations (Champdore et al., 2007).

From the get go, psychrophile has frequently been characterized as a life form with an ideal tempera-
ture of under 15°C. In any case, this definition has various issues: it is discretionary, doesn’t represent 
eukaryotes, and treats cells as simple warm units. Others have taken on the term’s euro psychrophile 
and steno psychrophile to allude to a “wide” or “slender” scope of expansion at low temperatures. All 
things considered, some accept that the utilization of these terms doesn’t “push” scientists enough to 
look for “valid” psychrophiles - those creatures ready to develop well under 0°C. Psychrophiles have 
been disengaged from an assortment of normal and man-made conditions (Champdore et al., 2007). 
Microorganisms are for the most part subject to the temperature of their current circumstance and as an 
outcome should discover approaches to adjust to the constraint set on them by temperature.

The catalysts from thermophiles show high potential in cleanser, food, feed, starch, material, cowhide, 
mash and paper and drug businesses. They have additionally been utilized as models for understanding 
the reasons conferring thermostability and thermoactivity, to give treasured prompts protein designing. A 
few three-dimensional constructions have been tackled and contrasted and those of mesophilic partners, 
with a definitive objective of clarifying the systems basic thermostability. In an extensive report, it was 
tracked down that expanded ionic cooperation and hydrogen bonds (surface charge), expanded protein 
centre hydrophobicity, and less uncovered thermolabile amino acids give soundness on the thermophilic 
proteins (Gupta et al., 2014).

Regardless, this definition has various issues: it is optional, doesn’t address eukaryotes, and treats 
cells as basic warm units. Others have accepted the terms eurypsychrophile and steno psychrophile to 
suggest a “wide” or “confined” extent of improvement at low temperatures. Creatures are generally 
dependent upon the temperature of their present situation and as a result ought to find ways to deal with 
acclimate as far as possible put on them by temperature.

The mixtures from thermophiles display significant potential in cleaning agent, food, feed, starch, 
material, calfskin, squash paper and medication associations. They have similarly been used as models 
for understanding the reasons offering thermostability and thermoactivity, to give important prompts 
protein planning. A couple three-dimensional plans have been tended to and differentiated and those 
of mesophilic accomplices, with an authoritative target of clarifying the instruments essential thermo-
stability. In a careful report, it was found that extended ionic cooperation and hydrogen bonds (surface 
charge), extended protein community hydrophobicity, and less revealed thermolabile amino acids give 
adequacy on the thermophilic proteins (Gupta et al., 2014).

Halophilic Adaptations by Extremophiles

Salt influences the dissolvability, steadfastness, and variation of a protein, which finally impacts its ability 
to work. Commonly halophilic microorganisms and eukaryotes, prevent the section of the inorganic salts 
like NaCl into the cell and integrate slight typical particles, known as osmolytes, to change the osmotic 
squeezing factor (Mevarech et al., 2000). Halophilic Archaea, not withstanding, make due by taking in 
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high assemblies of inorganic salts, requiring their proteins to pass on varieties that license them to remain 
consistent and valuable. The lower openness of water can cause hydrophobic amino acids in a protein 
to lose hydration and aggregate. Thusly, high salt obsessions build up hydrophobic correspondences 
in a protein. Salt moreover interferes with the electrostatic associations between charged amino acids 
(Mevarech et al., 2000).

Bioinformatics examination of halophilic proteins has shown that their progressions also dependably 
contain less serine. Serine is at partner with water anyway not at matching charged particles, so serine 
is less significant for proteins at high salt obsessions (Zhang & Ge, 2013).

Little is contemplated the changes in their archaeal accomplices, but changes in the proportion of 
certain archaeal have all the earmarks of being huge. Various instruments of change are overall not re-
markable, yet several reports recommend that changes are not a direct result of a specific get-together 
of characteristics/impetuses however rather are the outcome of an overall change in processing like how 
the salt-in halophiles have progressed an acidic proteome to keep proteins dissolvable and dynamic at 
high salinities instead of altering the surge a few qualities (Amrani et al., 2014; Vannier et al., 2015).

Halophiles exploit idiosyncratic transformation systems to make due in hyper saline territories. Halo-
philic archaea aggregate salts (NaCl or KCl) up to the fixations, isotonic with the climate, to keep an 
osmotic equilibrium. To adapt to such high salt focus, their proteins procure a generally huge number of 
contrarily charged amino corrosive deposits on their surface to forestall precipitation (Gupta et al., 2014).

This is because of the presence of negative charges on their surface that permits a higher surface 
hydration, so that forestalling high saline fixation causes protein total wonders. Acidophiles can inhabit 
very corrosive pH esteems, typically illegal for cell life. Furthermore, this class of organic entities can 
brace the film against the threatening external climate, by a biofilm to forestall the dissemination into the 
cell, for instance, or through the consolidation of unsaturated fats to ensure the cell. Other methodology 
is addressed by a functioning component dependent on a siphon that launches hydrogen particles out 
of the cell, assisting with keeping consistent the inward pH (D’Auria et al., 2000; D’Auria et al., 1999; 
D’Auria et al., 1998). Alkaliphiles occupy amazingly fundamental pH esteems (10-12). Like acidophiles, 
they have components of pH guideline to stay near impartiality.

Pressure Adaptations by Extremophiles

Microorganisms that prefer high-pressure conditions are termed piezophiles (barophiles). Piezophiles 
are living beings that live under amazingly high hydrostatic pressing factor frequently in different lim-
its, similar to high or low temperature. Their regular environment is somewhere down in the sea, under 
outrageous tension, and in the outrageous warmth of aqueous vents or in the cold of the sea.

A few piezophiles have had the option to be refined regularly requiring complex frameworks to 
keep up with the pressing factors required utilizing gadgets, for example, water powered siphons and 
complex gas frameworks to keep up with pressures as high as 38 MPa (Pettit, 2011; Zhang et al., 2015). 
The utilization of particular gear to culture is hard for some labs to secure and work securely due to 
the pressures included; along these lines many investigations have gone to non-refined procedures, for 
example, genomics to study these specific organic entities.

Extremophile organic entities are regularly found in profound lakes, for example, Baikal (1.6 km) and 
Tanganyika (1.5 km), the sea, and subsurface networks (Rosenbaum et al., 2012). To have a thought of 
how much pressing factor is included, one should recollect that hydrostatic pressing factor increments 
generally 10.5 kPa per meter profundity while lithostatic (overburden). One of the way proteins can 
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adapt to pressure is to shape multimeric proteins. The piezophile protein, TET3 peptidase (TET3) from 
Pyrococcus horikoshii, structures a prudent dodecamer, as opposed to a barrel-formed multimer, and 
shows expanded strength at high pressing factor (Rosenbaum et al., 2012).

Piezophiles do have numerous variations to fundamentally accomplish temperature limits- both ther-
mophilic and psychrophilic (Hay et al., 2009), there are various variations which are remarkably adjusted 
for the high pressing factor conditions. These recollect thick hydrophobic centres for proteins as well as 
a penchant to frame multimeric proteins to manage the pressing factor, and these transformations have 
been as of late explored (Reed et al., 2013). This piezophiles have uniquely adjusted cell films to adjust 
to the pressing factor, for example, fusing polyunsaturated unsaturated fats (Usui et al., 2012), but the 
instruments behind this still can’t seem to be clarified (Jebbar et al., 2015).

Piezophillic proteins could assume a part in high pressing factor cleansing of food sources, for certain 
catalysts being urgent to taste for example certain proteolytic proteins being significant in the aging of 
cheeses, and it is conceivable with additional examination piezophiles could fill this job (Rosenbaum 
et al., 2012).

pH Adaptations by Extremophiles

Acidophiles are organisms capable of flourishing in environmental conditions with less pH, such as hot 
springs, human made niches such as mines waste drainage systems (Simonato et al., 2006). It includes 
A. ferrooxidans, A. thiooxidans.

Acidophiles are often gathered with thermophiles, as most acidophilic conditions are likewise con-
sidered thermophilic (Baker-Austin & Dopson, 2007). One of the critical variations of acidophilic living 
beings is various transporter protein system situated on the cell membrane to help maintain cytosolic 
pH levels (Baker-Austin & Dopson, 2007). As far as applications, bioleaching is the cycle whereby 
microorganisms debase metal minerals to eliminate the metal particles into arrangement, where they 
can be reaped permitting beneficial metal extraction from low-grade minerals(Elleuche et al., 2014).

Acidophiles are specially esteemed for their capacity to bioleach a scope of metal particles including 
substantial metals typically poisonous for most life forms (Dopson et al., 2003). In terms of applications, 
bioleaching is the process whereby microorganisms degrade metal ores to remove the metal ions into 
solution, where they can be reaped permitting productive metal extraction from low grade minerals. 
Acidophiles are especially esteemed for their capacity to bioleach a scope of metal particles including 
substantial metals regularly poisonous for most life forms (Dopson et al., 2003). Because of the capability 
of acidophiles to lessen substantial metal particles into the climate, corrosive mine seepage frameworks 
can represent an issue for encompassing water frameworks. These corrosive mine waste frameworks 
regularly contain other perilous natural mixtures (like aliphatic mixtures) which can likewise be debased 
by acidophiles (Gemmell & Knowles, 2000) and it is conceivable using acidophiles that these conditions 
might be bioremediated (Rani et al., 2009).

Alkaliphiles are on the far edge of the pH range, enduring outrageous degrees of alkalinity, for example 
> pH 9. Alkaliphiles includes Halorhodospira halochloris, Natronomonas pharaonis, and Thiohalospira 
alkaliphila. Quite possibly the most widely recognized normally happening antacid environment are 
the soft drink lakes which can be emphatically basic (pH 10-12) just as profoundly saline, contingent 
upon the singular lake (Tindall et al., 1984). Alkaliphilic life forms customarily keep up with lower 
inside pH levels contrasted with the general climate by means of adjusted cell films and Na+/H+ car-
rier proteins, which assist with keeping up with the proton rationale power inside the cell (Krulwich, 
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1995). Alkaliphilic chemicals ordinarily have a wider scope of pH movement having the option to work 
under impartial and antacid pH conditions which has driven industry to use these catalysts for different 
purposes, for example, dehairing in conceal restoring (Horikoshi, 1999), just as more normal uses, for 
example, cleansers (Fujinami & Fujisawa, 2010). Soluble cellulases sourced from algophilic Bacillus 
sp. have effectively been utilized as cleanser added substances (Ito et al., 1998).

CONCLUSION

Extremophiles are discerning microorganisms, which have capability to flourish in scaring atmosphere 
together with several pressure conditions involving dangerous assortments of elements like temperature, 
pH, pressure, saltiness, most extreme radiation, slight groupings of water and supplements. Extremophiles 
have capacity to adjust their sub-atomic assortment and biochemical pathways, because of this they can 
persevere through such sorts of reformatory conditions. Extremophiles showed significant role to modify 
their enzymes therefore these microorganisms endure functionally vigorous in adversative conditions 
and opposite to this enzyme of non-extremophilic microorganisms showed aggregation, precipitation 
and denaturation. Relative genomics showed that extremophiles are capable to have the matchless ar-
rangement of proteins and qualities that grant them through biochemical apparatus vital for prosper 
in interesting conditions. These proteins are going about as shields for extremophiles against a broad 
scope of energizing conditions for instance: radiation, temperature, pH, pressing factor, medications and 
synthetics. This multipurpose system of extremophiles assists with forming tricks to adjust the proteins 
and qualities which have huge helpful potential alongside business esteems.
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INTRODUCTION

The Nobel Prize of year 2020 in Chemistry 2020 was awarded to Emmanuelle Charpentier and Jennifer 
Doudna for discovering the genetic scissors called CRISPR/Cas9: Clustered Regularly Interspaced Short 
Palindromic Repeat - CRISPR-associated sequences (CRISPR-Cas).
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Genome Editing and CRISPR/
Cas System of Extremophiles 

and Its Applications

ABSTRACT

Extremophiles will be the choice of next generation industrial biotechnology (NGIB) as they are known 
to be contaminant resistant, but engineering their genomes has always been difficult and time consum-
ing task. CRIPR/Cas (clustered regularly interspaced short palindromic repeat and CRISPR associated 
proteins) system can be employed for this reason. The genome of an industrially important halophile 
(i.e., Halomonas) was edited to study a combined effect of four different genes on glucose breakdown and 
production of poly (3-hydroxybutyrate-co-3-hydroxyvalerate). This editing has resulted in 16-fold increase 
of 3HV, and the mutants generated by CRIPR/Cas system were significantly effective in synthesizing 
PHBV. Unfortunately, this system does not always work, specifically in extremophilic microorganisms 
because Cas9 or Cpf1 are from mesophilic bacteria. Therefore, alternatively, the endogenous CRISPR/
Cas system is used for editing the genomes of such organisms. This genome editing of extremophiles will 
open the doors for developing next generation industrial biotechnology (NGIB).

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



137

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

The Discovery of the CRISPR-Cas System in Prokaryotes

In 1993, for the first time, CRISPRs were observed in archaea, named Haloferax mediterranei (Mojica 
et al., 1993) and then subsequently as the life science moved into the genomic era, these were detected in 
more and more number of bacteria and archaea genomes. The powerful CRISPR-Cas9 system discovery 
initiated with the identification of repeated genome structures present in bacteria and Archaea. An un-
usual repeated structure in the Escherichia coli genome was reported in 1987. This sequence consisted 
of five extremely homologous sequences of 29 base pairs (bp) along with a reverse complementary 
(dyad symmetry) sequence of 14 bp that were interspersed by variable spacer sequences of 32 bp (Ishino 
et al., 1987). Later, the halophilic Archaea Haloferax mediterranei, showed the presence of similar, 
repeated structures in its genome as shown in figure 1. It had 14 nearly conserved sequences of 30 bp, 
repeated at regular distances (Mojica et al., 1993). Subsequently, these types of repeats were revealed 
through bioinformatics analyses of various prokaryotes. It was thus shown that such repeats possessed 
a characteristic feature of short, partially palindromic sequences in clusters which were separated by 
exclusive interfering elements of fixed length. It was also observed that these intervening sequences 
differed from organism to organism, but had an ancestral origin and high biological relevance (Mojica et 
al., 2000). These arrays of repeated sequences are called Clustered Regularly Interspaced Short Palin-
dromic Repeats, abbreviated as CRISPR (Jansen et al., 2002). The analysis of the unique, non-repetitive 
sequences in CRISPR showed they matched with the genetic code of different viruses, pointing towards 
the protective immunity against viruses. This led to a hypothesis that if a bacterium overcomes a virus 
infection and succeeds in surviving then it will add a piece of that virus genetic code to its genome, like 
a memory of that infection. In the efforts of understanding the function of CRISPR, researchers dis-
covered special genes called CRISPR-associated, abbreviated as cas. This group of genes were located 
only in the CRISPR-containing prokaryotes and were always found adjacent to CRISPRs. The cas genes 
encoded proteins that had helicase and nuclease activity, advocating their role in DNA metabolism or 
gene expression (Jansen et al., 2002). In the coming years, a number of Cas protein subfamilies were 
discovered (Haft et al., 2005; Makarova et al., 2006). Cas proteins control the three functional stages 
of CRISPR adaptive defence. These are adaptation, processing, and interference as shown in figure 2.

Figure 1. CRISPR structure in prokaryotes
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Figure 2. Three functional stages of CRISPR adaptive defence
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The adaptation stage was best studied in a type I-E CRISPR system of E. coli. In this system, a stable 
complex was formed between two strongly conserved nucleases (Cas1 and Cas2) (Nuñez et al., 2014). 
Two Cas1 dimers were linked to one Cas2 dimer and this is considered as the minimum requirement 
for the de novo spacer acquisition (Yosef et al., 2012). crRNA processing is the second stage (Bhaya et 
al., 2011), which involves shortening of the long crRNA. When the crRNA is transcribed from its gene, 
the tracrRNA (trans-activating CRISPR RNA which has complementary sequences for palindromic se-
quences) binds to it. The scissor protein Cas9 also joins this complex. This complex signals the RNase 
III to cleave the long crRNA into a smaller piece which consists of the spacer or the non-repetitive 
sequence along with the palindrome repeat RNA sequence bound to tracrRNA and all of these bound in 
the Cas9 protein, forming a ribonucleoprotein complex (RNP). During the final stage of CRISPR-Cas-
meditated immunity that is interference, the RNP complex can recognize the incoming foreign DNA 
(or RNA) via base pairing of crRNA and target nucleic acids (Brouns et al., 2008). The complementary 
DNA sequence recognised by a crRNA is called as a protospacer. Almost all CRISPR-Cas systems 
mediate both adaptation and interference by specifically recognizing a short sequence located at the 5 
-flanking region of the protospacers, called the protospacer adjacent motif (PAM) (Wang et al., 2015; 
Yamano et al., 2017). The CRISPR-Cas system, with its memory component, resembles the adaptive 
immune system of vertebrates, with a very critical difference that the immune system in animal is not 
inheritable. Makarova et al., 2011, on the basis of the diversity and their erratic & ubiquitous distribu-
tion suggested that CRISPR-Cas system emerged in an ancient ancestral archaea and then it was spread 
horizontally to the bacteria.

CRISPR-CAS SYSTEM AS PROKARYOTIC ACQUIRED IMMUNE SYSTEM

A CRISPR-Cas system function in immune system of prokaryotes was experimentally demonstrated in 
2007. These experiments were carried out in lactic acid bacterium Streptococcus thermophiles (Barrangou 
et al., 2007). A sequence from phage known to infect S. thermophiles was inserted into the spacer part 
of CRISPR that was detected in S. thermophiles. This used CRISPR was shown to make the bacterium 
resistant to the phage used in this experiment and this was proven by the loss of resistance from the 
bacterium on deletion of the corresponding protospacer sequence from the phage genome. Furthermore, 
it was also experimentally proven that the plasmids which carried the sequences matching the CRISPR 
spacers were not allowed to get transformed into the bacterium by the CRISPR-Cas system (Marraffini 
and Sontheimer, 2008).

Next, van der Oost’s group demonstrated that the CRISPR genes transcribed the CRISPR RNA which 
were processed and made functional by the cooperative association of Cas proteins that are produced 
from the genes located next to the CRISPR (Brouns et al., 2008). These findings were subsequently 
confirmed by reconstituting the CRISPR-Cas system of S. thermophilus in E. coli. This transformed 
E. coli demonstrated heterologous protection against phage infection and the plasmid transformation 
(Sapranauskas et al., 2011). The in vitro capacity of the purified Cas9-CRISPR RNA (crRNA) complex 
to cleave the target DNA was there after demonstrated by many researchers (Gasiunas et al., 2012; Jinek 
et al., 2012). In this way CRISPR-Cas system was then widely recognised as prokaryotic acquired im-
munity system (Horvath and Barrangou, 2010; Wiedenheft et al., 2012). By then numerous and hugely 
varied Cas proteins were discovered. These proteins were shown to have functions at different stages of 
CRISPR immunity. They possessed nucleic acid manipulation capacities such as helicases, nucleases, 
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and polymerases (Charpentier et al., 2015; Tamulaitis et al., 2017). In brief, the most widely known 
types of CRISPR-Cas systems contain highly conserved Cas1 and Cas2. These two Cas proteins bind 
to each other to form a complex to play a role in the adaptation module and thus are necessary for the 
insertion of new spacers in the CRISPR system. During the stage of the expression of the CRISPR 
genes, the transcribed pre-crRNA needs to be processed into the mature crRNAs and this is performed 
by the type-specific Cas endonucleases. In the interference stage, the effector Cas endonucleases is 
bound to the crRNAs to form a complex that is required to recognize and cut the target DNA or RNA 
in a sequence-dependent manner. The Cas proteins taking part in the expression and interference stages 
differ in different CRISPR-Cas system and the same enzyme may function in both the stages but this is 
not the case with the adaptation module Cas proteins.

Classification of Crispr-Cas Systems

The CRISPR-Cas systems, depending on the encoded effector proteins, are recently classified into two 
classes, 1 and 2 (Shmakov et al., 2017). Class 1 CRISPR-Cas system consists of 4 to 7 Cas proteins in 
an uneven stoichiometry that form functional multisubunit effector complexes. This class 1 system is 
widely present in archaea and bacteria, which include all hyperthermophiles, consisting of nearly 90 per 
cent of all known CRISPR-cas systems. Class 2 contributes to the remaining 10 per cent and is known 
to use a multidomain single effector protein. Class 2 is mostly observed only in bacteria (Burstein et al., 
2017). Class 1 mainly includes, types I, III, and IV while class 2 consists of types II, V, and VI. These 
types are distinguished by the presence of characteristic signature proteins: type I has Cas3, type II has 
Cas9, and type III has Cas10. The type I effector complexes are called as CRISPR-associated complex for 
antiviral defense (Cascade) and that of type III are known as Csm/Cmr complexes. These two complexes 
are structurally same and have an evolutionary relationship (Venclovas, 2016; Koonin et al., 2017). The 
type IV systems remain functionally uncharacterized and they do not have the Cas1 and Cas2 proteins 
of adaptation module (Makarova et al., 2015). The studies of Class-2, Type-II CRISPR-Cas system in 
S. thermophiles and Streptococcus pyogenes showed that this system consists of four cas genes. Three 
of these (cas1, cas2, csn2), were shown to be involved in in spacer acquisition. The fourth one (cas9), 
which was early known as cas5 and csn1, was shown to be necessary for interference (Barrangou et al., 
2007) and this was proved when the target DNA was prevented from cleavage by the inactivated cas9 
gene (Garneau et al., 2010). Furthermore, in the experiments with heterologous CRISPR-Cas system of 
S. thermophiles in E. coli, parts of the system were inactivated in order to study the role of each compo-
nent in the system. These experiments clearly stated that the interference step in CRISPR immunity is 
solely carried out by Cas9 protein alone. It was also shown that the Cas9 protein possesses two nuclease 
domains, HNH and RuvC that are mandatory for this interference activity (Sapranauskas et al., 2011).

PROTECTION OF BACTERIAL CHROMOSOMAL 
DNA FROM THE INDIGENOUS CRISPR

The spacers in the CRISPR were shown to cleave the DNA of matching sequences, so the next ques-
tion that arose from this fact was that how the bacteria’s own DNA did get protection from its own the 
CRISPR system? Sequences around protospacers were studied extensively to answer this question. 
Protospacers are the sequences in the phage genomes that contribute to the spacers in CRISPR system. 
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Studies revealed that there were short sequence motifs just at a distance of two nucleotides from pro-
tospacer sequences (Bolotin et al., 2005; Horvath et al., 2008). These important sequence motifs were 
further named as protospacer adjacent motifs or PAMs (Mojica et al., 2009). This was demonstrated 
by studying the phage resistance to CRISPR in S. thermophilus. The phages that were able to survive 
bacterial immunity were isolated and analysed in these studies. It was shown that the phages which were 
able to escape the CRISPR immunity had acquired mutations in the PAMs, concluding that these short 
sequences play a crucial role in targeting (Deveau et al., 2008). More such studies further demonstrated 
that the PAM sequences are not only necessary for target interference but are required for the integrating 
the new spacer sequences into CRISPRs (Wang et al., 2015; Anders et al., 2014).

tracrRNA IN crRNA MATURATION

To study the maturation of crRNA after its transcription, differential RNA sequencing was used to char-
acterize small, non-coding RNA molecules in S. pyogenes (Deltcheva et al., 2011). Based on expression 
of pre-crRNA and mature crRNA molecules, an active CRISPR locus was identified in this process. 
Along with these results, surprisingly, lots of RNA molecules transcribed from the opposite strand of 
the CRISPR array and which were 210 bp upstream of the CRISPR locus were identified. These RNA 
transcripts of 25 nucleotides (nt) length and nearly perfectly complementarity (1-nt mismatch) to the 
repeat regions of the CRISPR locus, were thus named as trans-encoded small RNA (tracrRNA). They 
were thought to base pair with pre-crRNA (Deltcheva et al., 2011) and form a RNA duplex region that 
included the processing sites of the two RNAs; pre-crRNA and tracrRNA. This pairing also suggested 
that it was necessary for co-processing of these two RNAs upon pairing (Figure 3). Additionally, it was 
also noted that the co-processed duplex of tracrRNA and pre-crRNA possessed short 3′ overhangs like 
those made by the endoribonuclease RNase III. Finally it was found that Cas9 protein was also involved 
in processing of this duplex. It was shown that Cas9 acts as an anchor to assist the base pairing between 
tracrRNA and pre-crRNA and in turn supports the host RNase III protein for recognition and cleavage 
(Deltcheva et al., 2011). Experimentally it was proven that the cleavage of the target DNA by Cas9 
was triggered upon addition of tracrRNA in an in vitro reaction. The scientists thus concluded that the 
tracrRNA had two crucial roles: activating the processing of pre-crRNA by RNase III enzyme and succes-
sively triggering the cleavage of crRNA-guided DNA by Cas9 (Deltcheva et al., 2011; Jinek et al., 2012).

AN EPOCH-MAKING EXPERIMENT THAT GAVE 
CRISPR-CAS9 GENOME EDITING TOOL

Emmanuelle Charpentier and Jennifer Doudna collaborated for the studies on usage of crRNA to direct 
the sequence specificity of the nuclease. After their discovery of the crucial role of tracr RNA, they 
worked on the utterly necessary regions of tracrRNA and crRNA for the cleavage of target DNA by the 
enzyme Cas9. Activating motifs were found in tracrRNA. A seed region of about 10 nt in the proximal 
region of PAM sequence of the target strand was also determined by the researchers and was proved to 
be clearly important for the recognition of target. Using all their discoveries and the related knowledge 
the two scientists then tried to figure out how to use CRISPR-Cas system as the genetic scissors in a 
simplified manner. In this attempt they fused the tracrRNA and CRISPR-RNA into a single molecule 
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and called it as a guide RNA. They then used this simplified genetic scissors to undertake an epoch-
making experiment: whether these scissors can be used to cut the DNA at a location specified by the 
researchers. They took a gene and selected five different places where the gene should be cleaved. Then 
they changed the CRISPR part of the scissors to match its code to the code where the cuts were to be 
made. As a result they were successful in cutting the DNA molecules at exactly the right places. They 
published their discovery of the CRISPR/ Cas9 genetic scissors in 2012 and soon after that various re-
search groups demonstrated that this tool can be used to manipulate the DNA of human and mice origin 
(Jinek et al., 2012).

Genome Editing Mechanism

CRISPR- Cas9, a class 2, type II genomic editing system is most widely used as it requires only Cas9 
nuclease in contrast to complex multiprotein complexes, which are required for other CRISPR systems. 
Cas9 from Streptococcus pyogenes (Cas9Spy) is widely used Cas9 nuclease, although Streptococcus 
thermophilus nuclease is also used in some cases. Cas9 protein is a crRNA-dependent endonuclease 
and contains two unrelated nuclease domains; HNH and RuvC. HNH is used to cleave the target DNA 
strand and the RuvC is used to cut the complementary strand (Ishino et al., 2018). The system consists 
of the Cas9 nuclease, trans-activating CRISPR RNA (tracrRNA), and crRNA. crRNAs consists of 
spacers and their adjacent Direct Repeats (DRs). crRNA and tracrRNA are fused into a chimeric single 
guide RNA (sgRNA) (Jinek et al., 2012; Hsu et al., 2014). The target specificity is determined by the 
complementarity of sgRNA and the target DNA and also by the PAM motifs. sgRNA complexes with 
the Cas9 and guides it to the specific sequences on the exogenous target DNA.

The Cas9/sgRNA complex scans the target DNA sequence to find PAM sequence and uncoils the 
DNA in the priming region (10 bp immediately after the PAM) (Szczelkun et al., 2014). After success-
ful complementary base pairing between sgRNA sequence and target DNA, the HNH-domain of Cas9 
creates a cut in the target strand, and the RuvC-domain cuts the non-target strand (Anders et al., 2014; 
Nishimasu et al., 2015) and is seen in figure 3. Thus double-stranded break (DSB) is introduced by 
the CRISPR-Cas9 system in the target DNA, leading in a gap in that DNA (Chneiweiss et al., 2017). 
The gap is repaired by the endogenous repair system. In eukaryotic genome editing techniques, the gap 
may be repaired by non-homologous end-joining (NHEJ), in which the cut DNA is ligated without a 
homologous DNA template, directly or by introducing an insertion or deletion. As a result of insertions 
and deletions, frameshifts can occur and cause loss of gene function (Kosicki et al., 2018). Hence this 
NHEJ system can be used to create gene knockouts or to completely remove a target gene. Homologous 
Directed Repair (HDR), is an alternative repair mechanism used to fill the gap. This method involves 
filling the gap with a new sequence complementary to a specifically introduced DNA template. HDR 
method is highly accurate but has lower frequency than NHEJ (Maruyama et al., 2015. With increase 
in its frequency, HDR can be used both for adding and reversing target mutation in the genome. It can 
also be utilized to insert complete genes in the genome using a template (Lino et al., 2018). Occasional 
NHEJ repair are known to occur in HDR, in spite of presence of the template but NHEJ inhibitors are 
used to overcome this problem (Yu et al., 2015).

With the help of this powerful genome editing tool, scientists are able to manipulate the DNA se-
quences in a wide variety of cells and organisms. These days it is used to modify the DNA of cells and 
model organisms with a basic intention of understanding the function of the various genes and their 
regulation in the genetic disorders.
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Application of Crispr-Cas Tools in Editing Genomes of Bacteria and Archaea

The growth of a bioindustry is hugely influenced by microbial engineering. The CRISPR-Cas genome 
editing tool proves to be heavily beneficial for generating economically important strains. After its 
discovery this editing method has been rapidly and remarkably adapted for practical editing of many 
genomes including eukaryotic cells. The technology is gradually emerging and diversifying for gene 
silencing, genome editing, and genome-wide screening of essential genes in bacterial and archaeal ge-
nomes (Jiang et al., 2015; Gophna et al., 2017). For example, heterologous recombineering was coupled 
with CRISPR-Cas system using linear single-stranded (single-stranded DNA recombineering [SSDR]) 
or double-stranded (double-stranded DNA recombineering [DSDR]) DNA templates and was success-
fully employed in E. coli (Mougiakos et al., 2016). In archaea, with the help of endogenous CRISPR-Cas 
systems, gene silencing was established in Sulfolobus solfataricus, Sulfolobus islandicus, and Haloferax 
volcanii ((Peng et al., 2017). Recently, bacterial Cas9 protein was used to edit the genome of a mesophilic 
archaeon Methanosarcina acetivorans (Nayak and Metcalf, 2017).

Figure 3. Mechanism of action of crRNA, tracrRNA and Cas9 complex to cleave the target DNA
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OTHER APPLICATIONS OF CRISPR-CAS9

Other than genome editing, due to their remarkable diversity, these loci were used as genetic markers 
for identification and typing of the species, much before their actual function was determined. For ex-
ample, Yersinia pestis (Cui et al., 2008), Salmonella spp. (Liu et al., 2011), Mycobacterium tuberculosis 
(Kamerbeek et al., 1997) and Corynebacterium diphtheria (Mokrousov et al., 2005) typing is done by 
using CRISPR.

CRISPR-Cas9 can be used as a new novel mechanism of antimicrobial action to control the antibi-
otic-resistant pathogenic bacteria by cutting their genomes. This has been tried with antibiotic-resistant 
Staphylococcus spp. which infected the mice skin, got killed using CRISPR-Cas9 (Citorik et al., 2014). 
Intestinal infection by pathogenic E. coli was also reported to be prevented by CRISPR-Cas9 (Chen et 
al., 2013). In spite of the technical issues like delivery methods, for which active research is being car-
ried out and expected to produce ways to overcome such challenges in very near future, CRISPR-Cas 
can be a powerful therapeutic agent. The CRISPR-Cas system can be also used for preventing different 
industrially valuable bacterial strains by imparting phage resistance in them. The beneficial bacteria of 
fermented food industry acquire phage infection during the production process. Such important strains 
can be protected using CRISPR-Cas system. As mentioned above, the DNA cleavage activity of Cas9 is 
mediated by HNH and RuvC nuclease domains. Mutants of Cas9 that were devoid of cleavage activity 
(dCas9) were created by changing the active site amino acids in order to study the regulation of gene 
expression. The complex of CRISPR-dCas9 is able to bind to the target DNA but cannot cut it. Thus by 
tagging the green fluorescent protein (GFP) tag to the dCas9, we can label a particular position, as the 
CRISPR-dCas9 complex based on the sgRNA sequence will be able bind to the target sequence (Bikard 
et al., 2014). Apart from this, dCas9 can be linked to either the promoter region or the open reading 
frame of a gene and carry out live intracellular site-specific labelling in order to artificially control the 
gene expression (Gilbert et al., 2013).

EXTREMOPHILES IN BIOTECHNOLOGY

Theromophiles have more tendencies to possess CRISPR loci than mesophiles (Nelson et al. 1999). 
Thermophilic organisms possess several advantages over mesophilic organisms, which make them of 
particular interest when being used as production hosts in different industries (Olson et al., 2015). For 
instance, thermophiles are capable to grow and ferment at thermophilic temperatures, this ability helps 
in reducing the costs of cooling in fermentation (Kambam and Henson, 2010) and also leads to increase 
in the solubility of the substrate and product (Ma et al., 2014). This thermophilic property of these or-
ganisms also helps in reducing the mesophile contamination risk and nonsterilized fermentation can be 
carried when they are used as production hosts, thus reducing the sterilization costs (Ouyang et al., 2013). 
Furthermore, when thermophiles or their products are used for enzymatic lignocellulose degradation, 
an optimum temperature can be used to allow efficient simultaneous saccharification and fermentation 
(Bhalla et al., 2013). However, the use nonmodel thermophiles in fermentation can be restricted due 
to the lack of a powerful genome editing tool as those used for mesophilic model organisms are not 
functional in these thermophiles (Taylor et al., 2011). Similarly the high salt concentrations and alkaline 
pH strongly inhibits the growth of non-halophilic microorganisms (Don et al., 2006; Quillaguamán et 
al., 2010), thus facilitating open non-sterile fermentation (Johnson et al., 2009), reducing the cost and 
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troubles of sterilization and decontamination. Even more, organisms those are able to grow in marine 
environment, like Halomonas, can be used to save the fresh water for different purposes (Tan et al., 2011). 
Next generation industrial biotechnology (NGIB) will promote the use of extremophiles but molecular 
engineering in these organisms is usually difficult. Thus, to move the NGIB to a high level, CRISPR 
like technologies can help in convenient engineering of extremophiles. Halomonas bluephagenesis and 
H. campaniensis can be industrially used continuously in open and unsterile conditions for the produc-
tion of biological materials (Chen et al., 2017). Thus the two extremophiles have demonstrated their 
capability as a skeleton for NGIB.

CRISPR/CAS SYSTEM OF EXTREMOPHILES AND ITS APPLICATIONS

CRISPR Distribution in the Genomes of Extremophiles

A comparative study has shown that actinobacteria has more CRISPRs than crenarchaeota and hyper-
thermophilic bacteria. Psychrophilic archaea have more CRISPRs than other psycrophiles and these are 
equally distributed throughout their genomes. Even the crenarchaeota and proteobacteria show equal 
spread of CRISPRs in their genomes (Chellapandi and Ranjani, 2015).

The genome of Caldivirga maquilingensis contains many CRISPRs and the genome of Kosmotoga 
olearia has an extensive CRISPR system consisting of 84 spacers. Similarly, Thermotoga lettingae 
shows the presence of a classic CRISPR system with 53 spacers. The genomic survey carried out in this 
study demonstrated that out of the 12 extremophiles, distinctive CRISPR-Cas systems were present in 
three thermophilic archaea (Clostridium maquilingensis, Thermococcus gammotolerans, Thermococcus 
sibiricus), and two thermophilic bacteria (Petrotoga mobilis, Thermotoga lettingae).

Design and Assembly of CRISPR-CAS Systems in Thermophiles

The cluster of the Cas gene are mostly located downstream of CRISPR locus, after about few hundred 
of basepairs. These genes are highly organised in the genomes, generally in the order of cas5–cas3–
cas1–cas2. The subtypes genes that include cmr4, cmr5, cmr1 and cmr6 are also clustered. The cas gene 
cluster in T. gammotolerans has been shown to be in the order of cas6–cas5– cas3–cas4–cas1. Similar 
order was observed in P. mobilis with an additional cas2 at the end (cas6–cas5–cas3–cas4–cas1–cas2). 
This type of order of the cas genes appears like a superoperon. In contrast, T. lettingae showed a varied 
organization and order of cas genes. Its genome has csh1 and csh2 genes in between the cas2 and cas5 
(Chellapandi and Ranjani, 2015).

CAS Family Genes

The CAS system of thermophilic archaea commonly shows the presence of endoribonucleases, CRISPR-
associated protein, CRISPR-associated autoregulator, CRISPR-associated helicase, HD-like nuclease, 
and RAMP associated protein. Only T. gammotolerans shows the existence of RecB family exonuclease. 
C. maquilingensis marks the presence of nine cas-related and cmr genes. Both P. mobilis and T. gam-
motolerans consists of a CAS system with cas1–cas6 cluster without cas2 in their genome.
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This cluster is known to encode endoribonucleases, nuclease, exonuclease, and helicase. T. lettingae 
has a cas gene familiy (cas1– cas6), gene clusters of cmr and csh, and a csx11 gene in its genome. The 
function of csh1, csh2 and csx11 genes is not yet clear. DEATH box helicase, DUF364, and RAMP 
superfamily functions were significantly annotated (Chellapandi and Ranjani, 2015) among the eight 
identified genes.

CRISPR/Cas Editing in Halophile

CRISPR-Cas9 editing in Halophilic Halomonas bluephagenesis was done using two plasmids: one for 
encoding Cas9 protein and other for sgRNA and donor DNA. A low copy number pSEVA321 plasmid 
was generated by adding the native S. pyogenes cas9 gene promoter (CAS), expressing the Cas9 gene. 
Another high copy number pSEVA241 plasmid was constructed by adding the J23119 promoter ex-
pressing the sgRNA and donor DNA containing 500–1000 bp homologous arms. These two plasmids 
were then transferred into H. bluephagenesis TD01 via conjugation for genome editing. In this experi-
ment, phaC gene was targeted and hence the sgRNA pQ03-G1 was designed accordingly. As a result 
75% editing efficiency was achieved. This was confirmed by colony PCR and DNA sequencing. In 
next experiment when the phaP1 gene was targeted using sgRNA pQ85-G26 editing efficiency reached 
100%. Furthermore, to prove the robustness of the CRISPR/Cas9 tool in editing H. bluephagenesis 
TD01 genome, 13 different sgRNAs targeting 13 genes and 9 sgRNAs targeting intergenic regions (IR) 
were constructed. The results showed that the editing efficiency varied from 12.5% to 100.0% (Table 1 
and S4). The limitations of the homologous recombination system in H. bluephagenesis, did not make 
simultaneous multiple site editing possible, which can be easily done in Escherichia coli (Jiang et al., 
2015) and Corynebacterium glutamicum (Cho et al., 2017). Thus some manipulations of the homologous 
recombination system in H. bluephagenesis might help in overcoming this issue and will be able to save 
time and work required in engineering the halophiles. To date, conjugation is the only method for DNA 
transfer in H. bluephagenesis. Hence the sgRNA plasmid has to contain the donor DNA. This results 
in overexpression of large exogenous gene(s) in the bacteria and may cause metabolic stress. Thus, if 
the sgRNA plasmid could be transferred by electroporation or chemical method, the donor DNA could 
be inserted in the chromosome as a part of DNA and not as a plasmid. This will help in reducing the 
overexpression and the metabolic stress caused due it. A successful example of genome editing using 
CRISPR-Cas9 system is deletion of multiple genes to study glucose catabolism in H. bluephagenesis.

The CRISPR/Cas system is a different type of defence system which is adaptive, hereditary and it 
can identify the invading foreign sequences by a sequence specific technique. This technique needs 
CRISPR RNA which complements with the invading foreign nucleic acid to identify it along with a PAM 
sequence. One recent study identified such PAM sequences for halophilic archaeon Haloferax volcanii. 
They also found that many motifs were functional in activating the defence reaction. On the other hand, 
the comparative sequence data showed that very few PAM sequences are required to select the protospac-
ers from the invading DNA, suggesting that protospacer selection needs more precise requirements than 
the defence action. The CRISPR-repeat sequences when compared by sequenced haloarchaea showed 
that the repeat sequence of half or more species were conserved and carried same type of CRISPR/Cas 
system (Maier et al., 2012).
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CRSIPR-Cas Genome Editing in Thermophiles

Production of biofuels and different natural products, through microbial fermentation of renewable re-
sources is increasing with a great speed. Nevertheless, the production cost of such protocols at extreme 
conditions urge for improvised and efficient strains. Thermophilic organisms have the ability to grow and 
ferment at increased temperatures, thus can decrease the production along with an additional advantage 
of using nonsterile conditions. Even more, the manipulation of sporulation gene (such as sigF) regula-
tion, can offer high capability for commercialization.

For editing the genome of very useful and powerful thermophilic organisms, some genetic tools are 
available but these are not highly efficient to give 100% results (Olson et al., 2015). The Cas9 protein 
from S. pyogenes (SpCas9) is not active at higher temperatures (at or above 42°C). In an attempt to over-
come this problem a thermostable, ThermoCas9 from CRISPR-Cas type-IIC system of a thermophilic 
bacterium Geobacillus thermodenitrificans T1230 was isolated and used instead of the S. pyogenes Cas9 
(Mougiakos et al., 2017). This thermostable Cas9 protein is active between 20 and 70°C in vitro. The 
thermostability of this protein is shown to be affected by sgRNA-structure. ThermoCas9 was employed 
for editing the genome of a thermophilic Bacillus smithii ET 138, which is an industrially beneficial 
thermophile. Genome editing and silencing in this bacteria was carried out at 55°C (Mougiakos et al., 
2017). Additionally, the researchers applied ThermoCas9 for editing the genome of mesophile Pseudo-
monas putida KT2440 for no CRISPR-Cas9 editing tool was available at that time (Aparicio et al., 2016) 
and thus proved the broad temperature range and applicability of this thermo stable Cas9.

It was observed that the CRISPR-Cas9 or Cpf1 system was not always equally effective in edit-
ing the genomes of bacterial and archaeal cells, more specifically the harder ones like extremophilic 
microorganisms. An alternative for this hindrance was to use the endogenous CRISPR-Cas systems of 
such prokaryotic cells. With this alternative strategy, there remains only the need for a shuttle vectors 
expressing the sgRNA matching the target site and carrying the repairing donor DNA. The endogenous 
ribonuclease will be able to process the CRISPR RNA. A group of scientists performed genome editing 
in the thermophilic archaeon Sulfolobus islandicus by using the endogenous type I and III systems and 
achieved high-efficiency editing (Li et al., 2016). The endogenous CRISPR-Cas system of S. islandicus 
was used for deletion, insertion and site-specific mutagenesis, to manipulate it genome (Li et al., 2016). 
This was more of straightforward approach than the classic one (using the Cas9 from S. pyogenes). 
They also successfully attempted to manipulate the genome of another Sulfolobus strain (S. islandicus 
HVE10/4), which is widely used as host to study the viruses by using the similar approach of using the 
endogenous Type I-A CRISPR-Cas system (Guo et al., 2011).

A study by Mougiakos et al., 2017, showed that spCas9 was not active at 42°C and above in Bacillus 
smithii ET 138. They attempted to tightly control its activity not by using an inducible promoter, but 
by changing the temperature of organism’s cultivation. They performed gene deletion, gene disruption, 
and a gene insertion by recruiting plasmid mediated homologous recombination template for introduc-
ing the wanted changes to the genetic material at 45°C. The elimination of nonedited cells was carried 
out by counter selection of spCas9 at 37°C. The temperature range for the growth of ET 138 is between 
37 and 65 °C and this organism is known to utilize both C5 and C6 sugars (Bosma et al., 2015). The 
researchers used this tool to consecutively deleted the sporulation gene sigF and the pyruvate dehydro-
genase complex subunit gene pdhA in the ldhL mutant. As result they obtained a triple mutant strain 
that was sporulation-deficient did not produce L-lactate and acetate. Such sporulation-deficient strains 
are industrially important and desired for in fermentations for safety reasons. Thus, for the first time, a 
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temperature-controlled recombination/counter selection tool was used for genome editing of a moderate 
thermophile.

After the discovery of a thermostable Cas9, a ThermoCas9-based genome editing system for B. 
smithii ET 138, was developed by the same group. They combined homologous recombination and 
ThermoCas9-based counter selection at 550C (Mougiakos et al., 2017). The requirement of G-rich PAM 
sequences by SpCas9 and C-rich PAM sequences by ThermoCas9 however, may not be always available 
at the target regions of editing, more specifically in AT-rich areas of the genomes. Contrastingly, the 
Cas12a requires a T-rich PAM sequence to cleave the target DNA sequence (Zetsche et al., 2015). Hence, 
the inclusion of thermostable Cas12a-based tools can be used to extend the genome editing systems for 
thermophilic organisms.

The in vitro temperature tolerance and stability of three different Cas12a orthologs was studied by 
a group of researchers. They used AsCas12a from Acidaminococcus sp. BV3L6, FnCas12a from Fran-
cisella tularensis subsp. novicida U112, and LbCas12a from Lachnospiraceae bacterium ND2006 for 
their experiments. For their subsequent in vivo studies that involved the production of a genome editing 
system, specifically for the moderate thermophiles, they selected FnCas12a nuclease. The homologous 
recombination based editing at higher temperatures was merged with FnCas12a-based counter selection 
at lower temperatures with an intention to achieve faster, precise and efficient deletions of genes in B. 
smithii and thus, decreased the editing process time to 2–3 days. This was the first attempt to use Cas12a-
based genome editing method for facultative thermophiles. They demonstrated that the thermostability 
of Cas12a nucleases was strongly influenced by their accompanying guide RNA. FnCas12a nuclease 
was found to be the most thermostable among all Cas12a nucleases tested, but it was difficult to specify 
the reason for its higher thermostability as both sequence and structural homology of LbCas12a and 
AsCas12a with FnCas12a were comparatively high (35% sequence identity with AsCas12a and 42% 
with LbCas12a) (Mohanraju et al., 2021).

Clostridium thermocellum possess a powerful lignocellulose-solubilizing capacity. This characteristic 
of C. thermocellum can be explored for biofuel production but due to the limitation of genetic techniques 
in this organism, the improvement in the biofuel production is lagging behind. Thus to overcome this 
issue a group of scientists used a native Type I–B and heterologous Type II CRISPR-Cas systems. The 
genome of C. thermocellum was edited by repurposing the native Type I–B system. Three various ther-
mophilic Cas9 variants (Type II) were used for this editing. Another Cas9 isolated from Geobacillus 
stearothermophilus which was named as GeoCas9 was also found active in this organism. They were 
successful in introducing a nonsense mutation into pyrF by employing CRISPR-mediated homology 
directed repair. In both editing cases they came across a limiting step which was homologous recom-
bination between the repair template and the genome. This limiting step was overcome by exploring 
three novel thermophilic recombinases. As a result, they demonstrated that exo/beta homologs that 
were isolated from Acidithiobacillus caldus, were actively functional in C. thermocellum. Initially, only 
40% genome editing efficiency was achieved at the pyrF locus when the Type I–B system was used to 
engineer the strain. Later, this efficiency was increased to 71% by using the recombineering machinery. 
Similarly, only 12.5% genome editing efficiency was obtained with Type II GeoCas9 system which was 
then increased to 94% when recombineering machinery was expressed. Thus by adding the recombinases 
to the thermophilic CRISPR system (either Type I–B or Type II) the scientists were able to develop a 
novel, efficient CRISPR editing tool. This made it possible to engineer C. thermocellum in a better way 
to increase the lignocellulose degradation and biofuel production (Walker et al., 2020).
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Mini-metagenomic sequencing was used by a group of researchers to locate a different CRISPR-Cas9 
system in Ignavibacterium, a hyperthermophilic bacterium from Yellowstone National Park’s Lower 
Geyser Basin. The temperature of this hot spring is known to surpass 90 °C (Yu et al., 2017). They found 
that the IgnaviCas9 was active in vitro, at temperatures up to 100°C. This property helps the enzyme to 
cleave the DNA beyond the 44°C limitation of Streptococcus pyogenes Cas9 (SpyCas9) and the 70°C 
limitation of both Geobacillus stearothermophilus Cas9 (GeoCas9) and Geobacillus thermodenitrificans 
T12 Cas9 (ThermoCas9). The potential of this enzyme was applied to prepare a bacterial RNA-seq library 
that can be used to remove the undesired cDNA from 16s ribosomal rRNA without any additional step. 
Addition of such hyperthermo stable IgnaviCas9 to the CRISPR-Cas9 tool system proves to be extremely 
beneficial, exciting and also broadens the temperature range of the system (Schmidt et al., 2019).

Cas9-based tools for engineering thermophilic bacteria were highly researched and SpCas9- and 
thermostable ThermoCas9/GeoCas9-based systems were found suitable for genome editing in these 
bacteria (Mougiakos et al., 2017; Ganguly et al., 2020). Additionally, a Cas12a-based genome editing 
tool was shown to offer different benefits over Cas9-based system. Cas12a recognizes TTTV PAM se-
quences, which raises the target site number in a genome and thus leads to precise selection of the cutting 
region. This type of tool can be useful for creating point mutations and when the target sequences are 
short intergenic regions. The Cas12a can be a very good option where the inherent toxicity to SpCas9 
in some organisms, has been reported. The pre-crRNA processing activity of Cas12a can be exploited 
for faster and facile multiplexing (Adiego-Perez et al., 2019).

Thermoanaerobacter ethanolicus can utilize both pentose and hexose and hence can be a very good 
option for thermophilic ethanol fermentations. This organism can produce lactate, acetate, hydrogen, and 
ethanol from sugars that are obtained from the degradation of plant carbohydrate polymer at temperatures 
above 65°C. To engineer the function of few important enzymes in ethanol formation, a thermostable 
Cas9-based system for genome editing was developed. Thymidine kinase gene (tdk), acetaldehydealco-
hol dehydrogenase gene (adhE), and redox sensing protein gene (rsp) were the three target genes. These 
genes were successfully edited using the thermostable Cas9-based system for genome editing. Editing 
included gene knockout and knock-in of a small DNA fragment. 77% genome-editing efficiency was 
achieved after optimization of the transformation strategies. Their in vivo results showed that RSP played 
a crucial role in energy metabolism regulation. Thus they concluded that an efficient way to identify the 
genes of biosynthetic and energy metabolism pathway is the genetic system (Le et al., 2021).

CaldoCas9 was another thermostable Cas9 protein identified and developed for genome editing in 
thermophiles using CRISPR-Cas9 system. The researchers designed a guide RNA which was associated 
with this CaldoCas9. Using these two in their in vitro experiments, they were able to demonstrate the target 
specific nuclease activity up to 65°C of this pair. After complete characterization of the PAM sequence 
specificity of CaldoCas9, it was shown that this system preferred 5-NNNNGNMA. This powerful sys-
tem was then inserted into a plasmid vector to facilitate its delivery and use in the extreme thermophile 
Thermus thermophiles for editing its genome at 65°C. This vector was then used to knock out genes on 
the bacterial chromosome and megaplasmid of T. thermophiles and succeeded in achieving mutants at 
about 90% frequency. They also showed that they could cure this plasmid construct from the mutants, 
in order to carry out a next cycle of genome editing. This was the 1st CRISPR-Cas9 based genome edit-
ing report in the extreme thermophile T. thermophiles and might help to develop such genome editing 
tools for other extremophiles. They have even deposited their vector construct in the Addgene plasmid 
repository to facilitate genome editing in other extreme thermophiles (Adalsteinsson et al., 2021).
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Multiple CRISPR-Cas systems with varied compositions and mechanisms are demonstrated by many 
researchers. One such group was able to show that a hyperthermophilic euryarchaeon, Thermococcus 
kodakarensis (Tko) has both type A & B Csa and Cst CRISPR-Cas system. They carried out RNA deep 
sequencing and northern analysis to analyse the expression and composition of crRNAs from the three 
CRISPRs in Tko. The results of this analysis revealed the presence of an eight nucleotide conserved 
sequence tag at the 5’ end of the crRNAs that were associated with these CRISPR-Cas systems. The 
organism was then challenged with a plasmid. This plasmid consisted of the sequences that were targets 
for the endogenous crRNAs. As a result they could observe CRISPR-Cas-mediated plasmid silencing. 
This silencing was influenced by the crRNA complementary sequence on the plasmid and also by 
another sequence element that was apparently adjoining the PAM sequence. Furthermore it was clear 
that the silencing was independent of the target sequence orientation in the plasmid, and must have oc-
curred at the DNA level, probably due to DNA degradation. Additionally, they successfully engineered 
the chromosomal CRISPR locus to express customized crRNAs directed against the plasmid and were 
able to perform directed silencing of an invader plasmid. Their results widely demonstrate the feasibility 
of CRISPR engineering approach to construct infection resistant prokaryotic strains for industrial use 
(Elmore et al., 2013).

The earlier study of the hyperthermophilic bacterium Thermotoga maritima MSB8 genome revealed 
that organisms of this group undergo huge transfer of their genes with the archaeal domain (Nelson et 
al. 1999; Nesbo and Doolittle, 2003). This hypothesis was further validated by comparative genome 
hybridization (CGH). The researchers studied genome flexibility and lateral gene transfer in the Thermo-
togales (Mongodin et al., 2005). The investigation showed that the metabolic diversity of the organisms 
of this species was contributed by the loss and gain of various genes. Surprisingly, this gene transfer was 
not associated with any mobile elements or special repeated sequences but was due to the eight distinct 
CRISPRs present on their chromosome. These CRISPRs were characterized by the presence of 30-bp 
repeat element interspersed with a specific sequence of almost same size. Furthermore, a deeper analysis 
of the short spacers at five loci from five different strains of T. neapolitana, showed that they can be 
grouped into three distinct groups: strain RQ7, strain VMA1/L2B, and a third group with strains NS-E, 
LA10, and LA4. Similar conclusion was drawn previously by a group of researchers and they stated that 
hierarchical clustering of CGH data for T. neapolitana strains and T. maritima strain MSB8, after com-
paring found to be different from that of the phylogenetic comparison, which compares the 16S rRNA 
genes of the same strains (Mongodin et al., 2005). Thus, by using the CRISPR spacer sequence analysis 
we can add that data to 16S rRNA analysis and reconstruct the relationship between these strains. The 
spacer sequences of strain RQ7 was compared with strain VMA1/L2B and it was shown that the two, 
share portions of two DNA joints. The strain RQ7 was also shown to have the same two DNA joints as 
that of the NS-E, LA10, and LA4 strains. As a conclusion of this study, RQ7- strain appears to be the 
ancestral link between these three T. neapolitana strain groups (DeBoy et al., 2006).

The type III-A ststems contains Csm named interference complex which is multisubunit consisting 
of Cas proteins and a CRISPR RNA (crRNA). This Csm complex is involved in targeting of both RNA 
and transcriptionally active DNA with the help of guide RNAs but the mechanism is not yet very clear. 
To get insights in the mechanism a group of scientists overexpressed the five components of the Type 
III-A Csm complex (TthCsm) along with a defined crRNA sequence in E. coli cells. These components 
were from Thermus thermophiles. They then purified the TthCsm complexes from E. coli cells. The com-
plexes were found to be highly efficient at 65°C than at 37°C in targeting complementary ssRNA. They 
also noticed that the single-stranded DNA was cleaved in a sequence-independent by TthCsm and this 
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cleavage was activated by recognizing the complementary ssRNA and did not require complementarity 
between the first 8 nucleotides (5′ tag) of the crRNA and the 3′ flanking region of the ssRNA. When the 
histidine-aspartate (HD) nuclease domain of the TthCsm subunit was mutated, the DNA cleavage was 
destroyed. DNA cleavage was triggered by RNA binding but not by cleavage. Thus, this study presents 
a new model that stimulates the cleavage of exposed ssDNA in the cell by binding of an ssRNA target 
to the Csm complex, similar to the RNA polymerase unwinding double-stranded DNA (dsDNA) during 
transcription. Their findings demonstrated a controllable, thermostable system to deeply study the target-
ing mechanism with the help of cryo-electron microscopy and x-ray crystallography (Liu et al., 2017).

Advanced sensitive techniques for comparing the DNA sequences and for predicting the protein 
structures were used by a group of researchers to perform a comparative study of clusters of genes which 
are grouped as “dark matter islands”, in archaeal genomes. These clusters include nearly 20 percent of 
their genomes and are shown to highly diverse and heterogenous. Particularly, two different, alleged 
CRISPR-Cas systems that were not demonstrated earlier were identified. It was observed that these 
variants of CRISPR-Cas were unique. They were seen in only one genome each and very few proteins 
expressed from these regions were found to be similar in their sequences with the identified Cas pro-
tein families studied in Archaeal Clusters of Orthologous Genes (arCOGs). In spite of these different 
properties, they both consisted of the CRISPR-Cas characters. The Cas1 gene, which is important for 
the insertion of the spacer, was found missing in this system and so it was thought that this system was 
incapable of integrating the new spacers into the CRISPR cassettes. Additionally, they observed that 
though the Cas1 gene was absent in Thermococcus onnurineus, it instead, consisted of intact type III-A 
CRISPR-Cas system (TON_0892-TON_0898) plus presence of some more CRISPR repeat arrays at 
different regions in the genome. To conclude, these scientists stated that it would be very interesting to 
study such CRISPR-Cas systems, where either the system functions without spacer insertion or applies 
another method of integration is not clear. This group also studied Ignisphaera aggregans for a differ-
ent CRISPR-Cas system. The identified CRISPR-Cas system of this organism showed the presence of 
Cas6 and Cas4 family genes and a gene similar to Csa3 that expressed an anticipated transcriptional 
regulator consisting of a HTH domain and ligand-binding domain (Makarova et al. 2011a, b). All the 
three proteins expressed from this locus exhibited restricted resemblance with Csm3 protein. One more 
protein identified in the HHpred search was found to be extremely deviated form of Cas10 protein in 
which all catalytic sites stay undamaged, suggesting that the CRISPR-Cas system of Ignisphaera is very 
different form of Type III (Makarova et al., 2014).

CONCLUSION AND FUTURE DIRECTIONS

The CRISPR-Cas systems in bacteria function like genomic sensors to acquire the foreign DNA fragments 
and confer immunological memory and adaptive immunity in them. The gRNA-directed CRISPR-Cas 
tool is a recent method of choice for genome editing of various organisms. This system truly holds great 
potential for genome/gene(s) editing (Puchta, 2017; Tang et al., 2017) but also has some limitations. 
One of them is temperature sensitivity of the Cas9 proteins. Such limitations can be taken care by under-
standing the genome of extremophile for the CRISPR-Cas editing tool. Another is off-target activity of 
CRISPR that can lead to undesired and unrealized pathological outcomes. Alternate specific and more 
stringent CRISPR-Cas from various other strains of archaea or bacteria can mitigate these off target ef-
fects. Improvising of the specificity can also lead to cost efficiency. Upregulation of gene transcription 
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can be achieved by utilizing multiple transcriptional activators and thus the CRISPR efficiency can be 
enhanced. Multiple sgRNAs were used to recruit many dCas9 activators on the promoter to activate the 
transcription of genes. Thus, by using this natural genome editing tool ethically and responsibly, we can 
employ this for the human welfare and benefits of scientific research (Bosley et al., 2015; Mathews et 
al., 2015). Just eight years after their discovery, this genome editing tool has drastically remodelled life 
sciences.

REFERENCES

Adalsteinsson, B. T., Kristjansdottir, T., Merre, W., Helleux, A., Dusaucy, J., Tourigny, M., Fridjons-
son, O., & Hreggvidsson, G. O. (2021). Efficient genome editing of an extreme thermophile, Thermus 
thermophilus, using a thermostable Cas9 variant. Scientific Reports, 11(1), 9586. doi:10.103841598-
021-89029-2 PMID:33953310

Adiego-Perez, B., Randazzo, P., Daran, J. M., Verwaal, R., Roubos, J., Daran-Lapujade, P., & van der 
Oost, J. (2019). Multiplex genome editing of microorganisms using CRISPR-Cas. FEMS Microbiology 
Letters, 366(8), fnz086. doi:10.1093/femsle/fnz086 PMID:31087001

Anders, C., Niewoehner, O., Duerst, A., & Jinek, M. (2014). Structural basis of PAM-dependent target 
DNA recognition by the Cas9 endonuclease. Nature, 513(7519), 569–573. doi:10.1038/nature13579 
PMID:25079318

Aparicio, T., Jensen, S. I., Nielsen, A. T., de Lorenzo, V., & Martínez-García, E. (2016). The Ssr protein 
(T1E_1405) from Pseudomonas putida DOT-T1E enables oligonucleotide-based recombineering in 
platform strain P. putida EM42. Biotechnology Journal, 11(10), 1309–1319. doi:10.1002/biot.201600317 
PMID:27367544

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, D., & Philippe 
Horvath, P. (2007). CRISPR provides acquired resistance against viruses in prokaryotes. Science, 
315(5819), 1709–1712. doi:10.1126cience.1138140 PMID:17379808

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, D. A., & Hor-
vath, P. (2007). CRISPR provides acquired resistance against viruses in prokaryotes. Science, 315(5819), 
1709–1712. doi:10.1126cience.1138140 PMID:17379808

Bhalla, A., Bansal, N., Kumar, S., Bischoff, K. M., & Sani, R. K. (2013). Improved lignocellulose con-
version to biofuels with thermophilic bacteria and thermostable enzymes. Bioresource Technology, 128, 
751–759. doi:10.1016/j.biortech.2012.10.145 PMID:23246299

Bhaya, D., Davison, M., & Barrangou, R. (2011). CRISPR-Cas systems in bacteria and archaea: Ver-
satile small RNAs for adaptive defense and regulation. Annual Review of Genetics, 45(1), 273–297. 
doi:10.1146/annurev-genet-110410-132430 PMID:22060043

Bikard, D., Euler, C. W., Jiang, W., Nussenzweig, P. M., Goldberg, G. W., Duportet, X., Fischetti, V. A., 
& Marraffini, L. A. (2014). Exploiting CRISPR-Cas nucleases to produce sequence-specific antimicrobi-
als. Nature Biotechnology, 32(11), 1146–1150. doi:10.1038/nbt.3043 PMID:25282355

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



153

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Bolotin, A., Quinquis, B., Sorokin, A., & Ehrlich, S. D. (2005). Clustered regularly interspaced short 
palindrome repeats (CRISPRs) have spacers of extrachromosomal origin. Microbiology (Reading), 151(Pt 
8), 2551–2561. doi:10.1099/mic.0.28048-0 PMID:16079334

Bosley, K. S., Botchan, M., Bredenoord, A. L., Carroll, D., Charo, R. A., Charpentier, E., Cohen, R., 
Corn, J., Doudna, J., Feng, G., Greely, H. T., Isasi, R., Ji, W., Kim, J. S., Knoppers, B., Lanphier, E., Li, 
J., Lovell-Badge, R., Martin, G. S., ... Zhou, Q. (2015). CRISPR germline engineering—The community 
speaks. Nature Biotechnology, 33(5), 478–486. doi:10.1038/nbt.3227 PMID:25965754

Bosma, E. F., van de Weijer, A. H. P., Daas, M. J. A., van der Oost, J., de Vos, W. M., & van Kranenburg, 
R. (2015). Isolation and screening of thermophilic Bacilli from compost for electrotransformation and 
fermentation: Characterization of Bacillus smithii ET 138 as a new biocatalyst. Applied and Environ-
mental Microbiology, 81(5), 1874–1883. doi:10.1128/AEM.03640-14 PMID:25556192

Brouns, S. J., Jore, M. M., Lundgren, M., Westra, E. R., Slijkhuis, R. J., Snijders, A. P., Dickman, M. J., 
Makarova, K. S., Koonin, E. V., & van der Oost, J. (2008). Small CRISPR RNAs guide antiviral defense 
in prokaryotes. Science, 321(5891), 960–964. doi:10.1126cience.1159689 PMID:18703739

Brouns, S. J. J., Jore, M. M., Lundgren, M., Westra, E. R., Slijkhuis, R. J. H., Snijders, A. P. L., Dickman, 
M. J., Makarova, K. S., Koonin, E. V., & Van der Oost, J. (2008). Small CRISPR RNAs guide antiviral 
defense in prokaryotes. Science, 321(5891), 960–964. doi:10.1126cience.1159689 PMID:18703739

Burstein, D., Harrington, L. B., Strutt, S. C., Probst, A. J., Anantharaman, K., Thomas, B. C., Doudna, J. 
A., & Banfield, J. F. (2017). New CRISPR-Cas systems from uncultivated microbes. Nature, 542(7640), 
237–241. doi:10.1038/nature21059 PMID:28005056

Charpentier, E., Richter, H., van der Oost, J., & White, M. F. (2015). Biogenesis pathways of RNA 
guides in archaeal and bacterial CRISPR-Cas adaptive immunity. FEMS Microbiology Reviews, 39(3), 
428–441. doi:10.1093/femsre/fuv023 PMID:25994611

Chellapandi, P., & Ranjani, J. (2015). Knowledge-based discovery for designing CRISPRCAS sys-
tems against invading mobilomes in thermophiles. Systems and Synthetic Biology, 9(3), 97–106. 
doi:10.100711693-015-9176-8 PMID:26279704

Chen, B., Gilbert, L. A., Cimini, B. A., Schnitzbauer, J., Zhang, W., Li, G. W., Park, J., Blackburn, E. 
H., Weissman, J. S., Qi, L. S., & Huang, B. (2013). Dynamic imaging of genomic loci in living human 
cells by an optimized CRISPR/Cas system. Cell, 155(7), 1479–1491. doi:10.1016/j.cell.2013.12.001 
PMID:24360272

Chen, X., Yu, L., Qiao, G., & Chen, G. (2018). Reprogramming Halomonas for industrial production 
of chemicals. Journal of Industrial Microbiology & Biotechnology, 45(7), 545–554. doi:10.100710295-
018-2055-z PMID:29948194

Chneiweiss, H., Hirsch, F., Montoliu, L., Müller, A. M., Fenet, S., Abecassis, M., Merchant, J., Baer-
tschi, B., Botbol-Baum, M., Houghton, J. A., Kritikos, M., Mifsud, J., Bartnik, E., Rath, J., Druml, C., 
Friedrich, B., Carvalho, A. S., Lanzerath, D., & Raymond, A. S. (2017). Fostering responsible research 
with genome editing technologies: A European perspective. Transgenic Research, 26(5), 709–713. 
doi:10.100711248-017-0028-z PMID:28730514

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



154

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Cho, J. S., Choi, K. R., Prabowo, C. P. S., Shin, J. H., Yang, D., Jang, J., & Lee, S. Y. (2017). CRISPR/
Cas9-coupled recombineering for metabolic engineering of Corynebacterium glutamicum. Metabolic 
Engineering, 42, 157–167. doi:10.1016/j.ymben.2017.06.010 PMID:28649005

Citorik, R. J., Mimee, M., & Lu, T. K. (2014). Sequence-specific antimicrobials using efficiently delivered 
RNA-guided nucleases. Nature Biotechnology, 32(11), 1141–1145. doi:10.1038/nbt.3011 PMID:25240928

Cui, Y., Li, Y., Gorge, O., Platonov, M. E., Yan, Y., Guo, Z., Pourcel, C., Dentovskaya, S. V., Balakhonov, 
S. V., Wang, X., Song, Y., Anisimov, A. P., Vergnaud, G., & Yang, R. (2008). Insight into microevolution 
of Yersinia pestis by clustered regularly interspaced short palindromic repeats. PLoS One, 3(7), e2652. 
doi:10.1371/journal.pone.0002652 PMID:18612419

DeBoy, R. T., Mongodin, E. F., Emerson, J. B., & Nelson, K. E. (2006). Chromosome evolution in the 
Thermotogales: Large-scale inversions and strain diversification of CRISPR sequences. Journal of Bac-
teriology, 188(7), 2364–2374. doi:10.1128/JB.188.7.2364-2374.2006 PMID:16547022

Deltcheva, E., Chylinski, K., Sharma, C., Gonzales, K., Chao, Y., Pirzada, Z., Eckert, M., Vogel, J., & 
Charpentier, E. (2011). CRISPR RNA maturation by trans-encoded small RNA and host factor RNase 
III. Nature, 471(7340), 602–607. doi:10.1038/nature09886 PMID:21455174

Deveau, H., Barrangou, R., Garneau, J. E., Labonté, J., Fremaux, C., Boyaval, P., Romero, D. A., Horvath, 
P., & Moineau, S. (2008). Phage response to CRISPR-encoded resistance in Streptococcus thermophilus. 
Journal of Bacteriology, 190(4), 1390–1400. doi:10.1128/JB.01412-07 PMID:18065545

Don, T. M., Chen, C. W., & Chan, T. H. (2006). Preparation and characterization of poly (hydroxyal-
kanoate) from the fermentation of Haloferax mediterranei. Journal of Biomaterials Science. Polymer 
Edition, 17(12), 1425–1438. doi:10.1163/156856206778937208 PMID:17260512

Elmore, J. R., Yokooji, Y., Sato, T., Olson, S., Claiborne, V. C., Glover, I. III, Graveley, B. R., Atomi, 
H., Terns, R. M., & Terns, M. P. (2013). Programmable plasmid interference by the CRISPR-Cas system 
in Thermococcus kodakarensis. RNA Biology, 10(5), 828–840. doi:10.4161/rna.24084 PMID:23535213

Ganguly, J., Martin-Pascual, M., & van Kranenburg, R. (2020). CRISPR interference (CRISPRi) as tran-
scriptional repression tool for Hungateiclostridium thermocellum DSM 1313. Microbial Biotechnology, 
13(2), 339–349. doi:10.1111/1751-7915.13516 PMID:31802632

Garneau, J. E., Dupuis, M. È., Villion, M., Romero, D. A., Barrangou, R., Boyaval, P., Fremaux, C., 
Horvath, P., Magadán, A. H., & Moineau, S. (2010). The CRISPR/Cas bacterial immune system cleaves 
bacteriophage and plasmid DNA. Nature, 468(7320), 67–71. doi:10.1038/nature09523 PMID:21048762

Gasiunas, G., Barrangou, R., Horvath, P., & Siksnys, V. (2012). Cas9-crRNA ribonucleoprotein complex 
mediates specific DNA cleavage for adaptive immunity in bacteria. Proceedings of the National Acad-
emy of Sciences of the United States of America, 109(39), E2579–E2586. doi:10.1073/pnas.1208507109 
PMID:22949671

Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S. E., Stern-Ginossar, N., Brandman, 
O., Whitehead, E. H., Doudna, J. A., Lim, W. A., Weissman, J. S., & Qi, L. S. (2013). CRISPR-mediated 
modular RNA-guided regulation of transcription in eukaryotes. Cell, 154(2), 442–451. doi:10.1016/j.
cell.2013.06.044 PMID:23849981

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



155

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Gophna, U., Allers, T., & Marchfelder, A. (2017). Finally, archaea get their CRISPR-Cas toolbox. Trends 
in Microbiology, 25(6), 430–432. doi:10.1016/j.tim.2017.03.009 PMID:28391963

Guo, L., Brugger, K., Liu, C., Shah, S. A., Zheng, H., Zhu, Y., Wang, S., Lillestol, R. K., Chen, L., 
Frank, J., Prangishvili, D., Paulin, L., She, Q., Huang, L., & Garrett, R. A. (2011). Genome analyses of 
Icelandic strains of Sulfolobus islandicus, model organisms for genetic and virus-host interaction studies. 
Journal of Bacteriology, 193(7), 1672–1680. doi:10.1128/JB.01487-10 PMID:21278296

Haft, D. H., Selengut, J., Mongodin, E. F., & Nelson, K. E. (2005). A guild of 45 CRISPR-associated 
(Cas) protein families and multiple CRISPR/Cas subtypes exist in prokaryotic genomes. PLoS Compu-
tational Biology, 1(6), e60. doi:10.1371/journal.pcbi.0010060 PMID:16292354

Horvath, P., & Barrangou, R. (2010). CRISPR/Cas, the immune system of bacteria and archaea. Science, 
327(5962), 167–170. doi:10.1126cience.1179555 PMID:20056882

Horvath, P., Romero, D. A., Coûté-Monvoisin, A. C., Richards, M., Deveau, H., Moineau, S., Boyaval, P., 
Fremaux, C., & Barrangou, R. (2008). Diversity, activity, and evolution of CRISPR loci in Streptococcus 
thermophilus. Journal of Bacteriology, 190(4), 1401–1412. doi:10.1128/JB.01415-07 PMID:18065539

Hsu, P. D., Lander, E. S., & Zhang, F. (2014). Development and applications of CRISPR-Cas9 for genome 
engineering. Cell, 157(6), 1262–1278. doi:10.1016/j.cell.2014.05.010 PMID:24906146

Ishino, Y., Krupovic, M., & Forterre, P. (2018). History of CRISPR-Cas from Encounter with a Mys-
terious Repeated Sequence to Genome Editing Technology. Journal of Bacteriology, 200(7), 5429. 
doi:10.1128/JB.00580-17 PMID:29358495

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., & Nakata, A. (1987). Nucleotide sequence of the 
iap gene, responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and identifica-
tion of the gene product. Journal of Bacteriology, 169(12), 5429–5433. doi:10.1128/jb.169.12.5429-
5433.1987 PMID:3316184

Jansen, R., Embden, J. D., Gaastra, W., & Schouls, L. M. (2002). Identification of genes that are associ-
ated with DNA repeats in prokaryotes. Molecular Microbiology, 43(6), 1565–1575. doi:10.1046/j.1365-
2958.2002.02839.x PMID:11952905

Jiang, Y., Chen, B., Duan, C., Sun, B., Yang, J., & Yang, S. (2015). Multigene editing in the Escherichia 
coli genome via the CRISPR-Cas9 system. Applied and Environmental Microbiology, 81(7), 2506–2514. 
doi:10.1128/AEM.04023-14 PMID:25636838

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., & Charpentier, E. (2012). A programmable 
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science, 337(6096), 816–821. 
doi:10.1126cience.1225829 PMID:22745249

Johnson, K., Jiang, Y., Kleerebezem, R., Muyzer, G., & Van Loosdrecht, M. C. M. (2009). Enrichment 
of a mixed bacterial culture with a high polyhydroxyalkanoate storage capacity. Biomacromolecules, 
10(4), 670–676. doi:10.1021/bm8013796 PMID:19193058

Kambam, P. K. R., & Henson, M. A. (2010). Engineering bacterial processes for cellulosic ethanol 
production. Biofuels, 1(5), 729–743. doi:10.4155/bfs.10.46

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



156

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Kamerbeek, J., Schouls, L., Kolk, A., van Agterveld, M., van Soolingen, D., Kuijper, S., Bunschoten, 
A., Molhuizen, H., Shaw, R., Goyal, M., & van Embden, J. (1997). Simultaneous detection and strain 
differentiation of Mycobacterium tuberculosis for diagnosis and epidemiology. Journal of Clinical Mi-
crobiology, 35(4), 907–914. doi:10.1128/jcm.35.4.907-914.1997 PMID:9157152

Koonin, E. V., Makarova, K. S., & Zhang, F. (2017). Diversity, classification and evolution of CRISPR-Cas 
systems. Current Opinion in Microbiology, 37, 67–78. doi:10.1016/j.mib.2017.05.008 PMID:28605718

Kosicki, M., Tomberg, K., & Bradley, A. (2018). Repair of double-strand breaks induced by CRISPR-
Cas9 leads to large deletions and complex rearrangements. Nature Biotechnology, 36(8), 765–771. 
doi:10.1038/nbt.4192 PMID:30010673

Le, Y., Fu, Y., & Sun, J. (2021). Genome editing of the anaerobic thermophile Thermoanaerobacter 
ethanolicus using thermostable Cas9. Applied and Environmental Microbiology, 87, e01773–e20. 
PMID:33067194

Li, Y., Pan, S., Zhang, Y., Ren, M., Feng, M., Peng, N., Chen, L., Liang, Y. X., & She, Q. (2016). Har-
nessing Type I and Type III CRISPR-Cas systems for genome editing. Nucleic Acids Research, 44(4), 
e34. doi:10.1093/nar/gkv1044 PMID:26467477

Lino, C. A., Harper, J. C., Carney, J. P., & Timlin, J. A. (2018). Delivering CRISPR: A review of the 
challenges and approaches. Drug Delivery, 25(1), 1234–1257. doi:10.1080/10717544.2018.1474964 
PMID:29801422

Liu, F., Kariyawasam, S., Jayarao, B. M., Barrangou, R., Gerner-Smidt, P., Ribot, E. M., Knabel, S. J., & 
Dudley, E. G. (2011). Subtyping Salmonella enterica serovar enteritidis isolates from different sources 
by using sequence typing based on virulence genes and clustered regularly interspaced short palin-
dromic repeats (CRISPRs). Applied and Environmental Microbiology, 77(13), 4520–4526. doi:10.1128/
AEM.00468-11 PMID:21571881

Liu, T. Y., Iavarone, A. T., & Doudna, J. A. (2017). RNA and DNA targeting by a reconstituted Thermus 
thermophiles Type III-A CRISPR-Cas system. PLoS One, 12(1), 1–20. doi:10.1371/journal.pone.0170552

Ma, K., Maeda, T., You, H., & Shirai, Y. (2014). Open fermentative production of l-lactic acid with high 
optical purity by thermophilic Bacillus coagulans using excess sludge as nutrient. Bioresource Technol-
ogy, 151, 28–35. doi:10.1016/j.biortech.2013.10.022 PMID:24201025

Maier, L. K., Fischer, S., Stoll, B., Brendel, J., Pfeiffer, F., Dyall-Smith, M., & Marchfelder, A. (2012). 
The immune system of halophilic archaea. Mobile Genetic Elements, 2(5), 228–232. doi:10.4161/
mge.22530 PMID:23446883

Makarova, K., Aravind, L., Wolf, Y., & Koonin, E. (2011). Unification of Cas protein families and a simple 
scenario for the origin and evolution of CRISPR-Cas systems. Biology Direct, 6(1), 38. doi:10.1186/1745-
6150-6-38 PMID:21756346

Makarova, K. S., Aravind, L., Wolf, Y. I., & Koonin, E. V. (2011a). Unification of Cas protein families 
and a simple scenario for the origin and evolution of CRISPR-Cas systems. Biology Direct, 6(1), 38. 
doi:10.1186/1745-6150-6-38 PMID:21756346

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



157

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Makarova, K. S., Grishin, N. V., Shabalina, S. A., Wolf, Y. I., & Koonin, E. V. (2006). A putative RNA-
interference-based immune system in prokaryotes: Computational analysis of the predicted enzymatic 
machinery, functional analogies with eukaryotic RNAi, and hypothetical mechanisms of action. Biology 
Direct, 1(1), 7. doi:10.1186/1745-6150-1-7 PMID:16545108

Makarova, K. S., Haft, D. H., Barrangou, R., Brouns, S. J., Charpentier, E., Horvath, P., Moineau, S., 
Mojica, F. J., Wolf, Y. I., Yakunin, A. F., van der Oost, J., & Koonin, E. V. (2011b). Evolution and 
classification of the CRISPR-Cas systems. Nature Reviews. Microbiology, 9(6), 467–477. doi:10.1038/
nrmicro2577 PMID:21552286

Makarova, K. S., Wolf, Y. I., Alkhnbashi, O. S., Costa, F., Shah, S. A., Saunders, S. J., Barrangou, R., 
Brouns, S. J., Charpentier, E., Haft, D. H., Horvath, P., Moineau, S., Mojica, F. J., Terns, R. M., Terns, 
M. P., White, M. F., Yakunin, A. F., Garrett, R. A., van der Oost, J., ... Koonin, E. V. (2015). An updated 
evolutionary classification of CRISPR-Cas systems. Nature Reviews. Microbiology, 13(11), 722–736. 
doi:10.1038/nrmicro3569 PMID:26411297

Makarova, K. S., Wolf, Y. I., Forterre, P., Prangishvili, D., Krupovic, M., & Koonin, E. V. (2014). Dark 
matter in archaeal genomes: A rich source of novel mobile elements, defense systems and secretory 
complexes. Extremophiles, 18(5), 877–893. doi:10.100700792-014-0672-7 PMID:25113822

Marraffini, L. A., & Sontheimer, E. J. (2008). CRISPR interference limits horizontal gene transfer 
in staphylococci by targeting DNA. Science, 322(5909), 1843–1845. doi:10.1126cience.1165771 
PMID:19095942

Maruyama, T., Dougan, S. K., Truttmann, M. C., Bilate, A. M., Ingram, J. R., & Ploegh, H. L. (2015). 
Increasing the efficiency of precise genome editing with CRISPR-Cas9 by inhibition of nonhomologous 
end joining. Nature Biotechnology, 33(5), 538–542. doi:10.1038/nbt.3190 PMID:25798939

Mathews, D. J., Chan, S., Donovan, P. J., Douglas, T., Gyngell, C., Harris, J., Regenberg, A., & Lovell-
Badge, R. (2015). CRISPR: A path through the thicket. Nature, 527(7577), 159–161. doi:10.1038/527159a 
PMID:26560284

Mohanraju, P., Mougiakos, I., Albers, J., Mabuchi, M., Fuchs, R., Curcuru, J., van Kranenburg, R., Brett 
Robb, G., & van der Oost, J. (2021). Development of a Cas12a-Based Genome Editing Tool for Moder-
ate Thermophiles. The CRISPR Journal, 4(1), 82–91. doi:10.1089/crispr.2020.0086 PMID:33538626

Mojica, F. J., Díez-Villaseñor, C., Soria, E., & Juez, G. (2000). Biological significance of a family of 
regularly spaced repeats in the genomes of Archaea, Bacteria and mitochondria. Molecular Microbiol-
ogy, 36(1), 244–246. doi:10.1046/j.1365-2958.2000.01838.x PMID:10760181

Mojica, F. J. M., Díez-Villaseñor, C., García-Martínez, J., & Almendros, C. (2009). Short motif sequences 
determine the targets of the prokaryotic CRISPR defence system. Microbiology (Reading), 155(Pt 3), 
733–740. doi:10.1099/mic.0.023960-0 PMID:19246744

Mojica, M. J., Juez, G., & Rodríguez-Valera, F. (1993). Transcription at different salinities of Haloferax 
mediterranei sequences adjacent to partially modified PstI sites. Molecular Microbiology, 9(3), 613–621. 
doi:10.1111/j.1365-2958.1993.tb01721.x PMID:8412707

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



158

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Mokrousov, I., Narvskaya, O., Limeschenko, E., & Vyazovaya, A. (2005). Efficient discrimination within 
a Corynebacterium diphtheriae epidemic clonal group by a novel macroarray-based method. Journal 
of Clinical Microbiology, 43(4), 1662–1668. doi:10.1128/JCM.43.4.1662-1668.2005 PMID:15814981

Mongodin, E. F., Hance, I. R., DeBoy, R. T., Gill, S. R., Daugherty, S., Huber, R., Fraser, C. M., Stet-
ter, K., & Nelson, K. E. (2005). Gene transfer and genome plasticity in Thermotoga maritima, a model 
hyperthermophilic species. Journal of Bacteriology, 187(14), 4935–4944. doi:10.1128/JB.187.14.4935-
4944.2005 PMID:15995209

Mougiakos, I., Bosma, E. F., de Vos, W. M., van Kranenburg, R., & van der Oost, J. (2016). Next gen-
eration prokaryotic engineering: The CRISPR-Cas toolkit. Trends in Biotechnology, 34(7), 575–587. 
doi:10.1016/j.tibtech.2016.02.004 PMID:26944793

Mougiakos, I., Mohanraju, P., Bosma, E., Vrouwe, V., Finger, M., Naduthodi, M., Gussak, A., Brinkman, 
R., van Kranenburg, R., & Oost, J. (2017). Characterizing a thermostable Cas9 for bacterial genome edit-
ing and silencing. Nature Communications, 8(1), 1647. doi:10.103841467-017-01591-4 PMID:29162801

Nayak, D. D., & Metcalf, W. W. (2017). Cas9-mediated genome editing in the methanogenic archaeon 
Methanosarcina acetivorans. Proceedings of the National Academy of Sciences of the United States of 
America, 114(11), 2976–2981. doi:10.1073/pnas.1618596114 PMID:28265068

Nelson, K. E., Clayton, R. A., Gill, S. R., Gwinn, M. L., Dodson, R. J., Haft, D. H., Hickey, E. K., Pe-
terson, J. D., Nelson, W. C., Ketchum, K. A., McDonald, L., Utterback, T. R., Malek, J. A., Linher, K. 
D., Garrett, M. M., Stewart, A. M., Cotton, M. D., Pratt, M. S., Phillips, C. A., ... Fraser, C. M. (1999). 
Evidence for lateral gene transfer between archaea and bacteria from genome sequence of Thermotoga 
maritima. Nature, 399(6734), 323–329. doi:10.1038/20601 PMID:10360571

Nesbo, C. L., & Doolittle, W. F. (2003). Targeting clusters of transferred genes in Thermotoga maritima. 
Environmental Microbiology, 5(11), 1144–1154. doi:10.1046/j.1462-2920.2003.00515.x PMID:14641594

Nishimasu, H., Cong, L., Yan, W. X., Ran, F. A., Zetsche, B., Li, Y., Kurabayashi, A., Ishitani, R., Zhang, 
F., & Nureki, O. (2015). Crystal Structure of Staphylococcus aureus Cas9. Cell, 162(5), 1113–1126. 
doi:10.1016/j.cell.2015.08.007 PMID:26317473

Nuñez, J. K., Kranzusch, P. J., Noeske, J., Wright, A. V., Davies, C. W., & Doudna, J. A. (2014). Cas1-
Cas2 complex formation mediates spacer acquisition during CRISPR-Cas adaptive immunity. Nature 
Structural & Molecular Biology, 21(6), 528–534. doi:10.1038/nsmb.2820 PMID:24793649

Olson, D. G., Sparling, R., & Lynd, L. R. (2015). Ethanol production by engineered thermophiles. Cur-
rent Opinion in Biotechnology, 33, 130–141. doi:10.1016/j.copbio.2015.02.006 PMID:25745810

Ouyang, J., Ma, R., Zheng, Z., Cai, C., Zhang, M., & Jiang, T. (2013). Open fermentative production of 
L-lactic acid by Bacillus sp. strain NL01 using lignocellulosic hydrolyzates as low-cost raw material. 
Bioresource Technology, 135, 475–480. doi:10.1016/j.biortech.2012.09.096 PMID:23127843

Peng, N., Han, W., Li, Y., Liang, Y., & She, Q. (2017). Genetic technologies for extremely thermophilic 
microorganisms of Sulfolobus, the only genetically tractable genus of crenarchaea. Science China. Life 
Sciences, 60(4), 370–385. doi:10.100711427-016-0355-8 PMID:28251462

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



159

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Puchta, H. (2017). Applying CRISPR/Cas for genome engineering in plants: The best is yet to come. 
Current Opinion in Plant Biology, 36, 1–8. doi:10.1016/j.pbi.2016.11.011 PMID:27914284

Quillaguamán, J., Guzmán, H., Van-Thuoc, D., & Hatti-Kaul, R. (2010). Synthesis and production of 
polyhydroxyalkanoates by halophiles: Current potential and future prospects. Applied Microbiology and 
Biotechnology, 85(6), 1687–1696. doi:10.100700253-009-2397-6 PMID:20024541

Sapranauskas, R., Gasiunas, G., Fremaux, C., Barrangou, R., Horvath, P., & Siksnys, V. (2011). The 
Streptococcus thermophilus CRISPR/Cas system provides immunity in Escherichia coli. Nucleic Acids 
Research, 39(21), 9275–9282. doi:10.1093/nar/gkr606 PMID:21813460

Schmidt, S. T., Yu, F. B., Blainey, P. C., May, A. P., & Quake, S. R. (2019). Nucleic acid cleavage with 
a hyperthermophilic Cas9 from an uncultured Ignavibacterium. Proceedings of the National Academy 
of Sciences of the United States of America, 116(46), 23100–23105. doi:10.1073/pnas.1904273116 
PMID:31659048

Shmakov, S., Smargon, A., Scott, D., Cox, D., Pyzocha, N., Yan, W., Abudayyeh, O. O., Gootenberg, 
J. S., Makarova, K. S., Wolf, Y. I., Severinov, K., Zhang, F., & Koonin, E. V. (2017). Diversity and 
evolution of class 2 CRISPR-Cas systems. Nature Reviews. Microbiology, 15(3), 169–182. doi:10.1038/
nrmicro.2016.184 PMID:28111461

Szczelkun, M. D., Tikhomirova, M. S., Sinkunas, T., Gasiunas, G., Karvelis, T., Pschera, P., Siksnys, V., 
& Seidel, R. (2014). Direct observation of R-loop formation by single RNA-guided Cas9 and Cascade 
e_ector complexes. Proceedings of the National Academy of Sciences of the United States of America, 
111(27), 9798–9803. doi:10.1073/pnas.1402597111 PMID:24912165

Tamulaitis, G., Venclovas, C., & Siksnys, V. (2017). Type III CRISPR-Cas immunity: Major differences 
brushed aside. Trends in Microbiology, 25(1), 49–61. doi:10.1016/j.tim.2016.09.012 PMID:27773522

Tan, D., Xue, Y. S., Aibaidula, G., & Chen, G. Q. (2011). Unsterile and continuous production of poly-
hydroxybutyrate by Halomonas TD01. Bioresource Technology, 102(17), 8130–8136. doi:10.1016/j.
biortech.2011.05.068 PMID:21680179

Tang, X., Lowder, L. G., Zhang, T., Malzahn, A. A., Zheng, X., Voytas, D. F., Zhong, Z., Chen, Y., Ren, 
Q., Li, Q., Kirkland, E. R., Zhang, Y., & Qi, Y. (2017). A CRISPR-Cpf1 system for efficient genome 
editing and transcriptional repression in plants. Nature Plants, 3(3), 17018. doi:10.1038/nplants.2017.18 
PMID:28211909

Taylor, M. P., van Zyl, L., Tuffin, I. M., Leak, D. J., & Cowan, D. A. (2011). Genetic tool development 
underpins recent advances in thermophilic whole-cell biocatalysts. Microbial Biotechnology, 4(4), 
438–448. doi:10.1111/j.1751-7915.2010.00246.x PMID:21310009

Venclovas, C. (2016). Structure of Csm2 elucidates the relationship between small subunits of CRISPR-Cas 
effector complexes. FEBS Letters, 590(10), 1521–1529. doi:10.1002/1873-3468.12179 PMID:27091242

Walker, J., Lanahan, A., Zheng, T., Toruno, C., Lynd, L., Cameron, J., Olson, D., & Eckert, C. (2020). 
Development of both type I–B and type II CRISPR/Cas genome editing systems in the cellulolytic bac-
terium Clostridium thermocellum. Metabolic Engineering Communications, 10, e00116. doi:10.1016/j.
mec.2019.e00116 PMID:31890588

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



160

Genome Editing and CRISPR/Cas System of Extremophiles and Its Applications
 

Wang, J., Li, J., Zhao, H., Sheng, G., Wang, M., Yin, M., & Wang, Y. (2015). Structural and Mecha-
nistic Basis of PAM-Dependent Spacer Acquisition in CRISPR-Cas Systems. Cell, 163(4), 840–853. 
doi:10.1016/j.cell.2015.10.008 PMID:26478180

Wiedenheft, B., Sternberg, S. H., & Doudna, J. A. (2012). RNA-guided genetic silencing systems in 
bacteria and archaea. Nature, 482(7385), 331–338. doi:10.1038/nature10886 PMID:22337052

Yamano, T., Zetsche, B., Ishitani, R., Zhang, F., Nishimasu, H., & Nureki, O. (2017). Structural Basis for 
the Canonical and Non-canonical PAM Recognition by CRISPR-Cpf1. Molecular Cell, 67(4), 633–645. 
doi:10.1016/j.molcel.2017.06.035 PMID:28781234

Yosef, I., Goren, M. G., & Qimron, U. (2012). Proteins and DNA elements essential for the CRISPR 
adaptation process in Escherichia coli. Nucleic Acids Research, 40(12), 5569–5576. doi:10.1093/nar/
gks216 PMID:22402487

Yu, C., Liu, Y., Ma, T., Liu, K., Xu, S., Zhang, Y., Liu, H., La Russa, M., Xie, M., Ding, S., & Qi, L. 
S. (2015). Small molecules enhance CRISPR genome editing in pluripotent stem cells. Cell Stem Cell, 
16(2), 142–147. doi:10.1016/j.stem.2015.01.003 PMID:25658371

Yu, F. B., Blainey, P. C., Schulz, F., Woyke, T., Horowitz, M. A., & Quake, S. R. (2017). Microfluidic-
based mini-metagenomics enables discovery of novel microbial lineages from complex environmental 
samples. eLife, 6, e26580. doi:10.7554/eLife.26580 PMID:28678007

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S., Essletzbichler, P., 
Volz, S. E., Joung, J., van der Oost, J., Regev, A., Koonin, E. V., & Zhang, F. (2015). Cpf1 is a single 
RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell, 163(3), 759–771. doi:10.1016/j.
cell.2015.09.038 PMID:26422227

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



161

Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  8

DOI: 10.4018/978-1-7998-9144-4.ch008

Hardik Shah
 https://orcid.org/0000-0003-2956-4099

Ganpat University, India

Khushbu Panchal
Ganpat University, India

Amisha Panchal
Ganpat University, India

Major Compatible Solutes 
and Structural Adaptation of 

Proteins in Extremophiles

ABSTRACT

Extremophiles are the most ancient microbes on the Earth and also a center of attraction for the scientific 
community for research because of their ability to adapt to extreme habitats. Compatible solutes are 
among those factors which enable these microorganisms to thrive in such extreme habitats. Under osmotic 
stress, the majority of extremophiles accumulate specific organic solutes such as amino acids, sugars, 
polyols, and their derivatives. In addition, proteins in extremophiles are found to be evolved by chang-
ing their amino acid composition to alter the hydrophobicity of its core and surface charge to maintain 
activity. This chapter encompasses a comprehensive study about the role of various compatible solutes 
in the endurance of microorganisms under extremophilic conditions, synthesis of compatible solutes, 
nature of extremophilic proteins, and their applications. Furthermore, an attempt has been made to cover 
various strategies adopted by the scientific community while pursuing research on compatible solutes.
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INTRODUCTION

Over the previous decades, the scientific community had explored various extreme environments for 
the hunt of microorganisms that can thrive in them. Because of their ability to sustain life in extreme 
habitats, these microorganisms are entitled extremophiles. Extremophiles can be considered as an im-
portant key to the evolutionary history on earth since such habitats are existing on earth from the time 
of evolution. These organisms can survive in extreme hot niches, acidic, alkaline, salt solutions, and 
ice whereas some have the unique ability to grow in toxic waste (Alavi et al., 2020), organic solvents 
(Isken & de Bont, 1998), and heavy metals (Alavi et al., 2020). Extreme conditions mentioned above 
are intolerable for other earthly life-forms. The word ‘extreme’ in itself implies that they are capable of 
growing and surviving in uncommon conditions. These microorganisms utilize various strategies for 
adaptation to extreme habitats. Proteins and other molecules of extremophilic microorganisms can be 
great resources for mankind with unique biotechnological importance (Raddadi et al., 2015). The organ-
isms are categorized as extremotolerant and extremophiles which indicates that former organisms can 
tolerate extreme environments while later love such harsh conditions respectively (Verma et al., 2020).

Most of these organisms fall under the domain of Bacteria and Archaea. This includes those that love 
the extremely high temperature and extremely low temperature known as Thermo/Hyperthermophiles 
and psychrophiles respectively, those that survive in high pH and low pH termed as Acidophiles and 
Alkalophiles respectively, organisms survive in high salt concentration known as Halophiles, those 
that thrive at high atmospheric pressure called barophiles and organisms which can withstand a high 
level of toxic agents are termed, toxitolerants (Rampelotto, 2013). As physicochemical parameters can 
be extremely high where these microorganisms are capable to live, they are also called polyextremo-
philes (Chela-Flores, 2013). A common example of polyextremophiles is thermoacidophiles which can 
survive in extremely high temperatures as well as they require acidic pH for survival. In addition to 
being extremely alkaline and acidic simultaneously, many hot springs are rich in metal content. Several 
hypersaline lakes are extremely alkaline, while the deep oceans are usually cold and oligotrophic (very 
low nutrient content) and exposed to high pressure (Strazzulli et al., 2020).

ADAPTATION TO THE EXTREME ENVIRONMENT

For any cell with smaller dimensions of micrometer-scale and a higher surface-to-volume ratio, surviving 
in an extreme environment could be a critical challenge. In the case of hyperthermophiles, to survive 
high temperatures for a lifetime, all the cell components must be either heat resistant or had adopted an 
alternative mechanism that aids in thermal stability. Therefore, they are evolved with the strategies to 
survive in extremely high temperatures (Berezovsky & Shakhnovich, 2005). Biomolecules required in 
the cell such as lipids, nucleic acid, and proteins must be heat resistant for survival in high temperatures. 
Structural and functional proteins available in the cells must be thermostable. Additionally, the process of 
protein folding must be synchronized in a manner to fold it appropriately immediately followed by protein 
synthesis to exert thermostability. Reverse gyrase is a type I DNA topoisomerase found in thermophiles, 
that stabilize DNA throughout the processes involving DNA such as replication, transcription, etc. (Gar-
nier et al., 2021). Heat stability of the protein in hyper/thermophiles is due to the increased number of 
salt bridges and the highly hydrophobic interior of the protein. Membranes of these microbes are found 
to be rich in saturated fatty acids. In some thermophiles, special lipids are present such as hopanoids 
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(Hippchen et al., 1981). Archeal hyperthermophiles have hydrocarbons of various lengths composed 
of repeating units of 5-6 compound phytans bonded by ether linkage to glycerophosphate. They also 
possess histones phylogenetically related to the eukaryotic core histones, such as H2A and H2B (Sabath 
et al., 2013). As indicated by In vitro studies, binding with histones increased the melting temperature 
of purified DNA significantly. The strategy behind the stabilization of RNA secondary structure, the 
stem areas have an increased content of GC bases and it is further strengthened by post-transcriptional 
modifications (Podar et al., 2020) The enzymes isolated from the hyper/thermophiles are highly stable 
at high temperatures, for example, an amylase obtained from Pyrococcus woesei exhibits optimal activ-
ity at 130˚C (Koch et al., 1991). The function of heat shock proteins seems to become essential for the 
growth of hyperthermophiles at higher temperatures.

At the upper-temperature border of the growth of hyperthermophiles, the function of heat-shock 
proteins appears to become essential. Molecular studies on crude extract of Pyrodictium occultum at 
extreme temperatures about 108˚C, 80% fraction of the soluble protein consisted of a heat-inducible 
molecular chaperone designated as thermosome (Sabath et al., 2013).

Halophiles remain constantly exposed to the environment with higher concentrations of salt for a 
lifelong period. In hypersaline conditions, high osmolarity results in loss of water in the external medium 
which can be deleterious to most of the cells since it may result in dehydration. Halophiles prevent such 
loss of water by adapting special strategies (Cycil et al., 2020) Adaption to elevated salt concentration 
begins with cell wall structure where cell wall of halophiles lacks the peptidoglycan and possesses ether-
linked lipid. Various proteins and enzymes such as Archean type RNA polymerase can maintain rigidity 
even when exposed to higher salt concentrations, which allows increased endurance during contact with 
broad range of salt concentrations (Farraj et al., 2020).

The first strategy to adjust in the environments with high salt concentrations is ‘high salt-in strategy’ 
which involves the accumulation of potassium and chloride molar concentration. As the protein should 
maintain its proper conformation and activity at near-saturating salt concentration, this strategy is helpful 
for adaptation of the intracellular enzymatic machinery in the presence of salt (Ruginescu et al., 2020). 
Alternatively, halophiles also adapt to the salt stress either by producing a large amount of internal 
solute or by containing a solute extracted from the outside environment. The best-known example is 
Halobacterium salinarum that maintains a high intracellular concentration of KCl. Thus, the enzymes 
present in its cytoplasm will be able to function only if there is a high intracellular salt concentration 
(Dennis, 2020) (Ruginescu et al., 2020)

Another strategy for molecular adaptation in halophiles is biosynthesis or accumulation of organic 
compatible solutes. Also, in such bacteria, the concentration of K+ ions inside the cell is higher than 
the concentration of Na+ ions outside the cell which acts as a solute and it will exclude salt from their 
cytoplasm as much as possible. Hence, it maintains cell integrity and does not interfere with normal 
enzymatic activity (Imhoff, 2020).

COMPATIBLE SOLUTES

The term “Compatible solutes” was coined by Brown. The substance which is compatible with cellular 
metabolism and its accumulation in extremophiles will make them adapted to osmotic stress and protect 
macromolecules as well as a cell against stress conditions such as high temperature, high salt concentra-
tion, and desiccation. Thus, the mechanism by which solutes can stabilize enzymes and proteins as well 
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as the utilization of these solutes to protect macromolecules and cells from heating, and freezing is of 
great research interest nowadays.

A most interesting property of the extremophilic cell is to adapt and survive in external media such 
as high temperature and high salt concentration. In the high salt concentration, water availability to the 
cell is inversely proportional to dissolved solute concentration. So, to survive in extremely high salt 
concentration or high temperature the organisms will accumulate the small organic solutes which will 
counteract the external osmotic pressure (Harishchandra et al., 2010). These small organic molecules 
are also called osmolytes or compatible solutes. Most topics of research interest about extremophiles are 
based on the occurrence of these osmolytes, study about their biosynthetic pathways, and mechanism of 
their regulation in external osmotic pressure. There is a consensus among studies that the accumulation 
of solutes has a major role in osmotic balance and it increases protein stability as well. They act as a 
chemical chaperone in cells and have a thermostabilizing capacity which can be exploited for various 
biotechnological applications (Schulz et al., 2017)

Mostly, compatible solutes are produced by halophiles and hyper/thermophiles such as sugars and 
their derivatives (Zahid et al., 2015), amino acids and their derivatives (Imhoff & Rodriguez-Valera, 
1984), polyols and derivatives (Rice et al., 2019), betaines and ectoines (Crowley, 2017). Majorly bac-
teria and eukaryotes usually will accumulate neutral compatible solutes whereas archaea will produce 
negatively charged solutes. In some examples of archaea, they can modify many of the same neutral 
or zwitterionic solutes to negatively charged solutes. Compatible solutes are either synthesized by the 
cell or transported into the cell from an external source. The key role of these molecules is to modulate 
individual enzyme activities, assist in the maintenance of turgor pressure, cell volume, and electrolyte 
concentration. All these functions provide a valuable reason to entitle it as ‘compatible solutes’ (Cheng 
et al., 2020) Compatible solutes fall into three categories: i) zwitterionic solutes, ii) noncharged solutes, 
and iii) anionic solutes.

1. Zwitterionic Solutes

The accumulation of Intracellular K+ leads to the osmotic balance across the membrane and also sta-
bilizes the turgor pressure. As the salinity of the growth medium is increased, the incoming charges of 
K+ are not compensated by the accumulation of Cl−. Instead, it is neutralized by the accumulation of 
organic solutes such as amino acids and derivatives like α-glutamate. The most of zwitterionic solutes 
produced are betaine, ectoine, hydroxyectoine, Nε-acetyl-β-lysine, and, β-glutamine. As intracellular 
reserves of nutrients and energy, some organisms can accumulate the mixtures of both carbohydrate 
and nitrogen-containing solutes e.g., Halomonas socia NY-011, a moderate halophile can accumulate 
glutamate as a major solute along with the synthesis of secondary compatible solutes such as ectoine, 
hydroxyectoine, and glycine betaine (Peng et al., 2020). In most halophiles and thermophiles when the 
amount of fixed nitrogen is high the ectoine is accumulated and intracellular trehalose is lower down or 
completely absent (Vargas et al., 2006). But during Nitrogen starvation, ectoine is replaced by trehalose 
and partially replaces by glycine betaine. Thus, based on Nitrogen availability the activity of trehalose 
and glycine betaine synthesis is followed (Galinski & Herzog, 1990).
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Table 1. Occurrence and importance of zwitterionic compatible solutes

Zwitterionic Compatible Solutes Occurrence and Importance

Betaine 
The universal solute, found in most halophilic bacteria in 
phylogenetic diversity. It is transported from a complex medium 
and concentration varies with external NaCl. The synthesis 
of betaine is carried out either by oxidation of choline or 
by methylation of glycine. As a compatible solute, betaine 
is responsible for the ability of extremophiles to stabilize 
cellular proteins. The presence of this compatible solute is 
observed in mostly halotolerant and halophilic microbes such 
as Thioalkalivibrio versutus, Actinopolyspora halophila, 
Halorhodospira halochloris, etc. (Berben et al., 2017; Deole & 
Hoff, 2020)

Ectoine Ectoine is known as Cyclic tetrahydro pyrimidine 
(1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carboxylic acid). The 
concentration of intracellular ectoine is increased by an increase 
in extracellular NaCl concentration. Hence, ectoine is a major 
compatible solute of aerobic chemoheterotrophic bacteria, alkaline, 
hypersaline Monolake, halophilic methylotrophic bacteria, etc. 
Examples of microorganisms includes Spororsarcina pasteurii, 
Thioalkalimicrobium aerophilum, Chromohalobacter israelensis, 
Halomonas elongate, Methylophaga alcalica, etc. (Harishchandra 
et al., 2011; Vargas et al., 2006)

Hydroxyectoine The accumulation of Hydroxyectoine is similar to the same as 
ectoine because it is a derivative of ectoine. It is a rare naturally 
occurring compatible solute known as (4S, 5S)-2-methyl-
5-hydroxy- 1,4,5,6-tetrahydrpyrimidine-4-carboxylic acid. 
Hydroxyectoine accumulation by the organism protects own self 
from the detrimental effect of water efflux, cell dehydration, 
and considerable drop in turgor under hyperosmotic conditions. 
Typically, hydroxyectoine is synthesized by Halomonas elongate 
and Nocardiopsis halophila (Galinski, 1993; Waditee-Sirisattha et 
al., 2016)

Nε-acetyl-β-lysine Most methanogenic organisms can accumulate several β-amino 
acids for osmotic balance. When the external NaCl concentration 
increases the two β-amino acids have been shown to accumulate. 
Mostly wide range of mesophilic and a few thermophilic 
methanogens accumulate a high amount of Nε-acetyl-β-lysine 
(Jadhav et al., 2018).

β-glutamine 

β -glutamine is neutral at physiological pH and majorly 
accumulated at high osmolality. It is also described as endogenous 
osmolyte accumulated in Corynebacterium spp. and its β-form is 
accumulated in the pool of halophilic methanogenic archaea. Most 
methanohalophilic organisms can accumulate β-glutamine along 
with Nε-acetyl-β-lysine and Betaine (Goude et al., 2004; Jadhav et 
al., 2018).
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2. Non-Charged Solutes

Mostly non-charged solutes are α-glycosylglycerol, α-mannosylglyceramide, trehalose, sucrose, N-α-
carbamoyl-L-glutamine 1-amide, and N-acetylglutaminylglutamine amide. All kinds of Halophilic and 
Halotolerant organisms can produce this osmolyte. The osmotic balance is carried out by few carbohy-
drates because of having a reducing end and are chemically reactive, and in a protein-rich environment, 
these non-charged solutes will react with surface amino groups. So, to avoid this, the glycosidic bond 
is formed with the reactive end of sugar and either glycerol and glyceramide. In halophilic eukaryotic 
algae and fungi, glycerols and other polyols are produced for osmotic adaptation. Mostly in Halophilic 
methanogens for example Methanohalophilus sp. widely contain glycine betaine which is widespread in 
nature and also accumulate β-glutamine, β-glutamate, and proline group of β-amino acids and deriva-
tives (Cheng et al., 2020)

Uncharged Solutes have two classes that is Amino acids and peptides called as osmolytes: (i) a 
carboxamine, and (ii) acetylate glutamine dipeptide. These amino acid derivatives, modifications mask 
the α-amino and α-carboxyl groups. Halophilic Phototrophic bacterium such as Ectothiorhodospira 
marismortui accumulate amino acid derivative N-α-Carbamoyl-L-glutamine 1-amide. Most halophilic 
purple sulfur bacteria can synthesize dipeptides like N-acetylglutaminylglutamine amide.

3. Organic Anions

Mostly Halophilic cells have negative potential inside and high intracellular K+. So, the negatively charged 
solutes can counteract osmotic pressure by maintaining intracellular K+. Almost at low external NaCl, 
many bacteria and archaea accumulate L-α-Glutamate as a compatible solute, whereas methanogenic 
organisms at high NaCl will convert anionic glutamate isomers to the zwitterionic solute Nε acetyl-β-
lysine for osmotic balance. Mostly Anionic solutes have carboxylate which supplies a negative charge 
or contains phosphate or sulfate group (Empadinhas & Costa, 2011).

β-Glutamate: most methanogens accumulate β-glutamate and α-glutamate for osmotic balance. In 
NMR experiments turnover for α- and β- glutamate shows that β- glutamate is ideal compatible solute 
because it will remain relatively static with compared to α-glutamate. In thermophilic and halophilic 
organisms such as Methanothermococcus thermolithotrophicus, with an increase in external salt concen-
tration both the α- and β- glutamate concentration will increase. Also, when the NaCl concentration will 
lower down it will accumulate negatively charged glutamates and thus the total intracellular glutamate 
occurs at a comparable concentration to the intracellular K+ (Goude et al., 2004).

β-Hydroxybutyrate and derivatives: Organisms such as Methylarcula marina and Methylarcula 
terricola and Photobacterium profundum SS9 used Soluble poly-β-hydroxybutyrates as carbon reservoirs 
in cells and it will be accumulated in moderate concentration. The concentration of β-hydroxybutyrates at 
fixed hydrostatic pressure increase with increasing external NaCl and its polymer functional at osmolyte. 
As the intracellular level responds to hydrostatic pressure, β-hydroxybutyrate is termed as piezolytes 
(Youssef et al., 2013).

Anionic Polyols and Carbohydrates: In bacteria at high intracellular concentrations the negatively 
charged carbohydrate such as α-glycosylglycerate and α- mannosylglycerate are produced (Goude et 
al., 2004). Mostly the accumulation of α-Mannosylglycerate is higher in the exponential phase and it 
will decrease when it enters the stationary phase. In the case of temperature stress conditions, there 
will be an accumulation of mannosylglycerate; the increased NaCl leads to the accumulation of neutral 
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α-mannoglyceramide. In the NMR experiment, its turnover is measured which shows roughly twice 
as slow as α-glutamate and 2-4 times faster than zwitterions i.e., betaine and Nε-acetyl-β-lysine (Em-
padinhas & Costa, 2011).

Table 2. Occurrence and importance of non-charged compatible solutes

Uncharged Compatible Solute Occurrence and Importance

Trehalose 

The trehalose is a non-reducing disaccharide used by microorganisms 
to counteract and act as an osmolyte. Trehalose is mainly accumulated 
when the NaCl concentration is less. Trehalose is mostly produced by 
mainly halotolerant and halophilic such as Pyrobaculumb aerophilum; 
Actinopolyspora halophila; etc. (Cheng et al., 2020)

Sucrose 

Sucrose the major osmolyte can be transported by some halotolerant and 
halophilic organisms and this can enhance the growth in higher NaCl. 
It is critical for stationary phase survival and could regulate metabolic 
pathways that are active under nutritional stress conditions. Sucrose is a 
major osmoprotectant in plants and synthesis in both cyanobacteria and 
plants.

N-α-carbamoyl-L-glutamine 1-amide 

N-α-carbamoyl-L-glutamine 1-amide (CGA) is reported to be 
accumulated in Ectothiorhodospira marismortui. Accumulation of CGA 
leads to increased osmotic balance in these microbes against surrounding 
medium (Fischel & Oren, 1993).

N-acetylglutaminylglutamine amide 

N-acetylglutaminylglutamine amide (NAGGN) is observed to play 
key role in osmoprotection of cells in various microorganisms such as 
Sinorhizobium meliloti. Similar role of NAGGN is observed in certain 
other microbes facing osmotic stress (Sagot et al., 2010).
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Table 3. Occurrence and importance of organic anions as compatible solutes

Anionic Compatible Solute Occurrence

L-α-Glutamate 

Most halotolerant and methanogenic halophiles such as Halomonas 
elongate and Halobacterium salinarum can synthesize this solute 
(Goude et al., 2004).

β-Glutamate 

Halotolerant and halophilic microorganisms such as 
Methanothermococcus thermolithotrophicus and Nacardiopsis 
halophila are able to accumulate β- glutamate (Goude et al., 2004).

Hydroxybutyrate 

The higher accumulation of Hydroxybutyrate is reported in 
Photobacterium profundum (Youssef et al., 2013).

Poly β-Hydroxybutyrate 

Apart from Photobacterium profundum, Poly β-Hydroxybutyrate 
is produced by Methylarcula marina and M. terricola (Youssef et 
al., 2013).

α-glycosylglycerate 

Thermophilic bacteria such as Thermus thermophilus and 
Rhodothermus marinus, as well as halophilic microorganisms such 
Agmenellum quadruplicatum and Stenotrophomonas maltophilia 
can accumulate α-glycosylglycerate as a solute (Goude et al., 
2004).

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



169

Major Compatible Solutes and Structural Adaptation of Proteins in Extremophiles
 

METHODS FOR DETECTION OF COMPATIBLE SOLUTES

The methods used to detect solutes include H-NMR spectroscopy, two-dimensional experiments, HPLC, 
Refractive index detection, anion-exchange chromatography, and pulse amperometric detection, etc.

H-NMR spectroscopy is an example of a method being used to detect and quantify solutes in cell 
cultures without extraction while HPLC is used to quantify specific solutes. Refractive index detection 
is used for a specific class of molecules while the anion-exchange chromatography plus pulse ampero-
metric detection method is extremely sensitive and used to detect solutes after hydrolytic cleavage of 
the pyrimidine ring (Welsh, 2000)

Accumulation of osmolytes in bacterial cells grown using a saline nutrient medium with varying con-
centrations of salt and a range of organic sources has been evaluated in H. aquamarina, H. dabanensis, 
Halobacillus sp. and Sediminibacillus sp. using H-NMR spectroscopy. NMR 1H spectra revealed the 
production of both ectoine and betaine under influence of elevated salt concentrations in H. aquamarina. 
Betaine was observed to be a sole osmolyte produced by Sediminibacillus sp. Halobacillus sp. and H. 
dabanensis (Amasha, 2018).

Study of ectoine production by Halomonas salina BCRC17875 in the presence of various concentra-
tions of salt, carbon source, and nitrogen source applying optimized cultural conditions was carried which 
was followed by FAB-MS analysis (Fast Atom Bombardment Mass Spectroscopy) and 1H NMR. The 
utilization of both of these techniques aided the identification and characterization of ectoine produced 
by Halomonas salina. Upon application of FAB-MS and 1H NMR, it was concluded that the yield of 
ectoine was having the potential to commercialize (W. C. Chen et al., 2018).

Similar studies on Halomonas socia NY-011, a moderately halophilic microbe, implemented 13C NMR 
analysis to identify compatible solutes synthesized during growth in a saline environment. Comparison 
of the chemical shift δ (ppm) values with published standard spectrums provide in-depth details about 
the compatible solutes synthesized by Halomonas socia NY-011 such as glutamate, ectoine, hydroxyec-
toine, and glycine betaine even in minute quantities (Peng et al., 2020).

A comprehensive study on the synthesis of compatible solutes by Virgibacillus halodenitrificans 
PDB-F2 shown a preference of hydroxyectoine over ectoine as compatible solutes under osmotic shock. 
HPLC analysis of cellular extracts was reported as an essential tool in the detection of ectoine and hy-
droxyectoine (Zhou et al., 2017).

INTERACTION OF COMPATIBLE SOLUTES WITH PROTEINS

Compatible solutes play a vital role in the cell exposed to high osmotic concentration by directly com-
peting for interaction with the surface of proteins with water molecules. In response to this energeti-
cally unfavourable interaction, the osmolyte trapped on the surface of the protein is expelled, making 
the protein hydrated. The presence of osmolytes may result in increased osmotic pressure which in turn 
triggers compactly folded protein since it has less area exposed to osmotic stress as compared to dena-
tured protein (X. Chen et al., 2019). Having a look at the thermodynamic aspect here, in the presence 
of osmolytes, the free energy level of the native protein in the unfolded state is increased. The protein 
folds more compactly due to an increase in energy. The polypeptide chains within proteins interact with 
water and osmolytes differently. The interaction between osmolytes and polypeptide backbone is less 
favourable than the same between water and polypeptide (Arsiccio et al., 2020). In native proteins, the 

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



170

Major Compatible Solutes and Structural Adaptation of Proteins in Extremophiles
 

polypeptide backbone is more exposed, which lets other solutes interact, shifting the energy equilibrium 
required for protein folding (Jadhav et al., 2018).

STRUCTURAL ADAPTATION OF PROTEINS IN EXTREMOPHILES

Organisms that acclimatized in extremely salty environments are known as halophilic organisms that are 
found in salt lakes, pools of evaporating seawater, solar salterns, and other hypersaline environments. 
They are classified into three categories according to their requirement of salt concentration, respectively 
known as halotolerant, moderately halophile, and extreme halophile. They exhibit both Eubacterial and 
Archaeal domains of life. In Eubacteria, halophiles are a very heterogeneous group. In Archaea, how-
ever, halophilic is strictly limited to the members of the Haloarchaea class and the ‘Nanohaloarchaeota’ 
subphylum (Loukas et al., 2018). Halophilic Archaea are of special interest among halophiles since they 
dominate the most hypersaline environments on Earth (Oren, 2015).

1. Structural Adaptation in Thermophilic Proteins

Natural habitats for thermophilic microbes may include natural as well as man-made environments. 
Examples of natural habitats include deep-sea hydrothermal vents, mud pots, geysers, volcanic envi-
ronments, fumaroles, coastal thermal springs, and hot springs. Manmade heated environments such 
as compost piles slag heaps, certain industrial processes, and water heaters can also provide a suitable 
environment for the growth of thermophiles (Castenholz, 1969; Gaisin et al., 2017; Miroshnichenko & 
Bonch-Osmolovskaya, 2006; Muñoz et al., 2011; Panda et al., 2013; Stathopoulou et al., 2013) Protein 
structure is stabilized due to a complex pattern of bonding between all the amino acids in it. Thermo-
philic microbes live at higher temperature values at which proteins of mesophilic microorganisms may 
get denatured. Proteins of thermophiles adapt to various strategies so that the conformation of proteins 
remains functional e.g., Increased Number of Disulfide Bonds, Increased Surface Charges, Increased 
Salt-Bridging and Oligomerization of Large Hydrophobic Core.

Increased number of disulfide bonds: In determining the overall structure of a protein, disulfide 
bridging between cysteine residues plays a crucial role. Organisms in all realms of life have adapted 

Figure 1. Overview of adaptations in extremophilic proteins
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their own specific mechanisms to maintain proper bridging, some of which are favourable while others 
may completely inactivate enzymes. It has been shown that these structural elements play a significant 
role in thermostable enzymes since they appear to possess a function in maintaining quaternary struc-
ture in thermophilic proteins. Effects of disulfide bonds on the hydrolytic activity of xylanase produced 
by Talaromyces thermophiles F1208 are well documented. Mutation studies involving introducing and 
breaking down different disulfide bonds in the structure of xylanase confirmed that hydrolysis char-
acteristics of xylanases are greatly influenced due to the existence of disulfide bonds. Introducing or 
breaking down the disulfide bond in enzyme may end up with a variety of results such as a change in 
optimal pH for hydrolytic activity, decrease in the optimum temperature, reduction in thermal stability, 
changes in substrate specificity, etc. (Fan et al., 2020)

Increased surface charges: It has been observed that when polar uncharged surface residues are 
replaced by polar charged residues on the protein surface, the overall stability is increased due to several 
factors. Reduction in protein stability can be observed when polar residues like glutamine and asparagine 
are deaminated at higher temperatures (Fukuchi & Nishikawa, 2001). A major reason behind the increased 
thermal stability of a thermophilic protein is reported to be the reduced number of thermolabile amino 
acids in its structure. Taking an example, thermophilic ribosomal protein from Thermococcus celer can 
have increased thermal capacity while mutations are carried out in its structure at favourable positions 
where charged residues are located. In addition, the replacement of surface charges with alanine resulted 
in decreased thermal capacity (Chi-Fung Lee et al., 2005).

Oligomerization and large hydrophobic core: Both of these strategies have been found to increase 
the thermal stability of enzymes at elevated temperatures. The results of these strategies include prevent-
ing hydrophobic residues from getting exposed to solvents, ensure the hydrophobic core is packed tightly, 
enhance the rigidity of each subunit upon oligomerization. Novel structural adaptations are revealed 
upon a study on Ignicoccus hospitalis and Pyrobaculum aerophilum where acetyl-CoA synthetases are 
observed in the octameric state favouring increased rigidity of its subunits as compared to its mesophilic 
counterpart which forms mono or dimer (Bräsen et al., 2005; Mayer et al., 2012). A study of thermostable 
amylase from Pyrococcus furiosus indicated the absence of oligomerization property while comparing 
with earlier examples. In this case, a novel domain at N-terminal is reported with the ability to act as a 
structural lid to the active site (Park et al., 2013).

2. Structural Adaptation in Halophilic Proteins

Proteins present in these types of organisms are significantly affected by salt. The high Salt concentration 
is responsible for less solubility, destabilization of protein, and protein disfunction. Evolutionary studies 
show that they developed stratagems for acclimatization in high salt concentrations. In Haloarchaea, the 
salt-in strategy is observed which involves cytoplasmic accumulation of K+ ions. A study on extremely 
halophilic Proteobacterium halorhodospira halophila had reported the role of K+ concentration in the 
medium altering the use of osmoprotectant. H. halophila was observed to accumulate KCl in molar 
concentration when hypersaline media with substantial K+ concentrations is utilized for growth (Deole 
& Hoff, 2020). In most cases, Haloarchaea having the ability to accumulate high concentrations of cy-
toplasmic K+ while exporting Na+ ions to the extracellular space for maintenance of osmotic pressure 
of cell (Oren, 2013). There are numerous research studies carried out to explore the mechanism of salt 
tolerance which depicted the production of salt-tolerant enzymes by halophilic and halotolerant microor-
ganisms. The organisms devise protection against a high concentration of Na+. Dombrowski and Reiser 
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and Tasch have studied the isolation of viable organisms from ancient rock salts (Fendrihan et al., 2006). 
In another way, most halophilic organisms having a strategy for the synthesis of compatible solutes like 
betaine and ectoine in the cytoplasm which are responsible for osmoregulation (Gunde-Cimerman et 
al., 2018). The composition of the cell envelope and outer membrane modified as ionic strength of the 
outer membrane is changed. The electrostatic interactions between charged amino acids are also affected 
by salt (Karan et al., 2012). High salt concentrations are not appropriate for protein function in the case 
of non-halophilic proteins because of alteration in hydrophobic and electrostatic interactions which are 
important to maintain its functional stability and appropriate folding. Modifications in these properties 
are responsible for protein destabilization, unfolding, and aggregation of protein and ultimately leads 
to precipitation.

Increased Acidic Residues: There are remarkable variances among halophilic and non-halophilic 
proteins. One of the most notable differences observed is on protein’s surface which shows a large increase 
in acidic residues, like glutamic and aspartic acid (Zhang et al., 2013). These acidic residues may have 
many possible roles. It is described that if the protein’s surface is having an increased negative charge, 
proteins can directly compete for water molecules with ions present due to which the protein stays stable 
in solution (Britton et al., 2006; Karan et al., 2012). This characteristic is due to the crystal structures of 
halophilic proteins which having the water-binding ability with these acidic surface residues (Mevarech 
et al., 2000). One special case must be noticed here for β-galactosidase from Heloferax lacusprofundi 
showing exceptional stability in elevated NaCl concentration up to 4 M, It is reported that the composition 
of amino acid and its acidic residues are responsible for this feature. The additional stability is achieved 
through compensatory mechanisms such as fewer hydrogen bonds with salt bridges in higher amounts 
(Karan et al., 2012). Furthermore, Bioinformatics studies have also been carried out for halophilic pro-
teins. This study has shown that the amount of serine is very less in their sequences. Notably, Serine 
plays an important role with water interactions but not at competing with charged ions, so it is believed 
that serine is not much necessary for halophilic proteins (Zhang & Ge, 2013). It is not well understood 
how protein and cations interact with each other because crystal structures of halophilic proteins are 
unable to distinguish between salt and water. Hydration dynamics study in folded and unfolded states of 
halophilic protein suggested that halophilic proteins do not have increased waters of hydration due to their 
greater negative charge (Qvist et al., 2012). Furthermore, Molecular structure homology simulations of 
halophilic dihydrofolate reductases reveal similar hydrogen-bonding networks which are similar to the 
non-halophilic proteins (Kastritis et al., 2007). Such findings can raise questions on the nature of acidic 
residues in keeping halophilic proteins soluble. Following a study on halophilic adaptation of proteins, 
it has been observed that crystalizing conditions for proteins involve salting-out conditions that result in 
improved water binding and exclusion of salt (Madern et al., 2000). The γ-carbonic anhydrase (γ-CA) 
data was obtained from Discovery Deep of Red Sea brine pool using culture-independent methods. 
Further expression of γ-CA in the bioengineered strain of Halobacterium sp. and analysis of its X-ray 
crystallographic data indicated that the protein possesses increased charged residues, hydrogen bonds 
and salt bridges which can be the most important features illustrating extremophilicity (Vogler et al., 
2020). The acidic residues also play a key role in protein flexibility as halophilic proteins have a large 
number of negative charges on their surface (Mevarech et al., 2000).

Decreased Hydrophobic Residues: Along with in vitro studies, certain bioinformatical data is also 
available on halophiles. Bioinformatics based studies on the sequence of halophilic proteins reported that 
they also contain different hydrophobic residues which play important role in adaption in harsh environ-
ments. Siglioccolo et al. studied halophilic protein structure by using the known crystal structures of 15 
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pairs of halophilic and non-halophilic proteins. The studies determined that the portion of halophilic 
proteins having hydrophobic contact in the core, exposed to molar concentrations of inorganic salt, is 
consistently smaller than other proteins found in mesophiles (Siglioccolo et al., 2011). An explanation 
behind this is that lower hydrophobic contact in the core may counterbalance the increased strength of 
hydrophobic interactions in high salt concentrations (Siglioccolo et al., 2011). Based on structural mod-
els constructed from homology modelling of halophilic dihydrofolate reductase along with approaches 
toward visual inspection of core and surface of models shown, it has been proposed that dihydrofolate 
reductase can maintain its fold under the influence of high salt concentrations due to the presence of weak 
hydrophobic cores and sharing a higher portion of negatively charged surfaces (Kastritis et al., 2007).

Salt-Dependent Folding: Diverse research data are available stating reliance of halophilic proteins 
on salt to fold and are useful to understand halophilic protein adaptation (Müller-Santos et al., 2009). 
The fluorescence spectroscopy and circular dichroism-based study on the cysteinyl tRNA synthetase 
in H. salinarum NRC-1 show that at increasing salt concentrations, the enzyme not only folds but also 
protein’s stability increases and becomes resistant towards thermal denaturation (Reed et al., 2014). A 
consensus set of ten different α-amino acids has been identified which are entitled as “prebiotic” and 
are: Aspartic acid, Isoleucine, Glutamic acid, Proline, Alanine, Serine, Threonine, Glycine, Leucine, 
and Valine. Proteins with such consensus were found to have a requirement of high salt concentrations to 
go for cooperative folding and exhibit substantial acidification of pI. In a halophilic environment, these 
prebiotic comprise a set of amino acids available in the foldable configuration. In addition, it can also 
be suggested that the existence of these prebiotic amino acids is vital for the biogenesis of halophilic 
proteins (Longo et al., 2013).

Halophilic Peptide Insertions: Adaptations to high salt levels are not always found throughout the 
protein sequence. Insertion of a peptide in a protein has been known to increase the halophilicity of the 
protein. Such insertions can be best defined as small protein sequences containing a number of amino 
acids as little as 2 amino acids and as much as 30 amino acids. There may be a major proportion of 
acidic amino acids in the insert but may also include the noteworthy presence of proline and glycine. 
There is no consensus on the exact purpose of the extra sequences, but most studies indicate that they 
may increase the flexibility of the protein when exposed to halophile conditions (Brininger et al., 2018). 
As seen in cysteinyl-tRNA synthetase from halophilic bacteria, these insertions usually contain a large 
number of acidic amino acids. Adding a catalytic insertion increased enzyme efficiency greatly (Evilia 
& Hou, 2006). Haloarcula marismortui serinyl-tRNA synthetase also has an insertion sequence, presum-
ably contributing to better flexibility (Zaccai et al., 1989). There was evidence that ferredoxin from the 
same organism contained 15 negatively charged amino acids on its N-terminus. Adding this insertion to 
the enzyme is thought to increase its solvent-accessible surface area. They may function in a number of 
ways and might be used to inject evolutionary adaptations that make a protein more halophilic (Bianca-
Lucia Marg et al., 2004)

Deletion of a motif representing insertion peptide has been found to drastically reduce the amino-
acylation ability of halophilic tRNA synthetase while the presence of the same is observed to express 
greater enzyme stability at low salt and strong salt dependency (Evilia & Hou, 2006). Dependence of 
halophilic proteins on salt for proper folding
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3. Structural Adaptation in Psychrophilic Proteins

Psychrophiles (also known as cryophiles) are a class of extremophiles, they can grow, survive and pro-
liferate at low temperatures (temperatures below 20˚C). Especially, these organisms can produce cold-
active enzymes which having tremendous biotechnological potential as well as informative models for 
fundamental research into the structure and function of the protein (Yusof et al., 2021). The majority 
of studies have been done on genome sequences, proteomic, and transcriptomic which suggest various 
adaptive features for protein synthesis and protein folding at very low temperatures (Feller, 2013). In order 
with bacterial and eukaryotic proteins, much research has been done on psychrophilic protein adapta-
tions (Collins et al., 2014). Nevertheless, archaeal organisms are also habituated in cold environments. 
Some research studies have been also done on archaeal proteins (Dong & Chen, 2012). For a growing 
cell, very low temperature is not suitable especially in protein functions as at a low temperature protein 
activity is affected (Feller, 2010). At low temperatures, enzyme activity decreases because mean kinetic 
energy also lowers; the protein conformational movements also become slower and therefore enzymati-
cally less efficient (Cavicchioli et al., 2000). Also, at low temperatures, the enzyme’s activity reduces as 
the energy barrier of activation for catalysis becomes too great for a protein. The adaptation of proteins 
in psychrophiles allows them to thrive in cold temperatures, even though these proteins function best at 
temperatures above their physiological temperatures (Feller, 2010). At low temperatures, psychrophilic 
proteins are more flexible, because of their high activity level, and they can move and change shape 
more easily (Collins et al., 2014). Psychrophilic proteins are subjected to a thermodynamic challenge, as 
their molecular motion is diminished as entropy and enthalpy decrease in the influence of subordinate 
temperatures (Brininger et al., 2018).

Weak Protein Interactions: Psychrophilic proteins are flexible by nature, so a lower energy barrier 
is found between the various protein conformations (Feller, 2010). These protein conformations are just 
because of differences in amino acid composition between proteins of psychrophiles and mesophiles. 
Furthermore, in cold-active proteins, the stabilizing interactions are typically weakened or removed 
which is found in normal protein. According to Feller’s review on cold- and heat active enzymes, the 
psychrophilic proteins adaptations were summarized as follows: (i) at cold temperature notable increase 
found in the number of glycine residues, which is helpful in psychrophilic proteins conformational 
change, (ii) proline residues are reduced from loop regions, which provide conformational rigidity, (iii) 
the amount of arginine residues are reduced, which responsible for salt bridge and hydrogen bond forma-
tion, (iv) there is a reduction in the size of nonpolar residues in the protein core, that leads for weaker 
hydrophobic interactions (Feller, 2010). A study has been done based on these features, which includes 
proteins from the archaeal cold-adapted halophile Halorubum lacusprofundi which shows a decrease 
in amino acids such as hydrophobic tryptophan, and hydrogen bond-forming residues, like glutamic 
acid. H. lacusprofundi also possesses 𝛽-galactosidase enzyme, in which an increasing hydrophobicity
is observed on the protein surface, which replaced anionic electrostatic interactions which are normally 
found on halophilic proteins (DasSarma et al., 2013; Karan et al., 2013). Furthermore, some data have 
been reported that psychrophilic methanogens proteins also showing these types of amino acid trends 
(Thomas & Cavicchioli, 1998). In 2003, a study has been done by Saunders and co-workers and they ex-
amined genomes from several archaeal methanogens across a wide range of optimal growth temperatures. 
A three-dimensional protein model was developed from two draft genome sequences of psychrophilic 
methanogens, Methanogenium frigidum, and Methanococcoides burtonii, followed by comparative stud-
ies between modelled proteins from mesophilic and thermophilic counterparts. As expected, the number 
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of charged residues on the amino acid surface is decreased and the amount of glutamine and threonine 
is increased in cold-adapted proteins. In this way, the surface of the protein is repelled from charges 
without causing aggregation by making the surface too hydrophobic (Saunders et al., 2003). The surface 
charge is the major contributing factor behind the feature of cold adaptation in DNA ligases obtained 
from psychrophilic microorganisms Psychromonas sp. and Aliivibrio salmonicida. Surface-exposed 
patches with higher hydrophobicity were identified via sequence comparison and homology modelling 
of DNA ligases from both these microorganisms (Berg et al., 2019).

Increased Specific Activity: A psychrophilic enzyme has a highly flexible structure. Due to this, 
at low temperatures, a psychrophilic enzyme shows higher catalytic activity as compared to the same 
enzyme from a mesophile. In fact, at low temperatures, a psychrophilic enzyme shows the specific ac-
tivity (𝑘cat) about characteristically 10 times superior to a mesophilic enzyme (Georlette et al., 2003). 
An observable increase in the size of the binding site in psychrophilic proteins is a typical observation 
that can be made to explain the greater 𝑘cat. The psychrophilic enzymes are having several mechanisms 
for the enlargement of the substrate-binding area while there is no impact on catalytic residues (Feller, 
2010). The increased substrate-binding area can be achieved by a variety of mechanisms such as deletion 
of loops near the binding site (Russell et al., 1998), the presence of strategic residues of glycine near 
the active sites (Feller, 2010), and pulling the protein backbone out to increase substrate accessibility 
(Aghajari et al., 2003). As a result, substrates are not able to bind as well to a psychrophilic enzyme, 
and, therefore, the Michaelis-Menten constant (𝐾𝑚) of psychrophilic enzymes is high (D’Amico et al., 
2006; Feller, 2010). At low temperature, enzyme activity improves as enzymes having poor substrate 
affinity because (Feller, 2010)

Lower Thermal Stability: As a result of weaker interactions between amino acid residues, the psy-
chrophilic protein cannot be “frozen” in a specific conformation, allowing molecular motions needed 
for catalysis. These types of weaker interactions are responsible for the low stability of protein; thus, 
cold-adapted proteins unfold at lower temperatures than mesophilic proteins (D’Amico et al., 2001; 
Georlette et al., 2003). Notably, data shows that a single transition is responsible for the thermal unfolding 
of psychrophilic proteins. As cold-adapted proteins have weaker interactions, their stability is reduced, 
and due to fewer stabilizing interactions, local unfolding greatly damages the protein. These types of 
attributes have been reported in an archaeal cold-shock protein of Methanogenium frigidum, which was 
shown to be less stable at its optimal temperature than its mesophilic homolog from E. coli (Giaquinto 
et al., 2007). In the recent study, data was reported for structural and mutational analysis of adenylate 
kinases using psychrophilic Bacillus globisporus and mesophilic Bacillus subtilis. These data provide 
structural ideas about the thermal stability of adenylate kinases of psychrophiles and mesophiles as well 
as emphasize the need for hydrophobic interactions in the thermal stability of a protein (Moon et al., 
2019). Thermal denaturation experiments on cytochrome c’ of a psychrophiles Shewanella violacea and 
Shewanella benthica by circular dichroism spectral measurements depict the contribution of proline and 
lysine at the molecular surface in the higher stability while the zilch influence of alanine in the stabil-
ity. The difference in amino acid composition for both of these microorganisms is also responsible for 
the dissimilar psychrophilic behaviour of cytochrome c’. Piezophile is an additional characteristic of 
Shewanella violacea and Shewanella benthica. Hence, the contribution of proline, lysine and alanine 
residues is either in psychrophilism or piezophilicm or both is not very much clear and requires further 
investigations (Suka et al., 2019). Substitution of alanine with serine in cytochrome c6 of psychrophilic 
diatoms decreases thermal stability proving the significance of respective amino acid residues in protein 
stabilization (Wilson et al., 2020).
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BIOTECHNOLOGICAL APPLICATIONS OF OSMOLYTES

Osmolytes obtained from extremophilic microorganisms can be of importance in varieties of areas. Possible 
applications of betaines include as a cryoprotectant during storage for an extended period (Cleland et al., 
2004; Sui et al., 2018), osmoprotectant in cosmetics to prevent denaturation of skin proteins (Desmarais 
et al., 1997), anticoagulant to decrease the probability of heart attacks, inducing stress tolerance in non-
halophilic organisms (US6855734B2 - Glycine Betaine and Its Use - Google Patents, n.d.). Similarly, 
ectoine can also be used as an osmoprotectant to save skin from the effects of ultraviolet radiations along 
with application in PCR to enhance amplification of GC rich regions (Schnoor et al., 2004). Sucrose 
and glycerol can be applied to protect normal cells during cancer treatment from toxic chemicals and 
plasma. Trehalose has potential application to prevent denaturation of proteins and enzymes by providing 
them with thermostability (Borges et al., 2002). Glycine betaine and urea were combinedly studied for 
their effect on human telomerase RNA where they were found effective in maintaining the stability of 
primary and tertiary structures in RNA (Jeffrey J. Schwinefus et al., 2007; Lambert & Draper, 2007). In 
addition, proline has been found to enhance the stabilization of secondary and tertiary structures of RNA 
(Lambert & Draper, 2007). Molecular methods are evolving continuously over the past decade which 
in turn gives brighter scope of conducting research in further depth. Transformation of betaine genes 
from different microorganisms to one which cannot synthesize any compatible solute can be beneficial 
in inducing stress resistance. Although, certain limitations were reported such as limited accumulation 
of osmoprotectants in the host cell. Hence, further investigations can be conducted to overcome such 
limitations (Jadhav et al., 2018).

APPLICATIONS OF EXTREMOPHILIC PROTEINS

Extremophilic proteins have a wide scope of catalysing various reactions that cannot be operated in a 
normal environment. Taq polymerase, a thermophilic enzyme is well known for extensive application in 
numerous molecular biology techniques. Similarly, extremophilic proteins may have an ample number 
of applications that can benefit mankind in either way.

Hydrolytic enzymes from extremophilic microorganisms such as amylase are of boundless impor-
tance in the food, medical, analytical, textile, and pulp industries. Thermophilic acidophilic, as well as 
psychrophilic amylase, can be of high demand in the food processing and starch industry (Kour et al., 
2019). Protease produced by psychrophilic bacteria can have potential application in biodegradation 
of human waste rich in proteins while lipase from psychrophilic origin can be of great significance in 
the food industry such as preparing lipase modified butterfat, ripening of cheese, hydrolysis of cheese 
fat (Bruins et al., 2001). Other enzymes finding importance are xylanase and laccase in paper and pulp 
processes, Glutamate dehydrogenase in processes related to food, transaminase and nitrilase for drug 
synthesis in the pharmaceutical industry, lipase present in detergents, etc. (Atalah et al., 2019).

Ice structure proteins or thermal hysteresis proteins, also known as antifreeze proteins (AFPs), are 
non-collaborative biological antifreeze that can penetrate ice and inhibit ice growth and crystallization. 
A new generation of antifreeze is being developed for use in improving freeze tolerance of crops and 
aquaculture fish, gas hydrate inhibition in the petroleum industry, and surface coatings for preventing/
decreasing ice formation on materials (Dolev et al., 2016; Voets, 2017). Oppositely, ice nucleation pro-
teins (INPs) promote the formation of ice and an artificial snow production technology is currently being 
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developed based on INP. Other potential applications of INPs includes minimizing freezing expenses in 
food, beverages, microfluidic devices and cloud seeding for climate control (Collins & Margesin, 2019).

Further applications of extremophilic proteins include the development of biosensors. An experiment 
to utilize thermophilic proteins to develop an enzyme biosensor based on glucokinase from Bacillus 
stearothermophilus for detection of glucose which utilizes the sulfhydryl‐reactive fluorophore IA-INS 
[2‐(4‐(iodoacetamido) anilino) naphthalene‐6‐sulfonic acid] is successfully demonstrated (Vasudevan 
& Jayshree, 2020).

CONCLUSION

Compatible solutes impart additional benefits to extremophilic microorganisms by providing stability to 
their cellular components. These solutes have various applications starting from osmoprotectant in com-
mon cosmetic preparation to stabilizing PCR protocols. While focusing on extremophilic enzymes, due 
to their multiple potential applications in diverse processes, extremozymes have become highly sought 
after in agriculture, medicine, and the food industry, over the past decade. Other extremophilic proteins 
such as INPs, AFPs and protein chaperons are explored for their potential biotechnological applications 
and will continue for a long period till the technological advancements in molecular techniques permit 
in-depth study. All the products produced by extremophiles are like wonders created by nature and are 
being continuously explored and exploited by humans for all possible applications.
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Extremophiles and Their 
Application in Bioremediation

ABSTRACT

A microorganism dwelling in severe environmental conditions is termed an extremophile. These unfa-
vorable environmental conditions include high salinity, toxin compounds, heavy metals, unfavorable 
temperature, and extremely acidic and alkaline pH. Microorganisms belonging to prokaryotes include 
true bacteria and archaea bacteria which prevail in harsh environments. In recent years, extremophilic, 
basically, archaea bacteria have been reported for their immense potential application in the bioremedia-
tion process. Bioremediation is a technique that utilizes microorganisms for the decomposition of organic 
and inorganic pollutants; anthropogenic activities are the basic cause of soil pollution, water pollution, 
and air pollution globally. Extremophiles are capable of producing enzymes that are thermolabile and 
can function normally even in extreme conditions. These enzymes and proteins can be utilized in the 
bioremediation process under extreme pH, heavy metal stress, and unfavorable temperature conditions. 
In this chapter, the role of extremophiles in bioremediation is discussed.
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INTRODUCTION

Many living organisms are able to interact with pollutants through a biological method so as to degrade 
the harmful pollutants in a very slow process; depending upon their capability, the rate of this process 
can be helpful in controlling the pollution. Due to the involvement of organisms in remediation, their 
biological processes rate, lower costing, no management issues making bioremediation an efficient 
and ideal biological process compared to physical and chemical methods of remediation. Numerous 
bacteria, fungi, and some plants are able to neutralize the pollutants through degradation to elementary 
constituents or to non-harmful form (Azubuike et al., 2016). Bioremediation is the process of detoxifi-
cation of pollutants present in the environment and the hazardous waste material components into mild 
or attenuated or less toxic components by means of biological metabolic processes, i.e., degradation, 
mineralization, immobilization, removal, transformation by the action of living organisms primarily 
microorganisms, the enzymes they produce or by some green plants as a treatment sites contamination 
to the most original form (Azubuike et al., 2016; Dua et al., 2002). It can be applied to clear contamina-
tion in soil, groundwater, ponds, waste sludge, or streams using microbial action of natural or geneti-
cally modified microbes. A proper favorable environment for optimized growth can be provided via 
engineering designs; thus, the technique can be implanted in contaminated sites. Figure 1 describes the 
basic principles of bioremediation.

SIGNIFICANCE OF BIOREMEDIATION

Bioremediation is becoming a major decontamination method due to its approach in most human toxic 
waste treatment. Pollutants are becoming direct or indirect issues of public health, environmental con-
tamination, and the cost of treating the industrial, municipal, industrial, agriculture waste varies on their 
treatment methods. All these wastes are responsible for polluting water resources and soil, which are 
directly related to all living life. As water and soil are directly related to each other, there is the exchange 
of everything between the two, whether it’s the organic decomposed plants, animals, or the leaching 
of minerals to direct contact of aquatic life to land life. Bioremediation is an inexpensive methodology 
critically needed for the removal of pollutants (Azubuike et al., 2016). Bioremediation is effective in 
removing petroleum industry pollutants that are organic hydrocarbons such as aromatic, alkanes, and 
alkenes compounds. Subsurface and soil contamination due to leakage of pipelines, oil spills, automobile 
industries, manufacturing, etc.

Agriculture is also untouched from contaminating terrestrial, aquatic life forms. Due to the applica-
tion of different pesticides in different forms, i.e., powder, aqueous solutions, emulsions, sprays, etc., 
they enter the environment in different forms. Structurally they are inorganic and organic compounds 
mostly comprising Cl, P, N, and other complex forms (Dua et al., 2002). They are stable in the environ-
ment for many years or even decades, causing ecological instability and health issues. Fertilizers, on 
the other hand, pollute the surface or groundwater by leaching or runoff. Eutrophication of this runoff 
causes intoxication in aquatic life; phosphate, nitrates, and nitrites are the leached runoff of agriculture 
(Dua et al., 2002). Bioremediation helps in the transformation, assimilation of these chemicals and also 
providing the breakdown products of these complex chemicals to plants in simpler form in some cases 
(Azubuike et al., 2016).
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Soil consists of majorly persistent pollutants that need to be degraded through bioremediation. Various 
human practices that are responsible for the environmental accumulation of persistent pollutants include the 
process of mining and smeltering of raw material of sites, i.e., metals and ores mining, landfills, overuse 
of pesticides in farmlands, industrial and municipal wastes, including sludge-slurry with rich effluents, 
manufacturing plants of gases, nuclear waste dumping sites, ammunition waste dump sites, electronic 
wastes components, petroleum oil waste materials, hospital waste, etc (Dua et al., 2002). Different types of 
chemical pollutants are present in the environment, which includes PAHs (poly-aromatic hydrocarbons), 
NACs (nitroaromatic compounds of metals and industrial solvents), polynuclear aromatic hydrocarbons 
(PAHs), aromatic (e.g., benzene, ethylbenzene, toluene, xylene) chloroaromatics, s-triazines, biphenyls, 
polycyclic aromatics, polychlorinated biphenyls, hydrocarbon of halogenated petroleum, pesticides, etc. 
are liable to microbiological degradation (Dua et al., 2002).

Figure 1.
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Mechanism of Bioremediation

It may be reconsidered that bioremediation leads to degrading and detoxifying the harmful pollutants 
within the environment via a natural metabolic process of living organisms such as bacteria, algae, 
fungi, or plants into simpler constituents of metabolic bi-products that are less toxic or can be further 
converted to non-toxic or mineralized constituents, or as biomass or to conversion to CO2, H2O (Azu-
buike et al., 2016). Microbes dominate and play a crucial role in the bioremediation process due to the 
ubiquitous and diverse natural environment they harbor, hence mostly unidentified, which can potentially 
degrade pollutants. Some microorganisms indigenous to contaminated sites are isolated and brought to 
the same site with further optimization or sometimes introducing other microbes to the site to enhance 
the bioremediation in the area (Dua et al., 2002). The transformation of these toxic pollutants requires 
the degradation and utilization of complex compounds for growth purposes through metabolic reac-
tions. The more complex compound is, the slower the process becomes due to physical and chemical 
properties of compounds, type and solubility, the bioavailability of pollutants to microbes, moreover 
the population and capability of microbes also influence the process. Total degradation of compounds 
requires a favorable environment, effective degradation, potential microorganisms that are efficient in 
the process. Hence it is important to provide an operative and controlled environment for efficient and 
fast degradation of pollutants (Azubuike et al., 2016).

In general, bioremediation can be trusted upon three methods, i.e., natural attenuation, biostimulation, 
bioaugmentation. Natural attenuation (passive or intrinsic remediation) is solely based on the ability of 
the native microbial community for pollutant degradation, and biostimulation is based on providing the 
nutritional balance as inorganic or organic nutrition for faster functioning of the native microbial com-
munity. Bioaugmentation is the specialized aided microbial community to remove pollutants (Sarkar 
et al., 2020). In situ and Ex-situ are the two contaminants treatment processes. In situ, bioremediation 
involves a treatment process, namely referred to as on-site or original place or within the contaminated 
site. It requires a large area, is less expensive, and requires less labor intensity, but conditions are difficult 
to maintain due to open contaminated sites. It involves numerous procedures, including bioaugmenta-
tion, bioventing, biosparging, biostimulation, phytoremediation, etc (Das and Kazy, 2014). On the other 
side, ex-situ bioremediation involves a treatment process referred to off-site or away from the original 
contaminated site as in a laboratory or controlled condition. It involves moving away the water or soil 
contaminated with pollutants and providing them with conditions favorable for degradation as shown 
in the Table 1.

Bioremediation Exploitation in Extremophiles

The diversity of microorganisms varies with different environmental conditions; they have evolved 
to utilize the robustness of enzymes and biocatalysts, providing changes necessary for their survival. 
Sensing the changes in the environment around them and utilizing the extremozyme accordingly with 
specificity is essential, as the metabolic changes provide endurability, adaptation, and sustain accord-
ing to nutrition. Extremozymes are stable at high temperature, ionic states, and variable range of pH, 
solvents as proteins present within the molecular level of these enzymes vary according to conditions 
required for survival (in acidic or alkaline pH, under high pressure, low to high temperature, halophilic, 
etc. enzymes work optimally requiring such conditions) (Dumorné et al., 2017). Such enzymes can be 
exploited or engineered and modified with a biotechnological perspective by changing the biology for 
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industrial remediation purposes. Due to this unique capability of enduring multiple stress variations, these 
microorganisms are named extremophiles. Almost every habitat (hydrothermal vents, sea-ice, volcanic 
mud, volcanic hot-spring vents, deserts, deep anoxic seas, ocean and lakes, nuclear contaminations, 
oligotrophic environments, and many others) that is incapable of dwelling life makes an exception for 
these microorganisms (Merino et al., 2019). Microorganisms surviving in harsh environmental condi-
tions are most likely to metabolize and sustain in remediation sites. They have the potential to utilize 
different nutrient sources, biomass beneath the contamination sites, as many microorganisms are found 
beneath the deep layers of earth. The investigations of these sites, engineering the microbes’ potential 
to endure and adapt contamination area for bioremediation, can be achieved by identifying, selecting, 
and exploiting the extremophiles (Table 2).

Table 1. Different Bioremediation methods

Bioremediation 
methods a,b Categories Methods details Advantages Disadvantages

In-situ 
Bioremediation

Biosparging

Induced air flow under 
pressure is injected 
to increase biological 
degradation by naturally 
occurring microbes

Minimal disturbance to 
saturated zone, easy to 
operate

Suitable under uniform-permeable 
soils, aquifers

Biostimulation

Nutrients are supplied to 
optimize the growth and 
activity of the natural 
microbial population

Effective for volatile 
compounds, both soil 
and water are treatable, 
natural attenuation

Environmental constraints, i.e., 
site-specific

Bioaugmentation
Genetically modified and 
induced microbes are aided 
to the targeted site

Non-invasive in the site 
operation Monitoring is difficult

Bioventing

Injected air and 
nourishment is aided by 
wells sufficient to maintain 
microbial activity

Cost-effective operation Environmental constrain

Ex-situ 
Bioremediation

Bioreactors

Microbes aid the biological 
degradation in a closed 
container or a tank under 
favorable condition

Degradation rate and 
progression is optimum, 
same as the growth of 
microbes

A problem in mass transfer, i.e., 
uniform distribution of substrate 
(pollutant)

Biopiles
Both composting, as well 
as landfilling is involved 
simultaneously

Effective against soil 
pollutants, less water 
pollution in soil

Some of the adsorbed pollutants 
are inaccessible to microbes 
limiting their bioavailability 
(pollutants in water or soil that are 
unavailable to biota)

Landfarming
Waste is tilled in different 
layers of topsoil amended 
with water and nutrients

Cost-effective operation The area is required for tilling

Biocomposting

Aerobic microbes 
decomposition in a 
higher reaction rate and 
temperature

Less toxic gas and 
pollutants after 
composting

Requires human handling

Where a and b denote the reference Nandal, 2015 and Tyagi and Kumar, 2021
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IDENTIFICATION OF EXTREMOPHILES IN BIOREMEDIATION

Pollution directed environment includes mostly industrialized areas, mining sites, dumping areas, pe-
troleum wells, and other practices which produce xenobiotics as in the agriculture sector. Many of the 
microorganisms present in these ecologies potentially have adapted to unnatural and altered ecosystems. 
Metabolism of these microbes is able to convert pollutants to a more stable or harmless compound that 
can be further used by other organisms or should remain in a low toxic state. With the advent of research 
and development in the field of molecular biology, many tools and techniques have been developed for 
the identification and functioning of the biological system in microorganisms (Tailliez et al., 2002). Our 
understanding has expanded on how to categorize microorganisms based on their functionality; at the 
gene level, detection of genes responsible for a peculiar function essential for the expression of proteins 
and enzymes that work in multi-stress conditions can be exploited based on interest. Different techniques 
used are based on ribosomal RNA present in prokaryotes as 5S, 16S, and 23S, i.e., in bacteria and archaea. 
16 rDNA, 16 rRNA sequencing, hybridization (FISH) and probe (Isotopes probing) techniques, different 
PCR based techniques (Real-Time PCR, RAPD, etc.), ARDRA, T-RFLP, DNA fingerprinting (DGGE, 
TGGE) analyzing ITS, oligonucleotide region for sequencing (Tailliez et al., 2002; Zhao, et al., 2010). 
As studies are ongoing to identify more new diversity of microorganisms, their essence in producing life 
on earth cannot be unnoticed. The functionality of microorganisms is the basis of the functionality of 
the earth’s ecosystem with other higher organisms as well as with the earth’s geography. Their survival 
in extreme conditions, including the industrial, petroleum polluted water and lands, radioactive, heavy 
metal enriched sites, and other polluted landmarks, have been of great interest to scientists and engineers. 
Identification of these microbes in polluted sites is based on physiological, molecular, growth aspects as 
well as their degradation potential on different complex pollutants. The only limitation of applying the 
extremophiles in remediation is the environment that often needs to be favorable so that these microor-
ganisms can grow and metabolize pollutants to simpler products (Merino et al., 2019). Table 3 shows 
the categorization of extremophiles on the basis of their habitat.

Table 2. Range of conditions optimum for extremophiles habitat

Lower to Higher (based on parameter range) a

pH 
(0 - 14)

Extreme-
acidophiles (< 

pH 3)

Acidophilic 
(< pH 5)

Neutrophiles 
(pH 5–9)

Alkaliphiles 
(> pH 9)

Hyper-alkaliphiles (> 
pH 11)

Temperature(◦C) Cryophiles 
(< 20◦C)

Mesophilic 
(20 to 45◦C)

Thermophiles 
(45 to 80◦C)

Superthermophiles 
(> 80◦C)

Salinity 
(as% NaCl (w/v))

Non-halophiles 
(< 1.2%)

Salt-tolerants 
(1.2 to 2.9%; 

tolerate ≤ 14.6%)

Halophilic 
(> 8.8%)

Extreme halophiles 
(> 14.6%, cannot grow 

< 8.8%)

Pressure 
(MPa)

Piezo-tolerant / 
baro-tolerant 

(0. 1 to 10 MPa)

Piezophiles 
(10 to 50 MPa)

Hyperpiezophiles / 
hyperbarophiles 

(> 50 MPa)

Water activity (aw) Xerotolerant 
(aw< 0.7)

Poly-extremophile Tolerance under multiple conditions

Where a denotes the reference Merino et al., 2019
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Extremophiles in Bioremediation of Hydrocarbons

Hydrocarbons are present in land and water due to natural as well as anthropogenic processes leading 
to pollutants gathering. Hydrocarbons composed of aliphatic, aromatic, or branched chains constitute 
petroleum basis of modern energy fuel, other organic compounds (Prince 1993), elements like O (1%), 
S(0.5%), N(0.5%), and metallogenic hydrocarbons of Fe, Ni, Cu or mixed can be found in smaller amount 

Table 3. Extremophiles categorized based on their habitat

Extremophiles based on different categories a

Acidophiles Organisms that grow under optimum pH < 3, i.e., under 
acidic conditions.

Thiobacillus sp., Ferroplasma sp., Acidithiobacillus 
ferrooxidans, Acidobacteria, Picrophilus oshimae, P. 
torridus, Acidovorax facilis

Alkaliphiles Organisms that grow above optimum pH > 9, i.e., above 
alkaline condition.

Natronomonas, Virgibacillus chiguensis, Bacillus 
horikoshii, B. pseudofirmus

Halophiles Organisms that require a minimum of 0.2 M salt (>5% 
NaCl (w/v)) for growth.

Halococcus, Halobacterium salinarum, 
Halobacterium sp., Haloferax sp., Haloterrigena

Thermophiles Organisms that inhabit at temperatures of 60 - 80°C. Thermoplasma volcanium, T. acidophilum, 
Methanocaldococcus jannaschii

Hyperthermophiles Organism growing at an optimum temperature of 80°C 
or above.

Methanopyrus kandleri, Archaeoglobus sp., 
Nanoarchaeum, Ignicoccus sp., Pyrodictium strain 
121, Pyrolobus

Psychrophiles Organisms are requiring an optimum temperature of < 
20°C - 15 °C or lower.

Arthrobacter flavus, A. glacialis, Micrococeus 
cryophilus, Pseudomonas aeruginosa

Piezophiles Organisms that grow optimum in a high (> 60 MPa) 
hydro-static pressure.

Methanothermococcus thermolithotrophicus, 
Pyrococcus yayanosil, Methanocaldococcus 
jannaschii, Methanothermococcus sp.

Anoxiphiles Organisms inhabiting O2 deprived conditions Ferroglobus

Oligotrophic Organisms that are able to inhabit nutrient-deprived 
conditions Pelagibacter ubique

Endolithes Organisms that inhabit inside rocks, shells, corals, or 
inside pores within rocks grains.

Schizothrix lacustris, Solentia sp., Cytophaga, 
Nitrospirae, Chloroflexi, Hyella gigas, H. racemus

Hypolithes Organisms that inhabit underneath the rock soil 
interface in extreme desert areas. Chroococci diopsis, Gloeocapsa sp.

Metallotolerant
Organisms that are able to tolerate high levels of heavy 
metals in their environment, including metals like Cu, 
Ca, As, Zn, etc.

Ferroplasma sp., Cupriavidus metallidurans, 
Halbacterium sp., Ralstonia sp., Halococcussa 
lifodinae, Haloferax sp.

Radioresistant Organisms are resisting a higher level of ionizing 
radiation.

Deinococcus peraridiltoris, Deinococcus 
radiodurans, Thermococcus gammatolerance, 
Rubrobacter sp.

Toxitolerant
Organisms are withstanding damaging mediators such 
as benzene, toluene, or water within the nuclear reactor 
core.

Pseudomonas putida

Xerophiles Organisms are inhabiting lower water activity, such as 
in the extreme halophilic or endolithic environment. Artemia salina, Streptomyces bulli

Polyextremophiles
Organisms inhabiting multi-stress conditions (pressure, 
nutrient-deficient environment or temperature, etc. 
simultaneously)

Deinococcus radiodurans, Picrophilus torridus, P. 
oshima, Natronobacterium sp.,

Where a denotes the reference Seckbach et al., 2011
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(<0.1%). Annual consumption of petroleum has increased day by day for transportation, automobile in-
dustry, machinery based on diesel-petroleum, other crude products such as gasoline or its use in burning 
as kerosene fuel to fueling gas for cooking. As they are hydrophobic in nature, anthropogenic processes 
lead to their gathering around the solid surface and soil, groundwater, and sea-ocean water. Human 
activities like transport and road traffic and land use to accidental spillage during petroleum industry 
activities, leakage from containers during transport, oil refineries, mishandling, or mismanagement error 
during its consumption or use are the major factor for hydrocarbon release (Souza et al., 2014; Prince et 
al., 2014). Its side product hydrocarbons (coal, crude oil, petroleum, natural gas) derivatives are formed 
from planktons, algae, plant, animal dead remains trapped beneath earth’s layers over million years 
in geological cycles comprising of intense heat, temperature, the pressure under anaerobic condition. 
These hydrocarbons are found in the sediment of source rocks and move upward through migration from 
permeable strata and get accumulated in impermeable dense rock layers, “the trap.” If migrated fluid 
(crude oil or natural gas) doesn’t encounter the impermeable rock layers, they tend to flow to the surface 
or deposited on the ocean floor, therefore, leaching out as natural gas or liquid form.

Prokaryotes, including archaea and bacteria, are soul utilizer of hydrocarbons, as reported by several 
researchers. Hydrocarbon is the carbon and energy source of these microorganisms, thereby are part 
of bioremediation processes occurring in remediation (Dean-Ross, Moody, & Cerniglia, 2002). An 
environment with many hydrocarbons is bound to provide rich carbon in marine or surface petroleum 
sites as well as high polyaromatic hydrocarbon inhabiting the microbes adapted to these surroundings 
(Zhang et al., 2012). PAHs are toxic, mutagenic, and carcinogenic complex pollutants prior to causing 
health issues, marking them as primary target pollutants that need to be degraded (Prasad 2016). These 
tolerant communities will thrive in any similar hydrocarbon-rich environment as the native niche; once 
exploited, these communities can be used as an augmented template by engineers for remediation pur-
poses and bio-transformation of contamination areas. Hydrocarbon-rich environments are an inhabitant 
of archaea as reported in dam and dikes containing tailing materials, the soil of refueling station, oil 
spill deep within the horizon, petroleum waste, etc. the archaea phyla Euryarchaeota and Crenarchaeota 
predominates (Sutton et al., 2013). Euryarchaeota is diverse in its extreme nature as halophilic, thermo-
philic, and methanogenic, whereas Crenarchaeota are hyperthermophilic utilizing sulfur as an energy 
source (Woese et al., 1990). Methanogenic archaea are belonging to Euryarchaeota, i.e., Methanocella 
sp., Methanobacterium sp., Methanomicrobiales, Methanosaeta are found in oil refinery (Das and Kazy, 
2014; Gao et al., 2015; Sarkar et al., 2016).

Oil alkanes are converted into methane and CO2 by methanogens (Methanomicrobia, Methanocul-
leus) (hydrogenotrophic), syntropic (Smithella I), and fermentative bacteria, and sometimes to acetic 
acid and hydrogen by Methanosaeta (acetotroph) (Meijer et al., 1999). H2 is reduced by sulfur-reducing 
bacteria. Acidaminobacter, Propionibacteriaceae, Kosmotoga, Sediminibacterium, Thermanaerovibrio, 
Acetobacterium, Desulfuromonas, Synergistetes, Fusibacter, etc. many degrading communities of bacteria 
are found in the oil, natural gas, and coal sites (Dwason et al., 2012; Kryachko et al., 2012; Baea et al., 
2006; Dipippo et al., 2009). Dolfing (2014) also estimated the higher population of methanogens such as 
hydrogenotrophs over acetoclastic in crude oil biodegradation. Roy et al., (2018) studied the diversity of 
microbial communities in the sludge of different refineries (native location in Assam, India) by isolating 
and characterizing sludge samples in different carbon media(maltose, lactose, sucrose, mannitol, galactose, 
inositol), alkanes (dodecane, hexadecane, cyclohexane, pentadecane) thereby analyzing their potential 
for remediation of total petroleum hydrocarbons (TPH) in sludge, thereby categorizing them based on 
16 rRNA gene sequencing and amplification. The isolates belong to obligate/facultative anaerobes, 
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fermentative, syntrophic, methanogenic, CO2 assimilating, hydrocarbon-degrading, some xenobiotics 
degrading communities indigenous to sludge found are Methanobacterium, Methanosaeta, Desulfitobacter, 
Desulfosporosinus, Pseudomonas, Coprothermobacter, Bacillus, Rhodobacter, Achromobacter, etc. Eight 
native isolates were biostimulated and bioaugmentated in killed sludge as a consortium augmented with 
P, N, and N+P and compared with microcosms without nutrient amendment.N+P amended consortium 
was found to be most efficient in degrading total petroleum hydrocarbons (TPH), i.e., 75%, followed by 
N amended consortium (63.3%), and P amended consortium (57.3%) due to cooperative effect of native 
communities. Moreover, bacteria involved in the consortium were analyzed for PICRUSt (Phylogenetic 
investigation of communities by reconstruction of unobserved states), thereby showing a higher alloca-
tion of genes involved in nutrient transport-utilization and metabolism pathways related to hydrocarbon 
utilization. Some substrates that are degraded by Extremophiles are mention in the table 4.

Table 4. Hydrocarbons degradation by Extremophiles

Substrate Bacteria involved in transforming organic compounds a

Coal-oil Pseudomonas sp & Ochrobactrum sp Stenotrophomonas maltophila

Fossil fuel Acinetobacter sp

Alkanes & organic-aromatic 
hydrocarbons Georgenia sp, Bacillus sp, Stappia sp and Isolptericola sp

Heptadecane, coal-oil, naphthalene Pseudomonas, Marinobacter
and Cycloclasticus

Phenanthrene, Anthracene, Fluorene Ochrobactrum sp, Enterobactercloceae, and Stenotrophomonas maltophila sp

Aniline Dietzianatronolimnaea

Pyrene, Benzoanthracene, Chrysene Novosphingobium pentaromativorans

Alkanes Alcanivorax dieselolei

Benzo(e)Pyrene Achromobacter sp and Rhodanobacter sp

Coal- oil Halomonassp.

Rock- oil Cellulomonas sp., Dietziamaris, Halomonas eurihalina

Benzene, Xylene Marinobacter sp

Benzene, toluene Alcanivorax sp

Organic compounds Arthrobacter and Micrococcus

Phenathrene, Anthracene Matelella

Benzene, Xylene, toluene Planococcus

Naphthalene, Phenanthrene, Pyrene Halorubrum ezzemoulense, Halobacterium piscisalsi and Halobacterium salinarium

Petroleum compounds Marinobacter sp, Erwiniaananas sp and Bacillus sp

Benzene, toluene Bacillus sp, Acidovoraxdelafieldi, Halobacillussalinus,

Benzol, phenylmethane Arhodomonas sp

Diesel oil Halobacterium salinarum

Where a denotes the reference Arulazhagan et al., 2017

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



197

Extremophiles and Their Application in Bioremediation
 

Park and Park (2018) studied the alkanes degradation in crude oils, suggesting the degradation takes 
in extreme environments of aerobic, anaerobic, low-high temperature, salt, acidic pH by archaea and 
bacteria. These microbes involve various metabolic pathways involving different survival mechanisms 
(exopolysaccharides, chaperons, proteins, solute gradient inside the cell, etc., for protection) as well as 
in secreting enzymes for alkanes degradation. Archaeoglobus fulgidus (S reducing thermophile) secrete 
alkylsuccinate synthase for long-chain alkanes, Candidatus Syntrophoarchaeum butanivorans (ther-
mophilic) oxidize under special condition (anaerobically) by enzyme alkyl-coenzyme (Park and Park, 

Figure 2.
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2018). Thus, extremophiles’ application for hydrocarbon remediation is limitless; with technological 
advancement, the approach for bioremediation varies considerably. Figure 2 summarizes the application 
of extremophiles in various sectors.

Extremophiles in Bioremediation of Heavy Metals

Heavy metals have a density of 5 g cm-3 or above, are present in soil naturally or by anthropogenic prac-
tices. They are naturally found in volcanic ash or dust, volcanic eruption causes them to move upward 
into the earth’s crust, and atmosphere along with gases and heat, rocks enriched with heavy metals, 
weathering of these rocks adds the heavy metals enrichment to the soils. Anthropogenic practices due 
to humans causing the addition of heavy metals may be due to mining-smelting activities (e.g., Cd, As, 
Hg, Pb), use of metal-based pesticides (e.g., Zn, Cu, Pb, As, Se, Cd) in agriculture, bioaccumulation 
and leaching, their processing and purification in the metallurgic industry (e.g., Co, Hg, Cr, As, Cd, Cu, 
Zn, Ni) for further technological use like electronics, dumping and non-recycling of electronic waste, 
emission during fossil fuel combustion (Fe, Ni, Cu), use in weapon and military training (Pb, Cd, Cr, Be, 
etc.), its presence in sewage. All these practices are the major source of soil pollution as heavy metals are 
persistent, non-biodegradable in the environment. Metals essential for living beings and plants include Fe, 
Zn, Mg, Cu, Co, Mo for the functioning of life processes in trace amount. They are used for stabilizing 
biomolecules, are the present complex structure of pigment, enzyme co-factors. Metals, when absorbed 
as macronutrients or traces, consumed in excess, become harmful or toxic (Goyeret al., 1997). Other 
metals like Hg, Pb, Cr, Ar produce reactive oxygen species (ROS) that cause oxidation in cells leading 
to their damage (Pinto et al., 2003). Excess of heavy metals is the cause of instability, malfunctioning 
of various systems in the body. Mutation, teratogens, cancer, immune disorders, neurological disorders 
is due to ROS, circulatory system (Kim et al., 2015; Korashy et al., 2017).

Bioremediation is an ideal technique that is efficient and necessary for removing heavy metals in 
contaminated areas. Microorganisms reduce or recover the heavy metal in the contamination site by 
assimilation or transformation to biomass or to a less toxic/reactive state. These metal ions can be used 
as an electron acceptor or assimilated inside microbes. Mechanisms used to involve the use of chelators 
(iron-binding siderophores, metal-binding proteins), microbial degradation of plant residues, animal tis-
sues, and microbial biomass releases organic acids which form metal complex, volatilization in mercury 
and selenium metal ions by MerA enzyme (Barkay et al., 2003). Absorption, accumulation of metals, 
transformation (sequestration or precipitation of metal), mineralization (recovery of metal) resulting in 
a lower bioavailability of metal. Hence these are the steps involved in the remediation of metal pollut-
ants from the environment. Citrobacter sp. immobilizes metal ions for generating biofilms to bind more 
metal ions, precipitating insoluble minerals (Keasling et al., 2000).

Many bacteria like thermo-acidophilic archaea that are lithoautotroph are usually metal resistant 
and show resistance to metals due to the presence of genes involved in (metal efflux transport, metal-
lochaperons (trafficking metal ions) efflux system, i.e., Archaeoglobus fulgidis, Sulfolobus solfataricus, 
S. acidocaldarius, Metallosphaera cuprina (Schelert et al., 2013) are resistant to Cu due to cop genes 
specially copA involved in efflux system, S. solfataricus, Metallosphaera sedula, Leptospirillum fer-
riphilum consists of merH, A, I genes that provide resistance to Hg (Aurenik et al., 2008; Mi et al., 
2011; Schelert et al., 2013). Various halo-archaea bacteria are utilized for clearing up toxic metals con-
taminated areas and wastewater. Popescu and Dumitru (2009) found 2 strains of Haloferax capable of 
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biosorption of metals Pb, Cr, Ni, Zn in the saline medium. Halobacterium noricense was found to absorb 
Cd (Showalter et al., 2016), H. salinarum was also able to absorb Ca2+ ion, assisting them in forming 
aggregates of cells (Kawakami et al., 2007), Halobacterium sp. are also resistant to high Manganese 
(Mn) (Naikand Furtado, 2014).

Role of Extremophiles in Bioremediation Through Extremozymes

The enzyme synthesized by extremophilic microorganisms, well known as extremozymes, are kind of 
proteins that can withstand high temperature, extreme pH, and degrade harmful organic substances, thus 
could possibly be utilized for industrial bio-transformations (Schiraldi and De Rosa, 2002). Enzymes 
such as amylases, xylanases, and proteases, etc., are isolated from an extremophilic microorganism that 
includes psychrophiles, hyperthermophiles, and acidophiles which help in the degradation of different 
types of the polymer may play a significant role in industry related to detergent, food, pulp, and paper. 
Extremozymes are also involved in the synthesis of different other classes of enzymes like cellulases, 
pectinases, proteases, lipases, phytases, esterases, catalases, keratinases, and peroxidases. Owing to the 
different characteristics of these extremozymes, they are supposed to narrow down the gap between 
industries of biological origin and chemical-based (Gunjal et al., 2021, Taylor et al., 2011).

The protein biocatalysts, unlike normal enzymatic reactions, are named “extremozymes” due to 
their resist, resilient nature of catalyzing a biochemical reaction at the condition that normally degrade 
or inactivate the enzymes. These include extremely high-low temperature, pH, the difference in an 
organic solvent that is abnormal for biocatalyst; hence they can be used in the biotransformation of 
various pollutants (Gunjalet al., 2021, Schiraldi and De Rosa, 2002). These robust enzymes are present 
in hyperthermophiles, acidophiles, psychrophiles and have can depolymerize xenobiotics, toxic pesti-
cides, reduce or oxidize metal ions to stabilize and transform them. Enzymes that stabilize in extreme 
conditions are also operatable in remediation sites depending upon their specificity and efficiency to 
degrade pollutants. Hence, more of these enzymes need to be exploited as novel biocatalysts, properties 
like easily extractable, purified through downstream processing, requiring no cofactor for its activity, 
which is operatable under varied conditions in bioremediation sites (Peeples, 2014). Further enzymes that 
aid in the conversion process is functional without cofactor regeneration and can be produced through 
large-scale fermentation in a cost-effective way with minimal purification requirement. Extremozyme 
that are used in bioremediation can be listed as lipases esterases, peroxidases, nitrilases, laccases, mo-
nooxygenases, dioxygenases, cellulases, arylsulfotransferase, l-Haloacid Dehalogenase. Pectinase. Few 
enzymes that are known to perform independently without requiring a high amount of co-factors are 
laccase, phenoloxidase, phosphotriesterase (Oves et al., 2016).

Pectinases are used to treat activated sludge wastewater (Gundala et al., 2017) by alkalophilic bac-
teria like Bacillus sp. (Tanabe et al., 1987) can be augmented with citrus fruit for increasing activity of 
pectinolytic microbes. Cellulases consist of endoglucanase (responsible for free cellulose fiber chain), 
exoglucanase (remove cellobiose units), β-glucosidase (hydrolyze cellobiose to glucose subunit) (Karigar 
et al., 2011). Acidothermus cellulolyticus, Bacillus subtilis, B. licheniformis, Cellulomonas biazotea, 
Pseudomonas Cellulosa, Acetivibrio cellulolyticus, Clostridium thermocellum, C. cellulolyticum, Cel-
lulomonas fimi, Thermomonospora fusca, Trichoderma ressei, Aspergillus sp. (Mojsov, 2012) are some 
cellulase producing microorganisms (mostly bacteria and fungi). Most of the alkaliphilic extremophiles are 
able to decolorize and reduce the dyes for lesser textile industry effluents (Table 5) (Gunjalet al., 2021).
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Laccases are is classified as an oxidoreductase type enzyme that oxidizes substrate and forms water 
by reducing oxygen. Laccases are high stability at mesophilic temperature range, pH 5.5-9.0, highly 
active when Cl is available (Fanget al., 2012). The enzyme is used by microorganisms to degrade hy-
drocarbons by oxidizing the poly forms of various phenols, amines, aryl diamines, and other polyaro-
matic hydrocarbons. It can also depolymerize and oxidize (-OCH3 group) lignin which are a form of 
polyquinones, polyphenols present in plants. PAHs are transformed into simpler CO2 and H2O by these 
enzymes. Laccases have application in degrading and decolorizing azo dyes in textile—Pseudomonas 
resinovorans, alkali, and halotolerant bacteria are able to degrade azo dyes like Bezactiv Blue, Tubantin 
Brown. Xenobiotics like pentachlorophenol, 2,4,6-trichlorophenol, 2,4- dichlorophenol are degraded by 
Trametes pubescens via laccases (Gunjalet al., 2021, Oves et al., 2016).

Pesticides are a mixture of substances (natural, organic, or synthetic) that are involved in the pre-
vention, suppression, destruction of insects and pests or any other pest/pathogens (harmful) from caus-
ing disease in plants. The commonly used pesticides are organophosphorus (chlorpyrifos, parathion, 
glyphosate, diazinon, methyl parathion, monocrotophos, etc.), high toxicity, non-specific target toxicity. 
These pesticides inhibit the regulation of the nervous system due to enzyme inhibition essential for the 
functioning of the nervous system. Organochlorine pesticides, which are persistent, highly toxic, bioac-
cumulation in mammal tissues, constitute dichloro-diphenyl-trichloroethane (DDT), lindane. Enzymes 
such as organophosphate hydrolase, phosphotriesterase catalyze encoded by opd gene in Agrobacterium 
radiobacter, Flavobacterium, Brevundimonas diminuta, Alteromonas sp. to detoxify pesticides (Horne 
et al., 2002). Bacterial enzymes due to substrate specificity can be considered as a detoxifying agent for 
these pesticides. Phosphotriesterase produced by archaea Sulfolobus solfataricus due to there is able to 
degrade ester bond in pesticides (Merone et al., 2005). Pesticides like carbamates, pyrethroids can be 
converted into -COOH and -OH via hydrolysis in water.

ROLE OF RADIATION RESISTANCE MICROORGANISM

Extremolytes that are resistant to radiation can be utilized for nuclear waste management and bioreme-
diation purpose. In Shewanella sp and Geobacter sp, cytochrome enzymes (Lloyd et al., 2003) were 
found effective in reducing soluble uranium (U) radio-isotopes into non-radioactive species. Further, 
it was reported Nickel-Iron hydrogenase enzyme reduced Tc (VIII) in Desulfovibrio sp (Luca et al., 
2001). Fujimoto & Morita (2006) was able to obtain a pure culture of Halomonas sp. (a new strain) that 
cleared up Technetium from solution by insolubilization of that element. Kim et al., (2012) reported that 

Table 5. Showing the target substrate of different microorganism

Types and Conditions Extremozyme Microorganism Target substrate

Thermophiles and 
Superthermophiles (High 
temperature)

Phosphotriesterase-like 
lactonase 
Laccase phenolase 
Phosphotriesterase-like 
lactonase

Sulfolobus sulfataricus, Thermoascu 
saurantiacus
Thermusthermophilus HB27, 
Geobacillus stearothermophilus

Organo-phosphates 
aromatic organic 
hydrocarbons 
Phenolic compounds of 
organic origin Organo-
phosphates

Acidophilous (Low pH) Phosphotriesterase-like 
lactonase Sulfolobus sulfataricus Organo-phosphates
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Geobacter sp. and Rhodoferax sp can be utilized to transform radioisotopes via the enzymatic method 
into non-radioactive isotope in a similar way as discussed by the above procedure.

Radioactive waste can also be reduced by indirect enzyme action and could be applied to remediate 
soil pollution by radionuclides. For this purpose, metal-reducing and sulfur-reducing extremophiles can 
be utilized for reducing soluble radioactive waste. This method involves the oxidation of hydrocarbons, 
while in another process, hydrogen is used to reduce Iron or Sulfur in another form, i.e., sulfate. These 
different forms were further reduced by different insoluble compounds (van Hullebusch et al., 2005). 
Examples of such microorganisms include sulfur-reducing bacteria known as Mycobacterium flavescens 
that are able to synthesize natural substances like organic acids, siderophores & secondary metabolites 
when grown under the presence of certain heavy metals.

Radiation-tolerant microorganisms play a vital role in human therapeutics, medicines, biotechnology, 
and bioremediation of harmful and radioactive substances. Because of the capability of radio tolerant 
extremophiles to thrive in a high radiation environment, the different types of secondary metabolites and 
extremozymes synthesized by them, which can be useful in human therapeutics, as well as biodegradation 
of radionucleotide the, are of universal importance. Despite of all the information regarding radiation-
tolerant bacteria and their potential application in various fields still, there is a need to discover much 
more so to further exploit their efficiency in the area of medicine and environmental biotechnology.

CONCLUSION

Extremophiles are the microorganism that is able to thrive in harsh environmental conditions. Due to 
their ability to survive in the extreme environment, they can be broadly classified into three major groups, 
which include halophiles (salt-tolerant), thermophiles (high temperature tolerant) acidophiles (low pH 
tolerant). They play a crucial role in understanding the ecological relationship and can be useful in 
metagenomic studies. Their properties like surviving in water scarcity, growing under metal stress (i.e., 
high concentration of heavy metal), establishing itself under the higher concentration of pesticides, poly 
hydroxyl alkanoate, radioactive substances, and highly alkaline conditions make them suitable for the 
purpose of bioremediation process. Bioremediation which involves the utilization of microorganisms is 
termed microbial remediation. As bacteria can be cultured easily and due to their rapid multiplication 
rate, they can be utilized for different purposes like microbial remediation and biotechnological pur-
pose, including gene cloning and genetic engineering. Extremophiles provide an alternative and cheap 
technology for clearing up the environment, further making it pollution-free. As they are a crucial part 
of the food chain in which their major role is decomposition and degradation of compounds to provide 
energy thir role in cleaning up the environment cannot be overlooked.
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KEY TERMS AND DEFINITIONS

Biodegradation: A natural process of breakdown of materials by using microbes.
Bioremediation: A process which uses micro-organism to treat the pollutants.
Enzymes: Biological catalysts accelerate the reaction.
Extremophiles: An organism that grows optimally in extreme conditions.
Microorganisms: They are the microscopic organisms that may exist as single-celled or in cell 

clusters form.
Pollutant: Contaminants that introduced into the environment and brought adverse effects.
Transformation: A process of changing from one form to another.
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ABSTRACT

Extremophilic microorganisms have developed a variety of molecular tactics to exist in extreme environ-
ments. Researchers are fascinated by extremophiles and unearth various enzymes from these fascinating 
microbes. Extremozymes are astonishing biocatalysts with distinctive properties of catalysis and stability 
under a multitude of daunting conditions of salt, pH, organic solvents, and temperature, which open 
up new possibilities for biocatalysis and biotransformation and outcompetes mesophilic counterparts. 
Biotechnological implications include simple, immobilized, as well as whole-cell applications. Stability 
in organic solvents adds to the asymmetric catalysis and thereby exemplifies the applicability of extremo-
zymes and in fostering biobased economies. Marine, cold-adapted enzymes, and those that help in the 
removal of a toxic hazardous substance from the environment are obvious choices for food industries 
and bioremediation. The major area of application and research emphasis includes textile, detergents, 
food, dairy, agriculture, and environmental remediation.
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INTRODUCTION: EXTREMOPHILES AND 
BIOCATALYSTS ASSOCIATED INDUSTRIES

The current and future applications of extreme environment tolerating microorganisms and their enzymes 
in the field of biotechnology are discussed in this chapter. The microbial biotechnology has enormous 
advantages be it in the field of environment, product manufacturing or industrial processes for value 
added commercial products. The microbial approach to these processes has given it a new and improved 
eco-friendly dimension. This is now applied for management of different type of wastes generated by 
various industries. Microbial bioengineering contributes to the development of long-term technologies 
with a variety of process and market advantages. Microbial biotechnology has a number of advantages, 
including the ability to produce existing and novel products in a sustainable manner, as well as a reduce 
dependence on non - renewable fuels and many other resources, which improves industrial economics. 
Since 1970s, biotechnology and enzymology in particular has had a considerable influence on many 
sectors including healthcare, medicine, food, agriculture, environment and synthesis of fine chemicals. 
Until enzymes that could tolerate organic and biphasic conditions were discovered, “white biotechnol-
ogy” was primarily based on aqueous enzymology (Vashist and Sharma, 2018).

The usage of enzymes extracted from microbes is beneficial to hundreds of industrial processes and 
products. However, the bulk of enzymes now on the market are made with mesophilic enzymes, which 
are frequently inhibited under extreme condition in industrial processes (Raddadi et al., 2015). Addition-
ally, bio catalytic stability is important for cost reduction since enzymes that are stable enough to endure 
industrial conditions can be used for several cycles of the bio catalytic process, resulting in cost savings. 
The discovery of extremophilic bacteria opens the door to the synthesis of extremozymes that are stable 
in a variety of environment, which might be beneficial in industry applications. Enzymes which catalyze 
reactions in non-physiological environments and/or using non-natural molecules can also be found in 
extreme environments (Littlechild, 2015). As a result of their resilience to extreme physico-chemical 
conditions, extremozymes have grown at a rapid pace for their use in various industrial processes.

Extremophilic bacteria, on the other hand, have extremely flexible metabolisms and unique structural 
characteristics in their bio macromolecules that allow them to survive and grow in these hostile environ-
ments (Dalmaso et al., 2015). These extremophilic organisms have a wide range of functions and are 
taxonomically diverse too. The main categories of extremophiles and some examples are listed below 
in Table 1. These include the microbes that tolerate temperature extremities, specifically the psychro-
philes, hyperthermophiles and thermophiles; alkaliphiles and acidophiles, which tolerate pH extremes; 
barophiles (piezophiles) which survive optimally under high pressure; halophiles, which thrive in high-
salinity environments; xerophiles, which tolerate low water activity, and radioresistant organisms, which 
tolerate high levels of radioactivity that pose lethal effects on almost all organisms.

According to Dewan (2014), the market for industrial enzymes was expected to grow at an annual 
average growth rate of 8% in the next 5 years, reaching US$ 7,100 million by 2018. Microbes that produce 
novel hydrolytic enzymes, with biotechnological potential and remarkable activity at low temperatures 
are now being sought. Due to their biodegradability and exceptional stability, extremophilic microbes 
are a source of extremozymes with a wide range of commercial applications (Dumorne, et al., 2017). 
As biocatalysts, extremozymes are stable and active even within extreme environmental conditions 
traditionally thought to be incompatible with biology. Cold-tolerant, alkali-tolerant, acid-tolerant and 
salt-tolerant extremozymes are just a few of the resistant biomolecules that have been made possible by 
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the use of extremozymes. Thus the quest of novel enzymes with unique catalytic features and improved 
stability remain a topmost priority in enzyme research (Raddadi et al., 2015).

GEO-ECOLOGICAL CLASSIFICATION & ABUNDANCE

Microbial communities in extreme habitats have undergone the physiological adaptations to the daunt-
ing stress of low/high temperature, salinity, and chemicals. Recently, possible applications of microbial 
communities from such habitats have been focused and diverse sectors viz. agriculture, food, textile, 
cosmetics and medicine are profited. Various ecosystems such as volcanoes, hot springs, Sulphur springs, 
thermal vents, salt lakes, soda lakes, Dead Sea, solar salterns, acid mine drainage, deep sea sediments, 
and many other such environments harbor potential extremophilic microbes with unexplored bio catalytic 
potential. Extremophiles are living organisms that can survive and reproduce in diverse geo ecological 
niches with multitude of extremities of pressure, pH, temperature, redox potential, radiation and salinity 
(Figure 1) (Purohit et al., 2014; Kour et al., 2019).

The Saltern Ecosystem

Thalassohaline hypersaline habitats are defined as those that result from the evaporation of sea water 
and have halite (NaCl) concentrations of more than 10% (m/w). Similar ecological niches are found 
throughout the globe and exist in form of marine ponds, salt marshes, soda lakes and manmade salterns 
(Raval et al., 2013; Singh et al., 2013). They are made up of a number of shallow ponds found in tropical, 
subtropical, and temperate climates around the world. As the seawater evaporates in these conditions, 

Table 1. Major classification and subtypes of extremophiles based on their environmental habitat
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the NaCl concentration increases. With their consecutive evaporation ponds, salt-pan mud, and wooden 
fences, the solar salterns Secovlje, present a reasonably simple habitat that is ideal for halotolerant and 
halophilic microorganism research (Zajc et al., 2012). At first, it was thought that archaea, bacteria, and 
eukaryotes dominated the hypersaline waters of salterns. Diverse halotolerant and halophilic microbes 
were first isolated from the sun salterns of Secovlje, and then from salterns all over the world.A majority 
of halotolerant and strictly halophilic fungi have been isolated from hypersaline environments including 
seawater. Previously, xerophilic fungi that can grow at low water activity were solely identified from 
domestic environments, as they can spoil food that has been preserved by reducing the biologically ac-
cessible water through drying, freezing, or solute addition. Food-borne organisms that can grow at low 
aw are thought to have a general xerophilic character and so would not be found in natural hypersaline 
habitats.

Figure 1. Geo-ecological niche and their of extremophilic diversity
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Hot Springs

The sites where warm or hot groundwater emerges from the Earth are known as hot springs. Thomas 
Brock’s groundbreaking work in identifying Thermus aquaticus from a thermal environment (Brock and 
Freeze, 1969) has completely changed our perspective of the microbial richness of hot springs (Arya 
et al., 2020a, Narsing Rao et al., 2021). At the phylum level, Firmicutes were dominant followed by 
Actinobacteria, Proteobacteria, and Bacteroidetes. At the genus level, Bacillus is dominant followed 
by Brevibacillus, Paenibacillus, Oceanibaculum, Micromonospora, Microbacterium, Terrimonas, 
Aneurinibacillus, Actinocorallia, Sphingomonas, Micrococcus, and Rhodoligotrophos (Narsing Rao 
et al., 2021). Moreover, Solfataric fields are the most important biotopes thermoacidophilic microbes. 
Most of thermoacidophilic microbes that usually lived in solfataric fields belong to the archaea includ-
ing the genera Acidianus, Desulfurolobus, Metallosphaera, Stygiolobus, Sulfolobus, Sulfurisphaera, 
Sulfurococcus, Thermoplasma, and Picrophilus. Microbes belong to bacteria were also found including 
Acidithiobacillus, Acidimicrobium, Sulfobacillus and Hydrogenobaculum genera (Bertoldo et al., 2004).

Deep-Sea Hydrothermal Vents (DSHV)

The ocean covers over three-quarters of the Earth’s surface area, with an average depth of 3800 meters, 
meaning that deep-sea ecosystems make up the great majority of our planet. Deep sea has been one of 
the world’s most enigmatic and unexplored ecosystems, and it contains a unique microbial community 
which is significant to biogeochemical cycles (Sogin et al., 2006). The absence of light, as well as the 
existence of atypical low temperature and high hydrostatic pressure, signify the habitat. In some environ-
ments, such as DSHV (temperatures over 400°C) and deep hypersaline anoxic basins (DHABs) (high 
salinity, abysses up to 11 km deep and high pressures), these climatic conditions become even more 
difficult for normal microbes. Deep-sea microbes are the living entities able to survive and reproduce 
under extreme geochemical and physiological environments detrimental to the conventional species. 
Prokaryotes, which comprise microbes from archaea and bacteria domains, make up the great bulk of 
deep-sea extremophiles (Harrison et al., 2013). The limited application of extremozymes is due to special 
nutritional requirements and extreme growth requirements of parent microbe that restricts their isolation 
and maintenance. However, the ever-rising number of extremophilic genes and metagenomes that are now 
accessible via next-generation sequencing provide us an ever-increasing resource novel extremozymes 
for the non-cultivable microbes (Jin et al., 2019). Many of the extremophiles from deep sea environ-
ments survive under more than one extreme condition and hence often termed as polyextremophiles. 
Prokaryotes such as Pyrococcus horikoshii and Thermococcus profundis, endure such conditions in deep 
sea environments, also tend to dominate the hydrothermal vents (Fang et al., 2010).

Cold Marine Environments

A meagre thought of “cold marine habitats,” takes us to the North Arctic and South Antarctic, ice covered 
glaciers with scarce or practically no life forms. The temperature of marine water also lowers with depth 
as latitude and seasons change. Temperatures as low as 4–5°C can be found near the thermocline (a body 
of water where temperature fluctuates rapidly with depth) (Sullivan and Baross, 2007). Psychrophiles 
and psychrotrophs are distinguished by their growth temperature, which determines whether they are 
cold-loving or cold-tolerant microorganisms. Lower temperatures are preferred by organisms known as 
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psychrophiles, which grow between 0-20°C (optimum at 15°C), while psychrotrophs, which can endure 
cold temperatures and have an ideal growth temperature of 20°C. Moritella, Photobacterium, Colwellia, 
Shewanella, and Psychromonas are the most often cultivated psychrophilic organisms (Fang et al., 2010). 
Psychrophilic microorganisms may be discovered from both the archaea and bacteria domains, belonging 
to diverse genera, such as Colwellia, Arthrobacter, Listeria, Marinobacter, Methanogenium, Halomonas, 
Glaciecola, Hyphomonas, Moritella, Planococcus, Psychrobacter, Psychroserpens, Shewanella and 
Sphingomonas (Poli et al., 2017).

Dry Environments

Climate change has been linked to an increase in dry conditions in many locations owing to poor rainfall, 
extreme heat, and drought. All living species require water to survive but Arid habitats, such as deserts, 
are thought to be life’s dry limit (Bull and Asenjo, 2013; Bhatt et al., 2017). Extremophile xerotolerant 
creatures can thrive in habitats with a moisture content of less than 0.75 (Lebre et al., 2017). Other ele-
ments, such as low water activity, high and low temperatures, low organic carbon contents, high salin-
ity, and strong radiation, exacerbate the xeric conditions, limiting the life of organisms. Nevertheless, 
xerotolerant microorganisms are capable to inhabit this extreme environment. Using culture-independent 
methods, the frequency of microbial communities such as Cyanobacteria, Chloroflexi, Proteobacteria, 
Gemmatimonadetes, Firmicutes, Planctomycetes, Actinobacteria, and Thermomicrobia phyla in the surface 
sediment of the hyper-arid core was found to be limited (Piubeli et al., 2015). In the Atacama Desert, 
Actinobacteria are most prevalent cultivable phylum including genus Microlunatus, Prauserella, Micro-
cella, Arthrobacter, Streptomyces, Nocardia, Propionibacterium, and Kocuria (Bull and Asenjo, 2013).

Hypersaline Environments

Hypersaline ecosystems are habitats with salinities that are significantly greater than seawater. They are 
classified as either thalassohaline or athalassohaline based on whether they originated from seawater or 
not. Extremophilic organisms known as halophiles have adapted in living in highly hypersaline condi-
tions (Raval et al., 2018). The most accepted definition of halophiles is bacteria that grow best at Na+ 
concentration higher than 0.2 M (Oren, 2006). These organisms are divided into three groups based on 
their optimum salt concentration for growth: extreme halophiles that grow with 3.4–5.1 M (20-30%, 
w/v) NaCl; moderate halophiles with 0.85–3.4 M (3-25% w/v) NaCl; and slight halophiles with 0.2–0.85 
M (1-5% w/v) NaCl concentration (DasSarma and DasSarma, 2015). Marine salterns are niche for a 
wide range of halophilic and halotolerant microbes that grow over the salt concentration gradient. The 
bottoms of many hypersaline ponds are covered by purple and green sulphur and non-sulfur bacteria 
(Caumette, 1993). A variety of sulfur oxidizing, sulfate reducing, methanogenic and homoacetogenic 
varieties of bacteria and archaea are found in anoxic mats and sediments. On the contrary, many aerobic 
representatives from archaeal generas viz. Halobacterium, Natronobacterium, Haloferax, Haloarcula 
and bacteria from Salinivibrio, Pseudomonas, Alteromonas, Alcaligens Acinetobacter and Flavobac-
terium have been reported from similar ecological niches. From approximately 4 M NaCl to saturation 
(>5.1 M NaCl), halophilic archaea dominate the brine pools and most other microbial activity ceases 
(Oren, 2006). With ease maintenance and control being better than methanogenic and hyperthermophilic 
archaea, representatives of the genera Halobacterium, Haloferax, and Haloarcula, have now become 
useful models for investigating the archaeal domain. Hydrolases, such as DNAases, lipases, amylases, 
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gelatinases, and proteases, are one of the most significant groups of enzymes produced by halophilic 
microorganisms because they can function under environments that cause most proteins either denature 
or precipitate out. Halophilic hydrolases are usually thermostable and pH-adjustable. If catalytic reac-
tions are required to function in physical and chemical variables, such as in the presence of surfactant, 
metal ions, organic solvents, at high temperature and salt content, hydrolases produced from halophilic 
bacteria can be used (Raval et al., 2015; Zheng et al., 2016).

Volcanic Environments

Volcanism may be defined as “the manifestation at the surface of a planet or satellite of internal ther-
mal processes through the emission of solid, liquid, or gaseous products”. Environments resulting from 
volcanic activities are diverse, ranging from acidic hot springs to deep ocean basaltic habitats. Since 
volcanic environments, especially active fumaroles, are considered analogous to some of the earliest 
environments on Earth, the study of their microbial diversity may provide insights into the origin of 
life and extraterrestrial life as suggested by Medrano-Santillana and his coworkers (2017). However, 
only a few studies revealing the prokaryotes (bacteria and archaea) diversity of soil fumaroles, steam 
deposits and steam aerosols have been conducted. Fumaroles have been identified as a diversity hotspot 
for extremophile microorganisms, with the potential to uncover new species and metabolic capabilities, 
according to Benson and co-workers (2011). The volcanic niches harbor diverse microbial flora such as 
Massilia, Methylobacterium, Pseudomonas costantinii and C. niabensis, Acidobacterium capsulatum, 
Ktedonobacter racemifer, T. phaeum, Pseudonocardia yunnanensis, M. aerilata, Nocardia xishanensis, 
Thermoanaerobacter mathranii, Desulfobacterium anilini, Planktothricoides raciborskii, D. thiodismutans, 
D. anilini and T. sulfurigignens), iron reducers (T. ferriorganovorum), syntrophic acetate-oxidizers (T. 
phaeum), chemo-organotrophs (N. alkalitolerans), phototrophs (P. raciborskii), acetogens (Moorella 
thermoacetica), and methanogens (M. thermautotrophicus) (Medrano-Santillana et al., 2017).

DIVERSITY OF EXTREMOPHILES

The diversity of microorganisms in harsh environments has been comprehensively researched in recent 
years, with a focus on culture-dependent and culture-independent approaches. Extremophiles from a 
wide range of natural extreme habitat have been characterized, and potential biological uses have been 
developed, arising from effective microbial strain and its hydrolytic enzymes. Extremophilic bacteria, 
such as acidophiles, alkalophiles, halophiles, psychrophiles, thermophiles, and xerophiles, have a diverse 
microbial variety. Microbes and their enzymes from severe habitats could be useful in agriculture, food, 
detergent, and other industries. The Table 2 shows narrative description on diversity of extremophilic 
microorganisms and their industrial applications.

Psychrophiles

A great proportion of the earth’s biosphere (>85%) permanently experiences temperatures below 5°C. 
Psychrophiles are bacteria that are cold-adapted or cold-loving and have key growth temperatures mini-
mum, optimum, and maximum) at or below 0°C, 15°C, and 20°C, respectively, while microorganisms 
that withstand cold temperatures with a higher growth optimum, and maximum (above 25°C) are called 
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‘psychro-tolerant’. The largest coverage of these cold environments is successfully colonized by a wide 
diversity of extremophilic microorganisms, including bacteria, archaea, yeasts, filamentous fungi, and 
algae. Forster was first to report the discovery of bacteria capable of growing at 0°C, particularly in 
seawater and saltwater fish, in 1887. The ability to thrive at such low temperatures requires a vast array 
of adaptations to maintain the metabolic rates and sustain growth compatible with life in these severe 
environmental conditions. Owing to the functionally prominent attributes an extensive research on psy-
chrophilic microbes is underway. Majority of this focuses on their survival strategies, novel adaptations 
and biochemical as well as genetic basis for such adaptability (Hamdan, 2018).

Cold habitats dominate the vast majority of our planet, covering three-quarters of the earth’s surface, 
and span from the Arctic to the Antarctic and from high-mountain regions represented by the deep sea 
(90% of the ocean volume), followed by snow (35% of land surface), permafrost (24% of land surface), 
sea ice (13% of the earth’s surface) and finally glaciers (10% of land surface) (Sullivan and Baross, 2007). 
Psychrophilic bacteria denote very important members of the sea ice habitat, including many unique taxa. 
Representatives of the family Vibrionaceae are among the most commonly reported bacteria to populate 
almost all extreme environments (D’Amico et al., 2006). Nevertheless, a wide range of phylogenetic 
diversity within the genera Achromobacteria, Alcaligenes, Octadecabacter, Phormidium, Altermonas, 
Aquaspirillum, Moritella, Photobacterium, Colwellia, Cytophaga, Polaromonas, Polaribacter, Gelidi-
bacter, Methanococcoides, Methanogenium, Methanosarcina, Psychrobacter, and Vibrio have been 
reported to be psychrophilic in nature. In general, fungi are relatively rare in deep sea habitats compared 
to bacteria. Fungal isolates reported in frozen environments belong mainly to the genera Rhodotorula, 

Table 2. Extremophiles, extremozymes and their industrial applications
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Penicillium, Ustilago, Alternaria, Aureobasidium, Cladosporium, Geomyces, Ulocladium, Valsa, and 
Verticillium (Hamdan, 2018).

Thermophiles

Thermophiles are divided into two main categories: thermophiles, which need temperatures of 50°C or 
higher for optimum growth, and hyperthermophiles, which have an optimum temperature for growth 
over 80°C. However, thermophilic extremophiles exhibit a remarkable range of operational tempera-
tures, between 0°C and 120°C, and at pH values between of-0-12. This means that many thermophiles 
are in fact polyextremophiles, i.e. thermo-alkaliphiles or thermoacidophiles, and they exhibit molecular 
adaptations that allow them to exist in these harsh environments. Thermophiles span all three domains 
of life, but the majority belong to either bacteria or archaea. Which group dominates depends on the 
temperature: bacteria dominate between 50-90°C, whereas, at temperatures over 90°C, archaea dominate, 
so the majority of hyperthermophiles are archaea (Sysoev et al., 2021). Thermophilic microorganisms 
have been isolated from a variety of environments over the years, including domestic laundry and hot 
water heaters, compost piles, silage, slag heaps, and industrial processes, as well as natural habitats such 
as geothermally heated terrestrial hot springs, heated soils, submarine hydrothermal systems and geysers 
(Irwin, 2020). Due to the robust catalytic feature and thermal resistivity a variety of industrial bioprocesses 
employ thermophilic enzymes for a range of commercial applications. Many thermophile microorgan-
isms produce industrially significant extremozymes, which belong into numerous categories such as 
bacteria domains (cyanobacteria, Clostridium, Thermus, Bacillus, Thiobacillus, Actinobacteria, green 
and purple bacteria and numerous other genres) and the archaea domains (Pyrococcus, Thermococcus, 
Sulfolobus, Thermoplasma, and Methanogens) (Dalmaso et al., 2015). Thermophilic microorganisms 
were first identified in the 1960s, when Thomas Brock isolated Thermus aquaticus, now famous as the 
origin of Taq DNA polymerase essential for the polymerase chain reaction, from Yellowstone National 
Park in the US (Brock and Freeze, 1969). Moreover, Gurumurthy and Neelagund (2012) described ther-
mophilic Geobacillus sp. which synthesized hyper-thermostable α-amylase isolated from thermal springs. 
Several thermophilic bacteria and their enzymes have been reported to have significant industrial uses 
and these include thermophilic Anoxybacillus sp., GXS-BL, Caldicellulosiruptor bescii, Anoxybacillus 
thermarum FRM-RBK02, Cellulomonas fimi ATCC484, Geobacillus proteiniphilus, Thermoanaerobac-
terium, Pyrococcus, Aeribacillus pallidus, Consortium TC-5, Clostridium sp. strain WST, Geobacillus 
kaustophilus, Janibacter sp. strain R02, Bacillus mojavensis SO-10, Caldicellulosiruptor, Anoxybacillus 
flavithermus and Bacillus licheniformis (Zhu et al., 2020).

Halophiles

Microorganisms known as halophiles require high salt concentrations to grow. The four main catego-
ries of halophiles are mild halophiles (0.2 M), moderately halophiles (0.5–2.5 M), probable extreme 
halophiles (2.5–4.0 M), and extreme halophiles (4.0–5.9 M) based on their ideal NaCl concentration for 
survival. To survive in these environments, halophilic species employ a variety of adaption strategies. 
Only a few examples include altered protein electrostatic potential, regulating osmotic pressure with 
glycine-betaine and ectoine, absorption of Cl- and K+ into cells by transporters, and coordinated action 
of bacteriorhodopsin and ATP synthase (Karan et al., 2012a). Halophilic microbes and its enzymes are 
employed in a variety of areas, like food industry, production of solar salt, textiles and leather industries, 
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environmental bioremediation, and pharmaceutical industry. The biological characteristics of halophile-
produced compounds, enzymes, and suitable solutes might have implications in fine chemicals, phar-
maceuticals, and bio implants (Jin et al., 2019). The stability of these enzymes in solvents like benzene, 
toluene, and chloroform, which are commonly employed in various industrial process, is one of their 
key selling features. Halophiles are a significant source of novel enzymes and well known genera are 
Halobacterium, Acinetobacter, Bacillus, Haloferax, Halorhabdus, Micrococcus, Halobacillus, and Halo-
thermothrix, have been reported (Coker, 2016). The nuclease from Micrococcus varians is reported to 
degrade RNA at 60°C in presence of 12% w/v salt. It is also utilized for synthesis of 50 guanylic acid, 
a flavouring agent. Polysaccharide hydrolytic enzymes from halotolerant Haloarcula sp. strain LLSG7 
have higher stability in presence of organic solvent (Karan et al., 2012b; Li and Yu, 2013). Interestingly, 
some halophilic biocatalysts have polyextremophilic ability, they withstand high/low pH, temperature, 
high salt, and non-aqueous catalysis, suggesting that can be applicable in diversified biotech industries 
(Raval et al., 2014; Akal et al., 2019).

Alkaliphiles

Alkaliphiles are creatures that thrive in alkaline environments (pH > 9), with optimal growth occurring 
at pH 10. Obligate and facultative alkaliphiles are the two primary physiological types of extremophiles. 
Alkaliphiles coexist with neutrophilic bacteria at slightly alkaline pH and can flourish under high alkaline 
environment. Alkaliphilic microorganisms of many types, including bacteria from the genus Bacillus, 
Micrococcus and Streptomyces and eukaryotes such as yeast and filamentous fungus have been isolated 
form alkaline habitats, including hyper-saline lakes (e.g., Lake Natron, Tanzania) and soda lakes (e.g., 
Lake Mono, CA, United States) (Horikoshi, 1999), highly alkaline wastes generating industries (e.g., 
indigo dye plants) or soils with high alkalinity (e.g., estuaries with extended evaporation periods, al-
kaline cracks in clay particles). Alkaliphilic microbes have been investigated as potential new sources 
for a variety of biotechnological uses, including wastewater treatment (e.g., dye-containing effluents). 
Textile sludge is prominent for high salt and alkaline pH along with the presence of hazardous dyes. 
(Prasad and Rao, 2013). Bhattacharya and his co-workers described that in hostile conditions, several 
alkaliphiles have been discovered and investigated as biocatalysts for remediation of dye-containing 
effluents. Nesterenkonia lacusekhoensis EMLA3 degrades the toxic azo dye methyl red in the presence 
of high salt concentrations and heavy metals (Ni (II), Cr (VI), and Hg(II)). Ammonia has been extracted 
by activity of alkaliphilic bacteria from N-rich saline wastewater, which is mostly generated by coke 
factories, fuel refineries, and the fertilizer industry. Ammonia pollution in effluents has been cleaned up 
using chemolithoautotrophic alkalophilic bacteria. Bacteria that convert all ammonia to nitrate could be 
valuable for waste water treatment and ecosystem engineering (Lawson and Lucker, 2018).

Acidophiles

Acidophiles are microbes that survive in environments with a pH < 3-4. Acidophilic proteins have not 
been studied for adaptability. The endo-β-glucanase from Sulfolobus solfataricus is found to be stable 
at a pH of 1.8. Nonetheless, endo-glucanase are generally unstable under acidic environments. Ferro-
plasma acidiphilum alpha-glucosidase has been found to be stable at low pH (Sharma et al., 2012). In 
recent research, Pikuta et al. (2007) found that carboxylesterase in Ferroplasma acidiphilum had a pH 
optimum of around 2 while other cytoplasmic enzymes activity reduced at pH>5. Acidophilic enzymes 
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produce multi-enzyme complexes at cytoplasmic pH and have a lot of promise for biotechnological and 
commercial uses in biofuel and ethanol generation. Cellulolytic and xylanolytic enzymes are employed 
in a high-temperature, high-acidity environment to aid hydrolyze cellulolytic resources and make them 
more manageable (Dumorne et al., 2015).

Piezophiles/Barophiles

Piezophiles (formerly known as barophiles) are microorganisms that thrive in high-pressure niche, 
such as deep-sea bacteria or archaea, and are of interest to different biotechnology industries. Greater 
hydrostatic pressure is one of the physical characteristics that plays a significant role in the distribution 
of life on Earth in deep-ocean environment. The oceans cover 95% of biosphere and provide an average 
depth of 3800 metres and a pressure of 380 atmosphere (atm) or 38 MPa. Pressures of 700 to 1100 atm 
(70 to 110 MPa) prohibit most microbes from growing in the deepest sections of the sea. In addition, 
the temperature in deep water is generally between 1-3 °C. Yet, significant pressure and temperature 
may be observed in hydrothermal vent, and marine microorganisms may be exposed to temperature 
and pressure ranging from 1–300°C and 1–1100 atm (0.1–110 MPa), respectively (Abe and Horikoshi, 
2001). The Mariana Trench is the world’s deepest ocean hole, with a maximum depth of 11 kilometres 
and atypical pressure of 1100 atmospheres (110 MPa). Organisms that would survive at normal pres-
sure and temperature, as well as stringent piezophiles, such as Moritella yayanosii and Shewanella 
benthica, survive between 700 and 800 atm (70-80 MPa), but not less than 500 atm (50 MPa) (Kato, 
2011). Psychrophilic bacteria make up the majority of bacterial piezophiles, which are divided into five 
genera viz. Photobacterium, Shewanella, Colwellia, Psychromonas, and Moritella, while the majority 
of piezophilic Archaea are (hyper)thermophiles like, Thermococcales (Oger and Cario, 2014). Owing 
to the fact the piezophilic enzymes have a wide range of commercial uses but still limited study has 
been done on them. Abe and Horikoshi (2001) revealed that alpha-amylase from piezophilic produces 
trisaccharide instead of maltobiose and tetra-saccharide utilizing malto-oligosaccharide as a substrate 
at high pressure and low energy. This reaction has a lot of industrial and biotech potential, especially in 
the food and detergent industries.

Radiophiles

Environmental extremes include high levels of ionizing radiation. This has an effect on cells by either 
directly destroying DNA or by releasing reactive oxygen radicals, which can induce DNA mutations or 
strand breaks. However, some organisms can survive these conditions referred as radioresistant. These 
microorganisms are unusual in that they can survive in both ionizing and nonionizing radiation environ-
ments, which would be harmful to others. Deinococcus radiodurans is known for its ability to withstand 
supra-lethal ionizing radiation and UVR (1000 Jm-2) (Yuan et al., 2009). Endolithic cyanobacteria have 
also found a way to protect themselves from the harmful effects of UVR. Most micro-organisms produce 
photoprotective pigments that are able to absorb UVR much like melanin does in humans. The strain of 
cyanobacterium Chroococcidiopsis exhibits resistance against ionizing radiation because of efficient DNA 
repair mechanisms (Billi et al., 2000). Major ultraviolet radiation (UVR)–resistant extremophilic microor-
ganisms Deinococcus guangriensis, D. wulumuqiensis, D. xibeiensis; D. gobiensis; D. gradis; D. Prochlo-
rococcus MED4, Stapylococcus sp., Exiguobaceterium sp., Acinetobacter sp., Bacillus sp., Micrococcus 
sp., Sphyngomonas sp., Bacillus horneckiae and Microbacterium maritypicum (Singh and Gabani, 2010).
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Xerophiles

Xerophiles are microorganisms that can survive and grow in arid conditions with water activity aw<0.75 
by forming spores that help them mitigate environmental stress. Adaptive mechanisms are connected 
to water loss prevention and increased water retention through the accumulation of compatible solutes, 
production of extracellular polymeric substances (EPSs), adaptations on the cell membrane to retain 
intracellular water, and synthesis of DNA repair proteins (Lebre et al., 2017). These unique adapta-
tions allow xerophiles to be used in microbial electrochemical systems or in next-generation industrial 
biotechnology, where they can be used for treating long-chain fatty acids, cellulose, chitin, rubbers, or 
other compounds (Chen and Jiang, 2018).

FUNCTIONAL ATTRIBUTES AND BIOTECHNOLOGICAL 
IMPLICATIONS OF EXTREMOZYMES

More than 500 items are being made with enzymes, and around 150 manufacturing industries benefit from 
the usage of microorganism-derived enzymes. Furthermore, there are about 3000 enzymes recognized, 
with around 65% of them being hydrolases utilized in the industry viz. paper & pulp, starch processing, 
detergent, textile, and almost 25% being used in food processing. According to research, the variety of 
extremophile bacteria may be more than previously thought (Figure 2) (Dalmaso et al., 2015; Kour et al., 
2019). Nature provides a variety of temperatures, salinities, pH, and pressures in severe deep-sea habitats, 
which can be used to find novel and possibly efficient enzymes. Which are much more appropriate for 
industrial uses, and that has been discovered that extremozymes generated by extremophilic microbes 
have a wide range of industrial applications due to its elevated activity and extreme stability. Excellent 
stability and enzymatic activity, extremeozymes are viable alternatives to traditional biotechnology ap-
proaches in the industries such as detergent, feed & food, agricultural, textile and leather, paper & pulp, 
pharmaceutical, beverage, and biomining (Figure 3) (Raddadi et al., 2015).

Figure 2. Distribution of extremozymes for diverse biotechnological applications
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Amylase

Diastase, an amylase enzyme, was first reported by a French chemist, Anselme Payen (Hill and Need-
ham 1970). The term amylase was used initially to entitle enzymes accomplished of hydrolyzing α-1, 
4-glucosidic bonds of amylose, amylopectin, glycogen, and their degradation products. The three major 
α-, β-, and γ-amylases are subtypes of amylases used very specifically for catalysis. The hydrolysis of 
α-1, 4 glycosidic bonds in starch by α-amylase results in glucose, dextrin, wherein dextrin is limited. The 
process of scattering indissoluble starch particles in aqueous solution monitored by partial hydrolysis by 
means of thermostable amylases is referred to as liquefaction. Bacillus amyloliquefaciens amylase was 
the first liquefying alpha-amylase on a large scale (Shukla et al., 2015). Asoodeh et al., (2010), stated a 
rare acidophilic α-amylase produced from newly isolated Bacillus sp. In the food processing industries, 
thermostable, acidophilic alpha-amylases were commonly used. In the starch industry, the natural pH 
of starch slurry is generally around 4.5. Since these activities are often done on an alkaline pH in both 
cold and hot, thermo and alkaline stable α -amylases are being used as a progressive in detergents for 
washing processes. Alkaline and thermotolerant α-amylases have been cleansed from Bacillus species, 
B. licheniformis and Bacillus halodurans. The B. subtilis JS-2004 strain has been shown to generate 
large quantities of thermostable -amylase with properties that make it suitable for use in the starch and 
food industries (Asgher et al., 2007). Zhang and Zeng (2008), reported an actinomycetes isolated from 
the deep sea sediment which is identified as Nocardiopsis sp. and produces α-amylase. For centuries, 
enzymes in particular malt and microbial α-amylases have been broadly used in the baking industry 
(Hamer, 1995). In bread and rolls to provide higher volume to these products, these enzymes were used 
to provide improved color. Cereal enzymes from barley malt and microbial enzymes from fungi and 
bacteria have been used in baking industry. The use of α-amylase for the production of low viscosity, 

Figure 3. Biotechnological implications of extremozymes
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high molecular weight starch for covering of paper is reported. Since 1975, α-amylases have been used 
in powder laundry detergents. Currently, 90% of all liquid detergents contain α-amylase (Kottwitz et al., 
1994). With the introduction of new frontiers in biotechnology, the scope of amylase uses has extended 
into several other fields, such as clinical, medicinal, and analytical chemistry.

Proteases

An enzyme that performs the proteolysis: catabolism of protein by hydrolysis of peptide bonds is referred 
to as proteases. Proteases can be found in all types of organisms, including prokaryotes, eukaryotes, and 
viruses (Raval et al., 2015). Several microbial strains including fungi (Penicillium griseofulvin, Aspergillus 
niger, Aspergillus flavus, Chrysosporium keratinophilum, Aspergillus melleu, Fusarium graminarum, 
Scedosporium apiosermum) and bacteria (Bacillus proteolyticus, B. subtilis, Bacillus firmus, B. amylo-
liquefaciens, Bacillus alcalophilus, B. licheniformis, Bacillus thuringiensis) were reported to produce 
proteases (Yadav et al., 2018). Organic solvents stable protease from Oceanobacillus sp. (GQ162111) 
also were reported by Pandey and his co-workers (2012). The cold-active anaerobic bacteria producing 
extracellular proteases can potentially be employed for biodegradation of organic wastes rich in protein, 
such as waste from humans. Alam et al., (2005), reported the psychrotrophic proteolytic bacterium Clos-
tridium sp. SPA3 isolated from the lake sediment of Antarctica forming maximum cell mass of 5−10 ∘C 
and produced extracellular protease. An aerobic Gram-positive, thermophilic in nature Bacillus species 
(P-OOlA) has been isolated from an alkaline hot spring by Atalo and Gashe (1993).

Pectinase

The enzymes hydrolyzing these pectic substances are broadly known as pectinases, and include poly-
galacturonases, pectin esterases, pectin lyases, and pectate-lyases, depending on their mode of action. 
The enzymes are widely circulated in higher plants and microorganisms. They are of primary signifi-
cance for plants as they support cell wall extension and softening of some plant tissues. They also sup-
port in keeping ecological balance by causing decomposition and recycling of waste plant materials. 
Other important markers of pectinolytic enzymes include plant pathogenicity and rotting of fruits and 
vegetables (Fraissinet-Tachet and Fevre, 1996). Pectinases are produced predominantly from the genus 
Bacillus, Aspergillus and Pseudomonas. Pectinases have been utilized in a variety of traditional industrial 
processes over the years, including textile processing, plant fiber processing, tea, coffee, oil extraction, 
industrial wastewater treatment, and the treatment of pectinaceous materials, among others (Ricard and 
Reid, 2004). Fruit juice extraction and clarifying is the most common industrial application of pectinases 
that increase in fruit juice volume. Pectinases, in combination with amylases, lipases, cellulases, and 
hemicellulases, were used to safely and environmentally remove sizing agents from cotton, substituting 
hazardous caustic soda. Biotechnological degumming using pectinases in combination with xylanases 
presents an ecofriendly and economic alternative (Hoondal et al., 2002).

Cellulase

Cellulases break down the -1, 4-D-glucan bonds in cellulose to produce glucose, cellobiose, and cello-
oligosaccharides as main products. Because of its numerous applications in cotton processing, paper 
recycling, juice extraction, detergent enzymes, and animal feed additives, cellulases are now the third 
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most widely used industrial enzyme on the planet. There are several industries involved in production 
of cellulase for textile, detergent, paper industries, and other industries (Sukumaran et al., 2009). De 
Siqueira and his team (2010) reported in the production of cellulase microbes has been used including 
aerobic and anaerobic bacteria; white rot and soft rot fungi and anaerobic fungi. The majority of cellulases 
used in industry come from filamentous fungi like Fusarium, Humicola, Trichoderma, Penicillium, and 
Phanerochaete. Among the fungi, Myceliophthora thermophila while among the thermophilic, aerobic 
bacteria, only a few actinomycetes are actively cellulolytic, mostly Thermomonospora curvata and 
Thermoactinomyces cellulosae. Cellulose-producing psychrotrophic bacteria belonging to the genera 
Paenibacillus and Pseudomonas have been isolated from the cold environments in the Western Himalaya. 
Cellulases have been used in detergents since the early 1990s. Cellulases remove cellulose microfibrils 
generated during the production and washing of cotton-based fabrics during textile cleaning (Kasana 
and Gulati, 2011).

Xylanases

Xylanases are glycosidases that comprise endo-1, 4-b-xylanase and β-xylosidase and catalyzing the 
endo-hydrolysis of 1, 4-b- D-xylosidic linkages in xylan present in hemicelluloses of plants, converting 
them into the monomeric sugars. The function is performed with the assistance of certain other hydro-
lytic enzymes such as acetyl xylan esterase, α-L-arabino-furanosidase, α-glucuronidase, and phenolic 
acid including ferulic and p-coumaric acid esterase (Thomas et al., 2017). Xylanases have also been 
obtained from microbes of extreme environments such as thermophiles including Thermoascus auran-
tiacus, Bacillus stearothermophilus, Dictyoglomus thermophilum, Caldicellulosiruptor sp., Thermobi-
fida alba, Chaetomium thermophilum, Clostridium thermocellum, Geobacillus Nonomuraea flexuosa, 
Rhodothermus marinus, Thermotoga maritime; psychrophiles such as Cryptococcus adeliae, Alternaria 
alternate, Clostridium sp., Penicillium sp., Phoma sp., Coprinus psychromorbidus, Flavobacterium 
frigidarium, and Pseudoalteromonas haloplanktis (Butt et al., 2008; Kour et al., 2019). Xylanases are 
used in a variety of industries. These are used in baking industry to improve the strength of the gluten 
and to increase dough tolerance, to make dough softer, reducing the sheeting work requirements and 
considerably increases the volume of the baked bread (Harbak and Thygesen 2002). Xylanases, in com-
bination with other enzymes including cellulases, amylases, and pectinases, improves the yield of juices 
by means of liquefaction of fruit and vegetables; stabilization of the fruit pulp; enhances the recovery of 
aromas, edible dyes, essential oils, hydrolysis of substances, mineral salts, pigments vitamins, reduces 
the viscosity, that hamper the physical or chemical clearing of the juice, or which otherwise may lead 
to the cloudiness in the concentrate. Xylanases are also used to cause the hydrolysis of arabino xylans 
to lower oligosaccharides, which diminishes the viscosity of beer thereby eliminating its muddy aspect. 
Xylanase is utilized in biscuit-making, to make cream crackers lighter and improve the texture, palat-
ability, and uniformity of the wafers (Juturu and Wu, 2012).

Lipase/ Esterases

Esterases and lipases are the most widely used biocatalysts in fine chemical applications, largely because 
of the advantages of these catalysts for the production of optically pure compounds. Large libraries of 
thermophilic esterases and lipases have been developed by a number of screening and enzyme discovery 
methods (Amoozegar et al., 2006). Lipolytic activity has been demonstrated in Aspergillus sp., Acremo-
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nium strictum, Cunninghamella verticillata, Humicola lanuginose, Lipomyces starkeyi, yeasts including 
Candida antarctica, Pichia burtonii, Rhodotorula glutinis, Saccharomyces lipolytica, Yarrowia lipolytica 
and bacterial sources of lipases include Acinetobacter sp., B. coagulans, B. stearothermophilus, Bacillus 
thermocatenulatus, Burkholderia glumae, Chromobacterium viscosum, Lactobacillus sp., Pseudomonas 
cepacia further they have also been obtained from actinomycetes including Streptomyces fradiae and other 
Streptomyces sp. (Kour et al., 2019). An esterase from Bacillus licheniformis, Bacillus acidocaldarius, 
Pyrococcus was expressed from an E. coli recombinant strain that increased their organic solvent, pH 
and thermal stability. Three recombinant cold-adapted lipases are derived from the psychrophillic 
strain Moxarella furiosus TA144, which have a high affinity for butyrate instead of longer-chain esters 
(especially in one of the lipases) (Ikeda and Clark, 1998). Lipases are used in the food industry. One of 
the most significant components of meals is fats and oils. Lipase-modified butter fat is used in a wide 
range of food processing applications. Lipase-mediated food items include chocolates with cocoa but-
ter replacements, bread, structured lipids such as human milkfat replacers, low-calorie health oils, and 
nutraceuticals. Commercially manufactured lipases are being used to develop flavor in dairy products, 
as well as in the food processing such as baked goods, beer, fruits, meat, dairy, and vegetables. In the 
past, phospholipases were employed to cure egg yolks that is useful for processing of custard, mayon-
naise, baby foods, dressings, and in dough preparation, sauces, like Hollandaise, Béarnaise, and cafe de 
Paris. Lipases are often used to hydrolyze milkfat, speed up the ripening of cheese, and lipolyze butter, 
fat, and cream. In addition, it is utilized to enhance the flavor of bread items and can increase texture 
and softness (Ray, 2012).

Phytases

Phytases are a class of phosphatases, which possess the ability to release at least one phosphate from 
phytate in vitro. Microbe-derived phytases are among the most promising for biotechnological applica-
tions. Extracellular phytate-degrading enzymes have been reported in the molds and yeast, but in bacteria, 
these enzymes are mainly cell-associated, with the exception of Bacillus and Enterobacter, periplasmic 
in E. coli, whereas phytate-degrading activity in Selenomonas ruminantium and Mitsuokella multiacidus 
has been revealed to be associated with the outer membrane (Kour et al., 2019). Phytases have also been 
reported from thermophilic fungi, including A. niger, Humicola lanuginose, M. thermophila, Rhizomucor 
pusillus, Sporotrichum thermophile, T. aurantiacus, Fusarium verticillioides, Penicillium, Rhizopus and 
Rhizoctonia sp. (Ushasree et al., 2017). The phytase activity has been also reported from Y. lipolytica, 
Candida tropicalis, Zygosaccharomyces bisporus, Williopsis saturnus, Zygosaccharomyces priorionus 
and Schizosaccharomyces octosporus. Further, phytases possess various industrial applications. It has 
been revealed to be an exceptional bread-making improver. It has been known that addition of com-
mercial fungal phytase from A. niger in the dough ingredients containing fiber formulation speeds up 
proofing, improves bread shape, enhances specific volume, adds to softness to the crumb. Phytases have 
been chiefly used as animal feed additive in diets mainly for swine and poultry, and to some extent for 
fish. The first commercial phytase products was launched into market in 1991 (Afinah et al., 2010).

β-D-galactosidase/Lactase

β-D-galactosidase (also referred to as lactase) The hydrolysis of 1,4-D-galactosidic bonds is catalysed 
by this enzyme. Lactose is hydrolyzed by this enzyme in glucose and galactose, that are sugars and is 
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sweeter, more soluble, and easier to digest than lactose. β-D-galactosidase has a wide range of industrial 
uses including dairy, fermentation, and food industries. It has been produced from bacterial sources, 
including Lactobacillus fermentum, Saccharomyces cerevisiae, Propionibacterium acidipropionici, 
Kluyveromyces marxianus, Streptococcus thermophilus, Kluyveromyces lactis, E. cloacae, Bifidobacterium 
longum, Beijerinckia indica, Bacillus circulans and fungal including Paecilomyces aerugineus, Penicil-
lium chrysogenum, and Aspergillus aculeatus (Kour et al., 2019). B. stearothermophilus, Pyrococcus 
woesei, Thermus sp. have been reported to produce thermostable β-galactosidase. Psychrophiles have 
been shown to have cold-active and cold-adapted β -galactosidase from A. psychrolactophilus and P. 
haloplanktis, thermostable β-galactosidase from A. niger, a novel acidophilic intracellular β-galactosidase 
from Teratosphaeria acidotherma. The enzyme is used chiefly in industrial-scale production of milk 
and dairy products. Milk and dairy products are treated with lactase to reduce their lactose content and 
also to deal with the problems of lactose insolubility and lack of sweetness. Furthermore, this treatment 
could make milk, an appropriate diet, available to a significant number of lactose intolerant people and 
children. Whey hydrolysis also transforms lactose into useful products such as sweet syrup, which can 
be used in a variety of operations in the baking, confectionary, dairy, and soft-drink industries (Van De 
Voorde et al., 2014).

Glutaminase

Glutaminase is also an amidase enzyme that releases ammonia when it transforms glutamine to gluta-
mate. Microbes, plants, and animal tissues can all provide these. The source of this enzyme has been 
identified as a variety of bacterial and fungal strains including A. oryzae, Aerobacter aerogenes, Acti-
nomucorelegans sp., Candida scottii, Cryptococcus laurentii, Enterobacter cloacae, Erwinia aroideae, 
Escherichia coli, Hansenula sp., Klebsiella aerogenes, Proteus morganii, Providencia sp., P. aeruginosa, 
Rhodotorula sp., Serratia marcescens, Streptomyces enissocaesilis, Torulopsis candida, Vibrio sp. and 
Xanthomonas juglandis (Kour et al., 2019). Also, glutaminase is one of the chief enzymes controlling 
the taste of fermented foods, including soy sauce, especially in Asian countries. By raising the glutamic 
acid concentration in fermented foods, it improves their flavor and aroma. Glutamic acid and aspartic 
acid, well known as important amino acids, contributes to fine taste, umami and sharp taste, sour simul-
taneously making contribution to nutritional effects to food. Salt-tolerant glutaminase obtained from 
Stenotrophomonas maltophilia is extensively used in Japanese soy sauce fermentation (Patel et al., 2021).

Nitrile-Degrading Enzymes

Nitrile-degrading enzymes are of considerable importance in industrial bio-transformations, with several 
examples of commercial implementation. A thermophilic Bacillus sp. capable of transforming aliphatic 
nitriles, cyclic nitriles and dinitriles (Graham et al., 2000). Interestingly, in the presence of urea or chlo-
roacetone, amidase activity was inhibited and the amide intermediate accumulated, as demonstrated in 
continuous bioreactor experiments. Another thermophilic nitrile hydratase was identified in Bacillus 
pallidus Dac521 (Cramp and Cowan, 1999). Only a few aliphatic substrates were hydrolyzed by the 
enzyme while none of the cyclic, hydroxy-, di-, or aromatic nitriles substrates were hydrolyzed. Benzo-
nitrile reduced the activity in an irreversible manner. During the last few years, the halophilic archaea 
Haloferax mediterranei has been used as haloarchaea model to look for potential uses of the enzymes 
supporting denitrification in this species. This microorganism is able to assimilate nitrate and nitrite 
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because of the presence of nitrate and nitrite reductases. It tolerates high nitrate or nitrite concentrations, 
which makes it a very interesting microorganism for wastewater or brines bioremediation applications 
(Martinez-Espinosa et al., 2015)

Other Extremozymes

Many other enzymes have been identified from extremophiles. Libraries of thermostable dehydrogenases 
have been identified that are useful in stereoselective transformation of ketones to alcohols. An NADP 
alcohol dehydrogenase from P. furiosus is reported to be thermostable under anaerobic conditions, but 
very labile in the presence of oxygen (Ma and Adams, 1999). Ethanol, 2-phenylethanol, phenylacet-
aldehyde, tryptophol, 1, 3-propanediol, acetaldehyde, and methyl glyoxal are among the alcohols and 
aldehydes used by P. furiosus alcohol dehydrogenase. Kinetic investigations revealed that catalyzing 
aldehyde reduction with NADPH as the electron source was preferred. Two thermophilic glutamate 
dehydrogenases (native and recombinant) were found to be stabilized by pressure up to 750 atm (Sun 
et al., 1999). A cold-adapted phosphatase from Shewanella sp. was expressed in E. coli, exhibiting the 
same high catalytic activity at low temperature as the native phosphatase. Alanine racemase from Ba-
cillus psychrosaccharolyticus showed the highest catalytic activity at 0°C, while extremely labile over 
35°C (Okubo et al., 1999).

CONCLUDING REMARKS AND PERSPECTIVES

In recent years, the extremozymes from extremophilic microbes have been in high demand in the agri-
culture, medicine, and food industry, due to their potential applications in diverse processes. Here in the 
present chapter a bird’s eye view is presented on diversity of extremophilic microbes, their occurrence 
in nature and lastly a summation of hydrolytic enzymes secreted by them are noted. These have quite 
diverse potential applications in areas such as agriculture, bioconversion of hemicellulose, biodegradation, 
bioethanol production, biorefinery, chemical industry, composting, dairy industry, detergent industry, feed 
supplement, food industry, feed industry, glucose feedstock from cellulose, improving rumen digestion, 
leather industry, molecular biology, paper and pulp industry, peptide synthesis, pharmaceutical industry, 
and therapeutic agent. The scope to use extremozymes for biotechnological applications is widening 
with time. This potential usage in health-related and food related areas is sufficient to search for novel 
and more efficient extremozymes.
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ABSTRACT

With the increasing demands for foods and other agriculture-based products, sustainable agricultural 
practices are the cornerstone for improving low-input agricultural production. In contrast to crop produc-
tion, plant-microorganism interaction (PMI) plays a crucial role. PMI significantly raises productivity as 
well as maintaining the overall health of the crop. During harsh and extreme physiological conditions, 
plant-associated extremophilic microbes (PAEM) are known to contribute to crop production, survivability, 
and fitness. Thus, the application of extremophiles either in the form of biofertilizer or biopesticides is 
highly beneficial. Extremophiles have been adapted to withstand diverse harsh environmental conditions. 
They possess unique mechanisms at the molecular level to produce enormous potential extremozymes and 
bioactive compounds. Consequently, extremophiles represent the foundation of efficient and sustainable 
agriculture. This chapter introduces the significance and application of plant-associated extremophilic 
microbes in sustainable agriculture.
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INTRODUCTION

Unfavorable soil conditions counted as a serious threat to agriculture and its productivity. This condi-
tion includes variation in soil pH from alkalinity to acidity, elevated temperature, drought, salinity, and 
involvement of several chemical and heavy metal contaminants in the soil ecosystem. However, several 
practices have been implemented in order to overcome these stressed conditions and increase agricultural 
productivity, like the development of stress-tolerant plants, several chemical components, etc. Recently, 
extremophiles including fungi (AMF), rhizospheric bacteria, and archaea (PGPR and PGPA) have been 
reported in plants to coping the environmental stress potentially (Akinola & Babalola, 2020).

An extremophile is a term used to describe organisms that live in environments that could be con-
sidered “extreme” due to their exceptional living conditions. These organisms thrive and love ‘extreme’ 
conditions such as pH, temperature, salinity, etc (Rampelotto, 2013). Also, some of the organisms can 
survive in extreme metal or chemical conditions (e.g. reduced content of oxygen). However, the vast 
majority of extremophiles are unicellular organisms from the bacterial and archaeal domains of life. 
There are many plant-associated extremophilic organisms under various abiotic and biotic stresses which 
have been documented including bacteria, archaea, and eukarya domains (Rampelotto, 2013) (Fig. 1). 
It is obvious that these extreme ecosystems harbor unique biodiversity of organisms with the ability 
to adapt to a variety of environmental stress. Some adaptive traits have allowed these extremophiles to 
thrive optimally in one or more extreme environments. Poly-extremophiles, on the other hand, thrive in 
a variety of environmental stresses (Merino et al., 2019).

These organisms could be implemented asbio-inoculum by agricultural practitioners in order to 
conquer soil stresses (Akinola & Babalola, 2020) (Fig. 1). Under abiotic/biotic stresses, plant-associated 
extremophiles were reportedly involved in plant growth and adaptations. Thus, these plant-associated 
microbes are termed “plant-associated extremophilic microbes” (Yadav, 2017) which simply can be 
considered as “PAEM”. Although, all domains from archaea to eukarya are known to involve in PAEM. 
Additionally, these practices are effectively working as biofertilizers, and biocontrol agents not ended 
by soil pollution and known to maintain soil health, fertility (Igiehon et al., 2019) and cost-efficient in 
sustainable agricultural practices (Yadav, 2017).

EXTREMOPHILES: AN OVERVIEW

Extremophiles are divided into groups based on the type of habitat in which they may thrive and repro-
duce, as shown in Figure 2. These include temperature extremes tolerant - psychrophiles, thermophiles, 
and hyperthermophiles; xerophiles (tolerate low water activity), barophiles/piezophiles (thrive under high 
pressures), halophiles (high salinity), extreme pH lovers - acidophiles and alkaliphiles, and radioresistant 
organisms (Kaushik et al., 2021; Merino et al., 2019). Some extremophiles, such as thermoalkaliphiles 
and halophilic alkali thermophiles, are adapted to numerous types of extreme environments (poly-ex-
tremophiles), further complicating the classifications. Sulfolobus acidocaldaricus is a polyextremophilic 
archaeon that thrives at pH 3 and 80 degrees Celsius (Rastädter et al., 2021). Paenibacillus and Bacillus 
spp., which exist in hot springs (India) with temperatures ranging from twenty to eighty degrees Celsius 
and pH values of 5-14, are examples of microbes that can withstand a wide range of pH as well as high 
temperatures. The majority of these pH-tolerant microorganisms are neutrophiles (Hussain et al., 2020).
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Figure 1. Overview management of sustainable agriculture by plant-associated extremophiles under 
environmental stresses

Figure 2. Major classes of extremophiles
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THERMOPHILES/HYPERTHERMOPHILES

Initially, thermophilic anaerobes with chemo-lithoautotrophic/heterotrophic metabolism and capable 
of being supported by hydrothermal energy sources dominated early life on Earth. Thermophiles and 
hyperthermophiles are organisms that thrive in temperatures >44oC and >80oC, respectively. They can 
be found in several natural ecosystems such as hydrothermal vents, volcanic deposits, and hot springs, 
among other places (compost facilities and anaerobic reactor) (Arras et al., 2019). Their extremozymes 
are responsible for their survival in such environments. Extreme heat does not cause the amino acids 
in these enzymes to lose their form and misfold, allowing them to continue to function properly (Kohli 
et al., 2020).

The adaptation of their thermostable proteins through amino acid modifications in their fundamental 
structure, thereby thermally enhancing their stabilities, is a common process used by these organisms 
to protect their cellular structural components at high temperatures (Zeldes et al., 2015). Thermophilic 
proteins have a higher proportion of alpha-helical amino acid residues and shorter amino acid lengths. 
Upregulation of the glycolysis pathway (which provides immediate energy), heat shock proteins (HSPs) 
(Chaperone-assisted protein folding), DNA damage repair mechanisms, cell component stabilization 
with compatible solutes, andmembrane stabilization with polyamines and branched-chain fatty acids, 
are all important mechanisms use by thermophiles to withstand high temperature (Zeldes et al., 2015; 
Pedone et al., 2020).

Psychrophiles

Psychrophiles (also known as Cryophiles) are organisms that survive in temperatures as low as 5 degrees 
Fahrenheit. They can be found in permafrost, polar ice, cold soils, alpine snowpacks, and cold ocean 
water, and they belong to bacteria, eukarya, and archaea kingdoms (Salwan & Sharma, 2020). Some 
organisms possess special enzymes (Extremozymes) which are very active at this extreme temperature 
and that enables them to survive in such extreme environments. The synthesis of low-temperature active 
proteins has been reported as well as the presence of fatty acids that contain cyclopropane, unsaturated 
fatty acids, and short-chain-fatty-acids (maintain membrane fluidity) in their plasma membranes, which 
serve to protect the cells from the cold stress (Coker, 2019). Other survival mechanisms include increased 
production of chaperones and cold-shock proteins (CSPs) (which protect RNA and protein synthesis), 
synthesis of antifreeze proteins (AFPs) (which creates thermal hysteresis), and accumulation of man-
nitol and other cryoprotectants (defend against UV radiation) (Raymond-Bouchard & Whyte, 2017).

Xerophile

Climate change has been linked to an increase in dry conditions in many locations due to poor rainfall, 
high temperatures, and drought. Xerophiles thrive in excessively dry environments that might be exceed-
ingly cold or hot, such as the Great Basin, the Antarctic, and the Atacama Desert, among other places. 
Some xerophiles, like their psychrophilic counterparts, can use trehalose in place of water, which protects 
membranes and other structures during dry periods (Coker, 2019).

In arid habitats, xerophiles use evasion of environmental stress and adaptive processes to survive. 
The development of spores during the evasion of a dry environment means that cells are converted to a 
non-replicative viability state. Adaptive mechanisms are possible through the production of extracellular 
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polymeric substances (EPS), the buildup of osmoprotectants (trehalose, glycine betaine, L-glutamate), 
the synthesis of DNA-repair proteins to prevent water loss and increase water retention, and the cell 
membrane modifications to prevent intracellular loss of water (Koul et al., 2021; Coker, 2019).

Barophile (Piezophile)

Barophiles are organisms that thrive at pressures of 400 atmospheres or more. One of the examples of 
a high-pressure environment is the deep-sea habitat, such as dee lakes and ocean floors (pressure can 
exceed 380 atm). Subsurface rocks with significant lithostatic pressures are another example. Obligate 
barophiles are barophiles that cannot thrive outside of their high-pressure environments (Salwan & 
Sharma, 2020). Barotolerants are those who can live under high pressures and in less harsh environments. 
An obligate barophile is a Gram-negative proteobacterium called Halomonas salaria, which needs a 
pressure of 1000 atm. They are able to survive by maintaining their membrane’s phospholipids fluidity. 
That is why the pressure gradient between the interior and exterior of the cell, as well as the external 
environment, is compensated by this fluidity (Shukla et al., 2020; Salwan & Sharma, 2020).

Halophile

Microorganisms from all three domains of life can be found in environments with varying salt concentra-
tions, such as oceans, saline lakes, coastal, salars, and polar ice areas.Halophiles are organisms that must 
have salt to survive. At salinities greater than 1.5M, prokaryotic bacteria predominate. Halophiles are 
classified as extreme halophiles, borderline extreme halophiles, moderate halophiles or minor halophiles 
based on the salinity of >4.0–5.9 M, >2.5–4.0 M, 0.5–2.5 M or 0.2 M, respectively (Zhang et al., 2018).

Minimizing cellular water loss using their unique metabolic properties is the initial step in overcom-
ing the problems of hypersaline environmental conditions. To accomplish this, halophiles accumulate 
cytoplasmic solutes through several processes. So, to expel Na+ and consume K+, halophilic archaea 
use an ATP-powered Na+/K+ pump or Na+/K+-ATPase. Halotolerant bacteria use glycerol, betaine 
and ectoine as a suitable solute to maintain osmotic pressure equilibrium (Zhang et al., 2018; Shrestha 
et al., 2018).

Acidophiles

Acidophiles, also known as acidophilic organisms, are organisms that survive in highly acidic environ-
ments. These species can be found in Archaea, Bacteria, and Eukarya, among other branches of the tree 
of life.Extreme acidophilic microorganisms thrive at pH 3 or below, and moderate acidophiles thrive at 
pH 3 to 5. While microorganisms that are acid-tolerant have an optimal pH of > 5 but are nevertheless 
active in low pH conditions (Sharma et al., 2016).

A near-neutral cytoplasmic pH is frequently maintained in acidophiles to protect acid-labile cellular 
components, which necessitates the creation of a significant pH gradient. There are three reported ways/
strategies by which they adapt to an acidic environment, which includes the use of proton flux pumping 
systems to maintain the pH, improved DNA and protein repair systems, and the cell membraneperme-
ability reduction to prevent the protons entry into the cytoplasm (Sharma et al., 2016; Ando et al., 2021).
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Alkaliphile

Alkaliphiles are organisms that can survive and thrive in an alkaline environment with a pH of 8.5 to 
11. These can be found in alkaline environments such as carbonate-rich soils, the Yellowstone National 
Park’s Octopus Spring, Soda Lake in California’s Carrizo Plain National Monument, as well as in Cali-
fornia’s Eastern Sierra’s Mono Lake. Obligate alkaliphiles (optimal growth pH range of 10.0 - 12.0), 
facultative alkaliphiles (pH range of 7.0–9.5), and haloalkaliphiles are the three main physiological 
types of alkaliphilic organisms based on their alkalinity need for growth and survival (dual extremities 
of alkaline pH and high salt) (Mamo & Mattiasson, 2016).

Alkaliphiles adapt by employing electrogenic secondary cation/proton antiporters to maintain cyto-
plasmic pH homeostasis and H+ absorption. To avoid environmental alkalinity, another option is to have 
a protective layer of acidic chemicals outside the cell made up of teichuronic acid, teichuronopeptide, 
and acidic amino acids. Others have evolved pH-stable enzymes such as cytochrome C on the outer 
membrane, which regulates proton transfer across the membrane, and phosphoserine aminotransferase, 
which improves hydrophobic contacts and negatively charged amino acids at the interface to improve 
alkaline stability (Mamo & Mattiasson, 2016; Kulkarni et al., 2019).

Metallophyte

A metallophyte is a plant that can resist high levels of heavy metals, such as lead. Plants are classed as 
“obligate metallophytes” (those that can only survive in the presence of specific metals) and “facultative 
metallophytes” (those that can only survive in the presence of a specific metal). Due to phytotoxicity, 
metalliferous soils provide relatively restricted habitats for plants, resulting in significant selection pres-
sures (Salwan & Sharma, 2020). Heavy-metal plant communities are made up of genetically changed 
ecotypes that have developed unique tolerances to heavy metals like copper, lead, nickel, cadmium, 
zinc, and arsenic through microevolutionary processes. The bioavailable percentage of metal (loids) 
in the soil, as well as the kind of mineralization, define metal tolerance. Expectedly, at extremely high 
soil metal concentrations, even metal-tolerant genotypes are incapable of evolving excessive tolerances 
to multiple heavy metals at the same time, especially in polymetallic soils (lan R. Alford et al., 2010; 
Midhat et al., 2019).

POTENTIAL APPLICATION OF PAEM

Biocontrol Potential

Extremophilic organisms are characterized by the conditions under which they can live and develop while 
maintaining a complex and dynamic metabolic pathway (Horikoshi, 2007). Through direct and indirect 
mechanisms, some of these microorganisms may live within the plant rhizosphere, causing serious dam-
age to their hosts or protecting them from pathogens (Torracchi et al., 2020). Their survival depends 
on the ability to generates a rich source of biomolecules with diverse biological activities that enable 
them to thrive in extreme environments (Anwar et al., 2020). The protective microorganisms themselves 
and some of their biomoleculescan provide the large biotechnological potential for biocontrol agents in 
agriculture (HÃggblom & Margesin, 2005) (Fig. 2). Because of the excretion of a variety of secondary 
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metabolites (antibiotics, quorum-sensing interfering agents, and siderophores), biocontrol agents either 
inhibit or restrict the growth of plant pathogens.Plant pathogens may also be controlled indirectly, such 
as by competition for space and nutrients, or by impeding their chemical communication (Köhl et al., 
2019). Biopesticides made from mesophilic microorganisms are currently a well-established technology. 
Regrettably, the efficacy of commercially available biopesticides is limited in many parts of the world 
due to environmental factors. These biocontrol agents are not active at low orhigh temperatures. In high 
mountains such as the Himalayas or the Andes, for example, the adaptation and survival of biological 
agents may be a major limiting factor (Pandey & Yarzábal, 2018). That is why researchers are increas-
ingly interested in studying the microbial diversity of permanently cold environments, with the inten-
tion of isolating psychrophiles with biocontrol abilities. Though still in their infancy, the cold-adapted 
microorganisms (psychrophiles) have been demonstrated to have high biocontrol capability (Fig. 2). For 
instance,Pseudomonas is one of the most researched biocontrol psychrophiles (Moreno & Rojo, 2014). 
It makes antimicrobial substances (organic acids, hydrogen cyanide, biosurfactants, enzymes, and iron-
chelating compounds) (Tapia-Vázquez et al., 2020; Kaur et al., 2006), boosts plant systemic resistance to 
pathogens (Ogata-Gutiérrez et al., 2016), and reduces cold temperatures and other environmental stresses 
from impacting on plants (Ortiz-Ojeda et al., 2017). Others are involved in hyperparasitism, such as a 
psychrotolerant strain of Trichoderma atroviride. These stains are capable of inhibiting the growth of 
pathogens that can cause serious systemic damages to the terrestrial organs and aerial of part plants in 
cold regions by producing highly active chitinases (McBeath, 2002; Shanmugam et al., 2014). For low-
temperature habitats, psychrotrophic microorganisms could be useful in agriculture as bio-inoculants 
and biocontrol agents (Yadav, 2017).

The biocontrol ability of thermophilic bacteria and fungi also have been reported, especially those 
producing chitinases (Figure 4). These microbial chitinases are known to hydrolyze the cell walls of 
many fungi and the chitinous gut epithelium of insects. Chitinases from Thermomyces lanuginosus 
(thermophilic fungus) have been demonstrated to cause high mortality in second instar larvae of the 
African sugarcane borer (Eldana saccharina), other fungi, and stalk-boring lepidopterans (Okongo et 
al., 2019). The thermophilic mouldMyceliopthora thermophila produces thermostable, acid-tolerant, 
and organic solvent stable chitinases that inhibit the growth of phytopathogenic fungi like Curvularia 
lunata and Fusarium oxysporum. Thus, these microorganisms could be applied as biofungicide in the 
tropics during summer (Dua et al., 2016). Bacillus licheniformis and Bacillus stearothermophilus, 
which display high antagonism against various soil-borne fungal plant diseases, are two other potential 
thermophilic biocontrol candidates, especially in stressed rhizosphere conditions. They have a strong 
tolerance to high temperature, pH and salt concentrations, and antibiotic resistance properties (Rajashree 
& S., 2018). Another new bacterial strain XT1 (Bacillus methylotrophicus) isolated from an extreme 
halophilic environment has shown very good properties as a plant biopesticide. It also proved effective 
against some plant pathogens such as necrotrophic plant pathogen Botrytis cinerea and verticillium wilt 
on olive trees (Toral et al., 2018; Castro et al., 2020).

In greenhouse conditions for instance, Lactobacillus plantarum TC92 and PM411 have been re-
ported to be effective in controlling multiple pathogens, such as Xanthomonas arboricola pv. pruni, 
Pseudomonas syringae pv. actinidiae, and Xanthomonas fragariae, that affect Prunus, kiwifruit, and 
strawberry respectively. The pH lowering action and the generation of lactic acid were the inhibitory 
mechanisms of these extremophiles (Daranas et al., 2018). In the field conditions, the two major rice 
diseases, bacterial panicle blight and sheath blight, caused by Burkholderia glumae and Rhizoctonia 
solani respectively, were significantly suppressed by the antagonistic activities of some plant associated 
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strains of Bacillius sp (Shrestha et al., 2016). Another two-year field experiments showed the efficacy 
of Trichoderma viride, Pseudomonas fluorescens, and Glomus fasciculatum in controlling the spiral 
nematode, Helicotylenchus multicinctus, that infest banana (Jayakumar & Seenivasan, 2019; Saravanan 
et al., 2020; Jonathan et al., 2004).

As Bioindicators

Microbial communities are vital for the soil productivity and health and have a lot of promise as envi-
ronmental bioindicators (Lixia, 2007). Strong correlations exist between their relative abundances and 
soil pH, salinity, or temperature. These connections between some soil conditions and different soil 
microbial groups not only show their ecological aspects, but also how specific bacterial taxa might 
reflect the effect of some anthropogenic stresses. For instance, the differential abundances of the family 
Pirellulaceae provide strong evidence as biological indicators of the soil pH (Hermans et al., 2017). It’s 
been hypothesized that critical microbial communities connected with pH changes could be exploited 
as bioindicators for either future plant growth or acid generation conditions that prevent it (Hottenstein 
et al., 2019).

Figure 3. Potential applications of extremophiles in sustainable agriculture
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Salinization is a known danger to soil fertility all over the world, and community salt tolerant mi-
croorganisms have been closely correlated with soil salinity. These specific bacterial taxa have higher 
relative abundances in communities with high salt tolerance, suggesting that they may be employed as 
bioindicators of soil salinity (Rath et al., 2018) (Figure 4). They could be used as bioindicators to detect 
salinity problems in the soil ecosystem, the level of salinity before using low-quality aquatic water for 
irrigating agricultural crops, especially in the arid and semi-arid areas or where salinity is variable due 
to flooding (Zaghloul et al., 2020). For example, the differential abundance of Haliangium, Altereryth-
robacter or Pirellula could be explored as potential bioindicators soil salinity (Ezeokoli et al., 2020).

Enzymes from extremophiles can serve as good bioindicators in soils affected by heavy metals, 
stress conditions, differentxenobiotic substances, and management practices (Rao et al., 2014). Because 
enzymes respond quickly to environmental changes, assessing soil enzymes is one of the most sensitive 
and reliable ways to measure soil health (Utobo & Tewari, 2015). Epiphytic microorganisms like Pseu-
domonas, Agrobacterium, Pantoea, and Methylobacterium are the most adaptable in nature because they 
can withstand strong UV radiation and extreme temperatures (40 °C–55 °C). They can be found in the 
phyllosphere of a variety of crops that are grown in both normal and hard environments (Verma et al., 
2019; Meena et al., 2011). Just like epiphytic bacteria, lichen are also sensitive monitoring organisms 
that can detect temporal climate variation (Stapper & John, 2015).

Based on field investigation, the effects of long-term mining activities on the agricultural soil quality 
in the Chinese Yunnan Province showed that microbial oxidoreductases activities indicate the degree 
of heavy metal pollution, and its accuracy could be supplemented with hydrolases (for C, N, P and S 
recycling) (Yang et al., 2016).

PLANT HEALTH AND SOIL FERTILITY

Plant-associated microorganisms have been found in plants growing under a number of abiotic stresses. 
Some of these microorganisms are extremophilic bacteria with a wide range of plant-growth-promoting 
properties. Some major plant symbionts are nitrogen-fixing bacteria, plant growth-promoting bacteria, 
and mycorrhizal fungi. They help plants adapt to extreme pH, salinity, temperature, and drought stress 
(Alsharif et al., 2020). For instance, rhizobacteria can promote plant growth through mobilization of 
soil nutrients (such as potassium and phosphate solubilization, iron sequestration, and nitrogen fixation), 
regulation of phytohormones and growth regulators (1-aminocyclopropane-1-carboxylic acid deaminase 
and indole-3-acetic acid) (Bokhari et al., 2019). These microorganisms, especially thermophiles, may be 
applied as biofertilizers for crops improvements and soil health for sustainable agriculture in arid eco-
systems. (Yadav, 2017). The halophilic bacterial strain,Bacillus methylotrophicus, produces an organic 
solution to heal plants and help them grow (biostimulant).This strain has the capacity to fix nitrogen, 
solubilize organic and inorganic phosphate, produce siderophore, enzymes and volatile metabolites 
(Torres et al., 2020).Therefore, evaluating the physiological,biochemical and molecular characteristics 
of plants/microorganisms inhabiting naturally under adverse circumstances could improve crop plants 
for the adverse conditions and might be a promising solution for the future of agriculture (Dikilitas et 
al., 2021).

Extremophiles have the potential to improve soil fertility, water retention, and plant protection, as 
well as boost pollinator health (such as bees) and overall agricultural conditions. Psychrophilic and 
psychrotolerant microorganisms, for example, play a significant part in the polar ecosystem’s biomass 
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production, nutrient turnover, and litter breakdown processes (HÃggblom & Margesin, 2005). These 
bacteria are important in agriculture, especially in temperate climates where short growing seasons and 
freezing temperatures mark the agroecosystems, putting both plant and microbial life under stress from 
the cold (Mishra et al., 2010).At both the individual and cellular level, a group of Antarctic halophiles 
can effectively reduce the physiological effect of saline stress on salt-susceptible crops like lettuce 
(Acuña-Rodríguez et al., 2019). Other Antarctic rhizospheric bacteria such as Colobanthus quitensis 
and Arthrobacter sp. are important in the survival and physiology of plants under salt stress (Gallardo-
Cerda et al., 2018; Torres-Díaz et al., 2016).

Under greenhouse conditions, Trichoderma strains have shown the capability to solubilize and in-
crease phosphate uptake (up to 141%) and promote soybean plant growth from 2.1% to 41.1% (Bononi 
et al., 2020). A field study of plant growth-promoting activities of actinobacteria in Morocco has shown 

Figure 4. Functional and potential applications of extremophiles in sustainable agriculture
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that they have high levels of phosphorus and potassium solubilization (8.56 - 12.39 mg/mL) and could 
grow under nitrogen-free conditions. They have a high level of indole-3-acetic acid (6.70 to 75.54 μg/
mL) and siderophores (138.92 μg/mL) producing abilities (Nafis et al., 2019).

BIOREMEDIATION OF CONTAMINATED AGRICULTURAL SOIL

Agricultural soil contaminated with pollutants is a global concern, and their removal requires biological 
means that are eco-friendly, potentially cost-effective, and sustainable. Such pollutants include various 
organic, inorganic, recalcitrant chemicals, toxic heavy metals, xenobiotics, fertilizers, polyaromatic 
hydrocarbons, agrochemicals, dyes, and pesticides (Khatoon et al., 2021). Due to their adaptation to 
extreme environments, unique defense mechanisms, and possession of robust enzymatic and biocata-
lytic systems, extremophiles can be used for the bioremediation of these toxic compounds (Shukla & 
Singh, 2020). For instance, extremophiles such as Mycobacterium, Gordona, Rhodococcus, and No-
cardia, have a great potential in bioremediation of soil environment contaminated with high molecular 
weight polycyclic aromatic hydrocarbon (Kästner et al., 1994; Santos et al., 2007). The degradation of 
hydrocarbon-contaminated soil is most effective at high temperatures (around 60oC), as demonstrated 
by thermophilic bacteria, Geobacilli, which can produce biosurfactants that act as solubilizing agents 
(Perfumo et al., 2006). For bioremediation of heavy metal contaminated soil, thermophilic microorgan-
isms have distinctive cell wall structures, metabolic and enzymatic properties that could facilitate the 
interactions and degradation of heavy metals (Mir et al., 2021). Soil contaminated with engine oil/diesel, 
kerosene, or fuel and amended with organic (cow dung and poultry litter) or inorganic (NPK and urea) 
fertilizer can be remediated and restore its natural characteristics by a microbial consortium containing 
E.coli, Proteus, Klebsiella,and Pseudomonas sp. (Nduka et al., 2012). Bioaugmentation with various 
extremophilic microorganisms such as Geobacillus thermoparaffinivorans IR2, Bacillus licheniformis, 
and Geobacillus stearothermophilus IR4 improves the decontamination of long alkyl substances (Eluma-
lai et al., 2017). Psychrotrophiles and halophiles have also demonstrated superior performance in the 
remediation of organic hydrocarbon contaminants (Lin et al., 2009).

AN ADDITIONAL MODE OF AGRICULTURE

Protein from traditional sources is insufficient to meet the current and future human consumption needs. 
Single-cell proteins from petroleum and cellulosic waste fermentation are possible sources of extra pro-
tein (Ritala et al., 2017). Microalgae can provide an alternate form of food production for humans and 
animals on land with little or no agricultural values, avoiding competing with traditional agricultural 
resources (Navarro et al., 2016). As a result, extremophilic microalgae have the potential to play a key 
role in the commercialization of microalgae-based bioproducts and agriculture in the future (Varshney 
et al., 2015). For the production of SCP fromcellulosic wastes, thermophilic actinomyces appear to be 
the most effective organisms.Other extremophilic microorganisms that can be used in this regard are 
Lactobacillus acidophilus, Rhodobacter capsulatus, Saccharomyces cerevisiae, Spirulina, Chlorella, 
Saccharomyces boulardii, Polysporous, and Trichoderma (Kwatra et al., 2021).
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CONCLUSION AND FUTURE DIRECTION

Environmental stresses are known to create unfavorable soil ecosystems for agriculture. Under stressed 
conditions, microorganisms from the extreme environment are significantly important to improve the 
health and productivity of the agriculture system. Several technologies have been implemented in this 
direction including extremophilic microbial bio-inoculum. The bio-inoculum of extremophiles, coloniz-
ing the plant’s rhizosphere, phyllosphere, and internal tissues. Moreover,plant-associated extremophilic 
microbes (PAEM) potentially solubilizing the nutrients (bioavailability of minerals), releasing the phy-
tohormones, protecting against the invasion of pathogens (antagonistic behavior), and toxic materials, 
and are known to provide tolerance against drought, cold, and salinity stress. Thus, PAEM could be 
remarkably helpful against both abiotic and biotic stresses in plants. Also, enhances crop productivity 
without compromising environmental health with minimal cost input. However, it is highly recommended 
to focus more on research and field practices in this area in order to promote eco-friendly with the least 
cost input sustainable agriculture practices. However, these practices can be achieved by targeting mi-
crobial engineering and integrated with biomolecular science. Adopting the extremophiles in sustainable 
agriculture could help in alleviating environmental stress and enhances crop productivity.
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INTRODUCTION

Organisms are found to be omnipresent in universe. Many organisms have adapted themselves to vari-
ous environmental conditions like low temperature (psychrophiles), high temperature (thermophiles and 
hyperthermophiles), high salinity (halophile), low pH (acidophiles), high pH (alkaliphiles), low nutrient 
concentration (oligotrophs), low water activity (xerophile), heavy metal concentrations (metallotolerant), 
high pressure (barophile or piezophile), high radiations (radioresistant), low oxygen concentrations, 
(Gomes and Steiner, 2004; Cowan et. al., 2015), high antibiotic concentrations, high concentration of 
carbon (Capnophile), etc. Such organisms are termed as extremophiles. The term extremophile was given 
by MacElroy in 1974. Taxonomic classification includes prokaryotes, eukaryotes, bacteria and archaea. 
(Woese et. al., 1990; Zhang, 2018). They have adapted themselves to survive in ecological niches that 
are unsuitable for others, for example, deep-sea hydrothermal vents, hot and cold deserts, soda lakes, 
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Application of Extremophiles 
in Food Industries

ABSTRACT

Extremophiles have adapted themselves at extreme environmental conditions like high or low tem-
perature, pH, salinity, and pressure. Extremophiles may be either acidophilic, alkaliphilic, halophilic, 
thermophilic, psychrophilic, oligotrophic, endolithic, and xerophilic. There extremozymes are found to 
be biocatalysts and producers of novel enzymes which can be employed in many industries like food, 
cosmetics, chemical, pharmaceuticals, etc. Currently the researchers have developed keen interest in 
studying and utilizing the abilities of these extremophiles in food industries. Metabolic pathways and 
extremozymes are being studied by the researchers and they are trying to utilize its characteristics and 
also engineer these extremophiles. In food industries, one of the extremophiles, Rhodothermus marinus, 
which has been an excellent biocatalyst producing lipase as an enzyme, could be utilized to improve to 
aroma of food and add natural flavour to food. So, the current chapter will deal with the various ap-
plications of these extremophiles.
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inland saline systems, solar salterns, environments highly contaminated with nuclear waste or heavy 
metals, as well as lithic or rock environments and hot springs. (Raddadi at. el., 2015).

They are found to be potential source of biomolecules which can be utilized for many industrial pur-
poses. Nowadays they have been in the limelight as the researchers have found them to be a treasurer of 
industrially utilizable metabolites and its products. But only 1-2% of the extremophiles have been utilized 
uptil now and in future the expanding research may help to exploit them. (Gomes and Steiner, 2004).

Extremophiles have been found to produce extremozymes which are protein that can function under 
extreme conditions. These enzymes possess some unique characteristics like extreme thermal stability, 
resistance against chemical denaturants such as detergents, chaotropic agents, organic solvents and ex-
tremes of pH. (Gupta et. al., 2014). Proteases, pectinases, keratinases, cellulases, amylases, xylanases, 
lipases, esterases, catalases, peroxidases, phytases, etc. are few examples of extremozymes produced 
them. They can be a good biocatalyst and can be employed in various biotechnological processes. (Gomes 
and Steiner, 2004). More than 300 different enzymes have been identified and have been employed in 
industrial and biotechnological processes. (Singh et. al., 2021)

According to Raveendran et. al. 2018 microorganisms such as bacteria, yeast, fungi and their en-
zymes are widely used in the food industries. These microbial enzymes are used because they are found 
to be more stable than plant and animal enzymes. They are utilized to improve the texture and taste of 
in food industry.

BACKGROUND

Extremophiles are a group of organisms that survive under extreme environmental conditions such as 
high or low temperature, pH, salinity, and pressure. These organisms have evolved and developed strate-
gies and mechanisms to survive under extreme conditions. These extremophiles mainly belong to the 
genus Acidithiobacillus, Arthrobacter, Bacillus, Caldicellulosiruptor, Clostridium, Coprothermobacter, 
Enterobacter, Geobacillus, Micrococcus, Paenibacillus, Penicillium, Picrophilus, Pseudoalteromonas, 
and Thermobifida. (Zhu et. al., 2020)

Recently researchers are utilizing the enzymes produced by the extremophiles and have still devel-
oped keen interest in searching novel enzymes produced by them. Many research companies have been 
working to develop the strategies to genetically modify or design the extremophiles to take maximum 
advantage for utilizing extremozymes produced by them in biotechnological processes and food indus-
tries. For improvement in food and the food products constant efforts are made by the food industries to 
employ these enzymes. Thermophiles, psychrophiles, acidophiles and alkaliphiles, halophiles, piezo-
philes, toxitolerant and radiophile are the extremophiles which can be employed in the food industries.

Thermophiles

Thermophiles can be classified into moderate, extreme and hyperthermophiles. Moderate thermophiles 
grows at optimum 50–60 °C, extreme thermophiles grows at optimum 60–80 °C whereas hyperthermo-
philes grows at optimum 80–110 °C. Thermophylic microorganisms are good source of thermostable 
enzymes. (Singh et. al., 2011). Thermophilic enzymes can increase reaction rates during high tempera-
ture processing of food. More than 40 extremophilic enzymes, characterized from the hot springs of 
Yellowstone National Park are found to be active at high temperatures and have also been found to have 
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various applications in food processing specifically, starch processing, and ethanol production. (Khan 
& Sathya, 2018).

Psychrophiles

Such type of organisms are found at the low temperature environments of the Earth, including upper 
atmosphere, ocean deeps, polar regions, glaciers, shallow subterranean regions, refrigerated appliances 
and on and in plants and animals inhabiting cold regions. (Gupta et. al., 2014). The psychrophilic en-
zymes produced by cold-adapted microorganisms possess a high catalytic efficiency at low temperature 
that makes them potentially good to use in food industry. (Kumar et al., 2011). Moreover psychrophilic 
enzymes are found to have high catalytic activity and stability at low temperature. This property makes 
them as potential candidates for food processing. By employing these enzymes in processing of food 
it not only minimizes the microbial contamination but also helps in preventing the deterioration of raw 
materials. (Joseph et. al., 2019). The major application of these enzymes includes processes such as 
lactose hydrolysis, lactose free milk and cheese, clarification of fruit juices, protein and milk processing, 
etc. Cold-active β-galactosidase is found to hydrolyse lactose to glucose and galactose at refrigerated 
temperature. Thus, this enzyme is employed to produce lactose-free milk-derived foods for lactose-
intolerant people. (Hamdan, 2018). Hoyoux et al. patented a cold-active β-galactosidase from an Antarctic 
psychrophile, Pseudoalteromonas haloplanktis, for its capacity to hydrolyse lactose during milk storage 
at low temperatures. Similarly cold active pectinase is employed in retaining the quality and nutritional 
vales of fruit juices. (Adapa et. al., 2014). In wine industries cold active pectinases which is derived 
from yeast and fungi increases the production and helps in retention of volatile compounds. This helps 
to maintain the aroma of wines. (Singh et. al., 2012). In making of bread cold-active xylanases which 
can be obtained from the Antarctic bacterium Pseudoalteromonas haloplanktis hydrolyse ß-1,4-xylan 
present in all flours and ultimately improves the quality of bread. (Struvay & Feller, 2012).

Acidophiles and Alkaliphiles

Acidophiles thrives under acidic conditions with a pH optimum for growth at, or below, pH 3 whereas 
alkaliphiles thrives in alkaline environments at a pH of 8 or more. (Rothschild and Mancinelli, 2001; 
Gomes and Steiner, 2004). Certain alkaliphiles produces various extremozymes like xylanases, pectin-
ases, cyclodextrins, xylanases and proteases. (Table 1). Among these enzymes protease is found to be 
an industrially important enzyme. Proteases are generally active from pH 7.0–11.0. Bacillus produces 
all the major subtilisins which can be applied in industries. (Sarethy et. al., 2011). In the food industry, 
during processing of soy sauce alkaline and neutral proteases from fungi are used. Proteolytic modifica-
tion of soy proteins by these enzymes improves the functional properties. This consequently results in 
soluble hydrolysates which show better solubility and lowers the bitterness. (Rao et. al., 1998). They 
are employed in pulp bleaching in food industry. α – Amylase is mainly produced from Bacillus. α – 
amylases act on the a-1,4 bonds between adjoining glucose units leading to the formation of glucose, 
maltose, and maltotriose. This extracellular enzyme is used in the food industry for brewing, baking and 
processing of fruit juice. (Sarethy et. al., 2011).
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Halophiles

They are the extremophiles which grow in optimum saline environments with most species requiring 
more than 2.0 M NaCl for growth and survival. A special protein layer is coated on Halophiles which 
blocks excessive salt from entering its cells. (Singh et. al., 2021). Natural pigment producing organisms 
have been employed to color the food stuff in textile industries.

Piezophiles

Microorganisms that can survive under high-pressure are termed as piezophiles or barophiles. These 
piezophyle inhabit in the deep sea or oceans. Mostly they belong to the genera Shewanella, Pyrococ-
cus, Methanococcus, and Moritella (Kato et al., 1998; Kato and Nogi, 2001). The enzymes produced 
by piezophiles are found to be stable at high pressure. In food industries high pressure is required for for 
processing, sterilization and packing. High pressures are utilized in industries to induce gel formation, 
starch granules, the denaturation or coagulation of proteins or the transition of lipid phases. The use of 
high pressure leads to better flavor and color preservation as compared to the use of high temperature. 
Thus, these enzymes have been majorly utilized in food industries. (Gupta et. al., 2014).

Toxitolerant

Proteases and lipases produced by toxitolerants are used in esterification. (Gupta et. al., 2014).

Radiophile

These organisms are able to survive under high or extreme pressure. Yet not much information is avail-
able regarding their utilization in food industries.

The enzymes secreted by extremophiles are summarized in Table: 1 along with their applications 
in food industries:

Apart from enzymes others compounds can even be utilized in food industries. Halophillic archaea 
and algae produces a natural pigment carotenoid. (Schiraldi et. al., 2002). Canthaxanthin is derived 
from carotenoids which might be utilized in food industry as food dye and feed additive. The strain of 
Halophilic archaea Haloferax alexandrinus are the producers of Canthaxanthin. (Coker, 2016). It is also 
called as Food Orange 8, Carophyll Red. It is a lipid-soluble antioxidant used as a food dye. It is used as 
a colourant in BBQ sauce, drinks, dressings and other products. As a feed additive, it is used in poultry 
farming, fishing and crustaceans.

Dunaliella salina, the halophilic alga is the major source for β-carotene. β-carotene is a red/orange 
pigment which is the primary colorant in pumpkins, carrots and halophilic microorganisms. It is com-
mercially employed to increase the dry weight which results in 30–40 g dry weight/m2 per day. (Das-
Sarma et. al., 2009). Primarily it is found to be an excellent food supplement. It is lipid as well as water 
soluble which makes it excellent as an additive in the baking process (e.g. food coloring) and emulsions 
(e.g. confectionery and prepared foods) (Coker, 2016).
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Table 1. Extremophiles used in food industries

Extremophiles Enzymes produced Use of the enzymes Ref.

Thermophiles
(Moderate thermophiles 50-600C,
thermophiles 60-800C Hyper 
thermophiles >800C)

Amylases
Glucose and fructose for sweeteners, 
have application in the liquefaction of gelatinized starch 
and saccharification.

Coker, 2016 
Khan & Sathya. 2018.

Proteases
Baking, cheese making, brewing, and baking. 
Tenderizes and enhances flavour of meat during 
refrigerated storage.

He et. al., 2004; Coker, 2016;
Khan & Sathya, 2018.

Lipases, esterases Hydrolysis in food and feed Gupta et. al., 2014

Dehydrogenases Oxidation reactions Gupta et. al., 2014

Glycosyl hydrolases Dairy products Gupta et. al., 2014

Xylanase Bread making Jiang et. al., 2005

Lipases, pullulanase, and 
amylopullulanase Brewing and baking. Satyanarayana et. al., 2005

a-Amylases, glucoamylase, 
a-glucosidase, pullulanase, 
amylopullulanase and xylose/glucose 
isomerases

Starch processing, and glucose and fructose for sweeteners Satyanarayana et. al., 2005

Psychrophile
(Low temperature <150C) Protease dehydrogenases Cheese maturation, dairy production and food applications Dumorne et. al., 2017

Lipases and protease Cheese manufacture Satyanarayana et. al., 2005

β-galactosidase Lactose hydrolysis, Lactose free milk and cheese. Khan & Sathya, 2018; 
Satyanarayana et. al., 2005

Glycocosidases which includes 
(amylases, proteases, and xylanases) In bakery industry improve texture and flavour Khan & Sathya, 2018

Pectinases Retains flavour and improves clarification during food 
processing. Khan & Sathya, 2018

Proteases Meat tenderizing Satyanarayana et. al., 2005

Acidophile
(Low pH<2-3) Amylases, glucoamylases Starch processing Gupta et. al., 2014

Proteases, cellulase Feed components Gupta et. al., 2014

Beta Mannanase Juice clarification, coffee viscosity reduction Harnpicharnchai et. al., 2016

Alkaliphiles
(High pH<9) Xylanases

Used in bread making and other bakery products and feed 
additive industries have found interest in the functional 
food industry for the synthesis of xylo oligosaccharides and 
ferulic acid.

Khan & Sathya, 2018.

α - Amylase brewing, baking, processing of fruit juice Sarethy et. al., 2011

Pectinases Pulp bleaching Gupta et. al., 2014

Cyclodextrins Foodstuffs Satyanarayana et. al., 2005

Xylanases and proteases Pulp bleaching Satyanarayana et. al., 2005

Halophile
(High Salt concentration
e.g. 2–5 M NaCl)

Proteases Peptide synthesis Gupta et. al., 2014

Amylases high-fructose corn syrup Coker, 2016

Whole microorganism producing poly (β -glutamic acid; PGA) & poly (β-hydroxy 
butyric acid; PHB) Gupta et. al., 2014

Nucleases, amylases, proteases Flavouring agents Satyanarayana et. al. 2005

g-Linoleic acid, b-carotene and cell 
extracts

Health foods, dietary supplements, food colouring, and 
feedstock Satyanarayana et. al. 2005

Piezophile
(High pressure
up to 130 Mpa)

Whole microorganism Food processing and antibiotic production Gupta et. al., 2014

utilized in food Gupta et. al., 2014

Whole microorganism Microbially enhanced oil recovery process Satyanarayana et. al., 2005

Toxitolerant Proteases, lipases Esterification Gupta et. al., 2014

(High levels of toxic reagents/ organic 
solvents) Cyclodextrin glucanotransferase Utilized in food industry Gupta et. al., 2014

Metalophile Whole microorganism Biomineralization Gupta et. al., 2014

(High metal concentration)

Radiophile NI NI Dumorne et. al., 2017

(High radiation levels)

NI = No Information
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EXPLORING EXTREMOPHYLES FROM ENVIRONMENT

Recent studies made by the researcher’s have proved that the cultivable techniques have only being able 
to cultivate only 0.1% of the total diversity of microorganisms. Thus, newer techniques based on PCR 
amplifications can be widely employed to explore the hidden potential of the extremophiles. These 
includes ribosomal intergenic spacer analysis (RISA), denaturing gradient gel electrophoresis (DGGE), 
temperature gradient gel electrophoresis (TGGE), single-strand conformation polymorphism (SSCP), 
random amplified polymorphic DNA (RAPD), and amplified ribosomal DNA restriction analysis 
(ARDRA). These methods generate the fingerprints which enables us to review the composition of the 
community. (Kent, 2002; Fierer 2006; Pikuta et. al., 2007). This will ultimately help to check the hidden 
extremophiles which are non-cultivable and their potential of producing biomolecules or enzymes can 
be employed in industrial sectors in large scale.

FUTURE RESEARCH DIRECTIONS

The diversity of extremophilic organisms in soils is much higher, exceeding our knowledge. Due to 
the extremozymes having commercial applications as well as economically advantageous, researchers 
have been found to focus on exploring the new species for novel extremophiles. The advancement in 
molecular techniques and also the increasing availability of environmental rDNA sequences, metage-
nomic approaches and bioinformatics have proved to be boon to the society in exploring the diversity of 
extremophiles. The novel enzymes still to be revealed can bring vast improvement in the field of food 
industry. Future research will be made through metabolomics to explore and engage the extremophiles 
for their incomparable application in food industries.

CONCLUSION

Research in this field will be everlasting and expanding and interesting. Extremozymes are going to be 
extremely valuable in the food industries. Though the current problem is to produce the metabolites from 
extremophiles in large scale. Collaboration between industries, academia and government can jointly 
eliminate this problem and play an important role in employing these extremozymes widely.
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ABSTRACT

Extremophiles are at center stage of scientific interest owing to their peculiar properties in terms of 
physiology, ecology, biochemistry, and molecular genetics. The bio-active compounds from extremo-
philes involve various types of extremolytes. The functional applicability of extremophiles has been far-
reaching. Looking to the global scenario medical, pharmaceutical and allied healthcare sectors have 
a persistent surge for a novel anticancer, antimicrobial, stable drug deliverables, nutraceuticals, fine 
chemicals, natural antioxidants, and bio-polymers compounds. Genetic engineering tools clubbed with 
-omics approach enhance and better the chances for applicability of the extremophilic metabolites in 
varied sectors of red and yellow biotechnology. The chapter provides an insight into the various types 
of bio-active molecules from extremophiles and their wide biotechnological applicability in the medical 
and pharmaceutical industry.
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Ocean embraces about 80% of the minuscule life forms that are highly diverse and less estimated, yet 
have been a major area of interest (Kateb G., 2021). Marine waters have an enormous quantity as well 
as a range of assorted compounds/metabolites derived from the biological origin and found to contrib-
ute to human welfare. The marine bioactive compounds are explored for copious biotechnological uses 
(Rathinam & Sani, 2018). Additionally, they have astonishing peculiarities in terms of the synthesis of 
various bioactive compounds and/or antimicrobial substances (Olaniyan & Adetunji, 2021) that may 
serve as a model for futuristic biotechnological applications.

Microorganisms that are capable to alter their cellular mechanism in response to surrounding extremi-
ties are regarded as extremophiles. They are the remarkable ones that endure in extreme surroundings 
such as high salinity, temperature, pH, osmotic pressure, ion concentration, and radiation (Hagagy et 
al., 2021). The extremophiles possess more than one adaptability property due to which they are utmost 
explored and are also referred to as polyextremophiles (Raval et al., 2013; Raval et al., 2015; Di Donato 
et al., 2018; Patel, 2020). The “survival strategies” adopted by extremophiles also show a profound effect 
on their potential applications (Daoud & Ali, 2020). Extremophiles have become a focus of scientific 
interest owing to their peculiar properties in terms of physiology, ecology, biochemistry, and molecular 
genetics. Furthermore, the potentiality of bioactive compounds from unexplored and immense sur-
roundings that gain key interest amongst the scientific community nowadays (Kushveer et al., 2021; 
Patel et al., 2021). They possess distinct adaptation mechanisms that make them fascinating to explore 
the properties of bioactive compounds from extremophiles (Baria et al., 2020). The chapter is shaped 
in a way to give insights into types of bioactive molecules from extremophiles and their comprehensive 
biotechnological applicability in the medicinal and pharmaceutical industry.

DIVERSITY AND ECO-PHYSIOLOGICAL ADAPTATIONS OF EXTREMOPHILES

Extremophiles are diverse microorganisms and endure extremities, show peculiarities for persistence and 
progression. The acquaintance of bioactive molecules, enzymes and novel compounds from extremo-
philes exemplify and render enhanced attention (Patel et al., 2021). However, the higher life forms are 
unable to withstand extremities when compared with the bacterial and archaeal counterparts. Concern-
ing eco-physiological adaptations, extremophilic microbes are well classified via extreme ambiences 
and the geophysical constraints viz. temperature, pH, salinity, ionizing radiation, and osmotic pressure. 
Based upon peculiarities, robustness, and diversity many adaptation strategies has been employed by 
extremophiles viz. high salt-in, salting-out, compatible solute synthesis, sodium pump, chloride pump, 
osmoregulation, pH, etc. (Amoozegar et al., 2019).

Eco-Physiological Adaptation of Extremophiles

Temperature

Temperature theatres an imperative role in the growth of extremophiles. Any trivial change can affect the 
diversity and type of microbial system residing therein drastically. The extremophiles that acclimatize 
their cellular machinery in response to wavering temperature are regarded as thermophiles (Joyce, 2021). 
Generally, they are adapted to endure in surrounding 15ºC & above 85ºC are referred to as thermophiles. 
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Based upon the range of temperature they are categorized into hyperthermophiles, thermophiles, meso-
philes, psychrophiles (Chung et al., 2020).

Hyperthermophiles are the ones that obligately need high temperatures around 80ºC for growth. The 
first hyperthermophilic life form Sulfolobus acidocaldarius was reported from Yellowstone National Park 
in 1972. Major reports thereafter have shown the vast archaeal and bacterial diversity. The report from 
the Gulf of California on thermophilic organism Methanopyrus kandleri showed the optimum growth 
temperature is 110ºC. However, the same species of Methanopyrus kandleri was obtained from the 
Kairei vent field, the Central Indian Ridge, and was able to tolerate temperature up to 122ºC. Addition-
ally, Thermus aquaticus, Pyrococcus furiosus, Bacillus stearothermophilus, Clostridium cellulovorans, 
Coprothermobacter proteolyticus, Ferdowsicous, Geobacillus thermoleovorans, etc. have been reported 
as thermophilic microorganisms. By employing step-wise thermal adaptation strategies the organisms 
adapted to grow and survive with a wide range of temperatures. As revealed to thermophiles, mesophiles, 
psychrophiles, and the hyperthermophiles seem to possess the t-RNA gene viz. genetic makeup with rich 
GC content that renders stable intramolecular linkages and confers thermal stability (Atalah et al., 2019).

Thermophiles and mesophiles are those that need the best temperature for persistence and growth, for 
mesophiles i.e. 15-40°C; whereas in the case of thermophiles i.e. 60-80°C. As compared to hyperther-
mophiles, the most common are thermophiles, and few according to species vary from enteric bacteria 
viz. Bacillus, true bacteria, etc.; chemical process cluster includes eubacteria, purple bacteria; Archaeal 
cluster includes Pyrococcus, Sulfolobus, Thermococcus, etc. Most usual surroundings worldwide wherever 
thermophiles endure best vary from 80°C to 122°C that involves hydrothermal vents and plight springs 
includes species i.e. Thermocrinis, Hyperthermus, Pyrococcus, etc. (Clarke, 2014). Due to supermolecule 
binding properties, presence of reverse gyrase sequence, polyamines, the thermophiles distinguish from 
mesophiles in terms of structural stability by forming peculiar organic compound chains, additionally, 
heat shock proteins impart thermostability (Taylor, 2010).

Psychrophiles fancy lower temperatures for growth and survival. From all the acute conditions on 
Earth, psychrophiles are lavish in terms of diversity, biomass, and distribution. Across the globe, nearly 
80% region is glaciers with persistent temperatures ~5°C. Below a thousand meters depth, the ocean 
temperature is 2–4°C; alpine, glacier-like Polar Regions and soil are among the other cold regions. These 
regions are well inhabited by robust microbes, hence psychrophiles are plentiful. The cryo-enzymes from 
Shewanella species, from the Antarctic regions, are well documented (Shukla et al., 2020). Psychrobac-
ter is the prominent genera along with species from Halorubrum, Methanococcoides, Photobacterium, 
Sphingopyxis, Polaribacter, and Octadecabacter (Casanueva, 2010). Psychrophiles demonstrate mem-
brane flexibility by saturated or unsaturated carboxylic acid, a decrease in size of a charged cluster of 
lipids, leads to alterations within the lipid composition (Guan et al., 2013). Additionally, by maintaining 
membrane fluidness in the cell the cold-adapted organisms confer protection against crystallization and 
vasoconstrictive properties (Suyal et al., 2021).

pH

The major biological processes ensue a neutral pH range, but few distinctive organisms differ from this 
and grow at extreme values on the pH scale. Conditional shifts in pH values give rise to microbes that 
are stringent and can be classified as acidophiles, neutrophiles, and alkalophilic (Chen, 2021).

Acidophiles are microorganisms that can tolerate and grow at pH < 3. Generally, acidophiles can 
encompass many surroundings but the foremost are acid mines, acidic industrial effluents, and other 
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leachates, etc. (Hedrich & Schippers, 2021). Amongst these the most abundantly reported are sulfur 
oxidizers, species that belongs to a prokaryotic and eukaryotic group. Major adaptations strategies 
employed by the cell is pH homeostasis, values around pH 4.6 equilibrate by acidophiles. By confining 
the entry of protons through cytoplasmic membrane they can withstand lower pH surrounding. In the 
case of Acidithiobacillus ferrooxidans, the shift in pH from 4.5 to 1.0 leads to reduce the pore size of 
the membrane. To restraint, the proton entrance is done by employing proton influx inhibition through a 
chemosmotic gradient. A similar mechanism is also reported in many acidophilic bacteria viz. Leptospi-
rillum ferriphilum, Acidithiobacillus thiooxidans, and Acidithiobacillus caldus, etc. (Feng et al., 2021). 
This is due to sudden alterations in pH that the organisms release protons and organic acids by proton 
motive force. Additionally, acidophiles harbour unique cell stability strategies i.e. chaperones molecules 
and novel enzymes to compensate for the DNA damage that occurs at lower pH. (Mirete et al., 2017)

Microbes growing facultatively at highly alkaline pH > 8 are regarded as alkalophiles. Naturally, 
two alkali containing environments occur i.e. one with high Ca2+ that embraces groundwater and low 
Ca2+ that embraces soda lakes, deserts. (Postec et al., 2021). The high Ca2+ containing surroundings 
found naturally are California, Yugoslavia, Jordan, Turkey, etc. Few other alkaline conditions are due 
to serpentinization during industrial processes, which release Fe2+; soda lakes embrace the foremost 
alkaline environment with higher Na2CO3 concentrations. The most abundantly occurring bacteria are 
Bacillus sp. and Cyanobacteria. Few reported alkalophiles are Anaerobranca horikoshii, Anaerobranca 
gottschalkii, Thermococcus alcaliphilus, Thermococcus acidoaminivorans, Thermococcus alcaliphilus, 
and Thermococcus acidoaminivorans are isolated from Yellow stone national park and Bogoriae lake 
Kenya respectively (Shukla et al., 2020). The adaptation strategies employed include the presence of 
acidic polymers in the cell wall i.e. glutamic acid, galacturonic acid, gluconic acid, aspartic acid, hex-
osamines, and other amino acids (Horikoshi, 2016).

Salinity

The organism, which requires salinity for growth and metabolism, are considered as halophiles. Based on 
the salt needs and adaptation strategies employed the halophiles are categorized as slight (growth range, 
0-0.3 M salt concentration), moderate (0.1-1.0 M salt concentration) to extreme (optimum 0.2-2.0 M 
salt concentration) halophiles. The halotolerant can withstand a high amount of salinity. Halophiles are 
found to be present in all 3 domains: Bacteria, Archaea, and Eukarya (Singh et al., 2013). Proteobacteria, 
Firmicutes, Spirochaetes, Cyanobacteria, and Bacteriodetes, etc. are the various phyla to which halo-
philes belong. Thalassohaline (Seawater originated and NaCl as a prevailing salt) and Athalassohaline 
(Non-sea-water originated mainly prevails sodium, magnesium, potash, borax salts) are the two main 
types of hypersaline habitat (DasSarma & DasSarma, 2015). The most usual examples of Athalassoha-
line surrounding are the Dead Sea, alkaline soda lakes, carbonate springs, alkaline soil, Great Salt Lake, 
solar lake, salt pans, Organic Lake, deep lake, etc. Amongst extremophiles, the utmost studied group 
is halophiles, they are peculiar in adaption strategies towards salinity has been a key focused area of 
research. Haloquadratum, Halobacterium, Natronococcus, Halomonas spp, Flavobacterium, Natrono-
bacterium, Pseudomonas, Volcaniella, Halovibrio sp., Paracoccus sp. etc. are few reported halophilic 
microorganisms (Raval et al., 2018).
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Ionizing Radiation

The extremophiles that are adapted and resistant to lethal mutagenic UV and ionizing radiation are gen-
erally referred to as radiophiles (Santra & Banerjee, 2021). There are very scarce reports of radiophiles 
until now only one bacteria viz. Deinococcus sp. is reported. However, in 1956 Anderson first reported 
a strain of Deinococcus radiodurans from sterilized X-ray cans. Additionally, many species of Deino-
coccus reported are Deinococcus radiophilus, Deinococcus proteolyticus, Deinococcus radiopugnans, 
and Deinobacter grandis (Kaushik et al., 2021). Adaptation strategies employed by bacteria are mainly 
of two types i.e. excision repair and recombination repair of DNA molecules. The ill effect of radiation 
leads to oxidative stress of vital biomolecules in the living system. The microbial system able to survive 
radiation is generally referred to as radioresistant. The reported cyanobacteria show the adaptive strategy 
towards the toxic effect of UVR due to efficient DNA repair mechanisms. By employing modern tools 
and techniques the biosynthetic pathway of radiation responsive and DNA repair enzymes could be 
modified in such a way that it permits another organism to probably thrive in extreme radiation (Rajpu-
rohit et al., 2021). The metabolites synthesize from gene responsible for protection against radiation that 
seems to play a crucial role as anticancer drugs and potent antibiotics, etc. UV-absorbing substances are 
synthesized under UV stress by Exiguobacterium sp., and Stenotrophomonas maltophilia.

Osmotic Pressure

The microorganisms obligate requirements of pressure are generally referred to as barophiles/piezophiles. 
The optimum range for growth of barophiles reported is 70-80 MPa and 100-200 MPa. The organisms 
disparagingly survive if pressure drops to around 50 MPa. The core habitat for barophiles is generally 
the bottom of the ocean where extremities in terms of hydrostatic pressure and low temperature exist i.e. 
(1-2°C). Barosensitive microorganisms reported from deep oceans involve Vibrio marinus, Shewanella 
sp. PT99, Shewanella benthica, Colawellia spp. etc. Apart from mentioned habitat barophiles are also 
reported from Marina Trench below the 10,898-meter depth where extremities about 1100 atm pres-
sure and 2°C temperature found. However, it seems to be very challenging to control the set of growth 
parameters for barophiles, main peculiar feature for isolation of barophiles is the darkness due to the oc-
currence of high pressure, lower temperature, and lack of light in the ocean (Gil et al., 2021). Barophilic 
systems are perceptive to UV light and gamma radiation, but still, the mechanism is not very clear. If 
in the case of barophiles pressure drops to lower then it leads to membrane fragmentation, nucleotide 
structural modification, and plasmolysis. Additionally, protonation and deprotonation reduce cell motility 
a key factor for the survival of barophiles. Another survival mechanism is hemoviscous i.e. enhanced 
number of polyunsaturated fatty acids over mono-unsaturated ones. Scarce reports on applications of 
barophiles but most commonly the biocatalysts obtained can be used as a cryoprotectant with a possible 
application in food preservation, molecular biology, medicine, and pharmaceuticals (Yadav et al., 2021).
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VARIOUS STRATEGIES IN A NUTSHELL

Strategies Adopted by Halophiles

Salt Adaptation

The “high-salt-in strategy” found in Halobacteriaceae and Halanaerobiales (Firmicutes); accumulate salt 
instead of organic solutes. Extremely halophilic and aerobic red Salinibacter ruber (Bacteroidetes) which 
was isolated from the saltern crystallizer seawater (Choi et al., 2020). To cope with excessive salinity and 
water stress, halophiles use two basic methods. One technique is to use excessive salt. Some halophiles 
raise internal osmolarity by accumulating K+ ions in the cytoplasm, which necessitates the expenditure 
of two ATP molecules for each K+. Another is the ‘low-salt-in’ approach, which is prevalent in Bacteria 
and Eukarya involves the cells accumulating suitable solutes. Sugars, alcohols, amino acids, N-acetylated 
diamino acids, glycine betaine, ectoine, and hydroxyectoine are examples of tiny compounds that may 
be absorbed from the environment or produced intracellularly and can function as stress protectants. 
They keep proteins from ‘salting out’ in the cell. This method is used by halotolerant and moderately 
halophilic species, while severe halophiles also employ the ‘high salt in’ approach (Raval et al., 2018).

Sodium Pump

To adapt for high external Na+ concentrations, archaea and a few bacteria have developed an active Na+ 
and K+ antiport, resulting in the exclusion of Na+ from the cell. The H+ gradient can also be utilized for 
Na+ excretion or ATP production. The findings on salt adaptation suggest that it may have been one of 
the first adaptations during evolution (Pal et al., 2019).

Chloride Pump

The anaerobic Halanaerobiales and the aerobic highly halophilic Salinibacter rubber bacteria both have 
a high demand for chloride. Instead of organic osmotic solutes, these organisms collect inorganic salts. 
As a result, chloride plays a particular role in halo-adaptation in several halophilic bacteria (Purohit et 
al., 2014; Martin & McMinn, 2018).

Compatible Solutes in Osmoregulation

The fundamental mechanism developed by extremophiles to overcome osmotic stress is osmoregulation. 
The osmolytes such as compatible solutes are involved in osmoregulation, which protects cells and promotes 
growth, is the most commonly used response to hyperosmotic stress (Peng et al., 2020). The moderate 
halophiles and halotolerant organisms either balance the high external osmotic pressure by producing or 
take up certain organic molecules as their compatible solutes. Many halophilic methanogenic archaea/
bacteria accumulate organic compatible solutes as a strategy to sustain osmotic imbalance. Several com-
patible solutes comprising betaine, glycine, ectoines, sugar, sugar alcohols, and amino acid derivatives 
are synthesized. The majority of these are either zwitterionic or uncharged. Organic solutes in the cell 
help the microbial cell to adapt in an extensive salt concentration range (Raval et al., 2013, Jawahar et al., 
2019). Due to the high ionic composition of hypersaline environments, the osmotic pressure relative to 
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the cytoplasm is extremely high. Obligatory halophilic archaeon Methanohalophilus portucalensis and 
Halomonas elongata maintain a high concentration of glycine betaine as compatible solutes from the 
surrounding. The transportation of glycine betaine in Halobacillus halophillus is influenced by intracel-
lular Cl- concentrations. Under high NaCl concentrations, the haloalkaliphilic, sulfur-oxidizing bacteria 
Thioalkalivibrio versutus produced glycine betaine as the major organic compatible solute. To balance 
the external osmotic pressure, certain organisms produce sugars like trehalose or sucrose as compat-
ible solutes (Sharshar et al., 2019). Sucrose and 5-oxo-1-proline are accumulated by haloalkaliphilic 
methanotrophs. At high NaCl concentrations, haloalkaliphilic methanotrophs accumulate sucrose and 
5-oxo-1-proline, in addition to ectoine production.

Unusual solutes such as N-acetyl-lysine, β-amino acids, di-myoinositol phosphate, and mannosylglyc-
erate are produced by archaea. In these circumstances, solute absorption takes precedence over de-novo 
synthesis. The microbes can thrive in high-saline environments. The build-up of the suitable solute, 
glycine betaine, which is an N-trimethyl derivative of glycine, allows the organisms to live at high salt 
concentrations and cold temperatures (Raval et al., 2018). The secondary uptake system opuD and two 
binding-protein-dependent transport systems, opuA and opuC (proU) are three transport mechanisms 
for glycine betaine in Bacillus subtilis. The build-up of the suitable solute glycine betaine is largely re-
sponsible for the organism’s capacity to withstand both high salt and cold temperatures. Glycine betaine 
absorption in gram-positive bacteria and even plants has been widely investigated genetically (Singh et 
al., 2013; Kaczmarek et al., 2021).

Survival Strategies in Acidophiles/Alkaliphiles

Several investigations have proved that cell walls can shield the cell from alkaline conditions and help to 
maintain a neutral cytoplasmic pH. Alkaliphilic Bacillus spp. include acidic polymers such as gluconic 
acid, galacturonic acid, glutamic acid, phosphoric acid, and aspartic acid and in addition to peptidoglycan 
in cell wall composition. The capacity of the cell surface to absorb sodium and hydronium ions while 
repelling hydroxide ions may be due to the negative charges on the acidic non-peptidoglycan components. 
The presence of sodium ions in the environment appears to be necessary for efficient solute transport via 
the membranes of alkaliphilic Bacillus spp. Thus, haloalkaliphilic bacteria require a high salt concen-
tration and alkaline pH, for stronger adaptation mechanisms (Purohit et al., 2014). Acidophiles employ 
several pH-control strategies, including limiting/passive proton entry into the cytoplasmic membrane and 
purging protons (Mirete et al., 2017). They also have a highly impermeable cell membrane that prevents 
active proton pumping from allowing protons to enter the cytoplasm. Picrophilus oshinaeis is a well-
studied example of bacteria that can thrive at pH 0.7 while having an internal pH of 5. (Zhu et al., 2020).

Survival Strategies in Thermophiles

The elevated temperatures result in the denaturation of proteins, and the destruction of intracellular link-
ages that are detrimental to organisms. Extremophiles have several survival adaptations Figure 1 viz. 
secretion of chaperones or heat shock proteins often called thermosomes to prevent protein denaturation 
at high temperatures (Annamalai et al., 2016). Thermophiles have unique hydrogen bonds that combine 
with hydrophobicity to resist protein unfolding. Additionally, the formation of salt bridges and the in-
creased number of disulfide bonds contribute to thermo-tolerance (Chakravorty et al., 2017). Several 
other mechanisms for thermo-resistance include oligomerization, structural compactness, hydrophobic 
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contacts between subunits, and glycosylation. Synthetic biology approaches such as directed evolution 
and site-directed mutagenesis are specifically applied to study the thermostability of target proteins/
enzymes, which is critical for their usage in the bioenergy sector (Adesioye et al., 2018).

Survival Strategies in Psychrophiles

Psychrophiles can survive in extremely cold temperatures majorly due to their cellular cold-adaptability 
mechanisms, which include the regulation of small RNA-binding proteins, cold-shock proteins, and 
extracellular polymeric substances (EPS) to defend cells from mechanical disruption caused by low 
temperatures. Furthermore, the existence of plasmids, transposable/mobile genetic elements associated 
with the production of unsaturated fatty acids, and the presence of G+C-rich areas encoding tRNAs, 
elongation factors, and RNA polymerases in the genome of psychrophiles increase their cold adaptation. 
Furthermore, strong translational and posttranslational processing capability in psychrophiles may be 
required for their development at low temperatures (De Maayer et al., 2014). Psychrophilic enzymes have 
more structural flexibility, less thermal stability, and higher specific activity towards a cold environment. 

Figure 1. Various strategies of extremophiles
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BIOACTIVE COMPOUNDS FROM EXTREMOPHILES

Extremophiles harbour bioactive compounds that range from enzymes, fatty acids, antibiotics, polymeric 
substances, bio-surfactant, halocins, and proteins, etc., which seems to have wide applicability in biotech-
nological processes. However, few bioactive compounds originated from extremophiles their peculiarity 
and properties are described in Table 1. The extremophilic system has acquired unique adaptive traits 
that are responsible for survival under extremities. The obstruction for biomolecules is its potential use 
less explored. There is wide scope exists for novel bioactive compounds from extremophiles that have 
potential applications for sustainable development.

MEDICAL AND PHARMACEUTICAL APPLICATIONS OF 
BIOACTIVE COMPOUNDS FROM EXTREMOPHILES

Anti-Cancer Agents

Anti-cancer compounds inhibit cancer proliferation; those sourced from extremophiles have received 
attention for intensive research due to their atypical applicability Figure 2. Extremophiles synthesize 
a variety of extremolytes that include a spectrum of antimicrobial and antitumor compounds (Singh et 
al., 2010). Recently, a halophilic extracellular polymeric substance from Halomonas stenophila was 
reported with anticancer, prevents cardiovascular disorders, and with antiaging properties. Blocking 
the synthetic lipids molecules lead to inhibit the growth and proliferation of tumours. (Amjres et al., 

Table 1. Bioactive compounds originated from extremophiles 
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2015). The extremozymes such as amylases, ligases, xylanases, α-glucosidases, endoglucanases, and 
Exopolymeric substances sourced from acidophiles are cited as a preventive measures for ulcer disease 
and various gastric cancer. (Babu et al., 2015). The extremolytes generally cold-active by-products 
from psychrophiles are used in food technology, molecular and genetics, pharmaceutical research, 
and also in medicinal purposes; on contrary, the cold stable by-products are used for the production of 
novel compounds viz. primary and secondary metabolites generally antibiotics used in cancer therapy 
and synthesis of nutraceutical. The Mycosporine-like amino acids (MAAs), scytonemin are the few 
bioactive compounds from extremophiles has been reported to have potential applications as preven-
tive agents in cancers such as melanoma, which are induced by harmful UV radiation. Furthermore, 
the prospect for MAAs compounds may be associated with therapeutic implications (Abraham et al., 
2021). For the advancement of novel pharmacophore, the most cited extremolyte is scytonemin found 
in sunscreens produces protein kinase inhibitors such as antiproliferative and anti-inflammatory drugs. 
The radio-resistant microbes that belong to Halobacterium and Rubrobacter sp. are reported to secrete 
bacterioruberin have been cited (Singh and Gabani, 2011) to have applicability in preventing human 
skin cancer due to restoring DNA impaired strands occurs by harmful UV radiation. The deinoxanthin 
obtained from the radioresistant bacterium Deinococcus radiodurans causes the cancer cell apoptosis 
as a chemopreventive agent. The extremolytes can inhibit protein aggregation or misfold thereby it 
seems to play a fascinating role in drug development for disease (Faria et al., 2019); for skin-related by-
products, firoin and ectoine both have been reported to reduce signal-dependent pathways resulting from 
acquaintance towards carbon nanoparticles both in-vivo as well as in-vitro that broadens the applicability 
of compatible solutes. Many processes involve the activation of mitogen-activated protein kinases that 
upregulation apoptosis, proinflammatory cytokines, the proliferation of lung epithelium which leads to 
lung cancer, chronic pulmonary and fibrosis disease (Autengruber et al., 2014). The hyperthermophile 
i.e. aerobic archaeon Aeropyrum pernix K1 synthesizes thermostable nucleoside phosphorylase that has 
wide applicability for nucleoside analogues synthesis, which has antiviral properties (Zhu et al., 2013). 
Additionally, other extremolytes involve thermolysin from thermophiles to clean up DNA before PCR 
amplification and in various DNA processing enzymes. Liposome from Halobacterium cutirubrum 
synthesizes novel biomolecules that have useful applications in medicinal and pharmaceutical purposes 
particularly for the treatment of disease (Litchfield, 2011).

Drug Delivery, Immunosuppressant, Antibiotics

Extremophiles mainly involved in enzyme production and antibiotic preparation find their application in 
the medical field (Shukla et al., 2020). Some halophilic bacteria produce lipids primarily used as delivery 
vehicles for vaccines and drugs. Moreover, compounds like siderophores, found in halophilic archaea, 
are involved in the treatment of iron deficiency diseases or enhance antibiotic activity against bacteria. 
Halophiles are involved in nanoparticles synthesis that is the basis of gene therapy and drug delivery, 
in-vitro diagnosis, and in-vivo imaging (Ryan and Brayden, 2014). A halophilic archaeon, Halococcus 
salifodinae BK3 was employed to generate tellurium nanoparticles (Srivastava et al., 2015), and spheri-
cal intracellular selenium nanoparticles which were active against a range of Gram-positive and Gram-
negative bacterial species. Halophilic archaea are widely exploited as carriers for topical drug delivery 
across the skin, due to the unique properties of their membrane lipids (Carrer et al., 2014). Extremophiles 
such as Geobacillus thermodenitrificans and Bacillus licheniformis produce EPS, which can act as 
strong stimulators for cell-mediated immunity. In the treatment of immunocompromised patients, these 
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immunomodulatory agents can play a crucial role. Halomonas sp. produced PHAs which have multiple 
biomedical applications such as in tissue implants, comprising blood vessels, nerve conduits, artificial 
heart valves, tendons or cartilage, bone replacements, oesophagus replacements (Luo et al., 2019), porous 
micro spherical implant-scaffolds for microsurgery, surgical sutures, and hydrogels/organogels (Zhang 
et al., 2019). Additionally, PHA produced by extremophiles proves to demonstrate anti-osteoporosis 
effects (Cao et al., 2014). PHAs can also be converted into nanoparticles for controllable and targeted 
drug delivery to the appropriate sites (Li and Loh, 2017), for surface display of numerous target proteins 
and protein purification (Wong & Rehm, 2018), or as PHA Nano-vaccines.

Recombinant Enzyme Production

The overall cost of intrinsic enzymes are high & obstructs its applicability for medicinal and pharma-
ceutical purpose so there is a constant upsurge for a recombinant form of the enzyme. The recombinant 
enzyme is produced generally by employing site-directed mutagenesis, genetic engineering tools in which 
genes can be modified by CRISPR and related technologies. The extremophiles-instigated microbial 
system is scarcely reported for recombinant enzyme synthesis. However, by employing molecular tools 
and various approaches the progression in enzyme technology can be possible. Escherichia coli is the 
foremost studied system for cloning and overexpression of genes of interest due to ease of handling 
and growth requirements (Nieuwkoop et al. 2019). The L-glutaminase gene sourced from halophilic 
bacteria Micrococcus luteus K3 was cloned in E.coli JM109 and allowed to express in vectors pUC19 
and pKK2233 that leads to an increase in the expression level of the gene that has therapeutic applica-
tions, particularly in cancer therapy (Binod et al., 2017). Additionally, Pseudomonas sp. is reported for 
recombinant L-asparaginase production that has potential implications (Sindhu & Manonmani, 2018). 

Figure 2. Applications of bioactive compounds from Extremophiles
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The alkaliphilic microorganisms Thermoleophilum album, and Exiguobacterium oxidotolerans produce 
recombinant catalase that can be used in food processing and genetic engineering processes. There are 
another amidohydrolase group of therapeutic enzymes that have potential applicability in the medicinal 
and pharmaceutical sectors. With the advent of the metagenomics technique, the high scale mining of data 
can be possible and results in novel gene sequences from various extreme surroundings (Tripathi et al., 
2018). (In the present section, the information related to various omics approaches has been mentioned).

As a Potent Antioxidant Molecule

Halomonas nitroreducens WB1, a halothermophilic bacterium produced EPS with antioxidant proper-
ties against DPPH and hydroxyl radicals (Chikkanna et al., 2018). Halophilic EPS plays a crucial role as 
natural antioxidants for the inhibition of oxidative damage in humans. Thermophilic and halophilic EPS 
produced by Geobacillus sp. strain TS3-9 and Halolactibacillus miurensis respectively; both showed 
dose-dependent scavenging activity against hydroxyl, DPPH (2,2-diphenyl-1-picrylhydrazyl), and super-
oxide free radicals (Arun et al., 2017). A psychrophilic Polaribacter sp. SM1127 reported to produce a 
hyper-branched EPS showed significantly excessive antioxidant activity than that of hyaluronic acid, an 
industrial seizing agent for scavenging radicals. These extremophilic EPSs with outstanding antioxida-
tive capacity may be efficient in the therapeutic purpose to treat neurodegenerative diseases. Extensive 
research inputs are required to determine the biofilm exopolysaccharides potential use (Baria et al., 2020).

Synthesis of Nutraceutical and Application in the Food Industry

Stephen DeFelice coined the word “nutraceutical” in 1989 by combining the terms “nutrition” and 
“pharmaceutical.” Raw foods, fortified foods, and dietary supplements that include biologically active 
molecules that give health advantages beyond basic nutrition are referred to as bioactive molecules. 
Certain peptides, vitamins, fatty acids, polysaccharides, and phytochemicals are examples of bioactive 
substances that are naturally present in foods, may be added to foods to provide fortified or functional 
foods, or can be made as dietary supplements. These bioactive compounds can be extracted from natural 
sources or synthesized chemically and biotechnologically (Fernandes et al., 2019). Marine nutraceutical 
goods account for a significant percentage of the worldwide market and are generated from a variety of 
sources that include a wide spectrum of bioactive compounds.

Due to their unique activity under abnormal circumstances, biomolecules such as enzymes extracted 
from extremophiles can be extremely helpful in the food sector and is commonly acknowledged that ex-
tremophiles have a great potential for application in biotechnology. Biosynthesis of L-glutaminase, which 
has a variety of uses in the food industry, pharmaceutical manufacturing, and nutraceutical production. 
Theanine, for example, can enhance the growth of probiotic microorganisms. Stenotrophomonas malto-
philia produces a salt-tolerant glutaminase, which is widely utilized in Japanese soy sauce production 
(Patel et al., 2021). Many commercially available aminopeptidases from microbial sources are used in 
the food industry, such as flavoenzyme from Aspergillus oryzae, neutralize from A. oryzae used in the 
dairy and fish industries, corolase from Aspergillus sojae used for hydrolysis of animal and vegetable 
protein, debitrase from Lactococcus lactis, and A. oryzae for bitterness prevention during fermentation 
(Nandan & Nampoothiri 2017).

Cold active enzymes produced by psychrophiles signify an effective tool in the food industry. There 
is an increment in industrial trend for food products treated under low temperature to prevent it from 
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detrimental effects on texture, nutritional value, and taste as well as energy-efficient. Cold-active 
β-galactosidase is an essential enzyme in the dairy industry. It can break down lactose into glucose and 
galactose at freezing temperatures. The main application is for synthesizing lactose-free milk and other 
derived foodstuffs for the lactose intolerant, world population. Moreover, utilized to alter lactose in whey 
to D-tagatose, which is a natural sweetener with value-added application viz. low glycemic index and 
calories (Struvay & Feller, 2012). The cold-active pectinases showed significant applications in the fruit 
juice industry as they maintain the quality and nutritional properties of the fruit juices and allow various 
processing steps such as liquefaction, clarification, and extraction of juice; at low temperature (Adapa et 
al., 2014). Xylanase produced by Pseudoalteromonas haloplanktis, an Antarctic bacterium, efficiently 
enhanced the mechanical properties of dough and the final quality of bread with an increase in loaves. 
Cold-active xylanases hydrolyze β-1,4-xylan found in all flours, are the chief constituents of industrial 
dough conditioners utilized at low temperatures essential for dough resting to enhance bread quality 
(Struvay & Feller, 2012). Additionally, in the food industry extremolytes are the potent candidates for 
the production of food products, functional foods that supplement positive health benefits by improving 
short-range functioning ability or by the long-lasting improvement of particular diseases. For instance, 
ectoine accumulation (up to 89 mg/100 g of product) when cheeses are treated with Brevibacterium 
linens for surface ripening of the product (Giuffrida et al., 2020).

Thermozymes produced by thermophiles have several applications in the food industry, as their stability 
under high temperatures ensures that they resist degradation at high temperatures greater productivity, 
and lesser process time. Carbohydrate-degrading enzymes such as glycosyl hydrolases have abundant 
applications in the animal feed and food industries as well as in lignocellulose degradation (Aulitto et 
al., 2019). They comprised pullulanase, α- and β-amylases, α-glucosidases, and glucoamylases all of 
which are essential for the complete breakdown of starch. Xylanases and cellulases are widely used in 
food processing. Alcalase, a protease used to treat soy meal and thermolysin, synthesizes the artificial 
sweetener aspartame (Barzkar et al, 2018).

Cold-adapted proteases are implied for tenderisation, during the processing of fish and meat, and their 
application has been associated with enzymes from Atlantic cold-water fish (Parvizpour et al., 2021). 
Many of these enzymes are used for eggs processing, eliminating skin from squid mantle or fish fillets, 
or fish bones, or extracting fish membranes. Generally, the processing of seafood involved the use of 
several cold-adapted enzymes (Venugopal, 2016). Some cold-adapted microorganisms produce antifreeze 
small glycoproteins that inhibit the formation of ice crystals in body fluids and cells, first revealed in 
fish from polar waters. Ocean pout fish synthesize antifreeze protein called ice-structuring protein and 
is overexpressed in Saccharomyces cerevisiae. Unilever’s ice cream prevent the recrystallization of ice 
after freeze-thaw cycles, which may affect the ice cream’s texture and taste (Margesin and Feller, 2010).

Role of Probiotics

Probiotics are generally referred to as beneficial live microorganisms which confer many health benefits 
when administered in ample proportion, thereby the use of probiotic-rich food is very widely spread 
(Ouwehand, 2017). There are many probiotic strains reported but very few are extremophilic hence still 
there is a constant upsurge for an effective strain that can confer many health benefits particularly for 
therapeutic purposes. Various criteria that one needs to take into consideration while selecting potent 
probiotic strains include resistance towards enzymes and pH found to be present in the oral cavity, ability 
to resist bile and pancreatic juice present in small intestine and susceptibility to antibiotics, synthesis of 
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antimicrobial compounds, colonization intestinal epithelial cells. Health benefits confer by LAB may 
involve therapeutic (synthesis of vitamins) / nutritional (immunomodulation, prevention of various types 
of cancers i.e. gastric and stomach ulcers, antimutagenic agent, etc.) (Śliżewska et al., 2021). Acidophilic 
organisms are common intestinal micro-flora, certain strains of Lactobacillus acidophilus prevent many 
diarrheal infections viz. traveller’s diarrhoea, infectious diarrhoea, and antibiotic-associated diarrhoea 
(Ouwehand et al., 2014). The Commonest bowel disease associated with probiotics is Crohn’s disease 
and ulcerative colitis, the most usual feature is chronic diarrhoea. The bacteria Helicobacter pylori was 
reported to cause severe ulcers in the stomach and duodenum. A thorough study of acidophiles and their 
stability concerning acid is possible through crystal structure analysis. The most prompting purpose 
of acidophiles is the formulation of a novel drug for treatments to those who are more prone to gastric 
cancers and stomach ulcers (Dos Reis et al., 2017). However, to regulate the pH of cells these bacteria 
usually pump out hydrogen ions inside the membrane to respond to change. The exact mechanism of 
acidophile and its regulatory machinery to retain the pH stability of cells is unknown. Extremozymes 
found in the genome of acidophilic bacteria are a major focus of the research area. Hence, the wide scope 
still exists for an upsurge of novel probiotics from extremophiles that has biotechnological implications 
(Lebeer et al., 2018).

Cosmetics

Psychrophilic bacteria exhibit promising applications in the cosmetics and pharmaceutical industries. 
Antarctic bacterium Pseudoalteromonas produced Antarticine-NF3, which is an antifreeze glycoprotein 
and highly efficient in scar treatment. It has been also used in cosmetic regeneration creams. Further-
more, Candida antarctica which is the polar yeast used to synthesize two cold-active lipases, A and B 
included in an enormous application associated with cosmetics (Guo et al., 2020).

Radiation-resistant microorganisms can produce various primary and secondary metabolites that de-
fend them against high UV radiation, which destruct living cells. UV-A rays in sunlight can lead to skin 
ageing as well as produces ROS, which can damage DNA (Gabani & Singh, 2013), however, UV-B rays 
are the most mutagenic and cytotoxic for human skin, causing skin cancer. Photoprotective compounds 
such as mycosporine-like amino acids (MAAs) and scytonemin have chiefly been exploited in cosmet-
ics and potential applications in the pharmaceutical sector. Some extremophilic cyanobacteria such as 
Nostoc, Anabaena, Scytonema, and Lyngbya generate a small molecule (Mr 544) called Scytonemin; 
synthesized during condensation of two cyclopentanone and indole rings. Its mode of action leads to 
decreasing the in-vivo production of ROS, in addition to thymine dimers in DNA (Rastogi et al., 2014). 
Scytonemin is a yellow-brown to the red pigment that absorbs blue and near UV radiation, but light with 
a higher wavelength used for photosynthesis is not absorbed by this molecule and can diminish inhibi-
tion of photosynthesis by UV-rays (Fuentes-Tristan et al., 2019). MAAs have a similar mode of action 
and function. In the cosmetic industry, MAAs are used as a preventive agent against UV rays-induced 
skin cancer. MAAs compounds are potent candidates in UV protective sunscreens (Shang et al., 2018).

Various other molecules are known, such as palythene, palythinol, porphyra-334, palythine, asterina, 
and shinorine. They absorb UV rays and prevent the creation of pyrimidine dimers in DNA (Singh & 
Gabani, 2011) but they allow the cell to disperse energy as heat, without the generation of ROS. These 
molecules offer defense against UV-B rays, according to their intracellular localization and structure. 
These compounds have anti-inflammatory properties in response to UV rays indicate that they may 
have potential skin anti-ageing activity, as shown by their ability to inhibit COX-1 mRNA production. 
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These compounds are widely used in sunscreens and other skincare products (Derikvand et al., 2017). 
Chromohalobacter canadensis 28, a halophilic bacterium synthesized exopolysaccharide; constitute 
Poly-gamma glutamic acid (γ-PGA) and carbohydrate with high lipophilic and hydrophilic properties 
are an obvious choice for ointments and skin creams (Radchenkova et al., 2018).

Case Study

The bioactive compounds sourced from extremophiles play a very crucial role in the medical field. 
However, the DNA polymerase obtained from the thermophilic bacterium Thermus aquaticus is known 
to play a critical role in molecular biology and now in molecular diagnostics as well. Several extremo-
philes synthesize antimicrobial peptides i.e. diketopiperazines are reported to possess antimicrobial, 
antifungal, antiviral, and antitumor properties in addition to the blood clotting phenomenon. Many 
other halocins from halophiles viz. Naloterrigena hispanica and Natronococcus occultus are cited to 
regulate the quorum-sensing pathways an essential one for the pathogenic bacteria such as Pseudo-
monas aeruginosa, a causative agent of pneumonia and an also infection found in patients with cystic 
fibrosis. Thus an ample scope exists in this field and it can give an altogether different dimension to 
the presently existing methods. This could be shaped as an alternative to combat multi drug-resistant 
bacterial infection. Haloarchaea have long been reported for the synthesis of gas vesicles and polar lipids 
capable of eliciting an immune response in mice and even is less toxic to cells (Coker, 2016). Recently 
the amidohydrolase group of enzymes from the terrestrial origin is studied for cancer treatment particu-
larly a case study on acute lymphoblastic leukaemia in patients with Native Asparaginase from E.coli 
and Erwinia sp. is reported, (Nunes et al., 2020) and available commercially under the brand name of 
Oncaspar, Elspar, Leukanase, Novozymes and many more. Thus working in the same direction identi-
cal enzymes of the marine microbial system can be purified and employed (Patel et al., 2021). It is to 
the best of our knowledge that there is a scarce report on the therapeutic usage of bioactive compounds 
from extremophiles, which encourage researchers to work harder in this context. Though much scope of 
this field is still in its infancy and a mammoth task to be done for exploration of in-vivo use of bioactive 
molecules for medicinal purpose.

CONCLUSION AND FUTURE PROSPECTS

Extremophilic microorganisms synthesize various types of bioactive compounds that involve primary 
and secondary metabolites and have profound benefits for humans. The unusual surroundings are known 
to harbour the most potent extremophiles that serve as a prospect for various biotechnological purposes. 
Particularly by employing molecular tools, the enhancement of peculiar features of extremophiles may 
be possible through metabolic and genetic proficiencies. However, recently the bioactive compounds 
from extremophiles are seemed to have wide perseverance for medicinal and pharmaceutical purposes 
for sustainable development as reported from the literary works. Furthermore, the molecular biology 
and metagenomics approach has paved way for in-depth research on extremophilic metabolites many of 
which are reported novel and have plenty of scope in future.
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ABSTRACT

Microbial fuel cell (MFC) technology is considered one of the renewable sources of energy for the produc-
tion of bioelectricity from waste. Due to the depletion of fossil fuels and environmental considerations, 
MFC haa garnered increasing importance as it is a sustainable and environmentally-friendly method 
of generation of bioenergy. In MFC, electroactive bacteria (EAB) and biofilms are harnessed to convert 
organic substances to electrical energy. Extremophiles survive in extreme environments, and they have 
demonstrated potential applications in microbial electrical systems (MES) and MFC technology. The 
key limitations of MFC are the low power output and engineering constraints of the fuel cell. Hence, 
it is imperative to understand the genetics, key metabolic pathways, and molecular mechanisms of the 
EAB for enhancing the power generation in MFC. This chapter gives a brief overview of the scope and 
applications of extremophiles in wastewater treatment, bioelectricity, and biohydrogen production using 
MFC, eventually enhancing the functional efficiency of MFC.
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INTRODUCTION

Massive industrialization in the recent past has increased the energy needs and usage many fold. Exces-
sive utilization of fossil fuels has not only led to depletion of natural reserves but also has posed major 
problems in terms of global warming, atmospheric changes and potential threat to natural ecosystems. 
Hence, alternative mechanisms are being sought for generation of sustainable renewable energy using 
environment friendly approaches namely wind energy, solar energy, tidal energy etc. Biohydrogen and 
bioelectricity production using Microbial fuel cells (MFCs) is also the one step in this direction. Jour-
ney of MFCs began in 1911 with glucose as a substrate and Platinum as electrode using S. cerevisiae, 
till the present time with several advancements in terms of usage of efficient microbial communities, 
electrodes, substrates and modes of operations leading to environment friendly mode of energy produc-
tion (Anshu, 2021; Latika Bhatia et al., 2020). Still, even today the commercialization of MFC is a big 
challenge due to high cost of production and comparative low yield of electricity. Extremophiles being 
able to thrive in extreme physical and geothermal conditions can be used in MFCs. Thombre et al (2016a; 
2016b) reported eco-friendly methods of usage of halophilic archaea and role of Bacteriorhodopsin in 
bioelectricity generation. Further, different approaches like de novo protein engineering and genetic 
engineering can be explored and could possibly make this energy option cost effective in near future. 
Present chapter explores the recent progress in metabolic and genetic engineering for manipulation of 
electroactive bacteria (EAB) and scope of extremophiles for enhanced production of bioenergy (Latika 
Bhatia et al., 2020; Jamile Mohammadi Moradian et al., 2021).

BACKGROUND

MFCs are bioelectrochemical devices which consist of anode and cathode chambers which are physically 
separated by a proton exchange membrane (PEM). Microbial cells work as biocatalysts where they oxi-
dize the organic substrates to generate electrons and protons in anode chamber (Rahimnejad et al.,2015; 
Yibrah Tekle & Addisu Demeke, 2015). Microorganism transfers the electrons to anode through which 
electrons then travel to the cathode with the help of an external circuit to produce electricity. General 
reactions at anode and cathode are as follows: (Chang et al., 2006; Yibrah Tekle & Addisu Demeke, 2015)

Anode oxidation reaction:

( )CH O n nH O nCO ne nH
2 2 2

4 4+ → + −+ +  (1)

Cathode reduction reaction:

4 4 2
2 2

e H O H O−+ + →+  (2)

There are different variants of MFCs available based on its construction. Double-chamber MFC is 
the simplest of all types and consists of two separate chambers of anode and cathode; and chambers are 
compartmentalized with the help of membrane permeable for proton exchange. Single- chamber MFCs 
are made up of single chamber containing anode and cathode electrodes separated by proton exchange 
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membrane (PEM). Up flow MFC is widely used in waste water and it is made up of a cylinder in which 
cathode and anode are separated by a layer of glass wool and glass beads. Stacked MFC is a system in 
which several MFCs are connected in series or in parallel to increase the total power output (Kumar et 
al., 2017). Different types of MFC technologies can be harnessed for environment friendly sustainable 
generation of biohydrogen and bioelectricity from waste water or organic waste (Venkata Mohan et al. 
2007a; Hallenbeck et al., 2012; Chandra et al., 2015; Mark Dopson et al., 2015).

The bacteria used in MFCs and microbial electrosynthesis (MES) are electroactive bacteria (EAB) 
transfer the electrons from biological membranes to or from the environment. In MFCs bacteria utilize 
organic compounds to generate electrons while in MES bacteria utilize the electrons that are produced by 
external sources like electrodes (Logan et al., 2006). Interest in understanding the mechanism of electron 
transfer and the genes underlying the same are important from a fundamental point of view in order to 
harness the maximal electrogenic properties of the microbes as it serves as one of the renewable sources 
of energy. A crucial aspect in a microbial fuel cell is establishing the “link” for the electron transfer. As 
described by Schröder U. (2007), this linking species must be able to establish physical contact with 
the electrode surface, must be electrochemically active and its standard potential should be close to the 
redox potential of the primary substrate.

The first way in which the electron transfer can occur is when the microbes transfer electrons directly 
to the anode; referred to as Direct Electron Transfer (DET). It has been demonstrated in bacteria like 
G. sulfurreducens (Reguera et al., 2005), Shewanella putrifaciens (Kim B.H. et al., 1999b) and among 
many others. The second method of electron transfer involves mediators, which are either naturally 
present (Stams et al., 2006) or are produced by the microbes (Rabaey et al., 2005), which transport the 
electrons from the inside of the microbial cell to the electrode. An important point to be noted here is 
that the “mediator-less microbial fuel cells’’ do not imply DET being the electron transfer mechanism. 
“Mediator-less”rather means that no artificial mediators have been added/inserted in these systems (Park 
& Zeikus, 2000; Prasad et al., 2007)

Although the DET method of transfer had been long debated since the living cells were generally 
assumed to be electrically non-conducting (Schröder U., 2007). Kim H.J. et al. (2002) at the end of the 
20th century marked a remarkable breakthrough by establishing this mode of electron transfer. The direct 
contact is established through c-type cytochromes, while the long range contact is achieved via electri-
cally conductive pili or nanowires (Reguera et al., 2005). In cases of direct contact, only one layer can 
take part in electron transfer, and the power densities understandably can be low. DET with conductive 
pili or nanowires turns out to be operationally more stable and yields much higher coulombic efficiency 
(Chang et al., 2006; Kumar et al., 2017).

Very few species using direct electron transfer have been found. Along with direct electron transfer, 
Rhodoferox ferrireducens can use complex substrates, like glucose (Chaudhuri & Lovley, 2003). Other 
species like Geobacter and Shewanella can utilise only low molecular organic alcohols and acids which 
limits their applications. The bacterial strain Geobacter sulfurreducens KN400 attracted a wide inter-
est towards microbial fuel cells; as it was named as one of the 50 most important inventions by Time 
Magazine in 2009.

There has also been interest in genetically engineered microbial species which will further enhance 
the current output by reducing the electron transfer resistance. This effort, including adaptive selection, 
will depend on modifying the cytochromes and the pili structures as they play a significant role in decid-
ing the microbe’s ability to form biofilms and the carbon-based substrates it can metabolize. Mediated 
Electron Transfer (MET) is another method widely reported in the literature which involves organisms 
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like Klebsiella pneumoniae which uses HNQ as mediator (Rhoads & Lewandowski, 2005), Streptococcus 
lactis which uses Ferric chelate complex as mediator (Vega & Fernandez, 1987) and Proteus mirabilis 
which uses Thionin as mediator (Choi et al., 2003). This method is more widely reported as the cell 
membranes in most bacteria consist of non-conductive lipids, peptidoglycans and lipopolysaccharides 
(Guo et al., 2012), rendering direct electron transfer impossible. The mediators can broadly be classified 
into two kinds: exogenous and endogenous. Exogenous mediators are the “electron shuttles” which are 
already present in the environment, whereas the endogenous mediators are produced by biocatalysts.

The exogenous mediators include compounds like phenazines, phenoxazines, phenothiazines and 
quinones which can facilitate the transfer of electrons from the bacterial cultures to the electrodes 
(Schröder U., 2007a; Bennetto et al., 1983; Stirling et al., 1983). The study on these systems from ap-
plication point of view however, remains limited as they are expensive and their regular external addition 
is necessary, making these systems environment-unfriendly and commercially inconvenient. Moreover, 
the power densities achieved from the use of these are low compared to the systems operating on other 
kinds of mediators (Bullen et al., 2006). The different mesophilic organisms involved in generation of 
bioelectricity are enlisted in Table 1.

The endogenous mediators can further be of two types: primary and secondary metabolites. The pri-
mary metabolites, in contrast to secondary metabolites, formed by anaerobic respiration and fermentation 
are more closely associated with the oxidative substrate degradation (Schröder U., 2007). Examples of 
these oxidizable metabolites include H2 and H2S, which were studied using E. coli (Hernandez & New-
man, 2001; Schröder et al., 2003) and Sulfurospirillum delayianum (Niessen et al., 2004) respectively.

Secondar metabolites like pyocyanin and ACNQ (Straub & Schink, 2004) can play the role of electron 
shuttlers and are produced via metabolic pathways by the biocatalysts. The mediators of this type get 
reduced in the cytoplasm while the organic or carbon substrates get oxidized inside the bacterial cells. 
These reduced mediators then migrate to the anode where they release electrons and become oxidized. 
The released electrons can be absorbed by the oxidized mediators, hence repeating the cycle (Schröder 
U., 2007). The examples of these mediators remain limited as their identification is highly challenging 
and even their efficiency has been argued (Lovley, 2006) in case of open (flow) systems with their pos-
sible steady loss. Although the systems involving MET have lower Coulombic efficiency (compared to 
DET), the overall free energy in case of DET based systems is lower as they require high surface areas 
(Schröder U., 2007).

Table 1. Mesophiles used for producing bio-electricity in MFC

  Microorganisms (Mediator required)   Microorganisms (Mediator less)

  Erwinia dissolvens   Shewanella putrefaciens IR-1

  Lactobacillus plantarum   Geobacter sulfurreducens

  Proteus vulgaris   Geobacter metallireducens

  Escherichia coli   Desulfobulbus propionicus

  Gluconobacter oxydans   Desulfovibrio desulfuricans

  Pseudomonas aeruginosa   Aeromonas hydrophila

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



290

Extremophiles in Sustainable Bioenergy Production as Microbial Fuel Cells
 

Metabolic Engineering Approaches for Improving MFC

For efficient performance of the Microbial fuel cell, the study of interaction between microorganisms 
and electrodes, related to low power densities which is considered to be a major drawback are essential. 
Another drawback of MFC is slow electron transfer at the anode and microorganism’s interface (Wang 
et al., 2013). There is an urgent need to study all the factors contributing to the performance of Microbial 
fuel cells and modify the working in such a way that the obstacles are overcome. Microbial fuel cells are 
called so because the source of energy is micro-organisms. To increase the power densities, one needs 
to study the nature of the microorganisms.

Genetic and metabolic engineering involves modification or manipulation of a genetic makeup or a 
biochemical pathway to increase the concentration of a particular product respectively (Gonzalez, 2013). 
The biochemical pathways which are utilized for power generation by microorganisms can be modified 
at the genetic level to improve the performance of MFC by modifying the genes involved in the process. 
In this section, we are focusing on modification of biochemical pathways at the genetic level.

There are several studies carried out in which metabolic engineering techniques are utilized for im-
proving the performance of micro-organisms in MFCs. The entire metabolic processes of Escherichia 
coli were extensively studied and experiments were performed to investigate the effect of modified the 
levels of NADH and FADH2 on power generation of MFC. Other extensively studied microorganism 
is Rhodopseudomonas palustris (R. palustris) which utilizes ATP as a source of energy to reduce the 
downstream compounds and releases H2 as a byproduct. H2 is used for nitrogen fixation wherein a part 
of H2 is transported to hydrogenase enzymes and the compounds are reduced. The hydrogen release was 
suppressed by genetic engineering technology wherein the genes of nitrogenase enzyme were deleted. The 
deletion of the genes for nitrogenase enzyme led to efficient production of electrons by the bacterium. 
An improved electron generation of the bacterium was followed by an increased number of reduced 
equivalents. This ultimately led to an increased amount of power generation which was calculated to 
be 18.3 mW cm-2 while the wild type strain could produce 11.7 mW cm-2 (Alfonta, 2010) This was a 
notable change in terms of power generation and of course, a very significant finding.

A study was carried out using uncommon strain Pseudomonas aeruginosa, commonly found in 
wastewater for power generation in MFC. It produces an organic compound Phenazine which is used in 
enhancing electron transport. The biosynthesis of Phenazines is regulated by the Quinolone system also 
known as PQS system (Qiao et al., 2017, Rabaey et al., 2005). However, utilization of P. aeruginosa can 
restrict power generation as the PQS system remains inactive for the majority of the time in the absence 
of oxygen. Also, the growth of the microorganism is inhibited in anaerobic conditions. In order to over-
come these hindrances, metabolic engineering is implemented to seek an alternative method for power 
generation. The synthetic compound known as PqsE was found to be an alternative to the limitations. A 
PQS system deficient yet phenazine over-producing mutant of P. aeruginosa was modified by introduc-
ing a PqsE gene to the strain. The mutant, PqsC, was selected from a transposon mutagenesis library 
which was constructed using Mariner transposon vector pBT20. Out of the population, mutants carrying 
the transposon insertion were picked and cultured. The mutants producing low levels of pyocyanin were 
selected and the sequence flanking Mariner transposon was found out by performing Polymerase chain 
reaction. A PqsC mutant producing low levels of pyocyanin was identified using the PqsA-E operon in 
trans on plasmid pLG10. The sPqsE gene was introduced in PqsC mutant and PAO1 by electroporation 
and selected by growing them on LB agar containing 200 mg/l Carbencillin. The power generation us-
ing these mutants was investigated. After 3 days of operation of the mutants in Microbial fuel cells, a 

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



291

Extremophiles in Sustainable Bioenergy Production as Microbial Fuel Cells
 

current of 0.5mA/cm2 was achieved; this was five times higher than the rest of the strains (Wang et al., 
2013). Hence, genetic engineering of the microorganisms by deleting the genes for the PQS system and 
developing a new strain of micro-organism containing a new gene altogether proved to be more efficient.

Genetic Engineering and Genome Microarray Analysis of EAB in MFC

Many bacteria are capable of producing bioelectricity but Geobacter sulfurreducens is a choice of micro-
organism in MFCs and as a model organism to study extracellular respiration because it effectively pro-
duces large current, does not need mediator for transfer of electrons to anode and whole genome sequence 
is also available for it (Rollefson, 2009). Geobacter sulfurreducens show extracellular respiration with 
anode which uses c-type cytochrome complexes and nanopili for transfer of electrons directly to anode 
by formation of biofilm (Choudhary et al., 2017). Extensive study has been done on G. sulfurreducens 
and Shewanella oneidensis. A total of 111 and 42 genes for multiheme c-type cytochromes have been 
reported in G. sulfurreducens and S. oneidensis. These genes help in mediating the flow of electrons to 
the outer membrane. Whole genome microarray analysis of bioelectricity producing biofilms revealed 
that OmcZ is one of the most highly expressed genes in electrochemically active bacteria. Further ge-
netic studies demonstrated the outer-membrane octa-heme c-type cytochrome, OmcZ is essential for 
high-density power production and is present at biofilm-anode interface.

A microarray analysis of Geobacter based MFCs gave insights into the genes of electrically con-
ductive pili called nanopili or nanowires and various c-type cytochromes (Choudhary et al, 2016). In 
G.sulfurreducens, OmcF (GSU2432) a monohemec-type cytochrome is present in the outer membrane. 
Deletion of this gene results in less Fe (III) reduction and low current generation as compared to the wild 
type strain (Kim et al., 2005; Choudhary et al., 2016). OmcF plays an important role in regulating other 
genes which are directly or indirectly involved in reduction and electricity production but the regulation 
mechanism is different for both. OmcB an outer membrane c-type cytochrome is actively involved in Fe 
(III) reduction but not needed for Mn (IV) reduction. OmcB is the favored route and not the only route 
for electron transfer to cell surface.

Recent studies suggest that hexa-heme c-type cytochrome OmcS (GSU2504) performs electron transfer 
to metal oxide and is present on type IV pili of G. sulfurreducens. It is proposed that electrons travel to 
conductive pili and then to OmcS which then transfers it to metal oxide. OmcS and OmcT (GSU2503) 
are homologues and are transcribed in the same operon. Further genetic studies have proved that OmcT 
is not essential for metal oxide reduction. OmcS and OmcE (GSU0618) outer membrane c-type cyto-
chromes play an important role in electron transport to anode for electricity production and are thought 
to be regulated by OmcF. OmcF(GSU2432) is essential for optimum current generation as it plays an 
important role in proper positioning of OmcS and OmcE in the outer membrane (Kim et al., 2008).

The knocking out of OmcG (GSU2882) and OmcH (GSU2883) will show decrease in level of cy-
tochrome OmcB and in Fe (III) reduction rates without affecting OmcB at transcriptional level. Study 
suggests OmcG and OmcH have roles in either stabilizing OmcB protein or efficient translation of 
OmcB transcript (Kim et al., 2006). OmpB and OmpC, multicopper oxidase proteins are present in the 
outer membrane supposed to be involved in Fe (III) and/or Mn (IV) oxide reduction. Although OmpB 
is found to be essential for Fe (III) and/or Mn (IV) oxide reduction, OmpC has a less important role to 
play as compared to OmpB. Another outer membrane channel protein OmpJ (GSU3304) has an indirect 
role in regulation of electron transfer. OmpJ is thought to be involved in posttranslational modification 
of proteins which actively participate in electron transfer.
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PpcA(GSU0612) a 9.6 kDa periplasmic c-type cytochrome is an intermediary electron carrier. A 
study demonstrated that PpcA and OmcB are possibly a part of the same route for electron transfer but 
has got alternatives in Fe (III) and Mn (IV) reduction pathways (Lloyd et al., 2003). PccH (GSU3274) 
is involved in assimilation of Fe (II) and further investigations on its role in Fe (III) reduction is needed. 
A putative periplasmic c-type cytochromes, CbcD (GSU0591) is encoded by an operon where b-type 
cytochrome CbcB (GSU0593), a membrane protein CbcE (GSU0590) and two other c-type cytochromes 
CbcA and CbcC (GSU0594, GSU0592), are a part of this operon. Together these five proteins that form 
menaquinol, a ferricytochrome c oxidoreductase are involved in electron transfers.

The b-type cytochrome CbcU (GSU0070) and iron–sulfur cluster-binding protein CbcT (GSU0069) 
work together along with c-type cytochrome CbcS (GSU0068) as another menaquinol: ferricytochrome 
c oxidoreductase complex named as Cbc4 complex. Gene GSU2210 encodes a large periplasmic c-type 
cytochrome with 27 putative heam-binding sites. Deletion mutants are not available to demonstrate 
its role in reduction of metal oxides and electron transfer. Other periplasmic c-type cytochrome PccF 
(GSU2201) with eight haem-binding sites is considered to be important for electron transport in the 
Geobacteraceae family as it is present in all Geobacter strains. In contrast, PccF mutant strain had no 
significant effect on metal oxide reduction or electron transfer.

Two genes cccA (GSU2811) and ccpA (GSU2813) code for periplasmic di-heam cytochrome c cata-
lase and peroxidase proteins respectively. These genes protect the bacterial cell against damage caused 
by free radicals. In Shewanella, CcpA was present in abundance during dissimilatory Fe (III) reduction 
and was found to be important in growth under reducing conditions. In contrast, genetic analysis of 
CcpA mutant strain of G. sulfurreducens was found to be similar to the wild strain in terms of types of 
electron acceptors. Another peroxidase, macA (GSU0466) can transfer electrons to a c-type cytochrome, 
PpcA which plays a significant role in growth on Fe (III) citrate. Mutant analysis and gene expression 
patterns of MacA and OmcB are very similar, which concludes that both of them are a part of either 
same or similar routes of electron transfer.

The [NiFe]-hydrogenase complex called Hya is made up of three subunits hyaB (GSU0121), hyaS 
(GSU0123) and hyaL (GSU0122). These genes are thought to be involved in recycling of hydrogen, 
a byproduct of nitrogen fixation. This is assumed to be the similar case in Fe (III) oxide grown cells. 
Also, Hya catalyzes hydrogen dependent reduction of oxygen through menaquinone and participates 
in resistance mechanisms against oxidative stress. In G. sulfurreducens, ac-type cytochrome P460 is 
encoded by gene GSU0746. Similar cytochrome P460 present in methanotrophs oxidizes hydroxylamine 
to nitrite (Bergmann et al., 1998). Expression of Hya and c-type cytochrome P460 indicates that though 
G. sulfurreducens is grown in anaerobic conditions, reactive oxygen and nitrogen species are formed 
during growth on insoluble metal oxides. OmcV (GSU2724) is a c-type cytochrome present in outer 
membrane of G. sulfurreducens and yedY (GSU2723) gene, a catalytic subunit of sulfooxidereductase 
present in periplasmic space have specific role in growth on Fe (III) oxide. Mutation in OmcV does 
not have any significant effect on growth on Fe (III) citrate, Mn (IV) oxide or fumarate but impairs the 
growth of G. sulfurreducens on Fe (III) oxide.

Nanowires (conductive pili) are present on many Geobacter species which are thought to be involved 
in long range electrons transport and the role of OmcS is restricted to facilitation of electrons from pili to 
Fe (III) oxide (Lovley, 2012). Thermodynamic analysis of half of the protein GSU1996 at the C- terminal 
end in G. sulfurreducens suggests that once entered, it acts as a nanowire through which electrons flow. 
Pili deficient mutants of G. sulfurreducens are unable to reduce Fe (III) but are capable of attaching 
themselves to anode (Reguera et al., 2005). Therefore, there is a possibility that along with pilisome 
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other organelles like fimbriae help bacteria to colonize on heavy metals and metal oxides (Choudhary et 
al., 2016). A pilA expression is associated with pili structural proteins. PilA expression is regulated by 
a two-component system where pilR is an enhancer binding protein and acts as a transcriptional regula-
tor. Gene knockout studies of pilR impairs both soluble and insoluble Fe (III) reduction (Juárez et al., 
2009). PilA-N gene encodes the core domain 1 of geopilin, the structural protein of type IV pili, pilA-C 
(GSU1497) gene encodes a protein similar to variable domain 2 of geopilin. Many genes in the pilA-C 
adjacent to extracellular polysaccharide (xap) gene cluster together (GSU1498–GSU1508), for biofilm 
formation. Some other genes involved in the electron transfer are pilL (GSU2039), pilY1-2 (GSU2038), 
fimU (GSU2037), pilV-2 (GSU2036), pilM (GSU2032), pilP (GSU2029) and pilQ (GSU2028). In G. 
sulfurreducens, the upregulation of pili genes was observed and supports the fact of its involvement in 
electron transfer via OmcS to finally metal oxides

G. sulfurreducens form an extracellular matrix rich in cytochromes and polysaccharides. A gene clus-
ter (GSU1498 to GSU1508) designated as xap is proved to be involved in the formation of extracellular 
anchoring polysaccharides. A xapD gene (GSU1501) is possibly involved in bacterial cell agglutination, 
attachment of bacterial cell to and surface for biofilm formation and localization of certain cytochromes 
in extracellular matrix (Aklujkar et al., 2013).

A study conducted on 46 different mutants of Shewanella oneidensis (S. oneidensis) for electricity 
production and metal reduction showed only 5 cytochrome deletions could produce electricity which 
was comparatively less than wild type. Other cytochrome deletions showed at least 20% higher current 
outputs as compared to wild type strain. This study concludes the highly complex mechanism of metal 
oxide reduction and electron flow through cytochromes (Choudhary et al., 2017). All the potential target 
genes for genetic engineering in EAB Geobacter sulfurreducens are enlisted in Table 2.

Metabolic Enzymes and Genes in Biohydrogen Production using MFC

MFC technology can be harnessed for the production of biohydrogen (Chandra et al., 2015). Dairy waste, 
waste water, effluents and organic waste can be utilized for generation of bio hydrogen using MFC (Hal-
lenbeck et al., 2012; Venkata Mohan et al., 2007a, 2007b). For Microbial fuel cells particularly, precious 
metals are not used at anode (Logan, 2009). Current wastewater treatment technology has drawbacks of 
high energy and cost input requirement as compared to the target recovery (He et al.2017). Therefore, a 
cost-effective wastewater treatment could be obtained by introduction of microbial fuel cells either by 
using consortium or pure cultures. In this, pure culture has got an edge superior due to ease of clarified 
electron transfer mechanisms and reducing the complexity of mixed cultures. The additional benefit of 
microbial fuel cells is that there is no any requirement of a mediator’s addition to the system (Cao et.al 
2019).

Clostridium strain DMHC-10T (aka Clostridium biohydrogenum sp. nov) and strain MCMB-509T 
(Kamalaskar et al., 2010, 2016) can be used to produce bio-electricity from both simple (glucose) and 
complex substrates (distillery effluent) in a microbial fuel cell.

In a recent study conducted by Kamalaskar et al. (2016); two dual chambered microbial fuel cells; 
one with glucose (1%) as substrate and second with distillery effluent (ca. 90 gCOD/L) were assembled 
with a working volume of 1 litre containing long cylindrical graphite electrodes (D = 1.5 cm and L = 
11 cm) and connected through KCl salt bridge. Both the fuel cells were charged with 10% DMHC -10 
(8.96 x 108cells/mL culture media) with initial pH 5.5 for glucose-based fuel cell and pH 5.3 for dis-
tillery effluent-based fuel cell. The fuel cells were kept at room temperature (32-35 °C) and the change 
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in voltage and current were measured at regular intervals with a digital multimeter. Glucose based fuel 
cell showed a maximum voltage of 415 mV and power density, 34780 mA/m2 at 24 h with a final pH of 
4.29. In contrast, the distillery effluent-based fuel cell showed a voltage of 187 mV and power density, 
10167 mA/m2at 54 h with a final pH 5.27. The low bioelectricity generation potential from distillery 
effluent-based fuel cells might be due to the complex nature and high substrate load that resulted in its 
slow consumption by Clostridium strain DMHC-10. The results indicated considerable potential of the 
newly isolated Clostridium strain DMHC-10 to generate bioelectricity from glucose and high strength 
distillery effluent. It is interesting to note that in spite of the low-cost fuel cells (membrane-less and with 
graphite electrodes) used in this study, we could still observe the production of a substantial amount of 
bio-electricity. In accordance with these findings, Venkata Mohan et. al. (2007) have documented the 
feasibility of bioelectricity generation from anaerobic wastewater using a MFC fabricated with low-cost 
anode materials such as non-coated plain graphite electrodes without any toxic mediators and aerated 
cathode. Scott and Murano (2007) have documented an environment friendly and mediator-less microbial 
fuel cell (MFC), utilizing manure as a fuel, without any catalyst or a proton exchange membrane and is 
thus environmentally friendly (by using no toxic substances) in treating waste.

Table 2. Potential target genes for genetic engineering in EAB Geobacter sulfurreducens

Locus ID Gene annotation Gene Subcellular location

GSU0466 Cytochrome c peroxidase macA Periplasm

GSU0612 Cytochrome c ppcA Periplasm

GSU0618 Cytochrome c omcE Outer membrane

GSU1394 Laccase family multicopper oxidase ompB Outer membrane

GSU1496 Geopilin domain 1 protein pilA-N Outer membrane

GSU1501 ABC transporter, ATP-binding protein xapD Cytoplasm

GSU2432 Lipoprotein cytochrome c omcF Outer membrane

GSU2503 Cytochrome c omcT Outer membrane

GSU2504 Cytochrome c omcS Outer membrane

GSU2657 Multicopper oxidase, manganese oxidase family ompC Outer membrane

GSU2737 Lipoprotein cytochrome c omcB Outer membrane

GSU2731 Lipoprotein cytochrome c omcC Outer membrane

GSU2882 Cytochrome c omcG Outer membrane

GSU2883 Cytochrome c omcH Outer membrane

GSU2884 Cytochrome c omcA Outer membrane

GSU3304 Outer membrane channel OmpJ ompJ Outer membrane

GSU2912 Cytochrome c omcO Outer membrane

GSU2898 Lipoprotein cytochrome c omcN Outer membrane

GSU2913 Cytochrome c omcP Outer membrane

GSU2723 Periplasmic sulfoxide reductase, catalytic subunit yedY Periplasm

GSU2501 Cytochrome c omcU Outer membrane

Source: Aklujkar et al., 2013

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



295

Extremophiles in Sustainable Bioenergy Production as Microbial Fuel Cells
 

In MFCs, anodic chamber micro-organisms extract electrons and protons by the dissimilative oxi-
dizing process of organic substrates. The electrons are absorbed by the anode and then flow through 
an electrical circuit with a load or resistor to the cathode. The potential difference (measured in Volt) 
across the anode and the cathode together with the flow of electrons (measured in Ampere) resulting in 
the generation of electricity (Watt). After crossing a PEM or a salt bridge, the protons enter the cathode 
chamber where they combine with oxygen to form water (Figure 1).

Typical electrode reactions are shown below using acetate as an example for VFAs.
Anodic reaction:

CH COO H O CO H e
microbes

3 2 2 2
2 2 7 8−  → −+ + +� �  (3)

Figure 1. Construction and working of MFC using MCMB-509 and waste substrate or glucose
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Cathode reaction:

O e H H O
2 2
4 4 2+ + +→− + �  (4)

Due to high production of hydrogen and electricity, further investigation for molecular and genomic 
aspects to understand the function of enzymes in this bacterium was undertaken. Genome annotation by 
RAST revealed that MCM B-509 encodes genes that are involved in acidogenic phase that contribute 
to hydrogen production. The genes encoding hydrogen production such as periplasmic Fe hydrogenase, 
Fe-Fe-hydrogenase maturation protein, NAD dependent hydroxylbutyrate dehydrogenase and D-3 
Phosphoglycerate dehydrogenase were detected in the genome (Kamalaskar et. al., 2016). These are 
the enzymes involved in generation of H+ ions as well as production of biohydrogen (Das et al., 2006). 
These enzymes produce hydrogen by catalyzing a redox reaction:

2 2 4
2

H e HHydrogenases+ −+  → �  (5)

To facilitate this reaction, hydrogen-evolving enzymes have complex metalloclusters as active sites 
and require special maturation proteins (Mathews & Wang, 2009). In MCM B-509 genome, hydrog-
enase maturation protein HyaD like 3 homologues of Fe-Fe hydrogenase maturation proteins HydE as 
well as NiFe hydrogenase metallocentre assembly proteins namely HypC, HypD, HypE and HypF were 
detected. The NiFe hydrogenase subunits referred to as “Energy-converting Hydrogenases’’, not only 
produce hydrogen but are also responsible for the periplasmic H2-uptake by utilizing the electrons from 
hydrogen and using them to reduce NADP (Hedderich, 2004). These subunits were found to be clus-
tered together with the regulatory genes hypC, hypD and hypE and control their expression. The genes 
involved in solvent genesis: lactate dehydrogenase, butyryl COA dehydrogenase, 3-hydroxy butyrate are 
dehydrogenase, pyruvate formate lyase activating enzyme, glyceraldehyde 3-PO4, and dehydrogenase 
were also detected in MCM B-509 genome. These genes are known to be associated with consumption 
of H+ ions as well as NADH, both of which contribute to inhibition of bio-hydrogen production. During 
glucose fermentation, glucose degrades to form ATP and NADH along with pyruvate via the Embden 
Meyerhoff and Parnas (EMP) pathway. Pyruvate then gets converted to acetyl CoA and CO2, which 
generate a reduced ferredoxin molecule (Fdred) that is further reoxidized by producing H2. The reaction 
is catalysed by the enzyme pyruvate ferredoxin oxidoreductase (PFOR) and decreased ferredoxin trans-
fers electrons to a hydrogenase: ferredoxin-dependent [FeFe] hydrogenase (Fd-[FeFe]), which is linked 
to PFOR driving hydrogen evolution, which in turn assures the production of two moles of hydrogen 
per mole of glucose consumed. Furthermore, second pathway for hydrogen production is via NADH 
reoxidation during glycolysis, in which the cytosolic (NiFe) hydrogenase, coupled to NADH: ferredoxin 
oxidoreductase (NFOR), wherein NADH acts as electron donor to generate hydrogen (Vardar‐Schara 
et al., 2008). The reoxidation of NADH produces additional hydrogen molecules via two other hydrog-
enases, i.e., NADH-dependent (NADH-[FeFe]) and NADH-Fdred dependent hydrogenase (NADH-Fdred-
[FeFe]). Finally depending on the metabolic pathway, 2-4 mol of hydrogen per mole of glucose can be 
obtained. However, in practice, yields of 2 mol of hydrogen per mole of glucose was obtained as the 
NADH oxidation by NFOR is inhibited under operating conditions (Angenent et al., 2004; Kraemer & 
Bagley, 2007). As discussed earlier, Periplasmic Fe hydrogenase and maturation proteins for Fe-Fe- and 
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Ni-Fe-hydrogenases were detected in MCM B509, marking a potential role in the above-mentioned 
biochemical pathway leading to hydrogen production in MCM B-509 operation.

Extremophiles, Their Need and Scope in MFCs/ MESs

Extreme environments are not suitable for most of the life on earth but some special organisms like 
archaea and some bacteria that flourish in these sites are called extremophiles. Extremophiles could 
prevail either on natural sites such as salt lakes, volcanic eruption sites, marine sediments or could be 
obtained from acidic mine waters, nuclear waste sites etc. There are different types of extremophiles 
according to the physical or geochemical extremity in which they prevail such as Acidophiles (low pH 
environment), Alkaliphiles (high pH environment), Halophiles (high salinity condition), Thermophiles 
(high temperature environment), Psychrophiles (low temperature environment) and so on (Mark Dopson 
et al., 2015; Namita Shrestha et al., 2018).

Electrode potential, type of microorganism and its electron transport chain as well as its ability to deal 
with environmental conditions play a major role in the energy required for microbial activity in MFCs. 
Gibbs free energy calculated in theory differs from the actual extreme conditions developed as a result 
of change in temperature, pressure and pH of the electrolyte (Mark Dopson et al., 2015). Many studies 
conducted highlight an increase in bioelectricity production due to their potential to remain active under 
altered extreme conditions in MFCs. Different types of extremophiles best suited for this application are 
listed down in Table 3 and discussed in detail thereafter.

Acidophiles

Acidophiles flourish at pH<5 (low to high temperature adaptations) and contain bacteria, archaea and 
eukaryota. Acidophiles adjust with low pH conditions by influx of protons and are primarily involved 
in oxidation of ferrous iron, sulfur along with organic carbon as a substrate. Acidophiles are potential 
biocatalysts with a power of sustaining under extremely acidic conditions and high concentration of 
metal ions (Deochen Zhu et al., 2020). Abhijeet P. Borole et al. (2008), with two chambered bottle 
designs (graphite anode and platinum cathode), for the first time demonstrated the use of acidophile 
Acidiphilium cryptum in MFCs as an anode biocatalyst in the presence of an iron mediator at low pH 
(≤ 4) and further noted an increase in power generation to 12.7 mW m−2 on addition of nitrilotriacetic 

Table 3. Different classes of extremophiles used in MES and MFCs

Extremophile Habitat Example (used in MESs/MFCs)

Acidophiles Optimum growth at pH<5 Acidiphilium cryptum,
Acidithiobacillus sp.

Alkaliphiles pH between 8.5 to 11 Geoalkalibacter ferrihydriticus
Desulfuromonas acetexigens

Psychrophiles optimum growth temperature <15◦C and 
being able to replicate at <0◦C

Shewanella psychrophila 
Geobacter psychrophilus

Thermophiles Temperature between 41°C to 122°C Thermincola sp. strain JR
Calditerrivibrio nitroreducens Yu37-1
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acid (NTA) as chelator and phenosafranin as secondary mediator. Study conducted used the mediator for 
electron transfer rather than direct electron transfer by microorganisms itself. Another strain Acidiphilium 
sp. strain 3.2 sup 5 obtained from Rio Tinto, Spain demonstrated the direct electron transfer potentially 
via iron in c-cytochrome to anode at pH 2.5 (Mark Dopson et al., 2015). Chemolithotrophic acidophiles 
namely Leptospirillum sp., Ferroplasma sp., Acidithiobacillus sp. were successfully tested for pyrite 
enriched mining and processing catholyte with four-fold elevation in power generation. These cathode 
biocatalysts boosted redox processes with rise in reduction current (D.I. Stom et al., 2020). Considering 
the performances, acidophiles found to have huge potential in MESs and MFCs enhancement.

Alkaliphiles

Alkaliphiles can tolerate high pH from 8.5 to 11 as well as many times even tolerate the high salt concen-
trations called “haloalkaliphiles”. Alkaliphiles employ a unique mechanism whereby they can maintain 
the pH ≥ t2 pH units compared to surrounding making use of sodium motive force, Mrp Na+/H+ anti-
porter, additional transport systems and a voltage-gated sodium channel and so on. Haloalkaliphiles are 
very promising in MESs which are involved in the treatment of alkali mediums or effluents. In working 
MFCs the anode becomes acidic while the cathode becomes more alkaline and as a consequence the 
cell voltage and power output decreases. Bioanode working in alkali condition has advantages such as 
reduced competition for substrate and increased cell voltage hence utilization of alkaliphiles capable of 
sustaining in a high pH environment are suitable for enhancing the power output of MFCs. Bacillus sp. 
working at a pH range between 9.5 to11 accompanying redox mediator was the very first alkaliphile to be 
tested for MFC applications. Further several different alkaliphiles such as Corynebacterium strain MFC03 
(glucose), Geoalkalibacter ferrihydriticus (acetate and yeast extract), Corynebacterium humireducens 
MFC-5 (humic acid), Bacillus pseudofirmus MC02 (humic acid), Pseudomonas alcaliphila (citrate), 
Desulfuromonas acetexigens (alkaline paper mill effluent) were also examined for their potential role 
in treatment of effluents and augmenting the power generation in MFCs (Mark Dopson et al., 2015). 
Also, study conducted on Lonar lake isolates Oceanobacillus iheyensis BS1(2) and Bacillus alkalogaya 
BW2(1) by Vishal Dhundale et al. (2018a, 2020b) supported this fact with increased power output of 
MFCs. Similar study related to Lonar lake isolates with dominance of Geoalkalibacter sp. in bioanode 
demonstrated increased power output (Sukrampal Yadav & Sunil Patil, 2020). Recently a study on Bra-
zilian marine sediment enriched with alkaliphiles and acetogens namely Desulfomicrobium, Advenella, 
Tindallia, Clostridium & Desulfuromonas in treatment of synthetic wastewaters contaminated with iron 
and sulfate and acetate as carbon source has exhibited their potential in manipulating MFC bioanode 
positively (Lucca Bonjy Kikuti Mancílio et al., 2020).

Psychrophiles/ Psychrotolerant

Psychrophiles flourish at temperature < 15°C and replicate at < 0°C, whereas psychrotolerant grows 
at low temperatures with optimal temperature >15°C. Psychrophiles and psychrotolerant species have 
exploited several mechanisms for their survival at low temperature including high GC content in genome, 
expression of optimally flexible proteins, expression of cryoprotectant and antifreeze proteins, expres-
sion of cold shock proteins, expression of extracellular polysaccharides and so on. Temperature plays a 
crucial role in MFC working by directly affecting the Gibbs free energy of reactions and performance of 
biocatalysts. Rate of reaction escalates with rise in temperature and drop in temperature shows adverse 
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impact on power output. Temperature change also influences the functioning of microbial enzymes, af-
fecting microbial performance. Moreover, scaling up of MFCs used in wastewater treatment are expected 
to be tolerant to seasonal temperature fluctuations without compromising on energy efficiency. Iain S. 
Michie et al. (2011) demonstrated the stable acclimatization of MFC over the range of 8 to 35°C by using 
psychrotolerant species with higher COD removal rates at 35°C and higher coulombic efficiencies at low 
temperatures. Bioanode composed of psychrophilic bacteria Shewanella psychrophila and Geobacter 
psychrophilus and acetate as a substrate showed promising results with low anodic resistance and greater 
energy generation at two low temperatures 5°C & 10°C (Olga Tkach et al., 2017). Psychrophile Pseu-
domonas fragi DRR-2 isolated from goat rumen fluid used in MFC at four different temperatures (4°C, 
10°C, 20°C and room temperature around 30°C) indicated maximum power output at 20°C (Deepika 
Jothinathan et al., 2017). Psychrophiles are equally beneficial in biohydrogen production, biodegradation 
of antibiotic Chloramphenicol at low temperatures. For biohydrogen production various substrates such 
as glucose, acetate, waste activated sludge, molasses wastewater etc. can be utilized. Trehalose protects 
the biocatalysts against the low temperature and hence addition of trehalose in waste-activated sludge 
and acetate-fed hydrogen-producing MEC working at 0◦C showed higher coulombic efficiencies (Mark 
Dopson et al., 2015).

Thermophiles

Thermophiles are mostly the archaea capable of surviving over a temperature range of 41°C to 122°C 
as they have high GC content in their genome, more saturated fatty acids in membranes, heat stable 
proteins, and positively supercoiled DNA. Application of thermophiles in MFCs offer many advantages 
namely, increased microbial activity, increased solubility of substrate and less risk of contamination with 
more energy output. Along with advantages it also imposes potential limitation of excessive evapora-
tion of electrolyte and could be overcomed by continuous addition of anolyte and catholyte during 
MFC operation (Deochen Zhu et al., 2020). MFC operated at 55°C fed with acetate as a substrate and 
methanogenic anaerobic digester derived microflora remained stable for over 100 days with coulombic 
efficiency as high as 89%. 16S rRNA microarray analysis of microflora revealed the dominance of the 
Firmicutes in energy production. Isolate of Firmicute genus Thermincola sp. strain JR employed direct 
electron transfer to anode in this MFC (Wrighton et al., 2008). Thermincola ferriacetica strain Z-0001 
showed high coulombic efficiency in MFC operating in the presence of acetate further highlighted the 
extracellular electron transfer (EET) mechanism without any exogenous mediator (Marshall & May, 
2009). Another Gram negative thermophilic Calditerrivibrio nitroreducens Yu37-1 displayed stable 
electricity generation at 55°C by direct electron transfer to anode (Qian Fu et al., 2013). Further studies 
focused on possible mechanisms of direct electron transfer to anode led to the presence of many c type 
cytochromes in periplasm or cell surface of the thermophiles. Different strains of thermophiles were 
examined for different substrates other than acetate such as glucose and lactose (Mark Dopson et al., 
2015). Thermophiles are highly beneficial in treatment of wastewater of thermophilic range with more 
efficient removal rate as compared to mesophiles corresponding to their fastidious growth at relatively 
high temperature (Bassam Abu Baker et al., 2020).
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CONCLUSION

MFC is a promising technology for the generation of sustainable and environment friendly bioenergy. 
Most of the methods for enhancing the power generation in MFC are based on improving the technol-
ogy, instruments or bioengineering. In the current chapter we have highlighted the understanding of 
the molecular mechanisms and the interplay of genes in generation of bioelectricity in MFC. Further 
highlighting extremophilic electroactive bacteria, their use in MFCs for stable high production of bio-
electricity. Extremophiles have very high expectations in quality improvement and commercialization 
of MFCs. In the future, along with the use of extremophiles; application of systems biology, synthetic 
biology and CRISPR will create a paradigm shift in broadening the various methods of increasing the 
yield of MFC that have plausible use in sustainable bioenergy production to space applications as well.
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KEY TERMS AND DEFINITIONS

Bioelectricity: Electric potentials or currents generated by or present within living cells, tissues, or 
organisms.

Biofilm: Complex microbiome where different bacterial colonies, embedded in extracellular poly-
meric substances, stick to each other, or a surface.

Electroactive Bacteria (EAB): Bacterial species capable of transferring electrons from a microbial 
cell to an electrode.

Gene Knockout: Mutating a DNA/gene in a way that its expression is permanently prevented.
Genetic Engineering: Process of altering the genetic makeup of an organism by using biotechnol-

ogy/recombinant DNA technology.
Metabolic Engineering: Process of modifying/optimizing the endogenous metabolic pathways in 

species.
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Methanotrophs: Prokaryotic species, like bacteria or archaea, whose source of energy is via methane 
oxidation.

Mutant: Any species where the DNA sequence has been modified, either during cell division or 
exposure to external stimuli like ionizing radiation or chemicals.

Nanowire: Conductive appendages/structures, a few nanometers wide and deep but with a longer 
length, produced by a number of bacteria.

Oxidation: Addition of an oxygen atom, or more generally loss of electrons.
Polymerase Chain Reaction (PCR): Method used to make millions to billions copies of specific 

DNA sequence.
Reduction: Elimination of an oxygen atom, or more generally gain of electrons.
Transposon: DNA sequences capable of moving to different locations within a genome.
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Extremophiles as a Source of 
Biotechnological Products

ABSTRACT

Extremophile and extremozyme capabilities to uphold catalytic actions under extreme situations open 
up a varied array of biotechnological applications. Extremophiles are a rich supply of biocatalysts used 
for innumerable purposes. Bioactive molecules and enzymes isolated from organisms inhabiting risky 
environments being used in biological innovation pipelines and pharmaceutical have positive claims. 
The species biodiversity has favourable reservoir of the unexploited amalgams with biotechnological 
significance. Prospective solicitations of extremozymes, chiefly as catalysis of multistep progressions, 
quorum sensing, bioremediation, biofuel, biodiversity and prospecting, biomining, and genetic technology 
are explored. To boost the biotechnological uses of extremozymes, research and development efforts are 
needed to address hurdles such as extremophile culture, gene expression in host cells, and extremozyme 
bioprocessing. Extremophiles can be a resource for innovative biotechnological comprising industrial 
biotechnology, agriculture, medical, food, and environmental biotechnology.
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INTRODUCTION

The term extremophile was coined by Mac Elroy in 1974, more than a quarter-century ago. An extremo-
phile is a relative term, as what is “extreme” for one entity may be “essential” for another’s survival. 
Extremophiles are organisms that potentially grow in extreme environmental conditions. Some groups 
of organisms are competent to survive in multiple harsh conditions. The intense environmental condi-
tion can include temperature, pressure, radiation, salt conditions, pH, oxygen condition, redox potential 
(Rothschild & Mancinelli, 2001). Extremophiles are classified as thermophiles (Higher temperature 
55-113°C), psychrophiles (Low and below 0°C), halophiles (High salinity), acidophiles. Alkalophilic 
(alkaline or acidic pH), piezophiles (higher pressure), saccharophiles (high sugar concentration), me-
tallophiles (resistance for heavy metal), and polyextremophiles (Two or more extreme environments). 
Numerous taxonomic studies have revealed that these species are classified broadly into three groups: 
Archaea, Bacteria, and Eukarya. (Dalmaso, Ferreira, & Vermelho, 2015). Biotechnology has a crucial 
part in day-to-day lives from food and drinks like lactose-free milk (Coker & Brenchley, 2006), Bio-
insecticide (Rubio-Infante & Moreno-Fierros, 2016), Enzymes like cellulase (Miettinen-Oinonen & 
Suominen, 2002), lipases (Joseph, Ramteke, & Thomas, 2008). Extremozymes are enzymes that function 
in extreme or unusual physicochemical conditions, such as extreme heat and cold, low pH and pressure, 
high salinity, low water activity, low oxygen, and so on. In many industries which utilize proteins, en-
zyme processing is carried out in extreme conditions, which include high or low temperature, pH, and 
salinity with an intervention of biotechnology and extremophiles, which can prevent the deproteination 
and loss of activity of enzymes. In this chapter, we initially discuss the extremozymes and their success-
ful industrial and biotechnological applications, further followed by the application of extremophiles 
in biomining, biofuel production in industries where they can be the source of invaluable components 
through the application of biotechnology. Flow chart of outline extremophiles classification and applica-
tion is described in figure 1. A number of reports and reviews highlight the advancement of methods for 
investigating extremophiles, including the use of proteomics for studying extremophiles and a multiplex 
approach for quantifying fine-scale temperature-induced proteome alterations. Modern biotechnological 
approaches can generate or activate the radiation-responsive metabolites, pigments, and enzymes they 
create to produce effective pharmaceuticals, including anti-cancer treatments, as well as antibiotics and 
commercially important agricultural goods. The benefits of extremozymes in the fields of therapeutics 
and biotechnology, on the other hand, have not been proven. The purpose of this article is to explain the 
tactics that bacteria adapt to flourish in radiation-rich settings, as well as their possible applications in 
biotechnology and therapeutics.

EXTREMOZYME

The extremozyme is the enzyme from thermophilic, psychrophilic, acidophilic, alkaliphilic, and halophilic 
microorganisms, which are resistant to extreme environmental conditions. Due to their biodegradability 
and exceptional stability, extremophilic microbes are a source of extremozymes with an extensive range of 
commercial uses. Cold-tolerant extremozymes, acid-tolerant extremozymes, alkali-tolerant extremozymes, 
and salt-tolerant extremozymes have all helped to generate a varied range of resistant biomolecules for 
industrial purposes. (Ricardo Cavicchioli, Siddiqui, Andrews, & Sowers, 2002).
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Thermozymes

Thermozymes are enzymes that are effective and functional under various temperatures, pH levels, 
substrate concentrations, and pressure and are extremely resilient to denaturants and organic solvents. 
Thermozymes are active at high temperatures by tighter packing in their hydrophic core, increased number 
of Coulomb interactions by replacing polar residues with charged residues, and a systematic shortening 
of surface-exposed loops. The advantages of employing thermozymes include lower contamination risk, 
decreased viscosity, and increased substrate solubility. The major drawback of utilizing enzyme from 
microbial sources is obtaining enzymes in pure form when cultured at an industrial level and with a lower 
yield. Through biotechnological approaches like cloning, many studies are conducted to obtain higher 
yields. Toplak et al. (2013) discovered a gene in the Gram-positive, anaerobic, thermophilic bacteria that 
codes for a subtilase called proteolysis. Coprothermobacter proteolytic is a kind of bacteria that expresses 
oneself functionally. The enzyme is made by inserting a gene encoding a putative serine protease into E. 
coli. It has been refined and found to be extremely thermostable in the presence of organic solvents and 
detergents, with a high concentration level of activity at elevated temperatures across a wide pH range 
(up to 80 °C), making it a good candidate for use in the breakdown of thermophilic organic solid waste. 
(Toplak, Wu, Fusetti, Quaedflieg, & Janssen, 2013). Thermozymes from Pyrococcus furiosus, such as 
amylase, have been used in mutational investigations. Maltoheptaose synthesis from -cycloamyloses 

Figure 1.
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was elevated due to a mutation in pancreatic fistula amylase. Maltoheptaose is a sugar carrier used in 
the food, cosmetics, and pharmaceutical industries. (Rosenbaum et al., 2012).

Psychrophilic Enzymes

Low-temperature enzymes (psychrophilic) offer various advantages for commercial applications and 
have been utilized in sectors as varied as food processing, molecular biology, besides precision chemical 
synthesis (Cavicchioli et al., 2011). Psychrophilic enzymes have maximized activity at low temperatures 
by their factors like substrate affinity, lowering the transition state’s free energy barrier. These enzymes 
are also optimized by the instability of the structures containing the active site or by destabilization of the 
whole molecule paving way for a decrease in the quantity and intensity of all forms of weak interactions, 
as well as the elimination of stability factors, resulting in better dynamics of active site residues under cold 
conditions. (Merlino et al., 2010). The addition of β-glycanases to detergents allows efficient cold-water 
washing. These enzymes might potentially be used in the paper sector, such as in pulp manipulation or 
bioremediation initiatives (Cummings & Black, 1999). The β- galactosidase is used in the production 
of lactose-free milk, cheese, and the baking industry. Amylases, Proteases, Xylases, pectinase, protease 
enzymes are used in the food industry for flavor, texture development, and tenderization of meat (He, 
Chen, Li, Zhang, & Gao, 2004). Deep-sea psychrophiles are exploited for detergent, textile, and food 
industries. Jinag et al. report revealed a cold-adapted alpha-amylase from sea bacteria Bacillus sp sh 
19-1 that reaches its peak activity at 20°C and could be used in cosmetics, pharmaceuticals, and food 
(Cavicchioli et al., 2011).

Halophilic Extremozyme

Halophiles are microorganisms that can strive in high salt concentration (~ 1 M NaCl) like deep-sea 
hypersaline anoxic lakes, which produce enzymes that are stable and active in high salt concentration 
referred has holoenzymes or halophilic extremozymes (R. Cavicchioli et al., 2011). Halophiles produce 
enzymes stable in high salt, organic acids with certain adapting mechanisms and extremely high stability 
in the low water activity and other chemicals (Dumorné, Córdova, Astorga-Eló, & Renganathan, 2017). 
Different adaption strategies are used by halophilic proteins. Retainment of stability and active at high 
ionic strength, halophilic organisms’ peptides have a skewed amino acid composition. On the surface 
of halophilic proteins, there is usually an abundance of acidic amino acids (glutamate and aspartate). 
They are negatively charged because halophilic proteins bind to large quantities of hydrated ions due to 
lower surface hydrophobicity and are less likely to assemble at high salt concentrations (Oren, 2002). 
Stabilizing compounds like betaine, ectoine, and polysaccharides, as well as secreted polymers for use 
in biodegradable plastics or halo-tolerant lipids from these strains, are the focus of research in applied 
halophilic archaeal groups (Madigan & Oren, 1999). The strong salt tolerance of haloarchaeal compounds 
like Retinal proteins similar to bacteriorhodopsin, for example, have found usage in holographic films 
and other light-sensitive or “bioelectric” applications (Rodriguez-Valera, 1992). Similarly, lipolytic 
deep-sea halophilic enzymes, such as esterases, offer a lot of promise in biodiesel, polyunsaturated fatty 
acids, and food production (Litchfield, 2011).
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Piezophilic Extremozyme

Piezophilic extremozymes are proteins produced by piezophiles that thrive in high hydrostatic pres-
sure like the deep sea, volcano areas. The organism requires physiological adaption, a combination of 
modification of gene structure and regulation to thrive in pressure conditions (Oger & Cario, 2014). 
Even though piezophilic enzymes offer a lot of promise for industrial applications, there hasn’t been 
much study done on them. Abe and Horikoshi discovered that alpha-amylase from piezophilic proteins 
generates trisaccharide instead of maltobiose and tetrasaccharide when maltooligosaccharide is used as 
a substrate at high pressure and low energy. This response has a lot of industrial and biotech potential, 
especially in the food business (Abe & Horikoshi, 2001). Peptidase from Pyrococcous horikoshi shows 
high-pressure stability suggesting that it might be beneficial in food processing (Rosenbaum et al., 2012).

Acidophilic Extremozymes

Acidophilic extremozyme are enzymes produced by acidophiles that grow in optimum pH of 3-4 (Jae-
nicke, 1981). Acidophiles have adopted specific mechanisms for retaining normal internal pH to survive 
in acidic surroundings, which suggest that, a pH differential unit across the cell membrane (Baker-
Austin & Dopson, 2007). The starch industries can benefit from acid-stable α-amylases produced by A. 
acidocaldarius and Bacillus acidicola. Glucoamylases are a different type of amylolytic enzyme that 
is employed in the starch business (Sharma, Kawarabayasi, & Satyanarayana, 2012; Bai et al., 2012). 
The use of acid-stable xylanases (pH 5.3) from the acidophilic fungus Aspergillus foetidus as a whole 
wheat bread additive was described. Walker and Phillips (2008) reported that Alicyclobacillus spores 
are acid and heat-resistant. They can withstand typical pasteurization processes (92°C for 10 seconds) 
and induce spoiling. Pasteurization for high acidity foods is designed using A. acidoterrestris as the 
benchmark organism (Walker & Phillips, 2007).

Radioresistent Extremozymes

Radiotolerant bacteria generate enzymes that have a wide range of applications. As an example, Lipases 
from radiation-tolerant bacteria were studied by Shao et al. (2013). Deinococcus radiodurans bacteria 
expressed in E. coli. They were shown to have a predilection for three of the short-chain esters, thermally 
stable in the presence of surfactants and organic compounds (Shao, Xu, & Yan, 2014). It contributes 
to mending broken DNA strands induced by ionizing UV radiation; it’s been suggested that the bac-
terioruberin produced by radioresistant bacteria (Halobacterium and Rubrobacter) could be useful in 
avoiding human skin cancer (Singh and Gabani, 2011). Deinoxanthin derived from the radioresistant 
bacteria D. radiodurans induced cancer cells to die, indicating that this carotenoid could be employed as 
a chemopreventive medication, according to Choi et al. (2014). Thus, these enzymes application various 
industrial operations are listed in Table 1.
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Biofuels

Extremophiles are a vigorous group of organisms capable of producing stable enzymes, which effectively 
tolerate conditions of environmental changes such as temperature and pH. The Role and applications of 
such organisms and their enzymes in biotechnology are vast, and one such utilization is in the production 
of biofuel. Fossil fuels are the major source of resource in energy arcades. Conventional fuels (natural 
gas, coal, oil) will continue to be used in the near future. The demand for natural gas and petroleum has 
augmented because of the high economic growth of developing countries. The finest alternative source 
for fuel is biofuels. They are fuel products acquired from biomass like sugarcane, wheat, corn, sunflower, 
soybean, palm, coconut, and from the biodegradable components of manufacturing and municipality 
waste. The first attempt to generate biofuels on a commercial scale dates back to 1975, but there has 
only been a revived interest in biofuels in the last five years (Luque et al., 2008). The mounting supply 
of crude oil, the demand for fossil fuels, and global warming result in increasing greenhouse gas emis-
sions have catalyzed the interest of the development of biofuels as an alternative fuel; Chemical and 
thermos-chemical processes are thus the current biofuel production technologies. (Barnard, Casanueva, 
Tuffin, & Cowan, 2010, Luque et al., 2008).

Types of Biofuels

The initial generation of biofuels was made from commonly available crops like sugar, starch, and 
vegetable oils, which may be extracted using standard technologies like bioethanol, biodiesel, and 
biobutanol. Materials that are difficult to hydrolyze, such as lignocellulosic material, are used to make 
second-generation biofuels. Second-generation biofuels have a significant effect on the reduction of 
CO2, expensive due to technical problems such as converting recalcitrant lignocellulosic biomass into 
fermentable sugars and enzyme price (Sims, Mabee, Saddler, & Taylor, 2010; Naik, Goud, Rout, & Dalai, 
2010). Currently, bioethanol is the most commonly used biofuel worldwide; bioethanol and biodiesel 
encompass 90% of the total biofuel market (Antoni, Zverlov, & Schwarz, 2007).

Table 1. Applications of Extremophiles in various industries

Extremophiles Active Biomolecules Applications

Thermophiles Alpha-amylase DNA Polymerase, Proteases Food processing, PCR, 
paper industry

Alkaliphiles Proteases, Cellulases, amylases, lipase 
Antibiotics

Detergents-polymer breakdown Drug for 
infections and allergies

Psychrophiles Amylases, lipases, Unsaturated fatty acids 
Dehydrogenases Food additives, Biosensors

Halophiles Solutes, glycerol, carotenoids, Carotene Pharmaceuticals, Food adjuvants

Piezophilic extremozymes Proteases and piezophilic α-amylase Processing of food under high pressure

Radioresistant extremozymes
Sporothrix schenckii, Cryptococcus neoformans, 

Pseudoterranova decipiens and Alexandrium 
tamarense

Sunscreen, antioxidant activity 
Antiproliferative agent and immune-

stimulatory activity
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Bioethanol

The bioethanol visibility in the global matrix of fuels, linked to ecological appeal and the possibility of 
using new raw materials justifies the increasing investments for the development of new processes. The 
processes of bioethanol production from the utilization of starch, sugarcane, and microbial fermentation 
of sugar compounds considers as the main source to dispense with classical fuel which causes notice-
able pollution for our planet. Researchers who work in the field of fermentation give more attention to 
lignocellulose. The bacterium Zymomonas mobilis can withstand up to 120 g/L of ethanol produced by 
Saccharomyces cerevisiae strains from sugarcane molasses or enzymatically degraded starch (Antoni 
et al., 2007). (Rogers, Lee, Skotnicki, & Tribe, 1982). lignocellulosic material becomes essential for 
the synthesize of bioethanol which involves the hydrolysis of cellulose, followed by hexose sugar and 
hemicellulose (Kumar, Singh, & Singh, 2008). S. cerevisiae and Z. mobilis can only use hexose sugar, 
whereas thermophiles can ferment both hexose and pentose sugar obtained from biomass and hydroly-
sates (Zaldivar, Nielsen, & Olsson, 2001), allowing for faster growth and metabolism on both cellulose 
and hemicellulose.

(a) Thermophilic Clostridia

Thermophilic clostridia are fermentative anaerobes that thrive at temperatures between 60 and 65 degrees 
Celsius. They have multiple cellulases and hemicellulases within the cellulosome and the capability to 
degrade lignin-containing materials, such as lignocellulosic waste .cellulosome (Demain, Newcomb, 
& Wu, 2005). Because C. thermocellum can ferment cellobiose and cellodextrins to ethanol, acetate, 
lactate, H2, and CO2, it is a good candidate for ethanol fermentation from cellulosic biomass. However, 
there are a number of drawbacks associated with its use in bioethanol production. The fact that most 
strains are susceptible to high ethanol concentrations is one among them (Antoni et al., 2007). Geneti-
cally engineered strains of C. thermocellum have been developed to generate up to 26-60 g/L of ethanol 
(Lee R Lynd, van Zyl, McBride, & Laser, 2005). The prevailing disadvantage is its ability to utilize 
hexose sugar from cellulose and not the pentose sugar derived from hemicellulose (Taylor et al., 2009a). 
The application of thermophilic anaerobic mixed cultures can reduce half the production cost (Lee Ry-
beck Lynd, n.d.). Five stages would be required to fully degrade and utilize lignocellulose: Initially, C. 
thermocellum produces cellulase and hemicellulase enzymes; hydrolysis of cellulose to cello-oligomers 
and cellobiose, and hemicellulose to xylans, xylobiose, and other pentose sugars; and sugar absorption; 
the fermentation of hexose carbohydrates into ethanol by C. thermocellum, and the fermentation of 
pentose sugars into ethanol by another thermophilic bacterium. In mixed fermentations using Thermo-
anaerobacterium thermosaccharolyticum, C. thermocellum has been employed, Thermoanaerobacter 
thermohydrosulphuricum (Mori, 1990), Geobacillus stearothermophilus, Thermoanaerobacter brockii, 
and Thermoanaerobacterium saccharolyticum (Demain, 2009).

(b) Thermoanaerobacterium Saccharolyticum

Thermoanaerobacterium is a thermophilic hemicellulolytic anaerobe. It produces ethanol and organic 
acid from pentose sugars like xylose (acetic acid is produced by pyruvate: ferredoxin oxidoreductase 
(POR), phosphate acetyltransferase (Pta), and acetate kinase (Ack), while lactic acid is produced by L-
lactate dehydrogenase (Ldh) (Shaw et al., 2008). Metabolic engineering of the single knockout mutant 
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for lactate dehydrogenase in Thermoanaerobacterium saccharolyticum helps in increasing the ethanol 
yields (Desai, Guerinot, & Lynd, 2004). knocking down the genes involved in lactate (ldh) and acetate 
(ack/PTA) production, the Saccharolyticum strain ALK1 was designed to produce ethanol as the only 
organic product (Shaw et al., 2008).

(c) Thermoanaerobacter

Thermoanaerobacter species are classified as Clostridium species which are thermophilic anaerobes very 
similar to thermophilic clostridia. Lactic acid and ethanol are the main products of Thermoanaerobacter 
fermentation (Collins et al., 1994, Lamed & Zeikus, 1980). Thermoanaerobacter ethanolicus can ferment 
both D-glucose and D-xylose (Lacis & Lawford, 1991) and form ethanol, but their ethanol tolerance is 
only 4% (v/w) (Burdette, Jung, Shen, Hollingsworth, & Zeikus, 2002). Thermoanaerobacter BG1L1, 
a lactate dehydrogenase mutant lacking lactic acid production, has an 8.3% ethanol resistance level 
(equivalent to 65 g/L) after constant acquaintance with the product. The strain can digest corn stover 
and wheat straw hydrolysate (Georgieva & Ahring, 2007; Georgieva, Mikkelsen, & Ahring, 2007) with 
pre-treatment with dilute acid and also can utilize xylose from lignocellulosic hydrolysates (Georgieva 
et al., 2007). T. thermohydrosulphuricus and T. brockii are two more species that have been examined 
for ethanol production. (Georgieva et al., 2007; Mori & Inaba, 1990).

(d) Geobacillus Geobacillus

Geobacillus Geobacillus are thermophilic bacteria with high catabolic flexibility that can be metabolically 
engineered (Taylor, Esteban, & Leak, 2008). Few species can ferment sugars like D-glucose, D-xylose, 
and L-arabinose at temperatures ranging from 55 to 70 degrees Celsius, producing lactate, formate, ac-
etate, and ethanol from glucose (San Martin, Bushell, Leak, & Hartley, 1992). Few Geobacillus strains 
digest complex polysaccharides like xylans, resulting in the presence of xylanases. (Wu, Liu, & Zhang, 
2006). Geobacillus thermoglucosidasius strain can tolerate ethanol as high as 10% (v/v), Geobacillus 
stearothermophilus strains that are equivalent to S. cerevisiae generate ethanol at 70°C (Hartley & Payton, 
1983). The pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) genes of Saccharomyces 
cerevisiae and Zymomonas mobilis create ethanol (Dawes, Ribbons, & Large, 1966) and have the ability 
to convert intercellular pools of pyruvate and NADH to ethanol, with alcohol dehydrogenase converting 
pyruvate-derived acetaldehyde to ethanol. The bacterial PDC genes are uncommon, but few with kinetic 
properties and thermal stability have been identified. Attempts have been undertaken to design this route 
in a variety of organisms, including Geobacillus species (Ingram et al., 1998; Talarico, Gil, Yomano, 
Ingram, & Maupin-Furlow, 2005).

Biodiesel

The generation of biodiesel is a well-established technology for use in compression-ignition (diesel) 
engines. However, the cost of production constitutes 70% of plant raw materials (Behzadi & Farid, 2007), 
involving the transformation of monoalkyl esters of the plant fatty acids from vegetable oils. Tactlessly, 
fatty acid production from these oleaginous plants accounts for only 5% of their total biomass. There-
fore, a more effective innovative source of oil, such as microalgae or extremophilic organisms, must be 
researched for biodiesel to become a commercially viable resource.
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(a) Photosynthetic Microalgae for the Synthesize of Biodiesel

Microalgae are eukaryotic photosynthetic microorganisms that produce algal biomass from sunlight, 
water, and CO2. These organisms synthesize fatty acids for esterification into glycerol-based membrane 
lipids, which can account for 5–20 percent of their dry cell weight under ideal growth conditions (Hu 
et al., 2008). Some microalgae, such as Botryococcus braunii, can create very long-chain hydrocarbons 
(C23 to C40), analogous to those found in petroleum, that can account for more than 80% of their dry 
cell weight under harsh environmental conditions (Banerjee, Sharma, Chisti, & Banerjee, 2002; Metzger 
& Largeau, 2005). There are several advantages to using microalgae for lipid production for biodiesel 
conversion: huge volumes of lipids and oils, quick growth within 24 hours (Chisti, 2008), and the abil-
ity to grow in saline environments and wastewaters without needing fresh water, Photobioreactors for 
microalgae growth can be set up in dry or semi-arid environments, with nutrients coming from waste 
sources such agricultural runoff, industrial or municipal wastewater, and animal feeds (Hu et al., 2008), 
After lipid extraction, the algal biomass can be anaerobically converted into biogas (Lantz, Svensson, 
Björnsson, & Börjesson, 2007). Contamination within photobioreactors is reduced by using extremophilic 
microalgae, which is an issue in outdoor culture. Despite the usage of microalgae in biodiesel production, 
the higher price of algal oil and low growth rates (Robles-Medina, González-Moreno, Esteban-Cerdán, 
& Molina-Grima, n.d.) are a hurdle. To attain better output under controlled growth rate settings genetic 
engineering of microalgae is required, and it is thought that this is the key to making this technology 
commercially feasible.

(b) Fermentative Use of Microalgae for the Synthesize of Biodiesel

Solazyme, a San Francisco-based firm, converts industrial and agricultural biomass directly into renew-
able oils using microalgae and ordinary commercial fermentation technology (www.solazyme.com). 
Microalgae are developed in light-protected fermenters converting carbohydrates to oil. Soladiesel® 
biodiesel is produced by Solazyme, which is based on the same technology. Solazyme is the only com-
mercial biodiesel derived from microbes that can be produced in abundance. Natural and artificial strains 
of microalgae are being used, and extremophilic microalgae may be used in the future.

Biobutanol

Biobutanol manufacturing has recently sparked an interest. Clostridium acetone–butanol–ethanol (ABE) 
fermentation is still the most common method; however, the poor butanol production, as well as the 
organisms’ limited product tolerance, is forcing researchers to consider other options, such as solvent-
tolerant organisms. Clostridial species are widely known for their ability to create butanol via ABE 
fermentation, despite low yield due to the solvents’ tendency to hinder the organism’s growth. Metabolic 
engineering is progressing in two areas: the engineering of C. acetobutylicum to produce hyperbutanol-
producing strains and the engineering of C. acetobutylicum to provide hyperbutanol-producing strains 
(Lee, Jang, Lee, Papoutsakis, & Lee, 2009), developing a number of additional clostridial strains capable 
of producing large butanol yields and hydrolyzing biomass (Berezina, Brandt, Yarotsky, Schwarz, & 
Zverlov, 2009). By enhancing the effectiveness of the ABE process, a very stable and robust mutant strain 
of Clostridium beijerinckii has been created (Barnard et al., 2010). When compared to the wildtype, 
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this production strain exhibits higher butanol selectivity; lower product inhibition, and can efficiently 
employ low-cost cellulosic feedstocks. ABE fermentation has yet to be discovered in any thermophilic 
clostridia (Taylor et al., 2009b).

BIOMINING

Biomining is the process of using microorganisms (microbes) to extract metals of economic interest 
from rock ores or mine waste. Biomining Techniques may also be used to clean up sites that have been 
polluted with metals, it is a progressively functional biotechnological technique for the processing of 
ores in the mining industry. Currently, the manufacture of copper form low-grade ores is the utmost 
imperative industrial application and a major part of world copper production already originates form 
heap or dump/stockpile bioleaching. Bioleaching is a conversion of an insoluble valuable metal into 
a soluble form by means of microorganisms. The significant role of extremophiles and their enzymes 
are identified in the mining sector and is also an efficient and environmentally friendly technique using 
microorganisms in the elimination of metal oxides or sulfides than the traditional heap leaching (Podar 
& Reysenbach, 2006, Vera, Schippers, & Sand, 2013), where harmful chemicals like cyanide are used 
to bind or separate minerals/metals. Biomining accounted for only 10% of the in 1992, Commercially 
important metals like gold, silver, copper, zinc, nickel, and uranium are successfully biomined using 
acidophiles like Acidithiobacillus and Ferroplasma, and thermophilic strains like Sulfolobus and Metal-
losphaera are used based on the condition (Vera et al., 2013). Biomining is normally safe but can result in 
acid mine drainage (AMD) due to the leaching or flowering out of acidic water produced by the oxidation 
of sulfides during mining. Because the acidophiles engaged in biomining can survive in both acidic and 
heavy-metal settings, AMD thrives in a setting that is both acidic and heavy-metal-rich. AMD41 is most 
commonly found in copper, zinc, and nickel mines. Acidophiles that are mesophilic and occasionally 
psychrophilic, are the main causes of AMD41. When thermophiles participate in biomining, however, the 
chances of AMD are minimized, and costs associated with tank cooling are maintained to a minimum.

QUORUM SENSING

The control of gene expression in response to changes in cell-population density is known as quorum 
sensing and it can be used to combat (antibiotic-resistant) bacterial infections, by application synergisti-
cally with antibiotics. Quorum-sensing (QS) systems, which include the engineering of cell-cell com-
munication, are required to establish synthetic consortia (Brenner, You, & Arnold, 2008). QS regulates 
the behavioral, metabolic, and structural dynamics of microbial communities via signaling molecules 
[e.g., the acyl-homoserine lactones family (AHL)] (Shong, Jimenez Diaz, & Collins, 2012). Auto inducer 
(AI-1) system, peptide-based system, AI-2, and AI-3 are the relevant QS systems in mesophiles. Biofilm 
generation by Bifidobacterium longum (Sun, He, Brancaccio, Yuan, & Riedel, 2014), Staphylococcus 
epidermidis RP62A (Xue, Ni, Shang, Chen, & Zhang, 2015), and pathogenicity in E. coli 0152:H7 are 
examples of QS medicated regulation in mesophiles (Kim et al., 2016). Deinococcus biofilm generation 
and oxidative response radiodurans (radiodurans) were reported by Li et al., 2017. Similar studies are 
also carried out in halophiles and showed effectiveness in finding the synthesis of acylated homoserine 
lactones AHLs in culture and speculated in the creation of biofilms and the synthesis of exopolysaccha-
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ride (EPS). Which is known to protect cells from desiccation and increase communication by forming 
specialized channels (Chassaing, Convert, & Lavielle, 1986,Decho, 2000). Acidophiles were also inves-
tigated in QS studied. Examples include acidophile Leptospirillum ferrooxidans, which is employed in 
biomining, During biofilm formation, the genes ygiU and ygiT (homologues of E.coli’s mqsR and mqsA) 
are activated. MqsR (motility and QS regulator) is known to be associated with biofilm formation. as 
well as the formation of persister cells (Kim & Wood, 2010). Reports of QS studies in thermophiles are 
available where Thermotoga maritima was cocultivated with Methanococcus jannaschii, the scientists 
saw an increase in cell density and exopolysaccharide synthesis. They also revealed that in the coculture, 
a gene encoding a polypeptide (TM0504) with a pattern similar to peptides implicated in QS processes 
was increased. Exopolysaccharide production was also enhanced at low cell density when a synthetic 
exogenous peptide (based on TM0504) was added to the culture (Johnson et al., 2004). Few studies 
of the radio-resistant organism are available but not completely understood. Deinococcus gobiensis, 
radioresistant bacteria, has exhibited several of molecular reactions in response to UV irradiation. One 
of these has yet to be investigated: the gidA gene, which encodes the glucose-inhibited cell division 
protein A that modulates the post-transcriptional regulation of quorum sensing genes in Pseudomonas 
aeruginosa. This is accomplished by RhlR-dependent and RhlR-independent pathways in P. aeruginosa, 
which are analogous to many quorum sensing soil symbionts (Yuan et al., 2012).

BIOREMEDIATION

Bioremediation is a process of neutralizing xenobiotic chemicals, which are chemical contaminants 
like Polychlorinated biphenyls, polyaromatic hydrocarbons (PAH), and other chemical substances that 
are poisonous, mutagenic, and carcinogenic which cannot be degraded naturally. Extremophiles have 
gained attention in this process because of their enzymatic solid and biocatalytic systems, making them 
ideal for removing toxins from contaminated environments. Metals and radionuclides (M&Rs) are pol-
lutants produced by a variety of industrial processes, including nuclear power plants, electronic waste, 
and mining operations.

The exceptional resistance contrivances of extremophilic bacteria and archaea provide bioremediation 
for metals and radionuclides. The extremophilic bacteria/archaea lead M&R bioremediation via applica-
tions and waste management. Due to refined metal detoxification pathways, fast-adapting transcriptional 
and translational mechanisms that activate and/or inhibit much anti-oxidative stress, metal-binding, 
metal-transport, and membrane-permeability responses, acidophilic and/or metalophilic microorganisms, 
and thermophilic enzymes, such as the esterase EstATII, are critical for bioremediation. (Voica, Bartha, 
Banciu, & Oren, 2016; Mukherjee, Wheaton, Blum, & Kelly, 2012; Dekker, Arsène-Ploetze, & Santini, 
2016). Extremophiles biosynthesize economically profitable inorganic Nanoparticles by transforming 
M&Rs intracellularly or extracellularly (Ulloa et al., 2016). Extremozymes can therefore be used to re-
move and detoxify a variety of contaminants. Bioengineering techniques such as in silico flux analysis, 
biostatistics, and multi-omics analysis will enable us to tap into the limitless potential of extremophilic 
bacteria for the management of harmful contaminants in the environment.
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BIODIVERSITY AND PROSPECTING

Over the last few decades, the richness and dispersion of extremophilic microbiomes surviving in severe 
environments have been intensively investigated, focusing on culturable and metagenomic techniques 
(Kumar, Yadav, Saxena, Paul, & Tomar, 2021). Extremophilic microbiomes have diverse microbial bio-
diversity. Using different extremophilic microorganisms from a variety of extreme natural environments 
may be identified and counted. Methylotrophic bacteria, for example, require ammonium mineral salt, 
but Rhizobium requires Congo red yeast mannitol. DSMZ-97, DSMZ-823, DSMZ-1184, DSMZ-97, 
DSMZ-823, DSMZ-1184, DSMZ-97, DSMZ-823, DSMZ-1184, DSMZ-97, DSMZ-823, DSMZ-1184, 
DSMZ-97, DSMZ-823, DSMZ-1184, DSMZ Halophilic medium, chemically defined medium, com-
plex media, and OS media with NaCl levels ranging from 10% to 25% (w/v) are used for halophilic 
archaea and bacteria. For example, Jensen’s agar is used to isolate N2-fixing bacteria, King’B agar for 
Pseudomonads, nutritional agar for heterotrophic microorganisms, and nutrient agar with crystal violet 
for Gram-negative bacteria (Archna, Priyank, Nath, & Kumar, 2015; Sahay, Singh, Kaushik, Saxena, & 
Arora, 2011; Verma et al., 2016).

In all three realms of life extremophilic microbes have been discovered: archaea, bacteria, and 
eukarya from several phyla including Actinobacteria, Deinococcus-Thermus, Bacteroidetes, Ascomy-
cota, Crenarchaeota, Basidiomycota, Euryarchaeota, Proteobacteria, Proteobacteria, Proteobacteria, 
Firmicutes of many genera, including Alkalibacillus, Arthrobacter, Bacillus, Burkholderia, Desemzia, 
Exiguobacterium, Flavobacterium. The dominating phylum was Firmicutes, preceded by Proteobacteria 
and Actinobacteria. The phylum Deinococcus-Thermus contains the smallest number of microorganisms, 
followed by Bacteroidetes. Based on a study of the literature, the dominating genera in all extremophilic 
habitats include Bacillus and Bacillus derived genera (BBDG), Halomonas, Pseudomonas, and Staphy-
lococcus (Kour et al., 2019).

CAROTENOIDS

Carotenoids are natural pigments present in a variety of plants, animals, and bacteria that give them their 
yellow, orange, red, and purple colors. Plants, algae and microalgae, bacteria, fungi, and yeasts generate 
lipid-soluble, economically and biotechnologically essential pigments. Natural, nature-identical, synthetic, 
and inorganic colours are the four categories of pigments. Artificial colourants are the most commonly 
used in the food and pharmaceutical industries due to their wide colour range, low cost, resistance to 
oxygen destruction, and solubility. Microbes’ ability to use a wide range of low-cost substrates, better 
cultivation control and, shorter production times are all benefits of microbial manufacturing. Carotenoids 
are commonly recovered after fermentation by cell rupture, solvent extraction, and concentration. A 
schematic representation of steps involved in carotenoids production is given below (Fig 2).

Extremophile microorganisms, such as microalgae, may grow in extreme-pH, high-salinity, or high-
temperature conditions (López-Rodas, Marvá, Costas, & Flores-Moya, 2008). Furthermore, microalgae 
have long been known to produce essential biomolecules such as carotenoids (Olaizola, 2003). Isoprenoid 
pigments such as carotenoids are widely employed in the food, chemical, textile, pharmaceutical, and 
cosmetic industries. They have antioxidants, photoprotective, and antibacterial capabilities in addition 
to being dyes and provitamins. Carotenoids are the natural pigments commonly linked with halophilic 
archaea and algae in extremophiles. Most of the carotenoids cannot be synthesized/extracted at industrial 
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levels from organisms; however, three exceptions exist bacteriorhodopsin, canthaxanthin, and β-carotene 
(Chandi & Gill, 2011).

Bacteriorhodopsin (BR) is a transmembrane protein found in archaeobacteria, especially Halobacte-
rium salinarum, that functions as a light-dependent proton pump (Soppa, 2006). This protein is located 
in the purple membrane (PM), a 2D crystal lattice found spontaneously in the plasma membrane of 

Figure 2.
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archaeobacteria. Undergrowth conditions that favour PM biogenesis, PM patches can cover more than 
half of the cell membrane (Henderson et al., 1990). This protein absorbs a lot of green light and then 
pumps protons outward from the plasma membrane, transforming light into an electrochemical gradi-
ent that can be utilized to make ATP (Koch & Oesterhelt, 2005). Optical appliances, electrical devices, 
chemical sensing, filter devices, therapeutic/diagnostic applications, and research all benefit from BR’s 
ability to convert light energy into chemical energy (Puthenveetil & Vinogradova, 2013; Kawasaki et 
al., 2001; Hampp & Oesterhelt, 2005). Treatment of degenerative retinal blindness and eye disorders, 
therapeutic vaccination therapy, treatment of malignant tumours and other diseases, gene transcription 
regulation, drug delivery, transport and release of medicines, cell signalling, causing apoptosis or death 
of neoplastic cells, control of cell signalling, and creation of neuro-stimulation devices are just a few of 
the therapeutic applications of gene transcription regulation. (Koch & Oesterhelt, 2005 ; Grout et al., 
2012 ; Kahya, Brown, & Schwille, 2005).

Canthaxanthin (Cx) is a diketocarotenoid (-carotene-4,4-dione) that promotes animal maturation and 
shields plant and animal tissues from oxidizing free radicals (Mller et al., 2000). Most cis-cx research 
has used the all-trans isomer, except studies on brine shrimp Artemia, where cis-cx was collected from 
the ovaries of female Artemia and assigned to its possible participation in reproduction and embryonic 
development (Nelis et al., 1984a). In poultry and aquaculture, Cx is commonly utilized as a feed supple-
ments (Baker, 2001). Thus, chemical synthesis has been an alternate source of supplement for a long time. 
Since there are harmful repercussions of synthetic carotenoid by-products, interest in natural carotenoid 
sources has resurfaced, resulting in a renewed focus on microbial sources (Bhosale, 2004). Haloferax 
Alexandrinus TMT (Asker & Ohta, 2002) and Gordonia jacobaea MV-1 are some microorganisms that 
can synthesize cx on a commercial scale (Veiga-Crespo, Blasco, Rosa-Dos-Santos, Poza, & Villa, 2005). 
It’s also utilized in cosmetics industries and tanning pills. These are preferably produced by halophilic 
archaea, such as bacteriorhodopsin, with Haloferax Alexandrinus (Asker & Ohta, 2002).

β-carotene, a red/orange pigment found in carrots, pumpkins, and halophilic bacteria, is the primary 
colorant in all three. Due to its chemical nature as a lipid/oil and water-soluble molecule, Dunaliella sa-
lina, a halophilic alga, is an essential source of -carotene (DasSarma, Coker, Huse, & DasSarma, 2010). 
Thus, it makes an addition for baking (e.g. food colouring), emulsions (e.g. confectionery and prepared 
foods), and as a food supplement (DasSarma et al., 2010).

MEDICAL APPLICATIONS

Microorganisms, particularly extremophiles, produce a wide range of antibiotics, antifungals, and anti-
cancer chemicals (Littlechild, 2015). In addition to antibiotics produced by mesophilic microorganisms, 
extremophiles create antimicrobial peptides and diketopiperazines (Lechevalier, 1992; Waksman, Schatz, 
& Reynolds, 2010; Martins & Carvalho, 2007). Both Halobacteriaceae and Sulfolobus species have been 
found to contain antimicrobial peptides (phylogenetic family including all halophilic archaea). However, 
Halocins (halophilic archaea peptides) have a different activity range, and some are more effective than 
others against a more extensive range of bacteria (DasSarma et al., 2010). Although halocins have been 
identified to kill archaeal cells, there is no evidence that they kill bacteria harmful to people. However, 
they are used in the recovery of dogs after surgery (Shand & Leyva, 2008). Diketopiperazines (cyclic 
dipeptides) have been shown to have antibacterial, antifungal, antiviral, and anticancer properties and 
the ability to impact blood coagulation processes. Pathogens such as Pseudomonas aeruginosa, one 
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of the leading causes of pneumonia and a common infection in cystic fibrosis patients, employ these 
pathways (Abed et al., 2013).

Finally, extremophiles’ development of an alternative vaccine delivery method is a fascinating ad-
dition to medicine (Stuart, Morshed, Sremac, & DasSarma, 2001). Internal gas vesicles are small gas-
filled proteinaceous structures produced by a variety of microorganisms. Halophilic archaea are the best 
studied. These structures were built in the Halobacterium species NRC-1 to create a recombinant form 
that makes simian immunodeficiency virus sections outside (Stuart, Morshed, Sremac, & DasSarma, 
2004). When these recombinant vesicles were put into mice, they produced a strong antibody response 
and immunological memory. Adjuvants (e.g. cholera toxin B) are commonly used with recombinant vac-
cines to elicit a significant enough immune response (Stuart et al., 2004). Halobacterium species NRC-1 
recombinant gas vesicles can be used as an adjuvant which is ether-linked rather than the more typical 
ester-linked molecules that provoke a robust immune response. NRC-1’s polar lipids and recombinant 
gas vesicles as a nasal vaccine in mice were toxic.

GENETIC TECHNOLOGY

Extremozymes are enzymes produced by bacteria that live in extreme environments (Hough & Dan-
son, 1999). Taq DNA polymerase is a prototype of these physiologically active proteins that has been 
widely used in diagnostic and molecular research laboratories worldwide. Thermus aquaticus was the 
first bacteria from which this enzyme was isolated (hence the name Taq). In 1969, it was discovered 
in Yellowstone National Park, Wyoming, in thermal springs (Brock and Freeze). Heat stability at 95°C 
makes this enzyme appropriate for polymerase chain reaction (PCR), which involves heating DNA to 
denature and separate the strands before polymerase amplification. Taq’s heat stability eliminates the 
need for additional polymerase during the reaction, making such reactions efficient enough to be repeated 
regularly. Other thermostable polymerases have recently become available for specific PCR methods. 
Pfu polymerase (derived from Pyrococcus furiosus, a hyperthermophile) has greater replication fidelity 
than Taq. PCR techniques are constantly improving, and they’re becoming more widespread in veteri-
nary diagnostics and research. PCR can be utilized for a wide range of diagnostic applications. One of 
these is real-time quantification of feline herpesvirus 1 DNA in ocular fluid. Taqman PCR (Vögtlin et 
al., 2002) is a multiplex PCR approach for detecting Brucella and Leptospira spp., as well as diagnos-
ing Mycobacterium Bovis Infection in calves sensitized by other mycobacteria (Amadori et al., 2002).

CONCLUSION AND FUTURE PROSPECT

The impact of biotechnology on our lives is inescapable. Extremozymes are found in organisms that 
thrive at extremes of temperature (122°C -12°C), pressure (as high as 1000 atm), salt (saturating lev-
els), and pH (0 to 6 and 8 to 12).In recent years, many improvements have been made in the numerous 
technologies for biofuel production. However, no biofuel can replace petroleum, and high production 
costs still render biofuels unprofitable without subsidies. The cost of cellulosic ethanol will rise two to 
three folds than the present fare of gasoline depending on the source of feedstock. The biodiesel from 
microalgae is seven times higher than the present fare of diesel. The cost of feedstock sources, biomass 
treatment, enzyme manufacturing, and the absence of appropriate organisms for biofuel production all 
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necessitate new insights for the commercialization of commercially viable biofuels. The benefits of high 
process temperatures, and advantages of using extremophilic organisms and their enzymes suggest that 
extremophiles have the potential for second-generation biofuel production. The discovery of new micro-
organisms, understanding of their metabolic pathways, one-step fermenters will provide new alternatives 
for improving biofuel production. Functional metagenomics is a powerful tool to screen libraries from 
extreme environments. These approaches should provide new biocatalysts as promising alternatives for 
future production processes, biofuels production process; mining and carotenoids used in the food and 
cosmetic industries are four success stories.

Breakthroughs have aided biotechnology and related commercial industries by providing new levels 
of understanding about biological adaptation mechanisms, informing us about the evolution of life on 
Earth, increasing the number of sites suitable for searching for extraterrestrial life, and increasing the 
number of sites suitable for searching for extraterrestrial life. The development of bioreactors made of 
materials that can endure the extremes of temperature, pH, and salinity required for extremophile culture 
is a considerable issue. Extremophiles may be able to improve metal bioremediation, recycling, and also 
as new comprehensive improvements, resources, and cost-effective techniques. The QS system explored 
has paved the way for biofilms, biomining, and exopolysaccharide production; further exploration can 
increase our further chances. Biodiversity and prospective study is very limited in extremophiles due 
to the extreme environmental changes. Further studies should be carried out. Synthetic biology tools 
and metabolic engineering on extremophiles can be engineered as new platforms (or chassis) that house 
stable and multiple intended functions and transcriptional and translational machinery to be active in 
extreme settings ranging from the lab to the field. To overcome constraints associated with uncultured 
extremophiles on a large scale, new approaches are required.
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ABSTRACT

Bacterial exopolysaccharides have enormous diversity with valuable characteristics, synthesized by 
various pathways in extreme conditions like salinity, geothermal springs, or hydrothermal vents. Due 
to extreme environments, these microorganisms have various adaption principles (e.g., low pH, high 
temperature, high saltation, and high radiation). Exopolysaccharide is an organic compound produced 
by most bacteria during fermentation using various carbon sources, resulting in a jelly-like or mass 
network structure outside the cell wall. This biopolymer has an adherent cohesive layer throughout the 
cell layer. Hot spring bacterial polysaccharides contain diverse extracellular polymeric substances. 
With a gain in popularity in applications of thermophilic microbial polysaccharides and its demand 
in diverse value-added industrial products, this chapter aims to provide valuable information on the 
physicochemical function and biotechnological applications in the field of food, medical imaging, nano-
drugs, bioremediation, cancer, anti-bacterial, tissue engineering, etc.
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1. INTRODUCTION

Over the last few decades, vast numbers of extracellular polysaccharides or exopolysaccharides from 
extremophiles have been extensively studied all over the world. In the year 1972 Sutherland, proposed 
the word ‘exopolysaccharide’ (EPS) which stands for a variety of bacterial and microalgal heterogeneous 
long-chain polysaccharides that are synthesized and released outside the cell wall into their ambience 
during growth. Hot spring microorganisms produce a large number of structurally diverse extracellular 
polymeric substances i.e. EPSs. Diverse macromolecules e.g. peptidoglycan, lipopolysaccharide, and 
exopolysaccharide are the most important component of bacterial polysaccharides and these polysac-
charides make the structure of their cell wall (e.g. Peptidoglycan) and Poly N-acetyl glucosamine plays 
a major role in bacteria to survive in the unfavourable environments (Kazak et al., 2010; Nichols et 
al., 2005; Ruffing & Chen, 2006). The thermophilic bacterium Geobacillus sp. (WSUCF1) has a great 
production rate in the production of two exopolysaccharides with prominent quantities. Following pu-
rification of these two exopolysaccharides, it was discovered that EPS-1 is composed of glucomannan 
with a 1:0.21 molar ratio of mannose and glucose, whereas EPS-2 was made up entirely of mannan. 
Both EPSs have molecular weights of around 1000 kDa, and their FTIR and NMR spectra revealed the 
existence of α-type glycosidic linkages in a linear structure. XRD examination revealed a low degree 
of crystallinity i.e. for EPS-1 and EPS-2 is 0.11 and 0.27 respectively (Wang et al., 2021). Most of the 
exopolysaccharides have their applications in food, pharmaceutical, and other industries. Exopolysac-
charides produced by thermophiles have been used for various biotechnological processes like fermenta-
tion and food emulsification (Ruffing & Chen, 2006). A novel exopolysaccharide (EPS-B3-15) isolated 
from marine thermo-tolerant Bacillus licheniformis strain B3-15 showed high-temperature stability 
up to 80ºC. Depending on this property of thermal stability it can be used for nano-medicine develop-
ment (Caccamo et al., 2020). High-temperature-loving (thermophilic) bacteria from different classes 
of Archaea and Bacteria have been discovered from a variety of thermal habitats, including both deep 
and shallow marine hot springs, as well as terrestrial hot springs, which have provided the genesis for 
the separation of microbial EPS producers. Some thermophilic bacteria e.g. Archaeoglobus fulgidus, 
Thermococcus litoralis, Pseudomonas aeruginosa are good EPSs producers (Lapaglia & Hartzell, 1997; 
Nicolaus et al., 1993).

Presently, bioremediation technology is a new and challenging field of research on environmental 
issues. EPSs are ubiquitous and low-cost chemicals that have been utilised to adsorb oil and those are 
biodegradable. EPSs possess a high number of negatively charged functional groups, therefore they can 
remove a variety of heavy metals and organic pollutants successfully (Lakzian et al., 2008). EPSs of 
Ensifer meliloti have potent adsorption potential for Lead, Nickel and Zinc from industrial waste (Lakzian 
et al., 2008). EPS acts as an excellent biosorbent material for arsenic bioremediation. Recently, novel 
strains of Exiguobacterium profundum PT2 and Ochrobactrum ciceri SW1 have been isolated which can 
produce biopolymers and possess a large number of polyanionic functional groups on their surface and 
can sequester arsenic (a potent carcinogen), through electrostatic or covalent interactions (Saba et al., 
2019). Researches on bioremediation reveal that the dead biomass of bacteria with exopolysaccharides is 
an important substrate for heavy metal sequestration. Dead biomass of Ochrobactrum anthropi removes 
cadmium ions along with other toxic metals under specific pH and initial metal ion concentration. The 
dead biomass has high heavy metal tolerance activity (up to 30 mg/L of cadmium ion concentration) 
(Ozdemir et al., 2003). Numerous studies have established that EPSs from Lactobacillus sp. can be 
utilized in diverse health benefits like anticancer, antiulcer, anti-viral properties and also act as immune-
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modulator, antiviral, antioxidant, bifidogenic, and cholesterol-lowering properties etc. (Freitas et al., 2011). 
In 1986 Louis Pasteur first isolated dextran; it is also the first commercial exopolysaccharide, which is 
composed of simple glucose derivatives. Currently, dextran hydrogel micelles are used for nano-drug 
delivery systems or nanocarrier systems (Banerjee & Bandopadhyay, 2016). Exopolysaccharides can be 
used to degrade industrial textile dye, an industrial pollutant (Pathak & Navneet, 2017). Polysaccharides 
obtained from Leuconostoc lactis can be used in silver nanoparticles formation, which has been used for 
the degradation of industrial textile dyes like methyl red and congo red (Saravanan et al., 2017). TGA-
TGD analysis showed that EPS based silver nanoparticles have thermo stability at 437.1°C, therefore, 
they can be used to treat textile effluent at a higher temperature. The research by Saravanan et al. (2017) 
reveals that exopolysaccharides based nanoparticles should be used as an environment friendly with a 
very low-cost production strategy for the degradation of harmful dyes.

2. STRUCTURAL AND FUNCTIONAL PROPERTIES 
OF BACTERIAL EXOPOLYSACCHARIDES

Exopolysaccharides are high molecular weight polysaccharides having various structures that are being 
secreted into the adjacent environment by diverse groups of microorganisms (Sutherland, 1972). Numerous 
studies on the primary conformation of exopolysaccharides have deciphered the structure and composition 
of the bacterial polysaccharides. The cellulosic backbone of the EPS xanthan obtained from Xanthomonas 
campestris revealed that it has β (1, 4) - or β (1, 3) - linkages, thus accounting for rigidity of the backbone 
structure (Jansson et al., 1975). Whereas, other studies showed that flexible polysaccharides with α (1, 
2) or α (1, 6) linkages are present in several dextrans (Sutherland, 1994). Several dominant forces like 
hydrogen bond, electrostatic forces are involved in polysaccharides backbone, even ionic interaction are 
also involved which help to form a fine chain-chain complex and this complex forms a gaggle networks 
which are insoluble in solvent (Sutherland, 2001). The chemical and physical properties of polysaccharides 
can be exploited in EPSs producing bacteria in industrial, food and medical applications (Zannini et al., 
2016). There are various techniques involved for purification and structural characterization of EPSs, like 
two-dimensional NMR using, 1H and 13C and some enzymatic reactions detected by MS study. NMR is 
used to find out the repeating unit of the glucose polymer, methylation and sulfated groups (Vincent et 
al., 2001). High-performance anion-exchange chromatography and methylation studies in Halomonas 
sp. revealed the repeating units of the polysaccharides, which are composed of (2, 6)-D-fructofuranosyl 
residues, and NMR studies showed the repeating units of the polysaccharides, which were composed of 
(2, 6)-D-fructofuranosyl residues. The presence of fructose residue in polysaccharide composition was 
verified using GC-MS and acid hydrolysis methods (Nicolaus et al., 2010). A similar study showed that 
Lactobacillus sp. produced heteropolysaccharides which are composed of 1, 6-α and 1, 4-α linkages 
(Nicolaus et al., 2010). On the other hand, Raman Microspectroscopy and Atomic Force Microscopy, 
have been used to study the structural cellular surface of bacterial biopolymer (McEwen et al., 2010). 
Extracellular biopolymer binds biofilm-bacteria together and protects them from harsh environments, 
including contaminated environments. As a result, the development of biofilms is an important process 
for bacteria (van Hullebusch et al., 2003). Anoxybacillus gonensis YK25 is a thermophilic bacterium that 
has been isolated from hot springs in Erzurum province (Turkey) produces potent exopolysaccharides 
under optimized culture conditions (initial pH 7.0, temperature 55°C, molasses concentration 100 mL/L, 
peptone concentration 6 g/L and incubation time 96 h). These EPSs are composed of heteropolysac-
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charide, with 91.4% carbohydrate, 4.1% protein, xylose 59%, sucrose 18%, glucose 16% and galactose 
5%. FTIR examination confirmed the presence of hydroxyl, carboxyl, amide and sulphate groups. Due 
to this chemical structure, these EPSs showed moderate solubility in DMSO and high solubility in water 
(Karadayi et al., 2021). Anoxybacillus pushchinoensis G11 (MN720646), a thermophilic bacterium, has 
been discovered to produce heteropolysaccharide with arabinose (57%), fructose (26%), glucose (12%), 
and galactose (5%), 93% carbohydrates and 1.08% protein. FTIR analysis of the EPSs revealed the pres-
ence of sulfate ester (band at 1217 cm−1) in the EPSs (Genc et al., 2021).

2.1. Bacterial Capsule

The bacterial capsule is the outermost covering of some bacterial cells which serves in the protection of 
cells from their surrounding environments and against desiccation. Exopolysaccharides forms fine strands 
of carbohydrates that are linked to the bacterial cell wall producing a complex network around the cell 
surface (Figure 1). These capsules are made up of various polysaccharides structures and are known as 
capsular polysaccharides. The bacterial capsule is joined to the cell surface of the bacterium via a covalent 
bond with phospholipid or lipid-A molecules (Reckseidler-Zenteno, 2012). Homo or heteropolysaccha-
rides are present in the capsular polysaccharides that are composed of repeating monosaccharides joined 
by glycosidic linkages (Roberts, 1996). The bacterial capsule has much structural diversity e.g. eighty 
different types of diversity have been shown in Escherichia coli alone and some different taxa have the 
same structural properties like Escherichia coli and Neisseria meningitidis capsules containing sialic 
acid (Ghuysen, 1968). Based on various bacterial capsular structures, new findings have opened in the 
field of capsules’ evolution. The bacterial capsules may produce a hydrated gel around the surface of 
the bacterial cell, which may protect the bacteria from the harmful effects of the extreme environment. 
By using bacterial capsules each bacteria can form a bacterial colony through the surface of the cell that 
formed a bacterial biofilm (Costerton et al., 1987).

2.2. Exopolysaccharides

According to the composition and synthesis mechanisms, exopolysaccharides can be divided into het-
eropolysaccharides and homopolysaccharides. Heteropolysaccharides are integrated by more than one 
monosaccharide molecule and are synthesized intracellularly, but homopolysaccharides are composed 
of only a single type of monosaccharide, which has been produced externally to the cell by an enzyme 
secreted by the bacterium (Badel et al., 2011).

Most of the heteropolysaccharides have a simple sugar polymer chain and contain D-glucose, D-
galactose and L-rhamnose. Mesophilic and thermophilic bacteria can produce heteropolysaccharides 
by activation of intracellular glycosyltransferases with sugar molecules (Vieille & Zeikus, 2001). These 
sugar molecules formed linear or branched structures with high molecular weight up to 106 Da. Three 
to eight monosaccharides can be joined together through different linkage patterns. Bacterial monosac-
charide’s mostly formed by β-(1, 4) or β-(1, 3) linkages which provide flexibility (Werning et al., 2012). 
The heteropolysaccharide backbone is composed of diverse monosaccharides e.g. pentoses (d-arabinose, 
d-ribose, d-xylose), hexoses (d-glucose, d-galactose, d-mannose, d-allose, l-rhamnose, l-fucose), amino 
sugars (d-glucosamine and d-galactosamine), and the modified monosaccharides uronic acids such 
as d-glucuronic acids, d-galacturonic acids (Davey & Amos, 2002). In the backbone formation, some 
inorganic and organic substances are also involved such as sulfate, phosphate, acetate, succinate, and 
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pyruvate etc. The most important natural heteropolysaccharides are - gellan gum, xanthan gum, and 
kefiran etc. (Davey & Amos, 2002; Rinker & Kelly, 2000).

Homopolysaccharides are composed of a single unit of monosaccharide either glucose or fructose. 
Glycansucrase is the major enzyme that helps to break extracellular sucrose units (Monsan et al., 2001). 
By glycoside hydrolases, glycansucrases that synthesize glucans and fructans and this enzyme are clas-
sified into two groups (GH70 and GH68). Various Lactobacillus species along with Streptococcus, 
Leuconostoc, Oenococcus, Weissella are responsible for the secretion of homopolysaccharides in high 
quantity (Dimopoulou et al., 2016; van Hijum et al., 2006). Glucosidic or fructosidic is the major unit 
to form homopolysaccharides polymer backbone. The major homopolysaccharides are dextran, reuteran 
etc. Dextran contains predominantly α-(1→6) linkages between the glucosyl units and reuteran contains 
predominantly α-(1→4) linkages (Meng et al., 2016). Whereas inulin and levan consist of β-(2→1) and 
β-(2→6) linkages but levan and inulin are fructan type homopolysaccharides (Monsan et al., 2001).

2.3. Important Polysaccharides from Thermophilic Bacteria

Thermophilic bacteria are extremophiles, growing at high temperature that is between, 45°C to 125°C. 
Thermophilic (heat-loving) bacteria can be categorised based on their optimal growth temperatures 
into simple (50–64°C), extreme (65–79°C), and hyperthermophiles (80°C and beyond). Among the 
various thermophilic sources like- marine hot springs, terrestrial hot springs have various novel bac-
terial strains, which can produce many essential exopolysaccharides. Marine shallow thermophilic 
bacteria like - Bacillus thermoantarcticus, Geobacillus thermodenitrificans and B. licheniformis can 
produce exopolysaccharides in a large amount (Manca et al., 1996). Bulgarian Hot Spring research 
opined that thermostable gellan lyase activity is too high for mesophilic enzymes. On the other hand, 
thermostable enzymes xylanase was able to degrade more than 60% xylan of beechwood. From this 

Figure 1. Bacterial cell wall showing the different surface polysaccharides
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hot spring, various novel enzymes and exopolysaccharides have been isolated for broad-spectrum ap-
plication (Kambourova, 2018). Pseudomonas elodea is non-pathogenic bacteria, produce gellan, and 
mesophilic bacteria Alcaligenes faecalis produce curdlan. This gellan has the unique property of forming 
thermo-stable gels, therefore, have commercial value in food and pharmaceutical applications on large 
scales (Fialho et al., 2008). The production-based research study revealed that thermophilic strains like 
Lactobacillus delbrueckii, L. delbrueckii, Streptococcus macedonicus and Streptococcus thermophilus, 
were able to produce more EPSs than mesophilic bacteria such as Enterococcus faecalis, Enterococ-
cus faecium, Lactobacillus casei, Lactobacillus paracasei (Mozzi et al., 2006). Geobacillus sp. strain 
4004 has been isolated from sediment in marine hot springs in Italy; which produces pentasaccharide 
EPSs structure with repeating units and these EPSs are used in pharmaceuticals industries (Nicolaus 
et al., 2002). Both Bacillus thermodenitrificans strain B3-72 and Bacillus licheniformis strain B3-15 
have been isolated from a shallow marine hot spring, Italy, produced high quantity exopolysaccharides 
with trisaccharide repeating unit and a manno-pyranosidic configuration; this configuration based EPSs 
has potent medicinal activity such as Immunomodulatory, antibacterial and antiviral properties (Poli 
et al., 2010). Streptococci thermophilus produces hyaluronic acid which is an important material for 
medical, cosmetic and food applications especially in dairy industries (Vaningelgem et al., 2004). This 
hyaluronic acid improves applications of EPS for better consumer satisfaction for appealing taste and 
healthier dairy products (Izawa et al., 2009). Exopolysaccharide supernatants, which has been isolated 
from Geobacillus stearothermophilus bacterium can be used to treat immunological disorders associ-
ated with functions of IFN-α, IL-12, IFN-γ, TNF-α, and IL-18 (Arena et al., 2009). This bacteria also 
generates gellan exopolysaccharide, which has recently been discovered and is widely utilised in the 
food and pharmaceutical sectors (Novik et al., 2018).

2.4. Exopolysaccharides in Bacterial Biofilm

In the natural environment, few micro-organisms especially bacteria do not live singly but always form 
polymicrobial aggregates such as films, mats, flocks, sludge or so-called ‘biofilms’. This biofilm consists 
of an agglomerate of different types of biopolymers such as extracellular polymeric substances, which 
formed a three-dimensional structure of the biofilm and is responsible for adhesion to surfaces (Flemming 
& Wingender, 2010). Biofilm formation depends upon the favourable environment or suitable conditions 
in which the biofilms are formed (Donlan, 2002). An extracellular matrix of the biofilms holds the cells 
together (Branda et al., 2005). Globally, bacteria secreting exopolysaccharides, illustrate a prominent source 
of the reduced-carbon reservoir in soils and sediments and suspended aggregates in oceans and freshwater. 
Exopolysaccharides have gained a wide range of matrix biopolymer, therefore it is very difficult to analyze 
their structures, that is why EPS have been called “the dark matters of biofilm” (Flemming & Wingender, 
2010). The matrix biopolymer also contains proteins, nucleic acids, lipids and other biopolymers such as 
humic substances (Allison et al., 2003). Numerous microorganisms are enclosed within exopolysaccha-
rides, which help them to survive in adverse conditions. EPS has a specific attachment role more closely 
with the cell surfaces than other substances. Thus microbial biofilm formation always depends upon the 
production rate and quantity of major exopolysaccharides. The dense area, pores, channels and as well 
as three-dimensional structure of the biofilm provides more stability than others. Morphologically, some 
mushroom-like macrocolonies and rough, fluffy, smooth like surfaces have been also seen in the biofilm 
structures. These characteristics resulted in stationary biofilm cells that have a wide range of effects on 
environments while also favouring biodiversity under certain ecological circumstances. The interaction of 
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anionic exopolysaccharides, which contain carboxylic groups in a complex network, can have a big impact 
on biofilm models (Flemming & Wingender, 2010; Körstgens et al., 2001). Exopolysaccharide from ther-
mophilic Bacillus licheniformis T14 (Eolian Island, Italy) was found to have an antibiofilm impact against 
various multi-resistant clinical strains. Microtiter plate assays and confocal laser scanning microscopic im-
ages revealed that 2% concentration of the cell-free supernatants (CFS) showed a strong antibiofilm activity 
(C50% of biofilm reduction) only against E. coli. At higher concentrations i.e. 54 - 69% CFC reduces the 
formation of biofilm against K. pneumoniae and S. aureus. Clinical studies revealed that EPS1-T14 has a 
dose-dependent (25 to 400 µg mL-1) inhibitory effect on biofilm formation by E. coli and S. aureus. This 
novel T14 exopolysaccharides (EPS1-T14) is a highly water-soluble molecule in which non-cytotoxic 
exopolymeric characters prevent the formation of biofilm. Due to this character of EPS1-T14 may be used 
as a promising therapeutic agent for combating bacterial biofilm-associated infections (Spanò et al., 2016). 
Based on several research works, exopolysaccharides have several functions associated with the biofilm, 
which are categorized in Table 1. 

Table 1. Basic relationship of exopolysaccharides in Biofilm formation

Major Functions Relationship of the Biofilms Major components of EPS References

Cohesion of biofilms

The network of biofilm matrix i.e. the 
hydrated polymer is composed of both neutral 
and charged exopolysaccharides provides 
mechanical stability to biofilms along with 
multivalent cations that regulate biofilm 
framework and permit intercellular crosstalk

Neutral and charged 
polysaccharides, proteins and 
DNA

(Decho & Gutierrez, 
2017; Donlan, 2002)

Adhesion
For colonization, exopolysaccharides make 
provision for the initial steps for the long-term 
attachment of biofilms

Polysaccharides, proteins, DNA 
and amphiphilic molecules

(Allison & Sutherland, 
1987; Dertli et al., 2015)

Bacterial cell 
grouping

Bacterial cells built a bridging between cells 
are occupied by exopolysaccharides.

Polysaccharides, proteins and 
DNA (Costa et al., 2018)

Water Capacity

Exopolysaccharides also make a water 
intake capacity in the highly hydrated 
microenvironment around biofilm organisms, 
resulting in survival in water-deficient 
environments.

Hydrophilic polysaccharides 
and, possibly, proteins.

(Bogino et al., 2013; 
Costa et al., 2018)

Tenacity of biofilms A hydrated polymer network gives the biofilm 
matrix strong mechanical stability.

Neutral and charged 
polysaccharides, 
proteins and DNA

(Stewart, 2014)

Nutrient source

Exopolysaccharides contained carbon, 
nitrogen and phosphorus-containing 
compounds, which make a biofilm 
community.

Potentially all EPS components
(Costa et al., 2018; 
Decho & Gutierrez, 
2017)

Exchange of genetic 
information

Horizontal gene transfer happening between 
biofilm cells. DNA (Madsen et al., 2012)

Storage of excess 
energy

Exopolysaccharides store excess carbon under 
unbalanced carbon to nitrogen ratios. Organic compounds. (Nwodo et al., 2012)

Enzymes binding 
properties.

Polysaccharides interaction makes the 
accumulation, retention and stabilization of 
enzymes.

Polysaccharides and protein (Flemming, 2016)

Electron donor or 
acceptor Redox activity in the biofilm matrix Pili and nanowires, some 

proteins.

(Arnaouteli et al., 2017; 
Kataky & Knowles, 
2018)

 EBSCOhost - printed on 2/13/2023 12:55 PM via . All use subject to https://www.ebsco.com/terms-of-use



341

Thermophilic Bacterial Exopolysaccharides
 

3. VARIOUS BIOTECHNOLOGICAL USES OF EXOPOLYSACCHARIDES

Exopolysaccharides, particularly those from thermophiles, are useful because of their thermo stability 
and low viscosity at high temperatures. The significance of understanding the functional properties of 
thermophilic bacterial exopolysaccharides, as well as their applications in the medical, cosmetics, and 
food industry sectors, as well as in heavy metal bioremediation, is rapidly increasing. The most advan-
tages of using exopolysaccharides are as follows:

3.1 Role of Exopolysaccharides in the Food Industry

Exopolysaccharides are employed as viscosifying agents, stabilisers, emulsifiers, gelling agents, and 
water-binding agents in the food industry. EPS of microbial sources have exclusive rheological properties 
due to their ability to form excessively viscous solutions at low concentrations and their pseudoplastic 
nature (Becker et al., 1998). Two important commercially available microbial-derived EPSs composed 

Figure 2. Schematic diagram of potential applications of Exopolysaccharides in food, tissue engineering, 
medical sciences and bioremediation
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of xanthan and gellan, which are synthesized by the bacteria Xanthomonas campestris and Pseudomonas 
paucimobilis respectively (Becker et al., 1998; Patel & Prajapat, 2013).

In terms of its relevance in both culinary as well as non-food uses, xanthan has been termed as a 
“gold standard” product (Sutherland, 1998). Dairy, soft beverages, confectionery, dressing, bread items, 
syrups, and dog food, as well as the oil, pharmaceutical, cosmetic, paper, paint, and textile sectors, utilise 
xanthan gum (Cho & Yoo, 2015; Palaniraj & Jayaraman, 2011; Patel & Prajapat, 2013). Gellan gum is 
becoming more popular in the food industry, because of its functional properties, which include great 
heat and acid resistance, variable gel elasticity and stiffness, high transparency, and good flavour. Gellan 
gum is mainly used as a stabilizer, suspending agent, structuring and versatile gelling agent in a wide 
variety of applications in food products that include bakery fillings, confections, dairy products, des-
sert gels, frostings, icings and glazes, jams and jellies, low-fat spreads, microwavable foods, puddings, 
sauces, structured foods, and toppings (Prajapati et al., 2013).

Bacterial EPSs such as dextran, xanthan, gellan, curdlan, pullulan, acetan, and levan are used com-
mercially and are well known industrial microbial polysaccharides with numerous applications and has 
a considerable market (Freitas et al., 2011; Kazak et al., 2010). Most polysaccharides are hydrocolloids 
that are widely used in the food industry for their extensive range of functionalities and applications. They 
can be utilized as stabilizers, emulsifiers, thickeners, and gelling agents primarily in food products such 
as bread, sauces, syrup, ice cream, instant food, beverages and ketchup, and most of these hydrocolloids 
are termed as ‘food additives’ (Ahmad et al., 2015; Milani & Maleki, 2012). The strain MK878423 of 
Brevibacillus borstelensis is a new thermophile that produces a large amount of exopolysaccharide. The 
bacterium’s growth curve indicated that the optimal period for EPS production is 40 hours, with highest 
yield at 30 g/L glucose. These glucose-containing exopolysaccharides are suitable candidates for the 
pharmaceutical, cosmetics and food industries (Dhagat & Jujjavarapu, 2021).

3.2 Exopolysaccharides Based Drug Development

The most significant character of EPSs is that they are non-toxic compounds, renewable, and easily 
water-soluble. Since the mid-20th century, microbial exopolysaccharides have been successfully used in 
medicinal applications. Various EPSs are present throughout the world but among them, Dextran is the 
first exopolysaccharide to be used in pharmaceutical industries and it contains a neutral polymer with 
α-(1→6) and α-(1→4) glucopyranosyl linkage (Amspacher & Curreri, 1953; Moscovici, 2015). Xanthan 
is a branched-chain of polysaccharides that have been used in pharmaceutical industries for cream-based 
ointment preparation and also in drug controlled barrier systems (Morris & Harding, 2009). Alginates 
extracted from seaweeds were identified in 1964 as a major polysaccharide, and these EPSs include 
acetyl groups within a linear arrangement of β-(1→4) mannuronic acid and α-(1→4) guluronic acid. This 
character gives a prominent disintegrating agent for tablet formation (Cyber Colloids Ltd., McHugh, 
1987). The technique of microencapsulation gradually increasing in many pharmaceutical industries, in 
this field, alginate is a good transporter for the nano-drug delivery system (Mukherjee & Atala, 2005; 
Nwodo et al., 2012). Gellan exopolysaccharides are reliable agents for many drug development systems 
e.g. nasal drugs, various ophthalmic drugs, tablet formation (Felt et al., 2001; Hägerström, 2003). Leaven 
is yet another notable exopolysaccharide for anti-tumour drug preparation; it has the potency to control 
cholesterol levels in the human blood system. Leaven posses various derivatives such as leaven sulfates, 
phosphates, and acetates which have been used in pharmaceutical industries (Roberts & Garegg, 1998; 
Yamamoto et al., 1999). Agrobacterium produces an exopolysaccharide i.e. curdlan which is composed 
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of triple-helical conformation with β (1, 3)- linked D-glucose (El-Naggar et al., 2020). Curdlan has 
anti-tumour and anti-HIV activity (Osawa et al., 1993; Yoshida et al., 1990). Magnetic Resonance Im-
aging (MRI) is one of the most important medical-technique for human disease identification. In this 
technique, some nanoprobe materials are used. Fucopol is one of the exopolysaccharide that has been 
isolated from Enterobacter A47 DSM 23139 using glycerol as a carbon source (Torres et al., 2012). It is 
used for the coating of iron oxide magnetic nanoparticles (MNP), which is applicable for better imaging 
in MRI applications. Covalent bonding happens between EPSs and DMSA - stabilized nanoparticles 
which formed a hybrid magnetic-biopolymeric nanosystem (MNPDMSA-EPS) with a hydrodynamic 
size of 170 nm, negative surface charge at physiological conditions and transverse to longitudinal relax-
ivities ratio, r2/r1, of 148. This MNP-DMSA-EPS in vitro experiment showed excellent performance 
on colorectal carcinoma - HCT116 - and neural stem/progenitor cells - ReNcell VM. It can be opined 
that bacterial exopolysaccharides would bring a new area for high-quality MRI techniques (Palma et 
al., 2015). Hyaluronic acids, which include N-acetyl-D-glucosamine and glucuronic acid, are linear 
disaccharides. Streptococcus equisimilis, Bacillus subtilis, and other bacteria produce hyaluronic acid 
which has a high viscosity and molecular mass due to its polymeric and polyelectrolyte characteristics. 
Hyaluronic acid can be used as a diagnostic marker for many diseases including cancer, rheumatoid 
arthritis and liver diseases, and it can be used for supplementation of impaired synovial fluid in arthritic 
patients (Kogan et al., 2007).

3.3 Role of Exopolysaccharides in 3-D Printing

3D printing technology is the most demanding and promising component of computational biology in 
current medical biology. Bacterial exopolysaccharides were shown to serve a potential function in the 
production of scaffolds in 3D technology. Bacterial exopolysaccharides exhibit three-dimensional net-
works. Hyaluronic acid (HA) is an abundant biopolymer that is secreted by Streptococcus equisimilis, 
Bacillus subtilis etc. Tissue engineering research demonstrates that hyaluronic based scaffolds can be 
successfully used in 3D printing. The HA-mediated scaffold has some excellent properties, it can bind 
to proteins and cells through cell surface receptors such as CD44 (Knudson et al., 2002). Intercellular 
adhesion molecules (ICAM) can connect with HA-scaffold molecules in endothelial and macrophage 
cells, and this binding may help to regulate ICAM-1-mediated inflammatory activation (Chen & Abatan-
gelo, 1999). Hydrogels are a major component in tissue engineering since hydrogel has high mechanical 
strength. In this regard, double strength hydrogels were formed by using gelatin methacrylamide for the 
soft and ductile network (Shin et al., 2012). Immobilization is another technique in tissue grafting, the 
dextran-coated scaffold is a better adhesive peptide and it can promote endothelial cell adhesion as well 
as cell proliferation. Dextran coating peptides has low-fouling properties and was efficiently modified 
with biomolecules. Most of the peptides like - RGD, YIGSR, and REDV have potent cell adhesiveness 
and proliferation activity (Noel et al., 2016). In rabbits, it was revealed that alginate gel-based hydrogel 
produces new autologous cartilage at the subcutaneous dorsal side of rabbits. After 9 weeks of alginate 
hydrogel treatment, immunodeficient mice exhibited a substantial improvement. A rapid-curing algi-
nate gel system has been developed for articular cartilage tissue engineering applications (Stevens et 
al., 2004). The thermal technique for generating highly osteoconductive α-(1, 3)-glucan/HA scaffolds 
for bone tissue engineering is a novel field. Curdlan gelation allows the structural modification of α-(1, 
3)-glucan/HA scaffold which is more thermostable and promotes osteoblast growth and proliferation 
as well as increases bone alkaline phosphatase level thereby enhancing cell differentiation (Klimek et 
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al., 2016). The combined structure of polycaprolactone, gelatin and levan is a potent formula of 3D 
printing. In vitro cell culture assay using these three combined structures proved human osteoblast cells 
have increased biocompatibility of the printing materials with increasing leaven content. So it can be 
opined that levan may be used as a good component for 3D printing (Duymaz et al., 2019). Co-axial 
and Single-Needle Techniques has been used for levan based fibrous Scaffolds formation. This levan 
based scaffold technology may be used as scaffold grafts to reduce the risk of restenosis and thrombosis 
and prolong graft life (Avsar et al., 2018). Chondroitin Sulfate is another important biopolymer used 
in the tissue grafting of bone cells. It is composed of two units i.e. N-acetyl-D-galactosamine and D-
glucuronic acid. These features lead to be proven as excellent bio-characteristics including the binding 
and modulation of certain growth factors on bone cells. Chondroitin (CS) sulfate scaffold is a mimic of 
the natural cartilage system. Also, the bilayer of gelatin-CS-hyaluronan biopolymer has potent wound 
treatment properties (Han et al., 2014; Van Vlierberghe et al., 2011). Cellulose is the best and easily 
available bacterial polysaccharides that have been used successfully in tissue engineering technology. It 
has two types of cellulose-based scaffolds, 6-carboxy cellulose with 2.1 or 6.6 wt% of –COOH groups 
(Dutta et al., 2019). The unique surface chemistry and exclusive properties of bacterial cellulose make 
user-friendly scaffolds than other synthetic scaffolds in tissue engineering. Bacterial cellulose has good 
mechanical strength, microporosity and biodegradability which lead to a unique role in 3D printing 
technology (Rajwade et al., 2015). In bone, tissue-engineering biodegradation is a very critical issue. 
That’s why bacterial cellulose could not degrade rapidly upon implant which is a good characteristic to 
hold scaffold in place for timely Osseo integration (Hickey & Pelling, 2019). Besides, different strate-
gies such as chemical, enzymatic and genetic engineering could be adopted to enhance the degradability 
of bacterial cellulose in various conditions without altering its unique features for bone regeneration 
(Torgbo & Sukyai, 2018).

3.4 Role of Exopolysaccharides in Antimicrobial and Antifungal Activity

Multidrug-resistant microorganisms are currently posing a new hazard to public health. Exopolysaccha-
rides based on nanoparticles have emerged as a promising antibacterial therapy in this area. Exopolysac-
charides obtained from Bacillus subtilis were used to make the silver nanoparticles, which showed good 
antibacterial action against Pseudomonas aeroginosa and Staphylococcus aureus (Selvakumar et al., 
2014). Using a green synthesis technique, exopolysaccharides capping based Zn and Ni metal nanopar-
ticles were generated from Rhodotorula mucilaginosa UANL-001L. The average size of the Zn and Ni 
nanoparticles are 8 and 26 nm, respectively. With extremely low doses i.e. 3 and 2 mg/mL of Ni-EPS 
exhibits significant antibacterial and antibiofilm action against resistant strains of Staphylococcus aureus 
and Pseudomonas aeruginosa, respectively. On the other hand, 1mg/ml Zn-EPS was formulated against 
resistant strains and gave potent activity against Staphylococcus aureus (Garza-Cervantes et al., 2019). 
Exopolysaccharides from both Bifidobacterium bifidum and Lactobacillus plantarum were found to 
have potent antibacterial activity against Listeria monocytogenes CMCC54007, Staphylococcus aureus 
CGMCC26003, Bacillus cereus ATCC14579, and Salmonella typhimurium ATCC13311 but inhibition 
zones were lower than those obtained with 50 μg/mL ampicillin. Exopolysaccharides of Lactobacillus 
plantarum have an inhibition zone of (7.83 ± 1.04 and 10.67 ±0.29 mm) which is significantly greater 
than Bifidobacterium bifidum EPS against Cronobacter sakazakii ATCC29544 and Shigella sonnei 
ATCC25931. EPS of Lactobacillus plantarum prevented the growth of Candida albicans which is similar 
to ampicillin dosages (Li et al., 2014). Mesoflavibacter zeaxanthinifaciens based silver nanomaterial has 
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a significant antibacterial and antibiofilm effect against pathogenic bacteria e.g. - Bacillus subtilis and 
methicillin-resistant Staphylococcus aureus (Oves et al., 2019). The dose-dependence of silver nanomate-
rial revealed a maximum of zone inhibition of about 22 and 18 mm against B. subtilis and S. aureus at 
a dose of 50 μg/well and a minimum inhibitory concentration of 8 and 10 μg/ml, respectively (Oves et 
al., 2019). Dextran is also used as a prominent agent for capping and reduction in the silver nanoparticle 
synthesis process. Dextran based silver nanoparticles size in the range of 10–60 nm and concentration of 
0.2 mg/ml showed significant antibacterial properties against Bacillus subtilis, Bacillus cereus, Escherichia 
coli, Staphylococcus aureus and Pseudomonas aeruginosa (Bankura et al., 2012). Lactic acid bacteria 
are also able to synthesize silver nanoparticles of 0.2 nm–10 nm and 0.0–10 nm particles size. These 
nanoparticles have antibacterial activity against both Gram-positive and Gram-negative bacteria and the 
zone of inhibition ranged between 12-26 mm. Yoghurt starter based polysaccharides have potent anti-
bacterial features against Escherichia coli, Staphylococcus aureus and the yeast of Candida albicans by 
disc diffusion method and inhibitions zones ranging from 9 to 13 mm (Adebayo-Tayo & Popoola, 2017; 
Ghalem, 2017). Silver nanoparticles composed of bacterial exopolysaccharide have both anti-fungal and 
anti-bacterial properties. The Agar well diffusion method indicates that it has potent inhibition properties 
against the pathogenic E. coli, the food-borne pathogen L. monocytogenes, and the multidrug-resistant 
pathogens K. pneumonia and P. aeruginosa. Antifungal activity was analyzed against food-borne fungal 
pathogens e.g. - Aspergillus spp., Penicillium spp., which were inhibited by the concentration-dependent 
manner with silver nanoparticle concentration ranging from 0.2 mg to 2 mg/ml (Kanmani & Lim, 2013). 
KPEP1, KPEP2, KPEP3, KPEP4, bacterial strains were too good for exopolysaccharide production; all 
bacteria were isolated from the sugar cane field. The ability of different EPSs against test organisms, 
EPSs of KPEP1 and KPEP3 were found to inhibit the growth of E. coli and Bacillus cereus at the MIC 
values of 8.7 and 9.4 mg/ml respectively, KPEP4 was found to inhibit the growth of Bacillus subtilis at 
MIC of 6.8 mg/ml as compared to other EPSs and 7.6 mg/ml was found to inhibit the growth of Vibrio 
cholerae by KPEP 2 (Patel et al., 2018).

3.5 Role of Exopolysaccharides in Bioremediation

Heavy metals are discharged into the environment on a daily basis through diverse anthropogenic activities, 
resulting in harmful contamination of the air, water, and atmosphere. These have encouraged numerous 
researchers to convert heavy metals from hazardous form to safe form by utilizing diverse engineering 
and biological methods. Since most exopolysaccharides are acidic, therefore they can withstand heavy 
metal stress hence they are preferred in heavy metal removal (Bhunia et al., 2018). Therefore, bacterial 
exopolysaccharides have ushered in a new era of fruitful study in this sector. Many countries use uranium 
as the major fuel in nuclear reactors. Deinococcus radiodurans is a well-known microbe that is used in 
the bioremediation of heavy metals, especially radioactive ones. Deinococcus radiodurans strain (DR1-
bf) can form a biofilm with uranium for its remediation. Arsenazo III dye method and Plasma-Atomic 
Emission Spectroscopy (ICP-AES) method reveals that the DR1-bf biofilm can remove ~75 ± 2% of 
1000 mg/L uranium from uranyl nitrate aqueous solution after 30 minutes of treatment. An engineered D. 
radiodurans has been utilized for detoxification of mercury; degrade toluene and chromium reduction in 
polluted nature (Brim et al., 2000; Brim et al., 2006; Manobala et al., 2019). Some bacterial strains were 
isolated from the plant species Tagetes minuta found near soil surrounding an automobile workshop and 
these bacterial EPSs have good bioabsorption capacity for heavy metals e.g. KA24, KA18 and KA25 able 
to accumulate 118.2, 121.87 and 90 mg chromium ion per gram of biomass respectively. They are even 
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able to accumulate Ni and cadmium ions. Strontium is a nonradioactive metal that causes lung cancer in 
humans. EPS of Cupriavidus metallidurans CH34 is the most potent candidate in strontium removal from 
infected sites at pH 7.5 (Salem et al., 2013). The bacterium Rhizobium radiobacter VBCK1062 isolated 
from the rhizosphere of Vigna radiata is effective in arsenic removal. Rhizobium radiobacter VBCK1062 
bacterial biomass can uptake 0.068 mg of arsenate per gram of biomass (Deepika et al., 2016). Azotobacter 
is a well-known bacterium for plant growth-promoting the EPS obtained from Azotobacter can remove 
mercury (Hindersah et al., 2017). Chromium is a well known mutagenic and carcinogenic agent, which 
reduces the growth of mustard plants. Pseudomonas aeruginosa OSG41 isolated from the mustard field 
contains Cr (VI) at a concentration of 1800 mg/ml. This strain can reduce the maximum Cr (VI) level 
at pH 6–8 temperature 30–40°C (Oves et al., 2013). Heavy metal contamination of water is a serious 
concern all over the world. Fluoride and arsenic compounds in water are serious pollution problems in all 
corners of the planet. The raw biomass of Providencia vermicola (KX926492) is an effective absorbent 
in removing fluoride from contaminated water (Mukherjee et al., 2017). Large scale study revealed that 
two-Gram positive bacteria e.g. Rhodococcus opacus and Rhodococcus rhodochrous were able to form 
EPS in high amounts and are also efficient in the adsorption of Cadmium, Lead, Nickel, Cobalt, and 
Chromium. The pH, time and temperature play a vital role. The pH of 2-7.5 is crucial for different heavy 
metal’s adsorption by the bacterial EPS. These bacterial EPS are efficient in adsorbing chromium ions at 
25°C and Nickel ions at 35°C (Dobrowolski et al., 2017). Rivers and lakes are polluted by mercury with 
a concentration range of 0.5-3 mg/l while it is too high in coastal seawater with a range of 2-15 mg/l. EPS 
obtained from Bacillus lichenifonnis can remove 70% Hg when pH is 7 (Upadhyay et al., 2017). Marine 
bacteria Alteromonas sp. is a good producer of EPS, which shows that it has an enormous capacity to 
remove heavy metals. At pH 5.0, the EPS reveals the highest bioabsorption capacity for Cu2+ and Ni2+ 
i.e. 140.8 ± 8.2 mg/g and 226.3 ± 3.3 mg/g, respectively; whereas for Cr6+ the bioabsorption capacity is 
215.2 ± 5.1 mg/g (Zhang et al., 2017). EPS obtained from Alteromonas sp. reveals that C=O and C-O-C 
are the major functional groups involved in the adsorption of heavy metals (Zhang et al., 2017). A high 
molecular-weight glycoprotein with an unusually high content of xylose has been isolated from the ma-
rine bacterium Pseudoalteromona sp. This glycoprotein has good emulsifying properties and metal ions 
binding capacity from sea sediments (Gutierrez et al., 2008). The EPS of Pseudoalteromona sp. isolated 
from Antarctic seawater exhibits a mechanism for rapid removal of heavy metals like as cadmium and 
mercury (Caruso et al., 2018). Lactic acid-based bacterial nonglucan exopolysaccharide i.e. EPS-605 
can modify itself to form spherical nano-sized particles of 88 nm. EPS-605 is composed of mannose, 
glucose and galactose with several modifications including acylation, phosphorylation, sulfation, and 
carboxylation, and posses a highly negative charge. In comparison to other reported EPSs, EPS-605 has 
strong bioabsorption ability against Pb2+, Cu2+, Cd2+ and methylene blue (Mb). The characteristics of 
EPS-605 as a biosorbent and nanosorbent, are determined by a number of variables, including pH, tem-
perature, initial adsorbate concentration, contact time, and the presence of background electrolytes (Li 
et al., 2017). The exopolysaccharides of Pseudomonas sp. W6 has a unique component for lead removal 
from wastewater. A comparative biosorption study among different bacterial strains i.e. P. aeruginosa 
MTCC2474, P. alcaligenes MJ7 from forest soil, and P. ficuserectae PKRS11 from uranium-rich soil 
reveal the remediation capacity of 65% and 61.2% of Pb from the Synthetic Bangladesh Ground Water 
medium in batch culture and column respectively (Kalita & Joshi, 2017).
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3.6 Role of Exopolysaccharides in Anti-Cancer and Anti-Tumour Activity

Cancer is a very widespread disease in today’s world, and there is no effective treatment or medicine 
available to help cancer sufferers. The use of bacterial exopolysaccharides is a relatively recent field 
in cancer treatment. Exopolysaccharides from bacteria have anti-tumour and anti-cancer effects. Bacil-
lus amyloliquefaciens, an entophytic bacterium, has an inhibitory effect on cancer cells. The research 
opined that the exopolysaccharide of Bacillus amyloliquefaciens has antitumor activity against gastric 
carcinoma cell lines (MC-4 and SGC-7901). MTT assay, cell viability, and microscopy were employed 
in this study to evaluate changes in cell effects in response to exopolysaccharide concentrations of 14, 
22, and 30 g/L, respectively. The exopolysaccharide shows concentration-dependent inhibitory effects 
against the MC-4 and SGC-7901 cells lines having IC50 values of 19.7 and 26.8 g/L, respectively (Chen 
et al., 2013). Recently, Sulfur and uronic acids containing exopolysaccharides have gained new atten-
tion for the treatment of cancer. Marine bacterial samples containing sulfur and uronic acids in their 
exopolysaccharides has the highest cytotoxicity, IC50 218 μg mL-1 (Abdelnasser et al., 2017). EPS11 an 
exopolysaccharide obtained from marine bacteria can induce apoptosis of A549 cells by stimulating 
III-tubulin associated anoikis and decreases the phosphorylation of protein kinase B. Microscopic and 
western blot investigations revealed that the filiform structure of EPS kills cancer cells over time, and the 
cell adhesion-related proteins are down-regulated following treatment with EPS11 (Cao et al., 2018). In 
vitro study of a gastric cancer cell line treated with exopolysaccharides of Bifidobacterium bifidum, shows 
promising results in the field of gastric cancer. This experiment confirmed that Bifidobacterium bifidum 
EPS inhibits the growth of gastric cancer cell BGC-823 through telomerase reverse transcriptase activity. 
RT-PCR result showed that after treatment with the exopolysaccharide expression level of telomerase 
rate-limiting factor hTERT’s mRNA gradually decreases in the cell, which is directly dependent on dos-
ages of exopolysaccharides (Chen et al., 2009). In lung cancer treatment numerous bacterial exopolysac-
charides e.g. Lactobacillus acidophilus, L. plantarum, and L. lactis have proved their efficacy. These 
EPSs can protect DNA from oxidation through scavenging free radicals activity, by producing different 
antioxidant enzymes which can suppress the growth of the tumour and also decrease the expression level 
of the p53 gene (Deepak et al., 2016). Osteosarcoma is a common cancer disease among teenagers. In 
this field, marine bacterial oversulfated exopolysaccharides of Alteromonas infernus showed a potent 
inhibition zone of migration, invasion and also the proliferation of cells in human and murine osteosar-
coma cells line without any side effects (Heymann et al., 2016). The halophilic bacterium, Halomonas 
maura produces mauran exopolysaccharides. It has a high uronic acid containing sulfated with a high 
molecular mass, visco-elasticity; pseudo-plasticity; have thixotropic properties; and is resistant to high 
pH, temperature, and salt content. This high sulfate property is the major key to success to prevent the 
growth and progression level of the breast cancer cell. Mauran based nano-drug has anti-proliferative 
activity and also it can kill about 80% of a human breast adenocarcinoma cell line synergistically when 
loaded with 5-fluorouracil drug (Sivakumar et al., 2014). Exopolysaccharides of Aphanothece halophytica 
GR02 (EPSAH) have a promising effect against cervical cancer cells. The EPASH triggers programmed 
cell death by affecting the protein Grp78, a key regulator of the unfolded protein response (UPR), thereby 
activates mitochondrial apoptosis and the p53 survivin pathway; which ultimately helps to activate 
the caspase-3 pathways leading to programmed cell death (Ou et al., 2014). The halophilic bacterium 
Halomonas stenophila strain B100 produces heteropolysaccharides that are over-sulfated, that induces 
the T cell line through the caspase-dependent pathway (Ruiz-Ruiz et al., 2011). A new strain belonging 
to the probiotic bacteria Bifidobacterium breve lw01 produce exopolysaccharides, which are comprised 
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of rhamnose, arabinose, galactose, glucose, and mannose with a molar ratio of 0.35:0.44:1.38:0.67:1.65 
respectively. The exopolysaccharide demonstrates remarkable anticancerous properties against head and 
neck squamous cell carcinoma cell line, by controlling cell cycle inhibition and promoting programmed 
cell death (Wang et al., 2019). Bifidobacterium bifidum BGN4 bacterial strain has been isolated from 
human faeces. This bacterial strain produces a unique composition of exopolysaccharides; composed 
of chiroinositol, rhamnose, glucose, galactose, and ribose. This chiroinositol-containing polysaccharide 
has potent anticancer activity against fHT-29 and HCT-116 cancer cells (You et al., 2004). Lactic acid 
bacteria Bifidobacteria spp. is known as ambivalent type; four different strains have been isolated from 
the gastrointestinal tract of a human. Among them, the EPS from the SK2 strain is a promising agent 
for cancer treatment (Prosekov et al., 2015). Anoxybacillus gonensis YK25 is a thermophilic bacterium 
that has been isolated from hot springs in Erzurum province (Turkey) which produces potent exopoly-
saccharides containing hydroxyl, carboxyl, amide and sulphate groups. These EPSs showed significant 
anticancer activity against SH-SY5Y, HT29, DU145 and A549 cell lines in a dose-dependent manner 
and the IC50 values of EPS were examined as 5.5, 9.61, 15.62 and 17.35 mg/mL respectively (Karadayi 
et al., 2021). Exopolysaccharides obtained from Anoxybacillus pushchinoensis contained sulfate ester 
which has significant antitumor [lung (A-549) and colon (Caco-2 and HT-29) cancer] activities (Genc 
et al., 2021).

4. DISCUSSION AND FUTURE ASPECTS

Exopolysaccharides have a diverse range of uses in the fields of medicine, wastewater management, 
cosmetics, and food industry etc., but still, many more research works are wanted to fully understand 
their benefits. In the field of drug development such as drug-targeting and carriers, EPS nanoparticulate 
properties open a wide area against the synthetic drug development, such as biocompatibility and with 
very low toxicity. Exopolysaccharides are also involved in medical accessories development like fucopol 
have been used in MRI for better imaging which leads to better diagnosis of the diseases. On the other 
hand, hyaluronic acid is used as a potent biomarker for detecting cancer and other cancerous tumour 
cell growth. Wound healing, skin repairing based diagnosis is also done by various exopolysaccharides 
therapy. Hyaluronic based scaffold is successfully used in tissue grafting with a high success rate. Not 
only hyaluronic acid but also dextran and curdlan based polymer are used in tissue engineering for the 
growth of fractured osteoblast cells. The liposome-based drug is targeting by EPS coated drugs already 
approved for clinical trials. Further research is required in drug development on the topic of stroke, 
tumours, Alzheimer’s and oral cancer treatment. In the field of antimicrobial and antifungal research, 
exopolysaccharides exhibited prominent data, such as nano-based exopolysaccharides showed antibacterial 
role against Pseudomonas aeroginosa and Staphylococcus aureus. Zn and Ni metal-based nanoparticles 
(3 and 2 mg/mL) provides a prominent result against antibacterial activity without harmful effects in 
the human cell. Gellan based silver nanoparticles have potent antifungal activity against Candida albi-
cans (9 to 13 mm inhibition zone). But in the field of multidrug-resistant, bacteria-based anti-bacterial 
nanocapsules exopolysaccharides have not been examined in detail. In vitro study of Curdlan shows an 
anti-HIV effect. But there is a big gap in the field of virological treatment with exopolysaccharides. 
Researches on life-threatening viruses such as COVID-19, HIV, and Dengue using EPSs can be opened 
with good hope and researchers must also investigate numerous new exopolysaccharides for therapy. In 
the present scenario, the environment is getting polluted day by day with various pollutants like- heavy 
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metals (Lead, Fluoride, Arsenic, Mercury etc.). Deinococcus radiodurans is well-known exopolysac-
charide producing bacteria; this polysaccharide is also used for the degradation of uranium. Most of the 
stains of Rhizobium radiobacter have been used for the bioabsorption of arsenic. Pseudoalteromona 
sp. collected from the Arctic region has high removal mechanism rate of heavy metals like- cadmium 
and mercury at higher concentrations. Pseudomonas sp. strain W6 (North East hot spring) exopolysac-
charides have a unique component for lead removal from wastewater. Oversulfated exopolysaccharides 
of Alteromonas infernus has potent anti-cancerous property against osteocarcinoma cell. Because exo-
polysaccharides contain high uronic acid-containing sulfated EPS which has a high molecular weight, 
viscoelasticity; pseudo-plasticity; thixotropic properties; and resistance to high pH, temperature, and salt 
content, this composition lead to good anti-cancerous activity. Aphanothece halaphytica and Halomo-
nas stenophila formed heteropolysaccharides which induce the T cell line through a caspase-dependent 
pathway. Exopolysaccharide produced by Bifidobacterium sp., which is composed up of rhamnose, 
arabinose, galactose, and glucose, reveals significant anticancerous properties when tested against a head 
and neck squamous cell carcinoma cell line mainly controlling cell cycle inhibition and promoting cell 
death. In the field of cancer treatment, various polysaccharides have been explored but till now there 
are no prominent principles that show a strong review against cancer. Exopolysaccharides are simple 
monomer-based polysaccharides that have been effectively employed in the food and cosmetic sectors. 
In the food industry, thickening agents, stabilisers, and emulsifiers are all required for food processing 
and EPS include all of these necessary ingredients. Therefore, exopolysaccharides are very promising 
agents in food industries. Throughout the world, food products have always been in high demand and 
simultaneously additives are increasing day by day, in this situation exopolysaccharides is reliable additive 
components without any toxicity. Exopolysaccharides have recently been utilised as a texture enhancer 
in food as non-fat alternatives. They are typically helpful at low concentrations and also have health 
benefits for obese consumers. Presently, the use of different microbial polysaccharides is increasing in 
food technology having various anti-oxidant properties, resulting in better human health.

5. CONCLUSION

Microbial exopolysaccharides, particularly thermophilic-based exopolysaccharides, are the industrially 
important microbial product that is utilized as the raw materials in sectors of food, pharmaceuticals, health 
care, tissue engineering, 3-D printing and bioremediation. They have been implicated as a beneficial 
agent in various aspects of human existence. The physicochemical characteristics and biological activi-
ties of EPS are determined by their structural complexity that defines their functional use. In addition 
to structural alterations, EPS can be modified with natural or synthetic polymers to expand its range of 
applications. Researchers are constantly searching and exploring unique EPS having multifunctional 
characters with novel and beneficial functions, which can provide industrially value-added products.

Recent research has provided insight into the roles of EPS in health-promoting effects like antitumor, 
antiulcer, immunomodulatory, antiviral and cholesterol-lowering activities. EPSs are in high demand as 
industrial due to their outstanding rheological, emulsifying, water-retention and biocompatibility char-
acteristics. Furthermore, the thermophilic EPSs are stable across a broad range of temperature and pH 
range, thereby increasing their industrial demand. More researches are expected in future by utilizing 
structural modifications of natural EPS or synthetic polymers in the diverse field of food, pharmaceuti-
cal, tissue engineering, agriculture, bioremediation, etc. for the benefit of human life.
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