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Abstract

Anaerobic extremophiles are generally obligate anaerobes that strictly require
anoxic environment; however, facultative anaerobe can tolerate both anaerobic
and aerobic environmental conditions. Some of the anaerobic microbes are found
in extreme habitat such as deep in the ocean or earth’s crust; others are present in
parts of varied landscape such as marshes, bogs, sewers, polar lakes, tundra,
calderas, geothermal submarine vents, hot springs, deep-sea sediments, and deep
subsurface rock. Further, mammalian, ruminant, and arthropod digestive tracts
are also the houses of the anaerobic extremophiles. Besides facultative anaerobes
and oxygen-tolerant anaerobes, obligate anaerobes require strictly anoxic envi-
ronment for their existence. This chapter defines the different approaches
required to understand the growth and isolation of the anaerobes and large-scale
production of the most economically important biomolecules produced by obli-
gate anaerobes. The physiological and biochemical factors accounting for the
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relative resistance of many strict anaerobes to oxygen and products of incomplete
reduction are also described in this chapter.
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11.1 Introduction

One can understand the concept origin of life through the complex processes
involved in “early microbial evolution.” The first appearance of the life and diversi-
fication among primary microbial lineage during the primitive anaerobic condition
of the earth lead to the complex eukaryotic organisms (Martin and Sousa 2016;
Subhashini et al. 2017). Exergonic reactions without involving living organism lead
to the release of geochemical methane near hydrothermal vents. This concept of
methane production and biological production fits a methanogenic root for archaea
and an autotrophic origin of microbial physiology (Martin and Sousa 2016). It is
believed that photosynthetic organism’s cyanobacteria were found approximately
3.5 billion years ago, which in turn is very complex in physiology to be the primary
prokaryotes (Des Marais 2000). Cyanobacteria plays an important role to change
the primitive earth atmosphere as anaerobic to aerobic due to its photosynthetic
capabilities, further resulted in the evolution of other aerobic, anaerobic, and facul-
tative organism.

According to Oparin-Haldane theory, life originated in the sea under reducing
(free of oxygen) atmosphere. Hence, it is assumed that anaerobic bacteria are too
close to the primitive forms of life. Many researchers have successfully demonstrated
that the synthesis of organic matter is possible under such conditions in their labora-
tory experiments (Oro et al. 1990). The primary requirement for such synthesis
included HCN, CO,, and H,S. The nature of these compounds is basically toxic for
aerobic organisms and creates the environment for the escalation of anaerobic micro-
bial species. Further, evolution of anaerobic organisms leads to the origination of
anoxic phototrophs, and the studies of anaerobic bacteria regarding continued diver-
sification revealed that it appeared before the development of aerobic photosynthesis.
Later on, aerobic photosynthesis gave rise to an oxygen-rich atmosphere. However,
the current book chapter highlights those anaerobes which live in CO,-rich environ-
ment or anaerobic growth conditions and their physiological adaptation.

The extreme environmental condition leads to the diversity of anaerobic micro-
organisms. Places/regions with extreme temperature play an immense and major
role in the diversity and ecology of anaerobes among other factors because such
temperate places lead to the oxygen-deficient/oxygen-free environment. During
1979, the first thermo anaerobe was reported in thermal spring. Ever since, hyper-
thermophile anaerobes have been isolated from continental and submarine volcanic
areas, such as solfatara fields, volcano vents, hydrothermal vents, and geothermal
power plants.
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11.2 Anaerobic Thermophiles

Most of the anaerobic microorganisms (anaerobic thermophiles, acidophiles,
alkanophiles, psychrophiles, radiation-resistant) exist under geographically extreme
conditions and do not require oxygen for their growth. These are known as anaero-
bic extremophiles (Fig. 11.1). The extremophiles are mainly prokaryotes (bacteria
and archaea) but also some eukaryotes (Table 11.1). Based on the temperature in
which anaerobic microorganisms exist, they may be classified in categories as
optimum thermophiles (an optimal temperature 50-64 °C), extreme thermophiles
(optimum temperature 65-80 °C), and Hyperthermophiles (optimum temperature
+80 °C).

Anaerobic extreme thermophilic Bacteria and Archaea are widely distributed in
all sorts of thermobiotic environments. Anaerobic extreme thermophiles living near
hydrothermal vent tolerate the additional pressure generated by the water column
pie and are known as piezophilic (Alain et al. 2002). The microorganisms exist near
hydrothermal vent sites include Thermodiscus, Archaeoglobus, Thermoproteus,
Pyrococcus, Thermococcus, and Desulfurococcus, which reduce sulfur or sulfate.
The utilization of organic and inorganic compounds such as elemental sulfur, meth-
ane, and iron is used to classify anaerobic extreme thermophilic bacteria (Table 11.1).

Bacteria Archaea Eukaryota

Methanobacterium
Gram negative Methanocercina Plants

\ Gram positive et ATCorens Animals

\ T. celer
\I Thermoproteus Eo—
Cynobacteria P_\'rmucum\

~

Anaerobic thermophilic archea

Fig. 11.1 Phylogenetic tree, highlighting possible evolutionary relatedness of anaerobic thermo-
philic Archaea
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Table 11.1 Anaerobic species extremophiles

Temperature | Optimal
Species range (°C) temperature (°C) | References
Thermochromatium tepidum 34-57 48-50 Jun et al. (2017)
Moorella thermoacetica 45-65 55-60 Mock et al. (2014)
Thermoanaerobacter ethanolicus 37-78 69 Shao et al. (2016)
Carboxydothermus 40-78 70-72 Haddad et al. (2014)
hydrogenoformans
Pelotomaculum thermopropionicum | 45-65 55 Liu and Lu (2018)
Clostridium stercorarium 40-65 60 Broeker et al. (2018)
Methanocella conradii 37-60 55 Liu and Lu (2018)
Thermococcus barophilus 48-100 85 Thiel et al. (2014)
Pyrococcus furiosus 70-103 100 Keller et al. (2017)
Caldivirga maquilingensis 62-92 85 Lencina et al. (2012)

11.3 Anaerobic Psychrophiles

Anaerobic psychrophiles are those organisms which can survive and metabolize in
low temperature ranging from —20 to +10 °C like glaciers, polar ice, permafrost,
and sea ice waters (Clarke et al. 2013). The anaerobic psychrophiles control
changes within macromolecules (protein) to retain the necessary fluidity or
flexibility which is required to survive at low temperature. Major groups related to
psychrophiles include alpha, beta, and gamma Proteobacteria in addition to
relatives of the Bacteroides, Thermus, Eubacterium, and Clostridium (Segawa
et al. 2003).

11.4 Anaerobiclonizing Radiation-Resistant Microorganisms

Anaerobic ionizing radiation-resistant microorganisms can survive under the expo-
sure of high gamma radiation. Archaeon isolated from a Northern Pacific hydrother-
mal vent, Thermococcus gammatolerans sp., showed resistance against ionizing
radiation, during exposure of gamma rays at a dose of 30 kGy (Jolivet et al. 2003).

11.5 Anaerobic Thermoacidophiles

The Anaerobic thermoacidophiles have the ability to grow below 4.0 pH and high tem-
perature 65-80 °C, such as genera Thermoanaerobacter and Thermoanaerobacterium
found in the deep-sea vent (Prokofeva et al. 2005).
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11.6 Anaerobic Alkalithermophiles

Alkalithermophiles represent those groups which are adapted to grow under high
temperature and high alkaline conditions. Alkalithermophiles are representative of
both archaeaas well asbacteria. Growth of anaerobic Clostridium thermoalcaliphilum
usually required pH ranging from 7.0 to 11.0, whereas the optimum pH was recorded
as 9.6 to 10.1 (Engle et al. 1994).

11.7 Physiology of Anaerobic Archaea and Bacteria

The physiology of prokaryotic microorganisms differ from eukaryotic microbes and
in part resulted in their survivability at extreme growth conditions like above 100 °C
temperature (>100 °C), extreme salinity (saturated NaCl), pH (less than 2.0 and
more than 10), and substrate stress. More importantly they do not utilize oxygen for
respiration. This kind of extreme microbial growth conditions was found to be prev-
alent during primitive times but is limited in today’s world. Some of the important
and well-studied anaerobes are described given below.

11.7.1 Methanogen

The bacteria produce methane as a metabolic by-product in the anoxic condition
known as methanogens. These methanogenic bacteria belong to a large and diverse
group characterized by mainly three features: methane as the major by-product,
strictly anaerobic, and belong to archaebacteria.

The prokaryotic methanogens are commonly found in wet wood in living trees,
optimum pH for the growth ranges from 7.5-8.5 (Zeikus and Henning 1975). The
sole source of carbon and energy for the growth and development of methanogenic
bacteria depends upon production of methane. Methane can be utilized by few other
aerobic bacteria as sole source of carbon, which ultimately breakdown the methane
into carbon dioxide and water (Kunkel et al. 1998); hence, they are termed as
methane-oxidizing bacteria.

11.7.1.1 Adaptation as Anaerobes and Biochemistry of Methane
Production

The Methane-producing bacteria don’t require oxygen for the respiration; in fact
oxygen act as a growth limiting factor of methanogens. Therefore, carbon is the
terminal electron acceptor instead of oxygen during methanogenesis. Carbon can
occur in a small number of organic compounds, all with low molecular weights. The
two well-defined pathways showed the use of inorganic carbon dioxide or acetic
acid as terminal electron acceptors are as given below:

CO, +4H, —> CH, +2H,0
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CH,COOH — CH, +CO,

Hydrogen acts as intermediates in the processes of methanogenic degradation of
organic matter and serves as substrates for methanogenic archaea. However, it only
contributes 33% during methanogenesis, while carbohydrates or associated forms
of organic matter are degraded (Conrad 1999). However, during methanogenesis on
the basis of temperature and pH, other small organic compounds have been also
utilized as carbon source, like formate, methylamines, methanol, dimethyl sulfide,
and methanethiol. The degradation of the methyl compounds is mediated by meth-
yltransferases to give methyl-coenzyme M (Thauer 1998).

11.7.1.2 Methane-Oxidizing and Methane-Producing Bacteria

The methane is a primary component of oxygen-free water, marshes, soil, rumen of
cattle, and gastrointestinal tract of mammals. Bacterial methanogenesis is a general-
ized process in most anaerobic environments. Thus, natural methane gas production
can often be attributed to the growth of methanogens on specific energy sources that
are formed as a result of microbial degradation of simple or complex organic matter
or with the involvement of geochemical activities.

11.7.1.3 Oxidation and Production of Methane

Natural groupings of microorganisms, like those designated as parts in Bergey’s
Manual of Determinative Bacteriology (Buchanan and Gibbons 1974), are morpho-
logically different as the methanogenic bacteria. However, all methanogenic species
share few distinct unique or combine physiological properties. The world of metha-
nogens no longer remained as a mysterious group due to the recent researches and
advancements in the field of methanogen studies. The demand of energy in current
scenario paves the way to better understand bacteria that produces natural gas; it
could be the source of cheap energy as bioenergy at large scale (biogas).

The bacteria which produce methane play the major role in regulating the break-
down (fermentation) of food under anoxic condition. The bacteria remove hydrogen
gas through reduction of carbon dioxide to form methane. The low level of hydro-
gen favors the other microorganisms to grow faster due to the production of meth-
ane. Hence, collectively these consortia of microbes enhance the processes of
fermentation more efficiently (Fig. 11.2).

11.8 Representative Life in Stress of Oxygen Concentration
11.8.1 Clostridium

The genus Clostridium belongs to the family Clostridiaceae, and it includes 203
species and 5 subspecies, out of which only few species are being reported as human
pathogen. Among these species, 21 species have been placed to other genera, 5 have
been reclassified within the genus, and 1 has been removed (Euzeby 2013).
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Fig. 11.2 Diagrammatic representation of methane production from different ways

The genus Clostridium have great genetic diversity such as strictly anaerobes,
heterofermentative, spore-forming, and motile by peritrichous flagella. Generally
Clostridium appear as Gram-positive but can be decolorized to show the appearance
as Gram-negative or Gram-variable, with or without spore former, shape varies
from either rods or cocci, and strictly anoxic bacteria. Generally, pathogenic strains
are Gram-positive rods, but few are Gram variable; size varies from 0.3-2.0 x 1.5—
20.0 pm which are more often arranged as pairs or short chains, with rounded or
pointed ends. They are pleomorphic and differ significantly in their demand of
oxygen (Finegold et al. 2002). The biotin and 4-aminobenzoate are crucially
important as growth factors for the genus Clostridium at 37 °C temperature for
optimum growth (Dolly et al. 2000).

Genus Clostridium can be isolated by following methods. These are (1) ability or
inability to form endospores, (2) anoxic metabolism, (3) lack of ability to dissimilate
sulfate reduction, and (4) presence of a Gram-positive cell wall (Andreesen et al. 1989).

Number of Clostridia species are saccharolytic in nature; hence, it can be easily
isolated from acidic soils, because slightly acidic pH provides good opportunity for
the growth of solvent-producing bacteria (Dolly et al. 2000).

The spores of Clostridium spp. play an immense important role in the field of
medical and health sectors. For eample, two of the Clostridium spp. (C. tetani and
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C. difficile) enhances the chance of hospital-acquired infections further resulted in
severe helath complications (McFarland 1995).

However, few nonpathogenic species of Clostridia have great significance in
gene therapy which provides the treatment of cancer by targeting the tumor cells.
Bio-engineered strain of Clostridia proved to be good in targeting cancer cells and
safe antitumor delivery system (Mellaert et al. 2008).

On the other hand, due to the anaerobic nature of Clostridia, it provides many eco-
nomically important fermentation products, proteins, and enzymes. C. acetobutylicum is
the most exploited microorganism for the production of acetone/butanol at large scale.
Acetogenic clostridia (e.g., C. thermoaceticum, C. thermoautotrophicum, and C. for-
micoaceticum) have been studied as potential producers for calcium magnesium ace-
tate as deicer. C. thermohydrosulfuricum, C. thermocellum, and C. saccharolyticum
prove to be producer of alcohol. Some Clostridium species offer high-quality source of
stable enzymes due to the tolerance of extreme conditions. Such as the main product,
thermostable amylases and ethanol of starch fermentation by C. thermosulfurogenes
and C. thermohydrosulfuricum. Fermentation of starch by C. thermosaccharolyticum
resulted into pullalanase beside the production of thermostable amylases and ethanol
beside this pullalanase also produce during this reaction. An enzyme Pullalanase is
economically important industrial product generally used in sugar syrup production.
C. thermocellum is the common cellulose-degrading species, accountable for the
bioconversion of cellulose to useful economically important products like ethanol
and biofuel (Minton and Clarke 1989).

11.8.2 Propionibacterium

Propionibacterium sp. are Gram-positive bacilli, non-motile, non-spore-forming, and
catalase-positive, and size varies from 1 to 5 pm. Propionibacterium are considered as
either anaerobic or facultative anaerobic bacteria. The studies of propionic acid bacte-
ria (PAB) under anoxic conditions revealed that they are tiny and spherical (cocci) in
shape. Moreover, in the presence of oxygen, it acts like pleomorphic bacteria (keep
changing their shape). The optimum pH for the growth of PAB is reported around 7.0
(oscillate between 4.5 and 8.0) suitable for the production of propionic acid and vita-
min B12. Generally, Propionibacterium sp. are mesophiles, though they can resist
higher temperatures for some extent (few strains survive temperatures of up to 76 °C
for 10 s). Nature of tolerance adopted by PAB to abovementioned stress may lead to the
development of resistance to other factors (Benjelloun et al. 2007; Daly et al. 2010).
Genus Propionibacterium has extensive application in the food industry spe-
cially cheese industry like production of hard rennet cheese (Swiss Emmental
cheese, The French Comte). Fermentation of lactate results in the production of
acetic and propionic acid, which ultimately enhance the aroma of the final product
and act as natural preservatives (Thierry and Maillard 2002; Thierry et al. 2005).
Recent studies conducted by Cousin et al. (2016) reported that strain of P
[freudenreichii subsp. shermanii can trigger apoptosis of the colon cancer cells. P,
freudenreichii maintains microflora of the gastrointestine, by inspiring the growth
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of Bifidobacterium, and defends the organism/host by the secretion of bacteriocins,
limiting the growth of certain pathogenic microorganisms. This aforementioned
property recommends the use of PAB as probiotics for animal feeding.

11.8.3 Porphyromonas

Bacteria belonging to Porphyromonas sp. are strictly anaerobic, non-spore-forming,
Gram-negative, and rod, culture on blood agar, and produce porphyrin pigment
(dark brown/black). The Porphyromonas is common microflora of oral cavities of
human body belongs to the Bacteroides genus. There are currently 16 valid
Porphyromonas species that have been reported so far. The most common pathogenic
strains of genus Porphyromonas are P. gingivalis and P. endodontalis that cause
infection of periodontitis and endodontic in human, respectively (Kononen et al.
1996). Many studies revealed that fimbriae or fimbriae-like arrangement in bacteria
has a significant role in the adhesion to the tooth surface.

11.8.4 Anaerobic Fungi

Prior to the finding of anaerobic fungi, it was believed that molds are not able to
metabolize carbohydrates anaerobically (fermentation). In 1949, W. Foster com-
pletely refused the existence of anaerobic fungi, by stating that the difference
between bacteria and fungi in the absence of anaerobic molds is either obligate or
facultative. This belief held until the first recognition of anaerobic fungi in the mid-
1970s (Orpin 1975). Orpin described that certain flagellated cells are zoospores of
anaerobic fungi, earlier mistakenly identified as protozoan. Mostly the aquatic fungi
posse’s zoospore with single or bi flagella (Sparrow 1960) however, N. frontalis
have multiple flagella up to 14 (Orpin 1975). Although, except multiple flagella
stage rest of the life cycle of N. frontalis resembles to that of the chytrids. Since
then, anaerobic fungi have been broadly identified and well established as gastroin-
testinal tract microflora of mammalian herbivores (Bauchop 1981; Joblin and
Naylor 1989; Trinci et al. 1994). Nowadays, the significance and role of anaerobic
fungus seek great attention to many research groups especially the complex mecha-
nism involved in degrading the ingested cellulose and hemicellulose in mammalian
herbivores. Such metabolism relies on symbiotic association of anaerobic fungi
with another gut microorganism. However, anoxic fungi play the important role in
the digestion of lignocellulosic plant material inside the rumen among other micro-
bial consortia (Akin et al. 1988, 1990; Lee et al. 2000a, b).

Anaerobic fungi make some metabolic changes to adapt under the anoxygenic
condition such as lack of mitochondria and other biochemicals/molecules which
take part in oxidative phosphorylation (Yarlett et al. 1986; Youssef et al. 2013).
Besides these hydrogenosomes, a specialized organelle present in anaerobic fungi
helps in the glucose metabolism for the production of cellular energy under the
anoxygenic condition (Brul and Stumm 1994; Muller et al. 2012).
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Neocallimastigomycota represents anaerobic fungi that inhabit gastrointestinal
tract and play a major role in plant material degradation. Anaerobic fungi degrade
lignocellulosic plant material by producing a range of enzymes, mainly the powerful
polysaccharide-degrading enzyme hydrogenase. However, recent research on
Orpinomyces sp. toward carbohydrate-degrading enzymes revealed that there is a
great diversity among them (Youssef et al. 2013). The study of Orpinomyces sp.
genome sequence indicates that these genes come from rumen bacteria through
horizontal gene transfer. Recent research pointed out that anaerobic fungi contain
free enzymes and multiple enzyme system (Wilson and Wood 1992; Joblin et al.
2010). However, taxa of such phylum further need to be revised according to
molecular phylogeny.

11.9 Techniques and Culture Media for Isolation of Microbes
in Oxygen Stresses

Contribution of Hungate (1969) to study the rumen microbiology is immense espe-
cially designing of techniques and culture media for anaerobic rumen bacteria. The
same culture methods with slight modifications (enzymes and antibiotics) are used
to study anaerobic fungi (Bryant 1972; Miller and Wolin 1974). Instead of using
oxygen-free N, as a reducing agent, media were prepared under oxygen-free CO,.
Lowe et al. (1985) described two kinds of media (with or without rumen fluid) for
the isolation of rumen anaerobic fungi that had been widely accepted. The culture is
maintained under an atmosphere of either 100% CO, or a combination of 85% N,
10% CO, and 5% H,: 20-30% N, at 39 °C. Modified anaerobic glove box and Petri
dish methods are significant even today to isolate and study anaerobic fungi (Leedle
and Hespell 1980; Lowe et al. 1985). Batch culture explained by Theodorou et al.
(1990) demonstrated the importance of antibiotics, range of pH 6.5-6.8, resazurin
as a redox indicator, and incubation time from 2 to 10 days. Some other fermentors
were also used for anaerobic fungi like continuous cultures (Hillaire and Jouany
1989) and fed-batch cultures (Tsai and Calza 1993). However, the most effective
technique for isolation was illustrated by Theodorou et al. (2005) after modifying
earlier described methods and techniques.

11.10 Application of Anaerobic Extremophiles
11.10.1 Biotechnology

Biotechnology is a technology that utilizes living organism or parts of this to develop
different industrial product for betterment of human life. Along with other organ-
ism, extremophiles are important players of biotechnology, and therefore they have
been used in biotechnology since long time for production of useful product in
economic price and time (Fig. 11.3). New technologies and products are developed
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Fig. 11.3 Some important biotechnological application to explore extremophiles for human
welfare

every year within the areas of medicine, agriculture, or industrial biotechnology
(Coker 2016; Singh et al. 2017; Prajakta et al. 2019).

11.10.2 General Steps of Obtaining Product from Extremophiles
at Large Scale

Extreme microorganism responsible for important enzymes/products is isolated and
characterized, and particular gene of the respective product is cloned and cultured
in laboratory labeled. The product is verified and optimized for the operational
condition. The product is verified and optimized for the operational condition
subsequently new organism could be use in the bioreactor for further large scale
production (Fig. 11.4).
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Fig. 11.4 Representational/symbolic flowchart; steps involved in the production of enzymes and
other commercial product from extremophiles

Primary concern of using archaeal enzymes and metabolites at industrial level is
the low production of the output of expensive fermentation processes, low biomass
yields (Schiraldi et al. 2002; Zhang et al. 2019). Best way to address such problem
is to develop extremophile conducive bioreactor with microfiltration. The
microfiltration has been proven to be greatly resistant to the extreme working
conditions suitable for the thermoacidophilic fermentation. Moreover, due to the
high-level cell densities during the fermentation, frequent back flushing was proved
to be enough to preserve 75% transmembrane flux of the maximum. The use of
microfiltration is far better than earlier used cross-flow filtration, which fail to
maintain even 20% flux after 30 h (Hayakawa et al. 1990). The assembled membrane
bioreactor allowed a cell production that was 15- to 20-fold greater than the known
best batch fermentation (Schiraldi et al. 1999).
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11.10.3 Anaerobic Extremophiles and Its Commercial
Exploitation

The major advantage for choosing enzymes from extremophiles are its worth of
stability at extreme environment, little chance of contamination and easy to main-
tain other parameters of bioreactor (fermentation) (Dalmaso et al. 2015). The
exploitation of extremophiles increases in current time, with the progress of
research, development, and understanding of extremophiles’ metabolic activity.

Biofuel Production

Elevation of temperatures and pH is frequent in several steps of biofuel production
(Singh et al. 2014). Therefore, extremophiles are replacing the mesophilic organ-
isms used in traditional methods. Recently certain thermophilic species such as
Thermotoga elfii and Caldicellulosiruptor saccharolyticus are used for the larger-
scale industrial-based system. The bacteria Thermoanaerobacterium saccharolyti-
cum produces ethanol after the breakdown of complex carbohydrate, hemicellulose.
Barnard et al. (2010) have revealed that extremophile fungi such as Cyanidium
caldarium and Galdieria sulphuraria contain long-chain hydrocarbons like those
found in petroleum.

DNA Polymerases

Polymerase chain reaction is the most important molecular technique comes into
existence after the introduction of thermostable 7ag polymerase, isolated from
extremophile anaerobic 7. aquaticus. Recent advancement and research regarding
PCR leads to identification of other thermostable polymerase such as Pyrococcus
and Thermococcus sp. (optimum temperature 90-100 °C) which have been intro-
duced to the research industries (Antranikian 2009).

Carotenoids and Protease/Lipases

The Carotenoids are very stable molecules that habitually accompany the halophilic
archaea and algae and have been isolated from the halophilic archeon such as
Halobacterium salinarum. It has been reported for various application ranges from
holography, production of artificial retinas, dyes, and more importantly in the
renewable energy. Nowadays lipid-soluble canthaxanthin has been studied for use
in food industries due to its antioxidant and safe property like additives and food
dye. As with bacteriorhodopsin, halophilic archaea are the producers of choice with
Haloferax alexandrinus being the preferred strain. Bacteriorhodopsin functions as a
rudimentary form of photosynthesis, associated with membrane-bound retinal pig-
ment and proton pump. The color of the B-carotene, i.e., red/orange pigment, seeks
the attention of dye industries especially food industry.

Lactose-Free Milk

Nearly 3/4 population of the world suffers from lactose intolerance. Resultantly, a
major population is avoiding ingesting lactose-free dairy products thoroughly that
has been prepared by use of the p-galactosidase isolated from Kluyveromyces lactis.
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The temperature of the dairy product is maintained within 5-25 °C for the stability
and activity of the enzyme. However, such condition provides the suitable environ-
ment for the pathogens to grow and spoil the taste and flavor of the milk. This limi-
tation can be overcome by the use of -galactosidase isolated from a psychrophile.
This enzyme would be active at low temperature and hydrolyze lactose throughout
the entire process from production to shipment and storage which is significantly
cost-effective and resulted into less chance of contamination.

Medical Applications

Anaerobic extremophiles produce antibiotics, antifungals, and antitumor molecules.
Halobacteriaceae and Sulfolobus species generate antimicrobial peptides and dik-
etopiperazines. The Diketopiperazines produced by Haloterrigena hispanica and
Natronococcus occultus are used for treatment of pneumonia and cystic fibrosis.

Cyclodextrin Glycosyl Transferase (CGTase)

Cyclodextrin form the inclusion complexes along with different organic molecules
which ultimately help in the ease of drug delivery system by improving the solubility
of hydrophobic compounds. Thus, the application of cyclodextrin glycosyl transferase
(CGTase) started at industrial level for the production of cyclodextrins.

11.11 Conclusions and Future Prospective

The knowledge of microbial diversity has been keep growing after the studies and
thorough investigation of different extreme conditions such as high and low
temeprature and anoxygenic environment. However, more extensive studies are
required to investigate anaerobic diversity live in thermophilic, acidophilic, and
halophilic environment, which can ultimately lead to the new species of bacteria
and archaea.

Anaerobic bacteria and archaea have unique (unknown) physiological mecha-
nism to counter the extreme environments by stabilizing their macromolecules (pro-
tein and lipid), in comparison to aerobic life. Extreme conditions are foremost
requirement of the industrial biotechnology for the scale-up strategies of some
products. More studies are required to understand molecular mechanism of
anaerobes which will be later on exploited in industrial biotechnology for the human
welfare. Especially, enzyme and lipid function of anaerobes at high temperature can
ease the challenge of industrial biotechnology for large extent. However, cultural
conditions required to scale up the production of the extremophiles are the major
drawback at industrial level. Use of biotechnology and recombinant technology
eases/address this limitation for the production of some extremozymes in large
quantities up to some extent using other biological models such as E. coli and yeast.
However, such limitations still persist for extremophiles. Therefore, utmost need is
to develop new strategies to overcome such problems by involving anaerobic
microorganism for the production of extremophile proteins at industrial level.
This purpose can be only short out by collaboration between industries and research
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groups. Recent development/enhancement in the field of bioengineering and
biotechnology paves the way to better understand the metabolism of anaerobic
extremophilic microorganism for the purpose of its better exploitation at industrial
level. Adaptation strategies used by these extremophiles involving unique enzyme
system resulted into special metabolic products. In this context some enzymes like
hydrolases are the best example with the ability to remain active in hyper-/
hypothermic conditions and enzymes active in high alkaline or acidic environment
isolated from hydrothermal and volcano vents. Tolerance to such extreme conditions
makes these enzymes valuable for the scale up of industrially important products.
The gene pool of such anoxic extremophiles needs to be studied thoroughly using
metagenomic and genetic engineering. Such enzyme system can be used to express
in other microorganisms to facilitate large-scale production of economically
important chemicals and proteins. The demand of biotech industry-oriented product
in current scenario can only be achieved by the better understanding of anaerobic
extremophilic microorganisms using different techniques like metagenomics,
metabolomics, and recombinant technology.
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