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Abstract

Microorganisms are always faced with an ever-changing environment within
their natural habitats both in planktonic form and/or microbial communities.
Common of these changes include nutrient inadequacy, pH, temperature, osmo-
larity variations, radiation, heavy quantity superoxides and heavy metals. Differ-
ent forms are considered when studying microbial adaptation to extreme
conditions. Some specific metabolisms are equally vital for the survival of these
microbes in such conditions although there is no general agreement to say that an
environment is extreme for all organisms or microorganisms. This is because an
environment considered extreme for an organism may be favourable for other
organisms. However, due to some changes in the physicochemical conditions
which have occurred from time to time in our environment, this said normal
environment for some organisms has equally undergone some changes. We,
therefore, tried to explore what could be considered as environmental changes
and extreme environment, associated physicochemical factors and adaptation of
microorganisms in these environments at their different levels of existence.
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14.1 Background

Environment can be seen as a complex system due to its diverse nature and
compositions. The dynamics that exist among environmental components modify
the living components of the environment. In this regard, microorganisms are
invariably faced with such environmental changes. This prepares some of them to
adapt to and thrive in various environmental conditions which might be challenging
and hostile to others. Certain levels of environmental conditions such as temperature,
pH and ionic concentrations are required by microbial cells and their
macromolecules for optimum functioning (Talley and Alexov 2010; Dhar 2013).
To develop, life requires three basic things, namely, carbon which serves as the
bedrock of all biological macromolecules, water which is confirmed as the best
solvent for proper functioning of proteins and energy which is essential for
biological systems to function efficiently (Franzetti 2019). The survival ability of
organisms in different environments is a function of their biological molecules
which gradually adapts for optimum function in their natural environment over
evolutionary time (Ortega et al. 2011; Garcia-Moreno 2009; Tadeo et al. 2009;
Greaves and Warwicker 2007; Rothschild and Mancinelli 2001). In a very stable
environment, there is the need for organisms to be able to survive and thrive during
certain environmental changes, for example, changes resulting from seasons. Ineffi-
cient functioning and/or, in some cases, total inhibition of functioning of biological
molecules may result from dramatic changes in the environmental conditions; this
may consequently lead to retardation of growth and in life-threatening degrees and
cause death of cells or extinction of the affected organisms (Skirycz et al. 2011;
Cramer et al. 2011; Fulda et al. 2010; Vermeulen et al. 2008). This discrepancy of
adaptations of microorganisms in various environmental conditions led to the
curiosity of scientists and researchers to investigate the propelling factors involved
and the strategies used by these microbes in their microbial activities for survival in
such environments. Generally, environmental conditions that are life-threatening to
organisms are referred to as stressors, and they are classified into natural (occurring
by nature in the environment) and man-made (evolving as aftermaths of the activities
of man) (Dhar 2013).

14.2 Concept of Environmental Change

Environmental changes are caused by both natural processes and activities of its
biotic components including anthropogenic activities. These changes often pose
some adaptative and survival challenges to the microbes living therein either in
their planktonic form or microbial communities. Hence, for improved chances of
survival, every microbial cell needs to adapt to fluxes of nutrients and other
environmental conditions (Katz and Springer 2016). Common environmental
changes that face microorganisms in their habitats include nutrient limitation, tem-
perature, pH and osmolarity fluctuations, radiation, drought and other harmful
agents, such as the extreme amount of superoxides and heavy metals (Rampelotto
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2010; Gao et al. 2011). For instance, the mammalian gut which has been identified to
host numerous eukaryotic and prokaryotic microbes serves as a typical example of a
changing environment which is equally characterized by some level of randomness
and order (Walter and Ley 2011; Parfrey et al. 2011; Katz and Springer 2016).
Although there may be stochastic fluctuations of nutrients and metabolites in the gut,
such fluxes are controlled by the physiology, behaviour and diet of the host (Thaiss
et al. 2014; David et al. 2014a, b). Cells that are able to adventure this kind of noisy
and dynamic structure and expect fluxes in their environment would probably enjoy
fitness advantage (Katz and Springer 2016).

14.2.1 Extreme Environment

Giving a single and direct explanation of what an extreme environment is all about
has been a point of debate. This is because some conditions considered extreme from
anormal anthropocentric view may be favourable for microbial growth and activities
and vice versa. Also, among microbes, some conditions considered adversely
extreme for some microbes are at the same time favourable for other
microorganisms. For instance, from the anthropocentric standpoint, physicochemi-
cal factors that promote mammalian lives are considered normal, whereas those
contributing otherwise are referred to as extreme (Torsvik and @vreds 2008).
Microbes live in almost all soil habitats (Torsvik and @vreds 2008), and the clear
definition of what normal and extreme environment are for microorganisms remains
a point of debate as what we may suggest being extreme for microbes may not
certainly be appropriate (Gorbushina and Krumbein 1999). Hence, understanding
the mechanisms of adaptation of microorganisms to such extreme environments is
significant for both evolutionary and ecological viewpoints (Allen and Banfield
2005; Denef et al. 2010; Li et al. 2014). Microorganisms have been identified to
live and survive in a different soil environment that is considered ‘extreme’; a wide
range of soil types, ranging from highly dry, cold soils in the Antarctic to geother-
mal, humid soils near volcanic areas and from highly acidic areas to highly alkaline
areas, have been identified in this regard due to their associated stressful factors like
high temperature, low pH and high osmotic stress (Li et al. 2014; Torsvik and @vreds
2008; Rothschild and Mancinelli 2001; Ghai et al. 2011; Kuang et al. 2012).
Halophilic microbes (e.g. bacteria and archaea) thrive in salty environs ten times
greater than saltwater, acidophiles survive in the highly acidic environment of pH
level 1, and hyperthermophiles similarly thrive in high-temperature level of 85 °C
and beyond. Specifically, bacteria can sense fluctuations in environmental
parameters (e.g. temperature, pH, pressure, solute concentrations, ionic strength
and available water) and quickly develop adaptations through the protection of
their biomolecules and regulation of their biochemical reactions in response to
harsh conditions (Heulin et al. 2012).
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14.3 Physicochemical Factors Limiting to Life

Some physicochemical factors have been identified to affect the life of
microorganisms in their environment (e.g. soils). The influences of these factors
and the fluctuations in their amounts have prompted microbes to develop some
adaptive strategies which support them to grow and survive in such conditions.
Some of these factors are discussed as follows.

14.3.1 Water

Soil moisture (water) exists in forms that could either be adsorbed on surfaces or be
available as water in the soil pores or as films between soil particles. The level of
available water in the soil refers to water potential of the soil, which is defined as
water held and being moved in the soil by means of energy and forces (Torsvik and
@vreds 2008). The major components of the soil water potential that control the
availability of soil water are the matric potential and the osmotic potential (Vetterlein
and Jahn 2004). As the matric potential and the osmotic potential decrease the free
energy of water, the water potential tends to negative, and water becomes less
available to organisms, thereby causing increased stress level of organisms as they
require more energy to withdraw water in such condition. In most soils, this extreme
soil water stress arises sporadically. Soil prokaryotes which exist in hydrological
film or in saturated pores are considered to be very sensitive to water deficits,
whereas soil fungi are considered to have more tolerant strength than prokaryotes
with respect to water stress; soil fungi can equally thrive in drought owing to hyphal
growth enabling them to cross dried pores and access water from minor pores over
an extended period (Killham 1994).

Generally, for most bacteria, to sustain cell integrity when temperatures are not
extreme (10—40 °C), water potential needs to be greater than —4 MPa or 0.95 a,,
(MPa, mega Pascal; ay,, water activity) whereas 0.86 a,, or —22 MPa for most fungi
and actinomycetes. —70 MPa (0.60 a,,) is generally suggested to be the lower water
potential limit for life (Zvyagintsev et al. 2005); however, some recent studies
observed that the spores of some actinomycetes can germinate and elongate at
—96 MPa (0.50 aw) (Zvyagintsev et al. 2005; Doroshenko et al. 2005). Lichen is a
kind of organisms that have been identified to have the capacity of surviving on
water vapour instead of liquid water (Torsvik and @vreds 2008). In general, these
microorganisms that can survive in highly arid environments (or in the condition of
extremely little water content) are referred to as xerophiles; only specific genera of
bacteria, algae, fungi, lichens and yeasts have been identified to possess the ability to
thrive in such environmental conditions (Rothschild and Mancinelli 2001). Spoiling
of dry foods including nuts, stored grains, oilseeds and spices is suggested to be an
effect of xerophiles (Gupta et al. 2014). Microorganisms that fall into this category
can survive optimally in such condition of water and salt stress due to their ability to
counterweight a low water potential in the environment through the accumulation of
highly soluble small molecules (osmolytes or compatible solutes) in the cytoplasm
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(Kempf and Bremer 1998), and this solutes accumulation leads to a decrease in the
internal water potential (Torsvik and @vreés 2008).

14.3.2 Salinity

Some microorganisms have been identified to be able to grow optimally in various
environments of different degree of salinity (often ranging from 0.5 to 5.2 M NaCl);
these microorganisms are referred to as halophiles (Gupta et al. 2014) some of which
can survive in salt crystals (DasSarma and Arora 2002). With respect to salinity,
microbes are classified into non-halophiles (those that thrive in media with <0.2 M
NaCl), slight halophiles (those that thrive in media with 0.2-0.5 M NaCl), moderate
halophiles (those that thrive in media with 0.5-1.5 M NaCl) and extreme halophiles
(those that thrive in media with 1.5-5.2 M NaCl) (Gupta et al. 2014; Kumar and
Khare 2012). Halophiles are also found in all the three domains of life (Archaea,
Bacteria and Eukarya) and their significance in the field of biotechnology, as
potential sources of enzymes that are stable in salt and organic solvents have
attracted the attention of researchers (Margesin and Schinner 2001; Karan and
Khare 2010; Ventosa et al. 1998).

In the terrestrial environment, salinity is often attributed naturally to arid areas
characterized by high evaporation rates; also, soil salinity may increase as a result of
pollution originating from mining, chemical and metallurgical industrial sites
(Torsvik and @vreds 2008). Such soils of high alkalinity have characteristic uneven
chronological and spatial distribution of water (Brown 1976). The fluctuations
influence the survival and growth of microbes due to the associated osmotic stress.
However, halophiles can survive such conditions by their adaptative mechanisms.
Similar to xerophytes, halophytes accumulate osmolytes in their cytoplasms. Spe-
cifically, halophilic archaea are identified to store salts (NaCl and KCl) to the level of
getting isotonic with the environ to sustain an osmotic balance; moreover, to survive
in such high salt concentration, their enzymes are usually activated to gain a
comparatively great number of anionic amino acid residues on their surfaces to
avoid precipitation. The osmolytes in archaea are usually inorganic cations which
they gain via passive diffusion or through selective ion transport across the mem-
brane. In the case of halophilic bacteria, their intracellular salt level is relatively low,
and they are highly capable of producing and accumulate organic osmolytes that are
either zwitterions (such as glycine betaine, proline, ecotines, methylamines and
hydroxyectoines) or non-ionic (such as carbohydrates, polyols, neutral peptides
and amino acids) (Torsvik and @vreds 2008; Gupta et al. 2014).

14.3.3 Temperature
The description of temperature limits as it relates to life in extreme environments

often points at the water’s freezing and boiling points although some microbes have
been identified to thrive even beyond the normal freezing and boiling temperatures
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of pure water and normal atmospheric pressure by using some special mechanisms
(Torsvik and @vreds 2008). Microorganisms that grow optimally in environments or
media of high temperatures are known as thermophiles, whereas those that thrive in
environments of low temperature close to the freezing temperature of pure water are
referred to as psychrophiles or psychrotolerant microorganisms. Presently, it has
been suggested that the temperature limits for microbial activities range between
—40 °C and + 130 °C (Price and Sowers 2004; Kashefi and Lovley 2003).

Thermophiles and hyperthermophiles have attracted the interest of researchers in
recent times owing to their production of thermostable enzymes (Singh et al. 2011)
which are of great importance in biotechnology and molecular biology (Sinha et al.
2012; Haki and Rakshit 2003; Roy et al. 2003; Van den Burg 2003; Bertoldo and
Antranikian 2002). According to the temperature limits within which they have
optimum growth, thermophiles can be classified into moderate thermophiles
(50-60 °C), extreme thermophiles (60-80 °C) and hyperthermophiles (80-110 °C)
(Gupta et al. 2014). Studies have suggested that thermophiles (especially
hyperthermophiles) isolated from different environments (such as hot springs,
deep sea) of the Earth can grow optimally within a temperature range of
103-110 °C. The commonest in this category of thermophiles belong to the genera
Pyrobaculum, Pyrodictium, Pyrococcus (e.g. hyperthermoanaerobic species known
as Pyrococcus furiosus) (Lowe et al. 1993) and Melanopyrus for archaea, whereas
the family Ascomycete and Zygomycete are for the fungi (Busk and Lange 2013) and
the Thermotoga maritima and Aquifex pyrophilus for bacteria with their optimum
growth temperatures as 90 °C and 95 °C, respectively (Kumar et al. 2011; Haki and
Rakshit 2003).

On the other hand, psychrophilic microbes grow in environmental temperature of
as low as 15 °C or below. Also, a similar subdivision known as psychrotolerants
have been identified to grow at temperatures near freezing, but their optimum growth
is recorded from 20 °C and above (Gupta et al. 2014). Psychrophiles exist in various
cold environments including the stratosphere and the deep sea (Rampelotto 2010).

The deep sea often maintains a constant temperature of 2 °C; however liquid
seawater gets cooled even to the level below 0 °C within the polar ice caps, as it is
observed that the seawater salt level (usually 3.4%) decreases the freezing point to
—1.8 °C (Atkins and Locke 2004). As the seawater freezes, small pockets of an
increased salt content are formed, and the freezing point of the water gets decreased
to about —20 °C in such conditions (Margesin et al. 2008). Natural microbial actions
have been observed in such conditions, for instance, Psychrobactercryopegella is
able to grow in a cold environment with temperature as low as —10 °C, as well as
live and metabolize in environments of —20 °C temperature (Rodrigues et al. 2009).
Owing to this fact, many psychrophiles are equally halophiles (Rampelotto 2010).

For psychrophiles to surpass some problems experienced in permanent cold
environments, they develop some adaptative features. Such problems often experi-
enced include enzymes becoming rigid, increase in solute concentration and toxicity
(Cavicchioli 2006), as well as the likely piercing of the cell membranes and
destruction of the wholeness of the cells by frozen/ice crystals (D’Amico et al.
2006). The special adaptive features of psychrophiles include possession of high
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levels of unsaturated fatty acids which rise as the temperature reduces to ensure
regulation of membrane fluidity (Nichols et al. 2004), production of enzymes that are
effective and can enhance transcription and translation at such low temperatures
(Feller and Gerday 2003) and possession of antifreeze proteins that can bind to the
ice crystals by large complementary surface, thereby preventing the crystals from
penetrating and damaging the cell membrane (Gilbert et al. 2004).

14.3.4 pH

pH is an important factor considered in every living environment due to its connec-
tive significance with respect to the relationship between the environment and its
biotic components. Considering the pH scale, extremophiles can be grouped into
two, namely, acidophiles and alkaliphiles. These will be discussed as follows.

Morozkina et al. (2010) described acidophiles as those microbes that exhibit
favourable growth at pH level of 2.0. Interestingly, acidic environment (low pH) has
been suggested to result from metabolic activities of microorganisms unlike other
environmental factors that are commonly imposed by the system (Rampelotto 2010).
Generally, prokaryotes can survive in environments where the pH ranges from 0 to
13 (Marion et al. 2003); however more prokaryotes have been recorded to grow at
pH within the neutral scale. Furthermore, it is suggested that the general survival
mechanism used by microbes to survive in extreme pH conditions is their ability to
regulate their intracellular pH as well as sustaining it within neutral (Torsvik and
@vreas 2008). To generate energy, acidophiles oxidize the elemental sulphur in
volcanic environments and sulphitic minerals in mining environments, which
produces extreme acidic environments (Rohwerder and Sand 2007). Some
acidophiles classified as thermoacidophiles (because they were identified in hot
acidic environments) have been isolated from volcanic areas and acid mine
drainages. For instance, thermoacidophilic archaea Picrophilus torridus and
P. oshimae were initially isolated from dry, volcanic Japanese soils, and they
exhibited the best growth level at very acidic pH (0.7) and temperature 60 °C
(Schleper et al. 1995). Unlike most other acidophiles that keep their pH at 6.0, the
P. torridus maintains low intracellular pH of 4.6 and cannot grow in pH greater than
4.0. An acidophile, Ferroplasma acidarmanus which was isolated from acid mine
drainage in Iron Mountain, California, has been identified to grow at a pH of
0 (Dopson et al. 2004).

Environments of high acidity are associated with the problem of denaturing
proteins of organisms, and to prevent the denaturation of their proteins, acidophiles
and acid-tolerant microbes develop another adaptive feature which helps them to
prevent such adverse effect. This feature is their ability to create acidophilic lipids
with cyclic rings and alkyl side chains in their fatty acids, as well as their active
pumping of protons out of their cells to keep their intracellular pH level fixed (Baker-
Austin and Dopson 2007). It has also been noted that the adaptation of some
acidophiles such as Ferroplasma and Picrophilus is improved by the unusual
tetraether lipids in the cell membrane, while Acidithiobacillus adapts equally well
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to lipopolysaccharides with a low fatty acid content. Protons cannot permeate the
membrane of acidophilic archaea because of its tetraether lipids, and it has a proton
pump that pulls protons out of the cytoplasm (Torsvik and @vreds 2008).

On the other hand, microorganisms that show optimum growth between pH range
of 9 and 11 and little or no growth at pH values close to neutral are referred to as
alkaliphiles (Horikoshi 1999). Alkaline environments are often found in places
characterized by a high quantity of Ca®* resulting from the hydrothermal transfor-
mation of silicate minerals; some examples of such areas include the hyperalkaline
spring waters in Jordan and the soda lakes; others include the high desert in the west
of the United States, the East African Rift Valley and the plateaus of Mongolia, Inner
Mongolia and Qinghai-Tibet (Zhang et al. 2007; Grant 2003). Most alkaliphiles are
commonly found in areas with high salt (NaCl) content and therefore referred to as
haloalkaliphiles (Gareeb and Setati 2009).

Generally, alkaline conditions are characterized by low hydrogen ion (H)
concentrations which pose some challenges to cells in using ATP synthase to
generate energy and vital ions like M?* and Ca** which usually precipitate as
salts, thereby being available in very small amounts (Krulwich et al. 1998). Krulwich
et al. (1998) further stated that the cytoplasmic pH is commonly not less than two
units below than the outward pH, and this is an indication that the cell membrane
plays an important role in blocking OH™ ion fluxes, and there is also an effective
inward proton translocation system (e.g. Na*/H* or K*/H" antiporters, proton-
transferring ATP synthase). Horikoshi (2006) also suggested that the cell wall of
alkaliphiles serves as a resistant wall against probable interfering environmental
factors.

14.3.5 Radiation

Radiation has been identified as one of the significant factors affecting the microbial
way of life. High dosage of ionizing and ultraviolet (UV) radiations has been
suggested to be deadly to most microorganisms, while some microbes have been
known to be tolerant to extreme doses of radiation. Shukla et al. (2007) suggested
that there are several connections between radiation tolerance, desiccation tolerance
and exposure to DNA damaging chemicals. A typical example of such microbes is
Deinococcus radiodurans which researchers have affirmed to be the most radiation-
resistant ever known and it can live within doses as high as 1000 Jm 2 UV light and
more than 20 kGy of gamma (y) radiation (note: Gy means grey, and 1 Gy = 100
Rad), which is about 4000 times the dose that is capable of killing humans (Rainey
et al. 2005; Marion et al. 2003). Deinococcus radiodurans is a red spherical
bacterium that was found in 1957, in a piece of spoiled ground meat, despite being
radioactively sterilized. Besides adaptation to very high radiation dosages, this
bacterium is equally uniquely adapted to extreme conditions including drought
and deficiency of nutrients (Battista 1997). It has been found in many areas including
various soil environments and in granite in Antarctic dry valleys.
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Also, by close observation, it is suggested that the DNA damage offered by
desiccation and DNA damage by radiation are alike; for instance, high dosages of
radiation or desiccation cause double-strand breaks in DNA (Torsvik and @vreds
2008). However, the high resistance conferred on Deinococcus radiodurans is as a
result of its possession of an effective system for DNA repair as well as its
possession of four to ten copies of its chromosomes (Battista 1997) and the capacity
to repair the fragments by recombination within chromosomes that reconstitutes an
unbroken chromosome within a short time (usually in few hours) (Sale 2007).
Certain organisms (e.g. prokaryotes and algae) that live on surfaces of barren polar
soils have some adaptations that help them to avoid or abate UV damage. This
protection against extreme light radiation and oxidative injury is aided by substances
like pigments and amino acids (e.g. scytenomin, melanoid, mycosporine-like amino
acids, carotenoids) (Wright et al. 2005; Bowker et al. 2002).

14.3.6 Low Nutrients

Extreme environs are often known for having nutrient deficiency due to the various
prevalent physical and chemical conditions that exist therein. For example,
environments like deserts and permafrost soils commonly show a very low level
of organic and inorganic nutrients. This condition leads to the identification of some
microorganisms called oligotrophs that are known for their ability to survive in
conditions of low or poor nutrient supply. Some oligotrophic prokaryotes are found
in bogs and high organic matter containing soils, although the organic matters in
such soils are mainly humus that is usually resistant to decomposition (Koch 2001;
Fierer et al. 2007). Among bacteria, those in the phylum Acidobacteria are known to
be oligotrophic, and they are greatly seen in soils with low nutrient availability while
they diminish in abundance when amended by readily available carbon (Fierer et al.
2007). For prokaryotes, those of the K-selected category are usually considered as
oligotrophs, and they have slow growth rates and are able to capture organic
substrates at low saturation constants (to the levels of nM); this adaptive feature
often makes them unable to grow in environments where nutrients are richly
available (Bernard et al. 2007). Furthermore, another interesting adaptive feature
of oligotrophs is their ability to utilize various substrates concurrently (Eichorst et al.
2007).

14.3.7 Pollution

Environmental pollution is a great factor when considering various anthropogenic
activities and their associated health risks to both humans and non-humans including
the microbial communities. Ajibade et al. (2021a) defined environmental pollution
as the contamination of the various aspects of the environment that make up our
natural resources such as soil, water, air, forests, etc. This implies that the
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environment refers to all things surrounding humans, including pollution that may
harm them and other organisms that live there.

Deposition of acid affects soil microbes and their activities. This deposition is
usually caused by acid rain resulted from such compounds as nitrogen oxide (NOy)
and sulphur dioxide (SO,) that are released to the atmosphere and in turn are
oxidized to SOﬁ‘ and NO5 (Ugya et al. 2018). Also, nitrogen and sulphur present
in acid may enhance the growth of some soil microbes; however, low-level length-
ened acid rain leads to soil acidification which equally has adverse effects on soil
bacteria; the effects on fungi have been suggested to be minor (Baath and Anderson
2003).

Acid deposition has been noted to have some direct and indirect effects. For
instance, increased acidity level and decreased concentrations of divalent cations
(Ca®*, Mg**) lead to mobility and heightened bioavailability of heavy metals and
other toxins (Francis 1986). Soil acidification has also been identified to decrease the
organic matter solubility, hence reduces substrates that would have been available
for microorganisms (Torsvik and @vreds 2008).

In general, various pollutants or contaminants that pollute the environment have
various levels and kinds of adverse effects on the microbial community (Ajibade
et al. 2021b, c). Commonly mentioned contaminants in this respect include heavy
metals (from mines, rock weathering, sewage sludge and metal smelters),
hydrocarbons (mainly from anthropogenic activities) and agrochemicals such as
pesticides which are made specifically for some target pests, but in some cases,
however, they become toxic to other organisms when modified by the environment.
Table 14.1 summarizes the various features of extremophiles including the environ-
mental conditions they can be found, their adaptations, variety of extremozymes and
their applications in various fields such as medicine, food, pharmaceuticals, envi-
ronmental remediation and pollution control, biotechnology, etc.

14.4 Soil as Habitat for Microbes

Soil can be seen as a product of the interactions among various physical, chemical
and biological processes involving climatic factors (such as temperature and mois-
ture), parent materials, time, topography and organisms. Soils are suggested to be
among the habitats that support the largest number of various microorganisms
(Ajibade et al. 2021d); soil habitats are differentiated from aquatic habitats by their
high complexity and spatial heterogeneity (Torsvik and @vreds 2008). Soil has a
feature such as the various steep physicochemical gradients (e.g. pH, redox potential,
substrate concentrations and available water) which may possibly present within
short distances of a size approaching that of a soil aggregate. This is evident as even a
few millimetres of aggregate can produce a wide variety of microenvironments that
would attract and support various kinds of microbial communities and activities
(Standing and Killham 2006).



N. A. Nwogwu et al.

322

‘unIyo ‘asoned

‘yores sonsouserp Do 08<
‘syonpoid Aireq SOSB[OIPAY [ASOIAID) yImoin nvunf snqojotlg onydowroyradAH
suonoear oyroads
-0219)s ‘sjuagIaeQg asereydsoyd aureyy
P9y pue D, 08 WNUDLIDY
PoojJ ut SISK[OIPAH SOseIA)SO ‘sosedr| spidif a1pfo pue —09 YIMoIn WNNIPQOULIY | onydourroy,
SpIoe AJje} payouelq
paoj pue ‘pajeImies ‘paureyd
pooj ut stsKjoIpKy -3uo[ donpoid 0y
‘uagIp Aiqe <(spidiy ‘sproe
‘Buimalq ‘Sunjeq $OSEJ0I] -
Suyoes[q Jodeq SIseUR[AY So[nos[owoIq
SIUQ)AMS 0] JqeIs-1eay 0,09 amerdwy
95030NIJ ‘9s00N[D) sose[Aury donpoid ued Koy, —0S yImoIn yStygy “ds snpydoaorg | oydowrzoy) 9JeIdpON
RN
uononpoid oueyloN suaSourION IRIN[[90 PaIApIO 3.0z < g
SISAJOIPAY 950300 asepisojoe[es-g JO UONORI] WIOS . 0€
K3o[01q Te[NO[OIN asereydsoyd aureyy asearour 0} AN[IqQy -GS yImoIn ydonoiyoksq
SOIAWS0d
‘pooJ ‘s1uag1eq sosedry
SO[X9)
P9y ‘s)uadIoeQq Sase[n[[a)
NlierieElg| sose[Aury uononpar
SI10SU2S0Iq az1s [[9o {Aypiny
‘SUOTJBULIOJSUBLOIq QUEIQUIAW PIdNPax
‘sjuagiolep 19)Unod jey) sproe D, 07 > Mg
‘uononpoid Arep saseuadoIpAYq Ay} pojeInjesun D, 0T armyeroduwoy
‘uoneINIeW 352D sasea01d donpoid 01 Ay —0> pmoIn Mo 4219DqOYILS onydoryohsg anydourray |,
suoneordde SOWAZOWAN X SWISTUBYOAW 1eIqRY ) | JUSUWIUOMAUD (s)ordurexg S9SSB[D sojdwexa pue
SQWAZOWAN Xy PorRIO0SSy aaneydepy Jo 1jowrered | Jo uonIpuoD) sorydowonxg
Surugeq (s)ordwexa pue sasse[)

suoneordde oy) pue sowAzowanxe pajeroosse Jay) ‘so[rydowanxa jo Arewwing L'y L djqel



323

14 Adapting to the Changing Environment: Microbial Way of Life

(panunuod)

Surwrwn3op
pue sxoded
quy ‘Suryoesq ding saseundod
sreonnaoeurreyd
puB S[EOIWAYD
‘SJMISPoo saseue[AY
Sunreyop opIH SULIIXOPO[ILD)
wy Ker-yx
U0 [EAOWAI UNE[D) SOSeUIIRIY ‘SSBISE[
P39 pue pooy 5958901
Ppaoy

pue pooj ‘sjuadiojep

szowk[od [rem [0
padreyo Aoanedou
Jo 9ouasard

ay ‘s1auodnue
pajerpau
-ouerquiow oyeydn
uojoid 9A1OIYJ
SJIQIYX Suol

HO JoJ ueiquiow

ur uonepersop Jrqeowroduur #:10 snualf snjjong
1owk[od saseajoad ‘sasen[e) 598525504 6 < Hd Hd ySig SUINLIIODGOUOLIDN anydireyy anydipeyy
s1a)10dsuen
AIepuoods
K19A0921 QLIUOUO0D uaALp-uojod
pue QUBIQUIAW
s[ejow o[qen[e A auikdoorey)
J[qeIs-proe
[v0o oy jo uononpoid
Jo uonezunydnsoq uoneprxo Iydng ‘wa1sks MOING
1uouodwod paag SISEINI[AD ‘SISO | 9An0aYge SlenIUI puR “ds vuwsvdo.sa,y
sose[Aureoon|3 uorsnjoxd uojoid ¢ds snpydoaonrg
Surssoeooid yorerg ‘sose[Awry woyrad 0y AIqy ¢-¢ > Hd Hd moT SSNIIODqOIYNPIOY orydoproy orydoproy
Sumeour3us onouen saserowk[od YNQ
SUOIOBAI UONEPIXO soseuadoIpAyaqg

SOpLIEYOIBSOSI[O
pue

-K1od pajerer pue
S0[N[[3D ‘YdIe)s JO
SISAJOIPAY] {SO[TIX9)
‘Surssoooad unood




N. A. Nwogwu et al.

324

SWISTUBYOAW
aredor VNQ
QATIOAJJR SNQIYXD
{("010 ‘sprouajored
soys paynjjod ‘Sploue[au) “ds .12100qo.1qmYy
apIponuoIpe: uonejuowSid | S[OAQ] uonEIpRl uoneIper SSUDINPOIPD.L JURIS[0)/)UB)SISAT
JO uoneIpawaIoIg wSTuLSI00I0TW 9[0YAy | Suons Jo UOISSASSOq Surzruor ySry ystgy $M22000U1(] uonerper ySiy anydorpey
(dHd ‘proe
ouking Axo1pAy-g)
Ajod pue (vod
‘proe orwe)n|3-¢g)
Kjod Suronpoxd
‘fesodsip jueIouagar
uIsar o3ueyoOX
uol ‘uonepeisop
PUE UOISIOAUOD
q)sem ouresiodA WSTUBSIOOIOTW S[OYA
Suneay
‘Surzoayy ‘39
‘asodind
[eLISnpUl SNOLIBA
& ur syuejoojord
1195 pue uro1d saynjos o[qneduo)
K19A0021 10 s1owA[od [esr3ojooyy
sonse[d [eoIpojy | sdjeouey[eAx0IpAYA[0d
SQWAZOWaNxXd
soyoyms [eondp ursdopoyion)oeg (uopuadap edpy
BIpaW d1uesIo -J[ES pue) Jue)SISAA 0Ob— 01 ' T— BLIDJORQOURKD)
ur stsk[eieoorg soseua30IpAYa( -J[es ‘SoIA[owWso renuajod 1ojem Ayures ‘wowodp!l | spydowsQiueIa[olofey
sisayiuAs apndeg sasea)o1d JO uone[NWNIOY 10BN N S—C ystgy DINOUDOIDE /onydorey orydorey
suoneordde SOWAZOWAN X SWISTUBYOAW 1eIqRY ) | JUSUWIUOMAUD (s)ordurexg S9SSB[D sojdwexa pue
SQWAZOWAN Xy PorRIO0SSy aaneydepy Jo 1jowrered | Jo uonIpuoD) sorydowonxg
Surugeq (s)ordwexa pue sasse[)

(ponunuod) L'yL d)qel



325

14 Adapting to the Changing Environment: Microbial Way of Life

(panunuod)

UOTJBULIOJSUBIOIq
pUE UONRIPIAWIOI]
JUQA[OS

WISTUBSIO0ION A[OYA

SOLISNPUI [BOTWAYD
pue [eonnodeuLreyd
‘pooy

ur paziun ‘yore)s
wolj SULXIPO[IAd

Suronpar-uou aserajsuenoueon|3 SJUOAJOS
Jo s1soyiuks ULNX9PO[AD) oruesio
UONEBIYLIS)ISISULI) SO10IqOUdX pue /syuaSear
/UOTIBOYTIANST surxo} asodwooap o1x0) Surpnfour
SJUQA[OS pue Ajrxojop spunodwod
snoonbeuou ur 0} Lypiqe ‘dwund J1X0} JO s1osodwooop
sIsATejed onewkzuo QOUANYJ [ENIOYJD SUOTENUAOUOD SONOIqOURX |  ppuNdspUOWIOPNIST J1j0IqOUdX
‘s1sayIuAs opndod sosedl] ‘soseo101d JO UoISSassoq ySig pue SuIxoJ, ©ds vruosipy /IUBIS[OIIXO],
(sa10ds)
S[[00 JUB)ISISAT
UOBIJISIP WLIOJ
0) UOTIBT)URIIIP 13ung ‘ere)oeqouLRAd
1[99 SHQIYXa ‘so[ejedfwounoy
‘soprreyooesAjod (13unj pue JO sIoquIowt
Ie[N[[ooBIXd sojeokwournjoe) pue eLjORqOIqNY |
soonpoid 0L— 01 QT— dnoig3 se
{s91A[OWSO ‘(ex108q) O] — [yons vLI21onqouldOy
omesio 1o oruediour 0) $— edIN {SUPISALTIU JURI[O}
sojenundoy | [enuajod Iorep uonesoIsa saprouotodsoyor] -o1ox/aqydorax arydoray
(uone[Aye
‘uononpar £q)
s[ejowt
KJrx030p 10/pUB
UOTJBZI[RISUIWIOIq 19)sanbas 03 9[qe
‘UOTRIPAWIOIG «dwnd souanye SUOTENUADUOD s[eowt SUDULIDPIOD JuEId[0)
‘Guryoeajorq 210 WSTUESI00ION J[OYAN JO UOISSASSO reyow ySry KaeoH putspydoia,y /IUR)SISAI-O[EIA arydoeay




N. A. Nwogwu et al.

326

uononpoid
snoiquue
pue 3urssaooid pooy

sproe
ourure Io[[ews 10y
oouaseyord oy M

‘sornueIs yoreys pue 2100 o1qoydoIpAy edIN 0€T ainssaxd
S[o8 JO UonBULIO] WSIUBSIOO0IOTW J[OYA B S3SS9SS0J punory Yy “ds sn20020484 onydozarg onydozarg
saprxorad
pue s[ediper
9a1j aprxoradns ATeorqoroeue
S [ons saoue)sqns asejnwisip A310u0 9z1j0qEIOW 0 %1T> 1af10psing
91X0} 20npoig aprxoxadns ‘asefere) 01 Ay ur (ImoIn | uaSAX0 Mo Dija.LI0g JURIS[0J0IAY | J[1YydoIoROIdTIA
suoneordde SOWAZOWAN X SWISTUBYOAW 1eIqRY ) | JUSUWIUOMAUD (s)ordurexg S9SSB[D sojdwexa pue
SQWAZoWwaN X PaRIo0SSy aaneydepy Jo 1orurered | Jo uonipuo) soqydowenxg
Surugeq (s)ordwexa pue sasse[)

(ponunuod) L'yL d)qel



14 Adapting to the Changing Environment: Microbial Way of Life 327

14.4.1 Extreme Soils

Soil microbiology deals with the study of life, activities and adaptation of
microorganisms in the soil, so also extreme soil microbiology deals with the
adaptation of microorganisms in an extreme or stressful soil environment. Geologi-
cal properties, biota and climatic factors are the significant determinants of soil
properties, and these are influenced by various human activities in the environment.
Concerning the controlling factors, Odum (1971) classified soils into two, namely,
based on climate and vegetation types and based on ecological or geological or
pedological factors such as drainage, pollution, topography, etc. Slight differences in
edaphic factors (especially in areas with extreme climatic conditions) may signifi-
cantly alter the activities and structure of soil microbiota. For instance, soil water and
soil temperature stresses are periodic in most areas of temperate climate, and so does
nutrient stress exist periodically in many soils. These periodic occurrences affect the
activities of soil microbiota; hence their adaptations to such conditions become
predominant.

Tundra soil and desert soil are two types of extreme soils that significantly exist
on Earth. These biomes are characterized by sparse and low vegetation as well as the
absence of trees.

14.4.1.1 Desert Soils

Deserts exist in areas of annual rainfall less than 250 mm (Odum 1971). Water has
been identified as the most limiting factor in tellurian ecosystems. About 30% of
Earth’s tellurian areas are arid which is characterized by either exceedingly hot or
cold (Rainey et al. 2005). Spatial patterns and heterogeneity are peculiar features of
dry soil ecosystems. Similarly, spatial variability is highly determined by vegetation
in temperate deserts, while in polar deserts, which lack vascular plants, physical
processes control the spatial variation in soil properties. An example is the formation
of frost fissure patterns. Antarctica (Ross Desert, Dry Valleys), Atacama Desert in
northern Chile and central Sahara where almost no rainfall is experienced are the
most extreme deserts. The low precipitation is a result of high subtropical atmo-
spheric pressure (as in the Sahara), position in rain shadow areas (as in Chile), high
altitude (e.g. Tibet and Gobi) or latitude (observed in the Antarctic Dry Valley)
(Torsvik and @vreds 2008).

Due to the various diverse extremities associated with desert areas, arguments
were raised on whether organisms exist and grow in such environments. However,
microbes have been isolated from even identified most extreme desert conditions. In
deserts, microorganisms commonly live in sandstone pores and/or sometimes try to
form biological soil crust. It is also stated that within the highly intense cold deserts,
favourable state for microbial metabolic processes probably occurs only 2—10 days
yearly (Torsvik and @vreés 2008). Due to the extreme conditions experienced by
soil microbes in the desert areas (e.g. drying out in the most extreme dry habitats and
freeze-drying in arctic deserts), microorganisms need a special strategy to adapt and
survive such harshest conditions. Such strategy is their suspension of metabolic
activities and keeping dormant during such conditions and resuming their
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metabolism when the conditions get better; hence many of the desert extremophiles
have resting stages or spores (Barak et al. 2005).

14.4.1.2 Tundra Soils

Microbial community has been suggested to exist in tundra soils (black mucky soils
with a frozen subsoil that is characteristic of Arctic and subarctic regions), and they
are considered as extreme environments. Climate is a great factor that significantly
affects species diversity globally. In general, biodiversity decreases as latitudes and
altitudes increase. For instance, eukaryotes exhibit this trend in polar regions both in
terms of species number and forms of growth. Nevertheless, on smaller spatial
scales, biodiversity in the arctic tundra may be almost the same as that in temperate
soils (Torsvik and @vreds 2008). About 26% of the terrestrial soil ecosystems are
considered to be permafrost which extends hundreds to thousands of metres down
into the subsurface (Steven et al. 2006). The permafrost is referred to as an extreme
environment owing to its nature which subjects indigenous microbes to subzero
temperatures and background radiation over a long period of time. In extreme
tundra, temperatures are usually low and the growing season lasts for less than
2 months.

14.5 Significance of Studying Extremophiles

Studying the existence, nature and activities of extremophiles in the environment
paves way for understanding their diverse physicochemical properties. This helps in
the development of model systems that could serve as a basis for discovering the
interlinking factors governing diversity, microbial activities and climatic conditions
(Smith et al. 2006). Also, the knowledge of the microbial components and activities
in the environment can be applied in environmental cleanup, pollution control and
energy production for the promotion of environmental health and sustainability. For
instance, Vibrio harveyi, a marine microbe has been reported to have the capacity
of bioaccumulating up to 23.3 mg of cadmium, Cd2+/g of dry cells (Abd-Elnaby
et al. 2011).

In biotechnology particularly, the study of extremophiles provides insights into
their acclimatization mechanisms and the possibility of using them for enzymes and
other compounds which can function under certain intense physical and chemical
conditions. For instance, extreme prokaryotes that have a good number of bioactive
compounds which are useful in medicine, food, pharmaceutical and environmental
industries can be resourceful in bioprospecting (Torsvik and @vreds 2008).

The study of extremophiles gives a tentative comparative knowledge of existence
and conditions in other planets and moons; hence, careful examination of some
conditions or environments considered extreme on Earth can offer us some hints of
probable life that exists on other planets. The study of extremophiles is very relevant
in astrobiology as it explores nature, signs and conditions defining extraterrestrial
life both at molecular and physiological levels. For instance, the discovery of some
microorganisms in the ice cores reclaimed from the depth of Lake Vostok and other
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perennial subglacial lakes from Antarctica may be used as a model for the search and
study of life in Jupiter’s moon Europa (Rampelotto 2013).

14.6 Adaptation

Microorganisms are well known for their ability to adapt to a variety of environ-
mental conditions including the ones considered to be harsh or extreme. They adapt
to diverse environmental conditions by using different mechanisms or combination
of them (van der Meer 2006). The earlier section of this chapter discussed various
extremophilic conditions and some extremophiles common therein. For example,
halophilic microbes (bacteria and archaea) adapt to a high salt-concentrated envi-
ronment of about ten times greater than that of seawater, while acidophiles can
survive and thrive at a pH of 1, whereas thermophiles survive and thrive in
environmental temperature of 85 °C and above. In particular, bacteria can detect
any temporary or permanent alteration of various environmental factors such as pH,
temperature, ionic strength, pressure, concentrations of solutes and availability of
water and upon that sensing adjust, respond and adapt to such environmental
condition by protecting their biological molecules and altering biochemical reactions
(Heulin et al. 2012).

For the existence of cellular life in extreme conditions of temperature, pressure or
salinity, maintenance of stable and functional biological membranes remains the first
condition; membranes are vital during energy production and compartmentalization
of biochemical activities (Franzetti 2019). Heulin et al. (2012) further stated that four
major adaptation strategies including compensation, conservation, protection and
damage repair are used by microbes depending on whether the extreme environmen-
tal condition is permanent or ephemeral. Compensatory responses tend to
re-establish equilibrium and maintain normal functions and are often used when
the condition is ephemeral; however, they sometimes apply it to adapt to some long-
term conditions, for instance, the regulation of efflux pumps to squeeze out metals
when there is an upsurge in heavy metal concentration. For long-term adaptation,
Helicobacter pylori, an extremely acid-tolerant microorganism in the human stom-
ach, give a compensatory response by its ability to produce urease in a large amount
(Mobley et al. 1995). Bacteria also adopt ‘nongrowth’ state as a response to stress in
some cases. Conservative response is often used by spore-forming bacteria when
they face strong or continued stress, and they apply this by entering a nondividing
state and moving into a dormancy state as a spore form. The conservative response
maintains a viable reversible state of reduced elemental metabolic rate in a unit
(Barer 2003). The protective response is often used when the physical integrity of an
organism is threatened. For instance, desiccation possibly causes water loss leading
to cell-volume collapse and impairment of cellular macromolecules like nucleic
acids and proteins which in most cases prompt bacterial cells to accumulate solutes
like amino acids, quaternary amines, carbohydrates and tetrahydropyrimidines
(Takagi 2008). For damage repair, some microorganisms such as members of
Deinococcaceae have been suggested to be highly resistant to deadly effect of
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DNA-damaging agents (e.g. desiccation, gamma radiation) and to be efficient in
repairing hundreds of DNA double- and single-strand breaks and other types of
DNA impairments (Heulin et al. 2012).

14.7 Conclusion

Environment is a great factor both as an aspect of the ecosystem and as an object of
academic research. The diverse nature of the environments and the fluctuating
environmental components pose several living conditions to the microorganisms
therein. Such conditions which are often extreme subject microorganisms in such
areas to modification and development of some adaptation mechanisms that enable
them survive and thrive. This chapter has discussed extreme environment starting
from the concept of environmental change which is a result of some natural
processes and anthropogenic activities. Some important physicochemical factors
(pH, temperature, water, radiation, salinity, low nutrients and pollution) affecting
microbial life and some extremophiles found in these environmental conditions,
their adaptations, associated extremozymes and applications were discussed. Soil as
a habitat supporting a large number of microbial communities and the various types
of soil considered to possess extreme ecological conditions were discussed. The
significance of the study of extreme environment, extremophiles and extremozymes
in various fields of life including research, biotechnology and food science and
technology, astrobiology, microbiology, protein engineering, agriculture, medicine,
pharmaceuticals and other industries were discussed.
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