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Abstract

The hot springs are populated by mesophilic, thermotolerant, and hyperthermo-
philic bacteria. These populations are diverse, and some of them show
combinations of other extreme conditions, for example, acidic, alkaline, high
pressure, and high concentrations of salts and heavy metals. Anaerobes inhabit-
ing hot springs are considered to be the closest living descendants of the earliest
living forms on earth, and their study offers understandings about the origin and
evolution of life. In this chapter, thermal spring bacterial diversity from Pakistani
ecology is reviewed. The bacterial populations in Pakistani hydrothermal vent
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environments showed a great genetic diversity, and most members of these popu-
lations appeared to be uncultivated and unidentified organisms. Analysis sug-
gested that some microorganisms of novel phylotypes predicted by molecular
phylogenetic analysis were likely present in thermal spring environments.
Libraries were predominantly composed of rare phylotypes that appeared to be
unclassified, and the number and type of phylotypes observed were correlated
with biogeography as well as biogeochemistry. These findings broaden our opin-
ion of the genetic diversity of bacteria in hot water spring environments. The
global-scale bacterial diversity of other hot water spring environments, on the
other hand, may be beyond present proficiencies for authentic study.

Keywords
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1.1 Introduction

Temperature as an environmental factor compels all living microorganisms. In con-
trast to the upper temperature boundaries, the lower temperature boundaries for
growth among microorganisms are not well defined (Russell et al. 1990). Thermophiles
are the microorganisms that “love” heat. A word of caution is necessary regarding the
use of the term “thermophilic.” The term means different temperature ranges for dif-
ferent groups of microorganisms. For example, Candida thermophile is described as
a thermophilic yeast with a maximum growth temperature of 51 °C. The optimal
growth temperature for this microorganism is 30-35 °C (Shin et al. 2001). Among
bacteria, this would be a thermotolerant species. The record for the widest tempera-
ture span for growth is held by Methanothermobacter thermautotrophicus that able to
grow from 22 to 75 °C (Gerday and Glansdorff 2007).

Strain 121, a Fe(IlI)-reducing archaea isolated from a hydrothermal vent along the
Juan de Fuca Ridge, is reported to have a doubling time of 24 h at 121 °C and remains
viable after exposure to temperatures as high as 130 °C (Kashefi and Lovley 2003).
The most heat-resistant spore is held by Moorella thermoacetica strain JW/DB-4.
Under autotrophic conditions at 60 °C, this bacterium forms spores with a decimal
reduction time of 2 h at 121 °C. A subpopulation of spores apparently requires 1 h at
100 °C to become fully activated before germinating (Byrer et al. 2000).
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Thermus aquaticus, an aerobic, thermophilic bacterium, was isolated from
Yellowstone National Park, Wyoming, in the late 1960s (Brock and Freeze 1969), and
the microorganism’s Taq DNA polymerase has become an essential component of
molecular biology. Brock (1997) stated that among different types of research meth-
ods, the one done by individual scientist usually returns late. Thermus aquaticus, an
anaerobic bacterium was isolated from Yellowstone National Park, Wyoming, in the
late 1960s by Thomas Brock (Brock and Freeze 1969). That lead to the discovery of
Taq polymerase which become a breakthrough in molecular biology. Cosmopolitan
microorganisms from thermal environments include Methanothermobacter thermau-
totrophicus, Thermoanaerobacter thermohydrosulfuricus, Thermoanaerobacterium
thermosaccharolyticum, and Geobacillus stearothermophilus.

The interaction correlation between biogeography and biogeochemistry in ther-
mal environments is also worthy. As an example, three combinations can be defined
by Engle et al. (1995):

Relaxedbiogeographyandbiogeochemistry: Forexample, Thermoanaerobacterium
thermosaccharolyticum and Thermobrachium celere have a relaxed biogeography
and biogeochemistry. They have been isolated from a variety of environments from
several locations including thermobiotic, mesobiotic, slightly alkaline, and acidic
environments.

Relaxed biogeography and restricted biogeochemistry: For example, Clostridium
paradoxum and Clostridium thermoalcaliphilum are isolated from sewage sludge
on four different continents, but only from sewage sludge.

Restricted biogeography and relaxed biogeochemistry: That is, Anaerobranca
horikoshii has only been isolated from a specific area behind the old faithful ranger
station in Yellowstone National Park, but from several pools in that area, represent-
ing a spectrum of pH values from acidic (pH 5) to alkaline (pH 8.5). Although rela-
tively easy to isolate, strains of A. horikoshii have not been obtained from other
areas of Yellowstone National Park or other countries, nor has its sequence been
found in environmental 16S rRNA gene libraries.

Strazzulli et al. (2017) studied that spots of volcanic activity exist all over the
Earth’s surface and under the sea. They offer a variety of different environments for
extremophilic microorganisms. Hot springs are always full of hyperthermophiles,
the majority of which belong to the domain of archaea. Combination of extreme
temperature with other physicochemical parameters, i.e., acidic, alkaline, high pres-
sure, and high concentrations of salts and heavy metals, also selects specific classes
of bacteria and discourages remaining classes for which these conditions are not
favorable (Cowan et al. 2015). Archaea which resides in hot springs are claimed to
be the closest living descendants of the primitive living forms on earth and are con-
sidered as models to study origin and evolution of life (Olsen et al. 1994).

1.2  History

It is well established that a number of archaeal and bacterial species live under
extreme environmental conditions, which include pressure, high temperature, UV
light, ionizing radiation, very low levels of nutrients, and low or high levels of pH
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(Gerday and Glansdorff 2007). Cavicchioli (2002) suggested the possibility that
while considering these extremophiles as models, we can get insights into the life-
style at celestial habitat.

It would be highly significant to establish identification between ancient and
primitive organisms. It has been observed that cladistically ancient organisms are
located near the root of universal rRNA-based trees, but they do not own primitive
molecular genetic apparatus, nor they are more basic in their metabolic abilities
than their aerobic equivalents (Islas et al. 2003). Pre-RNA worlds are the foundation
of primitive living systems, in which life may have been based on polymers using
backbones other than ribose phosphate and possibly the bases different from gua-
nine, adenine, uracil, and cytosine (Levy and Miller 1998), followed by a stage in
which life was based on RNA both as the genetic material and as catalysts (Joyce
2002). Only very few facts support hyperthermophilic origin of life. Firstly, the
deepest, branches of rRNA-based molecular phylogenies are full of hyperthermo-
philes (Pace 1991, 1997). Secondly, immediately after earth formation, the surface
of the earth was extremely hot and planet remained molten for some time after its
formation. About 4.6 x 10° years ago, life on earth and only hyperthermophilic life
were possible (Wiegel 1998). The biphasic temperature-growth curves of many
thermophiles growing at elevated temperatures and the existence of cryptic thermo-
philes are considered as additional arguments for the start of life in the range of
60-90 °C and that hyperthermophiles as well as mesophiles and psychrophiles are
adaptations to changed environments.

While some antagonists say that the earth’s surface speedily lost temperature to
provide mesophilic origin of life (Wilde et al. 2001). Chemical decomposition of
recognized biochemical compounds, i.e., amino acids, nucleobases, RNA, and ther-
molabile molecules, has half-lives for decomposition at temperatures between 250
and 350 °C at the most a few minutes (Miller and Bada 1988). Another theory that
supports mesophilic origin of life came from Gulen et al. (2016). Petrov et al. (2015)
believe that the property of ribosome that shields it in high temperature, e.g., RNA
foldings, evolved slowly during evolution. Hyperthermophilic microbial lifestyles
are the product of secondary adaptations that developed during early stages of cell
evolution, but we do not have an information on the composition of the terrestrial
atmosphere during the period of the origin of life or on the temperature, ocean pH
values, and other general and local environmental conditions that were important
for the emergence of living systems (Lazcano and Bada 2003). Delaye et al. (2005)
believe that the origin of the mutant sequences ancestral to those found in all exist-
ing species and the divergence of the bacteria, archaea, and eukarya were not syn-
chronous events, i.e., the separation of the primary domains took place later, perhaps
even much later, and then the appearance of the genetic components of their least
common ancestors. The cenancestor is thus one of the last evolutionary outcomes of
a series of ancestral events, including lateral gene transfer, gene losses, and paralo-
gous duplications that took place before the separation of bacteria, archaea, and
eukarya. Dworkin et al. (2002) and Forterre et al. (2002) believes that if hyperther-
mophile is not truly primordial, then heat-loving lifestyles may be remainders of a
secondary adaptation that evolved after the origin of life and before or soon after the
separation of the major lineages. Forterre et al. (2002) believe in adaptation of
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bacteria to extreme environments by lateral transfer of reverse gyrase and other
thermo-adaptive traits from heat-loving archaea. Dworkin et al. (2002) believe that
outcompetition of older mesophiles by hyperthermophiles originally adapted to
stress-inducing conditions other than high temperatures.

Wilson (1992) created the term biodiversity and wrote The Diversity of Life. At
that time, there were 4800 species described in the “kingdom” Monera. Currently
more than 30,000 whole genomes have been submitted from all three domains of
life bacteria, archaea, and eukarya and are available in the Joint Genome Institute’s
Integrated Microbial Genomes database (Hug et al. 2016). Recently, Hug et al.
(2016) gave new tree of life (Fig. 1.1) in which 92 phyla which are representing total
bacterial eukaryotic and archaeal diversity and includes 92 phyla belonging to bac-
teria, 26 of archaea five of the eukaryotes. Genome-resolved metagenomics and
single-cell genomics of hundreds of genomes revealed that all members have com-
paratively small genomes and most of them have restricted metabolic capacities or
are symbionts. Therefore, all cells either lack thorough citric acid cycles or respira-
tory chains, and furthermost few have limited or no ability to synthesize nucleotides
and amino acids. It is presumed that these reduced metabolisms resulted from either
super phylum-wide damages or inherited characteristics. If its result of inherited
characteristics, then symbiotic lifestyles were secondary adoptions from once more
complex organisms appeared.

1.3  Thermal Environments and Biodiversity

What makes thermal environment a popular model to test biogeographical hypoth-
eses is its island-like nature. Using similar strains of the thermophilic archaeon
Sulfolobus originating from hot springs in Yellowstone National Park and Italy,
Zillig et al. (1980) formulated the hypothesis that “geographical barriers between
habitats of the same type do not exist for microorganisms.” This hypothesis also
corresponds to the oft-quoted hypothesis that “everything is everywhere and the
environment selects” (Beijerinck 1913). However, Whitaker et al. (2003) attribute
genetic divergence detected by multilocus sequence analysis of strains of Sulfolobus
solfataricus from five sites to geographic isolation.

Recent reports on bacterial diversity of hot water springs revealed that it is dif-
ficult to propose the reasons for the presence of specific bacterial species in a ther-
mal spring because these ecosystems are always deviate when influenced by an
outside influence, for example, Hu et al. (2017) reported that in acidic thermal
springs in New Zealand temperature (range 30-80 °C) was the only significant vari-
able associated with community turnover. Near 40 °C, chemolithoautotrophs were
dominant, whereas, at temperatures >65 °C, the microbial community was domi-
nated approximately solely by sulfur-oxidizing archaea. At mesophilic tempera-
tures, the community structure was diverse, encompassing both archaea and bacteria
but dominated mainly by chemolithotrophic sulfur and hydrogen oxidizers. In
another report, Jiang and Takacs-Vesbach (2017) revealed that despite similar pH of
all studied sites of Yellow Stone National Park, bacterial diversity varied a lot.
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Fig. 1.1 Figure adopted from Hug et al. (2016) is showing tree of life. All major lineages are
highlighted with genome-wide depiction, but mostly are phylum-level branches. Major lineages
are allocated random colors and named, with the published and described names, in italics.
Uncultured lineages are highlighted with red dots and are nonitalic. Brackets around Tenericutes
and Thermodesulfobacteria show that these are subbranches of Firmicutes and Deltaproteobacteria,
respectively. Phylum like Proteobacteria which is not monophyletic (Alphaproteobacteria,
Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria) is shown separately. The candi-
date phyla radiation (CPR) is assigned a single color because all are uncultured and unclassified
and are still in the process of description at lower taxonomic levels. Further analysis by ribosomal
proteins as well as by primitive genetic code showed that there is vast difference in composition of
three domains, i.e., thermophilic, mesophilic, and halophilic domains (®Macmillan Publishers
Limited, 2017)

Lowest-temperature site predominant phyla were Chloroflexi, Bacteroidetes,
Proteobacteria, and Firmicutes. Metagenome study revealed that all genes related
to energy production were present, i.e., transcription, carbohydrate transport, genes
related to sulfate reduction, dissimilatory nitrogen reduction, and H,S. In another
study, Merkel et al. (2017) on Kamchatka Peninsula hot springs revealed dominance
of sulfur-oxidizing bacteria of genus Sulfurihydrogenibium which were followed by
the second most dominant anaerobic bacteria of genus Caldimicrobium. At
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high-temperature sites, archaea of the genus Vulcanisaeta were abundant, and at
acidic springs Nanoarchaeota and uncultured Thermoplasmataceae A10 were also
present.

1.4  General Features and Geography of Pakistan Hot Water
Springs

The Main Mantle Thrust and the Main Karakoram Thrust (MKT) in Chilas and
Hunza areas of Northern Pakistan are host to many hydrothermal activity with
numerous thermal springs distributed between latitude 30°-37° N and longitude
73°=77° E (Bakht 2000). One of the ways to address the woes of energy crisis effec-
tively in the developing world is through the use of geothermal energy resources
(Gondal et al. 2017). There are seven hot springs in Murtazaabad which lie along
the Main Karakoram Thrust in Northern Areas of Pakistan with the surface tempera-
ture range of 47-92 °C. All the thermal waters of Pakistan are formulated from
NaHCO;. Tattapani and Tato thermal springs along the Main Mantle Thrust have a
surface temperature from 48 to 92 °C. These are also NaHCO; type. Geothermal
springs of Chagai are related to the youngest volcano (Koh-I-Sultan) of Pakistan.
The northern areas having geothermal fields at Tattapani, Tato, and Murtazaabad are
located between the latitudes 35°20” N-36°30" N and longitudes 74°E-76°E with
sheer topography and U-shaped valleys, which are drained by the rivers Indus,
Gilgit, and Hunza, while the rivers Shigar, Shyok, Ishkuman, and Yasin form the
major branches to these rivers.

Other important mountain ranges of the area are the Kailas, Rakaposhi, and
Masherbrum. Rainfall in these areas is light, and the geotectonic development of the
northern areas of Pakistan occurs during late Cretaceous to Cenozoic era. The cre-
ation involved three tectonic elements, i.e., the Indo-Pakistan shield and its northern
sedimentary cover (Indian Mass), the rocks deposited on the southern part of the
Eurasian Mass, and the Kohistan island arc sequence (Ahmad et al. 2015).

Amin et al. (2017b) reported bacterial diversity and ecological interactions with
physicochemical parameters in 9 hot water springs scattered along Himalayan geo-
thermal region where temperature ranges from 60 to 95 °C and pH from 6.2 to 9.4,
and in mineralogy from HCO;~ (Tato field), sulfates (Tattapani) to mixed type
(Fig. 1.2) (Murtazaabad).

Among various hot water springs present in Pakistan (Table 1.1), Chang et al.
(2013) have reported on the chemical composition of Manghopir thermal spring for
the year 2008. In our published report by Amin et al. (2017b), we revealed that among
the studied sites (Table 1.1) were Tato field thermal springs that were bicarbonated in
nature and had higher bicarbonates (525-610 mg L") than sulfates (410-460 mg L)
and the Tattapani hot springs that were sulfate type considering bicarbonate level
(133-159 mg L") was significantly lower than sulfates (545-684 mg L-'). The
Murtazaabad thermal springs were mixed type with high level of both sulfates and
bicarbonates (710-940 mg L-!). The levels of sulfates and bicarbonates in the
Murtazaabad springs were also significantly higher than the other two sites.
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Fig. 1.2 Geographical locations of thermal springs of Pakistan

1.5  Bacterial Diversity in Hot Water Springs of Pakistan

In order to scratch the surface in revealing a new vista, we designed a study to dis-
cover unique and undiscovered microbiota of hot water springs present in Pakistan
by second-generation pyrosequencing and compared the gap between cultured and
uncultured microbiota by assessing the relationships between microbial community
compositions and environmental conditions (e.g., water geochemistry). Two new
species of bacteria were characterized by polyphasic taxonomic approach for vali-
dation at species level Nocardioides pakistanensis sp. nov. and Streptomyces caldi-
fontis sp. nov. (Amin et al. 2016, 2017a).

According to unculturable method, at 97% OTU (operational taxonomic unit)
level, 5535 quality reads were distributed into 972 microbial genera and 53 phyla.
OTUs of the phyla Proteobacteria and Chloroflexi were found to be dominantly
present in all the sampling sites. Distinct phyla which seemed to outcompete were
Proteobacteria, Chloroflexi, Thermotoga, Bacteriodetes, Deinococcus-Thermus,
Nitrospirae, and Acidobacteria, and other well-reported thermal spring phyla were
UTO06, OP11, BRCI1, ODI, OPS, OPI, OP3, OP9, OMAN, and NKBI9.
Environmental properties like pH, temperature, and sulfur influenced the commu-
nity structure at most that was depicted by the presence of sulfur- and nitrate-
reducing bacteria, but the influence of other factors on microbial community
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assemblage like anaerobic stress in deep water; methane, ammonia and presence of
planktonic material were supported by the presence of Chloroflexi and haloanaero-
bia. Dominance of Chloroflexus and low number of order Aquificales were also
studied by Skirnisdottir et al. (2000) at upper temperature of 88-90 °C that matched
our results. High-temperature and low-oxygen site of Tattapani spring (TP-H3-c)
had the largest OTUs for sulfur bacteria. Deltaproteobacteria purple sulfur bacteria
were most dominant in sulfur-rich (Tattapani hot water spring) TP-H3 sites. The
presence of Cyanobacteria at (Tato field hot water spring) TF-H2-a and (Tato field
hot water spring) TF-H2-b affected number and diversity of purple sulfur bacteria
even at high temperature. The highest numbers of OTUs for purple sulfur bacteria,
that is, 217, were present in (Tattapani hot water spring samples) TP-H3-c which
was a sulfur-rich site, and the second highest number was observed in (Tato field hot
water spring) TF-H2 where sulfur level was much lower, but phylum Cyanobacteria
population was present to support their growth. Another unique phylum UT06 was
present with rich diversity in (Tattapani hot water spring) TP-H3 and (Murtazaabad
hot water spring) MA-H4 and low in Tato field samples. Its diversity and number
were evenly high in all samples of MA-H4, but in TP-H3 its distribution was not
even. Similar physiochemical properties of hot water springs located at far distances
and varying geographical locations were responsible for linked microbial commu-
nity. The presence of closely related microbial species in neighboring hot water
springs indicated that movement of water and soil was also responsible for design-
ing microbial community structure in adjacent environments. These geothermal
sites should be considered to explore natural biogeochemical cycles and role of
specific microorganisms in energizing these cycles to exploit these potentials in the
near future. In these hot water springs, enhanced conditions of high temperature,
alkaline pH, and methanogenesis all met automatically, and genes for methanogen-
esis were switched in methanogens. Study suggested that methanotrophy in these
thermal sites was not restricted to only one type of methanotroph, but members of
type I methanotroph, aerobic methanotroph, Betaproteobacteria methanotroph, and
type II methanotroph all collectively were responsible for methane cycle in thermal
systems (Amin et al. 2017b).

1.6  Survival Mechanisms at Thermophilic Environment

Survival of thermophilic bacteria (Fig. 1.3), at high temperatures, is because of vari-
ous adaptations in physiological systems and genetics as stress response to stabilize
homeostasis (Wang et al. 2015). Few examples are production of DNA-binding
proteins, activation of heat shock proteins, activation of reactive oxygen species,
and efficient repair damage (Ranawat and Rawat 2017).

Other mechanisms involve amino acid substitutions (Arnérsdottir et al. 2009),
hydrophobic cores (Bezsudnova et al. 2012), interactions among subunits (Pang and
Allemann 2007), and inactivation of spores by high hydrostatic pressure (Sarker
et al. 2015) and by adjusting membrane fluidity after adjusting membrane fatty acid
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Fig. 1.3 Survival mechanisms related to transcriptome, genome, proteome, and other adaptive
features of bacteria for survival at high temperatures

composition (Yoon et al. 2015) and also by maintaining membrane fluidity using
various thermosensors, e.g., DesK (Cybulski et al. 2015).

Another worth-mentioning fact of thermophilic proteins is substantial rise in the
proportion of alpha helices and beta strands, with a decline in irregular region; with
moderately thermophilic proteins, alpha helical increase is dominant, whereas in
extremely thermophilic ones, beta strand rise is more extensive (Chakravorty et al.
2017; Szilagyi and Zavodszky 2000).

Another distinguishing factor among extreme thermophilic proteins and moder-
ately thermotolerant proteins is amino acid composition. In moderately thermo-
philic proteins, lysine content is less than arginine content, but in extremely
thermophilic proteins, lysine residues are more in number because of their require-
ment of stronger electrostatic interactions and lysine is a charged residue. Amino
acid residues which are not high temperature tolerant, i.e., methionine and aspara-
gine, are less in extreme thermophilic proteins (Mrabet et al. 1992). However, the
important phenomena, i.e., lysine succinylation and lysine propionylation which are
important for protein function, are not different in extremely thermophilic and mod-
erately thermophilic proteins. These are common protein functions which are not
dependent on temperature tolerance (Okanishi et al. 2017).
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High temperature is also related to strong association between ions. The despairs
for the ion pair decreases with an increase in temperatures. In thermostable proteins,
internal water molecules (bridging water molecules) are present which ensures that
ions are not fully desolated at high temperature. Hence it was established that salt
bridges are very important in the design of thermostable proteins (Bikkina et al.
2017). Upregulation of proteins which are responsible for protection against heat
stress, i.e., heat shock proteins (HSPs), is common in all thermophiles (Mizobata
et al. 2000), i.e., upregulation of HSP60, HSP20, groEL-growES, hrcA-grpE-dnaJ,
and dnaK-sHSP in Thermotoga maritima and sHSPs in Sulfolobus solfataricus dur-
ing temperature rise (Shockley et al. 2003; Johnson et al. 2006). Other chaperon
proteins which are upregulated in thermophilic strains Thermoanaerobacter teng-
congensis and Thermotoga maritime in response to heat stress include GroEL,
GroES, DnakK, and GrpE (Chen et al. 2012a, b; Wang et al. 2012).

1.7  Types of Thermal Environments

Various types of thermal environments exist including terrestrial, solar-heated,
marine, subsurface, anthropogenic, temporary, and mesobiotic environments; a
brief overview of these environments was reviewed below.

1.7.1 Terrestrial Thermal Environments

The northern areas of Pakistan have a large number of hot springs in the Gilgit,
Hunza, and Yasin valleys. The Tattapani hot springs are located on Karakoram
Highway at the right bank of Indus River. These springs are located at the altitude
of 1200 m. There are two hot springs in Murtazaabad, located in the Hunza valley,
downward near the bank of the Khunjerab River: Murtazaabad Zairen and
Murtazaabad Balai hot springs. Murtazaabad Balai hot spring is located somewhat
upper as compared to the Murtazaabad Zairen hot spring. Other hot springs are
located 3.0 km earlier from Darkot Pass in Yasin valley upper to the Rawat base
camp. It is situated at the height of about 4650 m from the sea level. Two hot springs
are oozing out here, which seem to have the same origin (Ahmad et al. 2013). Shuja
(1986) and Bakht (2000) have also found numerous hot springs along the Main
Mantle Thrust and Main Karakoram Thrust in Chilas and Hunza areas, respectively.
The geothermal system here is the result of the collision of the Indian and Eurasian
plates. Hot springs are scattered and their temperature ranges up to 91 °C. Three
parts of Pakistan, i.e., Kashmir, Khyber Pakhtunkhwa, and Baluchistan, are the
potential zones where geothermal resources are located. Major tectonic elements
during the Cenozoic and Mesozoic era have shaped the geological structures that
are observed in Pakistan today. These structural elements are indicators for delineat-
ing and developing the potential geothermal resources of the country. Worldwide
these environments are found at geysers, solfataras (mud or paint pots), and mud or
paint pots in volcanically active regions throughout the world, including Iceland,
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Western North America, New Zealand, Japan, Eastern Russia, and the rest of the
so-called Pacific Ring of Fire; major examples include Yellowstone National Park at
North America which is being studied dating back to 1897 (Reysenbach and Shock
2002). Neutral to alkaline areas richer in chloride salts or carbonate were observed
in areas of terrestrial environments (Zhao et al. 2005).

1.7.2 Solar-Heated Environments

Solar-heated environments may occur anywhere on earth receiving solar energy
inputs. Such environments are likely inhabited by mesophilic, thermotolerant, and
thermophilic microorganisms because solar energy can heat some soils to 60 °C and
shallow waters to 50 °C at certain times of the day or year, as pointed out by Brock
(2012). Thermal environments on the earth’s surface also experience evaporation,
and thus many environments have elevated salinity and, therefore, halophilic inhab-
itants. For example, Thermohalobacter berrensis, a thermophilic and halophilic
bacterium, was isolated from a solar slattern in France (Cayol et al. 2000). Halo-
alkali-thermophiles and halophilic (up to 25% NaCl 4.5 M sodium ion as NaCl/
Na,COs;), thermophilic (up to 75 °C), and alkaliphilic (up to pH 10.5) triple extremo-
philes, coined, have been isolated from dry salts from salt flats in Nevada and from
sediments of athalassohaline lakes in Wadi El Natrun, Egypt (Mesbah and Wiegel
2005).

1.7.3 Marine Environments

Marine thermal environments may occur at Beaches: Hot Water Beach (Whitianga,
New Zealand), Pozzuoli (Italy), Savusavu (Fiji Island) (Burgess 2009). Under 8 m
of water: Vents off the coast of Milos Island, Greece (Sievert et al. 2000). Under
2500 m: Abysmal of water, deep-sea hydrothermal vents first discovered in 1977
near the Galdpagos Islands (Corliss et al. 1979).

Organisms inhabiting such environments face multiple challenges, i.e., venting
water can exceed 300 °C, but in deep-sea vents, it cools quickly upon mixing with
cold, deep-sea water; habitat types range from those preferred by hyperthermo-
philes to temperatures habitable by psychrophiles (Kelley et al. 2002), i.e., black
smoker chimneys, associated with volcanic psychrophiles activity; and plate spread-
ing zones generally are fueled by high concentrations of sulfides (Kelley et al.
2002). Serpentinite-hosted systems, like the Lost City hydrothermal field, are
enriched in hydrogen and methane as energy sources (Kelley et al. 2005).
Thermococcus barophilus, obtained from the snake pit region of the Mid-Atlantic
Ridge, requires elevated pressure for growth at or above 95 °C (Marteinsson et al.
1999). Pyrococcus strain ES4 shows an extension of T,,,, under increased pressure
(Pledger et al. 1994; Summit et al. 1998).

Jolivet et al. (2003, 2004) reported that at hydrothermal vents, the level of natural
radioactivity can be 100 times greater than that at the earth’s surface because of
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increased occurrence of elements such as Pb, Po, and Rn. For example, archaea
Thermococcus gammatolerans was isolated from a hydrothermal site in Guaymas
Basin, Thermococcus marinus from the snake pit hydrothermal site on the Mid-
Atlantic Ridge, and Thermococcus radiotolerans from a hydrothermal site in the
Guaymas Basin. Additionally, all organisms existing in marine environments also
have some tolerance for moderate (around 3%) salinity.

1.7.4 Subsurface Environment

Subsurface thermal environments include petroleum reservoirs and geothermally
heated lakes and aquifers. Activity in subsurface environments varies with the avail-
ability of nutrients, water, energy, depth, surrounding matrix, and source materials.
Lethal temperatures may not occur until as much as 10,000 m below the surface
(Pedersen 2000) with few exceptions, e.g., Uzon Caldera; temperatures well above
100 °C can occur at depths of only a few meters (Burgess 2009). A depth record for
culturable life has been established at 5278 m (Szewzyk et al. 1994). Elevated tem-
peratures found within petroleum reservoirs can be up to 130 °C (Grassia et al.
1996). The geochemical conditions in reservoirs are variable because of age, source
material, and surrounding geology and prokaryote communities (Orphan et al.
2003). Takahata et al. (2000) have proposed that microorganisms in these environ-
ments may face oligotrophic conditions. Subsurface geothermal aquifers such as the
well- known and expensive Great Artesian Basin of Australia are non-volcanically
heated but experience temperatures up to nearly 103 °C.

1.7.5 Anthropogenic Environments

Anthropogenic habitats include household and water heaters and industrial process
environments and thermal effluent from power plants (Brock 2012). One of the
earliest well-known anaerobic thermophiles, Thermoanaerobacter (basonym
Clostridium) thermohydrosulfuricus, was isolated from an Austrian sugar factory
(Lee et al. 1993). Other thermophiles have been isolated from thermally polluted
effluent from a carpet factory (Carreto et al. 1996), the smoldering slag heap of a
uranium mine (Fuchs et al. 1996), and mushroom compost (Korn-Wendisch et al.
1995). Strains of Thermus aquaticus have been isolated from various anthropogenic
thermal environments including hot tap water and greenhouse soil (Brock and
Freeze 1969).

1.7.6 Temporary Environments and Mesobiotic Environments
Thermophiles can be isolated from various environments, such as animal droppings,

manure piles, and compost, temporarily heated by biodegradation of organic mate-
rial, sun-heated soils, and sediments at the edges of lakes and puddles which can
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have temperatures up to 50 °C but are frequently around 35-45 °C, whereas most of
the thermophiles isolated from these environments are Firmicutes. One example is
the archacon Methanothermobacter thermautotrophicus. This species can be easily
isolated from sun-heated black sediments of lakes and mesobiotic sewage plants,
but it also has been isolated from sun-heated wood stumps in Georgia, United States
(Luo et al. 2013), and mesobiotic environments such as cold stream sediments in
Germany (Wiegel et al. 1981) or sediments of Lake Mendota, Wisconsin, for which
temperatures have never reached 16 °C. In contrast, thermophiles, living in steady
thermal environments such as thermal spring and sediments even if substrate con-
centration is low, do not have that selection pressure for very rapid growth as long
as their residence time in the pool is longer than their doubling time (Fig. 1.4).

1.8  Diversity of Thermophiles
1.8.1 Cultural Diversity

Most of the microorganisms from nearly all environments inhabit are presently
uncultured (Hugenholtz 2002). Considering the extreme conditions in which most
thermophiles thrive, some require special handling or novel approaches for their
enrichment, culturing, and isolation (Mesbah and Wiegel 2005). During our study
on thermal springs of Pakistan, based on the 16S rRNA gene sequence similarities,
we observed that 248 isolated strains belonged to 37 genera and 3 major phyla
which were Proteobacteria, Firmicutes, and Actinobacteria. Of the potentially
novel species of Actinobacteria and Bacteria, two were also characterized by poly-
phasic taxonomy. These strains were characterized as novel species of the genera
Nocardioides and Streptomyces (Amin et al. 2016, 2017a).

Until now many species of thermophilic anaerobic bacteria have been isolated
and described, and few anaerobic bacteria isolated and described include
Thermoanaerobacter tengcongensis sp. nov. (Xue et al. 2001), Chlorobium tepid-
ium sp. nov. (Wahlund et al. 1991), Pyrobaculum igneiluti sp. nov. (Lee et al. 2017),
and Desulfuribacillus stibiiarsenatis sp. nov. (Abin and Hollibaugh 2017) (others
are mentioned in Table 1.2). Their habitats include geothermal areas (Wiegel and
Ljungdahl 1981) (Jessen and Orlygsson 2012) and deep-sea vents (Slobodkin et al.
1999). Low-oxygen concentrations are usually present in the habitats of anaerobes;
hence most known thermophilic species are obligate or facultative anaerobes
(Amend and Shock 2001).

1.8.2 Phylogenetic and Genetic Diversity

Amplification of 16S rRNA genes directly from environmental DNA has shown
intense variation in amount of diversity among prokaryotes and novel lineages of
thermophilic bacteria and archaea (Kimura et al. 2005; Burgess 2009; Burgess et al.
2007). Sequences from deep-sea hydrothermal vents led to the identification of
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Fig. 1.4 Diversity of bacteria and Actinobacteria in hot water springs of Pakistan. Percentage in
brackets is showing the 16S rRNA gene sequence similarity

novel lineages among archaea and bacteria (Reysenbach et al. 2000), but this is not
an absolute fact because some thermal environment communities may contain only
a few phylogenetic types; e.g., Reysenbach and Shock (2002) identified only three
major phylogenetic groups out of 35 clones analyzed during a study on Yellowstone
National Park. During a study on Pakistan hot water springs by unculturable tech-
nique, major phyla observed were Proteobacteria, Chloroflexi, Thermotoga,
Bacteriodetes, Deinococcus-Thermus, Nitrospirae, and Acidobacteria, and other
well-reported thermal spring phyla which are still unclassified were UT06, OP11,
BRCI, OD1, OP§, OP1, OP3, OP9, OMAN, and NKB19 (Fig. 1.5). Presence of
40.1% unclassified OTUs clearly suggest the presence of many undiscovered and
unexplored unique microbiota within these sites (Amin et al. 2017b).
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Table 1.2 Few of the new species of thermophilic and mesophilic, aerobic and anaerobic bacteria
isolated from hot water springs and identified by polyphasic taxonomic approach from 2016 till
date

Isolated strains Temperature | References
Lampropedia cohaerens sp. nov. 45 Tripathi et al. (2016)
Bacillus licheniformis RBS 5 sp. nov. 65 Salem et al. (2016)
Caldimicrobium thiodismutans sp. nov. 75 Kojima et al. (2016)
Inmirania thermothiophila gen. nov. 35-68 Slobodkina et al. (2016)
Tepidibacillus decaturensis sp. nov. 20-60 Dong et al. (2016)
Chelatococcus thermostellatus sp. nov. 50 Ibrahim et al. (2016)
Deferrisoma palaeochoriense sp. nov. 30-70 Pérez-Rodriguez et al.
(2016)
Streptomyces sp. Al-Dhabi-1 sp. nov. 55 Al-Dhabi et al. (2016)
Thermostilla marina gen. nov., sp. nov. 30-68 Slobodkina et al. (2016)
Brevibacillus gelatini sp. nov. 45 Inan et al. (2016)
Cyanobacterial strains 26-58 Bravakos et al. (2016)
Athalassotoga saccharophila gen. nov., sp. nov. | 30-60 Itoh et al. (2016)

Mesoaciditogales ord. nov.

Mesoaciditogaceae fam. nov.

Brevibacillus borstelensis cifa_chp40 37-50 Tripathy et al. (2016b)
Brevibacillus sediminis sp. nov. 50-55 Xian et al. (2016)
Sulfuritortus calidifontis gen. nov., sp. nov. 1548 Kojima et al. (2017)
Nocardioides pakistanensis sp. nov. 2040 Amin et al. (2016)
Caldimicrobium thiodismutans sp. nov. 40-77 Kojima et al. (2016)
Streptomyces caldifontis sp. nov. 18-40 Amin et al. (2017a)
Pyrobaculum igneiluti sp. nov. 90 Lee et al. (2017)
Desulfuribacillus stibiiarsenatis sp. nov. 37 Abin and Hollibaugh
(2017)
Tibeticola sediminis gen. nov., sp. nov. 37-45 Khan et al. (2017)
Balneicella halophila gen. nov., sp. nov. 20-50 Fadhlaoui et al. (2016)
Thermoanaerobacterium butyriciformans sp. nov. | 50-55 Lépez et al. (2017)

While limited cultivation-based study of the geothermal springs in this region
has been reported (Javed et al. 2012), a cultivation-independent study which pro-
vides a more comprehensive assessment of microbial diversity was still lacking
before our studies. Great plate count anomaly illustrates that less than 1% of exist-
ing microorganisms are culturable. Under such conditions, culture-independent
approaches facilitate the exploration of microbial diversity from diverse habitats
(Hou et al. 2013). In Pakistan thermal springs, higher species richness and abun-
dance in sediments of Tattapani than in sediments of Tato field and Murtazaabad
were reported to be due to moderate temperature, high silicates, and high sulfate
contents of Tattapani springs. Lau et al. (2009) and Yim et al. (2006) also reported
the influence of temperature (<70 °C) for the presence of Cyanobacteria and
Chloroflexi in hot springs.

Thermophilic and hyperthermophilic bacteria had been predominantly isolated
from streamers with temperature above 75 °C and mainly comprised of the phyla
Aquificae, Deinococcus-Thermus, Thermodesulfobacteria, and Thermotogae and
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Fig. 1.5 Pie chart showing distribution of bacterial phyla and Actinobacteria in hot water springs
of Pakistan by pyrosequencing approach of 16S rRNA gene. Values in brackets are showing an
average number of OTUs (operational taxonomic units). Unclassified OTUs belong to UT06,
Caldithrix_p, BRC1, OP8, OP11, MATCR, OMAN, Bacteria_uc, NKB19, JX105615_p, WSI,
and O

some members of the phyla Proteobacteria and Firmicutes (Miller et al. 2009;
Wang et al. 2013). Murtazaabad hot springs with relatively higher temperature (90—
95 °C) favored the growth of thermophilic bacterial phylum Thermotogae. These
domains were also detected in higher proportion in sites of Tata field and Tattapani,
where average temperature is above 85 °C. However, OTUs of phyla Aquificae and
Deinococcus-Thermus were more dominant in sites ranging in temperature from 70
to 85 °C. At sites with low silica and high temperature, OTUs belonging to phylum
Chloroflexi were dominant. Kambura et al. (2016) believed that the existence of
phyla Actinobacteria and Firmicutes was an adaptation in low-nutrient conditions
of the hot springs.

1.8.3 Metabolic Diversity

Among all types of microbial metabolism from thermal environments, chemolithotro-
phy either autotrophy or heterotrophy is a foundation of hyperthermophilic communi-
ties in sunless and too hot environments which are not suitable for photoautotrophic
production. Few chemolithoautotrophs, e.g., bacteria of the order Aquificales, are con-
sidered as primary producers in these ecosystems (Blank et al. 2002). Among bacteria
are anaerobic Firmicutes such as the facultative chemolithoautotrophs Moorella
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thermoacetica that undergoes homoacetogenic fermentations from carbohydrates and
the anaerobe Ammonifex degensii, capable of forming ammonium from nitrate via
chemolithoautotrophic growth (Huber et al. 1996), Fe(Ill)-reducing Thermolithobacter
ferrireducens, and Thermolithobacter carboxydivorans, a hydrogenic CO utilizer
(Wiegel et al. 2003). Photoheterotrophic Chloroflexus aggregans, Chloroflexus auran-
tiacus, Heliobacterium modesticaldum, and Roseiflexus castenholzii (Hanada et al.
2002). In some examples, in situ geochemistry of thermal environments may be shap-
ing the dominant metabolisms or perhaps is shaped by the dominant metabolisms
(Orphan et al. 2003). Many thermal environments are enriched in elements that are
toxic to humans, such as arsenic and selenium, and some microorganisms in these
habitats use toxic, redox-active elements to gain energy, via either oxidation or reduc-
tion (Donahoe-Christiansen et al. 2004).

During a study by Amin et al. (2017b), Pakistan thermal springs were explored
for bacterial diversity and it was reported that among Murtazaabad hot water spring,
sulfur-reducing bacteria was extensively present in deep waters and Physiological
functions revealed that in sulpur rich grothermal springs with anoxic waters, meth-
ane is produced by consortium of methanotophs and sulfur reducing bacteria
(Tripathy et al. 2016a, b; Delgado-Serrano et al. 2014). Type I and II methanotrophs
and SRB were major constituents among phylum Proteobacteria and likely involved
in the mineral recycling under the low-oxygen conditions of hot springs, which in
turn helped in energy production. In acidic hot springs, this metabolism of energy
recycling was reported to be initiated by methane-oxidizing phylum Verrucomicrobia
(Islam et al. 2008; Sharp et al. 2012).

Few strains which are dependent on varied metabolic classes isolated from the
studied thermal springs included phylum Clostridia, which is obligatorily depen-
dent on methanogens or on the presence of an external electron acceptor; thermo-
philic anaerobic, Mn(IV)- and Fe(Ill)-reducing Carboxydocella species
Carboxydocella_uc and Carboxydocella manganica; and CO-assimilating chemo-
lithoautotroph which survived under aerobic conditions by using CO dehydroge-
nases under anaerobic conditions. Genus Ammoniphilus were present in the three
sites of Tattapani which were obligatory oxalotrophic and haloalkalitolerant bacte-
ria and required a high concentration of ammonium ions and pH of 6.8-9.5.
Unclassified species belonging to genera Anaerosporobacter and Nitratireductor
were also detected which were in accordance to the study made by Stackebrandt
(2014) who also reported oxidation of NO, to nitrate by Nitrospira at high tempera-
ture and subsequent reduction of nitrate to nitrous oxide or complete oxidation to N,
by members of the order Thermales, Aquificales, and Bacillales (Nakagawa and
Fukui 2002).

1.8.4 Ecological Diversity
The thermophilic prokaryotes have introduced us to novel modes of life because of

biological interactions in geothermally heated environments. The discovery of
deep-sea hydrothermal vent communities demonstrated that life can exist at
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temperatures 100 °C as well as at 2 °C on the basis of associated microbial vent
community (Corliss et al. 1979). Novel symbioses between eukaryotes and prokary-
otes have been identified at deep-sea vents, such as the association between the tube
worm Riftia pachyptila and chemosynthetic, sulfur-oxidizing bacteria (Cavanaugh
et al. 1981) or the thermotolerant Pompeii worm, which utilizes eurythermal
enzymes of a community of prokaryotes living on its back (Chevaldonné et al.
2000). Fledgling field of microecology is rapidly expanding, and thermal environ-
ments are exemplary systems for it (Magurran 2013). In hot water springs, the
diversity of microorganisms within mats of Cyanobacteria has been examined, and
the importance of a prokaryote species is determined based on its role in their envi-
ronments (Ward et al. 1998) and the effect of temperature on structuring community
of prokaryotes through genetic parameters and the distribution of different meta-
bolic types (Norris et al. 2002). FISH is also a helpful method that enables us to
examine the structural distribution of microorganism of known phylogenetic affili-
ations (Niibel et al. 2002). Lipids present within the membranes of prokaryotes can
be diagnostic for various types of microorganisms and have provided insight into
the distribution of microorganisms among different environments. For example,
analysis of glycerol dialkyl glycerol tetraethers (GDGTs) from selected hot springs
in Nevada exposed the presence of the archaeal lipid crenarchaeol, which was
believed to be present in low-temperature and marine environments. The second
evidence came from the presence of DGGE band sequences of 16S rRNA genes
from these springs which were related to thermophilic Crenarchaeota and con-
firmed that the presence of crenarchaeol is not exclusive to the cold-adapted, marine
branch of the Crenarchaeota (Pearson et al. 2004).

1.9 Conclusion

In Pakistan to date, not a single study has been reported for bacterial diversity of hot
water springs except studies by our group. Various other studies in which selective
bacteria were isolated from hot water springs of Pakistan include isolation of strain
Ralstonia sp. MRL-TL from hot water spring to check its ability to degrade poly(e-
caprolactone) (PCL) (Shah et al. 2015), Analysis of power generation from geother-
mal resources (Ahsan Mustageem et al. 2015), Euthermal hot water spring Mango Pir
was studied for physicochemical and biological studies and Cyanophyta, Zooplankton,
Bacillarophyta and Nematoda were isolated (Jahangir et al. 2001), freshwater spring
was studied from Kohat, Pakistan, and the quality assessments of the drinking water
were carried out by determining total coliform bacteria, total plate count, total fecal
coliform and E. coli (Ahmad et al. 2013). Another study from Pakistan strain AK9
was isolated from hot water spring of Tattapani Azad Kashmir, Pakistan; cellulase
enzyme was extracted and purified which reserved its activity from 50 to 70 °C and
3—7pH. They reported that B. amyloliquefaciens AK9 can be used in bioconversion of
lignocellulosic biomass to fermentable sugar (Irfan et al. 2017).

Further we suggest that in the future we should focus to unravel all ignored geo-
chemically important sites specially to fill gap of limited culturing techniques and
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substrates so far known to study these non-cultured bacteria. The taxonomic results
obtained will provide information for exploration in this regime and thus to discover
new whole area for further research in the subject of “extremophiles” which will
lead to studies on controlled experiments which would help identify which factors
influence species distribution at most. For example, Kumar et al. (2015), Boucher
etal. (2011), and Porter et al. (2017) reported that core genomes of Rhizobium legu-
minosarum and Vibrio cholerae have high similarity, but the accessory genome is
much varied (Porter et al. 2017). Specific classes of bacteria can be studied along
with their biogeochemical cycles, i.e., methane cycle-related microorganisms,
anaerobes, nitrogen cycle-related bacteria, sulfate-reducing bacteria, and archaea.
Novel enzymes can be extracted from novel genomes by metagenomic studies and
whole-genome analysis. Pasternak et al. (2013) stated that that impact of bacterial
diversity and their abundance on nature can be explained only by using full-genome
proteomic comparisons.

We have tried to highlight that microbial community composition varies with
change in biogeography, biogeochemistry, temperature, pH, physicochemical
parameters, and many other factors. Globally our results highlight the Pakistan ther-
mal springs, in part the effects of changes in bacterial population in specific set of
conditions, and particularly observed the microbial community differences, novel
microbiota, and the need to further investigate them to cover all metabolic and
genome-wide aspects. It will help researchers to extend this research for narrowing
down habitat in genomic interconnected populations, discrete, particular bacterial
lineages can be found in contrasting soil types, in case if genomic interconnections
will be low, variations in the core and accessory genomes could be found to solve
distribution of distinct biogeographical patterns.
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