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Metagenomics of Hyperthermophilic
Environments: Biodiversity
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Abstract The field of thermophilic microbiology was born in the late 1970s with
the pioneering work of Brock (Thermophiles biodiversity, ecology, and evolution.
Springer, Boston, pp. 1-9, 2001) and dramatically expanded through the ’80s with
the isolation of hyperthermophiles by Stetter (FEMS Microbiol Rev 18:149-158,
1996). The development of SSU rRNA phylogenetics revealed the complexity and
diversity of prokaryotic phylotypes on biotopes widely differing in extreme con-
ditions (e.g. spanning gradients of pH between 0 and 10 and temperatures from
60 °C to over 120 °C, respectively). Sites of volcanic activity all over the Earth’s
surface and under the sea provide a variety of different environments for extre-
mophilic microorganisms. Hot springs populated by hyperthermophiles
(Tope > 65 °C), the majority of which belonging to the domain of Archaea, are very
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 (Cowan et al. in Curr Opin Microbiol 25:97-102, 2015). Archaea inhabiting
hot springs are considered to be the closest living descendants of the earliest living
forms on Earth and their study provide insights into the origin and evolution of life
(Woese et al. in Proc Natl Acad Sci USA 87:4576-4579, 1990; Olsen et al. in J
Bacteriol 176:1-6, 1994). As with all studies of environmental microbiology, our
understanding of the function of (hyper)thermophilic microbial consortia has lagged
substantially behind. However, recent advances in ‘omics’ technologies, particu-
larly within a system biology context, have made significant progresses into the
prediction of in situ functionality (Cowan et al. in Curr Opin Microbiol 25:97-102,
2015). Most extremophilic microorganisms are recalcitrant to cultivation-based
approaches (Amann et al. in Microbiol Rev 59:143-69, 1995; Lorenz et al. in Curr
Opin Biotechnol 13:572-577, 2002); therefore, culture-independent metagenomic
strategies are promising approaches to assess the phylogenetic composition and
functional potential of microbial communities living in extreme environments
(Lopez-Lopez et al. in Life 3:308-320, 2013). In addition, these approaches
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implement tremendously the access to enzymes from (hyper)thermophilic
microorganisms that have important potential applications in several biotechno-
logical processes. We report here on the state-of-the-art of the metagenomic surveys
of different hot springs (T > 65 °C) (Table 5.1) and on the recent advance in the
discovery of new hyperthermostable biocatalysts of biotechnological interest from
metagenomic studies of these extreme environments.

5.1 Yellowstone National Park

The Yellowstone geothermal complex in the Yellowstone Caldera area is one of the
most studied geothermal locations that includes more then 10,000 thermal sites such
as geysers, mud pools, hot springs and vents showing a broad range in pH, tem-
perature and geochemical properties. All of these conditions make of the entire
geothermal area a natural laboratory for the study of the hyperthermophilic microbial
communities since 1953 shedding light on their evolution, metabolic potential and
adaptation to high-temperature environments (Marsh and Larsen 1953).

In 2005, Meyer-Dombard and co-workers reported a detailed environmental and
microbiological survey of three different hot springs in Yellowstone National Park
(YNP): Obsidian Pool (ObP) (80 °C, pH 6.5), Sylvan Spring (SSp) (81 °C,
pH ~ 5.5), and Bison Pool (BP) (83 °C, pH ~ 8.0) (Table 5.1) (Meyer-Dombard
et al. 2005). By the analysis of 16S rRNA genes, they reported that Thermocrinis,
followed by Geothermobacterium and different proteobacteria, dominate the bac-
terial community in ObP and BP. In addition, the archaeal community was mostly
composed by different groups of uncultured Crenarchaeota in ObP, while several
members belonging to family Desulfurococcaceae were found in BP. By contrast,
in SSp they identified Hydrogenothermus as the most abundant bacterial genus and,
among the archaea, observed the dominance of the families Desulfurococcaceae
and Thermoproteaceae (Meyer-Dombard et al. 2005).

A first wide metagenomic survey of the microbial species in the YNP was
addressed by Inskeep and co-workers in 2010 (Inskeep et al. 2010) aiming to
identify the predominant microbial populations of five geochemically different
high-temperature environments, their metabolic potentials and the genes probably
related to the different geochemical conditions across these sites (Table 5.1). Crater
Hills (CH) (75 °C, pH 2.5) is a turbid acidic pool with dissolved oxygen lower than
3 uM, low concentrations of dissolved H,S, H, and CH, and containing particles in
suspensions basically composed by elemental S and SiO,. The acidic sample col-
lected in Norris Geyser Basin (NGB) (65 °C, pH 3.0) from an oxygenated outflow
channel is rich in Felll-oxides and showed dissolved O, concentration in a range of
30-100 pM. Previous studies report that NGB, as well as CH, contain significant
numbers of Crenarchaea of the order Sulfolobales (Inskeep et al. 2005; Young et al.
2005; Kozubal et al. 2008). Joseph’s Coat (JCHS), Calcite (CS), and Mammoth Hot
Springs (MHS) are all sulfidic hot springs with pH > 6.1 and lower concentration of
dissolved O,, which differ geochemically from one another and show significant
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differences in the microbial communities. The sediment sampled at JCHS (80 °C,
pH 6.1) is rich of sulfides and elemental S while the aqueous phase contains high
concentration of CHy4, H,, NH,*, arsenite and thiosulfate showing several reduced
chemical species that could serve as electron donors for the chemolithotrophic
metabolism with low concentration of O,. CS (75 °C, pH 7.8) and MHS (71 °C, pH
6.6) samples were collected from high-velocity, highly-sulfidic outflow channels
and have been reported to be dominated by microorganisms of the order Aquificales
(Fouke et al. 2000, 2003; Reysenbach et al. 2005). Using binning and fragment
recruitment approaches, Inskeep and collaborators observed that high-temperature
springs with acidic pH were dominated by Archaea with distantly related organisms
whose genomes have been sequenced and that can be assigned to the orders
Sulfolobales (CH and NGB) and Thermoproteales (JCHS). Moreover, while a
significant number of contigs were assigned to novel populations of
Desulforococcales in all the three archaeal-dominated sites, just a modest number of
sequences were assigned to Sulfolobales in JCHS. These results suggest that the
members belonging to the class Thermoprotei are common in the archaeal com-
munities of YNP and that their relative abundance is modulated by differences in
pH and/or by the concentration of dissolved O,. Conversely, Bacteria belonging to
the order Aquificales dominated the two microbial communities inhabiting CS and
MHS with pH > 6.0. In particular, about 90% of the reads found in MHS showed a
nucleotide identity greater than 90% with Sulfurihydrogenibium sp. YO3AOP1
isolated in Obsidian Pool (Reysenbach et al. 2009) while the reads obtained from
CS were assigned with high identity to Thermus aquaticus and Sulfurihydro-
genibium yellowstonensis.

The more recently presented “YNP metagenome project” (Inskeep et al. 2013b),
comparing metagenomes and geophysical parameters of 20 different geothermal
sites in the YNP, represents one of the most complete studies of the communities
populating high-temperature environments. Thirteen of them with T > 65 °C have
been grouped in two different ecosystem types based on primary environmental
factors, such as pH, temperature, presence of dissolved sulfide and elemental S, and
additional physiographic parameters. The first ecosystem groups six sites populated
by Aquificales-rich “filamentous-streamer” communities (Table 5.1): Dragon
Spring (DS; 68-72 °C, pH 3.1); 100 Sping Plan (OSP_14; 72-74 °C, pH 3.5),
Octopus Spring (OS; 74-76 °C, pH 7.9) and Bechler Spring (BCH; 80-82 °C, pH
7.8) together with MHS and CS described above (Takacs-Vesbach et al. 2013;
Inskeep et al. 2013b). Takacs-vesbach and co-workers, by using a phylogenetic and
functional analysis of the metagenomic samples from the “filamentous-streamer”
communities, reported three lineages of Aquificales with a potential metabolism
related mainly to pH and sulfide and/or elemental sulfur. DS and OSP_14, showing
low-pH (pH 3.1-3.5) and high-sulfide concentration, contained Hydrogenobaculum
spp., whereas higher-pH sites were dominated by Sulfurihydrogenibium spp., as in
MHS and CS, or Thermocrinis-like populations, as in OS and BCH. Among these
sites, CS is the only one in YNP hosting Thermocrinis-like population together with
Sulfurihydrogenibium spp. as expected by previous 16S rRNA surveys that reported
only minor overlap in the distribution of different Aquificales species across the
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YNP geothermal environments (Reysenbach et al. 2005; Hall et al. 2008;
Hamamura et al. 2009). In addition, the authors used an automated phylogenomic
inference pipeline for bacterial sequences to detect the number of single-copy genes
and to evaluate the sequence heterogeneity within the Aquificales populations. In
this way, it was observed that although the community from MHS was dominated
by a quite homogeneous population of Sulfurihydrogenibium spp., the sites OS,
BCH and CS, carrying higher numbers of single-copy genes, showed greater
heterogeneity of Thermocrinis-like populations in situ. Differently, the acidic
sittes DS and OSP_14 contained, together with the primary populations
Hydrogenobaculum spp., different archaeal populations such as Metallosphaera-
like, Thaumarchaeota and Thermoplasmatales-like, consistently with the analysis
reported by Pride and Schoenfeld (2008), Schoenfeld et al. (2008). In particular,
although both the higher-pH sites OS and BCH with low-sulfide concentration
(<1 uM) contained similar Thermocrinis-like Aquificales, Takacs-vesbach reported
that the microbial community of OS, which contains at least three additional novel
bacterial assemblies related to unclassified 16S rRNA genes described previously
(Reysenbach et al. 1994; Blank et al. 2002; Hall et al. 2008), is considerably
different if compared to BCH populations. Even though, the inorganic constituents
of these two springs were similar enough. On these bases, the authors suggested
that the observed differences across these apparently similar sites could be
addressed to additional geochemical and geophysical factors, such as the total
dissolved organic carbon (DOC) and the amount of solid-phases of carbon, that
have not been deeply characterized in their study and that could play a key role in
the determination of the influence of the organic constituents on the microbial
community structure (Takacs-Vesbach et al. 2013). The linkages among geo-
chemistry, specific phylotypes and their metabolisms have been accounted by the
global protein analysis of the “streamer communities” with TIGRFAMs specific to
electron transport coupled with principal component analysis (PCA) and hierar-
chical clustering (HC). Focusing on the geochemistry of the community (in par-
ticular pH and sulfide content) Takacs-vesbach indeed observed that the samples
from DS (sulfur rich) and OSP_14 (Felll-oxide rich), although contain a quite
similar Hydrogenobaculum population, show different archaeal co-communities
composed by anaerobic/microaerophilic populations and oxidizing Sulfolobales in
DS and OSP_14 sites, respectively. These primary differences among the popula-
tions of the sites reflect specific metabolic pathways and are strictly related to the
different geochemical habitats. In particular, by the metagenomic sequence of the
Aquificales, especially in the Hydrogenobaculum and Sulfurihydrogenibium-like
organisms present in YNP, Takacs-vesbach and colleagues observed a variety of
S-oxidation pathways coupled with cbb3-Type C heme-copper oxidases (HCOs) or
bd-ubiquinol terminal oxidase complexes, indicating a clear potential for the oxi-
dation of reduced sulfur species. By contrast, they observed that the Thermocrinis
organism, present in the oxic samples from OS and BCH, contain Type A-HCOs,
indicating a functional divergence from the other Aquificales genera, which have
copies of both the HCOs type (Takacs-Vesbach et al. 2013).
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The second ecosystem in the “YNP metagenome project” includes seven
archaeal-dominated sediments (Table 5.1): Nymph Lake (NL; 88 °C, pH 4), Monarch
Geyser (MG; 78-80 °C, pH 4.0), Cistern Spring (CIS; 78-80 °C, pH 4.4), Washburn
Spring (WS; 76 °C, pH 6.4), 100 Spring Plan (OSP_8; 72 °C, pH 3.4), and including
CH and JCHS described above (Inskeep et al. 2013a, b). By following the approach
applied for the analysis of the Aquficales-dominated sites, the authors have
investigated in detail the thermal sites (70-85 °C and pH range 2.5-6.4) that rep-
resent some of the major chemotrophic habitats in YNP (Inskeep et al. 2013a). As
for the Aquificales “filamentous-streamer” communities, the archaeal-dominated
sites were classified primarily on the base of pH and the presence of dissolved
sulfide and elemental sulfur, while the temperature was not taken as a major
variable. The abiotic consumption of oxygen by reduced sulfur contributes to the
hypoxic conditions observed in CH, NL, MG, JCHS, CIS, and WS. The authors
observed that pH was a major factor controlling the distribution of Sulfolobales
versus Thermoproteales and Desulfurococcales. The combination of acidic pH,
reduced sulfur and high-temperature acts as severe constrain on the microbial
community diversity; indeed, CH and NL sites with these properties were domi-
nated by only two major Sulfolobales populations. The acidic NL site, together with
CH previously described, is a highly turbulent pool that contains suspended par-
ticles of elemental sulfur and SiO,, and low concentration of dissolved sulfide
(<5 puM). According to Menzel and collaborators, which analyzed CH and NL sites
(Menzel et al. 2015), CH is almost exclusively populated by Archaea with 96.4% of
reads (Roche/454 Titanium FLX), which are mostly Sulfolobaceae (85%) made up
of Sulfolobus and Acidianus species. Only 0.2% of the CH reads have been
assigned to bacterial species such as Hydrogenobaculum spp. and G. ther-
moleovorans. By contrast, the same authors report that NL site shows a higher
abundance of Bacteria (12.4% of reads assigned), prevalently Aquificae, and just
58% of reads are assigned to Archaea. As well as CH, the most abundant archaeal
family in NL was Sulfolobaceae (32%), followed by Thermoproteales and
Acidobales (9 and 2% respectively). In addition, an elevated abundance of archaeal
viruses (21% of reads) was found, consistent with those reported previously by
Bolduc and co-workers: this was the first time that the presence of putative RNA
viral genomes in high-temperature acidic hot springs was found by using a
metagenomic approach (Bolduc et al. 2012).

Inskeep et al. reported that also the sulfur sediments from MG, CIS, JCHS, with
pH between 4.0 and 6.0, contain a variable amounts of sequence assigned to
Sulfolobales populations while the Fe-oxide mats of the sample OSP_8, together
with the Fe-oxide “streamer” community in OSP_14, were the only sites with
sequences assigned to M. yellowstonensis-like populations (Inskeep et al. 2013a).
They observed that the main sequence clusters of MG, CIS and JCHS were related
to members of the orders Desulfurococcales and Thermoproteales corresponding to
Caldivirga/Vulcanisaeta-like and Pyrobaculum-like organisms. On the basis of
nucleotide word frequencies and principal component analysis (NWF PCA),
sequence similarity, and GC content, similar populations were also observed in the
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non-sulfidic sample OSP_8. This suggests that, although these represent the main
community members detected in sulfur-rich sediments from pH 4.0 to 6.0 (Jay et al.
2011) they inhabited also Fe-oxide mats in OSP_8 where sulfide and elemental
sulfur are absent. In addition, at last four major archaeal populations were identified
in OSP_8: M. yellowstonensis, Vulcanisaeta spp., Acidilobus spp. and a “novel
archaeal Group I’ (NAG1) (Inskeep et al. 2013a). Regarding the latter, successively
Kozubal and colleagues proposed that, representing the most abundant member of
the community in OSP_8 with about 20-55% of the total sequence reads, it was a
new phylum named Geoarchaeota. The abundance of Geoarchaeota in OSP_8§
allowed Kozubal and colleagues to obtain a contig coverage of average ~ 6x, and a
total scaffold length of ~1.7 Mb in only eight scaffolds (Kozubal et al. 2013).
Moreover, Inskeep and colleagues, reported that the microbial community of
OSP_8 is composed also by several less abundant Archaea including relatives of the
Euryarchaeota, Nanoarchaeota, and Crenarchaeota (as other Sulfolobales) (Inskeep
et al. 2013a). In addition to these phyla, in the oxic iron mat from OSP_8, Beam
and co-workers identified a new candidate phylum of Thaumarchaeota showing a
different respiratory machinery respect to the Thaumarchaeota population present in
the hypoxic sulfur sediments of DS sample (Beam et al. 2014).

JCHS sites showed evidence of subdominant bacterial populations and do not
contain significant numbers of methanogens, while the sediment from WS (80 °C,
pH 6.4) contained a significant amounts of sequences related to Bacteria. Inskeep
reported that they were more diverse and composed mainly by Sulfurihydrogeni-
bium and Thermodesulfobacteria-like (~15 and 10% of the assigned reads
respectively). Instead, several Thermoproteales populations composed the WS
archaeal community, and <1% of the sequences are related to Methanococci and/or
Methanosarcinales, which is consistent with the increased abundance of these
phylotypes at high pH. In addition, they reported that the PCA of the sequences
from these samples, specific to electron transport TIGRFAMs, highlighted the
differences in OSP_8 versus WS compared to the other sites. They suggest that
these differences could be ascribed to the higher abundance of bacterial pathways in
WS (Thermodesulfobacteria, Sulfurihydrogenibium), showing respiratory processes
considerably different than the dominant Archaea present in other sites (Inskeep
et al. 2013a). Moreover, it was found that WS was the only habitat containing a
significant population of Korarchaeota. This result is in line with recent studies on
the distribution of korarchaeotal sequences in Kamchatka and YNP showing that
these organisms have a narrow pH range of growth (<5.0-7.0) (Auchtung et al.
2011; Miller-Coleman et al. 2012).

The YNP project and the related studies represent a remarkable effort toward
understanding the relationship between the microbial community structures and the
metabolic potential across the different extremely hot environments in the
Yellowstone Caldera. The systematic selection of geochemically distinct sites
indeed provides a real guidebook to link specific phylotypes with peculiar
physico-chemical properties of the different habitats.
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5.1.1 Iceland

Iceland has a high concentration of active volcanoes due to its location on the
mid-Atlantic Ridge, a divergent tectonic plate boundary. The island has 30 active
volcanic systems most active/volatile. Among these sites, Menzel and coworkers
have analyzed through metagenomic approach two sites: Krisuvik and Grensdalur.
The total genomic DNA was extracted from both samples (sediment/water),
sequenced by Illumina Hiseq and analyzed with MEGAN (Huson and Weber 2013)
for estimating species abundances (Table 5.1).

The first site, Krysuvik (Is3-13), is situated on the Reykjanes peninsula and
consists of several geothermal fields, such as Seltun, where solfataras, fumaroles,
mud pots and hot springs have formed and the soil is colored in bright yellow, red,
and green hues. Is3-13 (90 °C, pH 3.5-4.0) is surrounded by other hot springs and
shows very limited access to organic materials. The second analyzed site is the
volcano Grensdalur (Is2-5S), with an air distance from Krisuvik of about 45 km.
This hot spring (85 °C and pH 5.0) was on a slope of a hill with flow through from
other hot springs higher up and the sediment is dark gray and very fine, almost
sandy. The surroundings are filled with various organic materials, such as moss and
lichen as well as the edges of the spring were encrusted with cyanobacterial or algal
mats (Menzel et al. 2015).

From the sample Is3-13 the mapped reads (about 8 millions) were assigned to
79% bacterial and 19.7% archaeal microorganisms. Proteobacteria was the domi-
nant phylum, comprising Gamma- (57%) and Beta-proteobacteria (13%) respon-
sible for nitrogen fixation. Within this phylum, Acidithiobacillus (52%) was the
most abundant genus. The archaeal community was largely composed of
Thermoproteales (13%) hydrogen-sulfur autotrophs, with Thermoproteus tenax
(12%) being the most abundant species, and Sulfolobales (3%).

In Is2-5S (about 7 millions of mapped reads), Menzel and co-workers reported
that almost 33% were assigned to Archaea while 62.1% to Bacteria. These latter
were largely comprised of Aquificae (29%), mostly belonging to the species
Thermocrinis albus (14%) and Sulfurihydrogenibium azorense (7%). Crenarchaeota
was the dominant archaeal phylum (25%) primarily populated by Pyrobaculum
genus (13%). The analysis of 16S rRNA predicted from the assembled contigs
revealed that many sequences showed > 99% similarity to SILVA database
sequences, most of them matching with sequences from species annotated as
uncultured (Menzel et al. 2015).

In conclusion, the work of Menzel and colleagues suggests that the community
structure is not affected by geographic distance, but by environmental parameters.
Indeed, Is2-5S (85 °C/pH 5.0) is similar to the Chinese (65 °C/pH 7.0) and Uzon
Caldera in Kamchatka (61-64 °C/pH 5.8-6.0) hot springs and a high overlap
between samples can be observed in both archaeal and bacterial components. The
sample Is3-13 (90 °C/pH 4.0) is similar to Solfatara volcano from Italy (76 °C/pH
3.0) and both samples have the lowest diversity.
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5.1.2 Kamchatka Peninsula

The Kamchatka peninsula, which is located in the Far East of Russia, comprises an
area of approximately 472,300 km? and is described as the land of fire by its first
explorers due to the high density of volcanoes and associated volcanic phenomena.
To examine the prokaryotic diversity of the microbial communities in this area,
three different metagenomic analyses were performed (Table 5.1) (Eme et al. 2013;
Wemheuer et al. 2013). Two samples were from the Central thermal field of Uzon
Caldera. The first one is derived from the hot spring referred to as Kam37, char-
acterized by a small bottom opening of 10 X 15 cm with a steady discharge and
very little rim overflow, at 85 °C, pH 5.5. The second sample, referred to as Uzon,
derived from the same caldera but is 81 °C, pH 7.2-7.4 while the third sample,
referred as Mutnovsky, is from a thermal and acidic spring (70 °C, pH 3.5-4.0) at
the Mutnovsky volcano.

Environmental DNA for metagenomic analyses was isolated from collected
sediment samples by direct cell lysis, and archaeal and bacterial 16S rRNA genes
were amplified by PCR and analyzed to assess the prokaryotic community. In
particular, Kam37 has been analyzed by constructing a fosmidic metagenomic
library and two SSU rRNA gene libraries (one archaeal- and one prokaryotic-
specific library). 108 clones obtained with prokaryotic primers and 149 clones from
the archaeal-specific library were analyzed. In addition, six selected clones of the
fosmid library were sequenced using the 454-pyrosequencing FLX technology, and
reads were assembled and annotated. The retrieved 16S rRNA gene sequences were
analyzed using QIIME (Caporaso et al. 2010b) to assess the prokaryotic community
structure of Uzon and Mutnovsky samples.

The SSU rRNA gene survey of Kam37 suggested that the community was dom-
inated by uncultivated members of the Aquificales, Euryarchaeota, Crenarchaeota,
and MCG (Miscellaneous Crenarchaeotic Group), whereas sixteen sequences were
similar to Thaumarchaeota, one of the new major archaeal lineages, including putative
phyla such as Korarchaeota and Nanoarchaeota. These metagenomic analyses pro-
vided the first genomic data from two novel major (hyper)thermophilic archaeal
lineages HTC1 and HTC2 (Hot Thaumarchaeota-related Clade 1 and 2, respectively),
which represent either an ancient lineage of high-taxonomic rank within
Thaumarchaeota. Interestingly, Thaumarcheota, together with Proteobacteria and
Thermotogae, dominated also the Uzon and Mutnovsky sites. A study by
Meyer-Dombard et al. (2005) investigated the prokaryotic community in three ther-
mal springs in the YNP (the Sylvan Spring, the Bison Pool, and the Obsidian Pool).
They have observed that the Sylvan Spring has a low pH of 5.0, whereas the other
pools have a rather neutral pH. However, the prokaryotic community structure of this
acidic spring was different to that found in the acidic Mutnovsky spring sample.
Meyer-Dombard et al. identified the Crenarchaeota as the most abundant archaeal
group, whereas Thaumarchaeota were the most abundant group in the acidic
Mutnovsky spring sample. Thaumarchaeota are the dominant archaeal group also in
hot springs on the Tibetan Plateau (Huang et al. 2011). By contrast, the analysis of the
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Uzon sample revealed a more diverse prokaryotic community than in the
Mutnovsky sample, being dominated by uncultured members of the MCG and
Enterobacteriaceae. Despite the geographical separation, the Obsidian Pool and the
Uzon Caldera hot spring share a very similar community structure, as almost the same
dominant archaeal and bacterial groups were identified, together with the rare phylum
of Korarchaeota (Meyer-Dombard et al. 2005). These results confirm also the pre-
sumption proposed for other sites that similar extreme environmental conditions result
in similar microbial communities (Simon et al. 2009).

5.1.3 Furnas Valley, Azores

Azores is a group of islands of volcanic origin in the Atlantic Ocean, with the main
hydrothermal area being the Furnas Valley on the Island of Sdo Miguel. The largest
spring is at the highest elevation and is alkaline, whereas some of the lower springs
are smaller and more acidic (Brock and Brock 1967). This is in opposition to the
displacement in YNP and in Iceland where the higher springs are small and acidic
and the lower ones are large and alkaline (Allen and Day 1935; Barth 1950). Sahm
and co-workers have analyzed nine sites in the Valley of Furnas, (AI-AIV near
Caldeira Do Esgucho, BI-BIII near Caldeirdo and CI and CII near Caldeira
Asmodeu) with a wide variety of physico-chemical characteristics with a range of
temperature between 51 and 92 °C and pH values between 2.5 and 8.0 (Sahm et al.
2013) (Table 5.1). The study was performed through a mixed approach including
the analysis of 16S rRNA, both by PCR amplification and metagenomic, fluores-
cence in situ hybridization (FISH), and denaturing gradient gel electrophoresis
(DGGE) to estimate the prokaryotic diversity. The DGGE-profile on all the sites
indicates that the pH showed the prominent effect on the microbial complexity in
the different samples. Indeed, the lower diversity was observed in combination of
extremes of acidic pH and temperature (pH 2.5-3.0 and 84 °C), while the highest
microbial diversity was detected with temperatures between 55 and 85 °C and pH
values between 7.0 and 8.0. The DGGE-profiles of archaeal 16S rRNA revealed an
overall lower number of bands showing a quite identical pattern in the closely
spaced sites with higher temperatures AIIl and AIV (85 °C pH 8.0 and 92 °C pH
8.0, respectively). The samples AI (51 °C, pH 3.0) and AIV are connected with the
outflow of AIV running into Al and show a wide diversity in temperature and pH.
The samples were analyzed by sequencing of the 16S rRNA, by using the ampli-
fication of the regions V2/V3 with specific primers for Archaea and Bacteria, and
by FISH by using domain-specific probes to quantify the relative abundances of
Bacteria and Archaea. Sahm and co-workers reported that, by FISH, Al site was
dominated by Bacteria (68% of total cells) and the Archaea could not be detected at
all. By contrast, the site AIV showed that the relative contribution of the specific
domains was almost 35% Archaea and 40% Bacteria (Sahm et al. 2013). The partial
amplification of 16S rRNA genes using specific primers for archaeal and bacterial
V2/V3 regions produced 93,576 clean sequences (74% of the total raw sequences)
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with an average length of 390 bases. In addition, the sample AIV was successively
analyzed by sequencing the overall 16S rRNA from the metagenomic DNA pro-
ducing 725 partial 16S RNA genes sequences that were analyzed against SILVA
database (Pruesse et al. 2007). The overall results indicate that the acidic spring Al
was dominated by Proteobacteria (80%), prevalently of the acidophilic genera such
as the heterotroph Acidicaldus (38%) and the chemolithoautotroph Acidithioba-
cillus (43%), and by the phylum of the Firmicutes (10%) related to Anoxybacillus.
Instead, bacteria belonging to the phyla of Thermotogae, Firmicutes and
Dictyoglomi, with the genera of the Fervidobacterium, Caldicellulosiruptor and
Dictyoglomus, respectively, dominated the site AIV. These genera constituted up to
61% and 88%, regarding the metagenomic pyrosequencing and the amplified
V2/V3 16s rRNA, respectively, of the bacterial community, indicating a high
abundance of heterotrophic microorganisms. The sequencing of the metagenomic
16S rRNA of this sample also revealed high abundance of two genera from the
phylum Aquificae, with the chemolithoautotrophic Sulfurihydrogenibium being the
dominant genus (22%) (Sahm et al. 2013).

The archaeal community of the two sites showed substantial differences. The
Archaea present in Al were only Euryarchaeota, mainly belonging to the genus
Thermoplasma (89%) while the archaeal population of the site AIV was almost
exclusively composed by Crenarchaeota, belonging to the family of Desulfuro-
coccaceae (75%), with the genera Sulfophobococcus (55%) and Desulfurococcus
(19%), and the family of Thermoproteaceae with the genus Pyrobaculum (25%).

A more detailed analysis of the 16S rRNA genes indicates that in AIV the partial
sequences are more than 99% identical to those from cultivated organisms. The
authors reported that for the genera of Fervidobacterium, Dictyoglomus and
Caldicellulosiruptor more than 85% of the sequences showed an identity >99% to
F. islandicum, D. thermophilum, and to C. lactoaceticus species, respectively,
while only few sequences (11%) were 97% identical to cultivated or related to
uncultivated species. A different situation was observed for Al where 94% of the
Acidicaldus-specific sequences were related to uncultivated organisms and 99% of
the Acidithiobacillus-sequences were 99% identical to Acidithiobacillus caldus
(Sahm et al. 2013).

This global result is in contrast to the majority of other environmental studies, in
which the largest proportion of sequences cannot be assigned to cultivated species.
Moreover, the dominant genera Caldicellulosiruptor, Dictyoglomus, and
Fervidobacterium in AIV site, have also been detected in in situ enrichment cultures
in hot springs from Uzon caldera in Kamchatka (Kublanov et al. 2009). The first two
genera are able to grow on polysaccharides (cellulose and chitin) while Fervidoba-
cterium grows on proteinaceous substrates, suggesting that the Furnas hot springs
could be a reliable source of new polymer-degrading enzymes and organisms.

16S rRNA analyses indicated the dominance of heterotrophic bacterial genera in
both springs in contrast to many other studies where Aquificales have been
repeatedly found to dominate. To explain this discrepancy, the authors suggest that
chemolithotrophic physiology probably based on the oxidation of H, or reduced
sulfur compounds is the major metabolic pathway in both samples and that,
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depending on the chemical characteristics of the spring, different subgroups of
Aquificales could be dominating. In particular, it was reported that high-sulfide and
sometimes iron-rich habitats were dominated by Aquificales branches J and S
which today are attributed to Sulfurihydrogenibium (Hugenholtz et al. 1998;
Yamamoto et al. 1998; Reysenbach et al. 2000). According to Sahm and col-
leagues, the high abundance of Sulfurihydrogenibium (9 and 22%, by FISH and
metagenomic respectively) from site AIV fitted into the picture. The low relative
abundance of chemolithoautotrophic organisms at site AIV might be related to the
high DOC concentration of 284 mg/L, while data from other hot springs where a
clear dominance of Aquificales was observed indicate DOC contents between 0.41
and 10 mg/L (Yamamoto et al. 1998; Hetzer et al. 2007; Hall et al. 2008). Thus, a
20-400-fold higher concentration of DOC in the Furnas spring could be a reason
for the abundance of heterotrophic bacteria. About the Archaea in the site AIV, the
metagenomic TRNA data suggest that the heterotrophic genera Sulfophobococcus
spp. and Desulfurococcus spp. represent approximately 74% of the sequences while
the remaining 26% could be related to chemolithotrophic genera Pyrobaculum
(25%), Stetteria (0.5%) and Staphylothermus (0.5%) (Sahm et al. 2013).

The study of Sahm and collaborators represents the state of the art on the
characterization of the microbial communities in the Furnas springs which,
according the authors, reflect a natural enrichment in this area of heterotrophic and
polymer degrading genera that could be promising for the search of new ther-
mostable biocatalysts for biotechnological applications.

5.1.4 Malaysian Sungai Klah

The Sungai Klah (SK) hot spring, the second hottest geothermal spring in Malaysia,
is a shallow, 150 m long, fast-flowing stream, with temperatures varying from 50 to
110 °C and a pH range of 7.0-9.0. Hidden within a wooded area, the SK hot spring
is continually fed by plant litter, resulting in a relatively high degree of total organic
carbon (TOC). In 2015, Chan and coworkers studied the middle of SK stream
(75-85 °C, pH 8.0) by performing a metagenomic analysis of a mixture of water and
sediment sample (Chan et al. 2015) (Table 5.1). The sample extracted from this site
was analyzed by 16S rRNA sequencing and shotgun analyses. For the metagenome
sequencing the [llumina HiSeq 2500 sequencer and a dual-indexed 151 (Paired-End
sequencing) strategy was used. Paired-end sequencing reads were filtered with the
Trimmomatic 0.30 trimming tool (Bolger et al. 2014) for a minimum terminal base
quality score of 20 and a length >30 bp. De novo assembly was performed using the
IDBA-UD assembler and all contigs <300 bp were discarded. This strategy allowed
obtaining a total of 278,434 contigs with coverage exceeding 10X. The authors
found that 88.44% of the predicted ORFs belonged to Bacteria, and 10.14% and
0.67% were from Archaea and Eukaryota, respectively. A small fraction of the total
contigs belonged to viruses and unclassified sequences. The metagenome shotgun
sequencing approach allowed the identification of 83 phyla, the top 6 of which are
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Firmicutes, Proteobacteria, Chloroflexi, Bacteroidetes, FEuryarchaeota and
Crenarchaeota. This distribution of the major phyla was similar between both the
16S rRNA and shotgun metagenome approaches. A total of 1,203,458 full-length
protein-coding genes identified within the shotgun metagenome dataset were ana-
lyzed and, among these, 817,831 ORFs were annotated and classified.

Interestingly, Chan and coworkers used the sequence affiliations to understand
the relationship between the geochemical parameters and the population diversity
within this hot spring. They showed that the SK hot spring community uses diverse
means for growth, as suggested by the analysis of carbon metabolism, since a
fraction of the community exhibits a complete metabolic pathway, whereas the
others may benefit from syntrophic relationships. In addition, microorganisms in
the SK community contain more than one carbon fixation pathway thus allowing
the use of different inorganic carbon sources. The community appears to survive
using mutualistic or commensalistic symbiotic relationships to thrive under multiple
environmental stresses. The authors suggested that the uniqueness of the diversified
pathways observed is likely a result of the physical characteristics of the hot spring
and of additional factors, such as dissolved gases, minerals, and trace elements.
The SK hot spring is richer in aluminum, iron, sulfate, and sulfur in comparison to
other Malaysian hot springs. The authors compared SK hot spring to 60 other
Malaysian sites, and reported that it is unique due to the natural environment of the
site. They identified four key factors; (i) the stream contains multiple spring pools
with temperatures exceeding >100 °C; (ii) temperature along the streams fluctuate
from 50 to 110 °C; (iii) pH along the streams is not uniform and ranges between 7.0
and 9.0, and (iv) the SK hot spring is fed with plant litters that enhance its carbon
contents. The analysis of the microbial diversity present in another hot spring
named Little Hot Creek (LHC) (78.7-82.5 °C and pH 6.75-6.97), determined by
16S rRNA analysis, revealed that the dominant phyla are Aquificae,
Thermodesulfobacteria, Deinococcus—Thermus, Thermotogae, Chloroflexi, and
Dictyoglomi (Vick et al. 2010). This is in contrast with SK, where approximately
56% of the phyla were composed of Firmicutes and Proteobacteria. As suggested
by the authors, the biodiversity of the SK hot spring is due to combinations of the
three aforementioned factors (i—iii) and to the plant litter enriching the SK micro-
biome diversity of thermophiles by providing additional carbon sources.

5.1.5 Tengchong, China

One of the most active geothermal areas in the world is Tengchong in China, which
is located on the northeastern edge of Tibet—Yunnan geothermal zone between the
Indian and Eurasian plates. The Rehai (““Hot Sea’) and Ruidian geothermal fields
in Tengchong are two regions of intense hydrothermal activity with numerous
springs and pools (Table 5.1). Physicochemical conditions span a wide range of
temperature (58-97 °C) and pH (1.8-9.3) (Hou et al. 2013). Rehai harbors various
types of hot springs: small source, high discharge springs such as Gumingquan and
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Jiemeiquan; small, shallow acidic mud pools, such as those in Diretiyanqu, that
formed a decreasing temperature gradient; shallow acidic pool Zhenzhuquan; and
shallow spring with multiple geothermal sources such as Shuirebaozha. Large pools
with neutral pH such as Gongxiaoshe and Jinze are located in the Ruidian
geothermal field (Wang et al. 2014). Based on physical characteristics, the hot
springs can be divided in 4 groups: (i) high temperature and neutral-alkaline pH (in
both Rehai and Ruidian regions), (ii) moderate temperature and neutral pH
(Ruidian), (iii) low temperature and low pH (Rehai), (iv) high temperature and low
pH (Rehai). In 2013, Hou and co-workers published the first comprehensive census
of the microbial community in 16 different hot springs of Tengchong. Previously,
few metagenomic studies focused only on Crenarchaeota (Song et al. 2010) or
ammonia oxidizing archaeca (AOA) (Jiang et al. 2010) have been reported. Hou’s
work focused on the relationship between thermophilic microbial communities and
geochemical conditions. The microbial community was analyzed through PCR
amplification of the bacterial and archaeal V4 V8§ variable regions and sequencing
of the 16S rRNA genes. The sequences were aligned with the PyNAST method
(Caporaso et al. 2010a) and operational taxonomic units (OTUs) were identified
with Chimera Slayer (Haas et al. 2011). More than 90% of total sequences from
Rehai springs were composed of Archaea, mainly Crenarchaeota. Desulfurococ-
cales and Thermoproteales (mainly Pyrobaculum) were the dominant orders present
in the springs with neutral-alkaline pH (pH 6.7-9.4) and high concentrations of
silica, Na*, K™ and CI*. Instead Sulfolobales, predominantly the genus Sulfolobus,
were dominant in high temperature, acidic, and sulfur-rich springs (85.1-89.1 °C
and pH 2.5-4.8). Within acidic sites, temperature exerted a strong control on
community composition. With decreased temperature, a Sulfolobus-dominated
community was replaced by the bacterial taxa Hydrogenobaculum, with Aquificae
as the most abundant bacterial phylum. Some bacterial and archaeal groups, such as
Hydrogenobaculum and Sulfolobus, were found only in Rehai, whereas
Thermaceae and Rhodothermaceae were fairly abundant only in Ruidian. Putative
ammonia-oxidizing Thaumarchaeota were the dominant archaea in Ruidian.

The correlation between microbial diversity and environmental geochemistry
was measured by Chaol (predicted number of OTU), Shannon and equitability
indices based on 16S rRNA gene sequence data. These diversity indices were tested
for their correlation with the geochemical data using Mantel test. Higher microbial
richness, equitability, and diversity in Ruidian than in Rehai were found. According
to Hou et al., this might be due to the neutral pH, moderate temperatures, and high
TOC contents as well as the different mineralogy (carbonates and silicates) of the
Ruidian springs relative to those from Rehai (Hou et al. 2013).

More recently, the correlation between microbial diversity and geochemistry in
Tengchong has been analyzed by considering the seasonal changes (Wang et al.
2014), since the hot springs in Tengchong are located in a subtropical area with
heavy temporal monsoon rainfall (Briggs et al. 2014). Wang and co-workers
compared their samples collected in the rainy season (June and August) with the
analysis of Hou and colleagues obtained by samples collected in the dry season
(January). They found that the seasonal effects on the microbial diversity are more
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pronounced in sediment relative to water sample. In acidic springs the water
communities between January and June were highly similar to each other and both
were predominated by Sulfolobus. Instead, in August, Hydrogenobacter became the
most abundant taxon followed by Sulfolobus. In the sediments of two acidic
springs, named Zhenzhuquan (89.1 °C, pH 4.79) and Diretiyan-1 (85.1 °C, pH
2.58), from January to August the dominant taxa Sulfolobus was replaced by
Desulfococcus and Ignispaera, respectively. In the neutral-alkaline spring, the
water community remained constant in both dry and rainy seasons, except for the
Shuirebaozha spring (79.8 °C, pH 8.28) where, among the most abundant taxa,
Fervidobacterium changed in Hydrogenobacter from June to August, while
Persephonella remained constant over time. The two alkaline springs, characterized
by fast-flowing and high discharges, harbored Hydrogenobacter in January and
June but the community structures showed a notably change in August, where
Persephonella and the candidate phylum OP1 became the dominant members. Both
studies revealed that Ruidian sediments contained more diverse microbial lineages
than Rehai sediments thanks to the neutral pH and moderate temperatures.
Specifically, the neutral spring contained similar microbial lineages in January and
June, but in August a single dominant lineage of Thermus emerged.

The exact reasons of the seasonal changes in microbial community structure
were difficult to establish. Wang and co-workers suggested that pH was a primary
factor influencing the microbial community shifts, followed by temperature and
DOC. For example, in Zhenzhuquan, where the pH ranged from 4.8 in January to
6.1 in August, the change of dominant microbial lineages from Sulfolobus to
microaerophilic Hydrogenobacter (in the water) and anaerobic Desulfococcus (in
the sediments) was observed. Indeed, the pH 6.1 exceeded the growth pH range for
Sulfolobus (0.9-5.8) (Brock et al. 1972) but fits well with the pH range of
Hydrogenobacter (near neutral pH) (Takacs-Vesbach et al. 2013) and
Desulfococcus (pH 6.0-6.5) (Faith 1992). Instead, in the other acidic spring
Diretiyanqu-1 the shift of dominant taxa from Sulfolobus to Ignisphaera was not
driven by the increased pH but by the high accumulations of NH,*, K*, and Na*
ions that could inhibit the growth of Sulfolobus species by affecting their RNA
polymerase activity (Park and Lee 1999).

Microbial community composition and its correlation with geochemistry in
Tengchong could be better understood by a comparison to other geothermal sys-
tems in the world. In terms of mechanisms and genesis, the Tengchong hot springs
are very similar to those in YNP in that they are both volcanically driven. As a
result, many springs in YNP and Tengchong, in particular in Rehai, harbored
similar microbial communities at the phylum and family/genus levels such as the
bacterial and archaeal phyla Aquificae and Crenarchaeota, respectively. In more
detail, four genera of Aquificales were present in both Tengchong and YNP springs
(Hou et al. 2013) but their relative abundance was highly different. For example, in
neutral alkaline springs (>78 °C) Hydrogenobacter dominated on Thermocrinis,
although, the former was more abundant at lower temperatures (60-80 °C) than
Thermocrinis (75-92 °C) (Eder and Huber 2002). Instead, Sulfurihydrogenibium
is more scarcely present in Tengchong than YNP springs (Inskeep et al. 2005;
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Yang et al. 2011). Hou and coworkers suggested that this may be related to
maximum growth temperature of 78 °C of Sulfurihydrogenibium, which was below
the lowest temperature in the neutral and alkaline samples (78-90 °C), except
Ruidian springs (74-82 °C). In the latter springs, however, the relatively high
dissolved O, content may be incompatible with the microaerophilic nature of
Sulfurihydrogenibium (Nakagawa et al. 2005). Deinococcus-Thermus, the most
abundant species in Ruidian spring (73.8 °C, pH 7.29), has a geochemical distri-
bution similar to YNP and the crenarchaeal class Thermoprotei is largely abundant
in Rehai and in many sites in YNP (Meyer-Dombard et al. 2005).

In conclusion, the two geothermal fields Rehai and Ruidian were highly diverse
in their environmental conditions, in terms of temperature range (55-94 °C) and pH
(2.5-9.4). The bacterial phylum Aquificae and the archaeal phylum Crenarchaeota
are dominant in all Rehai samples and in the water samples of Ruidian but their
specific compositions are highly dependent on geo-physical characteristics of the
springs and seasonal physicochemical changes (Hou et al. 2013; Wang et al. 2014).
Therefore, these studies suggest that the temperature, the pH and other geochemical
conditions play a key role in shaping the microbial community structure in
Tengchong hot springs.

5.1.6 Taupo Volcanic Zone, New Zealand

The Taupo Volcanic Zone (TVZ) consists of a complex group of high temperature
geothermal systems in the central North Island of New Zealand. One of the major
geothermal fields in the TVZ is Waiotapu, which is characterized by a large number
of springs (Table 5.1) with elevated arsenic concentrations (Mountain et al. 2003).
The largest feature at Waiotapu is Champagne Pool (CP), ~65 m in diameter with
an estimated volume of ~ 50,000 m® (Hedenquist and Henley 1985), and an arsenic
concentration between 2.9 and 4.2 mg L™". The inner rim of CP is characterized by
subaqueous orange amorphous As-S precipitate (Jones et al. 2001). The narrow
outflow channel (~40 cm wide and 5 cm deep), in a sub-aerial sinter dam, drains
the spring water out across a shallow siliceous sinter terrace. Convection in CP
stabilizes water temperature at 75 °C, while in the surrounding silica terrace
(“Artist’s Palette”), the temperature decreases to 45 °C. Water-rock interactions
beneath the pool lead to silica dissolution and sulfide oxidation (Ellis and Mahon
1967) and provide sources of acidity to CP waters. In 2014, Hug and co-workers
studied the microbial contributions to coupled arsenic and sulfur cycling at
Champagne Pool, with implications for understanding the evolution of microbial
arsenic resistance in sulfidic geothermal systems. In this study, the hot spring was
divided in four sampling sites on the basis of distinctive physical and chemical
characteristics. These sites were located along a natural hydrologic gradient from the
inner pool (CPp) through the inner rim (CPr) and outflow channel (CPc), with pH
ranging between 5.5 and 5.8, and on to an outer silica terrace (AP), pH 6.9. Total
dissolved arsenic concentrations of 3.0, 2.9, 3.6, and 4.2 mg L~ were measured at
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sites CPp, CPr, CPc and AP, respectively. All sampled sites contained total dissolved
sulfur concentrations between 91 and 105 mg L™' (Hug et al. 2014). High tem-
peratures and high concentrations of dissolved toxic metal(loid)s determine a strong
selective pressure on extant microbial communities. Indeed sulfide, elemental sulfur,
thiosulfate, and sulfate are common electron donors or acceptors for microorganisms
under hydrothermal conditions (Macur et al. 2013), and sulfide ions are highly
reactive with arsenic. Indeed, Stauder and co-workers suggested the transformation
of arsenite into thioarsenates via elemental sulfur indicating that, microbially-
mediated sulfur cycling could exert a profound, although indirect, influence on
arsenic speciation, by thioarsenate species control (Stauder et al. 2005). In com-
parison to arsenite and arsenate, thioarsenates are considered to be less toxic for
microorganisms, as the sulfurarsenic bond leaves no free electron pair to bind with
sulthydryl-groups in amino acids. Despite in the work by Planer-Friedrich et al.
(2008) thioarsenate species were identified as potentially toxic to microorganisms
over longer exposure times, it has been demonstrated that many microbes employ a
range of strategies to detoxify arsenic (Planer-Friedrich et al. 2008). The most
ubiquitous arsenic resistance mechanism is the expression of the ars operon
encoding for proteins that identify and transport arsenic (Paez-Espino et al. 2009).

To determine potential microbial contributions to arsenic speciation in CP and to
characterize the microbial diversity, Hug and co-workers extracted total genomic
DNA from sediments and the samples were sequenced using Illumina Miseq.
Sequence analysis was performed using the rapid annotation subsystems technol-
ogy for metagenomes (MG-RAST) bioinformatics package. The numbers of clean
reads obtained by the sequencing were about 2 million for CPp, CPr and CPc and
about 4 million for the AP sample. For taxonomic analysis, 16S rRNA gene
sequence data were compared to all accessory databases. These analyses showed
that the lowest species abundance was detected at CPc, with species abundances of
CPp and CPr closer to CPp than to AP. At CPp, 12% of the sequences belonged to
Archaea, consisting almost exclusively of Thermofilum, Sulfolobus and
Pyrobaculum (together 8%). Instead, 16S rRNA gene sequences resulted
~21-28% of Archaea at CPr and CPc, respectively, mostly assigned to genera
Sulfolobus, Thermofilum, Pyrobaculum, Desulfurococcus, Thermococcus, and
Staphylothermus. In AP only 2% of the sequences belonged to Archaea, with no
dominant genus present. Hug reported that, across all sites, most abundant
sequences belonged to Bacteria closely related to the genus Sulfurihydrogenibium,
in particular 19% at CPp and CPr, 13% CPc and 10% AP. Additionally, bacterial
genera Anoxybacillus and Persephonella comprised 38 and 3% of the total
sequences at CPp, respectively; whereas at AP, alongside Sulfurihydrogenibium,
Thiomonas and Thermus were the most abundant bacterial genera in the community
with 9% and 4% of total sequences.

Hug and colleagues reported that microbial community, including a large group
of sulfur-cycling microorganisms, increased its richness with decreasing tempera-
tures and increasing pH. They suggested that this could be an evidence of the
indirect biological mediation of arsenic speciation via microbial sulfur cycling
(Ullrich et al. 2013; Hug et al. 2014). At CPp, the main proportion of sulfur
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metabolizing genes belonged to sulfur oxidation genes, whereas at CPr and CPc
belonged to sulfur reduction genes. Instead at AP the proportion of sulfur metab-
olizing genes changed again to sulfur oxidation genes. According to the authors, the
combination of sulfide dehydrogenase and sulfur oxygenase-reductase encoding
genes, detected as major sulfur oxidation genes at CPp, suggests a two-step sulfide
oxidation process to sulfite and thiosulfate, also producing sulfide. Thiosulfate
could be further oxidized via oxygen at the surface of the pool. The annotation of
sulfur oxidation genes detected at CPp revealed a close relationship to the genus
Sulfolobus. This sulfur-oxidizing genus (Brock et al. 1972) enhances the potential
for production of thiosulfate and sulfate. Other 16S rRNA gene sequences detected
in CPp were closely related to members of the order Aquificales, primary producers
in high temperature ecosystems (Eder and Huber 2002) and capable of oxidizing H,
or reduced sulfur species. The presence of sulfur reduction genes at CPp, belonging
to the dsr and asr gene complexes, is consistent with the thiosulfate or elemental
sulfur-reducing genus Pyrobaculum (Stetter et al. 1990). The resulting biogenic
sulfide produced, would then be available to transform arsenite to monothioarsenate
and yielding H,. At CPr the increase in sulfur reduction genes is consistent with the
detection of close relatives from the genera, which have the potential to reduce
thiosulfate or elemental sulfur to sulfide. Since the sulfide concentration at Cpr did
not increase significantly, Hug and collaborators assumed that biogenic sulfide was
probably rapidly reoxidized via sulfur oxidation by Sulfolobus (Hug et al. 2014). In
addition, the authors observed that alongside the indirect impacts on arsenic
transformation from microbial sulfur cycling, the metagenomic data for all sites
revealed the presence of arsenic resistance genes. The dominance of the ars operon
supports the high degree of utility and conservation of this arsenic resistance
mechanism (Hug et al. 2014).

In conclusion, phylogenetic analysis of 16S rRNA genes from metagenomic
sequencing revealed the dominance of Sulfurihydrogenibium at all sites and an
increased archaeal population at the rim and outflow channel. Several phylotypes
were found closely related to known sulfur- and sulfide-oxidizers, as well as sulfur-
and sulfate-reducers. Bioinformatic analysis revealed genes underpinning sulfur
redox transformations, consistent with sulfur speciation data, and illustrating a
microbial role in sulfur-dependent transformation of arsenite to thioarsenate.
Metagenomic analysis also revealed genes encoding for arsenate reductase at all
sites, reflecting the ubiquity of thioarsenate and a need for microbial arsenate
resistance despite anoxic conditions.

5.1.7 Phlegraean Fields, Italy

The Phlegraean Fields is a large volcanic area situated to the west of Naples, Italy.
The area of the caldera comprises 24 craters and volcanic features, lying mostly
underwater and showing hydrothermal activity at Lucrino, Agnano and in the town
of Pozzuoli.
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Solfatara volcano is located in the central part of the repeatedly collapsed
Phlegraean Fields caldera, and is one of the youngest volcanoes formed within this
active volcanic field (Rosi and Santacroce 1984; Orsi et al. 1996; Isaia et al. 2009).
It is a tuff cone located at 100 m above sea level, about 2 km off the town of
Pozzuoli. The central part of the crater is occupied by the “Fangaia mud pool”, at
which the water table emerges and a continuous rising of hydrothermal fluids
generates diffuse bubbling (Table 5.1) (Petrosino et al. 2012).

Pisciarelli spring is an area with intense hydrothermal activity and currently
exhibits one of the most impressive degassing manifestations. A direct relationship
between the increase of hydrothermal activity in the Pisciarelli solfataric area and
ground uplift in the caldera has been observed. For this reason, its activity is
considered a direct indicator of the volcanic dynamics (Troiano et al. 2014).
Pisciarelli spring is only about 800 m? in size, but contains more than 20 physically
and chemically different springs and mud holes (Table 5.1). A typical feature of
continental solfataric fields is the existence of two dominating zones in the soil. The
upper oxidized zone is an orange-colored Fe-oxid mat. Generally, the thickness
depends on the volcanic activity and exhalation of reducing volcanic gases such as
H,S and H,, and is between a few centimeters and about 50 cm. Under the oxidized
layer, there is a black-colored anoxic zone rich in ferrous sulfide. The surface
between these zones, with a width of a few millimeters, is slightly yellow-colored
and characterized by the presence of elemental sulfur. This element is formed by
chemical oxidation of H,S coming from below by molecular oxygen penetrating
from the surface into the soil. In this high-temperature environment, beyond sulfide,
arsenic is one of the most prominent heavy metals (Huber et al. 2000). This sug-
gests the existence of hyperthermophiles, in arsenic rich environment, able to use
arsenic compounds in their metabolism, as Hug and co-workers found in
Champagne Pool (New Zealand) (Hug et al. 2014). Previous phylogenetic analy-
ses of a highly acidic sample from Pisciarelli (original temperature 95-97 °C)
showed archaeal 16S rRNA sequences belonging to the Sulfolobales and
Thermoplasmatales, which are known to grow optimally between pH 1.0 and 3.0
(Huber et al. 2000). In particular, Sulfolobus solfataricus strain P2 was isolated for
the first time from Pisciarelli (Zillig et al. 1980).

In 2015 Menzel and colleagues analyzed Solfatara volcano (It6) and Pisciarelli
hot spring (It3) by metagenomic approach aiming to define the biodiversity, gen-
ome contents and inferred functions of bacterial and archaeal communities (Menzel
et al. 2015). 1t6 sample (76 °C, pH 3.0, water/sediment) was sequenced by Illumina
Hiseq and analyzed for estimating species abundances by MEGAN (Huson and
Weber 2013). From this sample 78.6% of the mapped reads were assigned to
Bacteria and 17.6% to Archaea. The most abundant phyla were Proteobacteria
(72%) and Thermoprotei (15%). The former was mostly comprised of the genus
Acidithiobacillus (64%) and a smaller number of Firmicutes (4%). Archaea were
composed by Crenarchaeota (15%), with Acidianus hospitalis being the most
abundant species (4%), and Euryarchaeota (3%), with 2% of the reads assigned to
Ferroplasma acidarmanus. By the assembly of the reads, Menzel et al. reported 8
distinct 16S rRNA archaeal sequences. Among these, two sequences were assigned
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to Acidithiobacillus, three to Sulfolobus, two to Sulfobacillus species. One predicted
full-length 16S sequence showed 99.8% identity to Ferroplasma acidarmanus.
According to the authors, the metabolism of these genera reflected the organic and
inorganic content of the pool; for example, the aerobic and autotrophic bacterium,
A. thiooxidans is a sulfur oxidizer, acidophilic, chemoautotrophic whose carbon
requirements are fulfilled by CO, from the atmosphere (Ko et al. 2013; Menzel
et al. 2015). Instead F. acidarmanus is iron-oxidizing archaeon.

In addition, Menzel and co-workers analyzed Pisciarelli site (It3) (86 °C, pH 5.5,
water/sediment). Total genomic DNA was extracted from sample and sequenced by
Roche/454 Titanium FLX. To estimate the species abundance MEGAN was used to
analyze the cleaned reads (about 680,000). It3 almost exclusively contains Archaea
(96.6%), with 50% of clean reads assigned to Acidianus hospitalis and 32% to
Pyrobaculum species. These data have been confirmed by 16S rRNA sequences
analysis. Among the 9 identified sequences, 3 were >98% identical to Acidianus
species, including one full length with >99% identity to Acidianus hospitalis W1I.
Moreover, 3 sequences showed highest identity to Pyrobaculum species (Menzel
et al. 2015).

In conclusion, Menzel and colleagues suggested that the community structure
was largely determined by a combination of environmental parameters, rather than
geographical distance. Indeed, It3 sample (86 °C, pH 5.5) was almost exclusively
comprised of Crenarchaeota (30% of Pyrobaculum species), which also corre-
sponded to other moderately acidic pools in YNP (79 °C, pH 1.8) (Inskeep et al.
2013a). In contrast, the sample 1t6 (76 °C, pH 3.0) was largely comprised of species
belonged to the bacterial genus Acidithiobacillus, which is known to be an aci-
dophilic mesophile. However, members of this genus have recently been observed
in a hydrothermal spring (51 °C/pH 3) of the Azores (Sahm et al. 2013), in a highly
acidic river metagenome (59 °C/pH 1) from Argentina (Sofia Urbieta et al. 2014)
and in a thermoacidophilic hot pool (70 °C/pH 3.5-4) at the Mutnovsky volcano
(Wembheuer et al. 2013).

5.1.8 Metagenomics of Hydrothermal Sites to Access
to Novel Enzymes for Biotechnology

The sources of new enzymes were technically limited to a minor fraction of total
microbial diversity, the culturable microorganisms, which have been estimated as
representing less than 1% of the real diversity in most environments (Amann et al.
1995). This drawback is even more prominent with extremophilic microorganisms.
Thus, metagenomics of extreme environments play a key role in the discovery of
new enzymes with unique feature combinations crucial for industrial development.
Indeed, thermostable enzymes from thermophilic microorganisms are important
biocatalysts for industrial and biotechnological purposes, given that they can work
at high temperatures in which mesophilic enzymes would be denatured. Two types
of protein thermostability are of interest for industrial purposes: thermodynamic
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stability (when an enzyme is used under denaturing conditions such as high tem-
perature or presence of an organic solvent) and long-term stability (Sharma et al.
2012). Enzymes from thermophiles, often show both types of thermostability and
are able to resist also at the combination of different denaturants (temperature and
organic solvents, detergents and extreme pH values) (Haki and Rakshit 2003). Due
to these unique properties, thermozymes are of tremendous importance for
biotechnological applications and, therefore, screening for novel biocatalysts from
extremophiles represents a valuable alternative to elaborative engineering proce-
dures for the optimization of available enzymes from mesophiles (Cobucci-Ponzano
et al. 2015).

Since the classical example of Taq DNA polymerase from Thermus aquaticus,
purified and isolated from hot springs (Chien et al. 1976), which made the devel-
opment of the PCR amplification technique possible, there are now many ther-
mophilic enzymes being used for biotechnological and industrial purposes. Studies
of the biodiversity in hot springs revealed the presence of complex communities
containing novel microorganisms, which can be potential sources of novel enzymes
with unique features of interest in industrial applications. Indeed, thermophiles and
hyperthermophiles produce a variety of hydrolytic enzymes such as lipases, gly-
cosidases, peptidases, which are of applicative interest. Thermophilic enzymes were
primarily screened in a culture-based manner, but bioprospecting of extreme tem-
perature metagenomes by either homology based DNA sequence data mining or
functional screening of metagenomic DNA libraries is currently regularly providing
new thermostable biocatalysts with potential in biotechnology applications.
Heterotrophic (hyper)thermophilic prokaryotes are capable to utilize various
polymeric substrates as carbon sources. A resourceful enzyme repertoire that is
stable at specific extreme environmental conditions facilitates the efficient degra-
dation of complex natural polymers including starch, lignocellulose, chitin as well
as proteins and fats (Elleuche et al. 2015). In recent years biocatalysts search in
metagenomic DNA libraries from hot springs was mainly focused on the discovery
of esterases, lipases and glycosidases, instead only one DNA polymerase and one
protease were reported. We here describe some recent examples of new ther-
mostable enzymes with high potential in biotechnological applications identified
from high temperature metagenomes (for a review see Lopez-Lopez et al. 2013;
Lewin et al. 2013).

Viral metagenomes are an unexplored source of sequence diversity for the
development of new enzymes. Moser and coworkers constructed a viral metage-
nomic library from Octopus hot spring in YNP and analyzed 21,198 Sanger
sequence reads. BLASTx alignment to the Genbank protein sequence database
identified hundreds of potential polymerase genes. Among these, they identified the
DNA polymerase 3173 with both high thermostability and innate reverse tran-
scriptase (RT) activity. An easier-to-use exonuclease-deficient derivative was
incorporated into a PyroScript RT-PCR master mix and compared to one enzyme
(Tth) and two-enzyme (MMLVRT/Taq) RT-PCR systems for quantitative analyses.
Specificity and sensitivity of 3173 Pol-based RT-PCR were higher than Tth Pol and
comparable to three common two-enzyme systems. The performance and simplified
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set-up make this enzyme a potential alternative for research and molecular diag-
nostics (Moser et al. 2012).

Lipases and esterases are ubiquitous in nature and can be found in animals,
plants and microorganisms, but most industrial lipases are of microbial origin.
Nowadays, lipases and esterases represent a major portion with high growth
potential in the World Industrial Enzymes Market. They have many applications in
the food and paper industry, synthesis of biopolymers, biodiesel production, syn-
thesis of fine chemicals, bioremediation and waste treatment. Most industrial pro-
cesses in which lipases/esterases are used as biocatalysts are carried out at
temperatures above 45 °C and in the presence of organic solvents. Lipases from
extremophiles can provide special features that make them more suitable for
specific applications where a lipolytic biocatalyst is required (Lopez-Lopez et al.
2014). Several thermostable esterases have been isolated in recent years by func-
tional screening of metagenomic libraries from hot spring. EstEl and Estl were
identified from a functional screening of metagenomic library of samplings in the
Sileri region of Indonesia (80-95 °C, pH 4.0-6.0) (Rhee et al. 2005) and of Jae
Sawn hot spring in Thailand (70 °C, pH 7.0) (Tirawongsaroj et al. 2008), respec-
tively. These enzymes display typical thermophilic profiles: extremely stable at 80
and 70 °C in the absence of any stabilizer, with high optimal temperatures of 95
and 70 °C, respectively. The activity at lower temperatures is remarkably high in
EstEl: 20% and 30% of its optimal activity is retained at 30 and 40 °C, respec-
tively. In addition, from the functional screening of the same Jae Sawn hot spring
metagenome, Tirawongsaroj and coworkers identified a novel patatin-like phos-
pholipase (PLP) containing four conserved domains, similar to other patatin-like
proteins with lipid acyl hydrolase activity, and exhibiting high Vmax toward p-
nitrophenyl butyrate. PLP and Estl enzymes had activity toward both short-chain
(C4 and C5) and long chain (C14 and C16) fatty acid esters. Therefore, PLP and
Estl are novel lipolytic enzymes from unculturable microbes, different from other
known patatin-like phospholipases and esterases, which usually show no activity
for substrates longer than C10 (Tirawongsaroj et al. 2008). More recently, three
novel genes encoding lipolytic enzymes (plpBW1I, estBW1I, and estBW2), including
a new patatin-like protein, have been identified by the functional screening of the
metagenomic library prepared by Wemheuer and coworkers from the Uzon caldera
in Kamchatka peninsula (see above). The closest relatives of all identified protein
sequences originated from known thermophiles. They were similar to uncharac-
terized putative gene products derived from Sulfurihydrogenibium azorense
(PIpBW1 and EstBW2), and Thermobaculum terrenum (EstBW1). The character-
ized lipolytic enzymes (PlpBW1, EstBW1, and EstBW2) showed features similar to
those of other metagenome derived esterases, which were identified in thermophilic
sites (Wemheuer et al. 2013).

The functional screening of the metagenomic library from the Uzon caldera
allowed the identification of first metagenome-derived peptidase from a ther-
mophilic environment (Wemheuer et al. 2013). The authors identified a gene
sequence (pepBWI) that is almost identical to that of a putative gene encoding a
serine peptidase of Desulfurococcus kamchatkiensis, belonging to the
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Crenarchaeota, whose 16S rRNA gene sequence was found in the 16S analysis of
the Uzon sample. The serine peptidase PepBW1 was affiliated to the subtilisin
family (family S8). The recombinant E. coli strain containing PepBW1 was tested
towards different proteins and showed proteolytic activity with skim milk and
elastin-Congo red but not with azoalbumin or azocasein; however, no more
enzymatic details are reported (Wemheuer et al. 2013).

Production of biofuels from the renewable lignocellulosic biomass is gradually
considered as a promising way to replacement of fossil fuels. However, its bio-
conversion has been limited by the saccharification step because the main com-
ponents of the lignocellulosic biomass (cellulose, hemicellulose and lignin) are
tightly held together. Enzymatic hydrolysis is the most common process to degrade
the cellulose and hemicellulose into fermentable sugars such as glucose and xylose.
Many extreme thermophiles are able to utilize a variety of carbohydrates pertinent
to the conversion of lignocellulosic biomass to biofuels. Identification and char-
acterization of the glycoside hydrolases from these extremely thermophilic
microorganisms is likely to generate new opportunities for the use of renewable
resources as biofuels (Blumer-Schuette et al. 2008). Recently, a family 1
B-glucosidase (Bgll) of archaeal origin was isolated by functional screening of a
metagenome from the hot spring Caldeirdo on the island Sdo Miguel (Azores,
Portugal) (Schroder et al. 2014). The samples collected at Furnas Valley, with
temperatures ranging from 60 to 70 °C, pH 6.0-7.0, included water, mud and
sediment. The putative protein Bgll exhibited 50-53% identity to putative gly-
coside hydrolases from species belonging to the class Thermoprotei of the phylum
Crenarchaeota. The recombinant enzyme showed a broad substrate spectrum with
activity toward cellobiose, cellotriose and lactose with a Ki value for glucose of
150 mM. Compared to most enzymes, extremely high specific activity with 3195
U/mg was observed at 90 °C and pH 6.5. Bgll was completely stable at pH 4.5-9.5
for 48 h at 4 °C and more than 40% of activity was measured at 105 °C. These
distinctive characteristics distinguish Bgll from other enzymes described so far and
make this enzyme suitable for application in numerous biotechnological applica-
tions that run at high temperatures (Schroder et al. 2014). To identify novel
enzymes to be used in second generation biofuel technology, a very interesting
approach based on the enrichment of microbial consortia on a selected biomass has
been reported by Graham and collaborators (Graham et al. 2011). The authors
assumed that given that no characterized hyperthermophilic archaeal species con-
tain a minimum set of exo-, and endo-hemicellulases required to grow on ligno-
cellulose above 90 °C, isolating a single cellulolytic species could be problematic.
Hence, they set out to reconstitute a consortium of hyperthermophiles that could
deconstruct lignocellulosic biomass at 90 °C. The sample was collected at Great
Boiling Springs, a circumneutral geothermal pool at 94 °C near Gerlach, Nevada.
The sediment was inoculated into minimal salts medium with the pulverized
Miscanthus gigas as the primary carbon and energy source; then, after 3 weeks at
90 °C, a secondary enrichment with microcrystalline cellulose and a tertiary step
with strips of Whatman No. 3 filter paper as a sole carbon source were set up. After
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this enrichment strategy, since repeated efforts to separate the individual species
were unsuccessful, they analyzed the consortium as a whole for potential cellulases
of interest. The analysis of the metagenome of this consortium allowed the iden-
tification of a multidomain cellulase, the most thermotolerant endoglucanase
reported to date, with a unique domain architecture. This approach, a compromise
between environmental metagenomics and classical microbial isolation, resulted in
the selection of a limited archaeal enrichment capable of growing on crystalline
cellulose at 90 °C. The authors found that the consortium enriched on Avicel
consisted of three strains but the closest characterized organism to the dominant
member is related to I. aggregans DSM17230, representing a divergent new species
of this genus. Since single isolates from this enrichment were not possible to obtain,
the authors suggested that the diverse enzymes needed for lignocellulose utilization
(cellulases, cellulose binding domains, xylanases, and cellobiohydrolases) do not
allow for the survival of a single isolated hyperthermophilic Archaeon (Graham
et al. 2011).

The studies surveyed in this paragraph prove that sequence-based and functional
metagenomics are powerful strategies to discovering new hyperthermophilic
enzymes with unique combinations of biochemical features and potential use in
industrial applications. In the sequence-based metagenomic approach, new enzymes
are discovered by exploring metagenomic data for enzymes homologous to known
activities. Another common strategy is a PCR-based method with degenerate pri-
mers designed according to the conserved regions of already-known classes of
enzymes. A disadvantage is that both approaches tend to detect only enzymes
related to previously reported families, and might overlook those with completely
new sequences. However, it is well documented that single amino acid differences
may have drastic influences on enzyme properties and substrate recognition.
Alternatively, metagenomic libraries can be subjected to functional screening to
detect clones that exhibit the enzymatic activities of interest. The advantage of the
function-driven approach is the potential for discovering entirely new classes of
biocatalysts, with no similarity to known enzymes. However, the success of such
screening relies on the kind of biotransformation process that should produce
metabolites that can be easily detected by simple activity tests (such as reaction
color) and on compatibility of the cloned genes with the transcription and trans-
lation machinery of the heterologous host, usually Escherichia coli. To overcome
this limitation, a special fosmid vector was developed for the expression of
metagenomic libraries from thermophiles. This vector, allowing the library to be
constructed in E. coli and subsequently transferred to Thermus thermophilus
(Angelov et al. 2009), could be of great help for the correct expression and folding
of enzymes form hyperthermophilic microorganisms and the functional screening
of metagenomic libraries from extreme environments.
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