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Editorial on the Research Topic
Genetics, Genomics and ~-Omics of Thermophiles

Thermophilic Archaea and Bacteria occupy heated environments. Advancement of next-generation
sequencing (NGS), single-cell analyses, and combinations of —omics and microscopic technologies
have resulted in the discovery of new thermophiles. This e-book consists of a review, and 10
original articles authored by 94 authors. The main aim of this Research Topic of Frontiers in
Microbiology was to provide a platform for researchers to describe recent findings on the ecology
of thermophiles using NGS, functional genomics, comparative genomics, gene evolution, and
extremozyme discovery.

The review by DeCastro et al. discussed the approaches currently available in assessing the
taxonomy and functional metagenomics of thermophiles in high temperature environments.
The review also provides limitations or challenges for each approach in the discovery of novel
thermozymes that include lipolytic enzymes, glycosidases, proteases, and oxidoreductases.

Nearly 50 years ago, Thomas Brock was among the earliest researchers who elucidated the
existence of living organisms in hot springs in Yellowstone National Park, YNP (Brock, 1967). In
this e-book, Thiel et al. revisited Mushroom Spring (60°C) and examined the microbial diversity
in the orange-colored undermat using NGS shotgun sequencing and 16S rRNA amplicon analyses.
The phylum Chloroflexi dominated 49% of total OT'Us, followed by Thermotogae, Armatimonadetes
(previously known as candidate division OP10), Aquificae, Cyanobacteria, Atribacteria (candidate
phylum OP-9/JS1), Nitrospirae and others. Thiel et al. showed that the dominant taxon, Roseoflexus,
had high microdiversity of the 16S rRNA gene sequences which most likely represent different
ecotypes with specific ecological adaptations. In a separate article, Saxena et al. performed
shotgun metagenomic and 16S rRNA amplicons sequencing from samples collected from three
Indian hot springs (43.5-98°C, pH 7.5-7.8). The alpha- and beta-diversity of thermophiles in
seven distinct sites were compared and the authors concluded that the temperatures significantly
affected the microbial community structure. These sites were dominated by phyla Proteobacteria,
Thermi, Chloroflexi, Bacteroidetes, Firmicutes, and Thermotogae. Data from shotgun metagenome
sequencing were used to assess hydrocarbon degradation pathways in the Anhoni hot spring. One
of the interesting insights from Saxena et al. is that all enzymes involved in a particular hydrocarbon
degradation pathway were not found in a single microbial species; therefore, the degradation could
only be completed by consortium members of the microbial community.
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Genomes of several hyper- and thermophilic bacteria
were sequenced and reported in this e-book. Dictyoglomus
turgidum has an optimum growth temperature (OGT) of 72°C.
Brumm et al. analyzed genome content of D. turgidum from
multiple aspects including metabolic pathways, polysaccharides
degradation and transport, energy generation, DNA repair
and recombination, and stress responses. D. turgidum has an
abundance of glycosyl hydrolases, 16 of which were examined
for their activities. D. turgidum can utilize most plant-based
polysaccharides, except crystalline cellulose. Zarafeta et al.
isolated a Dictyoglomus sp. Ch5.6.S from an in situ enrichment
culture containing xanthan gum established in a Yunnan hot
spring. A new hyperthermostable esterolytic enzyme (EstDZ3)
was identified from the genome sequence. The EstDZ3 is likely
a carboxylesterase as it reacts best on fatty acid esters with
short to medium chain lengths. The enzyme exhibited a half-
life of more than 24 h when incubated at 80°C. Clearly, both
articles suggested Dictyoglomus is an interesting genus with
biotechnological potential.

Three articles in this Research Topic provide novel insights
into sulfur-metabolizing prokaryotes. Zhang et al. studied the
evolution of six Acidithiobacillus caldus strains using comparative
genomic approaches. The authors identified many mobile genetic
elements and showed that gene gains and losses all drive the
genomic diversification in this species. Dai et al. compared the
genome of Sulfolobus sp. A20 with the Sulfolobus solfataricus,
Sulfolobus acidocaldarius, Sulfolobus islandicus, and Sulfolobus
tokodaii, and identified 1,801 core genes sequences. Genes
in central carbon metabolism and ammonium assimilation
are highly conserved in Sulfolobus. The genes for sulfur
oxygenase/reductase and inorganic nitrogen utilization which
are less conserved probably due to the presence or remnants of
insertion sequence elements. The anaerobic Thermosulfurimonas
dismutans S957 was isolated from a deep-sea hydrothermal
vent by Mardanov et al. and they showed that T. dismutans
had the sulfur-disproportionating capability even without the
need of direct contact of the cells to solid elemental sulfur.
It is therefore likely that the soluble glutathione persulfide is
the actual substrate entering the disproportionation pathway.
Mardanov et al. proposed a model of sulfur metabolism and
related pathways in T. dismutans.

Brock, T. D. (1967). Life at high temperatures. Science 158, 1012-1019.
Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Goh et al. reported the isolation and genome description
of a new bacterium strain RA (OGT: 50-60°C) in the
Rhodothermaceae. The strain RA is likely to be a new genus due to
its low 16S rRNA and housekeeping genes (e.g., recA, rpoD, and
gyrB) similarity to other genera in Rhodothermaceae. Goh et al.
also compared the genome of this bacterium with Rhodothermus
marinus DSM 42527 and Salinibacter ruber DSM" and showed
that it has putative genes for adaptation to osmotic stress
and survival in a high sulfidic hot springs. Using phylogenetic
analyses and sequence similarity networks, Cardenas et al
reported the phylogenomic analysis of 2,631 representative
rubrerythrins, a group of proteins involved in oxidative stress
defense. The authors proposed that “aerobic-type” rubrerythrins
underwent a separate adaptation process than that of the
“cyanobacterial group.” Lastly, Irla et al. compared four different
plasmids that were able to replicate in Bacillus methanolicus.
They reported the effects of copy number, expression levels
and stability of these plasmids in B. methanolicus. The article
provided new tools for genetic engineering of B. methanolicus.
We hope that this e-book can stimulate the research community
to integrate —omics and bioinformatics tools in understanding
the biology of heated environments and thermophiles.
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Metagenomics of Thermophiles with
a Focus on Discovery of Novel
Thermozymes

Maria-Eugenia DeCastro, Esther Rodriguez-Belmonte and Maria-Isabel Gonzalez-Siso *

Grupo EXPRELA, Centro de Investigacions Cientificas Avanzadas (CICA), Departamento de Bioloxia Celular e Molecular,
Facultade de Ciencias, Universidade da Coruria, A Corufia, Spain

Microbial populations living in environments with temperatures above 50°C
(thermophiles) have been widely studied, increasing our knowledge in the composition
and function of these ecological communities. Since these populations express a broad
number of heat-resistant enzymes (thermozymes), they also represent an important
source for novel biocatalysts that can be potentially used in industrial processes.
The integrated study of the whole-community DNA from an environment, known as
metagenomics, coupled with the development of next generation sequencing (NGS)
technologies, has allowed the generation of large amounts of data from thermophiles.
In this review, we summarize the main approaches commonly utilized for assessing the
taxonomic and functional diversity of thermophiles through metagenomics, including
several bioinformatics tools and some metagenome-derived methods to isolate their
thermozymes.

Keywords: metagenomics, thermophiles, thermozymes, bioinformatics, NGS

INTRODUCTION

Thermophiles (growing optimally at 50°C or higher), extreme thermophiles (65-79°C) and
hyperthermophiles (above 80°C), categories defined per Wagner and Wiegel (2008), are naturally
found in various geothermally heated regions of Earth such as hot springs and deep-sea
hydrothermal vents. They can also be present in decaying organic matter like compost and in
some man-made environments. Besides the high temperatures, many of these environments are
characterized by extreme pH or anoxia. The adaptation to these harsh habitats explains the high
genomic and metabolic flexibility of microbial communities in these ecosystems (Badhai et al.,
2015) and makes thermophiles and their thermostable proteins very suitable for some industrial
and biotechnological applications. Therefore, screening for novel biocatalysts from extremophiles
has become a very important field. In the last few years, novel thermostable polymerases (Moser
et al., 2012; Schoenfeld et al., 2013), beta-galactosidases (Wang et al., 2014), esterases (Fuciiios
et al., 2014), and xylanases (Shi et al., 2013), among others, have been described and characterized,
opening a new horizon in biotechnology.

Apart from the bioprospecting purposes, the analysis of these high-temperature ecosystems and
their inhabitants can improve our understanding of microbial diversity from an ecological point of
view and increase our knowledge of heat-tolerance adaptation (Lewin et al., 2013). Additionally, the
study of thermophiles provides a better comprehension about the origin and evolution of earliest
life, as they are considered to be phenotypically most similar to microorganisms present on the
primitive Earth (Farmer, 1998; Stetter, 2006). In addition to the bacterial and archaeal communities,
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there is an increasing interest in the study of the viral populations
living in high-temperature ecosystems, as viruses are reported
to be the main predators of prokaryotes in such environments
(Breitbart et al., 2004), participating in the biogeochemical cycles
and being important exchangers of genetic information (Rohwer
et al., 2009).

The first studies of these extremophiles required their
cultivation and isolation (Morrison and Tanner, 1922; Brock
and Freeze, 1969; Fiala and Stetter, 1986; Prokofeva et al., 2005;
De la Torre et al., 2008). Although these techniques have been
improved (Tsudome et al., 2009; Pham and Kim, 2012), the
growth of thermophiles under laboratory conditions is still a
limitation for the insights into the microbial diversity. The
evolution of high-throughput DNA sequencing has enabled the
development and improvement of metagenomics: the genomic
analysis of a population of microorganisms (Handelsman,
2004). Different high-temperature ecosystems like hot springs
(Schoenfeld et al., 2008; Gupta et al., 2012; Ghelani et al., 2015;
Lopez-Lopez et al., 2015b; Sangwan et al., 2015), deserts (Neveu
et al,, 2011; Fancello et al.,, 2012; Adriaenssens et al., 2015),
compost (Martins et al., 2013; Verma et al., 2013), hydrocarbon
reservoirs (de Vasconcellos et al., 2010; Kotlar et al., 2011),
hydrothermal vents (Anderson et al., 2011, 2014), or a biogas
plant (Ilmberger et al., 2012) have been analyzed using this
metagenomic approach. These whole community DNA based
studies were initially focused to answering the question “who are
there” and now have shifted to finding out “what are they doing,
allowing us the access to the natural microbial communities and
their metabolic potential (Kumar et al., 2015).

DIVERSITY ANALYSIS OF THERMOPHILES

Targeted Metagenomics

The universality of the 16S rRNA genes makes them an ideal
target for phylogenetic analysis and taxonomic classification
(Olsen et al., 1986). Schmidt et al. (1991) were the pioneers in
performing a community characterization based on metagenome
amplified 16S rRNA genes. Since then, the diversity of other
natural microbial communities started to be studied using this
approach. Jim’s Black Pool hot spring, in Yellowstone National
Park (YNP), is reported to be the first metagenome-derived
analysis of a high-temperature environment based on 16S rRNA
gene profiling (Barns et al., 1994).

Initially, these studies required the amplification of the
16S rRNA genes followed by either denaturing gradient gel
electrophoresis (DGGE, Muyzer et al., 1993) and sequencing or
by cloning of the amplicons. In this case, the libraries obtained
were screened using direct Sanger sequencing or restriction
fragment length polymorphism (RFLP) analysis (Liu et al., 1997;
Baker et al., 2001), to select and sequence those clones with
unique patterns (Figure1). As an example, the effect of pH,
temperature, and sulfide in the hyperthermophilic microbial
communities living in hot springs of northern Thailand was
determined with the amplification of complete 16S rRNA genes
followed by DGGE separation and sequencing (Purcell et al.,
2007). In a different study, RFLP analysis and sequencing of
clones with unique RFLP patterns was used to reveal the presence

of abundant novel Bacteria and Archaea sequences in a 16S rRNA
gene clone library prepared from the 55°C water and sediments
of Boiling Spring Lake in California, USA (Wilson et al., 2008).

With the development of next generation sequencing (NGS)
technologies, more samples can be analyzed at lower sequencing
cost and time, improving the production of 16S rRNA gene-
based biodiversity studies. Additionally, the use of NGS allows to
recover more information about the taxonomy of the sample, as
reflected by Song et al. (2013), who obtained greater detail in the
community structures from 16 Yunnan and Tibetan hot springs
with high throughput 454-pyrosequencing than previous studies
using conventional clone library and DGGE (Song et al., 2010).
These analyses often rely on a partial sequence of 16S rRNA
genes, as the read length of most NGS platforms is relatively
short. For this purpose, primers designed for amplification of
variable regions of 16S rRNA, like the V4-V8 (Hedlund et al.,
2013; Huang et al., 2013), or the V3-V4 (Chan et al., 2015) are
used. In the last few years, a high amount of extreme temperature
environments have been analyzed with this procedure, especially
hot springs, some of which are summarized in Table 1. Thanks to
this strategy, a large number of 16S rRNA sequences have been
produced and deposited in public databases like the Ribosomal
Database Project (RDP, Cole et al., 2014) or the SILVA database
(Quast et al., 2013).

Even when the process of generating and sequencing the
libraries is relatively fast, this PCR-based approach is biased due
to limitations of primers, PCR artifacts like chimeras (Ashelford
et al., 2005) and inhibitors that could be present in the sample
hindering the amplification (Urbieta et al., 2015). Although there
are some previous studies focused on primer design to acquire
a high coverage rate (Wang and Qian, 2009), difficulties of the
primers in recognizing all the 16S rRNA sequences have been
described (Cai et al,, 2013), leading to the unequal amplification
of species 16S rRNA genes. Furthermore, analysis of 16S rRNA
sequences can result in misidentification of the taxonomy, as
closely related species may harbor nearly identical 16S rRNA
genes. In addition, an overestimation of the community diversity
could occur since sporadic cases of distant horizontal transfer of
the 16S rRNA gene have been inferred from comparisons of these
genes within and between individual genomes (Yap et al., 1999;
Acinas et al., 2004).

The most used taxonomically informative genomic marker
in targeted metagenomics is 16S rRNA, but there are other
signature sequences that have been used to study the diversity
of thermophiles such as internal transcribed spacer regions (ITS,
Ferris et al., 2003) or 18S rRNA genes (Wilson et al., 2008), as well
as different protein-coding genes such as aoxB gene fragment,
which encodes the catalytic subunit of As(III) oxidase, employed
by Sharma et al. (2015) in combination to 16S rRNA to assess the
microbial diversity of the Soldhar hot spring in India.

Apart from the above mentioned amplicon-targeting strategy,
in some studies a sequence capture technique coupled with
NGS is driven to enrich the targeted sequences present in the
metagenome. Captured metagenomics involves custom-designed
hybridization-based oligonucleotide probes that hybridize with
the metagenomic libraries followed by the sequencing of the
probe-bound DNA fragments. Denonfoux et al. (2013) firstly
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FIGURE 1 | Schematic representation of the main approaches used for metagenomic analysis of thermophiles.
TABLE 1 | Examples of hot springs studied using the amplification of the variable regions of 16S rRNA.
Hot Type of pH Temperature  Sequencer Region References
spring sample (°C) amplified
Siloam, Limpopo, South Africa Water 9.5 63 Roche 454 GS FLX  V4-V7 Tekere et al., 2011
Lake Bogoria, Kenya Water, sediment and microbial 8.9-9.5 40-80 Roche 454 GS FLX  V3-V4 Dadheech et al., 2013
mat
Arzakan and Jermuk, Armenia Water and sediment 7.20-7.50 40-53 Roche 454 GS FLX  V4-V8 Hedlund et al., 2013
Bacon Manito Geothermal Field, Sediment 3.72-6.58 60-92 Roche 454 GS FLX  V4-V8 Huang et al., 2013
Philippines
Furnas Valley, Sad Miguel, Azores Water, sediment and microbial 2.5-8 51-92 Roche 454 GS FLX  V2-V3 Sahm et al., 2013
mat
Yunnan province and Tibet, China Sediment 3.2-8.6 47-96 Roche 454 GSFLX V4 Song et al., 2013
Zavarzin, Uzon Caldera, Microbial mat 6.6 56-58 Roche 454 GSFLX V3 Rozanov et al., 2014
Kamchatka, Russia
Sungai Klah, Malaysia Water and sediment 8 75-85 lllumina MiSeq V3-V4 Chan et al., 2015
Jakrem, Meghalaya, India Microbial mat - - lllumina V3 Panda et al., 2015
Odisha, Deulajhari, India Sediment 7.14-7.83 43-55 llumina GAIIX V3-V4 Singh and Subudhi, 2016

used this procedure to explore the methanogen diversity in Lake
Pavin (Frech Massif Central), showing that this GC-independent
procedure is less biased and can detect broader diversity than
traditional amplicon sequencing. The same approach has been
used to enhance the capture of functional genes coding for

carbohydrate-active enzymes and proteases in agricultural soils
(Manoharan et al., 2015), and could also be an interesting tool to

study thermophilic populations.

Another method for targeted metagenomics enrichment
is stable isotope probing (SIP) in which the environmental
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microorganisms are grown in the presence of substrates labeled
with isotopes. As a consequence of metabolic activity, the isotope
(usually 13C or I°N) is incorporated into the nucleic acids of the
microbes metabolizing the substrate, increasing the density of
DNA or RNA that can be after separated from unlabelled ones
(Coyotzi et al., 2016). The high-density community DNA is then
used as template to amplify by PCR the 16S rRNA sequences
(Brady et al., 2015) and/or some functional genes involved in
the selected metabolic pathway, thus allowing the study of the
microorganisms that are actively participating in the processes
of interest. Gerbl et al. (2014) used this technique to assess the
microbial populations implicated in the carbon cycle in the Franz
Josef Quelle radioactive thermal spring (Austrian Central Alps).

Although the strategies of targeted metagenomics can be used
to infer the taxonomic diversity of the community (16S rRNA
gene profiling) or particular aspects of its functional diversity,
a broader view of functional diversity, i.e., a more exhaustive
answer to the question “what are they doing,” is provided by
shotgun metagenomics (Figure 1).

Shotgun Metagenomics

Random sequencing of metagenomic DNA wusing high-
throughput sequencing technology is becoming increasingly
common. In this approach, DNA is extracted from the whole
community and subsequently sheared into small fragments that
are independently sequenced. At present, this is considered
the most accurate method for assessing the structure of an
environmental microbial community, since it does not comprise
any selection and reduces technical biases, especially the ones
introduced by amplification of the 16S rRNA gene (Lewin
et al,, 2013). Shah et al. (2011) compared bacterial communities
analyzed with both 16S rRNA and whole shotgun metagenomics,
revealing that the taxonomy derived from these two different
approaches cannot be directly compared. This study also
proposed that low abundance species are best identified through
16S rRNA gene sequencing. Therefore, some high-temperature
studies use, in parallel, both techniques to assess the taxonomic
composition of the microbial community (Dadheech et al., 2013;
Klatt et al., 2013; Chan et al., 2015).

The biodiversity of several hot environments such as oil
reservoirs (Kotlar et al., 2011), compost (Martins et al., 2013),
or hot springs (Zamora et al., 2015; Mehetre et al., 2016), was
studied using shotgun metagenomics sequencing. Some of them
are summarized in Table 2.

Development of NGS has greatly enhanced this approach.
The most widely used platforms for this kind of analysis in high
temperature environments are Illumina and Roche 454 (Table 2).
Mlumina currently offers the highest throughput per run and the
lowest cost per-base (Liu et al., 2012), generating read lengths up
to 300 bp. On the other hand, Roche 454 gives longer reads (1
kb maximum), which are easier to map to a reference genome;
however it is more expensive and has lower throughput (van
Dijk et al., 2014). Even though they have substantial differences
(Kumar et al., 2015), some studies have demonstrated that
the information recovered from both sequencing platforms is
comparable when analyzing the biodiversity of the same sample
(Luo et al., 2012).

The main limitations of shotgun metagenome sequencing
include its relatively expensive setup cost and the requirement
of very high computing power for data storage, retrieval, and
analysis. Another important drawback of this approach is that
high quality whole community DNA is needed, which makes
the extraction a critical step in the process of generating
metagenomic data. Therefore, some studies have focused on the
improvement of metagenomic DNA extraction from thermal
environments (Mitchell and Takacs-Vesbach, 2008; Li et al,
2013a; Gupta et al., 2016). Nowadays the NGS platforms allow
sequencing with low inputs of DNA, nevertheless in some cases it
is necessary to amplify the metagenomic DNA to obtain enough
quantity for preparing the sequencing libraries. As an example,
Nakai et al. (2011) used multiple displacement amplification with
Phi29 to sequence the metagenome of the hydrothermal fluid
of the Mariana Trough, an active back-arc basin in the western
Pacific Ocean. This amplification step is frequently required to
generate viral metagenomic libraries, introducing a subsequent
bias (Kim and Bae, 2011), as the extraction of enough high quality
viral nucleic acids is a difficult process that usually relies on virus
concentration methods.

To assess the taxonomic diversity with the short metagenomic
reads obtained after sequencing, there are several non-exclusive
approximations that can be done: analyzing taxonomically
informative marker genes, grouping sequences into defined
taxonomic groups (binning) or/and assembling sequences into
definite genomes (Sharpton, 2014).

As mentioned before, the most frequently used taxonomically
informative marker genes are rRNA genes or protein-coding
genes that tend to be single copy and common to microbial
genomes. In this approach, those reads that are homologs to the
marker gene are identified in the sequences of the metagenome
and annotated using sequence or phylogenetic similarity to the
marker gene database sequences. Bioinformatics applications for
this purpose include MetaPhyler (Liu et al., 2010), EMIRGE
(Miller et al., 2011), and AMPHORA (Wu and Scott, 2012).
Gladden et al. (2011) used EMIRGE to reconstruct near full-
length small subunit (SSU) rRNA genes from metagenomic
Mlumina sequences to determine the taxonomy of compost-
derived microbial consortia adapted to switchgrass at 60°C,
finding a low-diversity community with predominance of
Rhodothermus marinus and Thermus thermophilus. In another
study, Klatt et al. (2011) used AMPHORA to identify the
phylogenetic and functional marker genes in the assemblies
of several hot springs cyanobacterial metagenomes from YNP.
These studies allowed the discovery of novel chlorophototrophic
bacteria belonging to uncharacterized lineages within the order
Chlorobiales and within the Kingdom Chloroflexi. In a similar
approach, Lin et al. (2015) and Colman et al. (2016) used a 16S
rRNA gene-based diversity method blasting the metagenomic
reads against the SILVA reference database to characterize
bacterial populations in Shi-Huang-Ping acidic hot spring
(Taiwan) and in two thermal springs in YNP, respectively.

Taxonomic binning is defined as the process of grouping
reads or contigs and assigning them to operational taxonomic
units, depending on information such as sequence similarity,
sequence composition or read coverage (Droge and McHardy,
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TABLE 2 | Examples of high temperature environments studied with shotgun metagenomics.

Environment Location Type of pH Temperature Sequencer Total Size References
sample/s (°C) reads (Mbp)
Hot spring Yellowstone Microbial mat - 60-65 Sanger 161,976 167 Klatt et al., 2011
National Park, USA
Yellowstone Microbial mat 6.2-9.1 40-60 Sanger - 320.6 Klattetal, 2013
National Park, USA
Yellowstone Microbial mat 3.5 60-78 Roche 454 - - Kozubal et al.,
National Park, USA 2013
Yellowstone Microbial mat 2.5-7.8 65-80 Sanger 75,000 60 Inskeep et al.,
National Park, USA 2010
Yellowstone Microbial mat and 2.5-6.4 70-85 Sanger - 250 Inskeep et al.,
National Park, USA sediment 2013
Yellowstone Water 1.8 79 Roche 454 1,604,079 - Menzel et al., 2015
National Park, USA
Yellowstone Water 3.5-4.0 92 Roche 454 420,726 - Menzel et al., 2015
National Park, USA
Yellowstone Microbial mat 7.9 80-82 Sanger - 1.29 Colman et al.,
National Park, USA 2016
Los Azufres, Sediment 3.6 75 lllumina Gallx 6,000,792 216 Servin-
Mexico Garciduefias et al.,
2013
Lake Bogoria, Water, sediment and 8.9-9.5 40-80 Roche 454 24,567 12.7 Dadheech et al.,
Kenya microbial mat 2013
Sad Miguel, Azores Water, sediment and 2.5-8 51-92 Roche 454 - - Sahm et al., 2013
microbial mat
Champagne pool, Water and sediment 5.5-6.9 45-75 lllumina MiSeq 4,623,251 - Hug et al., 2014
New Zealand
Long Valley Microbial mat - 50-80 lllumina MiSeq - - Stamps et al.,
Caldera, California 2014
QOdisha, India Water and sediment 7.2-7.4 40-58 Roche 454 GS - 71.26  Badhaiet al., 2015
Sungai Klah, Water and sediment 8.00 75-85 lllumina HiSeq 5,5627,175,000 - Chan et al., 2015
Malaysia
Shi-Huang-Ping, Water 2.5 69 lllumina HiSeq 557,415,266 - Linetal., 2015
Taiwan
Lobios, Ourense, Water 8.2 76 lllumina HiSeq 11,982,436 - Lépez-Lopez
Spain et al.,, 2015b
Tuwa, India Water 8.2-9 54-65 lon Torrent 541,379 98.7 Mangrola et al.,
PGM 2015a
Lasundra, India Water 6.0 42-52 lon Torrent 606,867 98.6 Mangrola et al.,
PGM 2015b
Eryuan, China Sediment 7.0 65 lllumina HiSeq 10,360,000 - Menzel et al., 2015
Uzon Caldera, Water and sediment 5.8-6.0 61-64 Roche 454 660,054 - Menzel et al., 2015
Russia
Pozzuoli, Italy Water and sediment 3.0 76 lllumina HiSeq 10,060,000 - Menzel et al., 2015
Pisciarelly, Italy Sediment 55 86 Roche 454 876,681 - Menzel et al., 2015
Grensdalur, Iceland Water and sediment 5.0 85-90 lllumina HiSeq 10,330,000 - Menzel et al., 2015
Krisuvik, Iceland Water and sediment 3.5-4.0 90 lllumina HiSeq 10,050,000 - Menzel et al., 2015
Parvati River, India Water and microbial 71-1.4 93-52 lllumina Gallx 78,891,278 - Sangwan et al.,
mat 2015
Unkeshwar, India Water 7.3 50-60 lllumina HiSeq 848,096 212.87 Mehetre et al.,
2016
Deep sea Mid-Atlantic Ridge Microbial mat 9.0-11.0 90 lllumina HiSeq 46,361 35 Brazelton and
hidrotermal vent Baross, 2009
Juan de Fuca Ridge Sulfide chimney 2.0-3.0 316 Roche 454 308,034 7 Xie et al., 2011
(Continued)
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TABLE 2 | Continued

Environment Location Type of pH Temperature Sequencer Total Size References
sample/s (°C) reads (Mbp)
Guaymas Baisin, Black-smoker 6.0 190 Roche 454 512,83 196.38 Heetal, 2013
Gulf of California chimney
Juan de Fuca Ridge  Vent fluid - 125 Roche 454 808,051 - Anderson et al.,
2014
Biogas reactor Germany Microbial mat 6.64-8.11 55 Roche 454 303,493 120.50 Rademacher et al.,
2012
Linkdping, Sweden Digester material 7.5-8.1 50-55 Roche 454 250,478 - Sundberg et al.,
2013
Romania Sludge 6.94-7.62 55 lon Torrent 300,000 - Pap et al., 2015
PGM
Oil reservoir Norwegian sea Qil, water and gas - 85 Roche 454 702,607 345 Kotlar et al., 2011
Gippsland Basin, Formation water 7.2 120 Roche 454 - - Lietal, 2013a
Australia
Compost Séao Paulo Zoo Compost material 7 65.8-67.2 Roche 454 3,167,044 836 Martins et al.,
Park, Brazil 2013
Gold mine South Africa Fracture water 9.3 60 Sanger and 500,008 - Chivian et al.,
Roche 454 2008

In those studies comprising several samples, the total reads and size reflected is just the one of the sample with higher values.

2012). Metagenomic sequences can be binned based on their
sequence similarity to a database of taxonomically annotated
sequences using tools like MEGAN (Huson et al,, 2011) or MG-
RAST, a public resource for the automatic phylogenetic and
functional analysis of metagenomes (Meyer et al., 2008). MEGAN
bases its taxonomic classification on the NCBI taxonomy using
BLAST. With this tool, Klatt et al. (2013) assessed the community
structure of six phototrophic microbial mat communities in YNP
and Badhai et al. (2015) revealed the dominance of Bacteria over
Archaea in four geothermal springs in Odisha, India. Taxonomic
binning can be done with assembled or unassembled reads,
although assessing taxonomic abundance with assembled data
can led to a miscalculation of the abundance of some taxa, as
contigs are treated as a single sequence in most downstream
analysis, hindering the analytical tools to accurately quantify the
abundance of the taxon (Sharpton, 2014).

Assembly is described as the process of merging individual
metagenomic reads into longer pieces of contiguous sequences
(contigs) based on overlapping sequences and paired read
information (Droge and McHardy, 2012). Bioinformatic
implements like MetaVelvet (Namiki et al., 2012) or IDBA-
UD (Peng et al, 2012) have been used in the assembly of
whole shotgun metagenome reads to study the taxonomical
composition of different high-temperature environments.
For example, MetaVelvet was applied in the study of
eight globally distributed hot springs by Menzel et al.
(2015) and IDBA-UD in the analysis of the community
composition of Sungai Klah hot spring in Malaysia (Chan
et al, 2015). This step can simplify bioinformatic analysis,
but it may also produce chimeras, therefore researchers
often bin reads and assemble each bin independently to

decrease the probability of generating chimeras (Sharpton,
2014).

In recent studies, the integration of assembly and taxonomic
binning by sequence composition allowed the reconstruction of
several partial genomes from high-temperature environments
such as the genome of a novel archaeal Rudivirus obtained from
a Mexican hot spring, (Servin-Garciduenas et al., 2013) or the
draft genome sequence of Thermoanaerobacter sp. strain A7A,
reconstructed from the metagenome of a 102°C hydrocarbon
reservoir in the Bass Strait, Australia (Li et al., 2013b). Using
a similar approach, Sangwan et al. (2015), reconstructed the
genome of the bacterial predator Bdellovibrio ArHS, with the
metagenomic assembly of the microbial mats of an arsenic rich
hot spring in the Parvati river valley (Manikaran, India). Also,
Sharma et al. (2016) combining genomic and metagenomic data,
used two Cellulosimicrobium cellulans genomes derived from
metagenomics, to study the evolution of pathogenicity across the
species of C. cellulans.

FUNCTIONAL ANALYSIS OF
THERMOPHILES

Sequence-Based Function Prediction

The metagenomic reads obtained from shotgun sequencing of
an environmental DNA can be annotated with functions to
determine the functional diversity of the microbial community.
This usually comprises two steps: identifying metagenomic reads
that contain protein coding sequences (gene prediction), and
comparing the coding sequences to a database of genes, proteins,
protein families, or metabolic pathways (gene annotation)
(Sharpton, 2014). Some frequently used databases for functional
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annotation are the SEED annotation system (Overbeek et al.,
2014), the KEGG orthology (KO) database (Kanehisa et al.,
2016) or the Pfam database, based on hidden Markov models
(HMM) to classify in accordance with the protein domains
(Finn et al., 2015). There are several robust web resources
that can be easily used to perform gene prediction, database
search, family classification, and annotation, including MG-
RAST (Meyer et al., 2008), IMG/M (Markowitz et al., 2014),
or SUPER-FOCUS (Silva et al., 2015). Considerable functional
profiles of thermophilic populations have been based on
these tools such as the study of the microbiota of Tuwa
hot spring in India (Mangrola et al, 2015a) in which the
functional annotation was performed using the MG-RAST
pipeline. In this study, a high number of annotated features
were classified as unknown function, suggesting the potential
source of novel microbial species and their products. Similar
results were found in the metagenome of Unkeshwar, another
hot spring in India, where pathway annotation was done using
KEGG (Mehetre et al., 2016). For each contig sequence, the
assignment of KO numbers obtained from known reference hits
was done, revealing up to 20% unclassified sequences. These
results reflect a promising world of undiscovered proteins that
could be explored to find new catalysts for biotechnological
applications.

In this approach, it is important to consider that, despite the
information given by functional annotation of the metagenomic
sequences; the presence of a gene on a metagenome does not
mean that it is expressed. Therefore, functional metagenomics,
metatranscriptomics, and metaproteomics assays are necessary
to assess the real community functional activity. To increase
the probability of finding active functional genes involved in
a substrate uptake and transformation, some studies use a
substrate-induced enrichment of the community before the
metagenomic DNA extraction. After, these genes can be detected
either by sequence (Graham et al, 2011; Wang et al., 2016)
or by functional metagenomics (Chow et al., 2012). Using this
procedure, Graham et al. (2011) found and characterized an
hyperthermophilic cellulase in an archaeal community, obtained
by growth at 90°C of the sediment of a geothermal source
enriched with crystalline cellulose.

Another important limitation of shotgun metagenomics is
that the databases may be subjected to phylogenetic biases, as
some communities are more accurately or more exhaustively
annotated than others (Chistoserdova, 2010).

Functional Metagenomics

Function-based metagenomics relies on the construction of
metagenomic libraries by cloning environmental DNA into
expression vectors and propagating them in the appropriate
hosts, followed by activity-based screening. After an active clone
is identified, the sequence of the clone is determined, the
gene of interest is amplified and cloned with the subsequent
expression and characterization of the product to explore
its biotechnological potential (Figure 2). This technique has
the advantage of not requiring the cultivation of the native
microorganisms or previous sequence information of known

genes, thus representing a valuable approach for mining enzymes
with new features.

The use of functional metagenomics allows the discovery
of novel enzymes whose functions would not be predicted
based on DNA sequence. This approach complements sequence-
based metagenomics as the information from function-based
analyses can be used to annotate genomes and metagenomes
derived exclusively from sequence-based analyses (Lam et al.,
2015). Therefore, several investigations in thermal environments
combine sequencing methods (taxonomical and functional
characterization) with functional screening of clones (Chen et al.,
2007; Wembheuer et al., 2013; Leis et al., 2015; Lopez-Lopez et al.,
2015b).

Depending on the size of the insert, functional metagenomics
can be explored using fosmids (35-45 kb insert), BACs (~200
kb insert), cosmids (30-42 kb insert), or plasmids (<10 kb
insert). Bigger inserts are more likely to contain complete genes
and operons, allowing the expression of more enzymes. A great
number of high temperature functional metagenomics studies
use the commercial vector pCC1FOS (Table 3), which allows
inserts up to 40 kb, and it is available in a toolkit to simplify
the library construction. More information about this vector is
compiled in Lam et al. (2015) review.

There are several technically challenging steps in library
construction. Mainly, the high quality and length of the
metagenomic DNA required for proceeding to the ligation into
the vector and the need of obtaining a high proportion of
clones in order to cover all the variability of the microbial
community. This limitation is particularly important in soil
studies, where it has been reported that contaminants like humic
acids are present in metagenomic DNA extracts, interfering
with the subsequent enzymatic reactions. Therefore, the widely
extended method of soil DNA extraction established by Zhou
et al. (1996), is usually accomplished with further purification
of the sample that can lead to a loss of DNA yield. Some
studies show that the humic acids can be easily removed
by gel electrophoresis of the metagenomic DNA followed by
gel extraction, as humic acids migrate faster than the large
metagenomic DNA (Kwon et al., 2010). This simple approach
was used to construct a Turpan Basin soil metagenomic library
for a functional screening of thermostable beta-galactosidases
(Wang et al,, 2014). Alternatively, to avoid contaminating the
circulating buffer, electrophoresis can be paused after humic acids
have formed a front, excising the part of the gel containing the
humic acids, and replacing it with fresh gel (Cheng et al., 2014).

Another important drawback that compromises the
functional metagenomics approach is the selection of the
expression host. Although the commonly used E. coli strains
have relaxed requirements for promoter recognition and
translation initiation, some genes from environmental samples
may not be efficiently expressed due to differences in codon
usage, transcription and/or translation initiation signals,
protein-folding elements, post-translational modifications,
or toxicity of the active enzyme (Uchiyama and Miyazaki,
2009). This problem could be even worse when the proteins
expressed need special conditions to be active, such as high
temperatures, considering that mesophiles, like E. coli, do not
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FIGURE 2 | The two major strategies used for screening metagenomes in search of new thermozymes.
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survive at these high temperature conditions. Accordingly,
an alternative expression host may be required to overcome
the heterologous expression of some genes derived from hot
environments and thus, identify a broader range of enzymes. The
thermophilic bacterium T. thermophilus has been proposed as a
good candidate for function-based detection of thermozymes. In
arecent functional screening to detect esterases, Leis et al. (2015)
constructed two large insert fosmid metagenomic libraries of
compost and hot spring water using pCT3FK, a pCC1FOS
derived T. thermophilus/E. coli shuttle fosmid (Angelov et al.,
2009), in T. thermophilus and compared them to the same
libraries expressed in E. coli. Only two esterases were found
at 60°C in the libraries generated in E. coli while 5 different
esterases were discovered in the same libraries expressed in
T. thermophilus. Therefore, this could be a suitable system to
improve the detection of metagenome-derived thermozymes.
The main restriction of this approach is that pCT3FK integrates
into T. thermophilus chromosomal DNA. In fact, the genomes of
the positive clones isolated by Leis et al. (2015) were completely
sequenced before proceeding with the PCR amplification and
cloning of the candidate genes, with the consequent cost of time
and money. Other versatile broad-host-range cosmids that have
been used in a soil study (pJC8 and pJC24) allow the phenotypic
screening of the library in bacteria such as Bacillus and in the

yeast Saccharomyces (Cheng et al., 2014). The selection of the
appropriate substrate for the functional screening is also a crucial
step in this approach, as the substrate may cause biases in the
selection of the activities of interest. Recent studies suggest that
the initial selection of active clones with general substrates should
be followed by a more specific one to improve the effectiveness
of the detection (Ferrer et al., 2016). Other biases and limitations
of functional metagenomics and strategies for its improvement
have been previously reviewed by Ferrer et al. (2005) and Ekkers
etal. (2012).

Some hot environments where function-based screening of
microbial communities have been done include hot springs
(Lopez-Lopez et al, 2015b), deserts (Neveu et al, 2011),
petroleum reservoirs (de Vasconcellos et al., 2010), or human-
made environments like a biogas plant (Ilmberger et al., 2012),
demonstrating the potential of functional metagenomics as a very
important source of new thermozymes.

METAGENOME-DERIVED THERMOZYMES

Many industrial processes require elevated temperatures to take
place. Thus, microorganisms surviving at temperatures above
55°C represent an important source of biotechnological richness
for high temperature bioprocesses by producing a large variety
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TABLE 3 | Examples of thermozymes obtained by functional metagenomics.

Family Activity Metagenomic DNA Vector Host Substrate Total Positive References
source No. clones
clones
Lypolitic Lipase Biomass sequencing pIAFS2 E. coli Tributyrin 10,000 10 Meilleur et al.,
enzymes fed-batch reactor LE392MP 2009
Lipase Qil field soil pZErO-2 E. coli TOP10 Tributyrin, 83,000 1 Fan et al., 2011
rhodamine B
Lipase Botanical Garden soil, pSuperCos E. coli EPI100  Tributyrin 6500 2 Chow et al., 2012
Hamburg, Germany
Lipase Industrial wastewater pBeloBAC1 1 E. coli DH10B Tributyrin, 40,000 12 Sharma et al.,
treatment plant rhodamine B 2012
Lipase Activated sludge puC18 E. coli DH5ua Tricaprylin 130,000 1 Roh and Schmid,
2013
Lipase/Esterase  Hot spring, Kamchatka pCR-XL-TOPO E. coli DH5a Tributyrin - 3 Wemheuer et al.,
Peninsula 2013
Lipase/Esterase Ol polluted mud flat puUC19 E. coli DH5a Glyceryl 3000 2 Kim et al., 2015
trioctanoate
Esterase Poly(DL-lactic acid) puC18 E. coli DH10B PLA solution 40,000 7 Mayumi et al.,
disks in compost 2008
Esterase Compost pCC1FOS E. coli Tributyrin, 13,000 10 Kang et al., 2011
EPI300T1R gum arabic
Esterase Turpan Basin soil, China puC118 E. coli TOP10 Caprylate 21,000 3 Fan et al., 2012a
Esterase Turpan Basin soil, China puC118 E. coli DH5a Caprylate 26,000 1 Fan et al., 2012b
Esterase Activated sludge pBluescript E. coli DH5a Tributyrin 40,000 1 Shao et al., 2013
SK+
Esterase Turpan Basin soil, China puC118 E. coli DH5« Tributyrin 200,000 19 Wang et al., 2013
Esterase Deep-sea hydrothermal pUC18 E. coli Tributyrin - - Zhu et al., 2013
field, East Pacific XL1-blue
Esterase Guayas Basin smoker pCC2FOS E. coli Tributyrin 18,000 7 Fuetal., 2015
chimmeney EPIB00T1R
Esterase Qil polluted mud flat puUC19 E. coli DH5a Tributyrin 3000 Kim et al., 2015
Esterase Hot spring, Furnas, pCT3FK T Tributyrin 7968 Leis et al., 2015
Azores thermophilus
BLO3
Esterase Hot spring water Lobios,  pCC1FOS E. coli Tributyrin 11,600 6 Lépez-Loépez
Galicia, Spain EPIB00T1R etal., 2015b
Glycosidase Cellulase Compost pCC2FOS E. coli CMC Trypan 12,380 2 Kwon et al., 2010
EPI300T1R blue
Cellulase Biogas plant and pCC1FOS E. coli CMC Congo 29,000 14 lImberger et al.,
elephant feces EPI300T1R red 2012
Cellulase Activated sludge puC18 E. coli DH5a CMC 32,000 4 Sharma et al.,
2012
B-glucosidase Hot spring water, mud pCR-XL-TOPO E. coli TOP10 Esculin - 1 Schrdder et al.,
and sediment hydrate, 2014
ferricammonium
citrate
B-glucosidase Thermophilic pCC1FOS E. coli Esculin - - Wang et al., 2015
methanogenic digester EPIB00T1R hydrate,
ferricammonium
citrate
B-glucosidase Termite hindgut pUC118 E. coli DH5a Esculin 800,000 13 Gao et al., 2016
hydrate,
ferricammonium
citrate
B-galactosidase Hot spring, Hymalaya, PSMART E. coliDH10B  X-gal 10,000 1 Gupta et al., 2012
India LCamp
B-galactosidase  Turpan Basin soil, China pUC19AlacZ E. coli DH5a X-gal 8000 1 Zhang et al., 2013

(Continued)
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TABLE 3 | Continued

Family Activity Metagenomic DNA Vector Host Substrate Total Positive References
source No. clones
clones
B-galactosidase Turpan Basin soil, China pUC19AlacZ E. coli DH5«a X-gal 700,000 1 Wang et al., 2014
Xylanase Compost pCC2FOS E. coli Xylan 12,380 5 Kwon et al., 2010
EPI300T1R
Endoxylanase Compost-sail p18 GFP E. coli DH10B RBB-xylan 180,000 1 Verma et al., 2013
B-xylosidase Thermophilic pCC1FOS E. coli Esculin - - Wang et al., 2015
methanogenic digester EPIB00T1R hydrate,
ferricammonium
citrate
Various Raw and torrified wheat pCC1FOS E. coli X-fuc, X-gal, 44,000 71 Maruthamuthu
straw EPI300T1R X-Xyl, X-Man, etal, 2016
X-cel, X-glu
Amylase a-amylase Western Ghats sail pCC1FOS E. coli Potassium 76,000 1 Vidya et al., 2011
EPI300T1R iodide
solution
a-amylase Biogas reactor pBK-CMV E.coli XLOLR  AZCL- 2000 1 Jabbour et al.,
amylose 2013
Phosphatase Phytase Soil pCC1FOS E. coli Phytate 14,000 28 Tan et al., 2014
EPI300T1R
Protease Serine protease Sand Gobi desert pCC1FOS E. coli Skim milk 17,000 16 Neveu et al., 2011
EPI300T1R
Serine protease Sand Death Valley pBSKII+ E. coli DH10B Skim milk 30,000 1 Neveu et al., 2011
desert
Serine protease Soil pHTO1 E. coliDH10B  AZCL-casein - 1 Biver et al., 2013
Patatin-like Hot spring, Kamchatka pCR-XL-TOPO E. coli DH5a Skim milk - 1 Wembheuer et al.,
protein 2013
Serine protease Hot spring, puC18 E. coli DH5a Casein 9000 1 Singh et al., 2015
Chumathang Ladakh
Oxidoreductase Extradiol Activated sludge pCC1FOS E. coli Catechol 96,000 91 Suenaga et al.,
dioxygenase EPI300T1R 2007
Qil reservoir pCC2FOS E. coli Hexadecane 5000 72 de Vasconcellos
EPI300T1R etal., 2010
Dioxygenase Activated sludge pBeloBAC11 E. coli DH10B Phenol, 40,000 4 Sharma et al.,
catechol 2012

of biocatalysts. Biotechnological processes carried out at high
temperatures provide numerous benefits such as higher solubility
of reagents, and reduced risk of microbial contamination (Mirete
et al, 2016). From an industrial point of view, thermozymes
possess certain advantages over their mesophilic counterparts as
they are active and efficient under high temperatures, extreme
pH values, high substrate concentrations, and high pressure
(Sarmiento et al., 2015). Some of them are also highly resistant
to denaturing agents and organic solvents (Fan et al., 2011;
Roh and Schmid, 2013). In addition, thermozymes are easier to
separate from heat-labile proteins during purification steps as
reported by Pessela et al. (2004). As a result, high temperature-
active enzymes can be potentially used in diverse industrial
and biotechnological applications including food, paper and
textile processing, chemical synthesis and the production of
pharmaceuticals.

Some thermostable enzymes are still recovered by isolation
from thermophilic microorganisms (Shi et al., 2013; Fucifios
etal., 2014; Sen et al.,, 2016), however metagenomics has opened
a new important field in the discovery of novel biocatalysts and
has been revealed as a promising mining strategy of resources
for the biotechnological and pharmaceutical industry. There are
two different ways of screening a metagenome in search of
thermozymes: a sequence-based approach and a function-based
approach (Figure 2).

Sequence-based screening methods rely on the prior
knowledge of conserved sequences of domains/proteins/families
of interest. It involves primer designing followed by amplification
and cloning of the metagenomic genes. The main drawback of
this approach is its failure to detect fundamentally different novel
genes, as it cannot discover non-homologous enzymes. Some
potential biocatalysts have been isolated mining metagenomic
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TABLE 4 | Examples of thermozymes isolated by sequence-based screening of metagenomes.

Enzyme Source of metagenomic DNA References
Cellulase Long-term dry thermophilic methanogenic digester Wang et al., 2015
Xylanase Cow dung compost Sunetal., 2015
Xylanase Long-term dry thermophilic methanogenic digester Wang et al., 2015
Endoxylanase Compost Dougherty et al., 2012

B-galactosidase
B-xylosidase/a-arabinofuranosidase Compost
B-xylosidase
Pectinase
a-fucosidase Compost
Phytase (phosphatase)
Limonene 1,2-epoxide hydrolase
Nitrilase

a-amylase

Dehidroclorinase

Polymerase

Hot springs water

Hot spring water, Yongtai

Long-term dry thermophilic methanogenic digester
Hot spring soil, Manikaran, India

Insect-cultivated fungus gardens

Atlantis Il Deep Brine Pool, Red Sea
Hydrotermal vent, Juan de la Fuca
Soil contaminated with HCH-isomers
Hot spring 3173 Pol

Liu et al., 2015
Dougherty et al., 2012
Wang et al., 2015
Singh et al., 2012
Dougherty et al., 2012
Tan et al., 2016
Ferrandi et al., 2015
Sonbol et al., 2016
Wang et al., 2011
Macwan et al., 2011
Moser et al., 2012

sequences in prospecting for genes coding thermozymes
(Table 4). Namely, a gene encoding a thermostable pectinase
was isolated from a soil metagenome sample collected
from hot springs of Manikaran (India), using a PCR-based
cloning strategy with primers designed based on known
sequences of pectinase genes from other species (Singh
et al, 2012). The recombinant protein is proposed to be of
great use in industrial processes due to its activity over a
broad pH range. Thanks to this search based on sequence
homology to related gene families, 22 putative ORFs (open
reading frames) were identified from a switchgrass-adapted
compost community finding a bi-functional p-xylosidase/a-
arabinofuranosidase that maintained ~75% of its activity after
16 h at 60°C (Dougherty et al., 2012). The same sequence-
based approach was used by Ferrandi et al. (2015) who
discovered, cloned and characterized two novel limonene-
1,2-epoxide hydrolases (LEHs) with an in-silico screening of
the LEHs sequences in the assembled contigs from hot spring
metagenomes.

The function-based metagenomic screening is the
most important way to discover novel thermozymes as
it doesn’t rely on the sequence. The main advantage of
directly screening for enzymatic activities from metagenome
libraries is that it gives access to previously unknown genes
and their encoded enzymes. Thus, some completely new
thermozymes that couldn’t be found by sequence screening
have been discovered, like the unusual glycosyltransferase-
like enzyme with p-galactosidase activity recovered by Wang
et al. (2013) from a Turpan Basin soil metagenomic library.
Function-based metagenomic screening has allowed the
discovery of a wide range of thermozymes (Table 3). In this
review, we focus on the recovery of the functional-derived
thermostable metagenomic enzymes that are mostly used in
biocatalysis and industrial sectors, such as lipolytic enzymes,
glycosidases, proteases, and oxidoreductases (Bohnke and
Perner, 2015).

Lipolytic Enzymes

Lipolytic enzymes, comprising esterases (EC 3.1.1.1) and lipases
(EC 3.1.1.3), are extensively distributed in microorganisms,
plants, and animals. They catalyze the hydrolysis, synthesis, or
transesterification of ester bonds. At present, these enzymes
represent about 20% of commercialized enzymes for industrial
use (Lopez-Lopez et al,, 2015a), as they have great potential in
several industrial processes such as production of biodegradable
polymers, detergents, food flavoring, oil biodegradation, or waste
treatment, among others (Anobom et al., 2014). Therefore, a
considerable number of functional metagenomics studies are
focused on mining thermal environments in search for these
enzymes (Table 3).

Lipases are generally defined as carboxylesterases hydrolyzing
water-insoluble (acyl chain length >10) triglycerides, with
trioleoylglycerol as the standard substrate. In contrast, esterases
catalyze the hydrolysis of short-chain esters (acyl chain length
<10) with tributylglycerols (tributyrin) as the standard substrate,
although lipases are also capable of hydrolyzing esterase
substrates (Rhee et al.,, 2005). At least 200 different substrates
have been successfully applied in assays for functional selection
of esterase/lipase biocatalysts in metagenomic clone libraries
(Ferrer et al., 2016), including the widely used tributyrin
(Rhee et al., 2005; Meilleur et al., 2009; Lopez-Lopez et al,
2015b), and p-nitrophenyl (NP) acetate (Wang et al., 2013).
Meilleur et al. (2009) isolated a new alkali-thermostable lipase
with an optimal activity at 60°C and pH 10.5 by functional
screening of a metagenomic cosmid library from the biomass
produced in a gelatin enriched fed-batch reactor. Another gene
coding for a thermostable esterase was detected by functional
screening of fosmid environmental DNA libraries constructed
with metagenomes from thermal environmental samples of
Indonesia (Rhee et al., 2005). The recombinant esterase was
active from 30 up to 95°C with an optimal pH of approximately
6.0. Mayumi et al. (2008), generated a metagenomic library with
the community DNA extracted from biodegradable polyester
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poly(lactic acid) (PLA) disks buried in compost and found
a PLA depolymerase that had an esterase domain. Purified
enzyme showed the highest activity at 70°C and degraded
not only PLA, but also various aliphatic polyesters, tributyrin,
and p-NP esters. As mentioned before, those enzymes able of
retaining activity even in the presence of organic solvents are
considered very interesting for industrial applications. A new
thermophilic organic solvent-tolerant and halotolerant esterase
with an optimum pH and temperature of 7.0 and 50°C,
respectively, was found in the functional screening of a soil
metagenomic library with 48,000 clones (Wang et al., 2013).

Apart from these above cited sources, metagenomic esterases,
and lipases have been isolated by functional screening of other
hot environments like deep-sea hydrothermal vents (Zhu et al.,
2013) and hot springs (Lopez-Lopez et al,, 2015b) as shown
in Table3. A more extensive review of metagenome derived
extremophilic lipolytic enzymes can be found in Lopez-Lopez
etal. (2014).

Glycosidases

The enzymes that hydrolyze glycosidic bonds between two
or more sugars or a sugar and a nonsugar moiety within
carbohydrates or oligosaccharides are known as glycosyl
hydrolases (GHs) or glycosidases (Sathya and Khan, 2014).
There are 115 GH families, collected in the Carbohydrate Active
enZyme database (CAZy; http://www.cazy.org) (Lombard et al.,
2014), including a broad number of enzymes like cellulases,
p-galactosidases, amylases, and pectinases.

Cellulases encompass a group of complex enzymes
conformed by endo-f-1,4 glucanases, cellobiohydrolases,
cellodextrinases, and p-glucosidases. These enzymes work
together to degrade cellulose into simple sugars and their
thermostable representatives could be used in biofuel production
from lignocellulosic biomass (Bhalla et al., 2013). Several
substrates can be employed in plate-based screens for the
functional detection of clones harboring cellulase activity, such
as carboxymethyl-cellulose in combination with trypan blue,
Gram’s iodine, or Congo Red. Meddeb-Mouelhi et al. (2014),
found that Gram’s iodine may lead to the identification of
false positives, making Congo Red a more suitable dye for this
approach. Using Congo Red dye as a colorimetric substrate,
Ilmberger et al. (2012) obtained two fosmid clones derived from
a carboxymethyl-cellulose (CMC)-enriched library from a biogas
plant. These two fosmids were designated as pFosCelA2 and
pFosCelA3, encoding two thermostable cellulases with significant
activities in the presence of 30% (v/v) ionic liquids (ILs). This is
an interesting property for the cellulose degradation, as cellulose
could increase its solubility in the ILs.

From the group of cellulases, p-glucosidases have attracted
considerable attention in recent years due to their important
roles in various biotechnological processes such as hydrolysis
of isoflavone glucosides or the production of fuel ethanol
from agricultural residues (Singhania et al, 2013). Other
uses of P-glucosidases include the cleavage of phenolic and
phytoestrogen glucosides from fruits and vegetables for medical
applications or to enhance the quality of beverages. An
archaeal B-glucosidase (Bgll) showing activity toward cellobiose,

cellotriose, and lactose was isolated from a metagenome from
a hydrothermal spring in the island of Syo Miguel (Azores,
Portugal) (Schroder et al., 2014).

B-Galactosidases (EC 3.2.1.23), which hydrolyze lactose to
glucose and galactose, have two main applications in the
food industry: the production of low-lactose milk and dairy
products for lactose intolerant people and the generation of
galactooligosaccharides from lactose by the transgalactosylation
reaction. These enzymes can be also used in the revalorisation
of cheese whey (Becerra et al., 2015), a by-product of the dairy
industry with a high organic load that can be considered a
pollutant.

The most widely used substrate for the P-galactosidase
screening, 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(X-gal), is the substrate providing, in some cases, the lowest
number of positive hits in relation to the total number of clones
screened (Ferrer et al., 2016). Usually, the positive clones capable
of hydrolyzing the X-gal are further tested against ortho-NP--
galactoside (ONPG) and lactose (Wierzbicka-Wos et al., 2013).
Mayor drawbacks for the use of B-galactosidase in industrial
processes is the inhibition by the reaction products, leading to
a decrease in the reaction rates or even to stop the enzymatic
reaction completely. The thermostable B-galactosidase (Gal308)
discovered by Zhang et al. (2013) exhibited high tolerance
to galactose and glucose with the highest activity at 78°C, an
optimum pH of 6.8 and high enzyme activity with lactose as
substrate. The authors suggest that these properties would make
it a good candidate for the production of low-lactose milk and
dairy products. Another novel and thermostable alkalophilic
B-D-galactosidase with an optimum temperature at 65°C and
with high transglycosylation activity was identified through
functional screening of a metagenomic library from a hot spring
in northern Himalayan region of India (Gupta et al., 2012).

Xylans, made of pB-1,4 linked xylopyranoses as a linear
backbone with branches, constitute the second most significant
group of polysaccharides in plant cell walls and are degraded
by xylanases (Sathya and Khan, 2014). These hemicellulolytic
enzymes are mostly used as biobleaching agents in the paper and
pulp industry. The discovery of thermostable and alkali-stable
xylanases has become an important goal in this field since this
process requires high temperatures and alkali media, but this is
not the only application of thermostable xylanases (Kumar et al.,
2016). Functional metagenomics of hot environments represents
an interesting source of xylanases. As an example, a novel
alkali-stable and thermostable GH-11 endoxylanase encoding
gene (Mxyl), was isolated by functional screening of a compost-
soil metagenome (Verma et al, 2013). The thermostability
of this enzyme was subsequently engineered by directed site
mutagenesis (Verma and Satyanarayana, 2013).

Amylases are known as enzymes that catalyze the hydrolysis
of starch into sugars (Sundarram et al., 2014). A novel and
thermostable amylase with the highest activity at 90°C was
retrieved from a black smoker chimney by combining fosmid
library construction with pyrosequencing (Wang et al., 2011).
Another a-amylase was isolated in the functional screening of
a metagenomic library of Western Ghats soil constructed in
pCCIFOS. This amylase retained 30% activity after incubation
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for 60 min at 80°C and had an optimal pH of 5.0 and could
be potentially used in some industrial processes like liquefaction
and saccharification of starch in food industry, or formulation of
enzymatic detergents and removing starch from textiles (Vidya
etal., 2011).

Proteases

Proteases are protein-hydrolyzing enzymes classified into acidic,
neutral, or alkaline groups, based on their optimum pH.
They can also be classified into aspartic, cysteine, glutamic,
metallo, serine, and threonine protease types based on the
amino acids present in their active sites (Singh et al., 2015).
These enzymes are widely used in various industries such as
detergent, food, and leather (Haddar et al., 2009; George et al.,
2014). A thermotolerant, alkali-stable and oxidation resistant
protease (CHprol) was found by functional screening of a
metagenomic library constructed from sediments of hot springs
in Chumathang area of Ladakh, India (Singh et al., 2015). This
enzyme, that showed optimum activity at pH 11 and stability
in high alkaline range, could be especially interesting for the
detergent industry, as the pH of laundry detergents is generally
in the range of 9.0-12.0. This property, in addition to the
resistance in the presence of detergent compounds, like oxidizing
agents, and the possibility of working at high wash temperatures
(optimum activity at 80°C), makes it a very suitable detergent
protease.

Oxidoreductases

These enzymes catalyze oxidation-reduction reactions, in which
hydrogen or oxygen atoms or electrons are transferred between
molecules and are important biocatalysts for several industrial
processes. From a pharmaceutical point of view, oxidoreductases
can act like quorum-quenching enzymes, degrading signal
molecules to block quorum-sensing-dependent infection, as
reported by Bijtenhoorn et al. (2011), who found a soil-
derived dehydrogenase/reductase implicated in the decreasing
of Pseudomonas aeruginosa biofilm formation and virulence
of Caenorhabditis elegans. These enzymes can also be used in
food industry as they catalyze oxidation- reduction reactions
that can play an important role in taste, flavor and nutritional
value of aliments such as virgin olive oil (Peres et al., 2015).
Another relevant application of oxidoreductases is their role in
decomposing specific recalcitrant contaminants by precipitation
or by transforming them to other products, leading to a
better final treatment of the waste. Some oxidoreductases
that can be used for this purpose include peroxidases,
polyphenol oxidases, and estradiol dioxygenases (EDOs) (Durdn
and Esposito, 2000). Suenaga et al. (2007) constructed a
metagenomic library from activated sludge used to treat coke
plant wastewater containing various organic pollutants like
phenol, mono- and polycyclic nitrogen-containing aromatics or
aromatic hydrocarbons, among others. The library was screened
for EDOs, using catechol as a substrate, yielding 91 EDO-positive
clones, 38 of them were sequenced in order to conduct similarity
searches using BLASTX. A polyphenol oxidase enzyme, with
alkaline laccase activity and highly soluble expression, showing

the optimum activity of 55°C, was isolated from a functional
screening of DNA from mangrove soil (Ye et al., 2010).

COMPARATIVE METAGENOMICS

The increasing number of metagenomes from high-temperature
environments sequenced and the possibility of generating
more sequences with a lower cost of time and money has
enabled the comparison of metagenomic sequences between and
within environments, opening a new field in metagenomics.
Comparative metagenomics can enlighten how the microbial
community taxa or the metabolic potential vary between
sampling locations or time points, as well as explain the
influence of several factors, such as high temperatures, in
the taxonomical and functional composition of an ecosystem.
Comparison of metagenomic data recovered from different
high temperature habitats indicates that these communities
are different with respect to species abundance and microbial
composition. However, some groups of species are more
commonly represented, for example, bacterial taxa such as
Thermotoga, Deinococcus-Thermus, and Proteobacteria, as well as
Archaea, like Methanococcus, Thermoprotei, and Thermococcus
(Lewin et al, 2013). The comparison between metagenomes
derived from six distantly located hot springs of varying
temperature and pH revealed a wide distribution of four archaeal
viral families, Ampullaviridae, Bicaudaviridae, Lipothrixviridae,
and Rudiviridae (Gudbergsdottir et al., 2016). Even though the
important role of viruses in high temperature ecosystems has
been demonstrated, the comparative studies are limited since
the diversity of thermophilic viruses in many hot environments
remains unknown, as revealed by Adriaenssens et al. (2015) in
the Namib desert hypoliths metagenome, where the majority of
the viral sequence reads were classified as unknown.

Comparative metagenomics can also increase our insight
into the adaptation of microorganisms to high temperature
environments. Xie et al. (2011) compared the sequences obtained
from a fosmid metagenomic library of a black smoker chimney
4143-1 in the Mothra hydrothermal vent field at the Juan de Fuca
Ridge with metagenomes of different environments, including a
biofilm of a carbonate chimney from the Lost City hydrothermal
vent field (90°C, pH 9-11 fluids). This study revealed that
the deep-sea vent chimneys are highly enriched in genes for
mismatch repair and homologous recombination, and exhibited
a high proportion of transposases. These enzymes, which are
critical in horizontal gene transfer, were also abundantly found
when comparing the metagenomic data obtained from three
different deep-sea hydrothermal vent chimneys (He et al., 2013).
This fact supports the previous hypothesis that horizontal gene
transfer may be common in the deep-sea vent chimney biosphere
and could be an important source of phenotypic diversity
(Brazelton and Baross, 2009).

Other comparative studies show that, apart from temperature,
pH is also an important factor in the composition of
microbial communities. A comparison of the biodiversity and
community composition in eight geographically remote hot
springs (temperature range between 61 and 92°C and pH
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between 1.8 and 7) showed a decrease in biodiversity with
increasing temperature and decreasing pH (Menzel et al., 2015).
The loss of biodiversity in hot environments with low pH was also
observed by Song et al. (2013), showing a more diverse bacterial
population in non-acidic hot springs than in acidic hot springs
from the Yunan Province (China).

IMG/M (Markowitz et al., 2014) and MG-RAST (Meyer et al.,
2008) are two frequently used metagenomics pipelines to easily
perform comparative analysis of microbial communities, and
can be explored to find sequences of different high temperature
environments, since a considerable number of metagenomes are
deposited in their databases. MG-RAST has about 240 thousand
data sets containing over 800 billion sequences and more than
36 thousand public metagenomes, including 225 metagenomes
(0.61%) from different thermophilic biomes with temperatures
ranging from 52 to 122°C obtained by whole shotgun and/or
amplicon sequencing (data publicly available at MG-RAST server
on August 2016).

Usually, these studies require statistical tools to explore
multivariate data, like principal component analysis (PCA), in
order to compare and contrast metagenomes from different
environments. PCA is one of the most widely used statistical
analyses for genomic data as it is a simple and robust data
reduction technique that can be applied to large data sets. A more
exhaustive description of some of the statistical analysis that can
be used to compare metagenomes can be found in the study
by Dinsdale et al. (2013). In this study, the metabolic functions
of 212 metagenomes, including six different hot springs, were
compared between and within environments using different
statistical methods. Several tools like STAMP (statistical analysis
of metagenomics profiles, Parks et al., 2014) and PRIMER-E
can be used for this purpose, allowing the statistical analysis of
multivariate data.

FUTURE PERSPECTIVES
High-Throughput Screening Methods

Although the new ultra-fast sequencing technologies quickly
generate a remarkable number of target gene candidates,
functional assays are still needed to confirm them. These assays
for protein function represent one of the most reliable and
invaluable tools for mining target genes. Thus, developing
of high-throughput screening (HTS) methods and improved
chromogenic substrates for the detection of thermozymes
(Kracun et al., 2015) is a priority for reducing the time invested
in primary screening. HTS techniques increase the success of
function-based metagenomic screens since they compensate
for the often low hit rates in such screens (Ekkers et al.,
2012). Apart from conventional high throughput screens, which
use microtiter plate wells to store a large number of clones
(Ko et al.,, 2013), microarray-based technologies coupled with
microfluidic devices, cell compartmentalization, flow cytometry,
and cell sorting are arising as promising new technologies for
this purpose (Najah et al., 2014; Meier et al, 2015; Vidal-
Melgosa et al., 2015). Microfluidic technologies are of undeniable
interest when it comes to reaching screening rates of a million
clones per day (Ufarté et al, 2015). This screening method

generally uses fluorogenic substrates (Najah et al., 2013) and it is
based on the encapsulation of single clones of the metagenomic
library in droplets, followed by the substrate induced gene-
expression screening and the fluorescence-activated cell sorting
to isolate plasmidic clones containing the genes of interest
(Colin et al., 2015; Hosokawa et al., 2015). The main advantages
of this ultra-fast screening method are the small volume
required (usually picoliters to femtoliters) and the capability
of detecting intracellular, extracellular, and membrane proteins.
This approach could be used for the screening of thermozymes, as
droplets can be incubated at high temperature before proceeding
to the screening and fluorescence sorting. In this regard, there
is an ongoing FP7 Marie Curie Action named HOTDROPS that
involves four companies and four academic partners (including
the authors’ group) aimed to develop a microfluidics-based ultra-
high-throughput platform for the selection of thermozymes from
metagenomics and directed evolution libraries.

Advanced Sequencing

Until recently, most of the sequences collected in reference
databases were related to humans and their pathogens. Currently,
the advances in sequencing technologies have enabled the
generation of considerable amounts of longer reads in less
time. This fact, in addition to the lower per base cost and
the development of metagenomics, has produced a relevant
increase in the number of genomes sequenced and annotated
deposited in databases like GenBank, thus covering a high range
of microorganisms from a wide variety of habitats, including high
temperature environments. Therefore, the bias in the databases
toward microorganisms with clinical or pathogenic interest is
decreasing, allowing a better analysis of the populations with
metagenomics. Furthermore, metagenomics is becoming a tool
in reach of many laboratories with the recent release of new
cheaper and smaller devices such as the Oxford Nanopore
MinION, a USB flash drive-size sequencer that measures
deviations in electrical current as a single DNA strand passes
through a protein nanopore (Bayley, 2015). However, this
technology presents high error rates compared to the others
(Goodwin et al., 2015) and still has to be improved.

Altogether, these breakthrough developments make
metagenomics a more affordable and robust tool to explore the
taxonomy and the functional diversity of microbial communities.
Nevertheless, the complexity of microbial species, together with
the limitations of the technology to cover fully whole genome
sequences, still pose a great challenge for metagenome research.
NGS technologies have limitations and remain at least an
order of magnitude more expensive than other conventional
microbiological assays, thus samples often must be individually
barcoded and pooled into single runs to decrease costs. All these
deficiencies will probably disappear as technologies continue
developing like they did in the last years, from the end of the
human genome sequencing project in 2003 (Collins et al., 2003),
up to now.

Advances in Bioinformatics
Due to the massive amount of metagenome data generated
in the last 10 years, infrastructural developments associated
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with managing and serving sequence data are needed.
Additionally, the fast growth in the size of data complicates
its storage, organization, and distribution. As the volume
of metagenomics data keeps growing, new assemblers have
been developed, namely MEGAHIT that can assemble
large and complex metagenomics data in a time and cost-
efficient way, especially on a single-node server (Li et al,
2015).

New bioinformatic pipelines designed to support researchers
involved in functional and taxonomic studies of environmental
microbial communities have been released like BioMaS (Fosso
et al., 2015), DUDes (Piro et al., 2016), or MOCAT?2 (Kultima
etal., 2016), among others.

Since there is an increasing number of complex
communities sequenced, improved statistical methodology
is needed, especially to enhance comparative studies
where a large number of covariates (e.g., environmental
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Lipolytic enzymes that retain high levels of catalytic activity when exposed to a variety
of denaturing conditions are of high importance for a number of biotechnological
applications. In this study, we aimed to identify new lipolytic enzymes, which are highly
resistant to prolonged exposure to elevated temperatures. To achieve this, we searched
for genes encoding for such proteins in the genomes of a microbial consortium residing
in a hot spring located in China. After performing functional genomic screening on a
bacterium of the genus Dictyoglomus, which was isolated from this hot spring following
in situ enrichment, we identified a new esterolytic enzyme, termed EstDZ3. Detailed
biochemical characterization of the recombinant enzyme, revealed that it constitutes a
slightly alkalophilic and highly active esterase against esters of fatty acids with short
to medium chain lengths. Importantly, EstDZ3 exhibits remarkable thermostability, as
it retains high levels of catalytic activity after exposure to temperatures as high as
95°C for several hours. Furthermore, it exhibits very good stability against exposure to
high concentrations of a variety of organic solvents. Interestingly, EstDZ3 was found to
have very little similarity to previously characterized esterolytic enzymes. Computational
modeling of the three-dimensional structure of this new enzyme predicted that it exhibits
a typical o/B hydrolase fold that seems to include a “subdomain insertion”, which is
similar to the one present in its closest homolog of known function and structure,
the cinnamoyl! esterase Lj0536 from Lactobacillus johnsonii. As it was found in the
case of Lj0536, this structural feature is expected to be an important determinant of
the catalytic properties of EstDZ3. The high levels of esterolytic activity of EstDZ3,
combined with its remarkable thermostability and good stability against a range of
organic solvents and other denaturing agents, render this new enzyme a candidate
biocatalyst for high-temperature biotechnological applications.
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INTRODUCTION

Lipolytic enzymes (EC 3.1.1.x) catalyze the hydrolysis of ester
bonds in lipids, and depending on their substrate preference, they
are divided in two main classes, carboxylesterases (EC 3.1.1.1)
and lipases (EC 3.1.1.3) (Brockerhoft, 2012). Carboxylesterases
show specificity toward short to medium fatty acid chain
lengths and water-soluble substrates, whereas lipases toward
long-chained and water-insoluble ones (Bornscheuer, 2002;
Brockerhoff, 2012). In non-aqueous media, many of these
enzymes are capable of performing the inverse reaction
and catalyze the synthesis of ester bonds (Bornscheuer and
Kazlauskas, 2006). These characteristics, complemented by
their ability to modify a very broad range of substrates with
high chemo-, regio-, and enantio-selectivity, render lipolytic
enzymes a very attractive class of catalysts for conducting
biotransformations (Bornscheuer, 2002). Industrial applications
of esterases and lipases are diverse and include the preparation of
chiral compounds, the de-inking of paper pulps, the degradation
of plastics, the synthesis of fine chemicals and flavoring agents,
etc. (Zamost et al, 1991; Vieille and Zeikus, 2001; Kirk
et al., 2002). Probably the most characteristic example of an
industrially relevant esterolytic enzyme is that of the naproxen
carboxylesterase from Bacillus subtilis, which is utilized for the
biocatalytic synthesis of the non-steroidal drug naproxen (Quax
and Broekhuizen, 1994).

In industrial settings, esterases and lipases are often required
to perform well under harsh conditions. These include high
temperatures, significant concentrations of organic solvents,
metal ions, surfactants, and other agents known to cause protein
denaturation and enzyme inactivation (Hough and Danson,
1999). Consequently, stability against elevated temperatures and
tolerance to protein-destabilizing conditions in general, is a
crucial prerequisite before the broad industrial use of this type of
enzymes can be realized. During the last two decades, a growing
number of thermostable enzymes that catalyze ester bond
hydrolysis at elevated temperatures have been reported, mainly
due to the employment of metagenomic analyses. However,
hyperthermostable enzymes, i.e., enzymes that exhibit high levels
of catalytic activity at temperatures above 80°C, are rarer and not
many examples of such biocatalysts have been discovered and
characterized.

In order to obtain new hyperthermostable enzymes, there
are two main strategies, which are typically employed. The first
one is protein engineering, either through rational design or
directed evolution (Bornscheuer and Pohl, 2001; Dalby, 2011;
Bornscheuer et al., 2012). In this approach, a mesophilic protein
is optimized for stability against thermal denaturation through
protein modeling-guided amino acid substitutions (rational
design) or via random mutagenesis and genetic screening
(directed evolution) (Matthews et al., 1987; Bornscheuer and
Pohl, 2001; Lutz, 2010). The second strategy relies on the
identification of naturally occurring enzymes, which have evolved
to withstand high-temperature exposure by retaining their
proper folding and catalytic activity under such conditions
(Lorenz et al., 2002). In nature, hyperthermostable enzymes
are often encoded in the genomes of hyperthermophilic

microorganisms that grow optimally at temperatures above 80°C.
Such organisms are encountered in all types of terrestrial and
marine hot environments, and are represented only by bacterial
and archaeal species. Hyperthermostable enzymes encoded in
such genomes can be identified by screening genomic or
metagenomic material, either bioinformatically (Levisson et al.,
2007; Graham et al., 2011; Zarafeta et al., 2016) or through
functional genomic screening (Ewis et al., 2004; Tirawongsaroj
etal., 2008; Peng et al., 2011).

In this study, we have identified a new esterolytic enzyme,
termed EstDZ3. Detailed biochemical characterization of the
recombinant protein revealed that it constitutes a highly active
esterase with preference toward short to medium acyl chain
length substrates. The most outstanding feature of EstDZ3 is
its remarkable thermostability, as it was found to retain high
levels of catalytic activity even after exposure to near boiling
temperatures for several hours. Importantly, this enzyme is
also highly stable when exposed to high concentrations of
organic solvents for extended periods of time. EstDZ3 originates
from a bacterium of the genus Dictyoglomus and its amino
acid sequence exhibits very low homology to functionally
characterized proteins. Structural modeling of the new enzyme
predicted that it exhibits a typical o/p hydrolase fold, which seems
to include a “subdomain insertion” similar to the one present in
its closest homolog of known structure, the cinnamoyl esterase
Lj0536 from Lactobacillus johnsonii. As it was found in the case of
Lj0536, this “subdomain insertion” is expected to be an important
determinant of the catalytic properties of this new enzyme.
The high levels of esterolytic activity of EstDZ3, combined
with its remarkable thermostability and good stability against a
range of organic solvents and other denaturing agents, render
this new enzyme a candidate biocatalyst for high-temperature
biotechnological applications.

Environmental Sampling, Clone Isolation,

and Expression Library Construction

In a previous attempt to isolate biomass-degrading thermophilic
organisms, an in situ enrichment culture containing xanthan gum
was established in a hot spring located at the Eryuan region of
Yunnan, China (Menzel et al.,, 2015). The temperature of the
sampling site when the sample was collected was 83°C and the
pH about 7. After 10 days of incubation in the hot spring, a
sample was collected and sealed immediately. This sample was
then diluted and cultivated anaerobically at 78 and 83°C in the
laboratory, as described in the “Materials and Methods” section.
After three sequential passages in the same medium, the culture
appeared homogeneous in morphology, with only rod-shaped
cells of similar dimension visible under the microscope. Finally,
the culture was diluted serially until single colonies were obtained
from anaerobic Gelrite™ bottles.

A single colony, termed Ch5.6.S, was subsequently isolated
and cultivated under anaerobic conditions in glucose-containing
medium to avoid interference of xanthan gum with DNA
extraction. Sequencing of the gene encoding for the 16S rRNA
revealed a 98% nucleotide identity with that of Dictyoglomus
thermophilum, thus indicating that the isolated clone belongs

Frontiers in Microbiology | www.frontiersin.org

November 2016 | Volume 7 | Article 1779


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Zarafeta et al.

EstDZ3- A New Hyperthermostable Esterase

A B
ORF1 ORF2 ORF3 ORF4
estDZ3
500 bp a b
ORF# Species Protein size (aa) Nearest hit (BlastP)
1 Caldanaerobacter subterraneus 340 inositol 2-dehydrogenase (hypothetical)
2 Caldanaerobacter subterraneus 271 sugar phosphate isomerase/epimerase
(hypothetical)
3 Dictyoglomus thermophilum 257 o/p hydrolase (hypothetical)
4 Dictyoglomus thermophilum 100 (truncated) tRNA (m7G46)-methyltransferase (hypothetical)
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FIGURE 1 | Discovery, identification and purification of EstDZ3. (A) Map of the 3.3 kb ch2 insert. ORFs indicated by arrows were annotated using BlastP and
the closest homolog of each ORF is listed in the corresponding table (bottom). (B) E. coli BL21(DES) cells carrying plasmid pLATES2-EstDZ3 (a) or empty vector (b),
and grown on tributyrin-enriched agar containing 0.1 mM IPTG, the inducer of estDZ3 overexpression. (C) Initial substrate profiling of the esterolytic activity of
EstDZ3 using clarified lysates of BL21(DE3) cells overexpressing estDZ3. Cell lysates were assayed against pNP esters of fatty acids with acyl chain lengths varying
from C2 to C16. The relative enzymic activity was measured spectrophotometrically at 410 nm. The reported values correspond to the mean value from three
independent experiments performed in triplicate and the error bars to one standard deviation from the mean value. (D) SDS-PAGE analysis of EstDZ3, after
heat-treatment and IMAC purification. Protein bands were visualized by Coomassie staining. L1: molecular weight marker; L2: soluble lysate of E. coli cells producing
EstDZ3; L3: soluble lysate of the same cells after heat treatment; L4: flow-through after loading of the IMAC column with the lysate corresponding to L3; L5: eluted
EstDZ3 after imidazole addition. The predicted molecular weight of the recombinant enzyme is 31.6 kDa.

to the Dictyoglomus genus. Then, genomic DNA derived from
Ch5.6.S was isolated, partially digested, and fragments with
sizes larger than 2 kb were cloned into the vector pUC18 to
form a genomic library. The diversity of the generated library
was ~300,000 independent clones as estimated by the number
of colonies that appeared after plating serial dilutions of the
transformed Escherichia coli cells.

Library Screening and Discovery of
EstDZ3

The generated Ch5.6.S genomic library was transformed into
electro-competent E. coli cells and was screened for sequences
exhibiting lipolytic activity by plating onto LB agar medium
containing 0.1% tributyrin (Lawrence et al., 1967). After 3 days
of incubation at 37°C, a zone of clearance was observed around
two colonies, indicating tributyrin hydrolysis. The positive
clones were re-streaked on fresh LB-tributyrin agar plates
and lipolytic activity was confirmed for one of them, termed
Ch2.1. The plasmid isolated from Ch2.1 was purified and the

contained insert, termed ch2, was sequenced and found to
correspond to a 3.3-kb DNA fragment, comprising four open
reading frames (ORFs) that coded for the following putative
proteins: (i) a hypothetical inositol 2-dehydrogenase from
Caldanaerobacter subterraneus (ORF1), (ii) a hypothetical sugar
phosphate isomerase/epimerase from C. subterraneus (ORF2),
(iii) a predicted a/p hydrolase from D. thermophilum (ORF3), and
(iv) a partial predicted tRNA (m7G46)-methyltransferase from
D. thermophilum (ORF4) (Figure 1A).

Since the predicted a/p hydrolase was present in the selected
clone as a full-length ORF and was also likely to confer
the observed lipolytic activity, the corresponding gene, termed
estDZ3, was cloned into the expression vector pLATE52 to form
plasmid pLATE52-EstDZ3, which was used for heterologous
expression of estDZ3 in E. coli. A zone of clearance was observed
around bacterial cells carrying pLATE52-EstDZ3 when grown
onto tributyrin-enriched agar, in contrast to the same cells
carrying an empty vector (Figure 1B), thus demonstrating that
estDZ3 is the gene responsible for the phenotype observed in
the initial screen and suggests that estDZ3 encodes for a protein
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with hydrolytic activity against tributyrin. Furthermore, when
the same cell lysates were assayed for their ability to hydrolyze
p-nitrophenyl butyrate colorimetrically, the characteristic yellow
color of p-nitrophenol (pNP), which is indicative of ester
bond cleavage, was observed only when estDZ3 was expressed
(Figure 1C), thus confirming that EstDZ3 is an esterolytic
enzyme.

An initial substrate preference test, using soluble lysates
from estDZ3-expressing cells and pNP esters derived from fatty
acids with a range of carbon chain lengths, demonstrated that
EstDZ3 has a preference for short to medium size aliphatic
chains (C2-C12), while its activity is barely detectable for C16
(Figure 1C). This suggests that EstDZ3 acts as a carboxylesterase
rather than a lipase.

Biochemical Characterization of EstDZ3

In order to study the biochemical properties of EstDZ3,
the enzyme was produced heterologously in E. coli and
purified in soluble form. E. coli BL21(DE3) cells transformed
with pLATE52-EstDZ3 were grown in liquid LB cultures
and the production of EstDZ3 was induced by the addition
of isopropyl-p-D-thiogalactoside (IPTG) as described in the
“Materials and Methods” section. The recombinant protein

accumulated primarily in the soluble fraction of the bacterial
lysate and was purified by an initial heat-treatment step,
followed by immobilized metal affinity chromatography (IMAC)
to near homogeneity as evaluated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1D).

Biochemical characterization of EstDZ3 was carried out
as described in the “Materials and Methods” section using
pNP-butyrate as a substrate. First, we determined the optimal
pH for EstDZ3 esterolytic activity, which was assayed within
the value range of 4-10 at 40°C. Significant levels of
catalytic activity were recorded at pH wvalues 7-9, with
an optimum at pH 8 (Figure 2A). Below pH 7 and
above pH 9, the esterolytic activity of EstDZ3 was rapidly
diminished. Measurements of its relative catalytic activity
at different temperatures, on the other hand, revealed that
EstDZ3 has a very broad temperature range of action,
as its esterolytic activity remained practically unchanged at
temperatures between 40 and 95°C (Figure 2B). This type of
“flat” temperature profile is quite rare but has been observed
previously for esterolytic and other hydrolytic enzymes as well
(Aygan et al., 2008; Novototskaya-Vlasova et al., 2012). Thus,
EstDZ3 is a slightly alkalophilic and highly thermotolerant
esterase.
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To study the substrate specificity of EstDZ3 in more detail,
we determined the catalytic parameters of EstDZ3 using a range
of esters of fatty acids with carbon chain lengths, varying from
C2 to C12, with pNP. EstDZ3-mediated hydrolysis of these
substrates followed Michaelis—Menten kinetics and revealed that
the new enzyme shows preference toward short to medium
chain-length substrates (C2 and C4) (Table 1). The highest
catalytic efficiency was detected for pNP-butyrate (C4) with
a keat/Km value of 12,464 s~'.mM~! and decreased with
increasing substrate chain length for C8 and C10, while the
enzyme was found to be inactive against substrates with chains
longer than C12 (Table 1; Figure 1C). EstDZ3 was also found
capable of hydrolyzing efficiently the longer-chain substrate
pNP-laurate (C12) (Table 1). However, we believe that this
is probably an artifact of the presence of a poly-histidine
tag in the recombinant enzyme, which may be causing the
specificity of the enzyme to shift toward more hydrophobic
substrates as observed in a number of previous studies (Lee
et al, 1999; Peng et al, 2011). Collectively, these results
demonstrate that EstDZ3 acts as an esterase rather than a
lipase.

Performance of EstDZ3 When Exposed
to High Temperatures, High
Concentrations of Organic Solvents and

Other Denaturing Agents

When exposed to high temperatures for prolonged periods of
time, EstDZ3 retained very high stability, as determined by
measurements of residual levels of its catalytic activity. At 70
and 75°C, EstDZ3 esterolytic activity was practically unchanged
even after 24 h of incubation, while when incubated at 80°C,
the enzyme exhibited a half-life of more than 24 h (Figure 3A).
Importantly, EstDZ3 exhibited significant levels of esterolytic
activity for several hours even after incubation at temperatures
as high as 95°C (Figure 3A). Furthermore, EstDZ3 exhibited
exquisite stability against high concentrations of a variety of
organic solvents. More specifically, EstDZ3 activity was found
to be practically unaffected after the enzyme had been exposed
to 50% (v/v) methanol for 12 h (Figure 3B). Similarly, when
this enzyme was exposed to the same concentration of ethanol,
acetone, 1-butanol, isooctane, isopropanol and n-hexane for
the same period of time, its residual activity was decreased
by less than 30%. Finally, after exposure to 50% acetonitrile,
EstDZ3 was found capable of retaining about 60% of its maximal
activity (Figure 3B). These results demonstrate that EstDZ3 is
an esterolytic enzyme with remarkable kinetic thermostability
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FIGURE 3 | EstDZ3 thermostability and stability against organic
solvents. (A) EstDZ3 thermostability was evaluated by measurements of
residual esterolytic activity after high-temperature exposure at 70, 75, 80, 85,
90, and 95°C for up to 24 h. (B) EstDZ3 stability against various organic
solvents was evaluated by measuring its residual catalytic activity after
exposure to 50% (v/v) of the corresponding solvent for 12 h. In both panels,
the reported values correspond to the mean value from three independent
experiments performed in triplicate and the error bars to one standard
deviation from the mean value.

and very good stability against prolonged exposure to high
concentrations of organic solvents.

Subsequently, we studied the effects of a range of metal ions,
reducing agents and detergents on the catalytic efficiency of
EstDZ3. The esterolytic activity of the enzyme was practically
unaffected by the addition of a variety of mono- and di-
valent metals such as Na®, K, Li’*, Mn™2, and Mg*? at
1 mM concentration (Table 2). The addition of 1 mM Ca2*
and Fe?™ resulted in a minor decrease in its catalytic activity
by about 20%, while the presence of Cu?* and Zn*? at the
same concentration resulted in significant EstDZ3 inactivation
by about 60 and 50%, respectively. When the chelating agent
ethylenediaminetetraacetic acid (EDTA) was added to the

TABLE 1 | Kinetic parameters of EstDZ3-mediated hydrolysis against various pNP-esters.

Substrate (pNP ester) Km (mM) Vmax (wmol-min—'.mg~1) Keat (s™1) keat/Km (s~ 1-mM~1)
Acetate (C2) 0.30 + 0.07 355.3 + 32.9 740 2,428
Butyrate (C4) 0.15 4+ 0.02 906.4 + 46.0 1,888 12,464
Caprylate (C8) 0.19 + 0.01 500.6 + 11.6 104 557

Caprate (C10) 0.17 + 0.01 386.7 + 8.2 80 471

Laurate (C12) 0.61 +0.14 357.1 + 451 743 1,268
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TABLE 2 | Effect of metal ions, surfactants, and other chemicals on the
esterolytic activity of EstDZ3.

Metal ion or chemical agent Concentration Relative activity (%)
None - 100.0 + 4.1
K+ 1 mM 93.1 £ 6.7
Mn?2+ 1mM 101.4 +6.2
Ca?* 1mM 78.4+3.0
2t 1mM 457 £5.7
Li2+ 1 mM 90.8 £ 3.7
Mg2+ 1mM 90.1 + 4.2
Na* 1 mM 90.4 £5.5
Fed+ 1mM 783+35
Cu?+ 1 mM 40.6 £ 3.4
EDTA 1 mM 96.7 £ 5.1
PMSF 1 mM 33.8+5.8
Triton X-100 1% (V/v) 67.4+1.5
Tween 20 1% (VAV) 70.5 + 5.4
Tween 80 1% (v/v) 73.2+4.7
SDS 1% (W) 214425

reaction mixture at 1 mM, no significant change in the enzyme’s
activity was observed, thus indicating that the EstDZ3 fold
and/or catalytic activity does not depend on a metal co-factor, as
observed, for example, in certain cases of esterolytic enzymes that
resemble metallo-B-lactamases (Hermoso et al., 2005; Lagartera
et al., 2005). The addition of surfactants, such as Triton X-100,
Tween 20 and Tween 80 at 1% caused a reduction in the enzyme’s
activity by approximately 30%, while the addition of SDS at the
same concentration caused almost complete inactivation. Finally,
addition of the serine hydrolase inhibitor phenylmethylsulfonyl
fluoride (PMSF) resulted in a dramatic decrease in EstDZ3
activity, thus indicating that a serine residue is involved in the
catalytic mechanism of this new enzyme (Table 2). These levels of
tolerance against the presence of metals and detergents are typical
for thermostable enzymes (Peng et al., 2011; Lopez et al., 2014).
Finally, EstDZ3 was found to have good tolerance against
a variety of organic solvents. In the presence of 10% ethanol,
acetone, and acetonitrile, the activity of EstDZ3 was slightly
stimulated, whereas methanol addition at 10% had a minor
inhibitory effect (Table 3). When either butanol, hexane or
isooctane were added at 10%, EstDZ3 retained about half of
its maximal catalytic activity, while isopropanol addition at
the same concentration caused complete inactivation. When
the concentration of methanol, ethanol, acetone, acetonitrile,
isooctane, and hexane was raised to 30%, the enzyme exhibited
low, but detectable levels of activity, whereas the addition of 1-
butanol at the same concentration resulted in almost complete
inactivation of the enzyme’s esterolytic activity (Table 3).

Homology Analysis and Structural
Modeling of EstDZ3

First, the amino acid sequence of EstDZ3 was analyzed with
SignalP (Petersen et al., 2011) to detect the possible presence
of protein export-signaling sequences. No such sequences were
detected, thus indicating that EstDZ3 in not an exported/secreted

TABLE 3 | Effect of organic solvents on the esterolytic activity of EstDZ3.

Organic solvent Concentration (v/v) Relative activity (%)

Methanol 10% 93.0+6.7
30% 26.5+ 8.3
Ethanol 10% 1141 +£8.7
30% 238+15
Acetone 10% 109.6 + 3.3
30% 281 +£73
Isopropanol 10% 2.8+9.1
1-Butanol 10% 504 £7.9
30% 83+46
Acetonitrile 10% 109.6 + 9.2
30% 295+ 5.4
Isooctane 10% 53.6+29
30% 336+ 7.1
n-Hexane 10% 51.2+2.1
30% 258 £ 7.1

enzyme. Then, its sequence was analyzed with BlastP against
the Non-Redundant (NR) protein sequences database, the
UniProtKB/SwissProt database and the Protein Data Bank
(PDB). The BlastP-embedded NCBI conserved protein domain
search predicted that EstDZ3 belongs to the a/p hydrolase family
5, while NR analysis revealed that EstDZ3 is identical to a putative
Dictyoglomus  thermophilum «/B hydrolase (Accession no.
WP_012548346). Analysis against Uniprot/SwissProt indicated
that the closest sequence homolog of EstDZ3, which has been
characterized functionally, is an arylesterase from Pseudomonas
fluorescens (sequence identity 23%, coverage 78%, Accession no.
P22862.4) (Choi et al., 1990). The structure of this arylesterase
has also been determined via X-ray crystallography (PDB
code: 1VA4) (Cheeseman et al,, 2004). The other hits from
Uniprot/SwissProt included the putative peptidase YtmA from
Bacillus subtilis subsp. subtilis str. 168 (Lapidus et al., 1997) (27%
identity, 88% coverage), a dihydropseudooxynicotine hydrolase
from Paenarthrobacter nicotinovorans (Baitsch et al., 2001) (23%
identity, 47% coverage) and other proteins, which were either
uncharacterized or with very low query coverage (<17%). On the
other hand, a BlastP search against PDB yielded that the closest
sequence homolog of EstDZ3, which has been characterized both
biochemically and structurally is the cinnamoyl esterase Lj0536
originating from Lactobacillus johnsonii (identity 29%, coverage
96%, PDB code: 3PF8) (Lai et al., 2011). The rest of the PDB hits
included esterases and peptidases of bacterial and archaeal origin,
such as the aforementioned Pseudomonas fluorescens aryl esterase
and a Pyrococcus horikoshii acylaminoacyl peptidase (PDB code:
4HXE) (Menyhdrd et al., 2013).

Multiple alignment of the amino acid sequence of EstDZ3
with the top seven sequences of natural proteins of known
3D structure obtained from the PDB BlastP search, indicated
that EstDZ3 contains a catalytic triad comprising the residues
Ser114, Asp202, and His233 (numbering for EstDZ3), which is
absolutely conserved in the sequences of its homologs (Figure 4).
Furthermore, the sequence of EstDZ3 also contains the GXSXG
catalytic motif, which is very characteristic for esterolytic
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FIGURE 4 | Multiple sequence alignment of EstDZ3 and homologs with known three-dimensional (3D) structure. The absolutely conserved amino acids
are highlighted in red and similar ones in yellow. The catalytic residues, Ser114, Asp202, and His233 are indicated by blue triangles. The conserved His36-Gly37
dipeptide, which participates in the formation of the oxyanion hole during ester hydrolysis, is indicated by a green square. Elements of the predicted EstDZ3
secondary structure are denoted as a (a helix), B (B sheet), n (random coil), and T (B turn). Sequence alignment was performed using Clustal Omega (Sievers et al.,
2011) and illustrated by ESPript (Robert and Gouet, 2014).
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2000).

FIGURE 5 | Modeled 3D structure of EstDZ3. (A) The modeled 3D structure of EstDZ3. Residues Ser114, Asp202, and His233, which are predicted to form the
catalytic triad, are indicated in ball-and-stick representation. The figure was prepared using Chimera (Pettersen et al., 2004). (B) Superposition of the predicted
EstDZ3 structure (shown in cyan) with that of its closest structural homolog, the cinnamoy! esterase Lj0536 (PDB code: 3PF8, shown in gray). The “insertion
subdomain” of Lj0536 is depicted in orange, while the corresponding region in EstDZ3 is indicated in green. The figure was prepared using MolSoft (MolSoft LLC,

enzymes (Bornscheuer, 2002). Finally, the dipeptide His-Gly,
which is known to contribute to the formation of the oxyanion
hole during ester hydrolysis (Wei et al., 1999; Kim et al., 2013),
is also present in the sequence of EstDZ3 (His36-Gly37, EstDZ3
numbering) and conserved within all of the aligned sequences
(Figure 4).

Modeling studies to predict the three-dimensional (3D)
structure of EstDZ3 were performed using the I-TASSER
suite (Yang et al.,, 2015). I-TASSER applies iterative threading
assembly simulations, coupled with secondary structure
enhanced Profile-Profile threading alignment and ab initio
Monte Carlo simulations for unaligned regions. The top-ten
threading templates selected by I-TASSER included esterases
and peptidases, such as the P. horikoshii acylaminoacyl peptidase
mentioned above (PDB code: 4HXE) (Menyhard et al., 2013), the
EstlE feruloyl esterase from Butyrivibrio proteoclasticus (PDB
code: 2WTM) (Goldstone et al., 2010) and an acylaminoacyl
peptidase from Aeropyrum pernix (PDB code: 2HUS8) (Kiss
et al., 2007), with sequence identities ranging from 16 to 24%
and alignment coverage ranging from 84 to 96%. The presence
of acylaminoacyl peptidases among the resulting threading
templates is not surprising, since this type of enzymes share
common sequence, structural, and functional characteristics
with esterolytic enzymes. More specifically, acylaminoacyl
peptidases resemble lipolytic enzymes more than classical serine
proteases in terms of sequence and structure, as they also carry

the GXSXG motif and adopt an o/p hydrolase fold that includes
the catalytic triad Ser-Asp-His in the same sequential order
that is encountered in lipases (Polgar, 1992). Furthermore,
acylaminoacyl peptidases have been reported in some cases to
exhibit esterolytic activity, which may surpass their peptidolytic
efficiency (Polgir, 1992; Wang et al, 2006). This catalytic
promiscuity has been attributed to the fact that acylaminoacyl
peptidases are evolutionarily related to microbial esterases and/or
lipases (Polgar, 1992). The modeled 3D structure of EstDZ3 is
presented in Figure 5A.

The predicted EstDZ3 structure exhibits a typical o/p
hydrolase fold (Figure 5A), which is characteristic for the vast
majority of esterolytic enzymes (Bornscheuer, 2002; Brockerhoff,
2012). This provides support for the initial prediction from the
NCBI conserved protein domain search that EstDZ3 belongs to
the a/p hydrolase family 5. The residues Ser114, Asp202 and
His233 are predicted to be located at the catalytic site, with Ser114
at the core of the highly conserved GXSXG catalytic motif (Wei
etal., 1999). This is in agreement with the sequence alignment of
EstDZ3 and its homologs with known 3D structure (Figure 4).
Participation of a serine residue in the catalytic mechanism is
additionally supported by the fact that the presence of the serine
hydrolase-specific inhibitor PMSF (Smith et al., 1999) resulted in
a dramatic reduction of the EstDZ3 esterolytic activity (Table 2).

Superposition of the predicted model structure of EstDZ3
with its closest sequence homolog of known structure and
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function, the cinnamoyl esterase Lj0536 (PDB code: 3PF8), using
their corresponding secondary structure elements, demonstrated
that they share a common architecture (Figure 5B). Compared
to enzymes of the same family, the structure of Lj0536 is
characterized by the “insertion” of an a/f “subdomain,” which
has been found to be important for the catalytic profile of this
esterolytic enzyme (Lai et al., 2011). This “subdomain insertion”
appears to be present also in the predicted structure of EstDZ3.
The overall conformation of this “subdomain” appears to be
highly similar in the two related enzymes, differing only in the
B-sheet region of the a/f “subdomain” of Lj0536 (Figure 5B).
In the case of Lj0536, it has been found that the conformation
of the “subdomain insertion” is an important determinant
of the substrate specificity of this enzyme and of its close
structural homologs. More specifically, when compared to its
closest structural homologs in terms of substrate specificity,
Lj0536 resembled mostly the aforementioned esterase Est1E from
B. proteoclasticus (PDB code: 2WTM), which also contained a
mixed a/f “subdomain” with very similar conformation (Lai
et al., 2011). On the other hand, the rest of the close structural
homologs of Lj0536, which contained all-a-helical “subdomains”
with conformations that deviated significantly from that of
the corresponding region in Lj0536, exhibited also divergent
substrate specificities (Lai et al., 2011). These results suggest
strongly that the presence of the “insertion subdomain” in
EstDZ3 and the conformation adopted by this region of the
protein is expected to be an important determinant of the
catalytic properties of this new enzyme. Our computational
prediction of the conformation of the “inserted subdomain” in
this particular region in the EstDZ3 structure is not of sufficient
accuracy —primarily due to the low sequence homology of EstDZ3
with previously studied proteins- to allow the characterization
of this domain also as a mixed a/f one as in Lj0536 and Est1E,
or not. The experimental determination of the 3D structure
of EstDZ3 is expected to provide definitive answers to these
questions.

Rationalizing the remarkable thermostability of EstDZ3 is
difficult at this point. There are a number of sequence
characteristics, which have been found to contribute to increased
enzyme resistance against heat-induced destabilization. These
include the presence of Tyr and Arg residues at higher
frequencies and the presence of Ser and Cys residues at lower
ones in thermophilic enzymes compared to their mesophilic
counterparts (Kumar et al., 2000; Vieille and Zeikus, 2001). The
sequence of EstDZ3, however, is comprised of only 1.4% Tyr
and 3.2% Arg, frequencies which are lower than the average
number for these amino acids in mesophilic proteins (Kumar
et al., 2000). From a structural point of view, the presence of
hydrogen bonds and salt bridges in surface-exposed residues
and the formation of disulfides are additional factors, which
have been shown to be very important contributors to enhanced
thermostability in a number of cases (Kumar et al., 2000; Trivedi
et al.,, 2006). Again, the determination of the 3D structure of
EstDZ3 via X-ray crystallography, which is currently underway
in our laboratories, is expected to provide explanations about
the molecular determinants of the remarkable thermostability of
EstDZ3.

DISCUSSION

The first hyperthermostable carboxylesterase was isolated
from the thermoacidophilic archaeon Sulfolobus acido-
caldarius and characterized biochemically back in 1988
(Sobek and Gorisch, 1988). Since then, more hyperthermostable
lipolytic enzymes have been isolated from a small number of
hyperthermophiles. Quite surprisingly, very few of these are used
nowadays for industrial biotransformations. Most esterases used
in the industry are mesophilic, presumably due to the fact that
this type of enzymes were the first to be identified and studied
more extensively (Levisson et al., 2009). New enzymes with
improved properties, which are continuously being discovered
via metagenomic and functional genomic approaches, are being
introduced into industrial biocatalytic processes only with
very low frequencies. In a recent comprehensive review, Ferrer
et al. (2016) have attempted to provide explanations about
this apparent paradox, and have suggested three main causes:
(i) the optimization phase for industrial biocatalysts is both
time-consuming and expensive; (ii) the industrial criteria for
the selection of appropriate biocatalysts are very strict; and (iii)
patent violation restrictions are often encountered. However,
as the list of new thermostable/hyperthermostable and overall
tolerant lipolytic enzymes is growing, novel biocatalysts that
meet the criteria for industrial use are expected to make their way
into biotechnological applications. Furthermore, the discovery
and characterization of a large number of enzymes with the
ability to fold and retain high levels of catalytic activity under
extreme conditions will broaden our understanding of their
evolutionary occurrence and stabilization mechanisms and will
guide future protein engineering efforts.

In this study, we have identified a new hyperthermostable
esterolytic enzyme, termed EstDZ3. EstDZ3 originates from a
bacterium that belongs to the Dictyoglomus genus and exhibits
low homology to known proteins, as its closest related enzyme,
which has been functionally and structurally characterized,
is the cinnamoyl esterase Lj0536 from L. johnsonii (identity
29%, coverage 96%, PDB code: 3PF8) (Lai et al, 2011).
Biochemical characterization revealed that EstDZ3 exhibits a
preference toward esters of fatty acids with short to medium
chain lengths, such as pNP-butyrate, indicating that it acts as
a carboxylesterase rather than a lipase. Similarly to the vast
majority of thermophilic esterases, EstDZ3 functions optimally
at a basic pH. At its optimal conditions for ester bond hydrolysis
and against its preferred model substrates, EstDZ3 presented
high levels of catalytic efficiency (kcat/Kp, = 12,464 s~1.mM~!
for pNP-butyrate). Compared to the 20 esterases that have been
assayed against pNP-butyrate and deposited in the BRENDA
database (Schomburg et al., 2004), the catalytic efficiency of
EstDZ3 is among the highest ones. More specifically, 16 out
of those 20 esterases exhibited catalytic efficiencies that were
one or two orders of magnitude lower than that of EstDZ3.
On the contrary, comparison with the rest of the four more
active esterases, EstDZ3 was found to exhibit a kcy/Kny, value
that is only twofold to threefold lower. EstDZ3 preference
for short and medium acyl chain length substrates, such as
butyric acid-based esters, complemented by its high catalytic
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efficiency and excellent thermostability, could be of great value
for the dairy product and flavor industries (Saerens et al.,
2008).

Many esterolytic enzymes lose their ability to efficiently
hydrolyze esters in the presence of organic solvents, a
phenomenon occurring primarily due to solvent-induced
enzyme denaturation (Klibanov, 2001). On the other hand,
thermostable enzymes are often capable of retaining their
inherent rigidity not only when exposed to high temperatures
but also against other denaturing agents, such as organic
solvents (Sayer et al., 2016). EstDZ3 was found to be very
stable against exposure to organic solvents, as it was capable
of retaining more than 60% of its maximal activity after being
exposed to high concentrations of methanol, ethanol, acetone,
isopropanol, 1-butanol, acetonitrile, isooctane, and n-hexane
for 12 h. Compared to the esterase Pf Est from Pyrococcus
furiosus, one of the most recently discovered hyperthermostable
esterolytic enzymes (Mandelli et al.,, 2016), EstDZ3 exhibited
higher stability when being exposed to methanol, ethanol,
and isopropanol (relative residual activity 96, 81, and 74%
after 12 h for EstDZ3 versus 39, 51, and 52% after 30 min for
Pf _Est, respectively) (Mandelli et al., 2016), while the solvent
stability of EstDZ3 resembled more those of the recently
discovered organic solvent-tolerant lipase LipXO (Mo et al,
2016).

Importantly, EstDZ3 was found to exhibit remarkable
thermostability, as it retained high levels of catalytic activity
after exposure to temperatures as high as 95°C for several
hours. Comparison with other esterases listed in a previous
extensive review of enzymes derived from hyperthermophilic
organisms, indicated that EstDZ3 is among the 10 most
thermostable ones (Levisson et al, 2009). Only esterases of
archaeal origin, such as an esterase/acylpeptide hydrolase from
Aeropyrum pernix (Gao et al., 2003), esterases EstA and EstB
from Picrophilus torridus (Hess et al., 2008), and four esterases
from the archaeal genera Pyrococcus (Cornec et al, 1998;
Ikeda and Clark, 1998) and Sulfolobus (Huddleston et al,
1995; Park et al, 2008) were reported to exhibit higher
thermostability than that of EstDZ3. Among the listed bacterial
esterases, EstDZ3 appears to possess the highest catalytic
efficiency.

During the recent years, additional hyperthermostable
esterolytic enzymes have been discovered. Some characteristic
examples are a hyperthermostable lipase from Bacillus
sonorensis 4R, which exhibits a half-life of about 2 h at
90°C (Bhosale et al, 2016), the xylan-esterase AxeA from
Thermotoga maritima with a half-life of about 13 h at 98°C
(Drzewiecki et al., 2010), and the esterase EstW from the
soil bacterium Streptomyces lividans TK64 with a half-life
of 12 h at 95°C (Wang et al, 2015). The latter esterase, for
which kinetic parameters have been determined, exhibits 50-
fold lower catalytic efficiency compared to EstDZ3 against
pNP-butyrate, and 10-fold lower against pNP-acetate,
which is the preferred substrate for EstW (Wang et al,
2015).

The predicted model structure of EstDZ3 has provided
preliminary insights on structural features that may be

important for its function. Ongoing structural studies
of the new enzyme will shed light into its physiological
function and elucidate its role as a potential biocatalyst for
industrial biotransformations that require high operation
temperatures.

MATERIALS AND METHODS

Reagents and Chemicals

All chemical reagents used in this study were purchased
from Sigma-Aldrich. All molecular biology related products
(restriction enzymes, protein markers, etc.) were from New
England Biolabs unless stated otherwise.

Environmental Sampling and Colony

Isolation

A 10-ml glass bottle containing 0.1 g of xanthan gum was filled
with water from a hot spring located at the Eryuan region of
Yunnan, China (83°C, pH 7), sealed with an anaerobic cap
carrying two needles for circulation and immersed into the hot
spring. After 10 days, the bottle was collected, sealed immediately
and transported to the laboratory for further cultivation. The
anaerobically prepared medium contained 1 g xanthan gum
(KELTROL® T, food grade, Lot#2F5898K, CP Kelco), 0.13 g
(NH4)2SO4, 0.28 g KH,PO; and 0.25 g MgSO4 as well as
trace elements (Na;MO4.2H, 0, 0.025 mg; CaCl,.2H,0, 0.01 mg;
FeCls, 0.28 mg; CuSOy, 0.016 mg; MnSO4.H,0, 2.2 mg; H3BO3,
0.5 mg; ZnSO47H,0, 0.5 mg; CoCl,.6H,0, 0.05 mg) and
vitamins (biotin 2 mg, folic acid 2 mg, pyridoxine hydrochloride
10 mg, riboflavin 5 mg, thiamine 5 mg, nicotinic acid 5 mg,
cobalamin 0.1 mg, p-aminobenzoic acid 5 mg, lipoic acid
5 mg) per L of aqueous solution. The in situ enrichment was
diluted 100-fold in the medium and cultivated anaerobically
at 78 and 83°C. Single colonies were obtained by mixing
equal volumes of serially diluted cultures and pre-warmed 1%
Phytagel (Sigma-Aldrich, cat # P8170), solidification at room
temperature, and incubation at 78°C. Visible single colonies
were extracted from the solid medium and transferred to liquid
cultures.

Expression Library Construction

A single Ch5.6.S clone was incubated in the same medium
as mentioned above, except that xanthan gum was replaced
by glucose (2 g/L). Cells were harvested, DNA was extracted,
and about 20 g of genomic DNA were digested in a 400-
ul reaction containing Bsp1431 and HinlII (0.02 unit/pl each)
at 37°C for 30 min. The enzymes were inactivated at 70°C
for 10 min and the digested DNA was precipitated and
resuspended in TE buffer before gel extraction. Fragments of
>2 kb were selected and mixed with pUC18 vector previously
digested BamHI and Sphl in a 20-pl ligation reaction (250-
400 ng genomic DNA fragments, 50 ng vector, 5 units
T4 DNA ligase). After overnight ligation at 14°C, 1 pl of
the ligation mixture was electroporated into E. cloni 10G
SUPREME cells (Lucigen) according to the manufacturer’s
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instructions. After 1 h incubation at 37°C, 10 wl of the
cells were plated onto a LB agar plate containing 100 pg/ml
ampicillin to estimate the size of the constructed library, and
1 ml cells were transferred to a 50 ml LB liquid culture
containing ampicillin for overnight shaking at 37°C. The
cells from the resulting culture were stored in 10% glycerol
at —80°C.

Screening of the Expression Library

Samples of the Ch5.6.S expression library transformed into
E. coli strain NEB10-beta were stored in LB medium containing
20% glycerol at —80°C at a cell density of approximately
2 x 10% cells/ml. For screening, this stock was diluted to
3 x 10* cells/ml in LB medium and plated onto 145 mm
round Petri dishes containing screening medium (LB agar
containing 100 pg/ml ampicillin and 0.1% tributyrin) at a
density of 10,000 colonies/plate. The plates were incubated
at 37°C and the formation of zones of clearance around the
colonies was monitored. Colonies that produced clear halos were
purified by re-streaking on fresh screening medium. One positive
clone was obtained, the corresponding plasmid was isolated,
and the insert was sequenced by primer walking using the
vector-specific primer M13-RP (5-CAGGAAACAGCTATGAC-
3’) and, subsequently, the insert specific primer O-034 (5'-
CCGAAGAAGTGTCGAGAA-3).

Plasmid Construction

The coding sequence of EstDZ3 was amplified by polymerase
chain reaction using the forward primer Ch2.1_f 52 (5'-GG
TTGGGAATTGCAAATGACTGAAAATAGAGAACCAG-3')
and the reverse primer Ch2.1_r_11 (5-GGAGATGGGAAGTCA
TTATAATGTTTCTTTAAACCAATTTACAG-3). The PCR
product was cloned into the pLATE52 vector using the
aLICator ligation-independent cloning kit (Thermo Scientific)
according to the manufacturer’s protocol to form plasmid
pLATE52-EstDZ3.

Protein Expression and Purification

BL21(DE3) cells carrying the pLATE52-EstDZ3 plasmid were
grown in LB broth containing 100 pg/ml ampicillin at 37°C
under constant shaking until the culture reached an optical
density at 600 nm (OD600) of about 0.5. At that point, the
expression of estDZ3 was induced by the addition of 0.2 mM
isopropyl-p-D-thiogalactoside (IPTG) followed by overnight
incubation at 25°C with shaking. For EstDZ3 purification,
the cells from a 500-mL culture grown in a 2-L shake flask
were harvested, washed, re-suspended in 10 mL equilibration
buffer NPI20 supplemented with 1% Triton X-100, and lysed
by brief sonication steps on ice. The cell extract was clarified
by centrifugation at 10,000 x g for 15 min at 4°C and the
supernatant was incubated for 30 min at 80°C in order to
denature other soluble proteins. After this heat-treatment step,
the precipitated material was removed by centrifugation at
10,000 x g for 15 min at 4°C. The supernatant was collected
and combined with 0.5 mL Ni-NTA agarose beads (Qiagen)
and shaken mildly for 1 h at 4°C. The mixture was then
loaded onto a 5 mL polypropylene column (Thermo Scientific),

the flow-through was discarded, and the column was washed
with 10 mL of NPI20 wash buffer containing 1% Triton X-
100. Next, Triton X-100 was washed away by passing 10 mL
of standard NPI20 wash buffer. EstDZ3 was eluted using
NPI200 elution buffer. All buffers used for purification were
prepared according to the manufacturer’s protocol. Imidazole
was subsequently removed from this protein preparation using
a Sephadex G-25 M PD10 column (GE Healthcare). Protein
concentration was estimated according to the assay described
by Bradford (Bradford, 1976) using bovine serum albumin as
a standard. The purified protein was visualized by SDS-PAGE
analysis.

Enzyme Activity Assays

For the biochemical characterization of EtsDZ3, the catalytic
activity of the enzyme was determined by quantification of
the amount of pNP released from pNP-ester substrates by
photometric measurement at 410 nm. The standard reaction
mixture consisted of 25 mM Tris-HCl pH 8 buffer with
0.05% Triton X-100, 2 mM pNP-butyrate and 2 pg/mL
enzyme and was carried out for 5 min at 75°C on a MJ
Research thermal cycler, with a pre-incubation setting of
the buffer to the target temperature before the enzyme was
added. The reactions were terminated by placement on ice
and absorbance was measured immediately using a Safire II-
Basic plate reader (Tecan). Enzymic activity was recorded by
measuring the absorbance of released pNP at 410 nm. All
measurements were corrected for non-enzymic hydrolysis of
the substrate using control reactions, where no enzyme was
added and pNP standard curves were used for the calculation
of the enzyme’s activity. For the temperature tolerance assay,
the buffer was pre-heated and adjusted to pH 8 for each
temperature tested. For the substrate specificity experiments,
a range of different pNP-fatty acyl esters, such as acetate
(C2), butyrate (C4), octanoate (C8), decanonate (C10) and
laurate (C12) were used in concentrations ranging from 0.1
to 1 mM. For the initial substrate specificity experiments,
clarified lysates of cells producing EstDZ3 were used, while
blank reactions were conducted using lysate of cells carrying an
empty vector. Data analysis and curve fitting to the Michaelis-
Menten equation was performed using the Graphpad Prism
5 software. For the determination of the enzyme’s optimal
pH, reactions were carried out at 40°C in 25 mM acetate,
PIPES, Tris-HCl and glycine buffers for pH values 4-6, 7,
8-9, and 10, respectively. The extinction coefficient of pNP
was determined under each reaction condition prior to the
measurement. Temperature profiling of EstDZ3 was performed
by incubating the standard reaction at temperatures ranging
from 40 to 95°C, after the buffer was heated and titrated to
the correct pH. Residual activity assays were performed by
incubating the enzyme at high temperatures or 50% solvent
concentration and subsequently measuring its activity into the
standard reaction. Maximal (100%) enzyme activity corresponds
to the activity of an enzyme sample that was not exposed to
any of the tested denaturing conditions. In the case of solvent
stability experiment, the incubation medium was vigorously
agitated during the 12 h incubation time, and subsequently
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it was diluted to remove the solvent before assaying the
enzyme. The assays for the determination of EstDZ3 tolerance
in the presence of metal ions, detergents and organic solvents
were also executed in the standard reaction with the only
difference being the addition of the agents at the specified
concentrations. Blanks for this experiment consisted of the
same reaction mix, including the tested agent, but without
the addition of enzyme. All measurements were obtained
from at least three independent experiments carried out in
triplicates.

Homology Analysis and Structural
Modeling Studies of EstDZ3

The EstDZ3 sequence was submitted to a similarity search
analysis using BLASTp (Altschul et al, 1990) against
the NR, Uniprot/SwissProt and PDB databases, and the
embedded NCBIs conserved domain search (Marchler-Bauer
et al, 2014). The results obtained from the PDB search
(including natural enzymes and excluding engineered ones)
were aligned using Clustal Omega (Sievers et al, 2011)
and illustrated with ESPript (Robert and Gouet, 2014).
Modeling of the 3D structure of EstDZ3 (residues 1 to
256) was performed with I-TASSER (Yang et al., 2015). Out
of the top-five predictive models prepared, the first one
with C-score 0.3 and TM-score 0.75 + 0.10 was selected.
Superposition of the modeled structure with the closest
structural homolog was performed by molecular graphics
software COOT (Emsley et al, 2015) using the secondary
structure elements. Molecular visualization of the modeled
structure was performed with Chimera (Pettersen et al,
2004).
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Microbial-mat communities in the effluent channels of Octopus and Mushroom Springs
within the Lower Geyser Basin at Yellowstone National Park have been studied for
nearly 50 years. The emphasis has mostly focused on the chlorophototrophic bacterial
organisms of the phyla Cyanobacteria and Chloroflexi. In contrast, the diversity and
metabolic functions of the heterotrophic community in the microoxic/anoxic region
of the mat are not well understood. In this study we analyzed the orange-colored
undermat of the microbial community of Mushroom Spring using metagenomic and
rRNA-amplicon (iTag) analyses. Our analyses disclosed a highly diverse community
exhibiting a high degree of unevenness, strongly dominated by a single taxon, the
filamentous anoxygenic phototroph, Roseiflexus spp. The second most abundant
organisms belonged to the Thermotogae, which have been hypothesized to be a
major source of Ho from fermentation that could enable photomixotrophic metabolism
by Chloroflexus and Roseiflexus spp. Other abundant organisms include two
members of the Armatimonadetes (OP10); Thermocrinis sp.; and phototrophic and
heterotrophic members of the Chloroflexi. Further, an Atribacteria (OP9/JS1) member;
a sulfate-reducing Thermodesulfovibrio sp.; a Planctomycetes member; a member
of the EM3 group tentatively affiliated with the Thermotogae, as well as a putative
member of the Arminicenantes (OP8) represented >1% of the reads. Archaea were
not abundant in the iTag analysis, and no metagenomic bin representing an archaeon
was identified. A high microdiversity of 16S rRNA gene sequences was identified for
the dominant taxon, Roseiflexus spp. Previous studies demonstrated that highly similar
Synechococcus variants in the upper layer of the mats represent ecological species
populations with specific ecological adaptations. This study suggests that similar putative
ecotypes specifically adapted to different niches occur within the undermat community,
particularly for Roseiflexus spp.

Keywords: hot spring, microbial community, microbial diversity, extreme environments, phototrophic bacteria
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INTRODUCTION

Microbial mat communities inhabiting the effluent channels of
Octopus and Mushroom Springs within the Lower Geyser Basin
at Yellowstone National Park (YNP) have been studied for nearly
50 years (Brock, 1967; Ward et al, 2012). In these studies,
the chlorophototrophic bacterial populations, i.e., chlorophyll-
based phototrophs including members of the Cyanobacteria,
Chloroflexi and the newly discovered Chloracidobacterium (Cab.)
thermophilum and “Candidatus Thermochlorobacter (Tcb.)
aerophilum,” have generally been the main focus (Bauld and
Brock, 1973; Nold and Ward, 1996; Bryant et al., 2007; van
der Meer et al., 2007; Steunou et al., 2008; Becraft et al., 2011;
Klatt et al., 2011, 2013b; Liu et al., 2011, 2012; Tank and Bryant,
2015a,b). In contrast, the diversity and metabolic functions of the
heterotrophic community in the microoxic/anoxic region of the
mat are not well understood.

Using cultivation-based methods, early studies focused on the
dominant Cyanobacteria and phototrophic Chloroflexi (Bauld
and Brock, 1973; Bateson and Ward, 1988). Over time, these
studies were extended by a variety of molecular methods
with increasing molecular resolution. A pioneering molecular
study targeting 16S rRNA gene sequences directly indicated
a greater diversity of uncultivated bacteria in the mat than
previously realized (Ward et al., 1990). However, only recently
have metagenomic (Klatt et al., 2011), metatranscriptomic (Liu
et al, 2011, 2012; Klatt et al.,, 2013b) and metametabolomic
(Kim et al., 2015) analyses led to a holistic overview, in terms
of the organisms present and their functional potentials, of
the major taxa inhabiting the upper 2mm of the 60-65°C
regions of the Mushroom Spring microbial mats (Figure 1).
The microbial community of the upper green mat layer
contains eight dominant bacterial populations, of which six are
chlorophototrophs (Klatt et al., 2011). Oxygenic cyanobacteria
from the genus Synechococcus have been shown to be the
predominant primary producers in these communities by in situ
studies of bicarbonate fixation and nitrogen fixation (Steunou
et al, 2008) using stable and radioactive isotopes (Bateson
and Ward, 1988; Niibel et al., 2002; van der Meer et al.,
2007). In addition, anoxygenic photoheterotrophic members of
the Roseiflexus spp. have been suggested to perform inorganic
carbon fixation (van der Meer et al., 2003, 2005, 2007, 2010;
Klatt et al., 2007, 2013b). Synechococcus spp. fix CO, and
synthesize and excrete metabolites that are then consumed by
(photo)heterotrophic members of the community, including
several members of the Chloroflexi, and presumably Roseiflexus
spp. (Anderson et al, 1987; Bateson and Ward, 1988; Kim
et al, 2015). Collectively, cyanobacteria and Roseiflexus spp.
account for the majority of the biomass of the upper 0-2 mm
portion of the mat community. Two additional members of
the phylum Chloroflexi, Chloroflexus sp. and an apparently
phototrophic, “Anaerolineae-like” organism (“Ca. Roseilinea
gracile”; Tank et al,, in press), as well as two recently discovered
aerobic/microaerophilic, anoxygenic photoheterotrophs, Cab.
thermophilum (Bryant et al., 2007; Garcia Costas et al., 2012a,b;
Tank and Bryant, 2015a,b) and “Ca. Tcb. aerophilum” (Liu et al.,
2012), also occur in the upper photic layer of the mat.

FIGURE 1 | Sampling site at Mushroom Spring, Yellowstone National
Park, and microbial mat core (adapted from Kim et al., 2015).

Early studies on the processes and organisms involved in
aerobic and anaerobic decomposition of the mat have been
discussed in a review by Ward et al. (1992; and earlier
papers cited therein). Since the discovery of the aerobic
heterotroph Thermus aquaticus (Brock and Freeze, 1969) many
aerobic (e.g., Thermomicrobium roseum; Jackson et al., 1973)
and anaerobic fermentative and sulfate-reducing bacteria were
cultivated from these mats (e.g., Bacillus stearothermophilis,
Thermoanaerobium brockii, Thermoanaerobacter ethanolicus,
Thermodesulfotobacterium commune; see Ward et al, 1992
for primary references). Many of the latter were sought
with the hope that thermophiles would be useful for biofuel
production. However, critical review indicated that most of
these isolates had not been cultivated from highly diluted mat
samples, and thus their importance to the community remained
unknown (see Ward et al., 1998). Indeed, with one exception,
Thermomicrobium roseum (Wu et al, 2009), the genomes of
these organisms did not recruit reads with high identity values
from metagenomic analysis of the upper mat layer (Klatt et al,,
2011). Only two low-abundance, unidentified heterotrophic
bacteria lacking the genes needed to synthesize chlorophyll (Chl)
were detected in the upper mat community represented by
metagenomic bins (Klatt et al., 2011). Nevertheless, heterotrophs,
together with the photoheterotrophic and photomixotrophic
community members, can be considered potential consumers
of metabolites produced by cyanobacteria and possibly other
mat inhabitants. In more recent years, the activity and diversity
of sulfate-reducing bacteria of the microbial mats have been
more intensively studied. Dillon et al. (2007) showed that
an active sulfur cycle occurs in the mat community despite
very low sulfate concentrations. The highest rates of sulfate
respiration were reportedly associated with Thermodesulfovibrio-
like organisms and were measured close to the surface of the
mat late in the day when photosynthetic oxygen production had
ceased. Additionally, methane production has been detected in
numerous alkaline siliceous hot spring microbial mats in YNP
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(Ward, 1978; Sandbeck and Ward, 1981, 1982). Methanogenic
archaea (~107 to 108 ml™!) have been enumerated in small cores
of Octopus Spring mats, which in combination with the detection
of low levels of archaeal lipids, suggests that methanogenesis
occurred in situ in those mats (Ward, 1978; Sandbeck and Ward,
1981; Ward et al., 1985). The relative rarity of these organisms
compared to Synechococcus (on the order of 1% or less) suggests
that these terminal anaerobes receive little of the energy recycled
during decomposition of the mat (Ward et al., 1989).

The first revolution of molecular microbial ecology enabled
the study of uncultured bacterial diversity through amplification,
sequencing and phylogenetic analysis of ribosomal RNA genes
(Olsen et al., 1986; Ward et al., 1990; Amann et al., 1995;
Hugenholtz and Pace, 1996; Hugenholtz et al., 1998a; Pace, 2009).
Through such studies, our perspective on microbial diversity
has increased enormously over the past three decades, and the
impact of culture-independent studies on the emerging view
of bacterial diversity cannot be overstated (Hugenholtz et al.,
1998a). Ward and coworkers reported the presence of a number
of uncultured bacterial lineages in their first molecular microbial
diversity study of the mat community of Octopus Spring (Ward
et al., 1990). Over the course of the past 25 years, several of
those initially unidentified ribosomal RNA sequences have been
associated with chlorophototrophic mat members (OS-A and
B with Synechococcus spp., OS-C with Roseiflexus sp., OS-D
with Cab. thermophilum, and OS-E with “Ca. Tcb. aerophilum”),
whereas many others (OS-F, OS-G, OS-H, OS-K, OS-L, OS-M,
OS-N, OS-R) still have not been identified and were not detected
in the metagenome of the upper green layer (Klatt et al., 2011).

“Red-layer” communities, which may often be “orange” in
color as is the case for the mats of Mushroom Spring, have
been shown to contain novel chlorophototrophs (Boomer et al.,
2000, 2002), whose pigments exhibit unusual in vivo absorption
spectra (Boomer et al., 2000), but these communities have
not yet been studied in detail. As part of a comparative
study of YNP hot spring microbial mat communities, a
45-Mbp metagenome based on Sanger sequencing revealed
some initial insights into the composition of the undermat
microbial community of Mushroom Spring (Klatt et al., 2013a).
Compared to the upper green layer, fewer Synechococcus spp.,
a greater number of Roseiflexus spp., and several presumed
anaerobic or fermentative organisms within the Bacteroidetes
and Thermodesulfobacteria were identified. The undermat
community contained a Thermotoga-like population as well as
several low G+C organisms that could not be characterized (Klatt
etal., 2013a). Low coverage and a small number of long scaffolds
above the threshold used in most clustering analyses (>10kb)
limited the application of metagenomic binning approaches
(Klatt et al., 2013a) and indicated that additional studies with
much deeper sequencing would be needed to define the undermat
community.

The overall goal of this research is to investigate the complete
microbial mat community at Mushroom Spring and to develop
a comprehensive understanding of the microbial ecology of
the microbial mats of this hot spring. The specific objectives
of this study were to analyze the orange-colored undermat
community, to identify those organisms that are present, and

to facilitate an active integration of these mostly heterotrophic
members into models of the mat community. This paper
describes the composition and diversity of the Mushroom Spring
undermat community based on rRNA-amplicon (iTag) and deep
metagenomic sequencing analyses, with an initial focus on the
identity and taxonomic diversity of the community members. A
description of the metabolic potential and putative interactions,
including a metabolic description of the entire microbial mat
community, will be published separately.

MATERIALS AND METHODS

The samples were collected on August 10th, 2011 from a
chlorophototrophic microbial mat in an effluent channel of the
siliceous and slightly alkaline Mushroom Spring in YNP, WY
(USA). The samples were collected using a #4 cork borer at a
site where the water above the mat was 60°C (Figure 1). The
microbial mat is made up of an upper green layer (1-2 mm thick),
which mainly consists of different chlorophototrophic bacteria,
and an orange-colored undermat layer (Figure1). Genomic
DNA was extracted from the orange-colored undermat layer
(~3-5mm depth; DNA from below this level was too degraded
to analyze). The metagenome as well as 16S rRNA gene PCR
amplicons were sequenced at the DOE Joint Genome Institute
(JGI) using HiSeq and MiSeq Illumina technologies. The iTtag
sequences were analyzed at two different identity levels. All
reads were clustered into operational taxonomic units (OTUs)
with 97% sequence identity cutoff by using USEARCH, but
they were also analyzed after dereplication (i.e., clustered by
100% nt identity, see Supplementary Materials). RDP Classifier
(Wang et al., 2007; Cole et al., 2009), BLAST searches (Altschul
et al,, 1990) and phylogenetic analyses (Ludwig et al., 2004)
were used to identify sequences. Microdiversity was assessed
using the number of highly abundant dereplicated sequences,
and the “oligotyping pipeline” (http://merenlab.org/projects/
oligotyping/). HiSeq metagenomic reads were assembled and
then clustered into bins by oligonucleotide frequency pattern
analyses using ESOM (Dick et al., 2009). Metagenomic bins
were treated as partial genomes of single taxa and were
taxonomically affiliated using Amphoranet (http://pitgroup.org/
amphoranet/, Kerepesi et al., 2014) to assess the phylogenetic
marker genes present in each bin. Detailed descriptions
of the methods for DNA extraction, library construction,
sequencing, and data analyses are found in the Supplementary
Materials.

RESULTS

We used deep sequencing of rRNA gene amplicons (iTags) and
total environmental DNA to study the subsurface community
of the chlorophototrophic microbial mat at Mushroom Spring.
We describe the diversity and community composition on
both levels, based on “OTUs” (Figures2A, 3A, Tablel
and Table S1) and based on “dereplicated iTag” sequences
(Figures 2B, 3B, Table 2) in Section “16S rRNA Gene Amplicons
(iTags),” as well as on metagenomic bins obtained based on
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43%

FIGURE 2 | Relative abundance of (A) the 15 most abundant 97% OTUs, and (B) the 17 most abundant dereplicated iTag sequences in the Mushroom
Spring undermat 16S rRNA gene amplicon (iTag) analysis. All less abundant OTUs (<1,000 reads each) are shown combined as “Others.”

m OTU-01 Chloroflexi, Roseiflexus sp.
m OTU-02 Thermotogae, Pseudohermotoga sp.
m OTU-03 Armatimonadetes (OP10) (OS type L)
m OTU-04 Aquificae, Thermocrinis sp.
m OTU-05 Cyanobacteria, Synechococcus sp. B'
m OTU-06 Chloroflexi, 'Ca. Roseilinea gracile'
1 OTU-07 Atribacteria (OP9)
m OTU-08 Nitrospirae, Thermodesulfovibrio sp.
m OTU-09 Chloroflexi, Anaerolinea-like sp.
m OTU-10 Themotogae, EM3
» OTU-11 Chloroflexi, Chloroflexus sp. MS-G
 OTU-12 Armatimonadetes (OP10), Group 6
» OTU-13 Aminicenantes (OP8), (OS type K)
OTU-14 Planctomycetes
OTU-15 Chloroflexi, 'Ca. Chloranaerofilum corporosum’
Others

m OTU-01, Roseiflexus sp. (MSunder_iTag-001)

m OTU-01, Roseiflexus sp. (MSunder_iTag-002)

m OTU-01, Roseiflexus sp. (MSunder_iTag-004)

m OTU-01, Roseiflexus sp. (MSunder_iTag-009)

m OTU-01, Roseiflexus sp. (MSunder_iTag-015)

m OTU-02, Pseudothermotoga sp. (MSunder_iTag-003)

m OTU-02, Pseudothermotoga sp. (MSunder_iTag-012)

m OTU-02, Pseudothermotoga sp. (MSunder_iTag-014)

m OTU-03, Armatimonadetes - 1 (MSunder_iTag-008)

m OTU-04, Thermocrinis sp. (MSunder_iTag-005)

m OTU-04, Thermocrinis sp. (MSunder_iTag-017)

m OTU-05, Synechococcus sp. (MSunder_iTag-011)

m OTU-06, 'Ca. Roseilinea gracile' (MSunder_iTag-006)

1 OTU-07, Atribacteria (MSunder_iTag-007)

m OTU-08, Thermodesulfovibrio sp. (MSunder_iTag-019)

m OTU-09, Chloroflexi (MSunder_iTag-016)

m OTU-12, Armatimonadetes - 2 (MSunder_iTag-013)
Others

oligonucleotide frequency patterns in Section “Metagenome
Sequencing” (Figure 4, Table3). An overview of the most
important taxa detected in each phylum will be presented in
Section “Overview of Phyla and Taxa Detected in the Mushroom
Spring Undermat.” Each iTag OTU was found to represent
a variable number of dereplicated iTtag sequences, which is
interpreted as representing different degrees of microdiversity
within a taxon (Figure 2B, Table 1). Members of 20 different
phyla were identified (Figure5 and Figure S1, Table S1).
Organisms of the phylum Chloroflexi dominated the microbial

undermat community in both read abundance and diversity
(Tables 1, 2, and Table S1, Figures2A,B). Thirteen out of
seventeen members of the microbial mat detected in previous
16S rRNA gene sequence cloning and DGGE studies (OS types,
Table 4; Ward et al., 1990, 1992; Weller et al., 1992; Ferris et al,,
1996b, 1997; Ferris and Ward, 1997), as well as relatives of
ribosomal sequence types derived from a previous undermat
study (Klatt et al., 2013a, Figure 5 and Figure S1) were detected
in this study and thus confirmed as members of a compositionally
and temporally stable microbial community.
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FIGURE 3 | Rank abundance curve of the 15 very abundant OTUs
(>1,000 reads) obtained from the undermat 16S rRNA gene amplicon
study (relative read counts) (A), and Log abundance plot of the all 317
OTUs obtained from the undermat 16S rRNA gene amplicon study (B).
15 OTUs (=5%) were detected more than 1,000 times.

16S rRNA Gene Amplicons (iTags)

Sequencing of partial 16S rRNA genes resulted in 139,326 total
and 30,861 dereplicated (i.e., unique) reads after quality control.
Abundance values of dereplicated reads varied between 1 and
30,285, with an average of 5.4 reads per sequence.

Diversity Based on OTUs

The 16S rRNA gene amplicon reads clustered into 317 OTUs of
>97% nt identity, with abundances between 1 and 68,369 reads
per OTU (Table S1). The community was characterized by a
low degree of evenness (Figure 3A). The majority of the OTUs
were present in low abundance; only 15 OTUs (5% of the taxa)
were represented by 1,000 or more reads (Figure 3B). Due to
the high number of singleton sequences, the estimated richness
based on Chaol (Sghao1 = Sebs+ (0. of singletons?)/(2* no. of
doubletons) (Chao, 1984) was rather high, Chaol = 369.74; a
lower value of Chaol = 220.9 was obtained in a previous study
(Klatt et al., 2013a). In contrast, the Simpson’s Reciprocal Index
(D = 21:\7(”15;!—_1;)) obtained in this study is considerably lower
than in previous studies (3.85 in this study vs. 37.5; Klatt et al.,
2013a), reflecting the low evenness and strong dominance of only
a few OTUs in the amplicon study. While an identity cut-off of
97% for rRNA gene sequences is often used to demarcate species
(Stackebrandt and Goebel, 1994; Schloss and Handelsman, 2005;
Koeppel and Wu, 2013), this is an arbitrary value that does

not necessarily correlate with any species definition. Here, we
refer to OTUs as “taxa,” use the term “populations” mainly for
dereplicated iTag sequences, and discuss our understanding of
the bacterial species concept in Section “Discussion.”

Most Abundant Taxa Based on OTUs

When considering OTU sequences based on 97% nt sequence
identity, 15 OTUs were identified with >1,000 reads each, varying
in abundance between 1,008 and 68,369 reads (Table 1). These
are considered to represent highly abundant taxa and thus
are likely to represent key members of the Mushroom Spring
undermat community. However, the threshold of 1,000 reads
was arbitrarily chosen and does not necessarily correlate with
activity or ecological importance. We will focus the discussion
on the “very abundant” taxa listed in Table 1, but will also
include selected “abundant” and “less abundant” OTUs with read
abundances of >100 and less, respectively (Table S1).

The 16S rRNA gene amplicons of the microbial undermat
community were dominated by sequences derived from
Roseiflexus spp. (Figure 2A, OTU-1, 49%) with the second
most abundant sequences belonging to a Pseudothermotoga sp.
(OTU-2, 10%). An unidentified Armatimonadetes (formerly
known as OP10) bacterium (OTU-3), a member of the Aquificae
(OTU-4), as well as the sequences derived from member of
the Cyanobacteria each represented ~4% of the sequences
(Table 1). On the basis of psaA sequences the cyanobacterial
sequences can be classified as belonging to ecotype populations
of Synechococcus detected in the upper green layer of the
mat and are considered likely to arise from buried surface
populations that are not expected to represent metabolically
active constituents of the undermat community. The sixth most
abundant OTU was identified as a phototrophic member of the
phylum Chloroflexi, which had previously been detected in the
upper green layer using metagenome analysis and identified
as the first phototrophic “Anaerolineae-like” Chloroflexi; it
has provisionally been named “Ca. Roseilinea gracile” (Klatt
et al., 2011, 2013b; Tank et al, in press). Additional abundant
OTUs were affiliated with the Atribacteria (OP9) Nitrospirae,
Planctomycetes and several phototrophic and non-phototrophic
members of the phylum Chloroflexi (Table 1). Three of the
fifteen most abundant OTU sequences from the undermat
amplicon study represented sequences obtained from the mats
of Octopus Spring in previous 16S rRNA gene surveys (OS-B:
Synechococcus sp. Type B; OS-C: Roseiflexus sp. RS-1; and OS-L:
Armatimonadetes member OTU-3) (Table 4, Ward et al., 1990,
1992; Ferris et al., 1996a; van der Meer et al., 2010).

Most Abundant Populations Based on Dereplicated
iTag Sequences

Seventeen dereplicated iTag sequences, representing members of
the nine most abundant OTUs, were each detected more than
1,000 times, and in total represent more than half of all iTag reads
recovered in this study (Table 2, Figure 2B). These sequences
probably correspond to the most abundant “populations” (in
contrast to “taxa” for OTUs). Five of these very abundant
dereplicated iTag sequences belong to a single OTU representing
the most abundant taxon, Roseiflexus spp. (Figure 2B, Table 2
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TABLE 1 | Most abundant OTUs (97% nt identity), number of reads and relative abundance, microdiversity in terms of represented dereplicated iTag
sequences, corresponding metagenome sequences and next relatives determined by BLAST search.

OTU-name Reads Rel. No. of derep. iTags Metagenome 16S rRNA Relevant Blast hits Acc. No. Ident (%)
abundance
(%) Total >100 Scaffold ID Avg. Length (bp)
coverage

OTU-01 68,369 49 6,193 24 101,6681 2,842 1,357 Roseiflexus sp. RS-1 NR_074197 100

OTU-02 14,480 10 1,664 3 1,000,336 458 1,426 Thermotoga hypogea NBRC AP014508 98
106472 (T)

OTU-03 6,203 4 2,082 9 1,062,246 951 710 Unc. bacterium clone SM2D03  AF445720 100
Eubacterium sp. (OS type L) L04707 98

OTU-04 6,160 4 899 3 1,002,657 262 1,434 clone YNP_SBC_BP2A_B2 HM448202 99
Thermocrinis ruber strain DSM CP007028 97
23557(T)

OTU-05 5,046 4 1,289 7 1,008,881 105 1,002 Synechococcus sp. CP000240 100
JA-2-3B'a(2-13)

OTU-06 3,580 3 675 1 1,001,696 423 1,364 clone YNP_SBC_BP4_B2 HM448255 98
Thermanaerothrix daxensis HM596746 87
GNS-1 (T)

OTuU-07 3,350 2 564 1 1,014,288 189 1,444 OP9 bacterium clone TP29 EF205555 98
Ammonifex thiophilus strain EF554597 83
SR(T)

OTU-08 3,283 2 705 2 1,000,748 135 1,413 clone SMD-BO1 AB477993 99
Thermodesulfovibrio yellowstonii  NR_074345 96
DSM11347(T)

OTU-09 1,981 1 449 2 1,000,273 129 1,389 clone NY-30 KC290430 94
Thermanaerothrix daxensis HM596746 91
GNS-1 (T)

OTU-10 1,715 1 510 6 1,001,962 67 1,406 EMB3 clone OPB88 AF027006 99
Rhodothermus marinus CP003029 82
SG0.5JP17-172 ()

OTU-11 1,594 1 521 3 1,030,146 83 1,309 Chloroflexus sp. MS-G KR230107 99
Chloroflexus aurantiacus J-10-fl - CPO00909 95
M

OTU-12 1,569 1 477 3 1,003,586 802 1,415 OP10 clone OPB80 AF027089 94
Fimbriimonas ginsengisoli Gsoil ~ CP007139 81
348 (T)

OTU-13 1,392 1 306 2 1,015,572 36 1,497 clone bac67 HM184963 95
Thermoanaerobaculum NR_109681 88
aquaticum MP-01 (T)

OTU-14 1,260 1 322 3 1,003,293 60 1,420 clone TP5 EF205581 99
Thermogutta terrifontis R1 (T) KC867694 90

OTU-15 1,008 1 391 3 1,021,867 132 1,299 clone OB17 EF429491 98
Chloroflexus aurantiacus CP000909 90
J-10-fi(T)

OTU-1, MSunder_iTags-1, 2, 4, 9, and 15). The third most
abundant sequence (MSunder_iTag-3), as well as two additional
abundant, dereplicated sequences (MSunder_iTags-12 and 14),
were representatives of Pseudothermotoga spp. (OTU-2), the
second most abundant taxon. The Armatimonadetes (OTU-3)
and a member of the phylum Aquificae (OTU-4) contained two
slightly different, highly abundant dereplicated iTag sequences
each, whereas the other OTUs (OTUs 5-9) had only one
very abundant dereplicated iTag sequence. With regard to the
single dereplicated iTag sequences, cyanobacteria derived from
the green upper layer of the mat community are represented

by the eleventh most abundant iTag sequence, and thus the
ten most abundant dereplicated iTag sequences (representing
eight OTUs) are considered to represent the most abundant
populations in the undermat community (MSunder_iTag-1
through MSunder_iTag-10; Table 2).

Microdiversity

We used different methods to assess the degree of sequence
heterogeneity and microdiversity within the microbial undermat
community. Based on the number of different dereplicated iTag
sequences within one 97% OTYU, a high degree of diversity was
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TABLE 2 | Most abundant dereplicated iTag sequences (100% nucleotide identity) detected in the Mushroom Spring undermat.

MSunder_iTag (dereplicated iTag) Reads Relative abundance (%) Phylum Genus oTuU
MSunder_iTag-1 30,285 21.70 Chloroflexi Roseiflexus 1
MSunder_iTag-2 11,586 8.30 Chloroflexi Roseiflexus 1
MSunder_iTag-3 8,257 5.90 Thermotogae Pseudothermotoga 2
MSunder_iTag-4 4,712 3.40 Chloroflexi Roseiflexus 1
MSunder_iTag-5 3,760 2.70 Aquificae Thermocrinis 4
MSunder_iTag-6 2,551 1.80 Chloroflexi Ca. Roseilinea 6
MSunder_iTag-7 2,436 1.70 Atribacteria 7
MSunder_iTag-8 2,229 1.60 Armatimonadetes 3
MSunder_iTag-9 1,881 1.40 Chloroflexi Roseiflexus 1
MSunder_iTag-10 1,721 1.20 Nitrospirae Thermodesulfovibrio 8
MSunder_iTag-11 1,716 1.20 Cyanobacteria Synechococcus 5
MSunder_iTag-12 1,695 1.20 Thermotogae Pseudothermotoga 2
MSunder_iTag-13 1,542 1.10 Armatimonadetes 3
MSunder_iTag-14 1,370 1.00 Thermotogae Pseudothermotoga 2
MSunder_iTag-15 1,220 0.90 Chloroflexi Roseiflexus 1
MSunder_iTag-16 1,161 0.80 Chiloroflexi 9
MSunder_iTag-17 1,027 0.70 Aquificae Thermocrinis 4

Read numbers, relative abundance, taxonomic affiliation and OTU affiliation are provided.

FIGURE 4 | ESOM binning of Mushroom Spring assembled undermat metagenome sequences >5kb. In order to show complete bins, the map is shown in
tiled mode, displaying four connected partial copies of the grid with some redundancy of data points. Repeating colors imply repeating bins. Complete bins are
labeled with numbers (number code and details of the bins is found in Table 3). Additional partial copies of the bins due to the tiled display are not labeled. The color
gradient code on the right visualizes relative height values; the largest height normalized to 1.
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indicated, especially for the most abundant OTU, Roseiflexus
spp. We detected 6,193 total dereplicated iTag sequences, 24 of
which had >100 reads (Table 1). A similar microdiversity was
identified by the oligotyping approach, and was also suggested by
a high number of very similar but non-identical clone sequences
obtained in a previous study (Klatt et al., 2013a; Figure 5A,
and Figure S2, Table S2). Based on ten distinct nucleotide
positions, 246 different oligotypes were identified, of which 55
were represented by >10 reads, 23 by >100 reads and nine
by > 1,000 reads in the combined dataset (which consisted

of ~39,000 upper green layer reads and 75,000 undermat
reads). The total “purity scores” of 0.95 and 0.86 for >100
and >10 reads, respectively, indicates a good separation for
the highly abundant oligotypes, but also implies further low
abundance oligotypes in the samples. Differences in diversity and
abundance of oligotypes between the upper green layer and the
undermat were detected, e.g., for the most abundant Roseiflexus-
oligotypes (Table S2, Figure S2). In general the undermat is more
diverse. The upper green layer for example contains a lower
number of highly abundant oligotypes (six oligotypes >1% of
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TABLE 3 | Metagenome bins recovered based on tetranucleotide frequencies.

Bin* OoTU Identity 16S rRNA Contigs Size [Mb] Marker genes
1 OTU-01 Roseiflexus sp. No 18 0.20 None
2 OTU-02 Thermotoga sp. Yes, scaffold00336 142 1.85 30
38 OTU-03 Armatimonadetes (OP10) Yes 81 2.9 32
4 OTU-04 Aquiificae / Thermocrinis sp. Yes, scaffold02657 44 0.22 5
5 OTU-05 Synechococcus sp. B’ No 68 0.43 13
6 OTU-06 “Ca. Roseilinea gracile” No 188 1.71 25
7 OTU-07 Atribacteria (OP9) No 136 1.45 26
8 OTU-08 Thermodesulfovibrio sp. Yes, scaffold00748 119 1.59 17
9 OTU-09 Chloroflexi, Anerolineae Yes, scaffold00273 220 2.62 26
10 OTU-10 Thermotogae-EM3/0OPS-2 Yes, scaffold01962 157 1.38 18
11 OTU-11 Chloroflexus sp. MS-G No 336 3.1 21
12 OTU-12 Armatimonadetes_Gp6 (OP10) Yes, scaffold03586 200 1.72 24
13 OTU-13 Aminicenantes (OP8) No 94 2.54 30
14 OTU-14 Planctomycetes Yes, scaffold03293 258 1.90 19
15 OTU-15 “Ca. Chloranaerofilum corporosum” No 299 2.26 19
16 OoTU-17 Chloracidobacterium thermophilum No 220 2.07 21
17 OTU-18 Armatimonadetes_Gp 2 Yes, scaffold00584 207 2.64 31
18 OTU-21 Meiothermus sp. No 155 1.31 8
19 OTU-24 Chlorobi-lineage 5: OPB56 Yes, scaffold02638 137 117 18
20 OTU-36 Acidobacterium, OPB3 Yes, scaffold01343 253 2.60 6
21 OTU-38 “Ca. Thermochlorobacter aerophilum” No 198 2.09 27
22 OTU-46 Elioraea sp. No 229 2.02 26
23 Planctomycetes No 385 3.8 29
24 Ignavibacteriaceae No 75 2.50 31
25 OTU-31 Chilorofiexi, Bellilinea sp. No 237 2.46 24
26 Unidentified No 130 1.78 28
27 Unidentified No 96 0.85 2
28 Unidentified No 110 0.84 3
29 Unidentified No 98 0.66 5
30 Unidentified No 22 0.27 None
31 Unidentified No 38 0.26 2
32 OTU-26 Thermodesulfobacteria No 27 0.18 12
33 Unidentified No 23 0.17 none
34 Unidentified No 23 0.17 none
35 Unidentified No 17 0.11 8
36 Unidentified No 12 0.09 none
37 Chlorofiexi, Dehalocoocoides-like No 8 0.06 none

*Numbers refer to ESOM bins shown in Figure 4. ® Bin 3 was obtained from an enrichment culture, not from the undermat metagenome.

all Roseiflexus sequences), whereas the undermat is more diverse
with nine oligotypes >1% (Table S2, Figure S2). Notably, the
most abundant oligotypes are present in both samples in similar
abundances. One oligotype dominates both datasets (48% in the
upper layer vs. 54% in the undermat). The second most abundant
oligotype “CTCTACGGGC” is more abundant in the upper layer
(32 vs. 20% of the reads), whereas the third is more abundant
in the undermat (9 vs. 6%, Table S2). In general the undermat
is more diverse and some oligotypes show distinct differences.
For example, the difference in the entropy figures from upper
green layer and undermat after separate analyses (considerably
lower entropy at pos. 104 and 109 in upper layer; Figures S2B,C)
are indicative of a lower abundance of two oligotypes in the

upper layer, namely “CCCCGCGTGC” (2.13% in undermat,
0.19% in upper layer) and “CCCCGCGGGC” (1.02 vs. 0.21%)
(Table S2).

A high degree of microdiversity was also indicated for other
OTUs obtained in this study, e.g., OTU-3 (Armatimonadetes
member, OS type L) and OTU-5 (Synechococcus spp.) Overall, the
twelve most abundant OTUs also exhibited the highest number
of unique amplicon sequences, indicating a correlation between
microdiversity and sequencing depth (Table 1). However, the
number of abundant dereplicated sequences, i.e., putative
ecotypes did not show the self-correlation with sequencing depth,
but correlated with the metagenome assembly quality; a high
microdiversity was suggested to be interfering with the sequence
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TABLE 4 | OS-type sequences from previous studies (Ward et al., 1990, 1992; Weller et al., 1992; Ferris et al., 1996b, 1997; Ferris and Ward, 1997) and the

corresponding sequences obtained in this study.

OStype Acc. Nos. Phylum Identity OoTU Metagenome sequences [JGI24185J35167_]

A X52544 Cyanobacteria Synechococcus sp. A OTU-22 10825551 (280 bp)
10154254 (272 bp)
10858251 (546 bp)

B M62776 X52545 Cyanobacteria Synechococcus sp. B’ OTU-5 12370211 (272 bp)

C X52546 U42421 U90433  Chloroflexi Roseiflexus sp. RS-1 OTU-1 10166812 (1357 bp)

D X52547 Acidobacteria Chloracidobacterium thermophilum oTuU-17 10032584 (1383 bp)

E X52548 U42419 U42420  Chlorobi Ca. Thermochlorobacter aerophilum OTU-38 10007615 (1379 bp)

F X52549 Chlorobi OPB56-like Chlorobi OTU-262  No scaffold

G X52550 Betaproteobacteria Hydrogenophilus sp. OTU-101 No scaffold

H X52551 Sprichoaetes Spirochaeta sp. OTU-41 No scaffold

| L04709 Cyanobacteria Leptolyngbya sp. no OTU No scaffold

J L04710 Cyanobacteria Synechococcus sp. no OTU 1045912 (920 bp)

K L04711 Acidobacteria Thermoanaerobaculum sp. OTU-61 10096124 (954 bp)
10037885 (587 bp)

L L04707 Armatimonadetes Uncultured Armatimonadetes (OP10)  OTU-3 11621781 (295 bp)
10622461 (710 bp)
12054061 (298 bp)

M 04708 Chlorobi Unidentified Ignavibacteriaceae OTU-34 1068906 (652 bp)
1010292 (1038 bp)

N 05931 L05930 Betaproteobacteria Tepidimonas sp. No OTU No scaffold

(0] L04706 Alphaproteobacteria  Elioraea sp. OTU-46 10309321 (1157 bp)
10459122 (309 bp)

Q u42422 Chlorofiexi Candidatus Chlorothrix halophila No OTU No scaffold

R U46750 Betaproteobacteria Uncultured Beta-Proteobacterium OTU-172 No scaffold

assembly. Very few contigs with >5 kb length were assembled for
the OTUs with the highest microdiversity (OTU-1 and OTU-3).

Metagenome Sequencing

One full lane of Illumina HiSeq sequencing led to 176,741,874
quality-passed reads. 169,595,919 (96%) of these reads were
assembled into a 232-Mb metagenome comprising 315,154 total
contigs with a maximum scaffold length of 158 kb and a N/L50
value of 32,529/1.24 kb, which defines the number of fragments at
or above the Length50 cutoff. There were 13,766 contigs >2.5 kb,
5,362 contigs >5kb, and 1,665 >10kb. Contigs >50kb (n = 38)
accounted for 1.14% of all assembled sequence data.

Metagenome Bins

Binning of the metagenome contigs based on tetranucleotide
frequency patterns resulted in 36 clusters (Table 3, Figure 4).
An additional bin, representing OTU-3 from the iTag study of
the undermat, was obtained from an cyanobacterial enrichment
culture metagenome (Olsen et al, 2015). Thus, 37 partial
genomes, 26 of which contained >1 Mb of sequence information,
were found by this method (Table3). Twenty-six of the
bins were identified taxonomically, and 22 could be affiliated
with abundant OTUs. A specific cut-off with regard to
taxonomic levels or sequence threshold cannot be given for the
represented populations. However, previous studies, as well as
joint binning of the sequences from the presented study with
reference genomes, suggest that genomes derived from bacterial
populations with 16S rRNA gene sequences identities of >96% do

not separate into distinct bins (data not shown; Klatt et al., 2011).
In this study, the cyanobacterial genomes of Synechococcus Types
A and B’ (97% 16S rRNA nt identity), and within the Chloroflexi,
Roseiflexus castenholzii and Roseiflexus sp. RS-1 (95.6% 16S
rRNA nt identity) as well as Chloroflexus aurantiacus J-10-fl and
Chloroflexus sp. MS-G (95.7% 16S rRNA nt identity) genomes
clustered in single bins containing sequences of both genomes,
respectively. All other included Chloroflexi reference genomes
(<94% 16S rRNA nt identity) clustered in separate but sometimes
adjacent bins. The occurrence of several metagenomic bins
affiliated with the Chloroflexi as well as the separate clustering of
the included Chloroflexi reference genomes, provides an estimate
of the ability of this approach to discriminate and resolve
among different members of the same phylum. Based on these
observations, as well as 16S rRNA OTU similarities found in this
study displaying values of either <95% or >96.8% nt identity,
we expect genomes of populations sharing <95% 16S rRNA
sequence identity to be represented by distinct metagenomic
bins, whereas OTUs of >96.8% similarity would probably be
represented by a single partial genome (i.e., metagenomic bin).

Overview of phyla and Taxa Detected in the

Mushroom Spring Undermat

In the following paragraphs we will describe selected taxa from
each phylum detected in the undermat community based on
combined information of iTag and metagenomic sequence data.
The phyla and members thereof are presented in the order of
abundance, starting with the most abundant phylum and the
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YNP15 clone SeqMan 97 contig YNP15_44 7]

96 | YNP15 clone SeqMan 97 contig YNP15_85

Unidentified eubacterium (OS type C’‘), U90433.1, (300 bp)
hot springs metagenome ctg1139, AFSR01000330

YNP15 clone SeqMan 97 contig YNP15_47

YNP15 clone SeqMan 97 contig YNP15_93

YNP15 clone SeqMan 97 contig YNP15_107

YNP15 clone SeqMan 97 contig YNP15_72

Roseiflexus sp. RS-1, CP000686 .

JGI24185J35167_10166812 (OTU-1) [bin-1] (Phototroph) Roseflexaceas

YNP15 clone SeqMan 97 contig YNP15_45

YNP15 clone SeqMan 97 contig YNP15_46

100 El Tatio geyser field clone Tat-08-003_12_37 , GU437320

YNP1578520 16S rRNA [YNP15_C3920]

YNP15 clone SeqMan 97 contig YNP15_102

Unc. Eubacterium sp. (OS type C), M62775.1

Roseiflexus castenholzii DSM 13941(T), CP000804

YNP15 clone SeqMan 97 contig YNP15_76 (OTU-75) 4

62 | Kallotenue papyrolyticum JKG1(T), JX848544

JGI24185J35167_10301461 (OTU-11) (phototroph) 1
sulfidic hot spring bacterium NPE, AJ308502
YNP15 clone SeqMan 97 contig YNP15_92,

Chloroflexus sp. MS-G, JPIM01000237

YNP15 clone SeqMan 97 contig YNP15_131

Chloroflexus sp. Y-396-1, AZXV01000004

YNP15 clone SeqMan 97 contig YNP15_49

Chloroflexus aggregans DSM 9485(T), CP001337

Chloroflexus aurantiacus J-10-fl(T), CP000909

Chloronema giganteum Gnsb-1 , AF345825 Chloroflexaceae

Scytonema tolypothrichoides VB-61278, JXCA01000035

Chloroflexaceae bacterium S126, KP017529

Oscillochloris trichoides DG-6(T), ADVR01000146

Candidatus Chloroploca asiatica M50-1, KJ605350

sediment surface rock clone SA_80, JQ738969

JGI24185J35167_10218671 (OTU-15) [bin-15] (phototroph)

hot spring clone OB17, EF429491

Candidatus Chlorothrix halophila , AY395567

geothermal spring mat clone YCB22, EF205456 -

100 r Herpetosiphon aurantiacus DSM 785(T), CP000875 .

Herpetosiphon geysericola ATCC23076(T), AF039293 } Herpetosiphonaceae

Ktedonobacter racemifer DSM 44963(T), ADVG01000002

Thermosporothrix hazakensis SK20-1(T), AB500145 J Ktedonobacterales

100 — Thermc ispora foliorum, AB547913

L— Thermogemmatispora onikobensis, AB547912

99 1 MS-B_2012 SeqMan 97 Contig_12 (OTU-74)
YNP15 clone SeqMan 97 contig YNP15_126

Thermomicrobium roseum DSM 5159(T), CP001275 Thermomicrobiaceae

Thermomicrobium sp. KI3(T), KF193529

1 Thermomicrobiales bacterium KlI4(T), KF193530

Longilinea arvoryzae (T), AB243673 1

Leptolinea tardivitalis YMTK-2(T), AB109438

Ornatilinea apprima P3M-1(T), JQ292916

Pelolinea submarina MO-CFX1(T), AB598277

Levilinea saccharolytica KIBI-1(T), AB109439

Bellilinea caldifistulae (T), AB243672

JGI24185J35167_10104834 (OTU-31) [bin-25]

Anaerolinea thermolimosa IMO-1(T), AB109437

Anaerolinea thermophila UNI-1(T), AP012029

Thermanaerothrix daxensis GNS-1, HM596746

uncultured Chloroflexi bacterium JFF019_G07 , AP011699

uncultured eubacterium env.OPS 12, AF018195

Thermomarinilinea lacunofontalis SW7(T), AB669272

100 | JGI24185J35167_100027318 (OTU-9) [bin-9]

YNP15 clone SeqMan 97 contig YNP15_70

YNP15 clone SeqMan 97 contig YNP15_86

Contig_390 MS-B SeqMan 96 (OTU-39)

thermal spring mat clone O1aA2 , AY193182 Anaerolineaceae
geothermal spring mat clone TP7, EF205579

YNP15 clone SeqMan 97 contig YNP15_99

93 1 hot springs metagenome ctg3397, AFSR01001534

YNP15 clone SeqMan 97 contig YNP15_120
uncultured Chloroflexi bacterium SM1F10 AF445692

81

58

] Thermogemmatisporaceae

YNP15 clone SeqMan 97 contig YNP15
hot spring clone VCB20, KJ465959
JGI24185J35167_10188772 (OTU-23)
62 | unidentified green non-sulfur bacterium OPB12, AF027031
YNP1583680 16S rRNA [YNP15_C4199]
100_| YNP15 clone SeqMan 97 contig YNP15_33
100 YNP15 clone SeqMan 97 contig YNP15_116
uncultured bacterium clone W8B-45, KM221433
mud volcano sediment clone AMSMV-15-B53, HQ588546
MS-B_2012 SeqMan 97 Contig_18 (OTU-57)
uncultured bacterium clone BP_U1B_3g09 , GQ181563 4
Dehalogenimonas alkenigignens IP3-3(T), JQ994266 }

Dehalogenimonas lykanthroporepellens BL-DC-9(T), CP002084
100 Dehalococcoides mccartyi 195(T), CP000027
100 | Caldilinea aerophila DSM 14535 = NBRC 104270(T), AP012337 7]
100 |' YNP15 clone SeqMan 97 contig YNP15_105 (OTU-82)
84[r Caldilinea sp. enrichment culture clone phylotype P23, JX125575 Caldilineaceae
Caldilinea tarbellica D1-25-10-4(T), HM134893
Litorilinea aerophila PRI-4131(T), JQ733906 4

L 100 pu™ r)crmotogae - outgroup

Dehalococcoidaceae
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FIGURE 5 | Continued
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Chlorobi bacterium enrichment culture clone phylotype P1, JX125553
YNP15 clone SeqMan 97 contig YNP15_98 (OTU-4
SM1HO02-group ;unidentified green sulfur bacterium 0PS77 AF027011
JGI24185J35167_11041271 (OTU-45) (471 bp)
uncultured bacterium clone BE325FW032701CTS_hole1-17, DQ088767
Bor Khlung hot spring clone PK74, AY555793
SM1H02-group subsurface thermal spring clone OTU41/APA , AM902636
SM1HO02-group clone DF5IPCant18h02, GQ921449
JGI24185J35167_10102924 (OTU-34) (OS type M)
sediment clone 655939, DQ404811
uncultured bacterium SS-75 , AY945880
Ignavibacterium album JCM 16511(T), CP003418
uncultured bacterium clone LS4-176, AB234252
Melioribacter roseus P3M-2(T), CP003557
uncultured bacterium clone TSAC14 , AB186805
vent snail foot clone SF_C4-C6 , AY327874
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uncultured Chlorobi bacterium clone Cart-N2 , AY118151
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Chlorobium phaeobacteroides 2430(T), Y08104
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Prosthecochloris vibrioformis (T), M62791
Prosthecochloris aestuarii SK 413(T), YO7837
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96

Chlorobiaceae

YNP15 clone SeqMan 97 contig YNP15_ 140

Bacteroides fragilis ATCC 25285T(T), X83935
Bacteroides vulgatus (T), M58762
Porphyromonas gingivalis ATCC 33277, AP009380
Porphyromonas gulae DSM 15663, ARJNO1000002

100

uncultured bacterium clone ncd2604d09c1, JF228005
YNP15 clone SeqMan 97 contig YNP15_14
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YNP15 clone SeqMan 97 contig YNP15_127 (OTU-186)
YNP15 clone SeqMan 97 contig YNP15_101 (OTU-202)
South Canyon Hot Spring clone LKC09_005)52, JX521555
YNP15 clone SeqMan 97 contig YNP15_73 (OTU-53)
YNP15189820 16S rRNA [YNP15_C9702] (944 bp)
Flavobacterium antarcticum DSM 19726=AT1026(T), AY581113
Flavobacterium nitratireducens N1(T), FR827898
Flavobacterium aquatile, M62797
F'adang Cermin Hot Spring clone PMB-54 , AB757743
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b Schieiferia rhermophlla TU-20(T), HQ172900
1007 Thermonema lapsum DSM 5718(T), HE582775
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hot spring clone VDB23, KJ465961

—1.01]— Planctomycetes - outgroup
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—010

Thermochlorobacteraceae

uncultured bacterium clone nbw106801c1, GQ057999

Prevotella nanceiensis strain AIP 261.03, AY957555
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Porphyromonas macacae DSM 20710 = JCM 13914, ARBY01000031
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FIGURE 5 | Phylogenetic tree based on 16S rRNA gene sequences showing the phylogenetic relationship between members of the phylum Chloroflexi
(A) and Bacteroidetes-Chlorobi (B) phyla and sequences obtained from the Mushroom Spring microbial undermat community. The tree was generated
based on the Maximum Likelihood method using the phyML software included in the ARB package. Percentage numbers on nodes refer to 100 bootstrap
pseudoreplicates conducted. Only values >50% are shown. Bold sequences were obtained from Mushroom or Octopus Spring in this or previous studies. Red bold
labels indicate sequences obtained in this study. Blue bold labels indicate “OS type” sequences from previous studies. OTU numbers shown refer to the most
abundant OTU represented by the sequence. Only sequences with length >1,000 bp were used for phylogenetic calculations. Sequence length <1,000 bp are given
in (gray) in the labels and corresponding sequences were added using the Parsimony method without changing tree topology.
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most abundant member, respectively. Taxonomic identification
was always based on the longest 16S rRNA sequence available,
in conjunction with phylogenetic marker genes. Information
on additional taxa and phyla can be found in the phylogenetic
trees and the Supplemental Materials (Figure 5, and Figure S1,
Table S1). Phylogenetic analyses based on 16S rRNA sequences
extracted from metagenomic data identified >50 members of 20
different phyla (Figure 5 and Figure S1), most of which could
also be affiliated with iTag sequences obtained in the amplicon
study.

Chloroflexi
Members of the phylum Chloroflexi were the most diverse group
of organisms present in the microbial undermat community.
Overall, 41 OTUs were affiliated with the phylum Chloroflexi
(Table S1), and twelve Chloroflexi sequences were identified
phylogenetically (Figure 5A). Five of the fifteen most abundant
OTUs (>1,000 reads), as well as four abundant OTUs with
>100 reads, were identified as members of the Chloroflexi
(Table S1, Figure 5A). Based on the metagenomic information
for these taxa, four out of five very abundant Chloroflexi
are chlorophototrophic members of this phylum (OTUs-1,
6, 11, and 15; see Figure5A), while one is a putative
chemoheterotroph (OTU-9). Three additional abundant OTUs
also are associated with putatively chemoheterotrophic members
of this phylum (OTUs 23, 31, and 39). Thirty-two less
abundant OTUs were also affiliated with the phylum Chloroflexi
(Table S1, Figure 5A).

Binning of the assembled metagenomic data yielded only
a very small partial genome for Roseiflexus spp., the most
abundant and most diverse OTU in the undermat (Bin-
1; Figures2, 3, 5, Tables 1-3 and Table S1). Bin-1 did not
contain any phylogenetic marker genes but was identified
by high nucleotide sequence identities (92 £ 5%; range 79-
100%) to the Roseiflexus sp. RS-1 genome (CP000686, 5.8
Mb, van der Meer et al, 2010). The Roseiflexus sp. RS-
1 genome recruited 23,534 contigs from the metagenome
(>85% nt identity and >75 coverage), of which 13,329
contigs showed sequence identity of >95%. Only 12 of those
contigs were >5kb in length, sharing a minimum of 94.52%
nt identity with the Roseiflexus sp. RS-1 genome sequence.
Roseiflexus sp. RS-1 is a filamentous anoxygenic phototroph
that synthesizes bacteriochlorophyll (BChl) a but not BChl
c. It was previously isolated from Mushroom Spring and
was affiliated with OS Type C sequences obtained in early
molecular studies (Ward et al, 1990; Ferris et al., 1996b,
1997; Ferris and Ward, 1997). In addition to BChl a-
containing photosynthetic reaction centers, the genome of this
organism encodes xanthorhodopsin, which was also detected in
the undermat metagenome (RoseRS_2966, GenBank Acc. no.
ABQ91330.1; JGI24185]3567_10248071), and indicates a possible
additional use of light energy (Choi et al,, 2014). The small
number of long contigs affiliated with this OTU, in combination
with the broad coverage range from 31 x to 1,557 %, reflects a high
microdiversity as well as the high abundance of the core genome
sequences.

A 1,364-bp partial 16S rRNA sequence identified OTU-
6 as a member of the Chloroflexi, which is most closely
related to uncultured members in streamer biofilm-producing
communities in YNP hot springs (Table 3; Meyer-Dombard
et al., 2011). It represents an uncultured chlorophototrophic
Anaerolineae-like organism, which was also identified in the
upper green layer of the Mushroom Spring microbial mat in a
previous metagenomic analysis (Klatt et al., 2011). Despite the
absence of a 16S rRNA gene, Bin-6 was identified to represent
OTU-6 based on 93 + 5.6% average nt identity to Cluster 6
from the upper layer metagenome (Klatt et al., 2011), which did
contain a ribosomal RNA sequence with 98% identity to OTU-
6, as well as 99% sequence identity to a 16S rRNA sequence
detected in the metagenome of this study. When first reported
by Klatt et al. (2011), this uncultured organism was identified as
“Anaerolineae-like,” with Anaerolinea thermophila strain UNI-1
being its closest cultivated and described relative (85% nt identity,
Sekiguchi et al.,, 2003). At the time of this writing [February
2016], a BLAST search identified Thermanaerothrix daxensis
strain GNS-17T (Grégoire et al.,, 2011) and Thermomarinilinea
lacunofontalis strain SW7 (Nunoura et al., 2013) as the closest
isolated relatives with a 16S rRNA sequence identity value of
87% (Table 1). Phylogenetic analysis based on the full-length
16S rRNA sequences supports a phylogenetic affiliation to the
Anaerolineales as well as a more distant relationship to known
chlorophototrophic Chloroflexi (Figure 5A). Genes annotated
within this metagenomic bin suggest that, like Roseiflexus spp.,
this anoxygenic chlorophototroph has the potential to produce
BChl a but probably doesn’t contain BChl ¢ or chlorosomes,
although it does possess a putative xanthorhodopsin-like gene
(Klatt etal., 2011). Thin short filaments possibly representing this
Anaerolineae-like phototrophic Chloroflexi, tentatively named
“Ca. Roseilinea gracile” (Tank et al., in press), have been observed
in fresh mat samples and enrichment cultures. They exhibit BChl
a but not BChl ¢ autofluorescence.

OTU-09 is represented by Bin-9 and was also identified
as being derived from a member of a cluster of uncultured
Chloroflexi within the Anaerolineae (Figure5A). However,
based on the absence of photosynthesis-related genes in the
corresponding metagenomic bin and the absence of unassigned
photosynthesis-related genes in the remaining unbinned contigs,
the organisms corresponding to OTU-09 are not predicted to be
chlorophototrophs.

A close relative of Chloroflexus sp. strain MS-G, a
chlorophototrophic member of the Chloroflexi that was
previously isolated from this mat (Thiel et al., 2014b), is
represented by OTU-11 and Bin-11 in this study. Like strain
MS-G, OTU-11 is predicted to be an anoxygenic phototroph
containing type-2 (quinone-type) photosynthetic reaction
centers, light-harvesting complex 1 and chlorosomes based on
a metagenomic bin of 3.1 Mb, with an average read coverage
of 30x (Bin-11, Table 3). The bin contained 21 phylogenetic
marker genes, all of which share amino acid sequence identity
values of 98.7 to 100% with sequences from Chloroflexus sp.
MS-G (Table 3). The organism representing OTU-11/Bin-11
and strain MS-G share 98.3% 16S rRNA and 94 £ 6% overall
genomic nucleotide sequence identity, respectively.
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A third anoxygenic phototrophic Chloroflexi is represented by
OTU-15 and Bin-15. Phylogenetic analysis and BLAST search
results indicate this organism to be only distantly related to other
chlorophototrophic Chloroflexus spp., displaying 90-91% 16S
rRNA sequence identity to Oscillochloris trichoides, Chloroflexus
aurantiacus J-10-fl and “Candidatus Chloroploca asiatica.” The
organism associated with these sequences presumably represents
anovel genus of chlorophototrophic Chloroflexi within the family
Chloroflexaceae (Figure 5A). Based on the conserved signature
indels that are specific for different groups within the Chloroflexi
as described by Gupta et al. (2013), this filamentous anoxygenic
phototroph is affiliated with the proposed order of “green
nonsulfur bacteria,” Chloroflexales, suborder Chloroflexineae, but
is distinct from all known members of the genera Chloroflexus
and Oscillochloris. The functional gene content of the associated
metagenome bin (Bin-15) indicates that this organism has the
capacity to synthesize BChls a and c¢. A filamentous BChl
a- and BChl c-producing isolate similar to Oscillochloris sp.
has been obtained in enrichment cultures, and tentatively
named “Candidatus Chloranaerofilum corporosum” (Tank et al.,
in press).

Thermomicrobium roseum, phylum Chloroflexi, which had
previously been isolated from the mats (Jackson et al., 1973), was
detected in the metagenome in this study and a previous 16S
rRNA cloning study (Klatt et al., 2013a), but T. roseum was only
present in low numbers based on the analysis of iTag amplicons
(OTU-74, 44 reads, Table S1, Figure 5A).

Thermotogae

Only two OTUs, OTU-2, and OTU-107, were identified as
members of the phylum Thermotogae by the RDP classifier
(Table S1). OTU-2 represents the second most abundant
species-level iTag sequence and the corresponding metagenomic
16S rRNA sequence is 99% identical to that of Pseudothermotoga
hypogea, formerly known as Thermotoga hypogea (Fardeau
et al, 1997; Bhandari and Gupta, 2014). Bin-2 sequences,
which represent this Pseudothermotoga sp. OTU-2 mat member
(Table 3), show high similarities (98-100% aa sequence
identities) to sequences obtained from a previous metagenomic
study by Klatt et al. (2013a; IMG/M OID 2015219002), and form
a single cluster with the genome sequence of Pseudothermotoga
hypogea DSM 11164 in the metagenome binning analysis, which
indicates the high similarity of these two genomes. OTU-107
shares 99% nt sequence identity to Fervidobacterium pennivorans
strain DSM 9078 as well as to Fervidobacterium sp. isolated from
YNP (Sullivan et al., unpublished, AY151268) but is represented
by only 20 reads (Table S1, Figure S1). In addition, several
sequences were affiliated with group EM3, which has tentatively
been placed in the Thermotogae (Reysenbach et al., 2000)
(Table S1, Figure S1). OTU-10 was misidentified as a member
of the Chlorobi by RDP classifier, but actually represents the
most abundant EM3 population and shares highest similarities
with hot spring clones OPB88 (AF027006, Hugenholtz et al,
1998b) and OPS2 (AF018187, Graber et al., unpublished) from
YNP with 99 and 98% 16S rRNA nt identity, respectively. Bin-10
representing this OTU was identified based on the presence of
a matching 16S rRNA gene (Table 3). Phylogenetic affiliations

of the phylogenetic marker genes were uncertain with most of
the sequences only being assigned to the kingdom (“bacteria”)
and phylum level (“Bacteroidetes; “Chlorobi;’ “Deinococcus-
Thermus,” “Chloroflexiy or “Thermotogae,” respectively),
which indicates a high degree of novelty for this uncultured
organism. Sequences similar to the ones in this metagenomic
bin have previously been detected in the oxic upper green
layer of the mat community (Klatt et al., 2011). The sequences
formed unidentified Cluster 8 in the previous study, which
were associated with an uncultivated, putatively heterotrophic
bacterium. Bin-10 and Cluster 8 sequences formed a single bin
when included in the analysis. A BLASTn comparison revealed
an average nucleotide identity of 97 £ 3% between sequences of
the previous cluster and the sequences in the bin from this study.

Armatimonadetes (OP10)

Uncultivated members of the Candidate phylum OP10, now
named Armatimonadetes (Tamaki et al., 2011; Lee et al., 2013),
were first detected in Obsidian Pool in YNP (Hugenholtz et al,,
1998b). The undermat community at Mushroom Spring also
contains a considerable diversity of members of this phylum.
Two of the most highly abundant OTUs, OTUs 3, and 12,
were identified as members of the Armatimonadetes. In addition,
two abundant (OTUs 18 and 33) and nine less abundant iTag
OTUs were identified as members of this phylum (Table S1).
Partial genomes were identified for OTUs-3, 12, and 18 (Table 3,
Figure S1).

Despite the high abundance of Armatimonadetes member
OTU-3 sequences in the amplicon study and the presence
of a partial 16S rRNA sequence with high coverage (951x;
JGI24185]35167_1062246), no corresponding bin was obtained
in the undermat metagenome. Serendipitously, a highly similar
organism (99% 16S rRNA sequence identity) was identified
as a chemoheterotrophic contaminant in a cyanobacterial
enrichment culture obtained from these mats in the Ward
laboratory at Montana State University (unpublished data). A
partial genome of this enrichment contaminant was obtained by
binning the assembled contigs of the corresponding enrichment
culture metagenome (Bin-3, Table 3). This enrichment partial
genome recruited 17,252 sequences (a total of 11 Mb of sequence
data) from the undermat metagenome displaying 90.5 £ 7.5%
nt id (covering min. 80% of the metagenome scaffold). OTU-3
amplicon sequences were also detected in the upper green layer
in lower numbers (4.5 vs. 0.8% relative abundance; Table S1)
and a partial genome of this organism was also detected
as an unidentified heterotroph Cluster 7 in the upper layer
metagenome (Klatt et al., 2011). The partial genome of the
upper layer displayed similar identity values of 90.3 & 7.5% to
the enrichment culture metagenome bin and 94.6 £ 5.3% to
sequences in the undermat metagenome, and formed a single
ESOM bin with the partial genome obtained from the enrichment
culture (data not shown). OTU-3 was phylogenetically identified
as belonging to the “OS-L clade” within the uncharacterized
group 7 of the phylum Armatimonadetes (Lee et al., 2013)
(Figure S1). Clade OS-L is named after the first sequence of this
clade, OS Type L, obtained from a DGGE study of enrichment
cultures from microbial mats in Octopus Spring (Ward et al.,
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1992), with which the 16S rRNA genes in both Bin-3 from the
enrichment culture and the undermat metagenome share 98%
nt identity (L04707). So far, no isolated representative has been
reported for this phylogenetic group. The presence of all 31
bacterial phylogenetic marker genes in the bin suggests that it
contains a nearly complete genome (Table 3). Genes encoded
in the partial genome, in combination with its occurrence in
an enrichment with oxygenic cyanobacteria, indicates that this
organism probably exhibits an aerobic or microaerobic lifestyle,
similar to the other isolated members of the Armatimonadetes
(Lee et al., 2011; Tamaki et al, 2011; Im et al., 2012). A
considerable microdiversity was suggested by the presence of
nine abundant iTag sequences (Table 1) as well as the diversity of
partial, flagellum-associated genes affiliated with this organism,
which were present on short contigs in the metagenome.
Additionally, thirteen closely related 16S rRNA sequences were
derived from a previous undermat 16S rRNA cloning study (Klatt
et al.,, 2013a). These sequences show high identity values (>97%)
to the OTU-3 sequence as well as to each other (assembly based
on 97% nt sequence identity, Figure S1A) and also reflect a high
microdiversity of these organisms. Similar to the situation found
for Roseiflexus spp. (see above), the high microdiversity suggested
for this taxon probably caused assembly difficulties, which may
explain why no metagenomic bin was recovered directly from the
undermat metagenome.

Aquificae

Of four OTUs identified as belonging to members of the Aquificae
(Table S1), only OTU-4 was detected in significant numbers
(Table S1). The corresponding 1,434-bp rRNA metagenomic
sequence is 99% nt identical to clone sequences previously
obtained from YNP hot spring habitats (Thermocrinis sp.
clone YNP_SBC_BP2A_B2, HM448202, Meyer-Dombard et al.,
2011), as well as to the YNP isolate Thermocrinis sp. P2L2B
(AJ320219, Eder and Huber, 2002). The closest described
relative is Thermocrinis ruber DSM 23557, which was isolated
from Octopus Spring and which has a 16S rRNA sequence
that shares 97% nt identity to the one found in this study
(Huber et al, 1998) (FigureS1). Correlating to the high
microdiversity detected for this OTU (Table 1), only a small
partial genome was identified in the binning analysis of the
metagenome (Bin-4, Table 3). The presence of at least two
closely related populations in the undermat community is
indicated by two highly similar (96% amino acid identity),
Thermocrinis-like soxB genes; these genes are located on three
individual scaffolds in the metagenome, each [gene-1, ~270x
coverage: JGI24185]J35167_10446912, JGI24185]J35167_104385
21, JGI24185]35167_10819822; gene-2, ~70x coverage: JGI24
185]35167_10446972, JGI24185]35167_10438611, JGI124185]35
167_10820392], which also suggests problems with sequence
assembly that could be related to microdiversity.

Cyanobacteria

The two major photoautotrophic primary producers of the upper
green layer, Synechococcus spp. Type A and Type B, were also
abundant members of the undermat by iTag analysis (OTUs
5 and 22, Table 1, Table S1). Seventeen additional but less
abundant iTag OTUs (each <25 reads, representing <0.05%

of the total iTag sequences) were assigned to cyanobacteria
(Table S1). At the temperature sampled in this study (60°C),
members of Synechococcus sp. Type B’ (OS Type B, Table 4)
are the predominant organisms (Klatt et al,, 2011; Liu et al,
2011) and were also detected in this study (OTU-5, Bin-5,
Table 3). Synechococcus sp. A (OS Type A, Table4) sequences
were detected in lower abundance (OTU-22, Table S1). The small
size of Bin-5 (Table 3) reflects a low number of long and well-
assembled contigs (68 contigs, 5,005-12,792 bp; 18x to 96x
coverage) in comparison to a total of 3,353 contigs identified
as having their origins in members of the Cyanobacteria in
the metagenome (440 to 12,792 bp). Local BLASTn analysis
and reference guided assembly using the genome sequence
of Synechococcus sp. Type B’ as query (applying a 95% nt
identity threshold) identified 4,898 contigs as belonging to
these organisms. The low assembly quality is indicative of high
microdiversity as indicated by the presence of seven abundant
iTag sequences (Table 1). Recent studies have found that a high
number of ecotype populations occur within this cyanobacterial
population, displaying variations in gene content and sequence
as well as differences in gene arrangement (Becraft et al., 2011;
Olsen et al., 2015). Genome sequences of several ecotypes isolated
from the dominant cyanobacteria from Mushroom Spring are
now available, and these provide comprehensive insights into
the physiological and metabolic capacities of the oxygenic
chlorophototrophs in the mat (Bhaya et al., 2007; Nowack et al.,
2015; Olsen et al., 2015).

Atribacteria (OP-9/JS1)

The phylum Atribacteria, formerly known as Candidate phylum
OP-9/]S1, exhibited low diversity. Of two OTUs identified as
belonging to members of this phylum, only OTU-7 was detected
in significant numbers in the iTag analysis (Table S1, Figure S1).
OTU-7 represented 2.4% of all iTag reads and was represented
by only a single abundant dereplicated iTag sequence (Table 1).
Bin-7 contained a partial genome of this uncultured bacterium,
as identified by the full-length 16S rRNA sequence which
shared 99% and 98% sequence identity to Atribacteria clones
OPB72 and TP29 obtained from hot springs in YNP and Tibet,
respectively (Hugenholtz et al., 1998b; Lau et al., 2009). The
affiliated metagenomic bin indicates an anaerobic, fermentative
lifestyle for this member of the Atribacteria (data not shown),
which is similar to properties deduced from single-cell genome
sequences previously obtained from members of the Atribacteria
(Dodsworth et al., 2013; Nobu et al., 2016).

Nitrospirae

iTag analysis identified seven Nitrospirae OTUs in the undermat
community, of which only one, OTU-8, was abundant (Table S1).
Bin-8 was assigned to this Thermodesulfovibrio sp.-like mat
member based on presence of the corresponding 16S rRNA
sequence (Figure 4, Table 3). OTU-8 represented ~2.0% (3,283
reads) of all iTag sequences (Table 1), and the full 16S rRNA
sequence was most closely related to a clone sequence obtained
from geothermal groundwater (99%, clone: SMD-B01, NCBI acc.
no. AB477993, Kimura et al., 2010) and to Thermodesulfovibrio
yellowstonii strain DSM 11347, as the closest isolated relative
(96%, NCBI acc. no. CP001147, Henry et al., 1994; Bhatnagar
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et al, 2015). Bin-8 contained scaffolds with coverage values
ranging from 29 to 135, which possibly reflects two different
populations with different abundances. This was also suggested
by the different read numbers of two abundant, dereplicated
iTag sequences (OTU-8, iTag-10, 1,721 reads; and iTag-28, 602
reads; Table S1). The partial genome suggests sulfate-reducing
metabolism for this organism, similar to T. yellowstoneii, which
was isolated from thermal vent water in Yellowstone Lake,
Wyoming, USA (Henry et al, 1994; Bhatnagar et al., 2015).
The dsrAB gene sequences associated with dissimilatory sulfate-
reduction of this uncultured organism have previously been
detected in the Mushroom Spring microbial mat, and the
corresponding Thermodesulfovibrio-like organism was associated
with the sulfate reduction activity measured in the mat (Dillon
et al., 2007). OTU-8 has been detected in both the upper and
lower parts of the mat (Table 5, Table S1), possibly indicating
that these organisms are not restricted to the undermat; this
is further supported by the finding of Thermodesulfovibrio-like
sequences also in the green upper layer metagenome in a previous
study (Klatt et al., 2011).

Aminicenantes (OP8)

The Aminicenantes (Candidate phylum OP8) was represented by
only a single taxon, OTU-13, and its corresponding metagenomic
Bin-13, which contains a 1,497-bp 16S rRNA gene sequence
(Table 1, Table S1). Notably, OTU-13 amplicon sequences were
found exclusively in the undermat community (Table S1).
Although the iTag sequence shared 99% nt identity to the
uncultured Aminicenantes bacterium clone OPB95 obtained
from a Yellowstone hot spring (AF027060, Hugenholtz et al.,
1998b), the full-length sequence showed only 95% nt identity to
that sequence. No isolated bacterium shares more than 88% nt
identity with this uncultured organism. 16S rRNA gene sequence
surveys indicated that members of the Aminicenantes are
ubiquitously present in many different habitats and across many
environmental parameters (temperature, salinity, and oxygen
tension) (Farag et al., 2014). They usually represent only a small
fraction (<1%) of microbial communities, but have been found
to be more abundant in anoxic environments (Farag et al., 2014).

Planctomycetes

Five abundant iTag OTUs were identified as belonging to
members of the phylum Planctomycetes (Table S1), the very
abundant OTU-14 (1,260 reads), as well as four less abundant
OTUs (OTUs-16, 19, 49, and 51, Table S1). Twelve additional
Planctomycetes sequences were found in very low abundance
(Table S1).

Bin-14 contained a partial genome for Planctomycetes
member OTU-14 and was identified based on the corresponding
full-length 16S rRNA sequence as well as nineteen phylogenetic
marker genes (Table 3, Figure S1). An uncultured hot spring-
associated bacterium from a neutral 61°C geothermal hot-
spring mat in Tibet, clone TP5, was identified as closest
relative (EF205581, 99%, Lau et al., 2009). The microaerophilic,
facultatively anaerobic, thermophilic Planctomycetes strain,
Thermogutta terrifontis strain R1T (KC867694, Slobodkina et al.,
2014), with 90% sequence identity, is the most closely related
isolated relative (Table 1). Based on the number of phylogenetic

marker genes present in the metagenome bin, and because of the
large sizes of available Planctomycetes genomes (3.8-9.7 Mb for
those in JGI/IMG as of December 2015), we expect the 1.87-Mb
bin to represent no more than 60% of the genome. The presence
of the iTag sequences for this OTU almost exclusively in the
undermat sample (a single read was found in iTag analysis of
upper green layer; Table 5, Table S1) suggests that this organism
lives exclusively in the orange-colored undermat and possibly in
its deeper regions below 3 mm, where mainly anoxic conditions
occur and persist (Niibel et al., 2002; Jensen et al., 2011).

Bin-23 was also identified as derived from a member of the
Planctomycetes, but could not be directly affiliated with any iTag
sequence(s) due to absence of an rRNA sequence in the bin
(Table 3).

Acidobacteria

Thirteen OTUs representing four different members of the
Acidobacteria were identified in the Mushroom Spring undermat
community, and two of them were abundant with >100
reads (Table S1). OTU-17 was a member of group 4 of the
Acidobacteria and was identified as Cab. aerophilum (Tank and
Bryant, 2015a,b). Bin-16 (Table 3) contained a partial genome
for this unique microaerophilic, chlorophototrophic member
of the phylum Acidobacteria, which was first identified in
the phototrophic mats of Mushroom and Octopus Spring and
corresponds to the OS Type D sequences from earlier studies
(Ward et al.,, 1990, 1992; Bryant et al., 2007; Tank and Bryant,
2015a,b).

OTU-36, as well as the less abundant OTU-72, were members
of Acidobacteria group 3 and were identified as Solibacter-like
organisms. Bin-20 was associated with OTU-36 by the presence
of a 16S rRNA-containing scaffold as well as by the presence
of six phylogenetic marker genes (Table 3). All six phylogenetic
marker genes indicated an affiliation with the Acidobacteria
and four of them specifically with the candidate species, “Ca.
Solibacter usitatus” (Challacombe et al., 2011). Phylogenetic
analysis supported the affiliation and placed the sequence in
subgroup 3 of the Acidobacteria, closely related to Yellowstone
clone OPB3 (98%, AF027004, Hugenholtz et al., 1998b) and
“Ca. Solibacter usitatus” Ellin6076 as the closest named relative
(Table 1, Figure S1). The low number of phylogenetic marker
genes indicates that this member of the Acidobacteria has a large
genome, only a part of which is included in the metagenomic
bin. This correlates well with the fact that “Ca. Solibacter
usitatus” Ellin6076 has an exceptionally large, 9.97-Mb genome
(Challacombe et al., 2011).

The fourth member of the phylum Acidobacteria
corresponded to a less abundant OTU (OTU-61, 70 reads =
0.1%) and was represented by two partial 16S rRNA sequences
in the metagenome. These sequences and the represented
uncultured organisms were affiliated with OS Type K sequences
from previous studies (Table 4, Ward et al., 1992; Weller et al,,
1992).

Proteobacteria

Four abundant OTUs were affiliated with the phylum
Proteobacteria by the RDP classifier, one of which was
misidentified as Proteobacteria and rather represents a
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Brevinema-like member of the Spriochaeta (OTU-35), two
of which were Deltaproteobacteria (OTUs-40 and 44), and one
of which was an Alphaproteobacterium (OTU-46). Twenty-
nine additional, low-abundance OTUs were affiliated with
Proteobacteria by RDP classifier (Table S1). Sequences for 16S
rRNAs of two Alpha-, two Beta- and one Delta-Proteobacteria
were found in the metagenome (Figure S1C). The abundant
deltaproteobacterial sequence (OTU-44) was closely affiliated to a
sequence obtained in a previous metagenome study (Figure S1C,
Klatt et al, 2013a). Although the Deltaproteobacteria are
commonly known to include members with sulfate-reducing
metabolism, and sulfate-reduction has been shown in the
microbial mat at Mushroom Spring (Dillon et al., 2007),
deltaproteobacterial dsrAB genes were not identified in this nor
any previous study. No metagenomic bin was affiliated with a
Deltaproteobacterium.

The abundant Alphaproteobacterium (OTU-46) was identified
as an Elioraea sp. within the Rhodospirilliales, which corresponds
to OS Type O obtained in previous studies (Figure S1C,
Table 4, Ward et al,, 1992). The corresponding partial genome
(Bin-22, Figure4, Table3) as well as the genome for the
closest relative, Elioraea tepidiphila DSM 17972 (NCBI acc. no.
NZ_KB899965.1), contain genes for anoxygenic photosynthesis.
Although chlorophototrophy has not been described for Elioraea
tepidiphila (Albuquerque et al., 2008), the ability to synthesize
BChl a is predicted for the OTU-46 population in the undermat
community. A BChl a containing strain, “Candidatus Elioraea
thermophilum,” was isolated from the mat, which shares 99.8%
and 99.2% sequence identity with the 16S rRNA sequences from
the metagenome and amplicon study, respectively (Figure S1C,
Tank et al, in press). A low abundance Alphaproteobacterium
sequence (OTU-121, 16 reads) was identified as belonging to
a Roseomonas/Rhodovarius-like organism, for which an isolate
has been obtained from Mushroom Spring and which has
tentatively been named “Candidatus Roseovibrio tepidum”
(Figure S1C, Tank et al, in press). The isolate exhibits BChl
a autofluorescence suggesting a phototrophic lifestyle, which
is further strengthened by the presence of low coverage,
unidentified alphaproteobacterial pufLM sequences in the
metagenome (scaffold JGI24185]J35167_1024732, genes 2
and 3, 20x coverage). Only a single described Roseomonas
sp., R. aestuarii, has been reported to produce BChl a, but
no pufLM sequences are available for that isolate (Venkata
Ramana et al., 2010). Furthermore, two low-abundance OTUs
(OTUs-101 and 154) showed the same phylogenetic affiliation
(Hydrogenophilius sp., Betaproteobacteria) as OS type G from
previous studies (Ward et al, 1990, 1992). The OS Type R
sequence (NCBI acc. no. U46750, unpublished) represented
an unidentified Betaproteobacterium and a similar, low-
abundance iTag sequence (OTU-172) was detected in this study
(Table 4, Figure S1C).

Bacteroidetes-Chlorobi

The RDP classifier identified twenty and eight different OTU
sequences belonging to members of the phyla Chlorobi and
Bacteroidetes, respectively. Seven OTUs affiliated with the

Chlorobi were abundant with read numbers >100, and one
was very abundant with >1,000 reads (Table S1). However,
the most abundant “Chlorobi” sequence (OTU-10) was
mis-classified and represents an Thermotogae/EM3 group
member (see above, Table 1, Figure 5B). The other abundant
Chlorobi sequences were affiliated with the proposed family
Thermochlorobacteriaceae (OTU-38) (Liu et al., 2012), “Chlorobi
lineage 57 = “OPB56 group” (OTUs 24, 27, and 29) (Iino et al,,
2010; Hiras et al., 2015) and “Chlorobi lineage 2” = “SM1HO02
group” (OTUs 34 and 45) (lino et al., 2010; http://www.arb-silva.
de/browser/ssu-121/AY555793, named after clone SM1HO02,
Genbank acc. no. AF445702). Bin-19 (Table 3) was identified as a
partial genome representing OTU-24, a representative of OPB56,
a subgroup of the Chlorobi with predicted chemoheterotrophic
lifestyle that was first detected in YNP (Hugenholtz et al., 1998b;
Hiras et al., 2015, Table 3). A low abundance OTU in the OPB56,
OTU-262, was identified as a probable representative of the
OS Type F sequences from previous studies (Table4, Ward
et al., 1990, 1992). The first aerobic, phototrophic member
of the Chlorobi, “Ca. Tcb. aerophilum,” which belongs to the
proposed family Thermochlorobacteriaceae and was identified
in the upper green layer of the microbial mat by previous
metagenomic analyses (Liu et al., 2012), is represented by
OTU-38 (Table 1), and was identified as OS Type E in previous
studies (Ward et al., 1990, 1992; Ferris et al., 1996b). Bin-21 is
derived from this novel phototroph (Table 3) and supports its
characterization as a chlorophototroph that synthesizes type-1
reaction centers and chlorosomes, similar to cultivated relatives
among the green sulfur bacteria, but which is otherwise very
different physiologically. “Ca. Tcb. aerophilum” is proposed
to be an aerobic photoheterotroph that cannot oxidize sulfur
compounds, cannot fix Ny, and does not fix CO, (Liu et al.,
2012).

Bin-24 (Table 3) does not contain a 16S rRNA sequence,
but was affiliated with a putative member of the Bacteroidetes-
Chlorobi group based on phylogenetic marker genes. It is most
closely related to heterotrophic members of the Chlorobi, in
the family Ignavibacteriaceae (Liu et al., 2012; Kadnikov et al,,
2013) and is presumably affiliated with OTUs-34 or 45 in the
Chlorobi Lineage 5/group SM1HO2 (Figure 5B). All genes needed
for dissimilatory sulfate reduction are present in the partial
genome and indicate that this organism is putatively the first
sulfate-reducing member of the Bacteroidetes-Chlorobi group.
These results will be described in detail elsewhere (Thiel et al.,
in preparation). The OS Type M sequences obtained in previous
studies (Ward et al., 1992) are affiliated with OTU-34 as well
as with two partial 16S rRNA sequences from the metagenome
(Table 4) within the SM1HO02 (Chlorobi Lineage 2) group.

Only low abundance OTUs were affiliated with the
Bacteroidetes (Table S1). Many of them were closely related
to clone sequences obtained in a previous undermat study,
and some also represented partial 16S rRNA sequences from
the metagenome (Figure 5B, Klatt et al, 2013a). Schleiferia
thermophila, a strain of which has been isolated from Octopus
Spring microbial mats (Thiel et al., 2014a), was not detected in
this study.

Frontiers in Microbiology | www.frontiersin.org

57

June 2016 | Volume 7 | Article 919


http://www.arb-silva.de/browser/ssu-121/AY555793
http://www.arb-silva.de/browser/ssu-121/AY555793
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Thiel et al.

Composition of the Mushroom Spring Undermat Community

Deinococcus-Thermus/Thermi

Of two different members of the phylum Thermi identified in
this study, only Meiothermus sp. was abundant in the undermat
community (OTU-21, 656 reads), whereas sequences of Thermus
spp. were only present in low numbers in the iTag study
(Table S1, Figure S1C). Members of both genera have been
isolated from these mat communities (Brock and Freeze, 1969;
Ward et al., 1997; Thiel et al., 2015). OTU-21 was identified as a
relative of Meiothermus ruber, a member of which, strain A, has
previously been isolated from an enrichment culture originally
obtained from the microbial mats at Octopus Spring and whose
genome has been sequenced (Thiel et al., 2015). Tetranucleotide
frequency-based binning of contigs >10 kb led to a 1.3-Mb partial
genome (Bin-18, Table 3) for this moderately thermophilic,
aerobic, and heterotrophic bacterium. The Meiothermus sp. 16S
rRNA sequences obtained from the metagenome share 96.7%
nt sequence identity with M. ruber strains A and DSM12797.
Sequences of Bin-18 shared 84.5% (+4.5%) with the M. ruber
strain A genome and 84.2% (+4.5%) with M. ruber DSM12797.
Although the (partial) genome sequences of the isolate and the
metagenome bin clusters overlap, some separation was visible
when the sequences of both organisms were included in the
binning analyses (data not shown).

Archaea

Although methanogenesis has been demonstrated in several mats
of alkaline siliceous hot springs, including Mushroom Spring
(Ward, 1978; Sandbeck and Ward, 1982), and methane has
been shown to accumulate in the water above the Mushroom
Spring mat in darkness (Kim et al., 2015), iTag sequencing only
identified a few partial 16S rRNA sequences as potentially derived
from methanogenic Archaea (OTUs-143, 151, 162, 192, and 244;
<11 reads = <0.01%, Table S1). Phylogenetic analysis confirmed
affiliation to the Euryarchaeota for four of them (OTUs-143,
151, 162, and 192, Figure S1A) and three of the sequences
were detected in a cloning experiment from a previous study
(Klatt et al., 2013a); thus, methanogenic archaea seem to be
present in the mat over time, although in very low abundance.
One OTU, OTU-151 with 10 reads but no representative
sequence in the metagenome, shows high similarity (99%
nt id) with the 16S rRNA sequence of the methanogenic
archaeon Methanothermobacter thermoautotrophicus, strains of
which have been isolated from these mats previously (former
Methanobacter thermoautotrophicum; Sandbeck and Ward,
1982). Further, a single, low coverage mcrA gene encoding
a methyl-coenzyme M reductase alpha subunit was present
in the metagenome (JGI24185]J35167_11200021, 7x coverage)
possibly indicating methanogenic metabolism in at least one
of the archaeal mat members. Two slightly more abundant
16S rRNA sequences affiliated with ammonia-oxidizing Archaea
were detected (Table S1). One (OTU-60, 72 reads) was related
to “Candidatus Nitrosocaldus yellowstonii,” which was also
identified in an enrichment culture from Octopus Spring
mat in previous studies (De La Torre et al, 2008). The
other, OTU-67 represents a member of a putatively novel
archaeal phylum/division, related to “Candidatus Caldiarchaeum
subterranum” (Nunoura et al., 2011). Another less abundant

iTag sequence, similar to that of an archaeal 16S rRNA sequence
recovered from the undermat metagenome previously (Klatt
et al., 2013a), was also detected in the iTag analysis (OTU-125,
15 reads), but not in the metagenome of this study (Figure S1A).
None of the metagenomic bins could be identified as belonging
to Archaea, and only a few contigs with low coverage values,
showed high identities to known archaeal sequences. Thus, our
metagenomic and 16S rRNA gene amplicon studies indicate a
very low abundance of Archaea, of which sequences related to
ammonia-oxidizing Archaea seem to be more abundant than
possible methanogenic Archaea. The low abundance of archaeal
sequences is consistent with the low relative abundance of
archaeal lipids in previous studies, which had been discussed to
be related to the energy flows through the trophic structure of the
community (Ward et al., 1989).

Firmicutes

Although Anoxybacillus spp. are common members of
cyanobacterial enrichment cultures from these environments
(e.g., Nowack, 2014; Olsen et al., 2015; Tank and Bryant, 2015b),
no evidence for this organism was found in the metagenome nor
the iTag analysis. Twenty-four OTUs were classified as belonging
to members of the Firmicutes, of which two (OTUs-251 and 255)
were predicted to be Bacillus sp.; however, they shared highest
sequence similarity to the type strains of Syntrophothermus
lipocalidus and Acetomicrobium faecale (both clostridia). None
of the 16S rRNA genes retrieved from the metagenome could
be affiliated with the Firmicutes. In addition, none of the
metagenomic scaffolds were affiliated with Anoxybacillus spp. No
sequence from an Anoxybacillus sp. was identified by BLASTn
analysis of the metagenome using the partial genome sequence
obtained from the Anoxybacillus sp. MT isolated from an
enrichment culture from Octopus Spring (Thiel et al. in prep),
nor the “phylogenetic distribution of genes by BLAST percent
identities” tool implemented in the JGI/IMG website.

DISCUSSION

In this study we analyzed the orange undermat of the microbial
mat community at 60°C in Mushroom Spring YNP by 16S
rRNA gene amplicon and metagenomic sequencing. Only eight
major organismal populations were identified in the upper green
layer by genomic, metagenomic and metatranscriptomic analysis
(Klatt et al., 2011; Liu et al., 2011). A higher diversity had
been speculated to occur in the undermat community (Klatt
et al., 2013a). In this study the undermat was found to be a
highly diverse but uneven bacterial community, which could be
related to the trophic structure associated with mat-decomposing
organisms, as hypothesized to explain the variable abundances of
lipid biomarkers (Ward et al., 1989) and 16S rRNA sequences
(Ward et al., 1998). Out of 317 OTUs, the 15 most abundant
ones represent 87% of all iTag sequences, and the single most
abundant OTU comprises nearly half of all iTag reads. More than
44 abundant taxa, as defined by read numbers of >100 in the
iTag analysis, were detected in the orange-colored undermat at
Mushroom Spring. The phylum Chloroflexi displayed the highest
diversity with nine abundant and 41 total taxon-specific 16S
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rRNA sequences (OTUs) found. All of the taxa found in the upper
mat by Klatt et al. (2011) were also identified in the undermat.

In this study we analyzed the composition and diversity of
the microbial community based on 16S rRNA gene sequences,
which cannot easily be translated into species populations.
However, relatively high 16S rRNA sequence diversity was found
in this study, not only on the OTU level but particularly within
the dereplicated iTags, which suggests that this microbial mat
community is not simple. Previous observations that closely
related cyanobacterial 16S rRNA sequences were differently
distributed along environmental gradients (Ferris and Ward,
1997; Ramsing et al, 2000) prompted consideration of the
Stable Ecotype Model of species and speciation (Cohan and
Perry, 2007), which postulates that some microorganisms exist
as ecological species occupying distinct niches (Ward, 1998;
Ward and Cohan, 2005). Studies with more rapidly evolving
protein-encoding loci led to the prediction of numerous ecotypes
with identical or nearly identical 16S rRNA sequences (Ferris
et al., 2003; Becraft et al., 2011, 2015; Melendrez et al., 2011).
The existence of temperature- and light-adapted Synechococcus
ecotypes has been demonstrated by obtaining representative
strains and studying their temperature and light preferences as
well as their genomes, (Allewalt et al., 2006; Nowack et al., 2015;
Olsen et al, 2015). A similar microdiversity and existence of
putative ecotypes is suggested by this study for members of the
undermat community, and in particular for Roseiflexus spp., the
most dominant member in the undermat. The presence of unique
16S rRNA genotypes in the undermat (this study) and at different
temperatures (Ferris and Ward, 1997), supports this inference.
In addition to the high diversity of OTUs within the phylum
Chloroflexi, a high microdiversity was found for Roseiflexus spp.
by the presence of 24 abundant and a total of 6,193 dereplicated
Roseiflexus sp. iTag sequences, which is further supported by a
preliminary analysis of pufLM amplicon sequence data (J. Wood
and D. Ward, unpublished data).

The microbial mat as a living and active biological system has
been shown to be constantly growing (Doemel and Brock, 1977).
In this study we observed phototrophic taxa known from the
upper layer in the undermat. Analyses of psaA sequences sampled
in this metagenomic study suggest that the Synechococcus
populations observed match species found in the upper mat
and thus likely occur in the undermat as a consequence of
burial. In contrast, similar analyses of pufLM sequences as well as
oligotyping suggest that Roseiflexus populations in the undermat
are a mixture of those found in the upper green mat layers
and those uniquely found in the undermat (Table 5, Figure S2,
Wood et al., unpublished). The detection of identical dereplicated
iTag and oligotype sequences in both layers might indicate
burial. However, the detection of oligotypes and dereplicated
iTag sequences with higher relative abundance in the undermat
strongly suggests the existence of putative ecotypes specifically
adapted to niches in the undermat. Further it is important to
note that specifically adapted ecotypes can be so closely related
that they have the identical 16S rRNA gene sequence, and can
only be detected using more rapidly evolving genes (Becraft et al.,
2011, 2015). For other organisms, a greater relative abundance,
or exclusive presence in the lower part of the mat, is indicated

by the relative number of 16S rRNA gene amplicon reads
between the upper layer and undermat samples. For example,
Pseudothermotoga spp. OTU-2, Armatimonadetes member OTU-
3, Thermocrinis spp. OTU-4, Chloroflexi members OTU-6, 9, and
15, as well as the Atribacteria member OTU-7, the Aminicenantes
member OTU-13, and Planctomycetes member OTU-14, are
found in much higher relative abundance in the undermat
(Table 5, Table S1). Future transcriptomic studies will assess
which of the detected populations correspond to the highest
transcriptional activities based on gene expression. The presence
of aerobic, microaerobic and anaerobic organisms detected in
this study indicate a possible layered distribution along the steep
and fluctuating oxygen gradient and shows that some oxygen is
available during the day below a depth of 2 mm in the microbial
mat, as previously suggested by microelectrode measurements
(Revsbech and Ward, 1984; Niibel et al., 2002; Jensen et al., 2011).
Whereas aerobic bacteria and facultative anaerobes are expected
to live in the transition zone adjacent to the upper green layer,
abundant anaerobic members of the undermat community, e.g.,
Pseudothermotoga sp. OTU-2 and Atribacteria member OTU-7
can be expected to be active members mainly in the community
below a depth of 3 mm, where anoxic conditions are expected
to persist throughout the day (Niibel et al., 2002; Becraft et al,,
2011; Jensen et al, 2011). Despite the anaerobic lifestyle of
sulfate reduction, Thermodesulfovibrio sp. OTU-8 was detected
in higher abundance in the upper layer, which might indicate
some degree of oxygen tolerance and diel activity patterns, i.e.,
primary sulfate-reducing activity under anoxic conditions in
the afternoon or at night as measured by Dillon et al. (2007).
An Aminicenantes (OP8) member (OTU-13), a Planctomycetes
member (OTU-14) and an Oscillochloris-like chlorophototrophic
member of the Chloroflexi, “Ca. Chloranaerofilum corporosum”
(OTU-15) (Tank et al, in press) were exclusively detected in
the undermat by iTag analysis, which suggests that they have
an anaerobic lifestyle in the deeper layers of the undermat.
However, “Ca. Chloranaerofilum corporosum” is expected to be
a phototroph, and only a limited amount of light reaches deep
into the undermat. Thus, a layered structure of the microbial
community, as has been demonstrated in the upper green
layer (Ramsing et al., 2000; Becraft et al.,, 2011), can only be
hypothesized for the undermat at this time. Further studies are
needed to determine the distribution of the members of the
undermat community.

All seven chlorophototrophs identified in previous genomic
and metagenomic studies of the upper green layer were also
present in the undermat metagenome (Table 5; Klatt et al., 2011;
Liu et al., 2011). Roseiflexus spp. and “Candidatus Roseilinea
gracile” showed higher relative abundance in the undermat,
whereas the other phototrophs are present in lower relative
abundance in comparison to the upper green layer of the mat
(Table 5, Table S1). Three additional phototrophic bacteria were
detected in the microbial mat for the first time in this study
(“Candiatus Chloranaerofilum corporosum” OTU-15, as well
as two phototrophic Alphaproteobacteria, “Candidatus Elioraea
thermophila” OTU-46, and “Candidatus Roseovibrio tepidum”
OTU-121; Tank et al., in press). A total of sixteen phototrophic
bacterial taxa representing six different phyla have now been

Frontiers in Microbiology | www.frontiersin.org

59

June 2016 | Volume 7 | Article 919


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Thiel et al.

Composition of the Mushroom Spring Undermat Community

TABLE 5 | Overview of community composition detected by the different methods used in this study (iTag, metagenome 16S rRNA, metagenome binning)
and relative abundances in undermat and upper layer iTag sequencing study.

iTag OTU Identity Undermat Undermat iTag MS iTag MS upper Upper green layer
metagenome 16S rRNA  metagenomic bin undermat (%)  green layer (%) metagenomic bin?
OTU-01 Chloroflexi, Roseiflexus sp., OS  Yes, scaffold 166812 Yes, bin-1 [very small] 491 33.9 Yes
Type C
OTU-02 Thermotogae, Yes, scaffold 336 Yes, bin-2 10.4 1.5 No
Pseudothermotoga sp.
OTU-03 OP10/Armatimonadetes_Gp7, Yes, scaffold 622461 No [enrichment bin-3] 4.5 0.8 Yes
OS Type L
OTU-04 Aquificae, Thermocrinis sp. Yes, scaffold 2657 Yes, bin-4 4.4 0.3 No
OTU-05 Cyanobacteria, Synechococcus  Yes, scaffold 8881 Yes, bin-5 3.6 37.4 Yes
sp. B’, OS Type B
OTU-06 Chilorofiexi, Anaerolineae-like’ Yes, scaffold 1696 Yes, bin-6 2.6 1.2 Yes
phototroph
OTU-07 OP9/Atribacteria Yes, scaffold 14288 Yes, bin-7 2.4 0.7 No
OTU-08 Nitrospirae, Yes, scaffold 00748 Yes, bin-8 2.4 2.7 (Yesb)
Thermodesulfovibrio sp.
OTU-09 Chloroflexi, Anerolineae Yes, scaffold 273 Yes, bin-9 1.4 0.7 No
OTU-10 Thermotogae, EM3/OPS-2 Yes, scaffold 1962 Yes, bin-10 1.2 3.1 Yes
OTU-11 Chloroflexus sp. MS-G Yes, scaffold 301461 Yes, bin-11 1.1 1.2 Yes
OTU-12 OP10/Armatimonadetes_Gp6 Yes, scaffold 3586 Yes, bin-12 1.1 0.5 No
OTU-13 OP-8/Aminicenantes Yes, scaffold 32931 Yes, bin-13 1.0 0.0 No
OTU-14 Planctomycetes Yes, scaffold 3293 Yes, bin-14 0.9 0.0 No
OTU-15 Chloroflexi Yes, scaffold 218671 Yes, bin-15 0.7 0.0 No
OTU-16 Planctomycetes, Gemmata Yes, scaffold 261011 Maybe, bin-23 0.7 0.2 No
OTU-17 Chloracidobacterium Yes, scaffold 32584 Yes, bin-16 0.7 5.2 No
thermophilum
OTU-18 Armatimonadetes_Gp 2 Yes, scaffold 584 Yes, bin-17 0.6 0.0 No
OTU-19 Planctomycetes, uncultured Yes, scaffold 11289 No 0.6 0.0 No
OTU-20 Elusimicrobia, uncultured Yes, scaffold 20130 No 0.5 0.1 Maybe
OTU-21 Deinococcus-Thermus, Yes, scaffolds 8341 and Yes, bin-18 0.5 0.4 No
Meiothermus sp. 25957
OTU-22 Cyanobacteria, Synechococcus  Yes, scaffold 85825 No 0.5 0.5 No
sp. A, OS Type A
OTU-23 Chlorofilexi, Anaerolineae, Yes, scaffold 18877 No 0.5 0.0 No
OPB12
OTU-24 Chlorobi, Lineage 5: OPB56 Yes, scaffold 2638 Yes, bin-19 0.5 2.0 No
OTU-25 Spirochaetae, Leptospiraceae Yes, scaffold 4665 No 0.4 0.1 No
OTU-26 Thermodesulfobacteria, Yes, scaffold 193547 Yes, bin-32 0.4 0.4 No
Caldimicrobium
OTU-27 Chlorobi, Lineage 5: OPB56 Yes, scaffold 104947 No 0.4 1.0 No
OTU-28 Thermotogae, EM3 Yes, scaffold 49539 No 0.4 0.0 No
OTU-29 Chlorobi, Lineage 5: OPB56 Yes, scaffold 6663 No 0.4 0.3 No
OTU-30 Thermotogae, EM3 Yes, scaffold 26263 No 0.4 0.0 No
OTU-31 Chilorofiexi, Bellilinea Yes, scafffold 10483 Yes, bin-25 0.3 0.1 No
OTU-32 Spirochaetae, Exilispira Yes, scaffolds 5322 and No 0.2 1.1 No
20220
OTU-33 OP10/Armatimonadetes_Gp7, Yes, scaffold 62246 No 0.2 0.0 No
OS Type L
OTU-34 Chlorobi, Ignavibacteriaceae Yes, scaffolds 10292 and Maybe, bin-24 0.2 0.2 No
68906
OTU-35 Spirochaetae, Brevinema No No 0.2 0.3 No
OTU-36 Acidobacterium, OPB3 Yes, scaffolds 1343 and Yes, bin-20 0.2 0.0 No
2292
(Continued)
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TABLE 5 | Continued

iTag OTU Identity Undermat Undermat iTag MS iTag MS upper Upper green layer
metagenome 16S rRNA  metagenomic bin undermat (%) green layer (%) metagenomic bin?
OTU-37 Verrucomicrobia, uncultured Yes, scaffold 25955 No 0.2 0.0 No
OTU-38 Chlorobi, “Ca. Yes, scaffold 761 Yes, bin-21 0.2 2.2 No
Thermochlorobacter
aerophilum”
OTU-39 Chlorofiexi, Anaerolineae Yes, scaffold 145123 No 0.2 0.1 No
OTU-40 Deltaproteobacteria, Yes, scaffold 112567 No 0.2 0.0 No
Desulfarculales, uncultured
OTU-41 Spirochaetae, Spirochaeta Yes, scaffold 19076 No 0.2 0.1 No
OTU-42 Acetothermia, uncultured (Yes, scaffold 169700)* No 0.1 0.0 No
OTU-43 Spirochaetae, Leptospiraceae, (Yes, scaffold 205406)* No 0.1 0.0 No
uncultured
OTU-44 Deltaproteobacteria, Yes, scaffolds 233149 and  No 0.1 0.0 No
Synthroporhabdus-like 241554
OTU-45 Chlorobi, Ignavibacteriaceae Yes, scaffolds 104127 and ~ Maybe, bin-24 0.1 0.0 No
141772
OTU-46 Elioraea sp. Yes, scaffold 23894 Yes, bin-22 0.1 0.0 No

*based on phylogenetic analysis, no overlap of sequences.
aKlatt et al. (2011).
bno metagenomic bin, but related sequences recruited by reference genomes.

detected in the Mushroom Spring microbial mat (Tank et al,
in press). Additionally, the discovery of multiple organisms with
genes encoding xanthorhodopsin raises new questions about the
role of retinal-based phototrophy (retinalophototrophy; Bryant
and Frigaard, 2006) or signaling in the undermat. This will be
addressed in more detail elsewhere (Thiel et al., in preparation).
The unidentified Cluster 8 previously detected in the upper layer
metagenome was identified again here as OTU-10, an organism
affiliated with the group EM3, which has tentatively been placed
in the phylum Thermotogae (Reysenbach et al., 1994; Klatt et al.,
2013a). The second unidentified heterotroph previously detected
in the upper layer metagenome, Cluster 7 (Klatt et al., 2011),
was identified as an Armatimonadetes member OTU-3. Due to a
high microdiversity of this organism in the microbial mat sample,
identification was only possible by a serendipitous finding of a
closely related organism in an enrichment culture.

CONCLUSIONS

In this study we analyzed the community composition and
diversity of the orange-colored undermat of Mushroom Spring,
an alkaline hot spring in YNP (WY, USA) by 16S rRNA
gene amplicon and metagenomic analyses. Despite a long
history of research on the microbial mats at Mushroom
and Octopus Springs (Brock, 1967; Ward et al., 1998, 2012;
Kim et al, 2015), these mats still harbor the potential for
many novel discoveries. Members of the genus Roseiflexus
dominated a fairly diverse but uneven microbial community,
and metagenomic analysis identified several novel organisms
with unusual traits. Many unidentified 16S rRNA sequences
recovered from these environments in previous studies were
detected and phylogenetically identified. Other organisms, which
have been cultured from either Mushroom or Octopus Spring,

were not detected, once again illustrating the inherent bias of
untargeted cultivation experiments. A more detailed analysis of
the metagenome, focusing on the metabolic potential of the
mat members and their putative interactions, will be published
elsewhere (Thiel et al, in preparation). Studies of microbial
ecology, diversity, species evolution and interspecies interactions
are still subjects of ongoing research with many open questions
to be addressed. Comparisons of species in both upper and lower
mat and a diel-transcriptomic analysis that will hopefully reveal
gene expression activity within the undermat community that
will allow us to distinguish between active and inactive members
of the community defined in this study, and should provide
information on the temporal pattern of gene expression in the
undermat. Depth-dependent distributions of OTU populations
that may represent putative ecotypes will also be addressed in
future studies.
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Extreme ecosystems such as hot springs are of great interest as a source of novel
extremophilic species, enzymes, metabolic functions for survival and biotechnological
products. India harbors hundreds of hot springs, the majority of which are not yet
explored and require comprehensive studies to unravel their unknown and untapped
phylogenetic and functional diversity. The aim of this study was to perform a large-scale
metagenomic analysis of three major hot springs located in central India namely, Badi
Anhoni, Chhoti Anhoni, and Tattapani at two geographically distinct regions (Anhoni
and Tattapani), to uncover the resident microbial community and their metabolic traits.
Samples were collected from seven distinct sites of the three hot spring locations with
temperature ranging from 43.5 to 98°C. The 16S rRNA gene amplicon sequencing
of V3 hypervariable region and shotgun metagenome sequencing uncovered a unique
taxonomic and metabolic diversity of the resident thermophilic microbial community in
these hot springs. Genes associated with hydrocarbon degradation pathways, such as
benzoate, xylene, toluene, and benzene were observed to be abundant in the Anhoni
hot springs (43.5-55°C), dominated by Pseudomonas stutzeri and Acidovorax sp.,
suggesting the presence of chemoorganotrophic thermophilic community with the ability
to utilize complex hydrocarbons as a source of energy. A high abundance of genes
belonging to methane metabolism pathway was observed at Chhoti Anhoni hot spring,
where methane is reported to constitute >80% of all the emitted gases, which was
marked by the high abundance of Methylococcus capsulatus. The Tattapani hot spring,
with a high-temperature range (61.5-98°C), displayed a lower microbial diversity and was
primarily dominated by a nitrate-reducing archaeal species Pyrobaculum aerophilum.
A higher abundance of cell metabolism pathways essential for the microbial survival in
extreme conditions was observed at Tattapani. Taken together, the results of this study
reveal a novel consortium of microbes, genes, and pathways associated with the hot
spring environment.

Keywords: metagenomics, extremophiles, thermophiles, Indian hot springs, hydrocarbon degradation, Anhoni,
Tattapani

Frontiers in Microbiology | www.frontiersin.org 67

January 2017 | Volume 7 | Article 2123


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
https://doi.org/10.3389/fmicb.2016.02123
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2016.02123&domain=pdf&date_stamp=2017-01-05
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:vineetks@iiserb.ac.in
https://doi.org/10.3389/fmicb.2016.02123
http://journal.frontiersin.org/article/10.3389/fmicb.2016.02123/abstract
http://loop.frontiersin.org/people/367045/overview
http://loop.frontiersin.org/people/241705/overview
http://loop.frontiersin.org/people/382076/overview
http://loop.frontiersin.org/people/369312/overview
http://loop.frontiersin.org/people/399068/overview
http://loop.frontiersin.org/people/274807/overview

Saxena et al.

Metagenomic Analysis of Indian Hot Springs

INTRODUCTION

Extremophilic microorganisms are known to survive in diverse
extreme conditions, such as high or low temperatures, high
salinity, acidic and alkaline pH-values, and high radiation
(Mirete et al., 2016). Among these extremophilic microbes,
thermophiles, and hyper-thermophiles have the ability to survive
in environments with very high temperature such as in hot
springs, with the help of enzymes that remain catalytically
active under such conditions. Detailed genomic analysis of
many novel thermophiles isolated from hot springs has revealed
their potential applications in industrial and biotechnological
processes (Deckert et al, 1998; Sharma et al, 2014; Poli
et al, 2015; Saxena et al., 2015; Dhakan et al., 2016). The
remarkable genomic versatility and complexity of such largely
unculturable extremophilic communities can be accessed using
metagenomics and next-generation sequencing technologies
(Lopez-Lopez et al., 2013), and has lead to the discovery of many
novel thermophilic bacterial and viral high-quality genomes
with several prospective applications (Colman et al., 2016; Eloe-
Fadrosh et al., 2016; Gudbergsdottir et al., 2016).

A time point metagenomic study carried out for 3 years in
three alkaline hot springs of Yellowstone National Park (44-
75°C) showed variations in the resident bacterial population at
the three sites which had different temperatures. However, no
significant changes were observed in microbial diversity in the
same samples collected at different time points (Bowen De Leon
et al,, 2013). The elemental analysis of these hot springs revealed
elevated levels of sodium, chloride and fluoride, and absence of
iron, cobalt, silver, and other heavy metals. The metagenomic
analysis revealed the presence of many photosynthetic bacteria
(Cyanobacteria and Chloroflexi) and methanogenic archaea
(Methanomassiliicoccus and Methanocella) in the hot spring
samples. In another study based on 16S rRNA amplicon
sequencing of metagenomic samples from Sungai Klah (SK)
hot spring in Malaysia (50-110°C, pH 7-9), Firmicutes and
Proteobacteria were found as the most abundant phyla (Chan
et al., 2015). Elements like aluminum, arsenic, boron, chloride,
fluoride, iron, and magnesium were found at higher levels in
the hot spring sample, whereas other heavy metals such as
lead, mercury, chromium, copper, etc., were below the limits
of quantification. The presence of genes for sulfur, carbon,
and nitrogen metabolism suggested metabolic and functional
diversity among the microbiome species. The enrichment of
carbon metabolism pathway in the SK hot spring was attributed
to the high total organic content due to plant litter observed at
this site. The major taxa found to be dominant in other alkaline
hot springs globally were Fischerella, Leptolyngbya, Geitlerinema
(Coman et al., 2013), Stenotrophomonas, and Aquaspirillum
(Tekere et al.,, 2011). However, no significant correlation has
been observed between the microbial diversity and geochemical
characteristics of the hot springs in the above-mentioned studies.

Metagenomic analysis of an acidic hot spring, El coquito in
the Colombian Andes, reported the presence of transposase-
like sequences involved in horizontal gene transfer and genes
for DNA repair system (Jimenez et al., 2012). The hot
springs showed a higher proportion of Gammaproteobacteria
and Alphaproteobacteria. In other reports focusing on acidic

hot springs, the major taxa found to be dominant were
Verrucomicrobia and Acidithiobacillus spp. (Mardanov et al,
2011; Menzel et al, 2015). Many studies have also revealed
the presence of genes encoding for enzymes of biotechnological
interest, such as hydrolases, xylanases, proteases, galactosidases,
and lipases (Ferrandi et al., 2015; Littlechild, 2015). Some
studies focusing on the metagenomic analysis of hot springs
located in India have reported Bacillus licheniformis (Mangrola
et al., 2015), Bacillus megaterium, Bacillus sporothermodurans,
Hydrogenobacter sp., Thermus thermophilus, Thermus brockianus
(Bhatia et al., 2015), Clostridium bifermentans, Clostridium
lituseburense (Ghelani et al., 2015), Opitutus terrae, Rhodococcus
erythropolis, and Cellovibrio mixtus (Mehetre et al., 2016)
as major bacterial genera. Genes for stress responses and
metabolism of aromatic and other organic compounds have
been identified by preliminary functional analysis of these sites
(Mangrola et al., 2015; Mehetre et al., 2016).

The Geological Survey of India has identified about 340 hot
springs located in different parts of India, which are characterized
by their orogenic activities (Chandrasekharam, 2005; Bisht et al.,
2011). All these hot springs have been classified and grouped
into six geothermal provinces on the basis of their geo-tectonic
setup. Geothermal resources along Son-Narmada lineament viz.
Anhoni-Samoni and Tattapani form the most promising resource
base in central India (Shanker, 1986). This is one of the most
important lineaments/rifted structure of the sub-continent. It
runs across the country in an almost East-West direction and has
a long history of tectonic reactivation (Pal and Bhimasankaram,
1976). It contains several known thermal spring areas, the most
interesting one being those situated at Tattapani and Anhoni
(Bishtetal., 2011). Given the large size and geographical diversity
of India, the metagenomic studies from Indian hot springs are
still in the infancy stage and more detailed and comprehensive
studies are essential to unravel the unknown and untapped
microbial and functional diversity of this region. The aim of the
study was to perform a comprehensive metagenomic analysis of
samples collected from seven different sites at three hot spring
locations (Badi Anhoni, Chhoti Anhoni, and Tattapani) situated
in two distinct geographical regions, Anhoni and Tattapani, in
central India. The hot springs in this study have a temperature
range from 43.5 to 98°C and neutral to slightly alkaline pH-
values (7.0-7.8). Although, hot springs with similar temperature
and pH-values have been studied globally for their phylogenetic
and functional characteristics, the geographical location of the
currently studied hot springs makes them unique in their
geochemical setup. 16S rRNA V3 hypervariable region amplicon
sequencing and shotgun metagenome sequencing of all the
samples was carried out using Illumina NextSeq 500 for the
exploration of microbial communities in the sample and gaining
new insights into genes, enzymes, and metabolic pathways
contributing to their survival in the thermophilic environment.

MATERIALS AND METHODS

Site Description and Sample Collection

The hot springs namely Badi Anhoni and Chhoti Anhoni are
located (22.65° N latitude and 78.36° E longitude) ~2 km apart
from each other, near the hill station of Pachmarhi in the state of
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Madhya Pradesh, India (Supplementary Figure 1). Anhoni hot
springs are aligned along a prominent geological fracture zone
running through that region. A surface hot spring site is located
in the Chhoti Anhoni region. In addition, a few boreholes to a
depth of ~635m have been drilled here as a part of petroleum
oil exploration and to study the temperature regime and rock
segments by the Geological Survey of India, in which presence
of inflammable gases (~80% methane) has also been observed
(Pandey and Negi, 1995; Sarolkar, 2010; Vaidya et al., 2015).
The presence of interlayer basic silts and volcanic tuffs underlain
by basic intrusive rock are also reported under these boreholes
(Pandey and Negi, 1995). Water samples were collected from
two sites at Chhoti Anhoni region, (i) sample from a depth
of ~1 m from the surface of the hot spring (referred to as “CAN”)
which had a temperature of 43.5°C, and (ii) sample from the free
flowing water of the outlet of a borehole (temperature 52.1°C)
which was among the several boreholes drilled (reported to be up
to 635 m in depth) at Chhoti Anhoni site and was labeled as CAP
(Chhoti Anhoni Petroleum). The third sample was collected at a
depth of ~1 m from the surface of Badi Anhoni (BAN) sites.

The Tattapani hot spring field is ~700 km away from
the Anhoni hot springs and is located in the Sarguja district
of Chhattisgarh state, India (23.41°N latitude and 83.39°E
longitude). The temperature of different reservoirs at this site has
been reported to be as high as 230 & 40°C at a depth of 2 km and
112 £ 30°Cat a depth of 1 km (Vaidya et al.,, 2015). Among the 26
boreholes that had been drilled here by the Geological survey of
India, the ones with distinctively high temperatures (61.5-98°C,
up to 325m deep) were chosen for sample collection (Sarolkar
and Das, 2006). Multiple water samples were collected from
different physical locations (TAT-1, TAT-2, TAT-3, and TAT-4)
and depths, and were pooled to make four distinct samples from
each site (~5 L each).

Thus, including three samples from Anhoni and four samples
from Tattapani, a total of seven samples were collected. All the
water samples were collected in separate sterile plastic carboys
(2 L volume) which were rinsed with 0.05% bleach solution for
disinfection. A total of 5 L water sample was collected from each
site and brought to the laboratory within 12-18 h of collection
at 4°C. The samples were stored at —20°C and processed for
the extraction of metagenomic DNA within a week. The sample
description and physicochemical properties recorded on-site are
summarized in Table 1.

The seven samples considered in this study were divided
into two groups, “Anhoni” and “Tattapani,’ based on their
geographical location for analysis. Hence, the samples collected
from Chhoti Anhoni (CAP and CAN) and Badi Anhoni (BAN)
sites are referred to as “Anhoni” and the samples collected from
the Tattapani hot spring location (TAT-1, TAT-2, TAT-3, and
TAT-4) are collectively referred to as “Tattapani” in this study.

Elemental Analysis of the Sampling Sites

Approximately 250 ml of each water sample was preserved
on-site by mixing with 1:100 v/v 5% HNOs3 for elemental
analysis. Dissolved major and trace elements were analyzed using
an Inductively Coupled Plasma Mass Spectrometer (ICPMS,
iCAPQ—Thermo Fisher Scientific, USA) in accordance with the

TABLE 1 | Physico-chemical properties of the hot spring samples
recorded on-site.

Sample Temperature pH Total dissolved
name (°C) solids (ppm)
Anhoni BAN 55 7.8 690
CAN 43.5 7.5 590
CAP 52.1 7.8 620
Mean 50.2 £598 7.475+0.34 720+ 116.62
Tattapani TAT-1 98 7.5 880
TAT-2 61.5 7.6 600
TAT-3 69 7 700
TAT-4 67 7.8 700
Mean 7388 +16.39 7.7+0.17 633.3 & 51.31
Mann-Whitney Tattapani vs. 0.057 0.571 0171

U-test Anhoni

Six samples (BAN, CAN, TAT-1, TAT-2, TAT-3, and TAT-4) were collected from a depth of
about one meter from the surface and one sample (CAP) was collected from the outlet of
a ~635m deep borehole.

United States Geological Survey protocol (Hannigan and Basu,
1998; Hannigan et al., 2001) at the Indian Institute of Science
Education and Research (IISER) Bhopal, India in a class 10,000
clean lab with class 1000 clear zones. The following elements
were analyzed in each sample—Li, Be, B, Mg, Al, Si, K, Ca,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Sr, Mo, Cd, Cs, Ba, La,
Ce, Pb, Hg, and S. All samples were spiked with an internal
standard of 10 ppb In, Re, and Bi for internal calibration and
the final solution was an undiluted solution in 2% supra pure
grade HNOs3. Ten, hundred, and thousand ppb solutions of
the sample elements were prepared and standardized against
high-grade multi-elemental standards. These solutions were then
used as standards for measurements of the seven water samples
of this study. Helium was used as a collision gas to reduce
interference of argon oxide ions. Suprapure HCI (5%) was used
as a backwash during analyses of Hg and S, while 5% supra
pure HNOs3 was used as a backwash for all other elements. Both
Hg and S were measured as separate individual experiments
and blanks were measured in between each sample for these
two elements to ensure zero memory from previous samples.
Analytical uncertainties are <5% for all elements analyzed for
this study.

Metagenomic DNA Extraction

In the lab, each sample was filtered through a 1.2 wm pore
size membrane filter to remove any traces of debris and coarse
particles from the collected water. The filtrate was then passed
through a 0.2 wm pore size membrane filter to entrap the
prokaryotic cells on the filter. The filter membrane was cut
into pieces and subjected to metagenomic DNA extraction using
Metagenomic DNA isolation kit for water (Epicentre, Wisconsin,
USA) according to the manufacturer’s protocol with some
modifications to increase the yield and purity of the extracted
DNA sample. The modifications included the addition of 100
il 5M NaCl to 700 pl of isopropanol for efficient precipitation
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of DNA. The DNA pellet was resuspended in 50 pl of 10
mM Tris (pH 8.5) and evaluated on Genova nanodrop micro-
spectrophotometer (Jenway, Bibby Scientific Limited, UK) for
purity and Qubit 2.0 fluorometer using Qubit HS dsDNA kit (Life
technologies, USA) for quantification.

16S rRNA and Shotgun Metagenome

Sequencing

The purified DNA samples were used as a template for
generating the 16S rDNA V3 amplicon library. The primers
used for amplification were 5 TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGCCTACGGGAGGCAGCAG3' (341F-ADA)
and 5GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
ATTACCGCGGCTGCTGGC3' (534R-ADA). The underlined
regions in the above sequences are the Illumina Nextera XT
adapter overhangs, whereas the non-underlined regions are the
primer sequences known to target eubacterial 16S rRNA V3
region (Wang and Qian, 2009; Soergel et al., 2012). The optimized
PCR conditions were: initial denaturation at 94°C for 5 min,
followed by 35 cycles of denaturation at 94°C for 305, annealing
at 69°C for 30, extension at 72°C for 30, and a final extension
cycle at 72°C for 5 min. Recombinant Tag DNA polymerase (Life
technologies, USA) was used and 5% DMSO was added to the
master mix to enhance the concentration of amplified product
from the GC-rich metagenomic template. The amplified products
were evaluated on 2% w/v agarose gel, purified using Agencourt
Ampure XP kit (Beckman Coulter, USA) and amplicon libraries
were prepared by following the Illumina 16S metagenomic
library preparation guide. The shotgun metagenomic libraries
were prepared using Illumina Nextera XT sample preparation kit
(Ilumina Inc., USA) using the manufacturer’s protocol. Both the
libraries were evaluated on 2100 Bioanalyzer using Bioanalyzer
DNA 1000 kit for amplicon and High Sensitivity DNA kit for
metagenome (Agilent, USA) to estimate the library size. Libraries
were quantified using Qubit dsDNA HS kit on a Qubit 2.0
fluorometer (Life technologies, USA) and KAPA SYBR FAST
qPCR Master mix and Illumina standards and primer premix
(KAPA Biosystems, USA) as per the Illumina suggested protocol.
Equal concentration of libraries was loaded on Illumina NextSeq
500 platform using NextSeq 500/550 v2 sequencing reagent
kit (Illumina Inc., USA) and 150 bp paired-end sequencing of
both types of libraries was performed at the Next-Generation
Sequencing (NGS) Facility, IISER Bhopal, India.

Analysis of Amplicon Reads

The amplicon reads were trimmed from the ends to remove
ambiguous bases using NGSQC tool kit (Patel and Jain, 2012)
and the reads with >3 ambiguous bases were removed. The
paired-end reads were assembled together into single reads
using FLASH (Magoc and Salzberg, 2011). The reads having
>80% bases above Q30 were quality filtered and primer
sequences were removed using cutadapt (Martin, 2011). The
high-quality reads were then clustered and assigned by closed-
reference OTU (Operational Taxonomic Unit) picking protocol
(pick_closed_reference_otus.py) of QIIME v1.9 (Caporaso et al.,
2010) using Greengenes database v13_5 (DeSantis et al., 2006)
as a reference at >97% identity. The de novo OTU picking

protocol (pick_otus.py) was adopted for the sequences that failed
closed-reference OTU picking and were aligned against the
Greengenes database using BLAT (Kent, 2002). The assignment
of representative sequences from these OTUs was carried out
by an in-house Perl script using Lowest Common Ancestor
(LCA) approach (Chaudhary et al., 2015). The OTUs with low
abundance (<100 sequences) were filtered out to remove noise.

Analysis of Metagenomic Reads

The whole genome shotgun reads were filtered using NGSQC
tool kit by removing the reads with ambiguous bases and
further selecting the reads having >80% bases above Q30. The
high-quality metagenomic paired-end reads obtained from each
sample were then assembled using MetaVelvet at a k-mer size
of 77 bp (Namiki et al.,, 2012). The contigs obtained after de
novo assembly were used for the prediction of open reading
frames (ORFs) using MetaGeneMark (Zhu et al, 2010). The
predicted genes obtained from all the samples were combined
and clustered using cd-hit at 95% identity and 90% coverage
length. To prepare a comprehensive dataset of metagenomic
genes, the non-redundant gene repertoire generated from hot
spring samples was combined with a non-redundant gene
set from genes obtained from 2785 reference genomes from
NCBI and genes from reference genomes in JGI genome portal
(Grigorievetal., 2012). The reads from each sample were mapped
to this combined gene pool using Bowtie 2 (Langmead and
Salzberg, 2012) for quantification of genes. The paired-end reads
which mapped to the same gene, and cases where only one
read from the paired-end read mapped on a gene and the
other read remained unmapped, were considered and quantified.
The genes having a total count of <10 were removed to avoid
ambiguous genes in the analysis. The mapping of reads resulted
in a total of 438,157 genes (count > 10) including all samples,
of which 355,675 genes were previously identified in assembled
contigs from hot spring dataset, whereas 82,483 genes could not
be predicted in assembled contigs and were identified through
mapping of reads directly to the gene repertoire prepared using
predicted genes from hot springs data, NCBI, and JGI genes. The
genes were further annotated by alignment using BLAST 2.2.6
(Altschul et al., 1990) against eggNOG 4.0 (Powell et al., 2014),
KEGG Database version 2011 (Kanehisa and Goto, 2000), and
also by KEGG Automated Annotation Server (KAAS; Moriya
et al., 2007). The information on pathway and KO was updated
by retrieving the data from KEGG web-server in September 2015.
The genes with best hits (bit-score > 60 and e < 107%) were
assigned with KO and eggNOG annotation, respectively, and
were used for further analysis. The abundance of genes assigned
to same KO IDs was summed and the relative abundance of each
KO was calculated for each sample. Similarly, the abundance
of genes assigned to same eggNOG IDs was summed and the
relative abundance of each eggNOG was calculated for each
sample.

Quantification of genomes was performed by mapping
the reads to reference genomes using Bowtie 2 with default
parameters. The reads which mapped to the reference
genomes with >90% identity and with both the pairs mapping
concordantly were considered as a hit. The abundance of
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identified genomes was further normalized by reference genome
size and total number of reads in each sample (Gupta et al.,
2016). To determine the taxonomic origin of metagenomic
ORFs, the predicted ORFs were aligned using BLASTN against
2785 NCBI reference genomes. The hits were filtered using an
e-value cut-off of < 107 and alignment coverage > 80% of the
reference gene length. In the case of multiple best hits with equal
identity and scores, LCA method was used for assignment. An
identity threshold of 95% was used for assignment up to species
level, 85% for genus level assignment and 65% for phylum level.
A total of 1,53,098 genes (35%) could be assigned with taxonomy
at least up to phylum level based on LCA algorithm.

Statistical Analysis

For amplicon reads, alpha diversity metrics including observed
species and Shannon index were calculated at each rarefaction
depth beginning from 100 sequences per sample to 2.2 million
sequences per sample (n 10 times) at a step size of 0.1
million using QIIME v1.9. Pielous evenness was calculated
using Vegan package in R to identify the distribution of species
with respect to their proportion at each site (Oksanen et al.,
2013). The abundance of various phyla and genera in samples
was calculated and those which showed >1% abundance were
plotted. Furthermore, the genera which had >1% abundance and
showed significant (Wilcoxon Rank Sum test, p < 0.05) difference
in their abundance in two locations (Anhoni and Tattapani)
were plotted. The taxonomic tree was constructed for genera
having >1% abundance using GraPhlAn (Asnicar et al., 2015)
to understand the taxonomic differences in different samples
along with their abundances. Unweighted UniFrac distances were
calculated on rarefied OTU table using QIIME v1.9 and were
plotted on PCA (Principal Component Analysis) plot. To identify
the discriminatory taxa based on the two locations, Random
Forest analysis was carried out using randomForest package in
R (Liaw and Wiener, 2002). In order to identify changes in
diversity due to differences in temperature, multiple comparisons
using Tukey’s test were performed for number of observed
species across the three groups of samples, i.e., moderately
high temperature (40-55°C), high temperature (55-75°C) and
extremely high temperature (>75°C).

The relative abundance of KOs and eggNOGs calculated in
each sample from individual metagenomic reads was used for
further statistical analysis. Hellinger distances were calculated
to estimate the beta diversity between samples. A total of
4749 KOs (with >10 counts) were used for further analysis
and the odds ratio was calculated for a comparison between
the two sites. Pathway analysis was performed using Reporter
Features algorithm (Oliveira et al., 2008) to identify the pathways
significantly enriched at both the locations due to temperature
and other factors. The species identified from metagenomes
were clustered using hierarchical clustering algorithm based on
their proportions in each sample. The clustering pattern and
species abundance (normalized) of each sample were plotted
as a heatmap. The proportions of species were also correlated
with temperature and those with significant Spearman’s Rank
correlation coeflicient (FDR or False Discovery Rate adjusted p
< 0.05) and higher correlations (p > 0.7 or < —0.7) were plotted.

Moreover, to find associations of species with temperature groups
(moderately high, high, and extremely high temperature) on
ordinations, PCA analysis was performed using Biplots with
species plotted as vectors in ordinations.

Nucleotide Sequence Data Deposition

The nucleotide paired-end sequences have been deposited
in NCBI SRA database with accession ids: SRR3961733,
SRR3961734,  SRR3961739,  SRR3961740,  SRR3961741,
SRR3961742, and SRR3961743 for Whole Genome Sequencing
(WGS) reads, and SRR3961735, SRR3961736, SRR3961737,
SRR3961738, SRR3961744, SRR3961745, and SRR3961746 for
16S rRNA (V3 region) amplicon reads under the BioProject
PRJNA335670.

RESULTS

Physico-Chemical Analysis of the
Sampling Sites

The temperature at the Anhoni hot springs ranged between 43.5
and 55°C, with pH-values between 7.5 and 7.8 at the three sites
(Table 1). Tattapani hot springs had a much higher temperature
than Anhoni and ranged between 61.5 and 98°C, with pH-values
between 7 and 7.8 at the four different hot spring sites. The total
dissolved solids (measured in ppm) varied between 590 to 690 at
Anhoni and 600 to 880 at Tattapani. All these measurements were
carried out on-site. The Anhoni hot spring samples showed high
concentrations of Co, La, Fe, Hg, and Si (Supplementary Table 1
and Supplementary Figure 2). However, Pb, Zn, Ni, and B were
observed to be high in Tattapani samples, indicating high levels
of heavy metals in that site. Hg and S were observed in high
concentration in the Anhoni samples as compared to Tattapani
samples.

Amplicon and Metagenomic Analysis

A total 0f 21,881,886 high quality reads from 16S rRNA V3 region
obtained from seven samples, each consisting of 2.3-4 million
reads, were analyzed (Supplementary Table 2). A total of 2196
OTUs were obtained on closed-reference OTU picking. Since
5,242,917 reads (24% of sequences) could not be clustered and
assigned using closed-reference OTU picking method, de novo
OTU picking was performed for the remaining reads followed
by taxonomic assignment. A total of 4018 OTUs (clustered at
>97% identity) were obtained using both closed reference and
de novo OTU picking methods, of which 90 OTUs (0.3% of
total sequences) could not be assigned at any taxonomic level. A
total of 99,156,908 high-quality metagenomic reads [14,165,272
+ 3,481,846 (mean =+ SD)] were obtained from the seven
samples. The assembly of reads resulted into 373,793 contigs
(mean = 53,399; Supplementary Table 3) and a total of 438,157
genes (count > 10) were identified in all samples. The gene
repertoire from all hot spring samples was classified into KEGG
Orthologous groups and eggNOG Orthologous groups. A total of
308,855 (70.49%) genes were annotated with 4749 KO IDs, and
313,798 (71.6%) genes were annotated with 31,794 eggNOG IDs.
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Hot Springs at Higher Temperatures
Displayed Lower Microbial Diversity and

Gene Content
Alpha diversity analysis using Observed Species, Shannon
Diversity Index, and Pielou’s evenness was carried out to
determine the species richness and evenness in the samples.
TAT-1 sample having the highest temperature among all samples
showed the lowest species richness and diversity as compared to
all other sites at each rarefying depth (Supplementary Figure 3).
Beta diversity analysis was carried out using Unweighted UniFrac
distances. Lower UniFrac distances and close clustering was
observed among the Anhoni samples, and also among three of
the four Tattapani samples on the PCA plot (Figure 1A). TAT-
1 sample from Tattapani showed higher UniFrac distance from
all other sites. The region-specific clustering of Anhoni and
Tattapani samples on the PCA indicates phylogenetic similarity
in samples obtained from a similar region. It also highlights the
variation in microbial community of the two locations due to the
differences in geographical regions and observed temperature.
Shannon diversity index was used to estimate the gene
diversity within the samples and showed a significantly lower
(p < 0.05) gene diversity in Tattapani as compared to Anhoni
(Supplementary Table 4). The Tattapani samples showed
separate clustering from Anhoni samples using Hellinger
Distances based on KO proportions and eggNOG proportions
(Figure 1B and Supplementary Figure 4). The Tattapani
samples showed higher Hellinger distances, which could be
due to the wide temperature range. TAT-1, which has the

highest temperature showed the largest distance from other
samples collected from the same geographical location. This
suggests that temperature might be playing a significant role in
determining the metabolic potential of the microbial community
in this region. Tukey’s test showed a significant reduction
(p < 0.001) in the number of observed species at an extremely
high temperature (>75°C) compared to other two groups of
moderately high (40-55°C) and high temperature (55-75°C;
Supplementary Figure 5).

Microbial Community Structure

Based on the amplicon analysis, Proteobacteria was found to be
the most abundant (52-99%) phyla in all samples, except TAT-
3 (19.5%) which had the highest abundance (59.97%) of phylum
Thermi (Figure 2A). Thermotogae was also among the abundant
phyla in TAT-2 (14.2%), TAT-3 (9.2%), and TAT-4 (26.8%).
Firmicutes were found abundant in all samples (~4-10%), except
CAP and TAT-1. At the genus level, Tepidimonas was the most
abundant genus in BAN, CAN, and TAT-2 (56-67%) and was also
abundant in TAT-4 (15.4%; Figure 2B). However, Flavobacterium
was the most abundant in CAP (27.1%), Thermus in TAT-3
(60%) and Acinetobacter in TAT-1 (92.1%). TAT-4 also showed
a higher abundance of Fervidobacterium (26.8%) and Paracoccus
(24.4%). Pseudomonas was abundant in Anhoni samples and was
noticeably high in CAP (8.5%). Species identification was carried
out using WGS reads, and the species with >5% abundance
were plotted in bar plots (Figure 2C). A higher abundance
of Acidovorax sp. was observed in BAN (54.6%) and CAN
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FIGURE 1 | PCA plots based on 16S rRNA and WGS reads. (A) Unweighted UniFrac distances calculated using amplicon reads and plotted on PCA plot.
(B) Hellinger distances calculated using KO abundances from metagenomic reads and plotted on PCA plot. All Anhoni samples clustered together, whereas the TAT-1
was found distant from other Tattapani samples.
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FIGURE 2 | Relative abundance of microbial community at different taxonomic levels. (A) Phylum abundance in hot springs samples. Phylum abundance >
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springs samples. Species abundance > 5% are plotted in the bar plot. (A,B) are prepared from the results from 16S rRNA gene (V3 amplicon) sequencing and C is
prepared from the taxonomic analysis of metagenomic reads.

(30.9%) samples, and Pseudomonas stutzeri was abundant in
CAP (40.8%). An archaeal species, Pyrobaculum aerophilum was
abundant (54.0%) in the TAT-1 sample. Two Fervidobacterium
species, Fervidobacterium pennivorans (51.4% in TAT-4) and
Fervidobacterium nodosum (16.5% in TAT-2; 17.1% in TAT-3 and
10.9% in TAT-4), were observed as abundant in other Tattapani
samples. Three known Thermus species, Thermus thermophilus
(20.2%), Thermus scotoductus (15.5%), and Thermus oshimai
(8.6%) and an unknown Thermus species (26.1%) were found
abundant in TAT-3. Ramlibacter tataouinensis was also among
the abundant species in TAT-2, CAN, and BAN. This species is a
cyst-producing aerobic chemoautotroph and is commonly found
to be associated with dry environments (Heulin et al., 2003). The
presence of this soil-dwelling bacterium in a hot spring water
sample is intriguing.

Among the Anhoni samples, BAN and CAN showed
similar taxonomic profiles, whereas CAP displayed a different
taxonomic composition. Similarly, TAT-2 and TAT-4 from
Tattapani displayed similar taxonomic profile, whereas TAT-
land TAT-3 had a strikingly different taxonomic structure
(Figure 3). Desulfovirgula, Fervidobacterium, and Thermus were

found to be significantly associated (p < 0.05) with Tattapani,
whereas Flavobacterium, Pseudomonas, and Rheinheimera were
found to be significantly associated (p < 0.05) with Anhoni
(Supplementary Figure 6).

The heatmap depicting the hierarchical clustering of species
and samples using species proportions at each site (Figure 4)
indicated the close clustering of three samples from Tattapani
(TAT-2, TAT-3, and TAT-4), and similarly, the three samples
from Anhoni (BAN, CAN, and CAP) were found to cluster
separately. Interestingly, TAT-1 was observed to be the farthest
from all samples in the dendrogram suggesting the existence of a
unique microbial population enriched in archaeal species in this
region. In order to find associations of species with temperature,
the Spearman’s rank correlation coefficient was calculated
for each species with temperature and those with significant
correlation coeflicients (FDR adjusted p < 0.05; p > 0.7 or <
—0.7) were plotted (Figure5). Pyrobaculum aerophlilum and
Pyrobaculum arseniticum correlated positively with temperature,
whereas P. stutzeri, Methylococcus capsulatus, and Caulobacter
spp. correlated negatively showing their association with lower
temperature sites. The association of P. aerophilum and Delftia
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FIGURE 3 | Taxonomic tree showing microbial community structure in hot spring samples. The families having > 1% abundance are plotted. The outer
seven concentric circles depict a heatmap based on the taxonomic abundances in different samples. The color of outermost bars depicts the sample in which the
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species was observed with extremely high temperature, and
Themus thermophilus and other thermophilic species were
found to be associated with high temperature when plotted
in ordinations using Biplot (Figure 6). A clear distinction was
also observed with M. capsulatus and Meiothermus showing
association only with CAP, making this site different from other
hot springs. Species association also varied between TAT-2,
TAT-3, and TAT-4 suggesting unique species diversity at each
site.

A total of 24 OTUs were observed as discriminatory
among Anhoni and Tattapani samples using Random Forest
analysis (Supplementary Table 5), out of which nine OTUs
belonged to Pseudomonas (P. stutzeri, P. alcaligenes, and
unknown species of Pseudomonas). OTUs belonging to genus
Pseudomonas, Acinetobacter, Exiguobacterium, and Vogesella

were discriminatory for Anhoni, whereas Paenibacillus,
Planomicrobium, and Devosia were found as discriminatory
genus for Tattapani.

Identification of Functions in Anhoni and
Tattapani

The analysis of eggNOG classes revealed interesting trends
with respect to the enrichment of functional categories
(Supplementary Figure 7). The functions for inorganic ion
transport, lipid metabolism, and secondary metabolites were
enriched in Anhoni, whereas energy production, nucleotide
metabolism, cell cycle control, replication, and post-translational
modifications were enriched in Tattapani. It is apparent that the
functions and pathways related to nucleotide metabolism, DNA
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replication and energy production were enriched (FDR adjusted
p < 0.05) in samples obtained from higher temperature hot
springs (Tattapani).

A comparison of KEGG pathways using the Odds ratio for
enrichment, and further by Fisher’s exact test on the proportion
of enriched KOs belonging to a pathway in the two locations
revealed several major pathways significantly associated with
Anhoni and Tattapani (Figure 7). Log odds ratios calculated
for significantly discriminatory pathways through Fisher’s exact
test revealed pathways for degradation of hydrocarbons such
as benzoate, toluene, xylene, fluorobenzoate, chlorocyclohexane,
chlorobenzene, etc., as significantly (p < 0.05) associated with
Anhoni, whereas DNA replication, purine, and pyrimidine
metabolism were significantly associated with Tattapani, which

corroborates with the results of functional analysis using
eggNOG classes for Tattapani.

Enriched KEGG Metabolic Pathways in

Tattapani

A detailed analysis of KEGG pathways in Tattapani showed that
pathways for biosynthesis of secondary metabolites, amino acid
biosynthesis, nitrogen metabolism, and other cellular functions
were abundant in this location (Figure 8). The higher abundance
of TCA cycle and oxidative phosphorylation pathways revealed
by KEGG pathway analysis and abundance of energy production
pathway revealed by eggNOG analysis shows that aerobic
respiration is the major mechanism for energy generation by
the microbial community at this site. The high abundance of
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P. aerophilum in TAT-1 (Figure 2C) and its earlier reported
nitrate reducing properties (Afshar et al., 2001) corroborates with
the observed nitrogen metabolism pathway at this site.

Degradation of Hydrocarbons in Anhoni

One of the interesting findings of this study is the presence
of hydrocarbon degradation pathways in Anhoni Samples. We
performed a comprehensive analysis of these pathways to identify
the various intermediates and end products, microbes harboring
these pathways and their relative abundance in the CAP, BAN,
and CAN samples which are summarized in Figure 9. Methane
metabolism was found to be highly enriched in CAP which
is reported to have a high proportion (>80%) of methane in
previous studies (Sarolkar, 2015). The high (20.27%) abundance
of M. capsulatus which has the ability to utilize methane
as a source of energy corroborates with the enrichment of
methane metabolism pathway at this site (Ward et al., 2004).
The genes involved in methane metabolism were present in the
metagenomic dataset and could be annotated with this genome
by taxonomic assignment (Supplementary Figure 8). Oxidation
of methane to methanol and subsequently to formaldehyde is
performed by this microbe which is further utilized in other
downstream pathways including conversion to Acetyl-CoA for
energy production.

Complete metabolic pathways for the degradation of toluene,
xylene, benzoate and benzene were found in various microbes
identified in Anhoni samples (Supplementary Figures 9-11).
Enzymes for toluene degradation pathway were found as
most abundant in BAN and were also present in CAP and
CAN samples, contributed mainly by Acidovorax sp. and
Alicycliphilus denitrificans (Figure 9). The enzymes for benzoate

and xylene degradation, which are downstream pathways of
toluene degradation, were higher in CAP as compared to BAN
and CAN samples and were predominantly contributed by P.
stutzeri and Acinetobacter baumannii. Benzene on conversion
to phenol and subsequently to catechol can be degraded via
benzoate degradation pathway and the enzymes for this pathway
were mainly contributed by Acidovorax sp. and Alicycliphilus
denitrificans. Xylene degradation pathway was also found to be
abundant in Anhoni samples and was contributed by microbial
community mainly comprising of P. stutzeri, Acidovorax sp.,
and Rhodococcus erythropolis. It is interesting to note that
most of the above microbes involved in the metabolism of
complex hydrocarbons do not possess all enzymes required in
the respective pathway. However, together as a community, they
could complete the set of enzymes of a pathway, and thus, achieve
the ability to carry out complex metabolism. For example, in the
case of benzoate degradation pathway in CAP, 3-oxoadipate CoA-
transferase enzyme was not present in P. stutzeri, whereas all
other seven enzymes (out of the total eight enzymes) involved in
the pathway were present. Another microorganism, Acidovorax
sp., which was abundant in the same microbial community is
found to harbor this enzyme and perhaps contribute toward
the completion of the pathway (Supplementary Figure 12).
Similarly, in xylene degradation pathway, individual microbes
including unknown microbial species contribute different steps
in xylene degradation and complete the pathway as a community.
Taken together, it is apparent that Anhoni samples possess a
unique microbial community with the ability to utilize various
hydrocarbons as a source of energy via aerobic respiration. By
mapping these enzymes to their respective pathways, it was
observed that benzoate and xylene are utilized and converted to
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FIGURE 8 | Abundant KEGG pathways found in Tattapani samples. The pathways and their proportions in Tattapani samples are shown using box plots (=1%
proportion). The samples showed a higher abundance of pathways for general cell functions and certain specific functions such as nitrogen metabolism and methane

Succinyl-CoA and Acetyl-CoA, respectively, which then enters
the TCA cycle to generate energy (Supplementary Figure 13).

DISCUSSION

The hot springs of Anhoni and Tattapani are located in
the margins of Gondwana coalfields of India and have been
reported as important geothermal resources (Pandey and Negi,
1995). The presence of volcanic tuffs and interlayer basic silts,
which are flat intrusions of igneous rocks formed between
the pre-existing layers of rocks, has also been reported under
these regions. The volcanic sediments are known to constitute
hydrocarbons and other organic compounds and also release
organic gases (Farooqui et al., 2009). The long-term seepage
of hydrocarbons, either as macroseepage or as microseepage
can bring about a diverse array of mineralogical and chemical
changes that are favored by the development of near-surface
oxidation or reduction zones (Khan and Jacobson, 2008). Surface

geochemical methods are based on the premise that hydrocarbon
gas components migrate from sub-surface petroleum reserves
through faults and fractures and leave their signatures in
near surface soils (Price, 1986; Tedesco, 2012). Petroleum
microseepage in the soil causes several chemical reactions
modifying the oxidation-reduction potential of the soil which
plays an important role in the mobility of elements. It can
be inferred that in Anhoni, a lot of igneous bodies cut the
sedimentary bodies and water present deep along these joints gets
heated from the mantle thus, finding space to come to the surface.
As they travel up and cool they start to deposit the elements
with lower solubility i.e., the hydrocarbons, progressively. The
same water continues to cycle in this process and brings elements
associated with hot springs from the mantle to the crust,
making it enriched in hydrocarbons and other inflammable
compounds.

Anomalous amounts of vanadium, chromium, nickel, cobalt,
manganese, mercury, copper, molybdenum, uranium, zing, lead,
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and zirconium are positive indicators of petroleum deposits
(Duchscherer, 1983). The migrating hydrocarbons create a
reducing environment in the soil and subsurface, which increases
the solubility of many trace and major elements (Mongenot
et al, 1996). The samples from Anhoni have anomalously
high concentrations of V (120.42-267.59 ppb), Cr (53.77-
189.14 ppb), Co (733.48-2882.70), Mn (83.51-255.74 ppb), Hg
(333.00-555.00 ppb), Cu (102.9-276.67), and Mo (72.55-171.66)
compared to regions (Bowen, 1979). This strongly indicates the
presence of microseepage of petroleum deposits through the
Narmada-Son lineament fracture zone into the near surface soils
at Anhoni. However, this hypothesis needs further studies, which
is beyond the scope of the current study.

The Tattapani geothermal field at Chhattisgarh consists of
several hot springs having a broad temperature range from 52
to 98°C and spread over an area of around 0.5 km? (Sarolkar,
2010). The temperature of different reservoirs at this site has been
reported to be as high as 230 & 40°C at a depth of 2 km and 112
=+ 30°C at a depth of 1 km (Vaidya et al., 2015). In another study,
the chemical analysis of water from this site was found to contain
moderate chloride, sulfate, silica, and sodium content, followed
by low potassium, calcium, and arsenic content (Sarolkar and
Das, 2006). This geothermal site has been reported majorly for
its extremely high temperature, due to which a lower microbial
diversity and a distinct functional profile was observed in the
results of this study.

Phylum abundance results obtained from the amplicon
sequencing data showed phylum Proteobacteria to be abundant
in almost all the samples. Proteobacteria has also been reported

from many studies based on the 16S rRNA analysis of hot
springs with moderately high and very high temperatures (44—
110°C) at various geographical locations, including India (Bowen
De Leon et al,, 2013; Chan et al., 2015; Ghelani et al., 2015).
Since, Proteobacteria have been found in other hot spring studies
including Indian hot springs, and was also one of the abundant
taxa in this study, it appears to be indigenous to this region.
Other phyla, such as Thermi and Thermotogae were also found
abundant at both the sites. Phylum Thermotogae observed as
abundant in Tattapani is found associated with hot springs of
high temperature and is reported majorly for its high heat
tolerance (Chan et al, 2015; Kanoksilapatham et al., 2015).
Tepidimonas sp., belonging to phylum Proteobacteria observed
as abundant in BAN, CAN, TAT-2, TAT-4, and CAP samples, has
been isolated and sequenced from Chhoti Anhoni in an earlier
study (Dhakan et al., 2016). The draft genome construction and
analysis of the Tepidomonas taiwanensis genome revealed the
presence of genes for sulfur metabolism, ammonia metabolism,
nitrogen fixation, assimilation of organic acids, and a large variety
of proteases. Gulbenkiania mobilis, another Proteobacteria was
also cultured from the same environment and its first draft
genome was reported in another study (Saxena et al., 2015).
Though culturable, this genome was not among the most
abundant genomes found in this study. The genome analysis
of Gulbenkiania mobilis revealed its unique sulfur-metabolizing
properties.

The metagenomic analysis of Anhoni region revealed
enrichment of hydrocarbon degrading microbes, enzymes,
and pathways. The presence of pathways such as benzoate,
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toluene, and xylene degradation at Anhoni, specifically in CAP
sample, underscores the potential of the inherent microbial
community to metabolize hydrocarbons as a source of energy.
P. stutzeri and Acidovorax sp. which are known to harbor the
enzymes for hydrocarbon degradation were found abundant at
Anhoni. P. stutzeri is among the important alkane-degrading
microorganisms reported for the bioremediation of crude oil,
oil derivatives and aliphatic hydrocarbons (Lalucat et al., 2006).
Potential degradation of toxic hydrocarbons such as, benzene,
xylene and benzoate by P. stutzeri are well-reported in the
literature and is also observed in the results of this study.
Acidovorax sp. which was among the abundant species in CAP
is also reported for its hydrocarbon degrading properties at high
temperatures (Singleton et al,, 2009). Microbes belonging to
phylum Proteobacteria found abundant at this site are known
to be highly abundant in petroleum-contaminated terrestrial
and aquatic environments (Kimes et al., 2013; Bao et al,, 2016).
A 16S rRNA-based study from a hydrothermal vent (270-
325°C) with similar geochemistry at the Gulf of California,
where the organic matter in the sediments are converted to
aliphatic and aromatic hydrocarbons under high temperature,
suggested a resident sulfate-reducing bacterial population, such
as Desulfobacter, Desulforhabdus, Thermodesulforhabdus, etc.
(Dhillon et al., 2003).

The known high percentage of methane gases at Anhoni
corroborates well with the presence of methanotrophic species
such as M. capsulatus (Sarolkar, 2015). The higher abundance
of this pathway, particularly in CAP, shows the importance
of this site for the isolation of novel methanotrophic species.
M. capsulatus is known to convert formaldehyde through
Ribulose-P pathway to form Acetyl-CoA for subsequent
energy generation pathways which were evident in our data
(Supplementary Figure 8, Ward et al., 2004). Our data also
suggests the conversion of formaldehyde to formate which
then enters the Acetyl-CoA pathway. However, this pathway
is not reported to be carried out by M. capsulatus (Ward
et al,, 2004), indicating the presence of other methanotrophs
in CAP. Meiothermus ruber, another abundant species in CAP
is a thermophile observed to be associated with moderately
high temperature (Tindall et al, 2010). Methane-producing
and sulfur-utilizing thermophilic bacteria belonging to the
genus, such as Thermococcus, Acinetobacter, Pseudomonas, and
Methylobacterium have also been reported to be associated with
high-temperature petroleum reservoirs (50-120°C) in California
(Orphan et al., 2000).

One of the interesting insights from this study is that
all enzymes involved in a particular hydrocarbon degradation
pathway were not found in a single microbial species; however,
as a microbial community, the entire set of genes for
the degradation of that hydrocarbon could be completed.
Furthermore, the results also hint toward the existence of novel
species in these hot springs which might harbor the complete
degradation pathways and can be confirmed by their isolation
and sequencing, therefore, providing leads for further studies.
The species and enzymes identified in this study and future
studies from this site could be used as promising bioremediation
agents in oil spills and other hydrocarbon-contaminated regions
(Kimes et al., 2013; Gaur et al., 2014).

Tattapani hot spring having an extremely high temperature
(61.5-98°C) displayed a diverse thermophilic population and
their pathway analysis suggested the functional adaptations of
these thermophiles to survive at high temperatures. Extreme
environments such as hot springs with very high temperature
are commonly found to be inhabited by chemolithoautotrophic
thermophilic species majorly from archaebacteria, and from
Aquifex and Thermotoga phyla in eubacteria (Stetter, 1996,
1999). The high abundance of P. aerophilum in this environment
is an interesting finding as it is a unique hyperthermophilic
archaeal species reported extensively for its nitrate reducing
properties with the help of a molybdenum-associated nitrate
reductase which is distinct from other mesophilic nitrate
reductases (Afshar et al., 2001). P. aerophilum also found to be
abundant in Manikaran hot spring in India (96°C), is also known
to grow anaerobically by dissimilatory nitrate reduction, which
is an exclusive catabolic feature of this species (Afshar et al.,
2001; Bhatia et al., 2015). Fervidobacterium thermophilum and
Fervidobacterium pennivorans are among the other thermophilic
eubacteria observed to be abundant in Tattapani, and are
reported to produce thermostable cellulases and keratinases
(fervidolysin) respectively, which have potential application in
the conversion of biomass to biofuels at high temperature and
other biotechnological processes (Kim et al., 2004; Wang et al.,
2010). Overall, a high species diversity was observed at the
sites with moderately high temperature (40-55°C) i.e., from the
Anhoni site, compared to the site at extremely high temperature
i.e, TAT-1 (98°C; Supplementary Figure 5). The presence of
hydrocarbons at Anhoni site could be a contributing factor for
the increase in species diversity at this site, as it provides a
rich carbon source to the microorganisms thus, helping them
to survive despite high temperature (Head et al., 2006). Large
community diversity is generally observed in petroleum or
hydrocarbon-contaminated environments and is also observed in
the Anhoni samples (Kimes et al., 2013; Bao et al., 2016).

The presence of genes for replication and DNA repair
pathways appear to be important in Tattapani microbial
community to survive in adverse physical conditions such as,
high temperature, which cause considerable damage to DNA.
The enrichment of genes associated with DNA repair systems
and homologous recombination have been well-reported in
extreme environments (Xie et al., 2011; Jimenez et al., 2012).
Some recent studies have shown that the evolutionary rate
of microbial communities is governed by the environmental
conditions (Gupta and Sharma, 2015), and microbes in extreme
habitats evolve faster with extensive DNA repair system and high
mutation rates to cope with the deleterious effects of environment
on their genomes as compared to those in stable environments (Li
etal., 2014). Despite having a higher abundance of pathways such
as replication and nucleotide metabolism, lower species richness
was observed in Tattapani which indicates that very few microbial
species are able to adapt and survive in extreme conditions.

The present metagenomic exploration of the hot springs
located in central India is perhaps the largest comprehensive
metagenomic study of any geographical location in India
including hot springs, carried out using both 16S rRNA amplicon
and shotgun sequencing. It has provided novel insights into
the taxonomic, functional, and metabolic diversity of the
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unique microbial community surviving in these hot springs.
The presence of chemoorganotrophic thermophiles degrading
complex hydrocarbons at the Anhoni hot springs and extensive
survival mechanisms at the Tattapani hot springs are novel
revelations of the study. The present analysis is however limited
by the availability of known species of microbes in reference
datasets and opens up new opportunities to decipher the
genomes of yet unknown microorganisms in these hot springs.
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Supplementary Figure 1 | Geographical location and photographs of
sampling sites of Anhoni and Tattapani hot springs. The given map was
retrieved from Google Maps (2016).
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Supplementary Figure 3 | Alpha diversity in the Hot spring samples.
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a wide range of organisms. The vast majority of RBRs, including classical forms of
this protein, contain a C-terminal rubredoxin-like domain involved in electron transport
that is used during catalysis in anaerobic conditions. Rubredoxin is an ancient and
large protein family of short length (<100 residues) that contains a Fe-S center
involved in electron transfer. However, functional forms of the enzyme lacking the
rubredoxin-like domain have been reported (e.g., sulerythrin and ferriperoxin). In this
study, phylogenomic evidence is presented that suggests that a complete lineage of
rubrerythrins, lacking the rubredoxin-like domain, arose in an ancient microaerobic and
(hyper)thermophilic environments in the ancestors of the Archaea Thermoproteales and
Sulfolobales. This lineage (termed the “aerobic-type” lineage) subsequently evolved to
become adapted to environments with progressively lower temperatures and higher
oxygen concentrations via the acquisition of two co-localized genes, termed DUF3501
and RFO, encoding a conserved protein of unknown function and a predicted Fe-S
oxidoreductase, respectively. Proposed Horizontal Gene Transfer events from these
archaeal ancestors to Bacteria expanded the opportunities for further evolution of
this RBR including adaption to lower temperatures. The second lineage (termed the
cyanobacterial lineage) is proposed to have evolved in cyanobacterial ancestors, maybe
in direct response to the production of oxygen via oxygenic photosynthesis during the
Great Oxygen Event (GOE). It is hypothesized that both lineages of RBR emerged in a
largely anaerobic world with “whiffs” of oxygen and that their subsequent independent
evolutionary trajectories allowed microorganisms to transition from this anaerobic world
to an aerobic one.

Keywords: rubrerythrin, evolution, phylogeny, comparative genomics, microaerophilic, hyperthermophiles, GOE,
cyanobacteria
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Aerobic-Type Rubrerythrin Evolution

INTRODUCTION

The ability to combat oxidative stress is a widespread feature
found in most organisms including many obligate anaerobic
and microaerophilic organisms. The Great Oxygenation Event
(GOE), that has been hypothesized to occur approximately
2.3 billion years ago (Lyons et al, 2014), would likely have
initiated an adaptation process to attenuate the threatening
exposure to increased levels of reactive oxygen species (ROS).
The development of efficient ROS scavenging mechanisms would
have facilitated the co-evolution of redox proteins that could take
advantage of the energetically advantageous use of oxygen as a
terminal electron acceptor.

Reactive oxygen species are partially reduced oxygen
compounds that are produced as byproducts of oxygen reduction
and, in many conditions, their exacerbated production can lead
to severe stress and even cellular death (Imlay, 2003). Several
mechanisms have evolved to mitigate the oxidative stress caused
by ROS including direct mechanisms and indirect scavenging
of ROS (Farr and Kogoma, 1991; Maaty et al.,, 2009; Zuber,
2009). The most stable ROS is hydrogen peroxide (H,03) and a
variety of enzymes have evolved to remove it, such as catalases,
peroxiredoxins and other peroxidases (Mishra and Imlay, 2012).
Among the H,O,-scavenging enzymes, one variant with an
important role in stress survival in several microorganisms, is
rubrerythrin.

Rubrerythrin (RBR) is a member of the Ferritin-like
superfamily (FLSF), consisting of proteins with a variety
of different functions such as iron storage and/or iron
detoxification (ferritins, Dps proteins, bacterioferritins),
ubiquinone biosynthesis (COQ7 proteins), and radical
scavenging (Mn-catalases, RBRs; Andrews, 2010). These proteins
possess a four-helical bundle, configured in two anti-parallel helix
pairs, forming a di-iron center, mediated by the coordination
of (at least) six highly conserved residues among the four-
helix structure (Andrews, 2010). In RBR, the di-iron center is
responsible for the reduction of H,O; and organic hydroperoxide
(Dillard et al., 2011). The role of RBR in the reduction of H,O,
has been experimentally verified in several different organisms
including aerobes (Sato et al., 2012), cyanobacteria (Zhao et al.,
2007), and also obligate anaerobes (Weinberg et al., 2004).
The classic RBR, found in the obligate anaerobe Desulfovibrio
vulgaris contains, in addition to the FLSF domain, a C-terminal
domain related to the rubredoxin family, putatively involved in
electron transfer during catalysis (Andrews, 2010). This feature
is conserved in most representatives of this family (Iyer et al,
2005), including a version of RBR with its rubredoxin domain in
the opposite orientation with respect to the classic version called
“reverse RBR” (Andrews, 2010). This suggests that the short
rubredoxin-like domain has an important role in RBR function.

Despite the strong conservation of the rubredoxin-like
domain in RBR proteins, there are also functional versions of this
enzyme without the rubredoxin-like domain such as sulerythrin
and ferriperoxin from Sulfolobus tokodaii (Wakagi, 2003) and
Hydrogenobacter thermophilus (Sato et al, 2012). This one-
domain RBR, composed only of the FLSF domain, was found to
be widely distributed in microbial organisms, raising questions

about how it evolved and whether the lack of the C-terminal
rubredoxin-family domain had functional implications for the
catalysis of H,O,. However, in obligate anaerobes, a functional
and physical association between RBR and other proteins was
demonstrated, suggesting that some other proteins might supply
the missing catalytic function to the one-domain RBR (Weinberg
et al., 2004; Le Fourn et al., 2011).

In this report, we have undertaken a phylogenomic analysis
of RBRs using a number of techniques including conventional
phylogenetic approaches, sequence similarity networks and
comparisons of genomic neighborhoods. The objective was to
derive a plausible trajectory of the evolution of RBRs and,
if possible, to link this trajectory with postulated changes of
temperature and atmospheric oxygen concentrations during the
early stages of the earth over 3 billion years ago.

MATERIALS AND METHODS

Compilation of RBR Sequences

Rubrerythrin sequences were obtained from NCBI non-
redundant (NR) database using a two-step filter: first, the NR
database was analyzed using HMMsearch (HMMer version
3.0) against PF02915 (PFAM domain for Rubrerythrin,
E-value < 107°) followed by a RPS-BLAST search against
COG, recovering all proteins with significant similarity to
COG1592 (E-value < 10719); all sequences with lengths less
than 100 residues and/or with COG coverage values less than
70% were discarded. Supplementary Table S1 lists the sequences
found using this strategy.

Sequence Similarity Network

The sequence similarity network elaboration was as described
by Atkinson et al. (2009). A total of 4527 RBR sequences found
by the aforementioned method were clustered using CD-HIT
software (Fu et al., 2012), resulting in 2631 representatives
comprising groups defined by 90% identity. These filtered
sequences were analyzed in a BLASTp-all-versus-all round (no-
filter, default parameters) with a threshold E-value of 1073, The
pairwise bit scores were used as measure of distance for the
network, visualized in Cytoscape 3.0.2 using Organic layout.

Phylogenetic Analyses

Protein sequences were aligned using MAFFT (Katoh and
Standley, 2014) with the L-INS strategy. The phylogenetic
analyses were performed using either maximum likelihood (ML)
or Bayesian inferences (BI). For ML, the trees were elaborated
in PhyML, version 3.1 (Guindon et al., 2009) with different sets
of parameters for each case. For BI, the trees were elaborated in
MrBayes version 3.2.6 (Huelsenbeck and Ronquist, 2001), with
different parameters for each case (see “Results”). The selected
substitution models for both ML and BI analyses were selected
using ModelGenerator (Keane et al., 2006).

For the “aerobic-type” RBR tree, the alignment containing
127 ungapped and unambiguous sites for 335 taxa was analyzed
by MrBayes with five substitution rate categories and gamma-
distributed rate variation, using LG as the prior model. Bayesian
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analysis was run for five million generations (in two independent
runs, using four chains and a heating parameter of 0.1); trees were
saved every 200 generations and posterior probabilities calculated
after discarding the first 33% of trees.

For the DUF3501 and the rubrerythrin-associated Fe-S
oxidoreductase (RFO) protein families (see below), the trees
were constructed using PhyML. For DUF3501, the alignment
containing 118 ungapped and unambiguous sites for 258 taxa
was used; the ML-based tree was performed using the LG model
with four substitution rate categories and gamma-distributed rate
variation, with a proportion of invariable sites. The tree topology
search was performed by the combination of NNIs and SPRs
strategies and the approximate likelihood ratio was computed by
the SH-like branch support test (Anisimova et al., 2011). The RFO
tree was computed using similar parameters, from an alignment
containing 289 ungapped and unambiguous sites for 206 taxa.
Additionally, a tree of the “cyanobacterial group” RBR orthologs
was computed from an alignment containing 289 ungapped and
unambiguous sites for 206 taxa, using the same configuration
used for the two latter phylogenetic analyses.

Other Analyses

Genomic contexts for the genes encoding rubrerythrin were
obtained from IMG-JGI (Markowitz et al., 2012), using a set of
4461 complete prokaryotic genomes. Protein domain analyses
were carried out using InterProScan (Quevillon et al., 2005).
Co-localized genes with RBR were searched in the complete
prokaryotic genome collection using BLAST (Altschul et al,
1997).

RESULTS AND DISCUSSION

Identification of Different Rubrerythrin

Groups

In order to study the evolution of RBR forms, the first step
was the preparation of a trustworthy set of these proteins. The
search of putative RBR homologs was made using a dual criterion
selection that combines the sensibility of Hidden Markov Model
(HMM) based search (PF02915) with a confirmative application
of RPS-BLAST against the COG1592 family (corresponding to
the RBR family). This double filter allowed a discrimination to be
made between RBRs and other members of the FLSE, including
members of the Mg"2-protoporphyrin IX monomethyl ester
cyclase subfamily, which were also included in the HMM profile
for PF02915.

A sequence similarity network approach was implemented in
order to identify subfamilies inside the RBR family. Similarity
networks are acceptable approximations for the study of huge
protein families, although they are not a replacement for
phylogenetic studies (Atkinson et al., 2009). The use of a given
E-value (or score) threshold in an “all-vs-all” BLAST permits
the recovery of clusters that can be visualized in a network
fashion, where each node is an homolog or family member,
and each edge is the measure of the pairwise score obtained
by BLAST. The distances between different node groups are
inversely proportional to the value of their pairwise scores: higher

BLAST pairwise scores between multiple sequences promote
their clustering, and vice versa.

Figure 1 shows a sequence similarity network for the
RBR orthologs retrieved from the NR database following the
strategy outlined above. From this network (comprising 2631
representative genes), a set of node clusters or groups can be
inferred. Four large groups (1-4) connected in a major network
were recovered using an E-value threshold (E < 10~%). In
addition, there are nine minor isolated groups (5-13), and several
smaller groups with disconnected nodes, indicating that, at the
BLAST E-value used, those sequences have no similarity with
other members of the RBR protein set. Group 5 is included with
groups 1-4 in subsequent analyses. Groups 1-5 comprise ~93%
of the sequences.

Group 1 (Figure 1) corresponds to the principal group of
canonical rubrerythrins, and is comprised almost completely
(98.7 % of 1336 sequences) by members with the rubredoxin-like
domain with a relatively short spacing between the two C-x-x-
C motifs (10-14 residues, we term “short-spaced”). Taxonomic
information (Supplementary Figure S1) indicates that this
group is dominated by members of Clostridia (44.5%) and &/e-
Proteobacteria classes (11.0%) and the Bacteroidetes phylum
(10.2%). Comparison with PDB database showed that the
classical RBR protein from D. vulgaris (Swissprot accession
P24931, PDB entry 1B71) is a member of this group. Therefore,
we propose that group 1 is termed the “Classical RBR” group.
The group is populated predominately by obligate anaerobic
microorganisms.

Group 2 (Figure 1) consists of two sub-clusters: the first
(85.3% of the total sequences) exhibits the rubredoxin domain
as do group 1 rubredoxins, but unlike group 1 this rubredoxin
domain is located in the N terminal of the protein as previously
observed in Clostridium acetobutylicum (Riebe et al., 2009). The
other sub-cluster (14.7% of the total sequences) does not have a
rubredoxin domain. Group 2 was dominated obligate anaerobes
such as members of the Clostridia class (64.5 %) and Bacteroidetes
phylum (10.5%; see Supplementary Figure S1). We propose that
group 2 be termed the “Reverse-type” RBR group.

Group 3 (Figure 1) is mainly composed of RBR with the
C-terminal rubredoxin-like domain and, according to taxonomic
information, is dominated by members of 8/e-Proteobacteria
(25.97%) and Clostridia (20.7%) classes and the Euryarchaeota
phylum (17.31%). Comparison with PDB showed that a
previously crystallized RBR from Pyrococcus furiosus belongs to
this group (Uniprot accession QQUWP7, PDB entry INNQ); this
RBR contains canonical hydrogen peroxide reductase activity
(Dillard et al., 2011). We propose that this group is termed the
“Classical group B.” Like group 1, both the “reverse” (group 2)
and the “classical-B” types of RBR (group 3) are enriched in
taxonomic groups dominated by obligate anaerobes.

Group 4 (Figure 1) is composed exclusively of genes
lacking the rubredoxin-like domain. This group is dominated
by members of a/f/y-Proteobacteria (61.1%), Actinobacteria
(9.0%), and Crenarchaeota (including members of Sulfolobales
and Thermoproteales orders, 8.3%), as well as bacterial
members from Aquificae (including the ferriperoxin from
H. thermophilus), Nitrospirae and some few members of
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FIGURE 1 | Sequence similarity network for RBR. The network was made from 2631 representative sequences (filtered by >90% identity) applying score data
relationships in All-versus-All BLASTp (E-value < 10-45). Topology was generated in Cytoscape 3.0.2 using the Prefuse forced directed layout. The main clusters
were assigned with numbers (see “Text” for more details). The domain architectures of the different forms of RBR are shown. Node colors indicate the type of
rubredoxin-like domain where Magenta: “short-spaced” rubredoxin-like domain; Green: “long-spaced” rubredoxin-like domain; Blue: without any rubredoxin-like
domain. Abbreviations: RBR, rubrerythrin; RD, rubredoxin-like domain; cRD, cyanobacterial rubredoxin-like domain.

Firmicutes, Deltaproteobacteria, and archaeal members of
Thermoplasmatales (from the Euryarchaeota phylum). Unlike
the three aforementioned groups, members of group 4 are
dispersed in taxonomic groups dominated by (facultative)
aerobic organisms. Sulerythrin from S. tokodaii (Uniprot
accession FOVPES5; PDB entry 1J30) and a rubrerythrin from
Burkholderia pseudomallei (Uniprot accession Q3JK2; PDB
entry 4DI0) have three dimensional structures in the PDB.
The presence of RBRs without the rubredoxin-like domain
is distributed in different sequence clusters of this network,
suggesting that these proteins arose independently more than
once in evolution. The detection of a well-defined group
composed only of members without the aforementioned domain,
and additionally, that those homologs are mostly associated with
aerobic organisms, strongly suggest that this group is a complete
and distinctive evolutionary lineage with common properties and
we term it the “aerobic-type” group of RBR.

Group 5 (Figure 1) contains two well-compartmentalized
sub-clusters; one of them (comprising 41.8% of the sequences)
lacks the rubredoxin-like domain. Members of the other sub-
cluster (comprising the 58.2% of the sequences) is distinguished
by having a C-terminal rubredoxin-like domain, with a longer
spacing between the cysteines motifs (27-32 residues) compared
with the C-terminal domain of the classical RBR (10-14 residues).
Taxonomically, the group 5 is dominated by members of
Cyanobacteria (59.5%) and o/f/y-Proteobacteria (36.7%). The
“long-spaced” rubredoxin-like domain is present in almost all
cyanobacterial RBRs and has a different evolutionary origin from
the other RBRs. Due to the prevalence of cyanobacterial RBR
genes in group 5, we term this the “Cyanobacterial-type” RBR.

Given their evolutionary properties, the phylogenetic analysis of
this group, and the origin of the “long” rubredoxin domain will
be covered below.

Phylogenetic and Genomic Analyses of
the “Aerobic-Type” RBR

In order to analyze the evolutionary history of this proposed
lineage, a phylogenetic tree was constructed using BI (Figure 2A
in summary and Supplementary Figure S2 in detail). The
“aerobic-type” RBR phylogenetic tree (using an appropriate
outgroup) showed that the closest clade to the root of the group
comprises a set of orthologs from archaeal members (Figure 2B
in summary and Supplementary Figure S2 in detail) from
the Vulcanisaeta, Caldivirga, and Thermoproteus genera of the
Thermoproteales order (Itoh et al., 1999; Mavromatis et al.,
2010; Gumerov et al., 2011; Mardanov et al., 2011). All of the
extant members of this group are hyperthermophiles and are
slightly acidophilic (pH 3.0-6.5). They grow only in anaerobic
or microaerobic conditions. For example, a well-supported
clade contains orthologs from members of Actinobacteria
(species from Acidithrix, Ferrimicrobium, and other related
groups), Nitrospirae (species from Leptospirillum and Nitrospira),
and Clostridia (Sulfobacillus), associated with extremely acidic
(pH < 3) environments (Cardenas et al., 2016). Another well-
supported clade contains only orthologs from members of
the Sulfolobales order (from Sulfolobus, Metallosphaera, and
Acidianus genera). It is interesting to note that this clade
is paraphyletic with respect to other clades containing other
orthologs from Archaea (for example, the clades containing
orthologs from Thermoproteales or Thermoplasmatales). This
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FIGURE 2 | Phylogenetic trees constructed in this study. The circular tree for representative members of the “aerobic-type” RBR (A) and (B) with a phylogram
representation of the closest clade to the root of the tree (B). The figure also includes unrooted versions of the trees made from the protein sequences of DUF3501
(C) and RFO (D). For the tree of the “aerobic-type” RBR group, the sequence of a RBR from Cyanothece sp. PCC 8802 (a cyanobacterial RBR) was used as an
outgroup taxon, whereas the tree for RFO used the sequence of GIpC from Escherichia coli as outgroup. For each case, the line length represents the respective
value for phylogenetic distance. Organism names and more detailed trees are displayed in Supplementary Figures S2-S5.
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suggests that the evolutionary history of this lineage of RBR
involved multiple different horizontal transferences within
archaeal organisms. Another noticeable observation inferable
from this tree is the expansion of this RBR lineage inside in
the Alpha-, Beta- and Gammaproteobacteria. Most importantly,
the phylogenetic tree of RBR suggests that the most ancient
group (the closest to the root) is composed of members from
the Thermoproteales; this is consistent with the idea that this
form of RBR evolved in a microaerobic and thermophilic
environment.

Gene Context Analyses of
Genes/Domains Predicted to Be Related
to “Aerobic-Type” RBR Function

We have undertaken an analysis of the gene contexts of the
“aerobic-type” of RBR in order to shed light on its evolution.
A comparative visualization of RBR gene neighborhoods among
complete genomes was carried out using the IMG-JGI database
(Markowitz et al., 2012). The gene neighborhood comparison
(Figure 3) showed that the majority of the RBR genes from
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the “aerobic-type” were co-localized in a conserved gene cluster
with a gene encoding a protein of unknown function (DUF3501,
pfam12007), and in several other cases, also co-localized with
a gene predicted to encode a member of the COG0247 family
(Fe-S oxidoreductase). The role of the DUF3501 protein is
unknown. However, the function of the COG0247 family protein
has been suggested to be related to electron transfer inside
protein complexes, since it contains a conserved CCG domain
(pfam02754) and a cysteine rich domain. The latter is present in
several oxidoreductase complexes related to energy metabolism
under anaerobic conditions such as subunit GlpC in the
anaerobic glycerol-3-phosphate dehydrogenase (Cole et al., 1988)
and subunits of the HdrD/E from the heterodisulfide reductase
complex found in methanogens (Kunkel et al., 1997). We propose
that this COG0247 family protein member associated with RBR
be termed RFO (Rubrerythrin-associated Fe-S Oxidoreductase).
In some instances, DUF3501- and RFO are fused into one
gene (e.g., Nitrosomonas spp., Figure 3). In other organisms
(Thermocrinis spp. and H. thermophilus), the RFO-encoding
gene is separated from the other two genes. It is interesting to
note that other members of the deeply rooted Aquificae phylum
(such as Hydrogenobaculum) have the more common three-gene
arrangement. This difference in gene cluster structure among
members of the same phylum may be a reflection of the antiquity
of the events that resulted in these different gene arrangements.
Additional comparisons suggest that the genes encoding
DUF3501 and RFO are not only strongly co-localized with the
“aerobic-type” RBR, but also are co-occurrent. An examination of
a set of 4461 completed prokaryotic genomes from the IMG-JGI
database showed that DUF3501 and RFO genes are not associated
with RBR in only one organism (Burkholderia cepacia AMMD)

and only in one other genome (Azoarcus sp. CIB) a DUF3501-
encoding gene was detected without the other two, RFO and
RBR (Supplementary Table S2). The exclusive co-occurrence of
RBR - DUF3501 was found in 25 organisms, and the triple co-
occurrence of RBR, DUF3501, and RFO was detected in 185
genomes. Interestingly, the co-occurrence of RBR - DUF3501
was detected in the members of Thermoproteales, suggesting
that this association could be as ancient as the last common
ancestor of this group, supporting the contention that the origin
of “aerobic-type” RBR lineage, occurred in a high-temperature
and microaerobic environment.

Phylogenetic Analysis of DUF3501 and
RFO Families

In order to investigate the possible co-evolution of the
“aerobic-type” RBR with the DUF3501 and RFO genes,
phylogenetic trees for DUF3501 (Figure 2C in summary and
Supplementary Figure S3 in detail) and RFO (Figure 2D
in summary and Supplementary Figure S4 in detail) were
constructed. These trees are consistent with the late expansion
of the respective protein families into the Alpha-, Beta- and
Gammaproteobacteria, and with the observed expansion of the
co-localizing “aerobic-type” RBR. The case of DUF3501 also
showed the non-monophyletic association between the archaeal
orthologs from the three different orders (Thermoproteales,
Sulfolobales, and Thermoplasmatales), seen previously in the
RBR tree. In the case of the RFO tree, BLAST searches of
orthologs for this phylogenetic tree showed that the most
closely related proteins are GlpCs that encode the subunit C
of the anaerobic glycerol-3-phosphate dehydrogenase (involved
in glycerol degradation under anaerobic conditions). The
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application of GIpC as an outgroup showed that the most
ancient group corresponds to Sulfolobales, an archaeal order
composed of aerobic thermoacidophiles (Huber and Stetter,
2015), suggesting that both GlpC as well as the “aerobic-
type” RBR, arose in high-temperature aerobic environments.
Both phylogenetic trees for DUF3501 and RFO supporting the
contention of the co-evolution of DUF3501 and RFO with the
“aerobic-type” RBR.

The “Cyanobacterial Group”: A Parallel
Adaptation of Rubrerythrin to an Aerobic

Environment

Information obtained from phylogenomic analyses of the
“aerobic-type” RBR and its co-occurrent genes suggests an
evolutionary trajectory driven by the adaptation to aerobic
environments, initiated from an (hyper)thermophilic ancestor.
However, another group in the RBR sequence similarity network
was also detected (the “cyanobacterial group,” group 5 from
Figure 1) that was not connected to the other four groups
and was composed mostly of members from Cyanobacteria
(phototrophic oxygen-producers) and o/f/y-Proteobacteria
(facultative anaerobes), raising the question about how this
protein group evolved. A phylogenetic tree for members
of the “cyanobacterial RBR” group was made using ML
(Supplementary Figure S5). This analysis showed two well-
defined clades: a clade containing the cyanobacterial protein and
a clade containing the proteobacterial orthologs. The members
of the cyanobacterial clade contained a fusion of the FLSF of RBR
with a “long-spaced” rubredoxin domain (data not shown). Based
on the well-defined phylogenetic bifurcation and the coherent
pattern of inheritance, the most parsimonious explanation is
that the original RBR ancestor for this group was a one-domain
RBR (as the “aerobic-type” RBR is), but in Cyanobacteria, the
protein was fused with the “long-spaced” rubredoxin domain.
We hypothesize that this adaptation had a relationship with the
exposure to oxygen associated with the development of oxygenic
photosynthesis in Cyanobacterial ancestor during GOE.

Evolution of the “Aerobic” and
“Cyanobacterial” Rubrerythrins in the
Early Earth: A Model

We propose a model (Figure 4) for the evolution of the “aerobic”
and “cyanobacterial” rubrerythrins that is consistent with
evidence provided by network information, phylogenetic trees
and gene/domain contexts of the different forms of rubrerythrins.
It is suggested that the “classical” form of rubrerythrin arose by
gene fusion of a FLSF domain and a rubredoxin-like domain
in a hot and anaerobic environment. This form is predicted
to have existed in LUCA (Weiss et al., 2016). Extant obligate
thermophilic and mesophilic anaerobes retain this form today
[e.g., Thermotoga maritima (Lakhal et al., 2011) and D. vulgaris
(Lumppio et al., 1997), respectively].

Two separate lines of evolution then occurred. In the first, that
is postulated to have occurred in the ancestors of the thermophilc
Archaeal group Thermoproteales, we hypothesize that the loss
of the rubredoxin-like domain was compensated for by the

acquisition of DUF3051. This association is proposed to have
provided protection in microaerobic environments that might
have arisen before GOE due to exposure to low levels of oxygen.
These low levels and perhaps transitory increments of oxygen
could have originated from biotic or abiotic reactions, such as
enzymatic ROS-detoxifying reactions or water UV photolysis
(Martin and Sousa, 2016). It is probable that during those
“oxygen whiffs,” many proteins would be the object of selection
pressure to survive in oxygen that could force them to lose
or gain new features such as protein domains (Nasir et al.,
2014) or physiological activities. In addition, the ancient hot
environment of the Archaean eon could helped to accelerate the
evolutionary rate of change of these proteins, as postulated to
be occurring in current extreme environments (Li et al., 2014).
Subsequently, an additional gene, RFO, was added that provided
full function in aerobic environments perhaps resulting from
GOE. This step is proposed to have occurred in the ancestors
of the thermophilc Archaea Sulfolobales. This triple gene form
was passed by HGT to the Bacteria and underwent further
adaption to work in mesothermic conditions (e.g., <40°C). It
is not known why the additional DUF3051 and RFO genes are
not found fused as domains to the FLSF domain but rather they
remain as conserved co-localizing but separate genes. Perhaps
this architecture provides more opportunities for differential
expression of the genes.

The second line, involved the replacement of the rubredoxin-
like domain with a separately evolved cyanobacterial rubredoxin-
like domain. It is hypothesized that this promoted the
function of RBR in high levels of oxygen resulting from
oxygenic photosynthesis that is thought to have evolved in the
cyanobacterial lineage about the time of GOE.

Oxidative stress is an ancient and widespread phenomenon:
several of the extant obligate anaerobes exhibit mechanisms to
combat the presence of ROS (Jenney et al., 1999). One of those
mechanisms is the use of RBR. This protein has been suggested to
be an ancient protein (Andrews, 2010) predicted to be present in
LUCA that was itself hypothesized to be an obligate anaerobe and
thermophile (Martin and Sousa, 2016). The proposed antiquity of
RBR makes it an interesting protein to be analyzed, establishing
a case study of the effect of the arise of oxygen in the adaption
and origin of new protein (sub)families. It is interesting to note
that the vast majority of the known RBRs have the “short-spaced”
rubredoxin-like domain, even in a “reverse” form (Figure 1).
This strongly suggest that, regardless that the very last common
ancestor of all rubrerythrins lacked this rubredoxin domain, this
fusion was implemented very early in evolution, and maybe even
in different independent events (e.g., generating the “classic”
and “reverse” RBR separately), and those successful, two-domain
RBRs have been inherited by extant aerobic microorganisms.

There is phylogenomic evidence of ancient, massive gene
birth events. Large-scale phylogenetic reconstruction of more
than 3,000 gene families predicted a massive event of birth and
loss of gene families occurring approximately 3.3-2.9 x 10°
years ago (David and Alm, 2011), coinciding with or perhaps
preceding, with the estimated time of GOE (Bekker, 2014).
Another study (using a similar strategy) suggests that aerobic
metabolism appeared about 2.9 x 10° years ago (Wang et al,,
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2011). In that context, it is probable that this “aerobic-type”
lineage of RBR, as well as their co-occurrent genes, could arise
before GOE or just as GOE was starting. Regarding the case of
the “cyanobacterial group” of RBR, the evidence provided by the
sequence similarity network (group 5, Figure 1) suggests that this
group of RBRs has a different evolutionary pathway from the
“aerobic-form.”

It is interesting to note that the 3-genes form of RBR
was most likely to have evolved in the ancestors of two
archaeal orders: Thermoproteales and Sulfolobales. Both those
two taxonomic orders belong to the Crenarchaeota phylum,
and have a proposed ancient point of divergence (Gribaldo and
Brochier-Armanet, 2006). Whereas DUF3501 may have arisen
in temperatures over 85° C (temperature associated with the
lifestyle of extant members of Thermoproteales), the RFO gene

with the lifestyle of extant Sulfolobales). We hypothesize that the
acquisition of DUF3501 was part of an adaptation for function
in combined microaerobic and hyperthermic conditions, whereas
RFO evolving in direct response to increasing oxygen presence.
One observation, consistent with this supposition, is that the RFO
gene is not found in microaerobic organisms, such as members of
Thermoproteales and some members of Deltaproteobacteria.

We suggest that, since RFO belongs to a group of proteins
potentially involved in electron transfer, its linkage with
the “aerobic-type” RBR can compensate for the loss of the
rubredoxin-like domain, a component of the anaerobic RBRs
that has a proposed role in electron transfer during catalysis
(Kurtz, 2006). However, this also raises another question: how
is the catalysis of electron transfer in the RBR form found in
Thermoproteales, where DUF3501 but not RFO is present? This

could have arisen in temperatures between 60-80°C (associated  question remains to be experimentally addressed.
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The proposed origin and evolution of the “aerobic-type” RBR
is consistent with the hypothesis that early life evolved in a hot,
anaerobic environment (Martin and Sousa, 2016). It also supports
the idea that oxidative stress mechanisms could have been present
before GOE. It also provides an exquisite opportunity to study
the evolutionary trajectory of proteins as they adapt to increasing
oxygen levels and to econiches with lower temperatures.
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Acidithiobacillus caldus is an extremely acidophilic sulfur-oxidizer with specialized
characteristics, such as tolerance to low pH and heavy metal resistance. To gain novel
insights into its genetic complexity, we chosen six A. caldus strains for comparative
survey. All strains analyzed in this study differ in geographic origins as well as
in ecological preferences. Based on phylogenomic analysis, we clustered the six
A. caldus strains isolated from various ecological niches into two groups: group 1
strains with smaller genomes and group 2 strains with larger genomes. We found
no obvious intraspecific divergence with respect to predicted genes that are related
to central metabolism and stress management strategies between these two groups.
Although numerous highly homogeneous genes were observed, high genetic diversity
was also detected. Preliminary inspection provided a first glimpse of the potential
correlation between intraspecific diversity at the genome level and environmental
variation, especially geochemical conditions. Evolutionary genetic analyses further
showed evidence that the difference in environmental conditions might be a crucial
factor to drive the divergent evolution of A. caldus species. We identified a diverse pool
of mobile genetic elements including insertion sequences and genomic islands, which
suggests a high frequency of genetic exchange in these harsh habitats. Comprehensive
analysis revealed that gene gains and losses were both dominant evolutionary forces
that directed the genomic diversification of A. caldus species. For instance, horizontal
gene transfer and gene duplication events in group 2 strains might contribute to an
increase in microbial DNA content and novel functions. Moreover, genomes undergo
extensive changes in group 1 strains such as removal of potential non-functional DNA,
which results in the formation of compact and streamlined genomes. Taken together,
the findings presented herein show highly frequent gene turnover of A. caldus species
that inhabit extremely acidic environments, and shed new light on the contribution of
gene turnover to the evolutionary adaptation of acidophiles.

Keywords: Acidithiobacillus caldus, comparative genomics, intraspecific diversity, gene turnover, evolutionary
adaptation
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INTRODUCTION

Acidithiobacillus  caldus (formerly Thiobacillus = caldus), a
moderately thermophilic, obligately chemolithoautotrophic, and
extremely acidophilic sulfur-oxidizing bacterium (Hallberg and
Lindstrom, 1994, 1996), is of interest for its potential role in
industrial bioleaching (Rawlings, 1998; Dopson and Lindstrom,
1999). A. caldus exploits elemental sulfur and a wide range
of reduced inorganic sulfur compounds at moderately high
temperatures to support autotrophic growth (Mangold et al.,
2011; Chen etal., 2012). It is the primary member of a consortium
of sulfur oxidizers in different toxic-laden acidic environments,
which are termed “extreme environments,” including coal pile
and spoil, gold-bearing reactor operation, as well as low-grade
copper bioleaching heap (Valdes et al., 2009; You et al., 2011;
Zhang et al., 2016c). Considering that A. caldus inhabits harsh
environments for prolonged periods and accommodates both
sudden stress changes and long-term stress conditions in various
habitats, gene flow and genetic drift might frequently occur. As
such, the flexible gene repertoire generated by gene exchange
has imparted A. caldus with extensive genetic material for
diversification of function and phenotype. Therefore, research
focusing on the correlation between genomic changes and
evolutionary adaptation is of great interest.

The accumulation of genomic changes underlying
evolutionary adaptation has often been viewed as a complex
process, and has been subject to many influences and
complications (Barrick et al., 2009). As stated by Carretero-
Paulet et al. (2015), homologous genes derived from newly
formed subgenomes might undergo asymmetric fractionation
via mutational events, which include nucleotide substitutions,
gene gains and losses, and changes in genomic structure and
organization (Librado et al., 2014). In terms of neutral mutation
theory, mutations underlying gene and genome evolution,
though not necessarily beneficial, should accumulate at a
constant rate by drift (Kimura, 1984). Another view is that
the substitution rates for beneficial and deleterious mutations
depend on environmental selection, as well as population size
and structure (Gillespie, 1991; Ohta, 1992). For many years,
the crucial role of gene and genome duplications (namely,
neofunctionalization and subfunctionalization) in governing
organismal evolution has been acknowledged (Ohno, 1970;
Force et al, 1999; Innan and Kondrashov, 2010; Kulmuni
et al,, 2013). Only in recent decades has great attention been
paid to the molecular mechanisms of gene loss (deletion or
pseudogenization) as a pervasive source of genetic change,
which is believed to be another key evolutionary event that
causes adaptive phenotypic diversity (Albalat and Canestro,
2016). In recent years, a number of analytical methods for
population genomics and molecular evolution have provided
substantial evidence to determine the relative contribution of
diverse evolutionary forces, which shape genome organization,
architecture, and diversity in response to environmental
perturbations (Librado et al., 2014). In eukaryotes, gene family
evolution has often been modeled after a phylogenetic birth-and-
death (BD) process (Nei and Rooney, 2005). This BD model,
though suitable to account for single-gene duplications, might

not be appropriate for calculating gene turnover rates given that
horizontal gene transfer (HGT) events occur in certain organisms
(Librado et al., 2014). However, an alternative gain-and-death
(GD) stochastic model in a maximum-likelihood statistical
framework was applied to circumvent this limitation (Librado
et al, 2012). Unlike the birth process, gains in the developed
GD model can accommodate all kinds of gene acquisitions,
irrespective of their original source, even including HGT
(Librado et al., 2014). In this study, we are interested in whether
the aforementioned theoretical and analytical approaches can
be applied to explain the relationship between genetic change
and adaptive evolution of A. caldus inhabiting extraordinarily
extreme environments.

Members of A. caldus species are ubiquitous throughout many
sulfur-rich acidic environments worldwide (Table 1), indicating
their adaptation to various niches with high concentrations of
toxic substrates, such as coal spoil, gold-bearing bioleaching
reactor, and copper mine tailing. In recent years, revolutionary
technologies and tools have allowed for the rapid characterization
of microbial genome sequences (MacLean et al., 2009; Metzker,
2010). Accurate analyses of gene family evolution have been
made possible owing to the increasing availability of closely
related genomes (Hahn et al., 2007; Sanchez-Gracia et al,
2009; Vieira and Rozas, 2011). Furthermore, acquisition of
numerous additional genomes has fuelled a new field termed
comparative genomics (Jacobsen et al., 2011), which is useful for
investigating microbial genome evolution and even mechanisms
for speciation (Gonzélez et al., 2014; Justice et al., 2014; Ullrich
etal,, 2016). Comparative surveys based on the available genomes
of the two A. caldus strains ATCC 51756 and SM-1 have
revealed that both strains harbor a relatively high proportion
of unique gene complements (Acufia et al, 2013). These
gene complements represent a diverse pool of mobile genetic
elements, including insertion sequences (ISs), genomic islands
(GIs), and integrative conjugative and mobilizable elements. Yet,
limited information is available on the contribution of diverse
evolutionary forces to the genomic diversification of A. caldus.
Given this knowledge gap, we have isolated and sequenced
four new A. caldus strains from different geographic origins
(Table 1).

In this study, we estimated the phylogenetic relationships
of A. caldus strains based on their genomic sequences (four
newly sequenced genomes and two existing genomes from
a public database), and performed an exhaustive study of
the GD dynamics, with special focus on genetic exchange
underlying evolutionary adaptation. These findings, to some
extent, highlight the role of gene turnover in the evolutionary
diversification of A. caldus and adaptation to specific lifestyles
and environmental niches.

MATERIALS AND METHODS

DNA Sequencing and Bioinformatics

Analysis
Genome sequences for six strains were retrieved in this study,
including A. caldus ATCC 51756, SM-1, DX, S1, ZBY, and ZJ.
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TABLE 1 | General features of sequenced chromosomes in A. caldus strains.

Organism A. caldus SM-1 A. caldus ATCC A. caldus S1 A. caldus DX A. caldus ZBY A. caldus ZJ
51756

Geographic origin Gold-bearing Coal spoil at the Coal heap drainage,  Copper mine tailings, Copper mine tailings, Copper mine tailings,
bioleaching reactor, Kingsbury Mine, UK Jiangxi, China Jiangxi, China Chambishi, Zambia Fujian, China
China

Status Complete Complete Draft Draft Draft Draft

Accession number NC_015850 NZ_CP005986 LZYH00000000 LZYEO0000000 LZYFO0000000 LZYG00000000

Total bases (bp) 2,932,225 2,777,717 2,792,792 3,122,206 3,160,074 3,143,077

Completeness* 89.75 98.76 98.76 98.14

Coverage 38x 120x 92x 95x 89x 76x

GC content (%) 61.32 61.72 60.90 61.01 60.98 61.00

Number of contigs 1 1 1,208 390 414 386

Maximum 2,932,225 2,777,717 26,396 102,019 77,380 74,790

sequence length

Minimum sequence 2,932,225 2,777,717 200 207 201 206

length

N50 (bp) 2,932,225 2,777,717 4,735 22,157 18,983 18,308

N9O (bp) 2,932,225 2,777,717 617 4,321 4,123 2,291

Number of rRNA 2 2 1 1 1 1

operon

(5s-16s-23s)

Number of tRNA 47 49 32 46 47 46

Number of coding 2,833 2,699 2,874 2,942 3,017 2,984

sequences

Proteins with 2,042 2,008 1,860 2,109 2,161 2,144

predicted function

Reference You et al. (2011) Valdes et al. (2009) This study This study This study This study

*Genome completeness was estimated using the CheckM. Strains SM-1 and ATCC 51756 with complete genome were excluded.

Of these bacteria, the type strain ATCC 51756 was isolated
from a coal spoil in Kingsbury, UK (Marsh and Norris, 1983),
strain SM-1 was from an industrial reactor used in bioleaching
operation (Liu et al., 2007), and the other strains (DX, S1,
ZBY, and ZJ) were obtained from the China Center for Type
Culture Collection. More details for geographic origins of these
four new strains were shown in Table 1. Genome sequences
of strains ATCC 51756 and SM-1, including chromosomal
and plasmid sequences, were downloaded from the GenBank
database. For strains DX, S1, ZBY, and ZJ, chromosomal DNA
was sequenced by an Illumina MiSeq sequencer (Illumina,
Inc., USA), using the paired-end sequencing approach with
an average DNA insert size of 300 bp and typical read-
length of 150 bp. Subsequently, bioinformatics analysis of
raw sequences was performed as described previously (Yin
et al, 2014), primarily including quality control, genome
assembly, computational prediction of coding sequences (CDS)
and other genome features such as rRNA and tRNA, as well
as functional assignments against public databases (NCBI-nr
and COG). Genome completeness of each strain was also
estimated using the program CheckM (Parks et al, 2015).
Additionally, circular maps showing chromosome architecture
were drawn using the Circos software (Krzywinski et al,
2009).

Intergenomic distance scores were calculated using the
web service Genome-to-Genome Distance Calculator (GGDC)
2.1 (Meier-Kolthoff et al, 2013). The distance d(X, Y)

between genome X and Y was calculated according to the
formula:
2-1
dX,Y)y=1—- — X (1)
Hxy + Hyx
in which, Ixy denotes the sum of identical base pairs over
all high-scoring segment pairs (HSPs, which are intergenomic
matches), while Hxy and/or Hyx denote the total length of all
HSPs. Heatmap was shown using the software Heml (Deng et al.,
2014).

16S Ribosomal RNA (rRNA) Gene-Based
and Whole Genome-Based Phylogenetic

Tree

Phylogenetic relationship based on 16S rRNA sequences of
Acidithiobacillus strains was analyzed using MEGA v5.05
with neighbor-joining method. The robustness of clustering
was evaluated by 1,000 bootstrap replicates. Additionally, the
phylogenetic relationships between complete and draft genomes
from A. caldus strains were estimated. We employed an online
platform CVTree3 (Zuo and Hao, 2015) to construct the
whole-genome based phylogenetic tree using a composition
vector approach. This whole-genome-based and alignment-free
prokaryotic phylogeny was validated by directly comparing
our result with the taxonomy of these strains, as opposed to
performing statistical resampling tests such as bootstrap or
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jackknife. The genome sequence of Acidithiobacillus ferrooxidans
ATCC 23270 was chosen as an outgroup. Subsequently,
visualization of phylogenetic tree was executed using the MEGA
v5.05 (Tamura et al., 2011).

Pan-Genome Analysis

Species diversity could be identified by analyzing gene repertoire
across all strains of a species, i.e., the pan-genome (Tettelin
et al, 2008). PanOCT v3.18 (Fouts et al, 2012) with a
BLASTP all-against-all comparison of entire proteins (E-
value < le™3; sequence identity > 50%) was used to identify
shared and unique gene content. Subsequently, annotation of
core genome and strain-specific genes was implemented using
BLAST against the extended COG database (Franceschini et al.,
2013).

Gene Family Evolution

Groups of orthologous sequences (orthogroups, herein referred
to as gene families) in all six A. caldus strains were classified by
clustering with OrthoFinder v0.4 (Emms and Kelly, 2015), using a
Markov cluster algorithm. Transposable elements were excluded,
given that these gene sequences might interfere with our analyses
owing to lineage-specific expansions (Carretero-Paulet et al.,
2015).

To analyze the evolutionary rates of gene families, we applied
the developed computational program BadiRate v1.35 using a GD
stochastic model (Librado et al., 2012). The gain (y) and death (3)
rates of gene families were estimated using a branch-specific rates
(GD-BR-ML) model assuming that each phylogenetic branch had
its own specific turnover rate.

Mobile Gene Elements, Insertion
Sequence Elements, Transposable
Elements, and Genomic Islands

IS family annotation and transposase inspection was done by
BLAST comparison (E-value < le™°) against the ISFinder
database with manual detection of the surrounding significant
search hits (Siguier et al., 2006). The program SeqWord Genomic
Island Sniffer (Bezuidt et al., 2009) was implemented to identify
the putative horizontally transferred elements distributed in the
chromosome of A. caldus ATCC 51756. Then, the prediction
of genes in the putative horizontally transferred elements was
performed using the MetaGeneAnnotator (Noguchi et al., 2008).
For the other chromosomes, the computational tool IslandViewer
3 (Dhillon et al., 2015), which integrates three different prediction
methods including IslandPick (Langille et al., 2008), IslandPath-
DIMOB (Hsiao et al., 2003), and SIGI-HMM (Waack et al., 2006),
was used to predict GIs. The GC content of GI sequences was
calculated using the NGS QC Toolkit (Patel and Jain, 2012). Due
to the high number of contigs, A. caldus S1 was excluded from the
GI prediction.

Availability of Supporting Data

The data sets supporting our results in this study are available
in the GenBank repository. These Whole Genome Shotgun
projects of four newly sequenced A. caldus strains have been

deposited at the DDBJ/ENA/GenBank under the accession
numbers LZYE00000000 (DX), LZYF00000000 (ZBY),
LZYHO00000000 (S1), and LZYG00000000 (Z]). Additionally, the
versions described in this paper are version LZYE01000000,
LZYF01000000,  LZYHO01000000, and LZYG01000000,
respectively.

RESULTS AND DISCUSSION

Overview of the A. caldus Chromosomes
The circular chromosomes of A. caldus strains varied from
2.78 to 3.16 Mb (Table 1). A. caldus strains DX, ZBY, and
Z], which were isolated from a copper mine, possess larger
chromosomes than the other strains inhabiting the divergent
habitats. Genome-size variations in bacteria correspond to
variations in gene number as bacterial genomes are tightly
packed, and most sequences are functional protein-coding
regions (Mira et al., 2001). Accordingly, strains with larger
genome were predicted to harbor more CDSs compared to other
strains in this study. Additionally, the evaluation of quality and
completeness of genome assemblies supported the reliability
of pan-genome analysis, although strain S1 had relatively low
genome completeness in comparison with its closely related
counterparts (Table 1).

In all A. caldus strains, the mean percentage GC content
of these chromosomal DNAs (60.90-61.72% for all six strains)
was much higher than that observed for other recognized
Acidithiobacillus spp., e.g., A. ferrooxidans, A. thiooxidans, and
A. ferrivorans. It might be reasonable considering that A. caldus
species was known as the only known mesothermophile within
the Acidithiobacillales (Acufna et al., 2013), and GC content
of prokaryotic genomes was positively correlated with optimal
growth temperature (Musto et al., 2004, 2006).

Evolutionary Relationship of A. caldus

Strains

A phylogenetic tree based on 16S rRNA genes of Acidithiobacillus
strains preliminarily demonstrated that these four newly
sequenced strains in this study were taxonomically affiliated
with A. caldus (Figure 1). To further identify the evolutionary
relationships of A. caldus strains, an whole-genome-based and
alignment-free phylogenetic tree was constructed (Figure 2).
Additionally, GGDC analyses were employed to support the
phylogenetic relationship. This phylogenomic tree showed that
three strains isolated from the copper mine (namely, Z], DX,
and ZBY) were clustered together (group 2 in Figure 2).
Similarly, an earlier study reported that taxonomic clustering
of six strains belonging to the genus Novosphingobium was
generally influenced by their respective source of isolation (Gan
et al., 2013). Further inspection revealed that the geographic
distribution of strain ZBY was distinctively differed from those
of the other two strains (Z] and DX), and the genome-content-
based distance matrix implied a slight evolutionary divergence
(Figure 2). The correlation between intraspecific divergence
and geographic distribution was also observed within the
closely related A. thiooxidans species by comparative genomic
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FIGURE 1 | Phylogenetic tree of 16S rRNA genes showing the relationship between newly sequenced strains and other Acidithiobacillus strains. The
accession numbers of gene sequences or genomic loci are given in parentheses. Four new strains in this study are highlighted in bold.
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analysis (Zhang et al,, 2016a). In the group 1 (Figure 2),
interestingly, A. caldus SM-1 was obtained from a bioleaching
reactor used for low grade gold-bearing minerals (Acufna
et al, 2013), and the strain ATCC 51756 was isolated from
a coal spoil; moreover, phylogenetic analysis revealed that
these two strains were more closely related to each other
than to the other four strains examined in this study. We
therefore suspect that strain SM-1 might originally be isolated
from an acidic setting similar to the habitat for ATCC

51756.

Ji et al. (2014) showed that the differences in adaptive
evolution were attributable to different econiche by genetically
analyzing the marine and freshwater magnetospirilla.
Accordingly, we propose that environmental variation,
particularly geochemical conditions, might be a determinant
of genomic diversity of A. caldus strains. From an alternative
perspective, it appears that geographic distribution has less of an
influence on hereditary variation in comparison with econiche
difference. The findings were consistent with an earlier study
showing that environmental heterogeneity has relatively more
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FIGURE 2 | A collective diagram showing phylogenetic relationships, the genome-content-based distance matrix, and gene turnover rates. The
phylogenetic tree depicts the relationships of currently sequenced A. caldus strains using a composition vector approach, and genome-to-genome distances were
visualized using the heatmap. Additionally, values on/below each phylogenetic branch indicate the gene gain/death rate, respectively.

influence on microbial biogeography compared to geographic
distance (Lin et al., 2013).

Gene Contents in A. caldus Strains

Gene prediction showed that the chromosomes of A. caldus
strains contained 2,699 (ATCC 51756), 2,833 (SM-1), 2,874
(S1), 2,942 (DX), 3,017 (ZBY), and 2,984 (Z]) predicted CDS.
Functional analysis based on COG categories (Supplementary
Table S1) revealed that the four most abundant functional
categories within all A. caldus strains were “function
unknown [S],” “replication, recombination, and repair [L],
“cell wall/membrane/envelope biogenesis [M],” and “energy
production and conversion [C].” As reported by Silver and
Phung (1996), high concentrations of toxic substrates such as
heavy metals might cause a high rate of DNA damage. Thus,
it was expected that CDS involved in COG category [L] would
be abundant in A. caldus strains. Additionally, these data can
also explain why this finding was distinct from previous studies
analyzing the COG classification of other organisms such as
marine magnetospirillum Magnetospira sp. QH-2 (Ji et al., 2014),
given that the concentrations of potential toxic substrates in
the extreme environment were much higher than those in the
marine environment.

A previous study based on four genomes of “Ferrovum”
strains highlighted the most distinct differences in interspecific
metabolisms (Ullrich et al.,, 2016). However, in our study the
assignment of CDS to the COG classification revealed that no
significant differences in the number of assigned CDS were
observed between the six genomes (Supplementary Table S1),
probably suggesting few group-specific metabolic traits.

Comparison of Inferred Metabolic Traits

and Niche Adaptation

Comparison of the Central Metabolism

In light of COG assignment aforementioned, we further observed
CDS related to the predicted metabolic profiles. Compared with

other metabolic models reported in the literature, including
carbon metabolism (You et al,, 2011; Zhang et al,, 2016b),
nitrogen uptake (Levican et al., 2008; Justice et al., 2014), and
sulfur oxidation (Mangold et al., 2011; Chen et al., 2012; Yin et al.,
2014), all strains in our study were predicted to contain numerous
genes involved in central metabolism (Supplementary Table
S2). The metabolic potentials of all strains were reconstructed
and compared to each other for the identification of shared
metabolic features as well as group- or strain-specific traits
(Figure 3). Comprehensive analysis of these metabolism-related
genes focuses on the main differences between the six A. caldus
strains. As depicted in Figure 3, however, the evidence showed
low intraspecific genetic diversity in the predicted metabolic
profiles between A. caldus strains. A suite of genes involved
in carbon assimilation were found in all strains. A. caldus
fixes carbon dioxide via the classical Calvin-Benson-Bassham
(CBB) cycle, and harbors a gene cluster predicted to encode
carbon dioxide-concentrating protein (CcmK) with various
copies, carboxysome shell protein (CsoS), carboxysomal shell
carbonic anhydrase (CsoSCA), and ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO; Supplementary Table S2).
Moreover, A. caldus operates a complete Embden-Meyerhof
pathway (EMP) or glycolysis, pentose phosphate pathway
(PPP), and incomplete tricarboxylic acid (TCA) cycle, which
lacks the 2-oxoglutarate dehydrogenase complex (Valdés et al.,
2008b).

With respect to nitrogen uptake, although A. caldus lacks
nitrogenase directing the fixation of molecular nitrogen (Valdés
et al., 2008a), assimilation of nitrate, nitrite, and ammonia plays
a critical role in meeting nitrogen requirements. A. caldus utilizes
nitrate or nitrite via nitrate transporter (NRT) and nitrate/nitrite
transporter (Nrt). However, NRT was not present in strain ATCC
51756. Genes associated with dissimilatory nitrate reduction
were identified, while a gene involved in assimilatory nitrate
reduction (nasA) was absent in strain ATCC 51756. Though
absent, it appears that the non-existence of those genes had little
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previous studies (Justice et al., 2014; Ullrich et al., 2016; Zhang et al., 2016b). Predicted genes involved in cellular metabolism and stress management are listed in

ptation of A. caldus strains. This whole-cell model was adapted from several

influence on the assimilation of nitrate. Additionally, all strains
share the potential to take up extracellular ammonia into the
cell via AmtB transporter (Figure 3) under low nitrogen levels
(Levican et al., 2008), and to convert it to glutamine via glutamine
synthetase.

In recent years, the sulfur oxidation system in A. caldus has
been well studied (Mangold et al, 2011; Chen et al.,, 2012).
According to reported sequences, numerous genes related to

sulfur oxidation were found. Additionally, all A. caldus strains
harbor genes predicted to be involved in sulfate reduction
(Supplementary Table S2). Of note, the sor gene encoding
sulfur oxygenase reductase, an important enzyme catalyzing
a disproportionation reaction of cytoplasmic sulfur (Zhang
et al., 2015), was absent in strain SM-1 (Figure 3). Group 2
strains lack the gene encoding the putative thiosulfate:quinone
oxidoreductase. Thus, whether other alternative genes exist
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in these strains needs to be studied further. Similar to the
well-studied model for electron transfer of A. ferrooxidans
(Valdés et al., 2008a), A. caldus potentially employs the electron
transfer pathway from sulfur oxidation to (1) various types
of terminal oxidases to generate a proton gradient or (2)
to NADH complex to produce reducing power (Chen et al,
2012).

To some extent, investigation of genes involved in central
metabolism supported the results of COG assignment that
there were no obvious intraspecific differences. In other words,
comparison of intraspecific genomes showed that only slight
differences were observed in metabolic profiles, at least in central
metabolism.

Response to Environmental Stress

Microbial response to environmental stresses is always a critical
issue in ecological fields (Yin et al, 2015). A long-term
experiment with Escherichia coli revealed complex coupling
between organismal adaptation and genome evolution, which
occurred even in a constant environment (Barrick et al., 2009).
In the context of the six A. caldus strains, bacterial adhesion,
motility, heavy metal resistance, and organic solvent tolerance
were taken into account (Figure 3). All strains share a core
set of genes potentially related to environmental adaptation
(Supplementary Table S2). The presence of genes encoding
extracellular polymeric substances precursors and type IV pili
in A. caldus suggests a cell adhesion on mineral surface.
This trait provides a reaction space between cell and mineral
surface, thereby increasing the dissolution of metal sulfides
(Watling, 2006; Gonzalez et al, 2013). Genes assigned to
COG category [N] (cell mobility) and [T] (signal transduction)
were also observed, but there were few differences between
these two groups (Supplementary Table S1). A full suite of
genes associated with flagellar assembly were found in all
strains, suggesting that A. caldus strains had the capacity to
swim across environmental gradients and to colonize new
sites.

Extremely acidic environments s, especially bioleaching
systems, are regarded as having extremely high concentrations
of soluble and potentially toxic substrates such as heavy
metals, including arsenic, mercury, copper, and cadmium
(Valdés et al., 2008a) and organic extractants, such as Lix984n
(Zhou et al, 2012). A series of gene clusters potentially
encoding functional enzymes were identified, suggesting that
A. caldus has the ability to cope with high concentrations
of heavy metal ions. As for organic solvent tolerance, a six-
gene cluster, encoding ABC transporter ATP-binding protein,
hypothetical protein, toluene tolerance protein, mce-related
protein, toluene tolerance protein Ttg2B, and toluene ABC
transporter ATP-binding protein, was found in all strains.
Additionally, an acrAB-tolC operon potentially encoding AcrB
(transporter AcrB/AcrD/AcrF family protein), AcrA (RND
family efflux transporter MFP subunit), and TolC (outer
membrane efflux protein) in each genome indicated that
A. caldus can utilize the pumps associated with resistance-
nodulation-cell division protein to transfer these organic
substrates.

Pan-Genome Analysis

As shown above, numerous homologous genes associated with
metabolic pathways as well as environmental adaptation were
observed. To gain a deeper understanding of group- and strain-
specific features, pan-genome analysis of A. caldus species was
performed. A total of 4,424 CDS acquired from the four newly
sequenced chromosomes plus two available chromosomes in
the public database were clustered using the PanOCT. Pairwise
BLAST comparisons indicated that 1,839 orthologs (41.57%)
with a high percentage across all six strains were identified as
the A. caldus core genome (Figure 4). The remaining variable
1,307 clusters were classified as the A. caldus accessory genome.
Furthermore, strain-specific clusters were observed among the
six A. caldus strains.

Functional assignment based on the core genome was
employed to investigate the proportion of proteins in each COG
category. As depicted in Figure 4, the core genome in A. caldus
strains was commonly enriched in the COG category [M] (cell
wall/membrane/envelope biogenesis; 6.36%). Additionally, our
results showed that CDSs involving COG categories [C] (energy
production and conversion; 6.30%) and [E] (amino acid transport
and metabolism; 6.25%) were abundant. The large proportion
of these genes indicated that energy utilization and uptake of
nutrients in these strains might be more efficient to better adapt to
the challenging environment. In other words, these findings were
in line with an earlier report detailing that core genes provided
functions that were essential to the basic lifestyle of the species
(Medini et al., 2005).

Persistent genes encoding essential functions are stably
maintained in genomes under constant selection (Nuiiez et al.,
2013), while dispensable or accessory genes are frequently gained
or lost (Medini et al., 2005). Therefore, the accessory genome
contributes to intraspecific diversity (Tettelin et al., 2008). Here,
we identified many transposases by alignment of accessory
genes against the NCBI-nr database (Supplementary Table S3),
suggesting roles in shaping the evolution of protein families.
Similarly, previously studies based on available genomes revealed
that plentiful accessory genes were probably acquired by HGT
(Tian et al, 2012; Sugawara et al,, 2013). Additionally, it is
particularly noteworthy that strain-specific genes were found to
be enriched in the COG category [L] (replication, recombination
and repair; Figure 4), thus supporting the view that the accessory
genome confers selective advantages such as niche adaptation.

In particular, a total of 43 and 276 group-specific genes
shared by group 1 and group 2 strains, respectively, were
detected (Figure 4). Functional profiling based on COGs revealed
that most of these predicted CDS were assigned to no COG
category, probably indicating the existence of many group-
specific CDS with unidentified function (Supplementary Table
S4). Further inspection underscored that the abundant genes
involved in certain COG categories, including [L] (replication,
recombination, and repair), [M] (cell wall/membrane/envelope
biogenesis), and [P] (inorganic ion transport and metabolism),
might be necessary for the group 2 strains. A reasonable
explanation is that copper bioleaching heap, the habitat for
group 2 strains, has high concentrations of toxic metals (Zhang
et al., 2016¢). Microbes in such an extreme environment might
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harbor potential strategies to cope with the chemical constraints
of their natural functions. Additionally, COG categories [S]
(general function prediction only) and [R] (function unknown)
were relatively abundant in all groups, further highlighting
the role of these unknown functional CDSs in genomic
differentiation.

Mobile and Transposable Elements

Prediction and classification of transposable elements using
ISFinder indicated that a large number of IS elements, which
accounted for various proportions of the total CDS in each
chromosome (ranging from 1.8 to 5.8%), were randomly
distributed over the chromosomes of the A. caldus strains
(Supplementary Table S5). Although the types of IS families
were similar to each other, their distribution and relative
abundance varied with each strain. Among them, some of these
IS elements were identified to cluster in flexible chromosomal
regions that did not satisfy the criteria of other putative
mobile elements such as GIs; these findings were consistent
with those from an earlier study (Acuna et al, 2013). As
stated by Bentley and Parkhill (2004), the progressive loss
of gene order in a prokaryotic genome might be attributed
to several events including gene deletion, IS and repeat
expansion, as well as recombination or rearrangement. Given
this, A. caldus SM-1 as well as ATCC 51756 might have

higher genome plasticities compared with other closely related
strains, mainly because of the acquisition of IS elements during
evolution.

Aside from IS elements, the putative GI elements in all
A. caldus strains were also identified. Results showed that
several GIs ranging from 4 to 58 kb were widespread in
the chromosomes of A. caldus strains (Supplementary Table
S6). Additionally, most CDS in the GIs were annotated as
hypothetical proteins. Further analyses showed the presence
of integrases or mobile genetic elements such as transposase,
thereby indicating that various putative GIs might be acquired
via HGT. In light of the view that underscores the contribution
of horizontal (lateral) gene transfer (HGT) in the expansion of
gene repertoires of prokaryotes (Ochman et al., 2000; Gogarten
et al., 2002; Treangen and Rocha, 2011), we inferred that
the frequency of HGT was high in group 2 strains with
larger genomes, conferring a predominant role in shaping
their evolution and allowing the acquisition of novel adaptive
functions. We emphasized the role of GIs in adaptation to
specific lifestyles and environmental niches, considering that
many GIs were highly relevant for niche-specific adaptation
(Wu et al, 2011). Furthermore, numerous genes in A. caldus
species might be obtained by genetic exchange as suggested
by the presence of a large load of mobile genetic elements
including IS elements, transposases, and GIs. Consequently,
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TABLE 2 | Summary of genes assigned or unassigned to orthogroups in six A. caldus strains.

Number SM-1 ATCC 51756 S1 zJ DX ZBY
Orthogroups 2,514 2,422 2,395 2,818 2,800 2,828
Genes in orthogroups 2,709 2,538 2,477 2,918 2,886 2,942
Genes unassigned to any orthogroup 124 161 397 66 56 75

changes in genome structure and gene copy number might
provide A. caldus strains with a survival advantage for rapid
adaptation and survival in highly acidic and metal-laden
environments.

Probabilistic Analysis of Gene Family

Turnover

Gene families in A. caldus strains were classified as orthogroups
using OrthoFinder (Table 2). Our classification identified up
to 3,109 orthogroups (containing two or more genes in all
selected strains), which included 16,470 sequences. There were
fewer genes in group 1 strains with small genomes clustered
into multigene orthogroups than in group 2 strains. However,
these smaller genomes contained more unassigned genes than
any orthogroups compared to the others. These results appear
to be explained in part by intense fractionation pressure
(Carretero-Paulet et al, 2015). In other words, multigene
families in smaller genomes might be under continuous
deletion pressure and, as a result, these genomes tend to
be smaller in comparison with their counterparts in larger
genomes.

BadiRate analysis, using a full likelihood method, was
applied to examine the evolutionary dynamics of gene families
across the A. caldus species, and to characterize the expansion
and/or contraction of genomes. The statistical framework not
only estimates GD rates in a decoupled manner, using two
independent parameters (y and 3), but also explicitly takes
into account certain key features in prokaryotic evolution,
such as HGT. A stochastic GD-BR-ML model statistically
evaluating the turnover rates demonstrated that a large number
of orthologous genes frequently undergoing high gain and/or
death events have evolved from ancestral genes (Figure 2).
Particularly, gene families in A. caldus species rapidly expand
through gene gain (duplication) and slowly contract through
gene death (deletion or pseudogenization), indicating that
the extensive recruitment of genes involved in long-term
evolution confers an ecological advantage for survival and
proliferation under extremely acidic conditions. Moreover, the
phylogenetic branch with the higher death rate (8 = 0.616
and/or 0.808) indicated that group 1 strains with smaller
genomes might be derived from free-living ancestors by the
genome-reductive evolutionary process (Figure 2). Given that
genome reduction coincided with the increase in frequency
of mobile elements and repeated sequences (Moran, 2003),
multiple IS elements identified in strain SM-1 and ATCC
51756 (Supplementary Table S5) might play a key role in
mediating intrachromosomal recombination, thereby leading
to rearrangements and gene loss. However, the dispensable
genes in the above-mentioned microorganisms might suffer

extensive loss and non-functionalization. The compact genomes
in the given organisms can perform essential functions for
cellular survival and replication, as the loss of dispensable
genes has little effect on bacterial fitness, at least under
certain environmental conditions (Albalat and Cafiestro, 2016).
Despite their smaller or near-minimal size, all reduced genomes
still retain the essential gene set, and are thereby able to
support cellular life both in stable and changing circumstances
(Moya et al., 2009). Therefore, small genomes in group 1
strains would be more tightly packed by selective reduction,
and are thus more streamlined than their larger genome
counterparts.

Gene turnover in group 2 strains was also estimated. As
illustrated in Figure 2, phylogenetic branches showed a lower
gene turnover rate in group 2 strains compared to that in
group 1 strains. Additionally, we found that the rates of gene
death were slightly higher than the gain turnover rates. There
were two possible explanations for these results. The number
of genes gained from HGT as well as gene duplication events
might be significant enough to account for the increase of
microbial DNA content and novel functions, and play a key
role in evolution (Mira et al., 2001; Navarre et al., 2006).
This hypothesis may also be supported by an earlier genetic
study on the evolution of Bacillus anthracis virulence, which
revealed that key genes that cause anthrax in this bacterium
were identified as acquired by HGT (Zwick et al, 2012).
However, a conceivable explanation underlying environment-
dependent conditional dispensability indicates that genes in
a given species would be dispensable if they were related to
certain processes that were only required in a specific untested
environments (Albalat and Canfestro, 2016). Of note, it is
challenging to assess which genes are regarded as dispensable or
essential components by coupling genotypes with phenotypes. In
view of the complexity of environmental conditions in copper
mines, low deletion pressures might provide microbes with a
major fitness advantage for growth in adverse environments.
Furthermore, large genomes in bacteria correspond to species
that have the ability to tackle various environmental stimuli
(Schneiker et al., 2007). Accordingly, large bacterial genomes
might have an adaptive role in the evolution of group 2
strains.

CONCLUSION

Six chromosomes of the extreme acidophile A. caldus
were valuable resources for the investigation of genetic
diversity and evolutionary adaptation. A phylogenetic tree
based on chromosomal sequences of A. caldus species
showed a potential correlation between genomic diversity
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and geochemical characteristics. Further analysis revealed
that chemical constraint in respective natural habitat might
be a determinant contributing to genetic diversification.
Apparently, genetic analyses indicated that gene gain and
loss were both dominant evolutionary forces in the adaptive
evolution of A. caldus species. During adaptation to these
adverse environmental conditions, GD rates varied in different
settings, resulting in genomic differentiation and speciation.
The compact and streamlined genomes might undergo selective
deletion pressure, whereas large genomes had been extensively
recruited by intraspecific or interspecific genetic exchange. These
genome-guided findings in our study, to some extent, provide
novel insights into the evolutionary adaptation of A. caldus
species.
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A bacterial strain, designated RA, was isolated from water sample of a hot spring on
Langkawi Island of Malaysia using marine agar. Strain RA is an aerophilic and thermophilic
microorganism that grows optimally at 50-60°C and is capable of growing in marine
broth containing 1-10% (w/v) NaCl. 16S rBNA gene sequence analysis demonstrated
that this strain is most closely related (<90% sequence identity) to Rhodothermaceae,
which currently comprises of six genera: Rhodothermus (two species), Salinibacter
(three species), Salisaeta (one species), Rubricoccus (one species), Rubrivirga (one
species), and Longimonas (one species). Notably, analysis of average nucleotide identity
(ANI) values indicated that strain RA may represent the first member of a novel
genus of Rhodothermaceae. The draft genome of strain RA is 4,616,094 bp with
3630 protein-coding gene sequences. Its GC content is 68.3%, which is higher than
that of most other genomes of Rhodothermaceae. Strain RA has genes for sulfate
permease and arylsulfatase to withstand the high sulfur and sulfate contents of the
hot spring. Putative genes encoding proteins involved in adaptation to osmotic stress
were identified which encode proteins namely Na*/HT antiporters, a sodium/solute
symporter, a sodium/glutamate symporter, trehalose synthase, malto-oligosyltrehalose
synthase, choline-sulfatase, potassium uptake proteins (TrkA and TrkH), osmotically
inducible protein C, and the Kt channel histidine kinase KdpD. Furthermore, genome
description of strain RA and comparative genome studies in relation to other related
genera provide an overview of the uniqueness of this bacterium.

Keywords: Rhodothermaceae, Rhodothermus, Salinibacter, Salisaeta, strain RA, Rubricoccus, Rubrivirga,
Longimonas

INTRODUCTION

The family Rhodothermaceae is placed under the order Cytophagales of the class Cytophagia
within the phylum Bacteroidetes. At the time of writing, Rhodothermaceae consisted of six genera:
Rhodothermus (Alfredsson et al., 1988; Marteinsson et al., 2010), Salinibacter (Anton et al., 2002;
Makhdoumi-Kakhki et al., 2012), Salisaeta (Vaisman and Oren, 2009), Rubricoccus (Park et al.,
2011), Rubrivirga (Park et al., 2013), and the recently described genus Longimonas (Xia et al., 2015).
Rhodothermaceae is a family of gram-negative, non-sporulating, chemoorganotrophic aerobes
shaped as rods or cocci, and most strains are pigmented (Park et al., 2014).
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Rhodothermus marinus was isolated from a submarine hot
spring, at a depth of 2-3m from the sea surface during low
tide (Alfredsson et al., 1988), while Rhodothermus profundi was
obtained from a deep-sea (2634m depth) hydrothermal field
(Marteinsson et al., 2010). Rhodothermus obamensis was initially
described as a type strain of Rhodothermus (Sako et al., 1996) but
was later regarded as a synonym of R. marinus owing to high 16S
rRNA gene sequence similarity, high DNA-DNA reassociation
values, and similar fatty acid profiles (Silva et al., 2000). For R.
marinus DSM 42527 (Nolan et al., 2009) complete genome is
available in GenBank (CP001807). The genome of the sister strain
R. marinus SG0.5]P17-172 (CP003029) is also available but has
not been published. Draft genomes have been deposited for the
other strains of Rhodothermus, which include R. profundi DSM
222127 (BioProject ID: PRJNA303571), R. marinus JCM 97857
(PRJDB841), and R. marinus SG0.5JP17-171 (PRJNA52953).

Members of the genus Salinibacter (Salinibacter iranicus,
Salinibacter luteus, and Salinibacter ruber) were isolated from a
hypersaline evaporating water body (Park et al., 2014). S. ruber
requires a high salt concentration, exhibiting optimum growth
in media with 15-25% (w/v) total salts (Ant6n et al., 2002). In
addition, sodium chloride and magnesium chloride are vital for
the growth of S. ruber (Anton et al., 2002). The complete genome
of S. ruber DSM 138551 (CP000159.1) has been assembled into
one contig of 3,386,737 bp, while the genome of S. ruber M8
(PRJNA48827) is available in draft form. A species of another
genus, the long, rod-shaped bacterium Salisaeta longa S4-4T (=
DSM 21114T; ATTH00000000.1), was isolated from hypersaline
water bodies formed from premixed Dead Sea and Red Sea water
samples (Vaisman and Oren, 2009). Although few studies have
been conducted on strain S$4-47, its genome has been sequenced
under the Community Science Program of the Joint Genome
Institute (Project ID: 404303).

Rubricoccus marinus SG-297, a reddish, coccal bacterium
isolated from shallow water of the North Pacific Ocean, is the type
strain of the type species of Rubricoccus (Park et al., 2011). The
average GC content of strain SG-29T (68.9mol%, determined
by HPLC) is the highest value known for Rhodothermaceae.
Two years after the report of Rubricoccus marinus, the same
group of researchers isolated another bacterium from deep
seawater of the western North Pacific Ocean. They proposed a
new genus, Rubrivirga, with Rubrivirga marina SAORIC-28" as
the sole species (Park et al., 2013). Recently, a new genus of
Rhodothermaceae, Longimonas, was proposed (Xia et al., 2015).
Longimonas halophila SYD6" was obtained from a marine solar
saltern on the coast of Weihai, China (Xia et al., 2015). The
16S rRNA gene sequence similarity between L. halophila SYD6"
and S. longa is less than 92% (Xia et al., 2015). Like most other
strains of Rhodothermaceae, strain SYD6" is red. At the time
of writing, genome information for Rubricoccus, Rubrivirga, and
Longimonas were not available.

Among the six aforementioned genera, Rhodothermus and
Salinibacter are better studied (Mongodin et al., 2005; Pena et al.,
2005, 2010; Rossell6-Mora et al., 2008; Oren, 2013; Oren et al.,
2016). Because most Rhodothermus spp. can grow optimally at
65°C, numerous attempts to mine and examine thermostable
proteins from this genus have been reported. Examples of these

enzymes include amylase and pullulanase (Gomes et al., 2003),
a-L-arabinofuranosidase (Gomes et al., 2000), cellulase (Okano
etal,, 2014), cellobiose 2-epimerase (Ojima et al., 2011), chitinase
(Hobel et al., 2005), and a-galactosidase (Bliicher et al., 2000).

In this work, a bacterium designated as strain RA was isolated
from a saline hot spring sample. Analyses of the genome, 16S
rRNA gene, and housekeeping gene sequences suggested that
the strain could represent a new genus of Rhodothermaceae. The
purpose of this report is to describe the phenotypic characteristics
of this strain and present its genome sequence.

MATERIALS AND METHODS

Water Sample Analyses and Bacterial

Characterization

Three water samples were collected from a hot spring near the
village of Ayer Hangat (6°25'22"N, 99°48'49”E) and analyzed
by Allied Chemists Laboratory Sdn. Bhd. (Malaysia) within 3
days of sampling, in accordance with American Public Health
Association and United States Environmental Protection Agency
guidelines.

Marine agar (Conda, Torrejon de Ardoz Madrid, Spain) was
adjusted to pH 7.6 with 3 M NaOH. A 100 pL aliquot of a water
sample was spread on the agar and incubated at 50°C. After 2
days of incubation, several colonies appeared on the agar. Three
distinct colonies were repeatedly streaked on the same medium
to obtain pure colonies as confirmed by a single morphology and
size when examined directly using a DM300 light microscope
(Leica Microsystems, Germany). 16S rRNA gene sequences of
these isolates were amplified using the forward primer 27F
(5'-AGAGTTTGATCMTGGCTCAG-3') and the reverse primer
1525R (5-AAGGAGGTGWTCCARCC-3') (Lane, 1991; Chai
et al,, 2012). Sequencing was performed at Malaysian First BASE
service provider.

The isolated strains were Gram stained and then examined
under a Leica DM300 light microscope. For investigation of
endospore formation, endospore staining was conducted on
bacterial colony obtained from a fresh culture plate as well as
a week-old culture (Schaeffer and Fulton, 1933). The growth
temperature range of strain RA was assessed by growing this
bacterium in marine broth and were incubated at 4, 10, 37, 45,
50, 55, 60, 65, 70, and 75°C for up to 3 days. To determine
the optimal pH which support the growth of this bacterium,
strain RA was grown in non-buffered marine broths with various
pH-values (pH 3.0-12 with interval pH-value of 0.5). The salt
tolerance of strain RA was determined in marine broth [2%
(w/v) NaCl] and half-strength marine broth [1% (w/v) NaCl], at
increments of 1.0% (w/v) up to 20% w/v.

Carbohydrate utilization for strain RA was measured using
API 50CHB/E test strips (bioMe'rieux, Marcy-I'Etoile, France).
Catalase activity and oxidase activity were determined as
described by Cowan and Steel (1965). Motility of strain
RA was determined using semi-solid medium and bacterial
cells were inoculated with a straight wire making a single
stab down the center of the tube to about half the depth
of the medium, followed by incubation at 50°C and were
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examined for up to 3 days. Susceptibility to different antibiotics
was determined by the disc diffusion method (Kirby-Bauer
antibiotic testing) on marine agar at 50°C. Bacterial lawns
were prepared by spreading the cells on plates with sterile
cotton swabs dipped in colony suspensions adjusted to
a 2.0 McFarland standard. The following antibiotics were
tested: ampicillin, bacitracin, chloramphenicol, erythromycin,
gentamicin, kanamycin, nalidixic acid, ciprofloxacin, colistin,
penicillin, rifampicin, sulfamethoxazole, and vancomycin.

DNA Purification

Cells were scraped from marine agar plates and subjected
to genomic DNA extraction using a Qiagen DNeasy Blood
and Tissue Kit (Qiagen, Venlo, Netherlands), according
to the manufacturer’s instructions. A NanoDrop 1000
spectrophotometer (Thermo Scientific, Wilmington, DE,
USA) was used to determine the purity (Az60/A2g0 ratio) and
concentration of the DNA, which were 1.98 and 1400 ng pl=1,
respectively.

Genome Sequencing and Annotation
Whole-genome sequencing libraries were prepared using a
Nextera DNA Sample Preparation Kit according to the
manufacturer’s guidelines (Illumina, Inc., San Diego, CA, USA).
Paired-end (2 x 100 bp) sequencing was performed on the HiSeq
2500 platform using the HiSeq Rapid SBS Kit v2 (Illumina,
Inc., San Diego, CA, USA). Adapter sequence removal, quality
trimming, and de novo genome assembly were conducted
using CLC Genomics Workbench version 7.5 (CLC Bio,
Aarhus, Denmark). The resulting sequences were then annotated
with NCBI Prokaryotic Genome Annotation Pipeline version
2.10, using the “best-placed reference protein set” method,
and GeneMarkS+ version 3.1, which integrates information
regarding protein alignments, frameshifted genes, non-coding
RNA sequences, and DNA-specific statistical patterns typical of
protein-coding and non-coding regions into gene predictions
(Besemer and Borodovsky, 2005). Annotation and KEGG
pathway prediction for strain RA were performed using
the online service Pathosystems Resource Integration Center
(PATRIC; Mao et al, 2015) as well as Integrated Microbial
Genomes/Expert Review (IMG/ER; Markowitz et al, 2009).
VirulenceFinder version 1.5 (threshold 85%, minimum length
60%; Joensen et al., 2014) and ResFinder version 2.1 (threshold
60%, minimum length 60%; Zankari et al., 2012) were used
to predict the presence of putative virulence factors and
antimicrobial resistance genes, respectively.

The following genomes were downloaded from GenBank:
Rhodothermus marinus DSM 42527 (CP001807.1), S. ruber
DSM 138557 (CP000159.1), and S. longa DSM 211147
(ATTHO00000000.1). Genome comparisons were performed
using the average nucleotide identity (ANI) function of IMG/ER.
The complete 16S rRNA gene sequence of strain RA was
submitted to GenBank under accession number KU517707.

Phylogenetic Analysis
The 16S rRNA gene sequences phylogenetic tree was constructed
using Neighbor-joining method with 1000 bootstrap replicates.

All the methods above were conducted using Molecular
Evolutionary Genetics Analysis software (MEGA, Version 6.0;
Tamura et al., 2013).

Data Access

Sequencing data for strain RA are available online as BioProject
PRJNA308615, NCBI taxonomy ID 1779382, Patric genome
id 1100069.3, and IMG/ER Taxon ID 2648501586 (GOLD
ID Gs0118059). This Whole Genome Shotgun project has
been deposited at DDBJ/EMBL/GenBank under the accession
number LRDG00000000. The version described in this paper is
version LRDG01000000. A Fasta file of the strain RA genome
is available in the following figshare link (https://figshare.
com/s/60c1a70599d11684aaf7). All Supplementary Materials are
available in figshare.

RESULTS AND DISCUSSION

Site Description

The hot spring sampled in this study is located near Ayer Hangat
(AH) on Langkawi Island, Malaysia. Owing to its relatively
low temperature (~45°C), the hot spring has been used for
balneotherapy for tourists and local residents. The water in this
hot spring is trapped within a man-made pit and is therefore
nearly stagnant and is slightly yellowish, and there is a thin
biomat (<1 cm) on the sides of the pit that is light brown,
green, and yellow. Water samples taken from this site contained
high concentrations of Na* (7900 mg L), C1~ (13,800 mg L™ 1),
Mg?* (390mg L71), SOf (950mg L71), S (480 mg L~!), and
CaCO; (5020 mg L71).

Cell Morphology and Biochemical Analyses
Three bacteria (designated as strains RA, RB, and RC) were
isolated from a water sample taken at the AH hot spring.
Based on 16S rRNA gene sequences, strains RB and RC had
the closest match with Bacillus spp. and Geobacillus spp.,
respectively. Since strain RA had low sequence similarity
to known Rhodothermaceae (see below), it was selected for
subsequent analyses. The strain RA colonies appeared smooth,
mucoid, and raised, with ~1 mm margins. Furthermore, while
the majority of Rhodothermaceae strains form orange-reddish
colonies (Park et al.,, 2014), the colonies of strain RA were
cream colored (Table 1). Meanwhile, light microscopy analysis
demonstrated that this isolate is a gram-negative, rod-shaped
bacterium that can be arranged in pairs and chains or as lone
cells. Rhodothermus spp. are known to occur singly, but not in
chains or filaments (Park et al., 2014). Strain RA was motile
and catalase positive and it grew well in marine broth and
half-strength marine broth but failed to grow on Luria-Bertani,
Reasoner’s 2A, Mueller-Hinton, or nutrient agar, with or without
supplementation with 2% (w/v) NaCl. While the microorganism
grew at 37-60°C and pH 5.0-9.0, optimal growth occurred at
50-60°C and under circumneutral conditions. Strain RA was
unable to grow at 65°C. Furthermore, strain RA exhibited growth
in marine broth supplemented with 1-10% (w/v) NaCl. On
marine agar, strain RA was susceptible to erythromycin (zone of
inhibition of 25 mm around a 5 pg disc), rifampicin (25 mm
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TABLE 1 | General features and information regarding the sequencing of
the strain RA genome, according to the MIGS (Minimum information
about a genome sequence) recommendations.

Items Description
GENERAL FEATURES

Gram stain Negative
Cell shape Rod
Pigmentation Cream
Motility Motile

Temperature range; optimum
Salinity range; optimum

pH range; optimum

Carbon source

MIGS 4.0 DATA
Submitted_to_insdc
investigation_type
project_name

experimental_factor
lat_lon

Depth
geo_loc_name
collection_date
env_biome
env_feature
env_material
env_package
num_replicons
ref_biomaterial
source_mat_id
Pathogenicity
biotic_relationship
trophic_level
rel_to_oxygen
isol_growth_condt
GENOME ASSEMBLY DATA
assembly_name

finishing_strategy

sequencing Technology

37-60°C; 50—-60°C

1-10.0% NaCl (w/v); 1-5% NaCl (w/v)
5.0-9.0; 7.6

Varied

GenBank
bacteria_archaea

Rhodothermaceae bacterium RA genome
sequencing

NA

NA

NA

Langkawi, Malaysia
2014-10-10

Hot spring

Water

Water with high NaCl content
Missing

NA

NA

NA

NA

Free-living
Chemoheterotroph
Aerobic

Marine agar, pH 7.6, 50°C

CLC bio CLC Genomics Workbench version 7.5

De novo assembly to high quality draft; 121-fold
coverage

HiSeq 2500

zone around a 5 pg disc), and penicillin (35 mm zone around
a 10 U disc). Lastly, like R. marinus DSM 42527, strain RA is a
non-spore-forming bacterium.

Phylogenetic Relationships

For phylogenetic analysis of strain RA, we sequenced the entire
16S rRNA coding region (1516 bp) of the microorganism and
compared the resulting sequence against the GenBank and
EzTaxon-e databases (Kim et al., 2012). These analyses indicated
that the closest relative (99% identity, 98% coverage) of strain
RA is the uncultured bacterial metagenome clone KSB113
(JX047086), which was identified in a marine hot spring at
Kalianda Island, Indonesia (unpublished report). Moreover, the

genera closest to strain RA (86.5-89.3%) are those of the family
Rhodothermaceae: Rhodothermus (Alfredsson et al., 1988; Sako
et al., 1996; Marteinsson et al., 2010), Salinibacter (Antén et al.,
2002; Makhdoumi-Kakhki et al., 2012), Salisaeta (Vaisman and
Oren, 2009), Rubricoccus (Park et al., 2011), Rubrivirga (Park
etal., 2013), and Longimonas (Xia et al., 2015; Table 2, Figure 1).
The sequence identities of housekeeping genes of strain RA and
species of the family Rhodothermaceae are also low, for instance
(i) recA, 83% to R. marinus DSM 42527; (ii) rpoD, 85% to R.
marinus DSM 42527 and 82% to S. ruber DSM 138557; and (iii)
gyrB, 79% to R. marinus DSM 4252 and 79% to S. ruber DSM
138557

We then compared the available genome sequences of several
of these strains with the draft genome of strain RA (Table 2).
In addition to exhibiting low 16S rRNA gene sequence identity
(89.3%), strain RA and R. marinus DSM 42527 had a low average
ANI-value of 73.28 (Table 2). The ANI-value between strain RA
and R. marinus SG0.5JP17-171 or R. marinus SGO0.5JP17-172
was 73.23, while that between strain RA and R. profundi DSM
222127 was 70.66. Meanwhile, the average ANI-values for strain
RA when compared with S. ruber DSM 13855 and S. longa
DSM 21114" were 71.85 and 71.47, respectively. Collectively,
these data strongly suggest that strain RA is a novel strain of
Rhodothermaceae.

Genomic Features of Strain RA
The draft genome of strain RA is 4,616,094 bp in length
(Table 3), and the largest contig is 819,789 bp. The N75, N50,
and N25-values are 89,274, 152,113, and 242,570 bp, respectively.
The average coverage for the 91 contigs obtained was 120-
fold. Notably, the genome of strain RA is larger than those of
Rhodothermus marinus (3.3 Mbp), S. ruber (3.5-3.8 Mbp), and
S. longa (3.1 Mbp; a draft genome with three contigs; Table 2).
Furthermore, the genome is predicted to contain 3680 coding
DNA sequences (CDS) and 50 rRNA genes, and it has an average
GC content of 68.28%, which is markedly higher than that of R.
marinus DSM 42527 (64.3%; Nolan et al., 2009), S. ruber DSM
138557 (66.2%; Mongodin et al., 2005), and S. longa DSM 211147
(63.5%) but comparable to that of R. marinus KCTC 231977
(68.9%; Table 2). Among the CDS, the functions of 2815 (76.49%)
sequences could be predicted, while 879 (24.38%) of the total
CDS are annotated as enzymes. Protein-coding genes related to
clusters of orthologous groups (COGs) are shown in Figure 2.
Using the Phylogenetic Distribution of Genes function in
IMG/ER, we determined the best hits for protein-coding genes
in strain RA at a 60% identity cutoff. A total of 1408 genes (39%
of the protein-coding genes) were found to be similar to genes
in the phylum Bacteroidetes. The majority of these sequences
are affiliated with class Cytophagia and unclassified classes, while
only 52 genes are related to Bacteroidia, Flavobacteriia, and
Sphingobacteriia. Table S1 shows that 1987 genes (54.7% of the
protein-coding genes) were not assigned to any phylum, as they
are specific to strain RA. When all protein-coding genes were
examined at a 90% sequence identity threshold, 99.75% (3621)
of the genes were classified as unassigned. This suggests that the
gene sequences of strain RA are more diverse than those of its
Rhodothermaceae counterparts (data not shown).
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was selected as the out group (https://figshare.com/s/4f470ab9ce3727bf4392).

1OO[LS’alinibacter luteus CGMCC 1.11002T (NR_117935.1)
Salinibacter iranicus CGMCC 1.11003T (NR_117934.1)
100 [ Salinibacter ruber DSM 13855T (NR_074895.1)
100 * Salinibacter ruber M8 (NR_074831.1)
Salisaeta longa DSM 21114 (NR_044496.1)
Longimonas halophila KCTC 423997 (KF955302.1)
100 = Strain RA (KU517707)
Uncultured bacterium clone KSB113 (JX047086.1)
26 r Rhodothermus profundi DSM 22212 (NR_116762.1)
100| | Rhodothermus marinus DSM 4252T (NR_074728.1)
100 Rhodothermus obamensis JCM 97857 (X95071.1)
Rubricoccus marinus KCTC 23197 (NR_113053.1)
Rubrivirga marina KCTC 23867T (NR_109654.1)
Pontibacter xinjiangensis NNRL B-51335T (NR_116530.1)

FIGURE 1 | Phylogenetic tree of strain RA and other Rhodothermaceae genera based on 16S rRNA sequencing. Pontibacter xinjiangensis NNRL B-51 3357

Consistent with its observed motility, strain RA carries the
genes necessary for complete flagellum assembly. Furthermore,
genomic analysis using the antiSMASH predictor program (Blin
et al, 2013) identified a gene cluster encoding a type III
polyketide synthase. The key enzyme within this cluster has a
structural domain related to chalcone synthase; thus, strain RA
might use this enzyme to produce certain types of aromatic
ketones, including chalcones, which possess important properties
for industrial use (Singh et al., 2014).

Comparison of the Genome of Strain RA
with those of Other Rhodothermaceae

Strains

At the time of writing, the genomes of three R. marinus strains
and two S. ruber strains, as well as the draft genome of S. longa
DSM 211147, were publicly available. Unless otherwise specified,
we chose to compare the genome of strain RA with the complete
genome sequences of R. marinus DSM 4252 and S. ruber DSM
138557,

RAST analysis identified 215 and 221 strain RA genes
that are not carried by R. marinus DSM 42527 and .
ruber DSM 138557, respectively (Table S2), including genes
encoding DnaK-related proteins, cytochrome C oxidase
subunit CcoN, superfamily II DNA/RNA helicases (SNF2
family), primosomal protein N’ (replication factor Y)
superfamily II helicase, B-ureidopropionase, fucose permease,
gluconolactonase,  a-L-fucosidase,  malto-oligosyltrehalose

synthase, o-1,2-mannosidase, endo-1,4-B-xylanase, endogluc
anase, choline-sulfatase, putrescine transport ATP-binding
protein PotA, arylsulfatase, and sulfate permease. Of these,
strain RA likely maintains the genes for sulfate permease and
arylsulfatase to withstand the high sulfur and sulfate contents
of the AH hot spring. Furthermore, the presence of these genes
suggests that strain RA plays a role in the recycling of sulfur
within the hot spring. Two cholesterol oxidase genes were also
present in strain RA but not in closely related genera. Notably,
cholesterol oxidases catalyze the conversion of cholesterol to
cholest-4-en-3-one, which has been proposed as a potential drug
candidate for treatment of amyotrophic lateral sclerosis (Bordet
et al.,, 2007).

KEGG metabolic pathway analyses indicated that the starch
and sucrose metabolism pathways of strain RA are similar
to those of Rhodothermus and Salinibacter spp. According to
these analyses, strain RA is capable of hydrolyzing starch to
maltose, glucose, or trehalose and converting starch to glycogen.
Meanwhile, all three genera encode the enzymes (EC 3.2.1.4
and 3.2.1.21) necessary for hydrolysis of cellulose to glucose
Figure S1.

Likewise, R. marinus DSM 42527, S. ruber DSM 138557,
and strain RA each encode a type I system (TolC), a Sec-
SRP pathway (SecD/E SecY, SecA, YidC, FstY, Ffh), and a Tat
pathway (TatC) for protein secretion. However, while strain
RA also carries genes encoding type II (GspD, GspE, GspF)
and type VI (VgrG, Hcp, IemE DotU, ClpV) secretion systems,
virulence factor prediction analyses using the PATRIC database
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TABLE 3 | Genome statistics of strain RA.

Number % of Total (%)
DNA, total number of bases 4,616,094 100.00
DNA coding number of bases 4,160,472 90.13
DNA G+C number of bases 3,152,009 68.28
DNA scaffolds 61 100.00
CRISPR count 5
Genes total number 3680 100.00
Protein coding genes 3630 98.64
RNA genes 50 1.36
rRNA genes 3 0.08
5S rRNA 1 0.03
16S rRNA 1 0.03
23S rRNA 1 0.03
tRNA genes 44 1.20
Other RNA genes 3 0.08
Protein coding genes with function prediction 2815 76.49
Without function prediction 815 22.15
Protein coding genes with enzymes 897 24.38
w/o enzymes but with candidate KO based enzymes 50 1.36
Protein coding genes connected to Transporter Classification 365 9.92
Protein coding genes connected to KEGG pathways3 912 24.78
Not connected to KEGG pathways 2718 73.86
Protein coding genes connected to KEGG Orthology (KO) 1587 43.12
Not connected to KEGG Orthology (KO) 2043 55.52
Protein coding genes connected to MetaCyc pathways 777 21.11
Not connected to MetaCyc pathways 2853 77.53
Protein coding genes with COGs 2222 60.38
With KOGs 713 19.38
With Pfam 2905 78.94
With TIGRfam 1144 31.09
With InterPro 1900 51.63
With IMG Terms 611 16.60
With IMG Pathways 231 6.28
With IMG Parts List 246 6.68
In internal clusters 734 19.95
In chromosomal cassette 3633 98.72
Chromosomal cassettes 309 -
Biosynthetic clusters 14 -
Genes in biosynthetic clusters 236 6.41
Fused protein coding genes 93 2.58
Protein coding genes coding signal peptides 527 14.32
Protein coding genes coding transmembrane proteins 881 23.94
COG clusters 1399 62.96
KOG clusters 485 21.83
Pfam clusters 1958 67.40
TIGRfam clusters 916 80.07

(Wattam et al., 2014), VirulenceFinder 1.5 (Joensen et al., 2014),
and ResFinder 2.1 (Zankari et al., 2012) indicated that this strain

is likely non-pathogenic.

Certain ABC transporters encoded by strain RA, including
those specific for phosphate (PstS, PstA, PstB, PstC), lipoproteins
(LolC, LolE, LolD), and iron-siderophores (FhuB, FhuC, FhuD),

are potentially produced by R. marinus DSM 42527 and
S. ruber DSM 13855T. In addition, there were multiple
transporters that were encoded in the genomes of strain RA
and R. marinus DSM 42527 but not in that of S. ruber
DSM 138557, including transporters for molybdate (ModA,
ModB), iron(Ill; AfuA, AfuB), zinc/manganese/iron (TroA,
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FIGURE 2 | Percentage of CDS involved in COG classifications for
strain RA, R. marinus DSM 42527 and S. ruber DSM 13855 . B,
Chromatin structure and dynamics; L, replication, recombination, and repair;
A, RNA processing and modification; K, transcription; J, translation, ribosomal
structure, and biogenesis; D, cell cycle control, cell division, chromosome
partitioning; N, cell motility; M, cell wall/membrane/envelope biogenesis; Z,
cytoskeleton; V, defense mechanisms; W, extracellular structures; U,
intracellular trafficking, secretion, and vesicular transport; X, mobilome,
prophages, transposons; O, post-translational modification, protein turnover,
chaperones; T, Signal transduction mechanisms; E, amino acid transport and
metabolism; G, carbohydrate transport and metabolism; H, coenzyme
transport and metabolism; C, energy production and conversion; P, inorganic
ion transport and metabolism; |, lipid transport and metabolism; F, nucleotide
transport and metabolism; Q, secondary metabolites biosynthesis, transport
and catabolism; S, function unknown; and R, general function prediction only
(https://figshare.com/s/8a2ccd9f2b7aa439f040).

TroB, TroC, TroD), raffinose/stachyose/melibiose (MsmK),
sorbitol/mannitol (SmoK), cellobiose (MsiK), chitobiose (MsiK),
arabinooligosaccharide (MsmX), and glucose/mannose (MalK;
Table S2). Meanwhile, strain RA also encodes an RbsABC
transporter for uptake of ribose/xylose. Lastly, strain RA contains
genes encoding unique CusS, CusR, CusB, and CusA proteins
that are predicted to play a role in copper and/or silver efflux,
which are absent from all currently known Rhodothermus and
Salinibacter spp.

Temperature Adaptation Genes of
Strain RA

The average water temperature of the AH hot spring during
sampling was 45°C; however, in vitro analysis demonstrated
that strain RA is capable of thriving at temperatures up to
60°C. Meanwhile, analysis of the composition of the spring

water detected high levels of NaCl. We therefore endeavored to
elucidate the mechanisms by which strain RA withstands thermal
and osmotic stresses by characterizing the stress-related genes
within the annotated genome.

The linear polyamines putrescine and spermidine have been
associated with the thermophilicity of thermophiles (Takahashi
and Kakehi, 2010; Goh et al, 2014). Notably, in addition to
harboring the genes necessary to synthesize putrescine via N-
carbamoylputrescine amidase, strain RA appears to be capable of
taking up putrescine and spermidine from the environment using
the PotA and PotC transporters. In contrast, the genes encoding
PotA and PotC are not present in the genomes of R. marinus
DSM 42527 and S. ruber DSM 13855T. A unique sequence in
strain RA was annotated as a primosomal protein N’ (replication
factor Y) superfamily II helicase gene, and the corresponding
protein sequence exhibited >58% sequence identity to PriA
helicases deposited in GenBank. Several of these helicases have
been proposed to play important roles in the thermostability of
certain thermophiles (Goh et al., 2014). As mentioned earlier, the
GC content of the strain RA genome is higher than that of most
other genomes of Rhodothermaceae. In some cases, high genome
and tRNA GC% levels are associated with increased optimal
growth temperatures (Trivedi et al., 2005). Yet, the average tRNA
GC content (61.4%) of strain RA is slightly lower than that of
the rest of the genomes (68.3%). Additionally, the strain RA
genome contains CDS that exhibit sequence similarity to genes
encoding chaperones (DnaJ, DnaK, HtrA, metal chaperone) and
the known heat shock proteins GroES and GroEL (HSP-60 family
co-chaperones), and it contains three copies of the gene encoding
the cold shock protein CspA. These CspA proteins exhibited
the highest level of sequence identity to counterparts from R.
marinus DSM 42527 (67, 78, and 80%, respectively).

Osmotic Stress Adaptation Genes of
Strain RA

We detected several genes encoding proteins involved in
adaptation to osmotic stress within the strain RA genome,
including Na™/H™ antiporters, a sodium/solute symporter, and a
sodium/glutamate symporter (Table S3). Moreover, we detected
three separate trehalose synthase genes (EC 5.4.99.16), which
exhibited 64-65% identity to genes present in S. longa DSM
211147 and S. ruber DSM 138557, while similar genes were
absent from the R. marinus DSM 42527 genome. Strain RA
also harbors a gene predicted to encode malto-oligosyltrehalose
trehalohydrolase (EC 5.3.2.141) that is 58% similar to a
gene present in S. ruber DSM 13855". It also has a malto-
oligosyltrehalose synthase (EC 5.4.99.15) gene that exhibits 58%
sequence identity to a CDS present in Truepera radiovictrix but
has no homologs in the genomes of S. longa DSM 211147, S. ruber
DSM 13855, and R. marinus DSM 4252" . In addition, strain RA
is predicted to be capable of biosynthesizing the osmoprotectant
choline via a choline-sulfatase (EC 3.1.6.6). However, unlike
S. ruber DSM 138557, both strain RA and R. marinus DSM
42527 lack the genes encoding the osmoprotectant-associated
transporters ProX, Prow, ProV, OpuBC, OpuBB, and OpuBA.
Lastly, strain RA encodes the potassium uptake proteins TrkA
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and TrkH, the osmotically inducible protein C, and the K"
channel histidine kinase KdpD but lacks genes encoding a
glycine betaine transporter or proteins involved in ectoine
transport/synthesis.

CONCLUSIONS

In this report, we have described the genome of strain RA,
which was isolated from a saline hot spring in Malaysia.
The draft genome of strain RA comprises 4,616,094 bp
with a mean GC content of 68.3%. It contains 91 contigs
with an N50 contig length of 152,113 bp. This genome is
predicted to include 3630 protein-coding genes. At a 60%
identity cutoff, a low percentage of these protein-coding
genes are similar to genes in the phylum Bacteroidetes.
The results of 16S rRNA gene sequencing, ANI-value and
genome comparisons clearly indicate that this strain exhibits
many differences from known genera of Rhodothermaceae.
In the NCBI taxonomy database, the lineage for strain RA
is classified as Bacteria; FCB group; Bacteroidetes/Chlorobi
group; Bacteroidetes; Bacteroidetes Order II. Incertae sedis;
Rhodothermaceae; unclassified Rhodothermaceae. In the near
future, chemotaxonomic and phenotypic characterization of
strain RA will be performed to further compare this strain with
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the first bacterium of the phylum Thermodesulfobacteria reported to grow by the
disproportionation of elemental sulfur, sulfite, or thiosulfate with carbon dioxide as
the sole carbon source. In contrast to its phylogenetically close relatives, which are
dissimilatory sulfate-reducers, T. dismutans is unable to grow by sulfate respiration.
The features of this organism and its 2,1 Mb draft genome sequence are described
in this report. Genome analysis revealed that the T. dismutans genome contains the set
of genes for dissimilatory sulfate reduction including ATP sulfurylase, the AprA and B
subunits of adenosine-5'-phosphosulfate reductase, and dissimilatory sulfite reductase.
The oxidation of elemental sulfur to sulfite could be enabled by APS reductase-
associated electron transfer complex QmoABC and heterodisulfide reductase. The
genome also contains several membrane-linked molybdopterin oxidoreductases that
are thought to be involved in sulfur metabolism as subunits of thiosulfate, polysulfide, or
tetrathionate reductases. Nitrate could be used as an electron acceptor and reduced to
ammonium, as indicated by the presence of periplasmic nitrate and nitrite reductases.
Autotrophic carbon fixation is enabled by the Wood-Ljungdahl pathway, and the
complete set of genes that is required for nitrogen fixation is also present in T. dismutans.
Overall, our results provide genomic insights into energy and carbon metabolism
of chemolithoautotrophic sulfur-disproportionating bacterium that could be important
primary producer in microbial communities of deep-sea hydrothermal vents.

Keywords: sulfur disproportionation, thermophile, Thermodesulfobacteria, thiosulfate, genome sequence
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INTRODUCTION

The biogeochemical sulfur cycle in the modern biosphere
depends on activities of different anaerobic and aerobic
microorganisms. One particular group of sulfur-metabolizing
prokaryotes, i.e., the bacteria that disproportionate sulfur
compounds, simultaneously perform the sulfur oxidation and
reduction (Bak and Cypionka, 1987; Bak and Pfennig, 1987;
Thamdrup et al, 1993). In this process, elemental sulfur,
thiosulfate or sulfite each serves as both an electron donor and
acceptor and became converted into sulfate and hydrogen sulfide:

48° + 4H,0 — SO4%~ +3HS™ +5H"
AG® = +10.3kJ mol™! §°

$,05%2" 4+ H,O — SO4%>~ + HS™ + HT
AGY = —22.3k mol™! $,052~

480>~ + H' — 350, + HS™
AG® = —58.9 k] mol™! SO3%~

The disproportionation of elemental sulfur is endergonic
under standard conditions and proceeds only under low
concentrations of hydrogen sulfide, which is achieved in the
environment by the precipitation of sulfide with iron or by rapid
oxidation. Disproportionation of inorganic sulfur compounds is
of environmental significance in marine sediments (Jorgensen,
1990), and could be one of the earliest microbial processes dating
back to 3.4 Ga (Philippot et al., 2007).

The process of disproportionation of inorganic sulfur
compounds was described for about twenty species of the
class Deltaproteobacteria, most of which are dissimilatory
sulfate reducers (Finster, 2008). Among them, there are
two thermophilic species, Dissulfuribacter  thermophilus
and Dissulfurimicrobium hydrothermale (Slobodkin et al,
2013, 2016). Outside Deltaproteobacteria, the ability to
disproportionate sulfur compounds has been shown for three
species of the phylum Firmicutes (genera Desulfotomaculum
and Dethiobacter) and for the gamma-proteobacterium Pantoea
agglomerans (Jackson and McInerney, 2000; Obraztsova et al.,
2002; Nazina et al., 2005). Recently, the capacity for sulfur
disproportionation has been reported for members of the
phylum Thermodesulfobacteria — Thermosulfurimonas dismutans
(Slobodkin et al.,, 2012) and Caldimicrobium thiodismutans
(Kojima et al., 2016).

The metabolic pathways enabling disproportionation of
thiosulfate and sulfite have been partly resolved in biochemical
studies (Kramer and Cypionka, 1989; Frederiksen and Finster,
2003, 2004; Finster, 2008), but the enzymatic machinery
of elemental sulfur disproportionation remains unclear.
Complete genome sequences of several sulfur-disproportionating
microorganisms are publically available; however, the analysis
of genomic data in relation to mechanisms underlying the
disproportionation of sulfur compounds has so far only been
made for Desulfocapsa sulfoexigens (Finster et al., 2013).

Here, we present the results of sequencing and analysis
of Thermosulfurimonas dismutans S957 genome that provided

insights into the mechanisms of disproportionation of sulfur
compounds. T. dismutans, isolated from deep-sea hydrothermal
vent, is an anaerobic thermophilic bacterium which is able
to grow chemolithoautotrophically by disproportionation of
elemental sulfur, thiosulfate, and sulfite (Slobodkin et al.,
2012). Unlike the majority of deltaproteobacterial sulfur
disproportionators, T. dismutans is unable to respire sulfate.
Elemental sulfur is abundant in some marine hydrothermal
vents (Nakagawa et al, 2006), and its disproportionation by
thermophilic bacteria could be an important process of primary
production of organic matter in these ecosystems.

MATERIALS AND METHODS

Cultivation of T. dismutans

Thermosulfurimonas ~ dismutans strain  $95' was isolated
from a sample of the actively venting 