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Thermophiles and hyperthermophiles are present in various regions of the Earth, including volcanic environments,
hot springs,mud pots, fumaroles, geysers, coastal thermal springs, and even deep-sea hydrothermal vents. They are
also found inman-made environments, such as heated compost facilities, reactors, and spray dryers. Thermophiles,
hyperthermophiles, and their bioproducts facilitate various industrial, agricultural, and medicinal applications and
offer potential solutions to environmental damages and the demand for biofuels. Intensified efforts to sequence the
entire genome of hyperthermophiles and thermophiles are increasing rapidly, as evidenced by the fact that over
120 complete genome sequences of the hyperthermophiles Aquificae, Thermotogae, Crenarchaeota, and
Euryarchaeota are now available. In this review, we summarise the major current applications of thermophiles
and thermozymes. In addition, emphasis is placed on recent progress in understanding the biodiversity, genomes,
transcriptomes, metagenomes, and single-cell sequencing of thermophiles in the genomic era.
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1. Introduction

Thermophiles and hyperthermophiles dominate heated environ-
ments. The optimumgrowth temperature (OGT) for thermophiles is gen-
erally N55 °C, whereas that for hyperthermophiles is N80 °C. Hot springs
are one of themain sites where hyperthermophiles and thermophiles are
isolated, although they can also thrive in man-made environments, such
as the compost facilities (Rastogi et al., 2010). Fig. 1 shows images of sev-
eral types of hot springs and biomats taken from around the world. Hot
Fig. 1. Photographs of hot springs in the formof a pool or basin (A–C), a stream (D), heatedmud
(H–L).
springs adjacent to volcanic environments are usually acidic (Urbieta
et al., 2014b), but the pH is neutral or slightly alkaline in regions near
limestone. Thermophiles may also live under harsh conditions involving
extreme pH or high salt concentrations (Futterer et al., 2004; Giaveno
et al., 2013; Ruepp et al., 2000; Urbieta et al., 2014a). Most early biodiver-
sity studies adopted culture-dependent approaches. Findings from these
studies demonstrated that typically only 1–10% of the total population
from any biosphere is cultivable. Because of this limitation, microbiolo-
gists later chose culture-independent approaches involving the direct
(E–F), and a pot (G). Various colours of biomats and sediments that can form inhot springs
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amplification of nearly complete sequences of the 16S rRNA gene from
bulk genomes, thereby bypassing the culture and isolation steps. Many
examples of biodiversity analysis can be found in the literature, some of
which are listed in Table 1.

Thermophilic microorganisms have attracted much interest in the
realm of biotechnology, especially in relation to industrial processes
(i.e. ‘white biotechnology’) (Bergquist et al., 2014; Elleuche et al., 2014).
White biotechnology can bedefined as the use of organisms and enzymes
for industrial processing and production of materials, chemicals, and
energy. Thermophiles can be used in leaching processes and the removal
of heavy metals from waste (Ilyas, 2014). Thermophiles also produce
important industrial enzymes. In addition, thermophiles may be used di-
rectly and indirectly in renewable energy production (Bhalla et al., 2013;
Bhandiwad et al., 2013; Goh et al., 2013; McClendon et al., 2012; Parmar
et al., 2011). The purpose of this review is to provide an update regarding
recent applications with thermophiles. Progress in understanding the
biodiversity, genomes, and transcriptomes of thermophilic prokaryotes
is also discussed. This review also describes how advanced genome
sequencing technologies can help to broaden our understanding of un-
cultured thermophiles and viruses and to discover novel applications
and genes from thermophiles. This review does not discuss thermophilic
eukaryotes or metatranscriptomic aspects of thermophiles or hyper-
thermophiles, although readers can refer to Murakami et al. (2012) and
Liu et al. (2011) for insights into these topics.

2. Diversity analysis of thermophile populations

2.1. Culture-dependent studies

Traditional microorganism culture methods have been important in
characterizing the biochemical and physiological properties of pure
cultures, or in developing whole-cell applications. However, the num-
bers of colonies formed on plates are far below the number of cells
that can be visualised by microscopy. Furthermore, easily cultivable
thermophilesmay not represent those that dominate natural microbiota.
In our laboratory, Anoxybacillus, Geobacillus, andMeiothermus have been
the genera most commonly isolated from Malaysian hot springs; how-
ever, these genera in fact represent the minority of those present.
Replacing agar with gelling agents such as Gelrite and nanofibrous
cellulose can potentially increase the biodiversity of isolates capable of
forming colonies on solid medium, especially with thermophiles
(Tsudome et al., 2009). Common manipulations performed to enhance
growth conditions, such asmodifyingmedia nutrient compositions, pH,
incubation temperatures, or the levels of certain gasesmay increase the
number of different isolates obtained; however, fastidious thermo-
philes will likely be missed. The causes of 'unculturability' have been
Table 1
Examples of hot-spring biodiversity using targeted metagenome sequencing.

Hot spring name (Country)

Domas and Cibuni (West Java, Indonesia)
Boiling Springs Lake (northern California, USA)
Three hot springs located in Chiang Mai Province (Thailand)
Kirishima Natural Park (Japan)
Rehai and Ruidian geothermal fields, located in Tengchong County (Yunnan Province, Chin
Ulu Slim hot spring (Perak, Malaysia)
Three Heart Lake Geyser Basin (Mount Sheridanin, YNP, USA
Obsidian Pool, Sylvan Spring, and Bison Pool (YNP, USA)
Jim's Black Pool (Mud Volcano, YNP, USA)
Crater Hills-Alice Spring, Norris Geyser Basin- Beowulf Spring; Joseph’s Coat Hot Springs-S
Mammoth Hot Springs-Narrow Gauge, Calcite Springs-Scary Spring (YNP, USA)

Hot spring Mutnovsky Volcano (Kamchatka Peninsul, Russia)
Bison Pool (Lower Geyser Basin, YNP, USA)
Kapkai and Waramung springs on Ambitle Island (Papua New Guinea)
Three springs located within the Long Valley Caldera (Mammoth Lakes, CA, USA)
Three hydrothermal ponds in Copahue (Argentina)
addressed in several reviews (Pham and Kim, 2012; Stewart, 2012;
Vartoukian et al., 2010). Several factors can impede the growth of
thermophiles in culture, including a naturally slow growth rate, inhibi-
tion caused by antibacterial substances produced by other cells in the
population, inhibition caused by growth media components, inhibition
caused by agar, a lack of quorum-sensing or beneficial interactions and
signals, stringent chemical requirements, or an over-concentration of
the supplied nutrients. Certain thermophiles utilise carbon monoxide
(CO) (Techtmann et al., 2009), which is infrequently used in laboratory
growth conditions because most laboratories are not equipped
with a CO supply due to its toxicity to humans. In addition, most
hyperthermophiles grow under obligate anaerobic or facultative anaer-
obic conditions. Culturing anaerobic microorganisms is comparatively
more challenging than aerobic microorganisms. Candidatus bacteria
have yet to be isolated and grown in laboratories. Costas et al. (2012)
elucidated several reasonswhy Candidatus bacteria are difficult to culti-
vate in the laboratory, including the requirement for two other helper
strains in addition to its slow doubling time and stringent growth con-
ditions, such as high partial pressure of CO2.
2.2. Traditional culture-independent studies

Compared to culture-dependent studies, culture-independent studies
involving 18S or 16S rRNA gene sequencing represent a more inclusive
approach for biodiversity analysis. In culture-independent studies, nearly
complete 16S rRNA genes from bulk genomic DNA are amplified, cloned
into cloning vectors and transformed into suitable cloning hosts, usually
Escherichia coli. Subsequently, hundreds or thousands of recombinant
clones are then manually differentiated, often by fingerprinting ap-
proaches, such as restriction fragment length polymorphism (RFLP)
analysis. The process is laborious if performed manually, and the per-
centage of unique band patterns with RFLP is relatively low. Therefore,
it is advantageous to begin with as large a library as possible to obtain a
representative overview of the population. However, 16S rRNA gene
amplification is biased due to limitations of primers and DNA polymer-
ases, or PCR artefacts (Hongoh et al., 2003), and amplification may be
impeded by inhibitors present in hot springs or soils, such as humic
acid. In addition, the so-called universal primers are unable to recognize
16S rRNA genes from all genera and thus may not amplify certain gen-
era. In addition, low copy number genes are frequently missed. Some of
these limitations can often be overcome using miniprimer PCR and an
engineered Taq DNA polymerase (Goh et al., 2011; Isenbarger et al.,
2008). Using the traditional method of obtaining nearly complete 16S
rRNA gene sequences, many unculturable candidate divisions have
been discovered.
pH Temp.
(°C)

References

2 82–90 Baker et al. (2001)
2 55 Wilson et al. (2008)
7.7, 8.5, 9 75, 85, 89 Purcell et al. (2007)
2.0–2.6 66–93 Satoh et al. (2013)

a) 2.5–9.4 55.1­- 93.6 Hou et al. (2013)
7.8 98 (Goh et al., 2011)
8.1–8.6 44, 63, 75 Bowen De León et al. (2013)
6.5, 5.5, 8.1 80 Meyer‐Dombard et al. (2005)
6.7 74 Barns et al. (1994)

corodite Spring; 2.5–7.8 N65 Inskeep et al. (2013);
Inskeep et al. (2010)

3.5–4 70 Wemheuer et al. (2013)
7.3–7.8 40 Swingley et al. (2012)
9.5 N90 Millard et al. (2014)
7 80 Vick et al. (2010)
0.2–1.1 87 Urbieta et al. (2014b)
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2.3. Partial 16S rRNA gene sequencing and culture-independent studies

Next-generation sequencing (NGS), also known as second-generation
sequencing, has improved the turnaround time of 16S rRNA-gene based
biodiversity studies asmore samples can be analysed at a lower sequenc-
ing cost (Fig. 2). As the read length of most NGS sequencer platforms is
relatively short, partial 16S rRNA gene sequences is often used for the
analysis. Most 16S rRNA genes consist of nine variable regions (V1-V9)
and nine conserved regions (C1-C9). Degenerate or non-degenerate
primers are designed based on the selected conserved regions, which
collectively are also known as the targeted metagenome.

However, there are some indications that analysing partial
sequencesmay also generate biased results in biodiversity studies, com-
pared to complete 16S rRNA gene analysis. In an assessment of a sludge
metagenome, a primer set directed against the V3 and V4 regions was
recommended after the V1-V2 primer set was found to significantly
underestimate the diversity of the metagenome (Cai et al., 2013). In a
separate experiment, the same laboratory later suggested that the V1
and V2 variable regions might actually be better choices and that the
V7, V8, and V9 were the worst regions (Guo et al., 2013). The exact var-
iable regions suitable for studying thermophilic microbiota populations
require intensive study, but in silico analysis conducted using the SILVA
16S/18S rRNAnon-redundant reference databasemay provide some in-
sights (Klindworth et al., 2012). The authors of this study showed that
no single primer pair could perfectly amplify all prokaryotic phyla or
genera 16S rRNA genes. In addition, shorter read lengths and sequencing
incomplete 16S rRNA gene sequences has the unfortunate consequence
that many unique and novel environmental microorganisms are likely
to be missed.

The approach of analysing partial 16S rRNA-based metagenome
sequences is currently utilised globally, not only for study microbial
diversity in hot springs (http://www.ncbi.nlm.nih.gov/pubmed/
25798135) (Inskeep et al., 2013) but also with coastal environments
(http://journal.frontiersin.org/article/10.3389/fmicb.2015.00177/
abstract) (Somboonna et al., 2012), soil samples (Fierer et al., 2012),
municipal wastewater treatment plants (Cai et al., 2013), tongue-
coating microbiomes (Jiang et al., 2012), and the mouse gut (Lee
et al., 2010). This approach has attracted the attention of ecologists, mi-
crobiologists, and bioinformaticians alike, with the bioinformaticians ac-
tively developing various user-friendly graphical interfaces to permit
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mat, sediment, 
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Fig. 2. Overall flow diagram of research related
easy exploration and data display. Such interfaces include VITCOMIC
(Mori et al., 2010), Krona (Ondov et al., 2011), and the Windows-based
CLcommunity (Table 2). Estimation of bacterial assemblage in an envi-
ronmental sample could be inaccurate due to the copy number of these
genes varies across the taxonomy tree of life. However, there are good in-
dications that computation simulations are capable of providing insight
and enhanced analysis (Kembel et al., 2012).

2.4. Shotgun metagenome and culture-independent study

Phylogenetic analysis of complete or partial 16S rRNA gene sequenc-
ing can only answer the question ‘who are they?’ for organisms in any
given location, and such resultsmay be unsatisfactory for inquisitive re-
searchers. Targeted metagenomics (i.e. 16S rRNA biomarker) lacks com-
prehensive ecological information and cannot answer questions such as
‘what are they doing?’ or ‘how they are interacting’? For answers to
these questions, a separate metagenomics approach, known as shotgun
metagenome sequencing, can provide a comprehensive ecological view
of a given site. To illustrate, with the HiSeq® SBS Kit v4 and the HiSeq
Cluster Kit v4, the Illumina HiSeq2500 sequencer is able to generate up
to 1 terabyte of data in reads of 2 × 125 base pairs (bp) using two flow
cells in less than 6 days. Shotgun metagenome sequencing data enable
metabolic reconstruction that is not possible by 16S rRNA-amplicon
NGS (Fig. 2). Bioinformatics interfaces play crucial roles in the analysis.
The presence of functional gene sequences in biological systems may
then be analysed by KEGG (Kyoto Encyclopedia of Genes and Genomes),
COG (Clusters of Orthologous Groups), or SEED, where identifying path-
ogenic or virulence genes is possible using the SEED. Such studies can
be found in Inskeep et al. (2010) and Jiménez et al. (2012).

Two drawbacks of shotgunmetagenome sequencing are its relatively
expensive setup cost and the necessary demands for very high comput-
ing power for data storage, retrieval, and analysis. The binning and as-
sembly of reads are very challenging and requires extensive computing
costs. Currently, only a handful of programs can handle sufficient
amounts of data, among which are the MetaCluster (Wang et al.,
2012b), IDBA-UD (Peng et al., 2012), metAMOS (Treangen et al., 2013),
MetaVelvet (Namiki et al., 2012), Meta-IDBA (Peng et al., 2011), and
SOAPdenovo (Xie et al., 2014) programs. The results can be displayed
using programs like MEGAN (Huson et al., 2007), MGRAST (Glass et al.,
2010), CAMERA (Seshadri et al., 2007) (discontinued in July 2014), and
ure independent
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Table 2
List of useful websites, software application, or tools related to thermophilic metagenomic and genomic research.

Name Description/General function as displayed
in the respective website homepages

Link

ALLPATHS A de novo assembler of whole-genome sequencing reads http://www.broadinstitute.org/software/allpaths-lg/blog/
AmporaNet Estimates the taxonomic composition of bacterial and archaeal

communities frommetagenomic shotgun sequencing data. AmporaNet uses
31 bacterial and 104 archaeal protein coding marker genes

http://pitgroup.org/amphoranet/

AMYLOMICS A website that shows the aims and progress of using metagenomics to
find industrial enzymes

http://amylomics.org/

antiSMASH antiSMASH allows the rapid genome-wide identification, annotation,
and analysis of secondary metabolite biosynthesis gene clusters in
bacterial and fungal genomes.

http://antismash.secondarymetabolites.org/

BASys Web server that performs automated, in-depth annotation of bacterial
genomic (chromosomal and plasmid) sequences

Blast2GO Java-based functional annotation workstation http://www.blast2go.com/b2ghome
ClaMS ClaMS is a sequence composition-based classifier for metagenomic

sequences. ClaMS works by capturing signatures of each sequence
based on the sequence composition.

http://clams.jgi-psf.org/

CRISPRfinder A web service offering several tools related to clustered regularly
interspaced short palindromic repeats

http://crispr.u-psud.fr/Server/

DIYA (Do-It-Yourself
Annotator)

Modular and configurable open source pipeline for the rapid annotation
of microbial genome sequences

https://sourceforge.net/projects/diyg/

Earth Microbiome Project A massively multidisciplinary effort to analyse microbial communities
across the globe

http://www.earthmicrobiome.org/publications/

EDGAR Useful for comparative analysis of prokaryotic genomes https://edgar.computational.bio.uni-giessen.de/cgi-bin/edgar_login.cgi
FGENESB Annotations of bacterial genome http://www.softberry.com/
GHOSTM A homology search tool for huge short reads generated by sequencers.

GHOSTM can detect remote homologs like BLAST and is about 40 times
more efficient than BLAST.

http://code.google.com/p/ghostm/

GOLD:Genomes Online
Database

Resource for comprehensive access to information regarding genome and
metagenome sequencing projects

http://www.genomesonline.org/

IDBA-UD An iterative de Bruijn graph de novo assembler for short-read
sequencing data with highly uneven sequencing depth

http://i.cs.hku.hk/~alse/hkubrg/projects/idba_ud/

IGS Analysis Engine Resource for prokaryotic genome annotation, comparative, and
transcriptome analysis

http://ae.igs.umaryland.edu/cgi/index.cgi

JGI database Resource for plant, fungal, metagenome, and microbial programs http://jgi.doe.gov/our-science/science-programs/metagenomics/
search-metagenome-project-list/

JGI genome portal Resource for genomes and metagenomes http://genome.jgi-psf.org/programs/metagenomes/tools.jsf
JGI-IMG Analysis tools for examining publicly available genomes in IMG

(Integrated Microbial Genomes and Metagenome)
https://img.jgi.doe.gov/cgi-bin/w/main.cgi

Krona Krona allows hierarchical data to be explored with zoomable pie charts
using input data from Excel or Krona tools.

http://krona.sourceforge.net

MEGAN MEGAN (MEta Genome ANalyzer) analyses, displays, and compares
taxonomic content of single or multiple datasets. MEGAN is able to
display GO ontology, KEGG, and SEED information.

http://ab.inf.uni-tuebingen.de/software/megan/

MetaAnnotator
MetaCluster

MetaAnnotator is used for binning and annotating short paired-end reads.
MetaCluster5.0 is an unsupervised binning method.

http://i.cs.hku.hk/~alse/MetaCluster/

MetaBioMe A web resource to find novel homologs for known commercially useful
enzymes in metagenomic datasets and completed bacterial genomes

http://metasystems.riken.jp/metabiome/

metAMOS Integrated assembly and analysis pipeline for metagenomic data http://cbcb.umd.edu/software/metAMOS
MetaPhlAn MetaPhlAn is used to profile the composition of microbial communities

from metagenomic shotgun sequencing data. MetaPhlAn relies on
unique clade-specific marker genes identified from 3000 reference
genomes.

http://huttenhower.sph.harvard.edu/metaphlan

MetaVelvet Metagenomic assembly for mixed short reads of multiple species http://metavelvet.dna.bio.keio.ac.jp/
MGRAST An automated analysis platform for metagenomes providing quantitative

insights into microbial populations
http://metagenomics.anl.gov/

Molbiol-tools A comprehensive link to other useful tools http://molbiol-tools.ca/Genomics.htm
mOTUs Provides species-level profiles that are generated by mapping reads from

metagenomes to a database consisting of 10 universal marker genes
http://www.bork.embl.de/software/mOTU/index.html

MycoCosm Fungal genome resource www.jgi.doe.gov/fungi
NCBI genome browser Resource for information on genomes including sequences, maps,

chromosomes, assemblies, and annotations
http://www.ncbi.nlm.nih.gov/genome/browse/

NCBI Prokaryotic Genome
Annotation Pipeline

Annotates bacterial and archaeal genomes http://www.ncbi.nlm.nih.gov/genome/annotation_prok/

PHAST A web server designed to rapidly and accurately identify, annotate, and
graphically display prophage sequences within bacterial genomes or
plasmids

http://phast.wishartlab.com/

QIIME A software package for the comparison and analysis of microbial
communities, primarily based on high-throughput amplicon
sequencing data (such as small subunit ribosomal rRNA) generated on a
variety of platforms, but also the supporting analysis of other types of
data, such as shotgun metagenomic data

http://qiime.org/

RAST Fully automated service for annotating complete or nearly complete
bacterial and archaeal genomes

http://rast.nmpdr.org/

SOAPdenovo2 Metagenome assembler http://soap.genomics.org.cn/soapdenovo.html

(continued on next page)
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http://i.cs.hku.hk/~alse/hkubrg/projects/idba_ud/
http://ae.igs.umaryland.edu/cgi/index.cgi
http://jgi.doe.gov/our-science/science-programs/metagenomics/search-metagenome-project-list/
http://jgi.doe.gov/our-science/science-programs/metagenomics/search-metagenome-project-list/
http://genome.jgi-psf.org/programs/metagenomes/tools.jsf
https://img.jgi.doe.gov/cgi-bin/w/main.cgi
http://krona.sourceforge.net
http://ab.inf.uni-tuebingen.de/software/megan/
http://i.cs.hku.hk/~alse/MetaCluster/
http://metasystems.riken.jp/metabiome/
http://cbcb.umd.edu/software/metAMOS
http://huttenhower.sph.harvard.edu/metaphlan
http://metavelvet.dna.bio.keio.ac.jp/
http://metagenomics.anl.gov/
http://molbiol-tools.ca/Genomics.htm
http://www.bork.embl.de/software/mOTU/index.html
http://www.jgi.doe.gov/fungi
http://www.ncbi.nlm.nih.gov/genome/browse/
http://www.ncbi.nlm.nih.gov/genome/annotation_prok/
http://phast.wishartlab.com/
http://qiime.org/
http://rast.nmpdr.org/
http://soap.genomics.org.cn/soapdenovo.html


Table 2 (continued)

Name Description/General function as displayed
in the respective website homepages

Link

Terragenome (International
Soil Metagenome
Sequencing Consortium)

Facilitates the international community involved in soil metagenomics
by holding periodic meetings to plan strategies and share information,
coordinating sequencing and bioinformatics activities, hosting
workshops to train students and scientists in metagenomic analysis,
and generally enhancing communication and information sharing
through the TerraGenome website

http://www.terragenome.org/

VIROME VIROME informatics pipeline focuses on the classification of predicted
open-reading frames (ORFs) from viral metagenomes

http://virome.dbi.udel.edu/

VITCOMIC VITCOMIC analyses millions of bacterial 16S rRNA gene sequences and
calculates the overall taxonomic composition for a microbial
community. VITCOMIC plots all sequences in a single figure and
indicates relative evolutionary distances.

http://mg.bio.titech.ac.jp/vitcomic/

WebMGA WebMGA includes over 20 commonly used tools for analysis, such as
ORF calling, sequence clustering, quality control of raw reads, removal
of sequencing artefacts and contaminations, taxonomic analysis, and
functional annotation.

http://weizhong-lab.ucsd.edu/metagenomic-analysis/server/
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several other tools that are listed in Table 2. Due to complexities inherent
to microbial communities involving the cohabitation of closely related
species, the assembler contigs generate build-ups of consensus se-
quences contributed by slight variations in the genomes of the subspe-
cies tested (Peng et al., 2011). In an excellent review, Thomas et al.
(2012) commented that the development of metagenome assemblers
is still in an early stage, and it is difficult to access the accuracy of the
data. This problem for shotgun metagenomics is also complicated by
short read lengths and, hence, only a handful of NGS instruments are
suitable for this kind of study. Davenport and Tümmler (2013) have
discussed advances in computational analysis and tips in dealing with
shotgun sequencing, although it is beyond the scope of this review to
address all of these points.

3. Genomes of prokaryotic thermophiles

Currently, only two bacterial families are categorised as hyper-
thermophiles (Aquificaceae and Thermotogaceae), while the majority of
hyperthermophiles are archaea. At the time of writing, thirteen com-
plete genomes of Aquificae and 20 complete genomes Thermotogae
have been assembled. A total of 38 complete genomes of Crenarchaeota
and 120 complete genomes of Euryarchaeota could be accessed from
KEGG (http://www.genome.jp/kegg/catalog/org_list.html). Datasets
for the genomes of common thermophiles (e.g. Geobacillus and
Thermus) are abundant.With the availability of thermophilic and hyper-
thermophilic genome data, many valuable lessons have been learned,
some of which are summarised below.

3.1. Life under extreme conditions is made possible by special
genome features

A high GC content is not a good indicator of thermophilicity (Hickey
and Singer, 2004). For example, Aquifex aeolicus has a lowGC content of
43.4% (Deckert et al., 1998), despite its high OGT of 95 °C. Moreover,
most hyperthermophilic archaea do not have high GC contents either.
Two examples include the Caldisphaera spp. and Methanotorris spp.,
which have average GC contents of only 30% and 32.3%, respectively,
while E. coli has a GC content of 50.7%. However, it is possible that the
GC content of rRNA/tRNA may be a better indicator of thermophilicity
than the GC content of genomic DNA (Trivedi et al., 2005).

There is no simple correlation between the OGT and genomic fea-
tures because thermophilicity results from a combination of factors.
Some of these factors are mentioned herein. Sabath et al. (2013)
found that thermophiles have less intergenic DNA, which makes their
genomes compact. On average, every 1 kb of a bacterial genome en-
codes a gene, but the length is slightly shorter in thermophilic archaea.
Based on comparisons of 1553 prokaryotes, cells that grow below 45 °C
have genomes larger than 6 Mbp, while the average genome length is
less than 4 Mbp for thermophiles (Sabath et al., 2013). It seems that if
the OGT is higher still, the genome size may be smaller than 2 Mbp,
especially for hyperthermophilic archaea and Aquificae. An example of
this phenomenon can be seen with Hyperthermus spp., which has an
average OGT of 100.5 °C and a mean genome size of only 1.67 Mbp.

Thermophiles have adopted several strategies to stabilise their pro-
teins. Thermophilic proteins have shorter amino acid lengths than
their counterparts fromnon-thermophilic organisms,whichmay reflect
the importance of a reduced number of flexible regions in the native
protein structures. Based on 204 complete proteomes of bacteria and
archaea, the amino acids Ile, Val, Tyr, Trp, Arg, Glu, and Leu have been
found to be correlated with OGT (Zeldovich et al., 2007). In an earlier
analysis, Singer and Hickey (2003) discussed specific patterns of ther-
mophiles from the viewpoints of codon usage, amino acid composition,
and nucleotide content. Thermophiles also use compatible solutes to
stabilise cell components (Borges et al., 2010; Empadinhas and da
Costa, 2011; Faria et al., 2008; Santos and Da Costa, 2002).

In this genomic era, most researchers search for insights into
thermophilicity using the complete annotated genome. It is well
established that important ORFs encode heat shock proteins (HSPs),
chaperones, chaperonins (assisting the folding of macromolecules);
agmatine (thought to stabilize DNA and RNA); spermidines (polyamines
from ribosomes that maintain membrane potentials); polyamines
(needed for growth, possibly as membrane stabilizers); α- and β-
subunit prefoldins (protein folding chaperons), SOS regulons (DNA
damage responses); and other DNA repair systems. Reverse gyrase (a
heat-protective DNA chaperone) is also believed to play an important
role in genome thermostability (Heine and Chandra, 2009). Inmembers
of the Pyrococcus and Methanococcus genera, the chaperone-like
protein-folding activity of the FK506-binding protein (FKBP) is involved
in stabilising the solubility of proteins (Fukui et al., 2005).

Not all of the aforementioned biomolecules are found exclusively
in thermophiles. For instance, DNA-repair systems are also present in
mesophilic cells. To elucidate the true mechanisms of thermophilic
survival, rational guesswork based on genomic data alone is insuffi-
cient. Therefore, DNA microarray, proteome, and transcriptome
sequencing (RNA-seq) experiments are also needed. Several trans-
criptome analyses on various archaea have been performed, and
some of the more important findings are summarised in a previous re-
view (Walther et al., 2011). To state a few examples here, the OGT for
the methanarchaeon Methanococcus jannaschii is 85 °C, and when the
cells are grown at 95 °C, upregulation was observed with the prefoldin
alpha subunit, small HSP, thermosome subunit, and protease regulatory
subunit, CRISPR-associated proteins, and a hypothetical protein

http://www.genome.jp/kegg/catalog/org_list.html
http://www.terragenome.org/
http://virome.dbi.udel.edu/
http://mg.bio.titech.ac.jp/vitcomic/
http://weizhong-lab.ucsd.edu/metagenomic-analysis/server/
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(Boonyaratanakornkit et al., 2005). The functions of hypothetical pro-
teins are, by definition, unknown, but some may eventually be found
to serve novel stabilising or protein-repair roles.

Previous experimental data identified HSP60 and elongation factor
Tu as factors contributing to the thermostability of Thermotogamaritima
(Wang et al., 2012c). Unexpectedly, proteins involved in the central
carbohydrate metabolism of Thermotoga maritima were upregulated at
high temperature, although the exact relationship of such upregulation
to thermophilicity remains unclear. As more temperature-related RNA-
seq data become available in the future, hopefully one daywe can deter-
mine shared global stabilising mechanisms, as well as pinpoint specific
thermophilicity signatures in each thermophile genus or domain.

3.2. Horizontal gene transfer and symbiosis between thermophiles

Previous work suggested that horizontal gene transfer (HGT) is an
important process for thermophiles. A few examples are mentioned
here. The Thermomicrobium genus is a rare thermophilic genus with
only two properly described species. The genome of Thermomicrobium
roseum DSM 5159 contains a circular chromosome (2.0 Mbp) and a
megaplasmid (919,596 bp) (Wu et al., 2009). Interestingly, the com-
plete set of genes encoding the flagellar system of this bacterium is
found in the megaplasmid and not in the bacterial chromosome,
which is unusual. The authors suggested that these genes are the result
of HGT activity. In another example, the archaeon Picrophilus torridus
grows optimally at 60 °C and at a pH of 0.7. Examination of the genome
revealed that certain genes supporting the extreme optimal growth
conditions of thermoacidophilic archaea were transferred from
Crenarchaea and bacteria (Futterer et al., 2004). Twenty-four percent of
the genes in the bacterium Thermotoga maritimawere acquired from ar-
chaea (Nelson et al., 1999), thereby enabling T. maritima to adapt to high
temperatures (Zhaxybayeva et al., 2009). From the above findings, HGT
could occur between domains (i.e. hyperthermophilic bacteria and
hyperthermophilic archaea) or between close genera (i.e. Thermotoga
and Aquifex; Anoxybacillus and Geobacillus (Goh et al., 2014)), as part of
survival mechanism under harsh conditions.

Symbiosis among thermophiles can enable two or more parties
to thrive in extreme conditions. Candidatus Chloracidobacterium
thermophilum is difficult to culture in a laboratory unless co-cultured
with Anoxybacillus andMeiothermus species. The intercellular communi-
cation and symbiosis between these three different thermophilic genera
have yet to be studied. The genome of Candidatus Chloracidobacterium
thermophilum lacks a sulphate reductase gene, and the Anoxybacillus
andMeiothermus species may complement the sulphate reduction func-
tion lacked by the Candidatus species (Costas et al., 2012). In another
example, the Crenarchaeota Ignicoccus hospitalis serves as a specific host
for Nanoarchaeum equitans, and gene exchange between them was
found to result in additional biochemical functions (Podar et al., 2008).
Exactly how these two cell types recognise and interact with each other
is currently unknown.

4. Applications of thermophiles and thermozymes

In general, many thermophiles are polyextremophiles, meaning that
they are alsowell adapted to thrive under other extreme environmental
conditions, such as those related to pH, redox potential, salinity, or the
presence of a wide spectrum of toxic compounds. The advantages of
using thermophilic microorganisms in biotechnological applications
are listed in Table 3. Biotechnological applications of thermophiles can
be divided between applications using whole cells, either in pure
culture or in consortia, and applications using their macromolecules or
metabolites. Among the numerous biotechnological applications that
use thermophile cells (Table 4), those concerning bioremediation strate-
gies and clean production technologies are among the most interesting.
Thermophiles also have well known and potentially highly productive
applications in bioenergy, biomining, thermozyme, and biosurfactant
production.
4.1. Bioenergy – biofuels

The search for new sources of energy production, especially
bioenergy, has become a topic of worldwide interest due to increased
concerns over declining fossil fuel reserves and climate change. Biofuels
can exist as solids, liquids, and gases. According to European Committee
for Standardization, CEN (TC335) solid biofuels may be sub-classified as
woody biomass, herbaceous or fruit biomass and blends, and mixtures
based on the origin and source utilised for their production (Alakangas
et al., 2006).

Liquid biofuels (i.e. bioethanol, biodiesel, biobutanol, and
biokerosene) are obtained by fermenting materials such as starch and
lignocellulosic biomass, or by extracting lipid fractions from various
sources such as plants and microorganisms. Thermophiles are able to
produce thermostable enzymes that efficiently degrade lignocellulosic
biomass (i.e. xylan, cellulose, and hemicellulose) for liquid biofuel pro-
duction. For instance, cellulases and xylanases from Caldicellulosiruptor,
Caldanaerobius, and Clostridium spp. exhibit efficient lignocellulosic-
degrading activity with potential applications in the production of vari-
ous liquid biofuels (Bhalla et al., 2013; Han et al., 2012; Su et al., 2013).
In a recent study involving biobutanol production, Bhandiwad et al.
(2013) published very interesting results with Thermoanaerobacterium
thermosaccharolyticum where they over-expressed specific genes of
the bcs operon responsible for forming butyryl CoA, and they increased
n-butanol production by 180% compared to the wild type strain.

Methane and hydrogen are examples of gas biofuels that can be ob-
tained by the anaerobic fermentation of different feedstocks and waste
materials. A review published in 2014 gathered the most recent infor-
mation on anaerobic thermophiles, including the production of gas
biofuels (Canganella and Wiegel, 2014). Biohydrogen can be produced
by the photosynthetic conversion of sunlight and water facilitated by
certain microorganisms, such as cyanobacteria. Cyanobacteria are able
to convert up to 10% of the Sun’s energy into biomass, compared to
only 1% that is converted by conventional energy crops such as corn or
sugarcane, or the 5% achieved by algae (Parmar et al., 2011). In addition,
biohydrogen production can be achieved by anaerobic dark fermenta-
tion of organic wastes (Hawkes et al., 2007; Kongjan et al., 2010; Li
and Fang, 2007). In addition, hydrogen production via enzymatic reac-
tions is highly interesting. When oxygen and hydrogen are combined
in a fuel cell, the reaction provides electricity and some heat, with
water as the only waste product. Biohydrogen can be obtained by
transforming cellulose into glucose and then converting the glucose
product and its byproduct (gluconic acid) into hydrogen (Woodward
et al., 2000). The Woodward team has identified, isolated, purified,
and characterised extremozymes thatmight be useful for energy produc-
tion. The process of converting glucose to hydrogen is more efficient at
higher temperature; thus, it makes sense to replace standard enzymes
with those from extremozymes (i.e. hydrogenase). The deep-sea hydro-
thermal vent Pyrococcus furiosus hyperthermophile produces a hydroge-
nase that works most efficiently at 85 °C and is also one of only two
enzymes known to accept electrons from NADPH to produce hydrogen
(Raven et al., 1992).

Consolidated bioprocessing (CBP) offers a promising alternative to
biohydrogen production using thermophiles (Parisutham et al., 2014).
Its most important advantage is in the reduction of costs, especially
during the pretreatment stagewhere hazardous chemicals and expensive
enzymes are generally required for the hydrolysis of biomass. CBP com-
bines enzymatic pretreatment, enzymatic saccharification, and sugar fer-
mentation in a single step using specific microorganisms as biorefineries.
For example, anaerobic biohydrogen production using Caldicellulosiruptor
saccharolyticus showed outstanding results in CBP of switchgrass, micro-
crystalline cellulose, and glucose (Talluri et al., 2013).



Table 3
Advantages of the use of thermophiles in biotechnological applications.

High metabolic activity leads to enhanced product formation rates
Inactivation or elimination of contaminant/pathogenic mesophilic microorganisms
Production of heat stable macromolecules and metabolites
Metabolic reactions occur at the same high temperature that substrates solubilise
No cooling steps required after heating steps
Increased diffusion rates, ionization and solubility of chemicals
Lower density, surface tension, and viscosity of solutions enhance reaction rates
Direct recovery of volatile products
Low bacterial mass formation yields higher ratios of desired product over
assimilated substrate and lower production of waste

Express thermostable enzymes
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Methane trapped in coal beds has emerged as another alternative
energy source. Biomethane is the result of a series of biochemical reac-
tions where coal is converted to methane by certain anaerobic bacteria
(Kotelnikova, 2002). The microbial conversion of coal to methane has
long been a topic of research (Jones et al., 2008; Thielemann et al.,
2004). Currently, research in this area is moving towards thermophilic
consortia capable of stimulating methanogenesis from different coal
sources at high temperature that characterise coal mining operations.
A study using different coal substrates from the Jharia coal mines in
India reported 49% methane production at 65 °C using an autochtho-
nous methanogenic microbial community enriched from water in the
same coal mines. A phylogenetic study of the community showed that
Methanoculleus thermophilus was the predominant species involved
(Lavania et al., 2014).

Despite the promising use of thermophiles mentioned above, the
use of thermophilic microorganisms in the production of biofuels also
presents a series of disadvantages (Lin and Xu, 2013). It is well
established that different thermophiles can utilise different carbohy-
drate sources, including complex polymers. Moreover, some species
can co-utilise carbohydrates, a feature that is surprising, especially for
monomers, as certain thermophiles seem to lack a mechanism known
as ‘carbon catabolite repression’ that represses sugar co-utilisation in
many mesophilic bacteria (Gorke and Stulke, 2008). In spite of the ap-
parently wider metabolic possibilities, the majority of thermophiles
Table 4
Biotechnological applications of whole-cell thermophiles.

Whole cell
application

Thermophile

Biofuel production
Caldicellulosiruptor bescii, Caldanaerobius polysaccharolyticu

Thermoanaerobacterium thermosaccharolyticum
Caldicellulosiruptor saccharolyticus

Methanoculleus thermophiles and other
autochthonous thermophiles from coal mine

Bioremediation
Geobacillus sp., Anoxybacillus flavithermus,
Thermus thermophiles, Thermococcus zilligii
Thermus scotoductus, Pyrobaculum. islandicum,
Thermoanaerobacter sp., Thermoterrabacterium ferrireducen
Aeribacillus sp., Geobacillus sp.

Anoxybacillus sp.
Non characterised thermophiles

Bioleaching
Sulfobacillus sp., Ferroplasma sp., Acidianus infernus

Acidianus brierleyi, Acidianus manzaensis,
Metallosphaera sedula, Sulfolobus metallicus

Food, animal feed,
compost for agriculture,
cultivation production

Clostridium sp., Caldicellulosiruptor sp.
present low efficiencies in carbon utilisation, and in some cases, more
than one speciesmay be needed for the complete degradation of certain
polymers, such as cellulose, with the exception of species such as
Bacillus, Geobacillus, and Paenibacillus (Rastogi et al., 2009). Similarly,
even though thermophiles have higher enzymatic reaction rates, most
cultures of thermophiles achieve low cellular counts. The total
yield of biofuels produced by thermophiles is still below industrial
needs. Thermophiles present another problem: they are more recalci-
trant to genetic manipulation than mesophiles.

4.2. Biomining

Biomining comprises different biological processes with the aim to
enhance the recovery of metals from ores. Bioleaching and biooxidation
are two bio-extractive processes applied to sulphide minerals included
in biomining. Both bioprocesses are performed by the samemicroorgan-
isms and employ the same mechanisms; however, during bioleaching,
the metal of interest is solubilised by biological catalysis, while in
biooxidation, the microorganisms dissolve the mineral matrix that
occludes the metal to be recovered, which can be later dissolved using
other chemical leaching agents. Themost suitable biominingmicroorgan-
isms require the ability to generate oxidizing and acidic conditions that
attack metal sulphides and allow the release of the metal of interest to
the acidic water solution as soluble sulphates. Acidophilic iron- and
sulphur-oxidising prokaryotes are involved in bioleaching and bio-
oxidation processes because they canoxidise Fe (II) to Fe (III) and sulphur
compounds to sulphuric acid. Fe (III), a suitable oxidising agent for metal
sulphides is continually regenerated by the action of iron-oxidising mi-
croorganisms, releasing themetal from themineral to the solution. In ad-
dition, sulphuric acid produced by sulphur-oxidising microorganisms
keep the pH at low values to retain metal ions in solution (Donati and
Sand, 2007).

Although biomining processes could theoretically be applied to
othermetals, themain commercial applications are developed for copper
bioleaching and the biooxidation of refractory gold ores. Bioleaching of
other metals (cobalt, nickel, and zinc) is rarely applied at the commercial
scale, except under very specific conditions. Two different technologies
Action Reference

s Xylan degrading activity Han et al. (2012);
Su et al. (2013)

Butanol production Bhandiwad et al. (2013)
Consolidated bioprocess for anaerobic
hydrogen production

Talluri et al. (2013)

Methane production from coal mine substrates Lavania et al. (2014)

Biosorption of toxic metals Chatterjee et al. (2010);
Sar et al. (2013)

s
Immobilisation of radionuclides Chernyh et al. (2007)

Biodegradation of recalcitrant aromatic
compounds and hydrocarbons

Mnif et al. (2014)

Degradation of azo-dyes Deive et al. (2010)
Construction of biofilters for gas deodoration Ryu et al. (2009)

Enhanced Cu extraction from chalcopyrite Abdollahi et al. (2014);
d'Hugues et al. (2002);
Qin et al. (2013)

Metal solubilisation from nickel-copper sulphide Li et al. (2014)

Improved compost quality by cellulolytic activity Basen et al. (2014);
Han et al. (2012);
Sizova et al. (2011)
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are used in biomining: stirred tanks and heaps. Most commercial
biomining applications run at temperatures below 40–50 °C, mainly
because the first and better-studied biomining microorganisms are
mesophiles or moderate thermophiles (Donati and Sand, 2007). How-
ever, it is nowwell known that the use of thermophiles can be advanta-
geous for bioleaching because the possibility of operating at higher
temperatureswould increase the overall rate of the process. In addition,
the use of thermophileswould eliminate the energy input requirements
for cooling the system (bioleaching reactions are exothermic, causing a
serious increase in temperature in bioreactors and inside the heaps)
and would decrease the passivation of mineral surfaces. The use of
higher temperatures could cause some problems, such as lowering the
solubility of reactant gases (like O2 consumed by the aerobic thermo-
philes) and increasing the evaporation rate and increasing the corrosive
action of the acidic liquor (which would require changing from steel to
ceramic tanks). However, the use of thermophiles could be a solution
for the current main problem in copper bioleaching: enhancing copper
extraction from chalcopyrite. Chalcopyrite (CuFeS2) is amineral species
that accounts for approximately 70% of the world's copper reserves
(Wang, 2005), however it is highly recalcitrant to chemical ormesophilic
biological leaching (Johnson et al., 2008). Several studies have proven
that thermoacidophilic microorganisms can generate satisfactory copper
recovery yields,much higher than those obtainedwithmesophilicmicro-
organisms (Abdollahi et al., 2014; d'Hugues et al., 2002; Li et al., 2014; Qin
et al., 2013). A notable example is the archaeon Acidianus sulfidivorans sp.
nov., described by Plumb et al. (2007), which is capable of metal extrac-
tion under highly extreme conditions. It has optimum growth condi-
tions at a pH of 0.35–3.0 and a temperature of 45–83 °C and is able to
grow on various sulphide minerals, including pyrite, arsenopyrite, and
chalcopyrite.

4.3. Bioremediation

Bioremediation can be defined as an eco-friendly pollution treatment
technology that exploits microorganisms (autochthonous or artificially
introduced), generally at low costs to reduce, eliminate, contain, and/or
transform environmental organic or inorganic contaminants to benign
products (Tabak et al., 2005). The use of extremophilic microorganisms
has become a promising alternative to treat metal-contaminated sites
(Sen et al., 2014). This is because thermophiles exhibit enhanced metal
solubilisation through sulphur and/or iron metabolic oxidation. Thermo-
philic microbial communities are able to couplemetal reductionwith the
oxidation of different organic and inorganic substrates. They are also able
to reduce awide spectrumofmetals, includingMn (IV), Cr (VI), U (VI), Tc
(VII), Co (III),Mo (VI), Au (I, III), andHg (II),which can beused for the im-
mobilisation of toxic metals during bioremediation, and even of hot
wastewater in disposal sites containing radioactive wastes.

The biosorption of different metals, such as Cd, Cu, Ni, Zn, andMn has
been evaluated with Geobacillus species, Anoxybacillus flavithermus,
Thermus thermophiles, and the archaeon Thermococcus zilligii (Chatterjee
et al., 2010; Sar et al., 2013). Thermophiles present great advantages for
the precipitation and/or immobilisation of toxicmetals and radionuclides
(U, Cr, Tc, Co) in the treatment of heated nuclear waste streams. Enzy-
matic uranium and technetium reduction has been shown in Thermus
scotoductus, Pyrobaculum islandicum, Thermoanaerobacter sp., and
Thermoterrabacterium ferrireducens (Chernyh et al., 2007). The reduction
of Cr (VI), Se (IV), and Te (IV) by thermophilic species has also been re-
ported (Sar et al., 2013).

The use of thermophiles for the biodegradation of hydrocarbons
with lowwater solubility is of interest, as the solubility of hydrocarbons
and thus their bioavailability are enhanced at elevated temperatures.
Indigenous thermophilic bacteria from the genus Bacillus were used to
degrade crude oil spills left in the Persian Gulf after oil extraction proce-
dures and the Gulf war (Al-Maghrabi et al., 1999). Other examples of
biodegradation and bioremediation of hydrocarbons were discussed
by Margesin and Schinner (2001). Regarding the bioremediation of
haloorganic compounds, Guerrero-Barajas et al. (2014) reported 74%
biodegradation of trichloroethylene (TCE) biodegradation in an upflow
anaerobic sludge blanket inoculated with sulphidogenic sludge from
hydrothermal vents sediments. The microorganisms identified in
the sludge during TCE biodegradation were related to the genera
Dehalobacter, Desulfotomaculum, Sulfospirillum, Desulfitobacterium,
Desulfovibrio, and Clostridium.

Thermophiles may also serve in an increasing number of potential
applications in the bioremediation of highly pollutive organic com-
pounds. Thermophilic bacteria related to theAeribacillus andGeobacillus
genera have shown biodegradation capacities for several recalcitrant
aromatic compounds and hydrocarbons (Mnif et al., 2014). There is
one report on the use of Anoxybacillus sp. in degrading azo dyes,
which represent approximately 50% of the industrially used dyes and
are extremely hazardous compounds (Deive et al., 2010). In the past
few years, thermophiles have been tested for the construction of
biofilters for deodorising gases emitted from various industries. Ther-
mophilic biofiltration has the advantage of not requiring cooling of the
gases, thus diminishing the economic cost of the process. Promising re-
sults have been reported for the removal of volatile organic compounds,
such as ethanol, benzene, ethyl acetate, and sulphur-containing gases
(Ryu et al., 2009). Although the bioremediation of inorganic and organic
pollutants has many advantages, i.e. more environmentally friendly
with lower operating costs than that of traditional clean-up methods,
its slow rate is themain disadvantage and the probable reason this tech-
nology has not been adopted. Considering the results of these studies,
the use of thermophilic species in bioremediation seems to be a prom-
ising tool to increase the efficiency of the processes.

4.4. Thermozymes

The outstanding properties of thermozymes are suited to particular
industries that employ elevated temperatures, such as the pulp and
paper, food, brewing, and feed processing industries. Thermophiles are
often highly resistant to harsh conditions such as chemical denaturing
agents, wide pH ranges, and/or non-aqueous solvents. Examples of such
enzymes are cellulases, xylanases, pectinases, chitinases, amylases,
pullulanases, proteases, lipases, glucose isomerases, alcohol dehydroge-
nases, and esterases (Bergquist et al., 2014; Chai et al., 2012; Elleuche
et al., 2014; Kahar et al., 2013). Thermophilic enzymes have played im-
portant roles not only at the industrial level (Table 5), but also in pharma-
ceutical applications requiring use of specific aldolases for the synthesis of
enantiopure compounds (Falcicchio et al., 2014).

Thermozymes aremost commonly used in the production of biofuels
from starch and lignocellulosic material. The conversion of starch to sin-
gle fermentable glucose molecules requires high temperature and low
pH conditions, with the catalytic action of amylases, glucoamylases,
and/or pullulanases. For the production of second-generation biofuels,
the complex structure of lignocellulosic materials must be degraded by
chemical and physical means (high temperature, low pH, high pressure)
to obtain cellulose, hemicellulose, and lignin, which thenmust be treated
with the corresponding hydrolytic enzymes (Elleuche et al., 2014). Con-
sidering the pretreatment conditions, extremophilic hydrolytic enzymes
are better suited for the task than mesophilic enzymes.

4.5. Biosurfactants

Biosurfactants are amphiphilic compounds that are produced by
microorganisms and help to enhance the emulsification and dispersal
of water-insoluble compounds. Biosurfactants can be glycolipids, lipo-
polysaccharides, lipoproteins, phospholipids, hydroxylated and cross-
linked fatty acids, and/or complete cells. The use of biosurfactants has
increased notably in industries related to food, agriculture, pharmaceu-
ticals, petroleum, and paper/pulp due to their lower toxicity; higher
biodegradability; better environmental compatibility; higher foam
formation; higher specific activity at extreme temperature, pH, and



Table 5
Recent reports on macromolecules produced by thermophiles with known or potential biotechnological applications.

Macromolecule Thermophile/Source Activity Industry/Bioprocess Reference

Thermozymes
Aldolase Sulfolobus solfataricus, S. acidocaldarius,

Thermoproteus texas, Hypertermus butilicus
Stereoselectibe C-C bond formation Pharmaceutical industry Falcicchio

et al. (2014)
G6PD, 6PGD, R5PI,
others*

Geobacillus stearothermophilus,
Moorella thermoacetica, Thermotoga maritima

Glucose oxidation Enzymatic fuel cell Zhu et al.
(2014)

Hydrogenase Pyrococcus furiosus Final stage of glucose oxidation by
oxidative
pentose phosphate cycle

Enhanced production of biohydrogen Woodward
et al. (2000)

Pullulanase Thermotoga neapolitana Hydrolysis of α-1, 6-glucosidic linkages Biofuel production Kang et al.
(2011)

α-Amylase Uncultured clone (metagenomic screaning) Starch hydrolysis at high temperature
and high NaCl concentration

Biogas production Jabbour et al.
(2013)

Endoxylanase Acidothermus cellulolyticus β-1, 4-xylan cleavage Biofuel production from lignocellulose Barabote et al.
(2010)

Chitinase Sulfolobus tokodaii Hydrolysis of β-1, 4-glycosidic bond in
chitin

Biomedical, pharmaceutical, food and
environmental

Staufenberger
et al. (2012)

Keratinolytic protease
complex

Meiothermus ruber Keratin hydrolysis Feather degradation (industrial waste) Kataoka et al.
(2014)

Protease Microbial community from solid state
fermentation reactor

Degradation of hair waste from tannery Leather industry Abraham et al.
(2014)

Lipase Geobacillus sp. Hydrolysis of divers lipid substrates Biofuel, cosmetics or perfumes
production, leather and pulp industries

Gudiukaitė
et al. (2014)

Acidic thermostable
lipase

Bacillus pumilus Degradation of palm oil Treatment of palm oil-containing
wastewater

Saranya et al.
(2014)

Carboxylesterase Geobacillus thermoleovorans Carboxyl ester hydrolysis Agriculture, food, and pharmaceutical
industries

Soliman et al.
(2014)

Biosurfactants
Thermostable
lipopeptide-type
biosurfactant

Aneurinibacillus thermoaerophilus Reduction of the surface tension of water Agriculture, food, and pharmaceutical,
petroleum and paper/pulp industries

Glicolipid-type
biosurfactant

Alcaligenes faecalis Decrease of surface tension at air–water
interface, enhance of emulsification

Oil industry Bharali et al.
(2011)

Cyclic lipopeptides Bacillus licheniformis, B. subtilis, B. subtilis Oil mobilization, enhance in oil recovery Oil industry Joshi et al.
(2008)

* G6PD (glucose-6-phosphate dehydrogenas), 6PGD (6-phosphogluconate dehydrogenase), R5PI (ribose-5-phosphate isomerase).
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salinity; and a greater possibility of obtaining them from renewable
sources (Sharafi et al., 2014). As in other fields, thermophiles have
demonstrated potential for the production of biosurfactantswith higher
temperature stabilities and increased resistance to other extreme
physicochemical parameters, such as pH and salinity. Species with
enhanced performance thus far identified have been related to the
Aneurinibacillus, Geobacillus, Alcaligenes, Bacillus, and Brevibacillus
genera (Bharali et al., 2011; Joshi et al., 2008; Mnif et al., 2011; Sharafi
et al., 2014).

5. Future prospects on the studies of thermophiles

5.1. Exploring the unculturable thermophiles by culture medium
reengineering and single-cell sequencing

Many novel methods have been developed in attempts to cultivate
the yet-to-be-cultured prokaryotes (Pham and Kim, 2012). Despite
these efforts, a vast number of cells are still unable to be cultured in
laboratories. During early work conducted at the hot springs of Yellow-
stone Park,manyunknown16S rRNA sequenceswere coded as candidate
divisions or also known as Candidatus. The occurrence of unculturable
bacteria does not signify 'can never be cultured' (Stewart, 2012). Culture
medium reengineering is somehow needed. Instead of using blind selec-
tion or trial-and-error approaches of medium modification, researchers
may need to redesign media recipes based on microbiota populations,
as determined via 16S rRNA metagenomics. In addition, functional gene
microarrays, such as the GeoChip 4.0 with 83,992 probes (Tu et al.,
2014) or the more recent GeoChip version 5.0 (167,044 probes), may
provide some insight in surveying the metabolic activity and dynamics
of the community. Obtaining such information may be useful for
redesigning media.
As its name implies, single-cell manipulation can be used to study
microorganism at the one-cell level. This technique can be very useful
in characterizing thermophiles that currently cannot be cultured
despite massive efforts in growth media experimentation that have
been undertaken to culture bacteria from various habitats. Single-cell
manipulation and single-cell NGS involve the direct capture of an
unculturable bacterium, followed by single-cell NGS. For example, a
single cell of candidate division OP11 (ZG1) was isolated using
microfluidics approach (Youssef et al., 2011), and almost half of the par-
tial sequenced genome was unique, showing few hits when compared
to known genes. In the co-author’s (K.G.C.) laboratory, we have
used a micromanipulator equipped with a glass micropipettor and
a light microscope for guidance to directly capture a bacterium
from a water source, followed by whole-genome sequencing. Using
this method, we have isolated and whole-genome sequenced several
environmental bacteria, all of which are considered unculturable.
Other useful cell sorting methods include microfluidic flow, laser
tweezers, optoelectronic tweezers, microfluidic arrays, flow cytome-
try, and microdrop emulsion. The individual features of each method
have been reviewed by Blainey (2013) and Lasken (2012). Some
techniques and commercial available tools are suitable for large-sized
cell lines, but are not applicable for use with smaller microorganisms.
In addition, the isolation of single cells using various techniques is inev-
itably limited by insufficient nucleic acid contents. However, this issue
can be well addressed by a technique called multiple strand displace-
ment amplification, which enables whole-genome amplification and
hence, has made NGS of single-cell genomes and even transcriptomes
possible. Table 6 shows some examples of recent work made in effort
to obtain genomic sequences from uncultivated cells; little work has
been performed using thermophilic samples, but more is expected in
the future.



Table 6
Summary of findings from single-cell and metagenome sequencing for uncultured prokaryotes.

Uncultured
prokaryotes

Type of sample (source) Approach Remarks References

*Candidate division OP3 Bacteria
(flooded paddy soil)

Fosmid metagenome OP3 was originally detected in Obsidian Pool hot spring.
The 16S rRNA phylogeny suggests that OP3 belongs to
the Planctomycetes/Verrucomicrobia/Chlamydiae
superphylum. OP3 may have metabolic ability similar
to that of Deltaproteobacteria.

Glöckner et al.
(2010)

*Candidate phylum TM6 Bacteria
(biofilm from hospital
restroom sink drain)

Single-cell:
Fluorescence-activated
cell sorting (FACS),
Multiple displacement
amplification (MDA).

Proposed a new method –the 'mini-metagenome
approach', a combination of single-cell assembly
tools and metagenome contigs to assemble the genome.
Suggested assembly using SPAdes is better than Velvet-SC
or CLC.

McLean et al.
(2013)

*Candidatus Sulcia
muelleri DMIN

Bacteria
(bacteriome of green
sharpshooter-insect)

Single-cell:
micromanipulation,
MDA, combination of Sanger
sequencing, pyrosequencing,
and mapping with
454-metagenome data

Complete genome with a GC content of 22.5% Woyke et al.
(2010)

*Thiovulum sp. Epsilonproteobacteria
(phototrophic mats)

Single-cell: microfluidic
laser-tweezers, MDA,
454 sequencing

Colourless sulphur bacteria with unusually fast motility at
615 μm/s

Marshall et al.
(2012)

Candidate division OP11 Bacteria
(anoxic, sulphide, and
sulphur-rich spring)

Single-cell: microfluidic,
MDA, pyrosequencing

Partial genome of ~270 kb and 46% of total ORFs have no
predicted function. Cells are heterotrophic and capable to
utilizes cellulose, starch, and lignin.

Youssef et al.
(2011)

Candidate division OP9 Bacteria
(hot spring sediments)

Single-cell: optical trap and
microfluidic device,
pyrosequencing

Estimated completeness N 96%. OP9 is able to utilize
oligosaccharides from cellulose and hemicellulose.
Cell is anaerobic and fermentative.

Dodsworth
et al.
(2013)

Candidatus 'Caldiarchaeum
subterraneum'

Archaea
(isolated from a microbial
mat at a geothermal water
stream of a sub-surface gold
mine)

Fosmid metagenome library C. subterraneum represents an uncultured crenarchaeotic group.
It harbours an ubiquitin-like protein modifier system with
structural motifs similar to eukaryotic system proteins.

Nunoura et al.
(2010)

Candidatus
Chloracido-bacterium
thermophilum

Bacteria (alkaline
Siliceous hot springs in
Yellowstone National Park)

Genome was purified from
a co-culture with
Anoxybacillus and
Meiothermus spp.

Composed of two chromosomes (2.6 Mbp and 1.0 Mbp),
and both encoded essential genes. Cells are aerobic
photoheterotrophs.

Costas et al.
(2012)

*The sample was taken from a non-thermophilic source.
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5.2. Functional metagenomics for uncultured microorganisms and
new applications

At present, reports on thermophilic functional metagenomes are lim-
ited. Several reviews and commentaries have focused on metagenomics
even though the technology is still in its infancy (Chistoserdova, 2014;
Davenport and Tümmler, 2013; Lewin et al., 2013; Simon and Daniel,
2011). Functional metagenomes can be investigated using fosmids,
(35–45 kb insert), BACs (~200 kb insert), cosmids (30–42 kb insert),
or plasmids (b10 kb) (Fig. 2). Briefly, the bulk genomes are sheared par-
tially, cloned into vectors, and transformed into E. coli cells maintained
in multiwell plates, after which individual clones are sequenced. We
suggest that the biggest disadvantages of this approach are that it is ex-
pensive and relatively time-consuming. Nevertheless, the reads gener-
ated from such libraries are highly accurate and should be better than
the consensus reads obtained from shotgunmetagenomes if the accura-
cy of individual genes of interest is critical, i.e. for structure and function
studies of proteins or enzymes. The composition of microbial popula-
tions in the environment is very complex, and closely related sister-
strains or subspecies often cohabitate. In shotgun metagenome studies,
sequence assemblers are unable to differentiate reads generated from
two or more homologous sequences. Most assemblers use the consen-
sus nucleotide at a particular position in the pool of reads, resulting in
contigs that are represented by the consensus of homologous se-
quences,with the predominant nucleotide often selected as the ‘correct’
one. If the determined sequence of a given gene is synthesized and the
encoded protein is expressed, the protein may not function properly
due to the 'mutated' amino acid caused by the consensus issue. In con-
trast, with library-based metagenomes (for example, in BAC-libraries)
genome fragments are cloned and sequenced. Reads generated from li-
brary-based metagenomes are definitely more accurate when com-
pared to those generated from shotgun metagenome assemblies.

Interestingly, library-based metagenome can be used to determine
the genomic sequences of uncultivated groups. For instance, the
unculturable candidate division OP1 was first detected in the heated
Obsidian Pool in the late 1990s (Hugenholtz et al., 1998). Several
years later, a metagenome analysis of a Japanese epithermal mine
fosmid library was performed, and the putative genome of phylotype
OP1 Candidatus Acetothermus autotrophicum was first reported
(Takami et al., 2012). The authors of this study were able to propose its
basic metabolism and potential energy conservation mechanisms,
despite the fact that this strain is still unculturable. The team had
the good fortune of being able to assemble a putative genome of a
Candidatus Caldiarchaerum subterraneum from the same fosmid library
(Nunoura et al., 2010). This Candidatus species represents a unique
uncultured crenarchaeotic group. In a separate study, data from a
BAC-library metagenome was used to fill the gaps of the Candidatus
Chloracidobacterium thermophilum genome (Costas et al., 2012). These
examples illustrate that sequencing cloned libraries is a viable alternative
for tapping unculturable thermophiles.

Examples of interesting enzymes obtained through metagenomics
include two lipolytic enzymes from a hot spring (Tirawongsaroj et al.,
2008) and thermostable β-glucosidases found in a termite gut and hy-
drothermal spring metagenomes (Schroder et al., 2014; Wang et al.,
2012a). There is an ongoing EU FP7 grant 265992 entitled AMYLOMICS
(http://amylomics.org/). The acronymAMYLOMICS stands for amylolytic
enzymes captured by targeted metagenomics (Hreggvidsson et al.,
2011; Zucko et al., 2013). The project aims to harness novel,

http://amylomics.org/
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thermostable, and efficient enzymes for starch and carbohydrate ap-
plications. A similar idea represented with the MetaBioMe program
(http://metasystems.riken.jp/metabiome/), which is designed to ex-
plore potential commercial enzymes in 44 public metagenome
datasets from 10 different samples; however, no data from thermo-
philic microbiota datasets are included (Sharma et al., 2009). As
another example, the NCBI Bioproject PRJNA238853 entitled ‘Ther-
mophilic cellulose-degrading bacterium Metagenome’ was initiated
with the purpose of discovering thermostable cellulases in a Chinese
hot spring. The hot spring was fed with sugarcane bagasse as the sole
carbon source, and the metagenome was analysed using pyrose-
quencing. In the near future, interesting findings with thermostable
lignozymes should be released. In short, harnessing new proteins by
metagenomics approaches will definitely accelerate new discoveries
and applications.

5.3. Advanced sequencing and ‘omics’ techniques

Currently, many investigators are satisfiedwith incomplete thermo-
philic genomes containing several gaps. As technology advances and
expectations increase, complete genome sequencing will soon become
common, considering the continual rapid development of technology.
We think that the Pacific Biosciences PacBio RS II (SMRT) platform can
potentially serve the scientific community better than other platforms
as it generates long sequencing reads that enable scaffolding of thermo-
philic prokaryotes; the advantages that we experienced using this plat-
form have been summarised recently (Roberts et al., 2013). However,
the cost and maintenance of this sequencing instrument is relatively
high. Asmentioned above,when using incomplete 16S rRNA sequences,
it is difficult to determine the presence of new Candidatus species.
Generating a full-length 16S rRNA metagenome may be possible using
PacBio RS II platform, although it is not commonly used at present, as
the system is designed for more complex genomes (Bowman et al.,
2013; Fichot and Norman, 2013). As an alternative to the long-read
PacBio RS II sequencer, Illumina recently launched a new long-read tech-
nology in 2014. In addition, it is exciting that Oxford Nanopores has
finally introduced the beta-testing sequencer at a price of $1000 USD.
This sequencer is the first mobile DNA sequencer and is 4 inches long
(approximately the size of common smart phones); it can be powered
using USB port, and no sophisticated, bulky, or expensive sequencer
hardware is needed (Eisenstein, 2012). Currently, the portable sequencer
is being evaluated under the Oxford Nanopores MinIONTM Access Pro-
gram. In the comingyears, OxfordNanoporemaydrive anewrenaissance
in genome, RNA, and protein sequencing. These advanced sequencing
approaches should drive advances in whole genome, RNA, and meta-
sequencing studies.

However, omics technologies such as proteomics, transcripto-
mics, and metabolomics are well established for single-strain analy-
ses. It is worth mentioning the growing trend in adapting these
techniques in the study of indigenous microbial communities and
merging metaproteome, metatranscriptome, and metametabolome
data with metagenome data. Examples of related reports or commen-
taries can be found in Becher et al. (2013), D'haeseleer et al. (2013),
Hanreich et al. (2012), Lü et al. (2014), Turnbaugh and Gordon
(2008), and Xia et al. (2014).

5.4. Discovering archaeoviruses and bacteriophages

Thermophilic viruses studies are scarce in nature. Less than 5% of pro-
karyotic viruses listed in the public domain are originated from thermo-
philic sources (http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.
cgi). To date, the majority of thermophilic viruses are archaeoviruses, al-
though a few thermophilic bacteriophages are known (Satyanarayana
et al., 2013). The scarcity of studies focused on thermophilic viruses
may be overcome in several ways. Improving the growth of fastidious
thermophilic hosts is one possibility. The application of culture-
independent techniques to study a viral metagenome, or virome, is a po-
tential alternative. Virome analysis has allowed not only estimation of
viral abundance but also discovery of novel viruses (Bolduc et al., 2012;
Schoenfeld et al., 2008; Schoenfeld et al., 2010). Nevertheless, the biggest
challenge in discovering novel viruses lies in the virus identification
processes itself. Current identification is highly dependent on sequence
homology. Yet, the vast majority of viral reads show a low number of
matching records in existing databases or the function of the matching
sequences are unknown. Therefore, innovative analyses that break away
from the rigidity of sequence identity are highly valuable. The genomes
of prokaryotic viruses show unique mosaic patterns, consistent with a
high rate of genome mutations and recombination events. This observa-
tion is useful for virus identification. For example, genome signatures
that are based on oligonucleotide frequencies in the genomic make-up
of known viruses or signatures that are based on sequence distances
between viruses and hosts have streamlined virus identification by
assigning unknown sequences to the genera of known viruses
(Deschavanne et al., 2010; Pride and Schoenfeld, 2008). Although the
use of signature sequences is appealing for the identification of bacte-
riophages, considerable complications may arise when studying
archaeoviruses due to their diversemorphotypes. In addition, conserva-
tion in protein folding was shown to be useful for determining the pu-
tative function of unknown sequences (Dellas et al., 2013; Goulet
et al., 2009). It is therefore desirable to consider that such conservation
may be applicable in virus identification.

6. Conclusions

In this review, we discussed key advances related to thermophilic
bacteria, archaea, and viruses, as well as their bioproducts and related
bioprocesses.With the emergence of new sequencing technologies, fun-
damental knowledge related to thermophilic genomes andmetabolism
will continue to increase.With the huge amount of data generated from
whole-genome sequencing and metagenomics, transcriptomics, meta-
bolomics, secretomics, and other possible -omics information sources,
extensive amounts of data are available now and will only continue to
accumulate. However, as an increasing number of new prokaryotes
and eukaryotes are sequenced, the number of unfamiliar sequences
(i.e. hypothetical proteins) increases even more rapidly. The authors
agree with the remarks made by Lindahl and Kuske (2013) that ‘in-
creased sequence data alone will not advance science’. Many laborato-
ries are moving towards high-end NGS technology and bioinformatics;
yet, it is important to continue with traditional laboratory approaches
to confirm the functions and properties of the numerous novel se-
quences by protein biochemistry, crystallisation, mutation analysis,
and/or gene knockout approaches. In fact, traditional microorganism
isolation shall continue and meta- and genome sequencing cannot
replace its role.

A paradigm shift from ecology-motivated sequencing to application-
driven metagenome sequencing will lead to the discovery of multitudi-
nous novel gene sequences and hopefully enable the development of
new biotechnology applications. Thermostable enzymes for indus-
trial applications should remain one of the main focuses, while bio-
mass and biofuels have also become popular areas of research.
Thermophiles are excellent candidates for renewable energy devel-
opment, bioremediation, biomining, production of biosurfactants,
and thermozymes. New applications such as developing antimicro-
bial agents (i.e. bacteriocins or antibiotics) from thermophiles will
be interesting fields in the years to come. Currently, the BAGEL data-
base of bacteriocins is comprehensive and can help discover poten-
tially novel antimicrobial peptides from genome sequences (van Heel
et al., 2013). In addition, bioprospecting microbial metagenomes for
natural products may also become a topic of increasing interest
(Novakova and Farkasovsky, 2013). We conclude with the following
question: have we reached a new tipping point in thermophile re-
search and the development of related applications with the help

http://metasystems.riken.jp/metabiome/
http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi
http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi
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of genomic tools? We shall leave the answer to this question up to the
readers.
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