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Abstract

There is a considerable market potential of extremophiles and their biomole-
cules; however, their high evolutionary rates and culturability limitations restrict
their industrial exploration. The impressive development of “omics” technolo-
gies has allowed the culture-free technique, i.e., metagenomics as a valuable tool
for mining the hidden information of the extremophiles and their biospheres. At
present, environmental microbiomes are being studied using functional-based
and sequence-based approaches. The growth of the extreme environmental
metagenomics literature and projects is increased nearly tenfold in the last
decade due to the advancement in the sequencing technologies. Here, in the con-
text, we summarize all the aspects of extreme biosphere metagenomics with
recent prospects and progress.
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5.1 Extremophiles and Extreme Environments

These are various extreme habitats situated across the globe since the genesis of
the earth. These extreme habitats harbor a rich microbial diversity. Certain old
evidence of life like microfossils, stromatolites, microfibrous sedimentary rocks,
and sedimentary carbon pool suggests that the microorganisms inhabit the earth
since the archaean period, the time before 2.5 billion years (Stanley 2005). Such
ancient microbial life had developed robust metabolic functions similar to many
present-day living extremophiles thriving into extreme environments. The
extremophiles hold secret survival “kits” to shelter at either single or multiple
extreme conditions. Microbiologists are exploring their cellular properties like
new gene pools, robust biomolecules, and metabolic uniqueness through the cul-
turing methods since the discovery of extremophiles. However, despite the tech-
nological advancement for the investigation of extremophiles and their habitats,
we have decoded the very limited information from the extreme biosphere
(Rampelotto 2013).

Extreme territories support all the three taxonomic forms of life to flourish.
However, the largest membership is represented by the Archaea followed by
Bacteria and Eukaryotes. The ability of these extremophilic microorganisms to pro-
liferate under extreme conditions is of immense importance for understanding
microbial physiology and evolution. Extremophiles are best characterized accord-
ing to their growth profiles, using marginal data, under certain culture conditions
including salt concentration, temperature profile, pH scale, and growth under hydro-
static pressure (Mesbah and Wiegel 2008). The representative examples of extremo-
philes thriving in different extremities are thermophiles (45-60 °C temperature),
hyperthermophiles (60—120 °C temperature), psychrophiles (below 0 °C tempera-
ture), acidophiles (below 4.0 pH), alkaliphiles (over 9.0 pH), piezophiles or baro-
philes (>0.5 MPa pressure), halophiles (>1 M NaCl concentration), and xerophiles
(<0.85 water activity) (Horikoshi et al. 2010).

Culturability of the extreme habitats is very less due to the persistence of abiotic
stresses and differences between natural environments and laboratory conditions.
Additionally, culturability is a very complex physiological process that depends on
various phenomena (Barer and Harwood 1999). Due to these limitations, the
majority of such environment has remained unexplored. However, during the
recent years, development and application of molecular techniques, such as PCR,
cloning, and next-generation high-throughput sequencing, have proved quite valu-
able in judging the distribution and diversity of extreme habitats. Hence, due to the
limitation of available culturing methods for the extremophiles, it is now being
studied by the uncultivable approach referred as a metagenomics to translate the
potentials of various extremophilic microorganisms. Furthermore, the holistic
community can be deciphered through the metagenomics approach, whereas the
traditional microbiology relies upon the cultivation of few clones or colonies. So,
the metagenomics application provides the profiling of the microbial diversity of
any extreme environment to analyze the entire community and can be delineated
broadly as an environmental genomics, ecogenomics, or community genomics
(Hugenholtz et al. 1998).
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5.2 Metagenomics and Microbial Diversity

Development and discovery of various molecular biology techniques after the 1980s
extend the genomic discipline toward its associated ‘“omics” technologies.
Metagenomics emerges in the ending of last century, which eliminates the cultur-
ability for mining the microbial information and revolutionizing microbial ecology.
Metagenomics is the study of the collective forms of genomes directly isolated from
the environmental sample for the comprehensive analysis of microbial diversity and
ecology of a specific environment. Metagenomics studies provide the mechanism for
analyzing previously unknown organisms, and at the same time, one can examine the
diversity of organisms present in specific environments as well as analyze the com-
plex interactions between members of a specific environment (Handelsman 2004).
Metagenomics studies are conducted by two different approaches. One is function-
based analysis, which deals with the total DNA extraction from environmental sam-
ple followed by cloning into suitable host and detection of expressed phenotypes in
the host cells, whereas sequence-based analysis is mainly concerned with decoding
of the extracted DNA and/or RNA using various sequencing platforms followed by
assessment of taxonomic diversity. Both approaches are applicable to decipher hid-
den microbial gene pools and profiling of the microorganisms (Fig. 5.1). Early envi-
ronmental gene sequencing is dealt with cloning of 16S rRNA gene to analyze the
microbial taxonomic profile. Such work revealed the vast majority of microbial bio-
diversity that had been explored by cultivation-based methods (Hugenholtz et al.
1998). Slowly the shotgun Sanger sequencing or massively parallel pyrosequencing
is applied to get largely unbiased samples of all genes from all the members of the
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sampled communities (Eisen 2007). The first metagenomics studies conducted using
high-throughput sequencing by massively parallel 454 pyrosequencing transformed
the studies of the microbial universe (Poinar et al. 2006; Edwards et al. 2006).
Nowadays the various next-generation sequencing (NGS) platforms are utilized for
the metagenomics studies, and continuous improvements in the existing sequencing
technologies are often done by the original developers.

5.3  Environmental Metagenomics

According to the meeting report of Earth microbiome project, one quintillion (10°°)
microbial cells are present on the earth. Theoretical estimation of the average quan-
tity of DNA in the microbial cell is 10 million base pairs. As yet, we have investi-
gated hardly 1% of the total environmental DNA by global environmental DNA
sequencing efforts (Gilbert et al. 2010). This statistics may also be far greater than
actual analysis; so, the massive information of microbial life on the Earth is yet
unknown and/or under-sampled. Hence, we are in the beginning stage in the study
of the extreme environmental metagenomics.

Early environmental metagenomics projects are considered a key trigger to drive
the field of extreme microbiomes. Environmental genomic studies of the Sargasso
Sea (Venter et al. 2004) are a major breakthrough in the environmental metagenom-
ics, which leads to developing the interest among the scientific communities to initi-
ate and explore the microbial diversity of extreme habitats using metagenomics
approach. The scientific literature on “extreme environmental metagenomics” avail-
able in public domains increased quickly in the last decade indicating the develop-
ment of the field (Fig. 5.2). The rapid escalation of metagenomics projects in the
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various online databases indicated the quick growth of metagenomics field.
Currently, more than 20% metagenomes submitted into public domains are derived
from the various extreme biosphere including marine/ocean, abyssal plain, desert,
hydrothermal vents, permafrost, glacier, salt marsh, thermal hot springs, geyser,
soda lake, hypersaline lake, submarine volcano, black smoker, acid mine drainage,
etc. (Table 5.1). Undoubtedly, it is due to the recent advances in high-throughput
sequencing technologies with more sophisticated bioinformatics analysis pipeline
making the metagenomics study very easy and rapid.

The recent identification of new gene pools and species of extremophiles from
the extreme habitats geared up the exploration of microbial species for the industrial
and biomedical potentials. At the beginning of metagenomics era, the giant vector,
i.e., BAC, was used to construct the metagenomics library of the environmental

Table 5.1 Metagenomes of extreme environments available in public domains (Assessed on 8

February 2017)

Extreme
Public database/web | Total submitted environment-related | Extreme biome
portal with URL metagenomes metagenomes (%) examples
MGRAST (http:/ 276,607 20 Marine sample,
metagenomics.anl. thermal hot springs,
gov/) geyser, salt lake,
desert, hypersaline
lake, soda lake,
glacier, submarine
volcano, black
smoker, acid mine
drainage,
contaminated site
EBI metagenomics 12,412 25 Oceanic/marine,
(https://www.ebi.ac. abyssal plane, desert,
uk/metagenomics/) hydrothermal vents,
permafrost, glacier,
salt marsh, and
contaminated habitats
NCBI metagenome 11,929 18 Marine samples,
(https://www.ncbi. hypersaline lake, mine
nlm.nih.gov/ drainage, marine
genbank/ sediment
metagenome)
IMG/M (https://img. | 7341 20 Oceanic and marine
jgi.doe.gov/ sample, hot springs,
cgi-bin/m/main.cgi) saline and hypersaline
lake
GOLD (Genomes 18,408 18 Hot springs, oceanic/

Online Database)
(https://gold.jgi.doe.
gov/)

marine water, saline
lake, geyser,
geothermal water,
marine deep
subsurface
hydrothermal vent,
subseafloor sediment
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DNA (Rondon et al. 2000) and function, and the sequence-based analysis was per-
formed from each clone. Modern metagenomics approach makes it possible to
know the physiology of the extremophiles, their role in the habitats and adaption to
environmental pressures. So, the microbiome of extreme biosphere may help to
establish the microbial community network structure, which is very useful to decode
the microbial functionality, interaction, and community dynamics (Cowan et al.
2015). However, the various experimental challenges from sampling to sequencing
should be addressed before conducting environmental metagenomics projects.

5.4 Challenges in Environmental DNA Extraction

The key challenges of conducting metagenomics studies include the sampling and
transporting of the adequate intact environmental sample and extraction of the high-
quality nucleic acid from the environmental sample. The stresses in the extreme site
are the key hurdles for the extraction and the purification of the high-quality nucleic
acids; so, the sample processing is prerequisite for environmental metagenomics
project (Thomas et al. 2012). Isolation of poor-quality DNA may hamper the subse-
quent analysis, i.e., cloning and sequencing; so, the specific methods and protocol
are needed to extract the high-quality and high molecular weight (HMW) commu-
nity genomic DNA from the environmental sample. Various direct environmental
DNA extraction methods including freezing-thawing, bead beating, and ultrasoni-
cation along with indirect extraction methods like PEG-NaCl-based and enzyme
lysis with hot detergent treatment are being used for the extraction of environmental
DNA and viable for the functional and structural profiling of the microorganisms
(Delmont et al. 2011; Narayan et al. 2016). Based on direct and indirect extraction,
nowadays commercial kits are also developed by many manufacturers to extract the
nucleic acid in good quality and quantity from soil and water samples. However, the
success of the DNA extraction depends on the microbial population and the physi-
ological status of the cells.

Heterogeneous microbial communities exist in the environment, and all the
microbial cells have the substantial structural variation in the cell wall and cell
membrane. So the cellular dissimilarity in the microbial species restricts the selec-
tion of single universal cell lysis method to extract the nucleic acid. However, harsh
treatment can be used but such conditions cause damage to DNA and mild treatment
leads to less recovery. So, the combination of chemical, physical/mechanical, and
biological cell lysis is best suitable for the extraction of high-quality environmental
DNA (Bag et al. 2016). The environmental stresses have also increased the difficul-
ties in extraction procedure as the extremities may give the adaptive and protective
mechanisms to the microbial cell to survive in the extreme conditions, which may
make the cell very resilient to lysis and consequently inadequate nucleic acid will
be taken out that missing genomic contents of rare species. Hence, before starting
on the extreme environmental metagenomics project, one should thoroughly study
all the geological, biological, and cellular features to extract the high-quality HMW
community genomic DNA (Table 5.2).



61

5 Prospects and Progress in Extreme Biosphere Microbiome

(panunuoo)
S[[0d
Jo s1sA] earsAyd
pue [eAOWIAT surojo1d Yo0ys-p[od Jo Juejuod YSIH
#102) urajoid oy sogueyo axmjerodwo) | Juryourlq [AYIoW PIM ISUI UTRYD 9FBIOAR PUB
‘Te 10 10KeRI 1dooxa paxmbar | oy 03 anp uoneodsuen uonernjesun Y3y aAey spidif aueiquiow ;D (ormyerodwa) moy)
A ‘(9107) uoneOyIpow pue Surdues amerodw) ySiy 03 oqisery 1D 1I9Sp pLIE P[oD
‘[& 32 [eIpI0OD) [eroads oN oy Sunmp SIsA] [[0D sydonoayoAsd pue sofrydoyoksq I9108[D)
(S661) QWIAZOSAT 0} Jue)SISal I9AR[-S Pa[Teo 2do[aAUD [[20 BIXY
swepy pue surojoxd 1190 eeryoIe ‘urajord queiquiow ur pidif 1Y) .
uBUYSL{RWERY Jjo eaowar | uruoradeyo urojoxd oY1 | ‘ureyod proe K)ej o1[0Ad pue ‘payouriq ‘Suof [JAD (ermyerodwo) ysiy)
‘($102) 13Uy Joy panmnbar | souo)siy Jo JuAuoo Y3y p13u pue urarnwopnasd yim o1y} SOOUBD[OA
“(Z107) B30 | ST SISAT onjewiAzug quou0d 9% D+ D YSIH | K194 : D :soqydowroyiradAy pue sapiydownay, Sunds jog
SOURIRYY uonorvIXd uonoLnxd SWISIUBYOIW JB[N[[D (sassams)
VN( 10j paxmnbax VNQ Ut sesud[ey) aA1po9101d pue aAndepe )1 pue SWSTUBSIOOIOTA] J1oydsorq owonxyg
uonesyIpow pue
SOISO[OPOYIIA

(uelquiaw [0 J§) pue

1eM [[29 M) :PI0N) UOHOBNXA JO $S200NSs 9y} 10§ parmbar sarSojopoyjowr pue a10ydsorq Swenxa SNOLIEA 9} WOIJ UONIRNXd YN(J Ul SeSud[[ey) 'S d|qeL



P. Dudhagara et al.

62

Q0BJINS [[90 uo s1owAkjodolq pue 1oke[-§
surojoxd

(8661) yuBID ornydoapAy a1ow pue surejord o[qels-ifes JAD
pue IysoyLIoHq paxmnbaz roryOIY Jo pidi sueIqudw Ul 1oylR ‘surejord -
“(9107) | St Teaowar urajoxd S[[99 Jo AyITIgess Ie[N][D Ul PIOB OUIWE AZIBYI-IANEIAU (D (Hd y31y pue yes ysy)
‘[e 10 uekeIeN | pue J[ES SISSAOXH Jes ySiy oy ‘onjos J[nesIoro[eq JUQWUOIIAUD QULIBJA
“(6007) ysurs SISAT [[99 J1qnedwos pue +3| JueId[0JO[RH puod auifes
pue jjoing QY s1opury J[es Jo uone[nwnooe YSIH sorydorey e[ IeS
Aressaoou
are 3uneaq peaq
pue JuaueanAIg
"Kouewniop 9ye)s uone[niodg
pue 2Injos Jsofeyan
(L661) J[qnedwos jo “9'1 ‘son[os 9[qneduwod SNOLIBA SUTRIUOD [[99 ], (armyerodway ySiy
‘[eJooysNy] | UONB[NWINDOE AY) |  )BIS 9[qeIN)[Nd-jou-Ing 019043 UTBIUOD SQUBIqUIAW :]A)D pue ‘uonerper yS1y ‘uoneodIsap)
‘(L00T) 'Te 39| 01 onp San[NOyJIp -9[qeIA 1o uonerniods Su10)0Id JUB)SISAI-UONBIIISIP (D [10S PIY
[eMU)OD) Jewny] SISAT [[2D 01 onp ApIey are s[jo) JUBIS[0J0IRX 10 so[Iydoray 11059
RERIEREIEN UOT)ORIIXD UOT)ORIIXD STISTUBYDIW JE[N][2D (sassams)
VN( 10j pairnbax VNQ ut saSuaqey) | aanodajoxd pue aandepe sit pue swstueSI00I01A araydsorq suronxyg
UOTJEOIPOW pue
Sa130[OPOIdN

(ponunuoo) z'g s|qel



63

5 Prospects and Progress in Extreme Biosphere Microbiome

UonoRIXd

VNQ Anpenb-ysy
J10J SISAT [ROTIIAYD

SISAT [[99 9Y) PIOA®
01 pannbai st uono[[0d

IS Je[nodfowoIorur Joeduio)
sproe A11eJ pajeInjesunouou ;D

#102) s Suneay Aq ordures Apeurioyjost amssa1d 0] Jue)sSISaI pue YOIy} A10A I A\D
‘[e 32 OUOIOJA] | Pamo[[0} painbax pue A[reonsardosy sorrydowanxakjod (emerodwo)
“(L661) 3D SOWAZUD dNAJ AYI[-2U0ISIY pue YN sopydourraypoproy | Y3y pue ‘ypes ‘arssaid oneisoIpAy)
puE S[OUOIJA] | [IIM JUSWIIBANAI] | JO UONISUET) [I0d-XI[OH sorydowroyyozarg OUBO[OA QULIBWIQNS
urojoxd uo
S93IRYD 9ATIEIAU [[BIOAQ) 1190 ur urue£onsni pue owkjodoxyg
JUAIUOD 9, + D YSIy sanpisal pagreyd Afeanisod ssaf K194 []AD s
(8002) ATessaoou SOSBO MOJ UI ‘S[RIou surajoxd o1qoydoIpAy : D (amyerodwa) ySiy pue Hd mor)
“T€ 30 BAOYOQIRIA! juounjeanord 9013 Jo uonexadwod soqiydoproeouniay g, d[orewing
-BAOTRS £0DED | BIA 90URIQ[O) [BIW YSIH sorrydoproy a3eurRIp QUIW PIOY
paxmbar +eN Y31y ozZIfeurdul s[[p)
aIe syuoSe 9[qeIs 1[ey[e are surjoid sueiquiow (]
(11020 uoneoyLnd s1ow&jod
euelereuek)es pue SIsA] surjoxd aiproe ‘uedA[3opndad ur ojer Sunjurf-sso1do ysiy
PUB BWIDA | [[D AU ALII[I0R] JULID[0)-)UATI)IP ‘pIOB OUIWE PUB SAUIWEBSOXIY JO SSAOX (A D (Hd ySy)
‘(8661) JUBID | [[I4 UONEHUIOUOD PpuB ‘e[ [0 ut soqrydrpeseorey B[ EPOS
pue 1ysoyLIOH SINYSIH | uonenuaouod +eN Ysiyg sorydireyy e[ duIRyY



64 P. Dudhagara et al.

5.5 Sequencing Platforms

Metagenomics analysis using DNA sequencing technique is performed either
through gene-targeted metagenomics (i.e., 16s rRNA or 18s rRNA) for taxonomic
assessment or whole genome shotgun sequencing for structural and functional anal-
ysis (Ghelani et al. 2015; Dudhagara et al. 2015; Patel et al. 2015). Presently, vari-
ous NGS platforms are effectively used for the metagenomics pipeline including the
AB SOLIiD System, 454 GS FLX, [llumina MiSeq, Roche-454, and Ion Torrent (Liu
et al. 2012; Mardis 2013). All these sequencing techniques are not feasible in off-
grid analysis and offer short read length, creating the difficulties in assembly pro-
cess which consequently affects the downstream analysis including the taxonomic
and functional profiling. Two modern sequencing platforms (1) PacBio sequencing
and (2) Oxford nanopore sequencing recently emerge, which offer the advantages
over the limitations of the above-discussed NGS techniques. Both provide longer
reads mainly useful for the analysis of a diverse pool of microorganisms.

5.5.1 PacBio Sequencing

PacBio sequencing is a real-time sequencing developed by Pacific Biosciences,
California, USA. The single-molecule real-time (SMRT) sequencing of single-
stranded circular DNA is based on a template called SMRTbell, which is loaded into
a chip referred as an SMRT cell (Travers et al. 2010). The key features of this
sequencing method are the long read length up to 10* bp which makes it suitable for
microbiome analysis by the full-length sequencing of target genes, i.e., 16S rRNA
(~1500 bp) and 18S rRNA (~1800 bp) (Schadt et al. 2010). Longer read output is
important to improve the contiguity in the assembly process. However, the higher
error rate, high cost, and lower sequencing depth are major demerits of the technique
(Rhoads and Au 2015). Recently, large contigs and minimizing the errors with >99%
Q20 accuracy can be achieved using long read circular consensus sequencing (CCS)
and place it comparatively affordable for the metagenomics analysis pipelines (Frank
et al. 2016). So the aim of the metagenomics projects can be easily achieved by
obtaining long contig sizes with negligible possibilities of misassemblies. PacBio
sequencing is suggested for the analysis of microbial abundance and taxonomic
assessment. Furthermore, the fusion assemblies using PacBio CCS and Illumina
HiSeq contigs improve statistics of assembly, overall contig length and number.

5.5.2 Oxford Nanopore Sequencing

It is a very impressive fourth-generation sequencing method. It is based on the
nanopore embedded in the membrane, which is kept at a certain voltage. When the
ssDNA or ssRNA passes through the nanopore, the current level variation is detected
resulting into decoding of nucleotide order (Ashkenasy et al. 2005). Oxford nano-
pore technologies have devised the portable MinION sequencer. This is very fast, is
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small in size, and produces the 200 kb long reads with high accuracy. Ultra-
portability offers the in-field metagenomics analysis and hence overcomes the dif-
ficulties associated with the preservation and transportation of extreme environmental
sample to the laboratory. Environmental samples from the glacier and hot springs
are easily getting degraded in transit and biases acquired by taphonomic degrada-
tion during storage and subsequent extraction. The in situ microbial community
analysis using portable nanopore sequencing methods improved agility to analyze
environmental microbiomes (Edwards et al. 2016). However, the off-grid metage-
nomics analysis should be cross-validate before applying to the search the microbial
life and extraterrestrial life in their habitation.

5.6  Future Prospects

Environmental microbiomics will bring new insights very shortly in the comprehen-
sive determination of the microbial composition. The newest subdisciplines within the
metagenomics field referred as metatranscriptomics and metaproteomics are also new
hopes to offer the more resolution in structure and function of the microbial commu-
nity. In the future, the single-step DNA extraction, rapid library preparation, and fast
real-time in situ DNA and RNA sequencing will uplift the extreme biosphere micro-
biomics. The recent emergence of progressive miniaturization in the sophisticated
tools and techniques will move the laboratory-dependent analysis toward in-field
study to capture the more real microbial profile. Fusions of the sequencing and Raman
spectroscopy, as well as mineralization of bioinformatics tools, are also the good hope
in the future for search and analysis of microbial life. However, the universal stan-
dards of procedures and protocols should be established for uniformity research on
environmental metagenomics, like human microbiome.
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