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Figure 1. The development history of different molecular detection technologies applied in geomicrobiology
research of terrestrial geothermal environments'®"*-%, |n 1880s, there were reports of bacteria that could survive

[26].

at high temperature®®, until 1903 there was first report confirming the presence of microorganismsin hot springt®®’;

in 1969 Ther mus aquaticus was isolated from hot spring
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Table 1.
terrestrial hot springs

Representative examples for application of metagenomics and single-cell sequencing technology in

Research point Combined method Major discovery

Metagenomics
Predicting potential
metabolic functions

Virus study Single-cell

sequencing

Six near-complete Agiarchaeata genomes with an average size of 1.4 Mbp have been
assembled and the metabolic pathway of Agiarchaeata has been constructed®”.

First report of Hydrogenobaculuminfected virus and an assessment of genome
conservation and evolution of the Ampullaviridae family as well as Sulfolobus

Monocaudavirus 1 (SMV1) -related viruses "2,

Single-cell sequencing

Proposed Atribacteria (previous OP9)!”
Proposed Calescamantes (EM19), Fervidibacteria (OctSPA-106) and Aminicenantes

The phylogeny and metabolic potential of the candidate archaeal phylum

I dentifying Shotgun
microbial dark sequencing Proposed Kryptonia*®
matter
(OP8)[28,
Shotgun
sequencing ‘ Aigarchaeota’ has been deduced!®.
M etatranscriptome
FISH
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Table 2. Representative examples for application of metatranscriptomics and proteomics sequencing technology

in terrestrial hot springs

Research point Combined method

Major discovery

M etatranscriptomics
Confirming transcription activity

Proteomics

Confirming expression activity Shotgun sequencing

Discovering high-expression genes involved in the anaerobic
metabolism of methane, nitrogen and sulfurl™.

202 proteins encompassing 19 known functions from 12
known phyla were identified. Two key enzymesinvolving in
the 3-hydroxypropionate CO, fixation pathway were
identified in uncultivated Roseiflexus spp., which are known
photoheterotrophs'??.
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Table 3. Representative examples for application of probe-based technology in terrestrial hot springs

Research point Combined method

Major discovery

Probing functional group

S-cycling CARD-FISH

Fe-cycling gPCR 16S rRNA gene

high-throughput sequencing

Verifying microbial activity

N-cycling Clone library RT-PCR
MAR-FISH
Fe-cycling pu-XAFS-FISH

Revealing three thermophilic bacterial groups: aerobic
chemolithotrophic sulfide-oxidizing species, anaerobic
sulfate-reducing species, and filamentous anoxygenic
photosynthetic speciesinvolving in mat sulfur cyclingY.
The isolation and characterization of the novel, Fe(l1)-
oxidizing, thermophilic, acidophilic organism Metallosphaera
sp. strain MK 1187,

The first thermophilic ammonia oxidizer was described, which
belongs to the widely distributed group 1.1b of the
Crenarchaeotal®®.

Ferrihydrate was generated by Gallionella-related bacteriain
the top surface of mat (10-15 pm)!®.

H{X MAR-FISH il u-XAFS-FISH 7E#UR FR
B T 3). Nubd 20354 MAR-CARD-
FISH 313 7 36 B 8 A A G & AW T
Chloroflexaceae #H XA A= 1 1) 3 7] 4341 S S+ A
RFAE ; Hatzenpichler 2515 A i AR IR F & 2R
TR E R, JFUER] 1zl RO
PR o p-X AFS-FISH J&— I 7E 2 25 [ A BT
(7 B W U AR 2 A R 28 J N T 3R 40 A1 R 1 s
F-Be, v A s sh e A A i 1 P AL
BERIESE . Mitsunobua 255 E 1 FISH L BLH A
Sambe HURA:PJE 42 (10-15um) L) Gallionella
E’Mﬁaééﬁfnaﬁaz RN LA RS A R G R
F i u-X AFSTH S 25 B0 TE T AT A HE
£ Gallionella &R MRZ R KR E LK
By, JFHARI T Fe-Og /AL R A= 2514

I 3 AR G R A TR ARIF AT FA R B A
PIAE BRI ZEAG R B/ R R T 3201

35 ETRMEIMCH BRI BT REEFEH

FeE PER R R (Stable isotope probing,

SIP) &t H R RIE I R R FE A T
TEAE 4 2 A Bk AL 2 i A o e K 44 E’Jlﬁlm
EIRCH R E9233388 e P L iR TR Ao
(U BC PN 10 SRR YRR SRR A
FEAMA 2L . AR BE SR &R A
FesE R Z A AN 5 . SR 5 B B B 35 4 (4n
DNA . RNA Fl PLFA 35), Zoid i eyl 2 A g
OB (A BC ma EI’J)%D“ Bk PC R
LR o B, R T AW FHR
Xt ﬁﬁﬂﬁﬂﬂ%ﬁﬂﬁﬁ?ﬂiﬁ@%ﬁL SApe,
DNA-SIPEAMT LA R g th 2 54K
TP R AR OIS B 0 T Bl A A 4 i 182391
RO A IR SR TC R GRS W (R 4), X
X PR 5T 1l S5 D3 Sk B 04 A i - PR e AL R LA
FHRE L, Sharp %43z ] DNA-SIP 5 gPCR #i
16S rRNA L3800 7 AHES 6 00 5 10 1 IR S
Hh LA T P 0 B Y S 2 TR E BROR R AR
Fortney!®'45 5% i DNA-SIP. 16S rRNA Jt [ 47 14l
JP LA % % 5 DR 40 P A 5 - 1 O 9 ok PREE 5 [
Chocolate Pots fYTILFY) A7 1E K AL L IR
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Table 4. Representative examples for application of isotope-based technology in terrestrial hot springs

Research point

Combined method

Major discovery

Confirming metabolic activity by DNA-SIP

Chemoautotrophy

Mixotrophy

Dissimilatory iron
reduction

Methane oxidation

Shotgun sequencing
Stable 13C isotope

HPLC-MS GC
Stable 13C isotope
16S rRNA gene
high-throughput
sequencing
Shotgun sequencing
Stable °C isotope
16S rRNA gene
high-throughput
sequencing

gPCR

Stable *C isotope
analyses

Determination of metabolic rate

Ammoniaoxidation gPCR
rate FISH
Clone library

Carbon fixation rate

Sulfate-reduction

Stable 1N isotope
Radioactive *C
isotope

RT-PCR

Clone library
DGGE

16S rRNA gene
high-throughput
sequencing

Stable °C isotope
Clone library

The extent and mechanisms of CO, fixation were evaluated across a
comprehensive set of microbial communitiesin Yellowstone National Park. The
minimum fractions of autotrophic C in microbial biomass were >50% in the
majority of communities analyzed®.

Streamer biofilm communities (SBC) can alternate their metabolism between
autotrophy and heterotrophy depending on substrate availability™®.
Fe(111)-reducing bacteria (FeRB) play an active role in Fe redox cycling within
Fe-Si oxide-rich deposits located at the hot spring vent!®®!.

Methane oxidation was first measured at potential rates up to 141 umol CH,
dg™ sediment. Diverse methanotroph groups are adapted to warm
environments'®,

The ammonia oxidation rate of high temperature hot springs was obtained by
means of stable isotope dilution method using ®N-NH, and *N-NO;*4..

First determining the chemoautotrophic rate in high temperature acid hot spring,
and the rate was comparable with the moderate temperature environment!®Y.

Carbon uptake rates of photoautotrophic communitiesis greater than
chemoautotrophic; filaments had the highest uptake rates whereas carbon
fixation by stromatolites was significantly lower!®?.

The significant sulfate respiration in the microbial mat was found in the

rate Radioactive ®Sisotope

|low-sulfate thermal outflow

[42]
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Molecular biological technologies applied in geo-microbiology
of terrestrial geother mal environments
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Abstract: Terrestrial hot spring, a typical extreme habitat, is the natural lab for exploring co-evolution of life and
geological environment. The progress of molecular biological technology sheds light on decoding the “microbial
dark matter” in this special habitat. Some outstanding achievements have been gained, such as expanding
thermophilic microbial diversity, exploring new metabolic pathways and addressing their ecological functions, by
using the combination of omics-based, probe-based and isotope-based approaches. This comprehensive review
summarizes the development of molecular biological methods that were commonly used in the study of
geo-microbiology in hot springs and discusses recent application of omics-based, probe-based and isotope-based
technologies in revealing the microbia diversity and functional roles in terrestrial hot springs. Finaly, we
prospected the future research in geo-microbiology of terrestrial geothermal environments.

Keywords: terrestrial hot spring, microbial diversity, microbia function, omics-based technology, probe-based
technology, isotope-based technology
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