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The Sungai Klah (SK) hot spring is the second hottest geotheral spring in Malaysia.
This hot spring is a shallow, 150-m-long, fast- owing strean, with temperatures varying
from 50 to 110 C and a pH range of 7.0-9.0. Hidden within a wooded area, the SKiot
spring is continually fed by plant litter, resulting in a rafively high degree of total organic
content (TOC). In this study, a sample taken from the middlefohe stream was analyzed at
the 16S rRNA V3-V4 region by amplicon metagenome sequencingOver 35 phyla were
detected by analyzing the 16S rRNA data. Firmicutes and Prebbacteria represented
approximately 57% of the microbiome. Approximately 70% oftte detected thermophiles
were strict anaerobes; however, Hydrogenobacter spp., obligate chemolithotrophic
thermophiles, represented one of the major taxa. Several grmophilic photosynthetic
microorganisms and acidothermophiles were also detectedMost of the phyla identi ed
by 16S rRNA were also found using the shotgun metagenome appaches. The carbon,
sulfur, and nitrogen metabolism within the SK hot spring comunity were evaluated by
shotgun metagenome sequencing, and the data revealed divsity in terms of metabolic
activity and dynamics. This hot spring has a rich diversi edpohylogenetic community
partly due to its natural environment (plant litter, high TO, and a shallow stream)
and geochemical parameters (broad temperature and pH range It is speculated that
symbiotic relationships occur between the members of the conmunity.

Keywords: archaea, biodiversity, culture independent, ex tremophiles, hot spring, hyperthermophiles, microbial

symbiosis, microbiome

Introduction

Culture-independent techniques enable the comprehensivayais of microbial populations
in hot springs. These approaches involve the use of direct 16SArB&he ampli cation,
cloning, and di erentiation using denaturing gradient gdeetrophoresis Adrados et al., 20)4
terminal restriction fragment length polymorphism analysie(vin et al., 20103 or restric-
tion fragment polymorphism analysissph et al., 201J)abefore unique clones are sequenced.
Next-generation sequencing (NGS)hompson et al., 2007has emerged as a powerful tool,
both for elucidating the biodiversity of complex samples and gturdying metabolic pathways.
The partial 16S-based metagenomics approach (alternativedyik as targeted or amplicon
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metagenomics) has been utilized globally, not only for gilnd  current study, we examined the microbial community of the SK
resident microbiota in hot springdrifskeep et al., 20)3but also  hot spring using a state-of-the-art NGS metagenomics approach
for studying coastal waterS¢mboonna et al., 20),%0il samples Metagenomes from the Malaysian hot spring water were directly
(Fierer et al., 200)2municipal wastewater treatment plantsgi  isolated without the need for cultivating microorganisnie
et al., 201} tongue-coating microbiomesigng et al., 20)2and  V3-V4 hypervariable regions of prokaryotic 16S rRNA genes
the mouse gutl(ee et al., 20)0Many examples of prior studies were ampli ed from the metagenome and sequenced directly
on the microbial diversity in hot springs are available in the  with an lllumina MiSeq instrument. More than 480,000 sequenc-
erature, and a few key reports are discussed below. Hot springgy reads of the targeted 16S rRNA genes were generated. In a
adjacent to volcanic environments are often acidicl{ieta et al., separate analysis, an additional sample taken from the same sit
2019, and the pH is slightly alkaline in areas near limestoneshotgun metagenomic sequencing data consisting of 552(017,5
The hot springs at Yellowstone National Park (YNP), USA areeads was generated using an lllumina HiSeq 2500 sequencer
one of the most popular sites for thermophile studiésskeep to reconstruct the metabolic diversity present in this hot
et al., 2018 most likely because YNP contains more than 30Gspring.
geysers with diverse geochemical properties, temperatures, pH
conditions, and biological species. Materials and Methods

Water pH is an important determinant of microbial diver-
sity in hot springs (lou et al., 2013 Previously, water samples \Water Analysis
from an acidic hot spring near the Mutnovsky volcano (20 The SK hot spring is one of the best-managed recreational hot
pH 3.5-4) and a circumneutral hot spring from the Uzon Calderasprings in Malaysia. SK is located near the town of Sungkai
(81 C, pH 7.2-7.4) were analyzed/emheuer et al., 20)3Ther-  and is approximately 130km from Kuala Lumpur. The SK
motogae and Gammaproteobacteria dominated the Mutnovskiot spring is located at a major fault line in Main Range
hot spring, while Thermodesulfobacteria, GammaproteobactqTitiwvangsa Mountain) and is approximately 150 m in length
ria, and Betaproteobacteria monopolized the Uzon Caldera hqfigure 1). The Malaysian Main Range is formed by gran-
spring. Thaumarchaeota and Crenarchaeota were presentin bojte, sedimentary rocks, and alkali feldspariugsain et al.,
sites, but Euryarchaeota were only found in the acidic ho&pr  2009. Water samples were collected from ve locations along
(Wemheuer et al., 20)3In other reports, the dominant gen- the stream of the SK hot spring and mixed in an equal
era found in alkaline hot springs were those of ffileermus(De  ratio (Figure 1A). The temperature and pH in the stream
Leon et al., 20])3HydrogenobactgiHou et al., 201 Caldicel- were measured on-site. The pooled water sample was col-
lulosiruptor, DictyoglomusrervidobacteriungSahm et al., 2033 |ected in sterile bottles and stored atG for 2 days prior to
andSynechococc(diller and Weltzer, 201)igenera. Among the  physical, chemical, and standard biological analyses. ikivih
ArChaea, the Crenarchaeal ord&ssulfurococcalasd Thermo- week after Sampling, all water analyses (Table Sl) were per-
protealesften predominate in alkaline hot springsigu et al.,  formed by Allied Chemists Laboratory Sdn. Bhd (Malaysia),
2013; Sahmetal., 2013 in accordance with the Public Health Association (APHA)

In addition to pH, water temperatures control microbial and United States Environmental Protection Agency (USEPA)
distribution within hot springs. In an interesting study;ole  guidelines.

et al. (2013documented an inversely proportional relationship
between hot spring temperatures and the degree of microbidlletagenome Extraction
diversity. Thus, temperatures can in uence ecosystem composA mixture of water and sediment samples was taken from the
tions. Taxonomic diversity and richness varied along theoBi middle of SK streamKigure 1A), and the sample was main-
Pool hot spring out ow channel, wherein a chemotrophic com-tained at 4C for less than a week before analysis. The mixture
munity dominated a bio Im at a high temperature (92), while  was shaken vigorously prior to metagenome extraction. A 100-
a phototropic mat predominated at a lower temperature 66 mL sample was centrifuged at 1000g for 5min to remove
(Swingley etal., 20)2These ndings are in agreement with those coarse particles, and the water was ltered using a @mbpore
from a previous studyfe Leon et al., 20)3In an analyses per- size lter (Sartorius, Goettingen, Germany). The Iter merabe
formed byVick et al. (2010using three Little Hot Creek (LHC) was then sliced and subjected to metagenome DNA extraction
hot springs samples, the Aqui cae and Thermodesulfobacteriasing the Metagenomic DNA Isolation Kit (Epicentre, Wiscon-
phyla dominated samples from LHC1 (82&G pH 6.75) and sin, USA), according to the manufacturer's suggested proto-
LHC3 (79 C, pH 6.97). In contrast, the LCH4 hot spring (78  col. To increase the purity of the metagenome library, humic
pH 6.85) was dominated by the candidate divisions OP1 andcids or other PCR inhibitors were removed using the Agen-
OP9, which were rst identi ed in YNP Obsidian PooRohini  court AMPure XP System (Beckman Coulter, Brea, CA, USA).
Kumar and Saravanan, 201@Water chemistry parameters such The cleaned metagenome was evaluated by 1% w/v agarose
as dissolved sulfate, total nitrogen, organic carbon, pyele- gel electrophoresis, a NanodrBp 1000 spectrophotometer
mental sulfur, and other metal compounds can also in uencgThermo Scienti ¢, Wilmington, DE, USA), and a Qublit 2.0
microbial diversity, as reported Byuang et al. (2013andHou  Fluorometer (Invitrogen, Merelbeke, Belgium). Metagenomes
etal. (2013) extracted from the same sampling site were subsequently ana-
The Malaysian Sungai Klah (SK) hot spring (located atyzed by 16S rRNA sequencing and shotgun metagenome
3 5947.88N, 101 2385.1PF) is a hotspot for tourism. In this analyses.
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FIGURE 1 | Sungai Klah hot spring. (A) lllustration of pH, temperature, and sampling sites for wateand metagenomic analyses(B,C) Photographs of the SK hot
spring. (D) The Sungai Klah hot spring is located in Perak, Malaysia.

Targeted 16S rRNA Fragment Library target sequences were designed based on a reported primer
Construction, Sequencing, and Data Analysis pair, namely S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-
Puri ed metagenomic DNA was used as the template for gen21 (Klindworth et al., 2018 The amplied fragments were
erating a 16S rRNA metagenome library. The oligonucleotidguanti ed with the Qubit dSDNA HS Assay Kit (Invitrogen,
primers used for this experiment were®53CGTOGGCAG Merelbeke, Belgium) on a Qubit 2.0 Fluorometer prior to
CGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGC sequencing. Paired-end sequencing of the library was pagdr
AG-3 and FGTCTCGTGGACTCGCAGATGTGTATAAGA  on an lllumina MiSeq sequencer (San Diego, CA, USA) using
GACAGGACTACHVGGGTATCTAATCCS, where the under- the MiSeq Reagent Kit (v3) with the longest read length set to
lined regions are the lllumina adapter overhang nucleotid®2 300 base pairs (bp). The resulting sequences were assessed
sequences, while the non-underline sequences are locasespe and Itered according to base quality, using the FASTQ Quality
sequences targeting conserved regions within the V3 and \Hilter (@ D 20,p D 80) of the FASTX-Toolkit. Paired-end reads
domains of prokaryotic 16S rRNA genes. The locus-speci passing the quality Iter were merged using PEARéNg et al.,
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2019. The successfully merged fragments were searched againbserved at sites having higher temperatures. The streaveseha
the National Center for Biotechnology Information (NCBI) pH range of 7.0-9.0Kigure 1A). As itis located within a wooded
16S Microbial database using BLAST&wvalue 10 6) of the  area, visitors have little access to the strekigyre 1B).
BLASTC package Camacho et al., 2009The NCBI database Water sampling was performed at ve di erent sites along
was selected because it is a larger database compared to otther SK and pooled to obtain representative water samples
common databases (i.e., RDP and SILVA) and is therefor@-igure 1A). The water quality of the pooled water samples is
capable of providing greater depth of information for archaeakummarized in Table S1. The mean pH for the SK hot spring was
sequencesK@n et al., 2011 Similarity search results were measured at 8.2, with an alkalinity of 76 mg miL. The follow-
used to analyze the taxonomic distribution of the metageroming metals were not detected or were below quanti able lgnit
sample with MEGAN 5.2.3H{uson et al., 201)] using the lowest cadmium, chromium, copper, lead, manganese, mercury, silver
common ancestor (LCA) algorithm (parameter: MinSc@ &0, nickel, and barium. The color of the water was 75 TCU (true
Top PercentD 10, and MinSupportD 5). Rarefaction curves color unit), making it signi cantly higher than the acceptedlor
were generated by MEGAN 5.2.3 and are showifrigure S1  standard for drinking water< 15 TCU). The high TCU of the
The original sequencing output les have been deposited in th&K water is likely due to the presence of organic carbon (i.e.,
Sequence Read Archive (SRA) service of the European Bioinumic acid) and chlorophyll released from the fallen leavés T
formatics Institute (EBI) database under Accession NumbeSK water met almost all of the quality requirements for drink
PRJEB7059. ing water, with the exception of the levels of aluminum, aisen
. and iron, which were above the minimum limits set by the World
Whole Metagenome Shotgun Sequencing and Health Organization. The presence of these compounds is likely
Data Analysis _ . the result of the SK geological settinghompson et al., 2007
The dual-indexed, paired-end library of the metagenome wagnq s unlikely to be the result of human activity. The SK hot
prepared using the lllumina Nextera DNA Sample Preparationyying contains sulfur, and almost all Malaysian hot springs a
Kit (San Diego, CA, USA), according to the manufacturerSich in sulfur or sulfur compounds. The TOC was 9.04 mg mL
suggested protocols. The metagenome sample library was qualsing standard bacteriological analysis, coliform &stherichia
tied using a Qubit® 2.0 Fluorometer, and its size distribu- )i were not detected. The 5-day standard BOD performed at
tion was determined using an Agilent 2100 Bioanalyzer (Agilensg ¢ \was measured to be 5 mg L As the water temperature
Technologies, Palo Alto, CA, USA). Whole metagenome sholss the Sk hot spring is high, separate BODs performed at 60
gun sequencing was performed using _the lllumina H_|Seq 2509nd 80C yielded values of 10 and 5mg 1, respectively. Bio-
sequencer (San Diego, CA, USA) available at the High Impagiges were not detected by gas chromatography-mass spectrom-
Research Institute at the University of Malaya. For sequencingiry (National Institute of Standards and Technology refere
we used a dual-indexed 151 (Paired-End sequencing) syrategiangards) in the pooled water sample, which was critical for
with a total of 325 cycles (151 bp reads, eight bp index semRjen s work to avoid potential biases while studying the natural
and seven additional chemistry cycles). The entire sedongnc population of microorganisms in this hot spring.
run was completed in approximately 40 h.
Paired-end sequencing reads were Itered with the Trimmo-Microbial Diversity Analysis Using V3-V4 16S
matic 0.30 trimming tool Bolger et al., 20)4or a minimum ter-  rRNA
minal base quality score of 20, and only fragmenB0 bp were The water and sediment in the middle of the SK stream
used for generating assembliBg novaassembly of good-quality (Figure 1A) was next analyzed for its microbial biodiver-
reads into contiguous sequences (contigs) representing DNsity using primers S-D-Bact-0341-b-S-17/S-D-Bact-078624
fragments in the metagenome was performed using the IDBAKIindworth et al., 2013 The temperature at this site was
UD assembler, Version 1.0.9€ng et al., 20)2All assembled on the sampling day. Using these primers, a total of 480,983
contigs< 300 bp were discarded. Open reading frames (ORFs) ireads was generated by the sequencer. After the qualitg- Itr
the assembled contigs were predicted using Prodigal gene pr#mn and sequence read merging process, we obtained 429,677
diction software, Version 2.60Hfyatt et al., 201R Functions of usable 16S rRNA gene fragments, 97.7% of which were assigned
the predicted proteins were based on RAPSEARCH2 Z42q to various taxa. Rarefaction analysis indicated that thapia
et al., 201psimilarity searches against the NCBI GenBank nonhad reached near saturation for the genus level and higher ta
redundant protein sequence database (nr) to identify théligs  onomic levels, but a curvilinear phase was observed at théespec
for each gene. The similarity search results were analyzad us level Figure S3. A comparison of classi cation of the archaeal
MEGAN 5.2.3 Huson et al., 201)lby assigning BLAST results to genera to the mothur pipeline against the Ribosomal Database
NCBI taxonomies with the LCA algorithm using default param- Project (RDP) and SILVA databases is availabEgure 2
eters. The metagenomic sequences generated in this study we A total of 96.8% of the 16S rRNA gene fragments were
deposited in the EBI SRA under Accession Number PRIJEB499@ssigned to bacteria, whereas 0.91% belonged to Archaea
(Figure 3A). These fragments were classi ed into 67 classes,

Results 120 orders, 206 families, and 358 genera. A total of 35 phyla
were present and the major phylum was Firmicutes (37.15%),
Water Analysis which comprised mainly of Clostridia and Negativicutes, twit

The temperature along the SK stream ranged between 50 afcilli, Thermolithobacteria, and Erysipelotrichia being g@et
110C, and gas emission by bubbling and visible mist wa@ small proportions Figure 3B). The majority of the Clostridia
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FIGURE 2 | Relative abundance of prokaryote 16S rRNA sequenc  es < 2%, respectively, were grouped as “Other.(C) Phyla and(D) genera levels
classi ed using NCBI, RDP, and SILVA databases. (A)  Phyla and(B) of archaeal sequences. Genera of archaeal sequences with lagive
genera levels of prokaryote sequences with relative abundaes of <1 and abundances of< 2% was grouped as “Other.”

were represented by the Clostridiales order. Taxa placed inigenera incertae sediSracilibacter Dehalogenimonasand Tre-
Clostridiales included generally anaerobic, rod-shapguically ponema(Figure 3A). In total, these genera represented approx-
gram-positive, endospore-forming bacteria and were ghtagly imately 70.62% of the total population within the SK hot spring.
saccharolytic, peptolytic, and/or chemolithoautotrophic. Previous studies identi eénoxybacillugsndMeiothermuss the

As shown in Figure 3C the second most common phy- two most common genera isolated from this hot springoh
lum was Proteobacteria (19.26% of total 16S rRNA gene fragt al., 2011b; Chai et al., 2Q1lhowever, these genera repre-
ments). The major class was Deltaproteobacteria (41.96%eof tsented a small minority of the sequences ampli ed in the cotre
total Proteobacteria), followed by Betaproteobacteriad®%), study. TheGeobacillugenus, a common thermophile in many
Gammaproteobacteria (11.70%), Alphaproteobacteria (7.56%)ot springs, was also identi ed as one of the minority genera i
and Epsilonproteobacteria (0.32%). The remaining major phylhis study.
included Aquicae (8.12% of total fragments), Verruconaer In this study, the Crenarchaeota, Euryarchaeota, Korar-
bia (5.48%), Thermotogae (4.11%), Ignavibacteriae (3.39%haeota, and Thaumarchaeota phyla were also detected
Actinobacteria (2.91%), Chloro exi (2.90%), Planctomysete(Figure 3D). Members of the Euryarchaeota phylum accounted
(2.79%), Bacteroidetes (1.97%), Deinococcus-Thermus%l), 74 for the highest number of fragments, with the leading gen-
Nitrospirae (1.56%), Spirochaetes (1.53%), Thermodesuliebacera including Methanosaeta (30.24% of Euryarchaeota
ria (0.82%), Acidobacteria (0.63%), Cyanobacteria (0.629d), afragments), Aciduliprofundum (15.93%), Methanolinea
Euryarchaeota (0.58%), while the remaining phyla representgd0.68%)Halobacterium(8.27%) Methanocaldococc(g.04%),
0.4% of the total population. Methanomicrobiung4.75%)Methanocell#4.02%), and/ethan-

HydrogenobacteiClostridium PelosinusTepidimonasand  othermus(3.91%). To date, only four species of Euryarchaeota
Caloramatorrepresented the ve major genera (total 36.70%have been described in thBlethanosaetagenus, including
of the entire set of genera) present in the SK hot springMethanosaeta conciliiPatel and Sprott, 1990Methanosaeta
ThermobrachiumSyntrophorhabdydgnavibacteriumThermo-  thermophila(Kamagata et al., 199 Methanosaeta harundinacea
toga Melioribacter Acetivibriq and Geobactermccounted for (Ma et al., 2005 and Methanosaeta pelagic@/ori et al.,
approximately 20.31% of the total 16S rRNA gene fragment8019), with Methanosaeta thermophilexhibiting the highest
whereas another 13.61% of fragments belonged’termus growth temperature (55-6C). In relative terms, 16S rRNA
Thermodesulfovibridethylacidiphilum SyntrophusAqui cales  gene fragments closest tbethanosaeta thermophilavere
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FIGURE 3 | Taxonomic af liation of 16S rRNA metagenomic fragments . The phylogenetic distribution for(A) the overall population,(B) Firmicutes, (C)
Proteobacteria, and(D) Archaea.

most commonly identi ed in SK, among théMetha

genus.
Aqui cae and Thermotogae were the only two kno

nosaeta of Aqui cae. The gene fragments putatively assigne@hermo-
toga thermarumand Thermotoga neapolitaneorresponded to
wn hyper-90.91% of the total Thermotogae, whereasRbeevidobacterium

lerante  and Thermosiphaenera represented the minority populations.

thermophilic bacterial phyla that exhibit high heat to
this work, most Aqui cae genera detected wétgdrogenobacter At present, the genuBhermotogaonsists of nine species, at least

or Agui calesgenerancertae sedid atin: uncertain placement), three of which were potentially present in SK hot spring.
Several thermophilic photosynthetic microorganisms were

contributing more than 92% of the total Aquicae, whereas

detected in the SK hot spring. These microorganisms included

the remaining small percentage were represented Thgr-
movibrig PersephonellandSulfurihydrogenibiumThe detected members of theRosei exusPorphyrobacterand Chloro exus

Hydrogenobactet6S rRNA gene fragments showed the closesienera. TheChloro exusis a lamentous anoxygenic pho-
totrophic bacterium. Chloro exus aggregansan grow pho-

similarity to Hydrogenobacter subterraneudich was rst iso-
lated from a Japanese deep subsurface geothermal water ptatophically under anaerobic conditions, but also exhibits

(Takai et al., 2001and is described as a strictly aerobic het-the ability to grow chemotrophically under aerobic and dark
erotroph with optimum growth at 78C and pH 7.5 (close to conditions. The complet&Chloro exus aggregargenome was
the temperature and pH of the SK sampling site). In relativepublished previously Tang et al., 2001 In addition, sev-
terms, the number of Thermotogae detected was less than thatal photosynthetic cyanobacteria, including bacteriarfrthe
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Cyanobacterium Synechococcu&loeobacterand Oscillatoria  TABLE 1 | HiSeq sequencing data.
genera were also detected in the SK hot sprir@arididatus

Chloracidobacterium thermophilyna chlorophyll-based photo- C""actestics Amount
heterotroph, was als_o prgseqt. _ _ SEQUENCING STATISTICS
The SK hot spring is slightly alkaline. Interestingly, SeVymuer of raw reads generated 552,717,500

eral acidophiles were present within the community. For an,,, yases generated
example, 1% of 16S rRNA gene fragments was related t
Methylacidiphilum(of the Verrucomicrobia phylum). The opti-

82,907,625,000
(_ASSEMBLY STATISTICS

. T X ! Number of assembled contigs 922,897
mum growth condition for Methylacidiphilum infernorumis o
H 2-2.5, and the optimal growth temperature is €0(Hou Largest contg size 104,05
P >y p g P N50 contig size 2331

et al., 2008 Other thermoacidophiles present included speciesrotal#Iarge contigs 300 bp)

e . . ) . 694,949
closest toAcidimicrobium ferrooxidansywhich growth opti- )
- . Total # bases large contigs 1,231,473,681 bp
mally at pH 2 Clum et al., 2008 Syntrophus aciditrophicus Average larde contia size 1779b
(pH 5-6.2) Kulichevskaya et al., 20))&cidisphaera rubrifaciens N50Igr gnti izg 2693bp
(pH 4.5-5) Hiraishi et al., 200)) Acidothermus cellulolyticsH arge contg size P
Total assembled contig length 1,324,524,733 bp

5) (Mohagheghi et al., 19%6euryarchaeotahciduliprofundum
boonei(pH 3.3-5.8) Reysenbach et al., 20pAcidithiobacillus 0@ # unassembled reads 168,538,065
caldus(pH 2) (Kelly and Wood, 200)) and Sulfolobus acidocal-
darius(pH 2) (Chen et al., 2005We spread the collected sample
on acidic medium (pH 4.0), and thermoacidophiles colonies weré\ctinobacteria, Thermodesulfobacteria, Thaumarchaeatad
able to form on the plates (data not shown). the candidate division OP1.

In addition to “Ca. Chloracidobacterium thermophilim  Approximately 7.11% of the ORFs were assigneGltstrid-
as described above, we also detected the presence of oth#n. Othergenerawith alarge number of ORFs includethero-
uncultivable Candidatus including “Ca. Solibacter usitatus;” linea(3.39%) Acetivibrio(3.35%),Thermodesulfovibri(2.58%),
“Ca. Koribacter versatilis” Ca. Desulforudis audaxviator’Ca. Ignavibacteriun(2.25%), andMieiothermug2.18%). The above
Midichloria mitochondrii”’ “Ca. Accumulibacter phosphatis:‘ SiX genera accounted for 20.85% of the total ORFs found in this
“Ca. Cloacimonas acidaminovorans andC4. Korarchaeum study. The genera dfaldilinea(1.58%)Dictyoglomug1.39%),
crypto lum.” Little is known about these microorganisms,&n Gemmata(1.37%),Chloro exus (1.31%), Treponema(1.30%),

it is exciting to document their presence in the SK hot spring/Archaeoglobugl.26%),Geobacte(1.17%),Rosei exug1.06%),
although their functional contributions to microbiome fora-  Paenibacillu¢1.02%), and candidate division OP1 (0.98%) con-

tion are present]y unknown. In addition to the microorganism tributed an additional 12.45% to the total set of ORFs idegdi.

mentioned here, certain fragments revealed no close velsin Phylum assignments for the identi ed ORFs were compared
the current NCBI database, apparently indicating the presefice With the 16S rRNA metagenomic data. In general, the distri-
novel organisms indigenous to the SK hot Spring_ bution of the major phyla was similar between both the 16S
rRNA and shotgun metagenome approaches. Nevertheless, three
Whole Genome Shotgun Metagenome Analysis phyla were detected in 16S rRNA diversity study, but not by

The sampling site for shotgun analysis was identical to the onthe shotgun sequencing method. These phyla include Haloplas-
used for the 16S rRNA metagenome sequenciigure 1A). Matales, Lentisphaerae, and Armatimonadetes (also known as
Detailed information regarding the sequencing reads asets ~ candidate phylum OP10). However, the primers used to amplify
bled results are summarized ifable 1 A total of 552,717,500 Mmetagenomes targeting the 16S rRNA V3-V4 region missed
reads was generated from the HiSeq 2500 sequencer. Thdse relyla of the candidate divisions OP1 and JS1, environmen-
were trimmed and assembled into more than 900,000 contigéal bacteria, some Archaea samples [Fusobacteria, Poribacte
MEGAN software was primarily used to display and analyze th&a, Chrysiogenetes, Fibrobacteres, Nanoarchaeota, idzng
data. The majority of the contigs had relatively good cogera Saccharibacteria (formerly known as candidate division TM?)]
The average coverage was 28.7X, and the total number of com2d candidate division WS3 (Latescibacteria). Howevenesof
tigs with greater coverage than the average coverage vaisie whese phyla are mesophilic and it is thus likely that they may
133,616. A total of 278,434 contigs had coverage exceellihg 1 have originated from the soil. Using the shotgun metagenome
Overall, 88.44% of the predicted ORFs (457,296 proteing@Pproach, gene fragments of viruses were detected, and iégligi
belonged to bacteria, and 10.14% (52,408 proteins) and 0.67%mbers of fungi, insect, algae, protozoa, and parasitesgpsoti
(3446 proteins) were from Archaea and Eukaryota, respectively/ere identi ed as well.
A small fraction of the total contigs belonged to viruses and
unclassi ed sequences. A total of 83 phyla were identi edj an Microbial Functional Gene Diversity
the top 20 phyla included (in decreasing order of prevalenceh total of 1,203,458 full-length protein-coding genes idextti
Firmicutes, Proteobacteria, Chloro exi, Bacteroidetdsyur-  within the shotgun metagenome dataset were analyzed. Among
yarchaeota, Crenarchaeota, Deinococcus-Thermus, Spieted, these, 817,831 ORFs were annotated based on the closest match
Nitrospirae, Planctomycetes, Aquicae, Ignavibacteriaein the GenBank NR protein database. Using the SEED and KEGG
Acidobacteria, Thermotogae, Cyanobacteria, Dictyoglomifunction of MEGAN, the ORFs were classi ed according to
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their putative functions Figures 4 5). We used these sequenceCarbon Metabolism Function within the SK Hot

a liations to further understand the relationship betweethe

Spring Community

geochemical parameters and the population diversity withm th The reactions involved in carbon metabolism include car-

SK hot spring. bon degradation, carbon xation, and methane metabolism.
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FIGURE 5 | Number of predicted ORFs that matched metabolic categ ories, based on KEGG analysis.

Carbon degradation enzymes were identi ed using dbCANand +Proteobacteria for the reductive tricarboxylic acid eycl
CAZy (Yin et al., 201), and their presence is illustrated (iii) acetogenic Firmicutes, anammox Planctomycetes, and
in Figure 6. These enzymes include genes encoding alphamethanogenic Euryarchaeota for the reductive acetyl-CoA
amylase, amylopullulanase, beta-amylase, glucoamylaep; n pathway; (iv) anaerobic and microaerobic autotrophic Ther-
ullulanase, and pullulanase (involved in starch degraddtio moproteales and Desulfurococcales for the bicarboxylate/4
beta-glucanase, beta-glucosidase, and cellulase (idvinlgellu-  hydroxybutyrate cycle; (v) aerobic autotrophic Sulfol@safor
lose degradation); arabinofuranosidase, xylanase, andamase the 3-hydroxypropionate/4-hydroxybutyrate cycle; and (ip-
(involved in hemicellulose degradation); acetyl-glucosédiase, totrophic green non-sulfur bacteria of the family Chloro ag-
beta-hexosaminidase, chitinase, and peptidoglycan hydrolasae for the 3-hydroxypropionate bicycle. Shotgun metagenome
(involved in chitin degradation); polygalacturonase (ilwed sequencing also detected enzymes involved in four types of
in pectin degradation); and other carbohydrate degradationmethanogenic pathwayd-igure 8A) utilizing carbon dioxide,
enzymes. Because the SK hot spring is physically locatedwsithi methanol, acetate, and methylamine for methane productisn, a
woodland, the stream is often fed by fallen leaves, twigsidires, well as methane monooxygenase and formate dehydrogemase fo
and even tree trunks. Thus, the SK microbial community isljk  methane consumption. Methanogenic thermophiles were there-
able to acquire carbon sources from fallen plants and othér nafore con rmed to be present in SK hot spring. The 16S rRNA
ural organic matters. Furthermore, the absence of carban st survey also identi ed the presence of methanotrophs, incigdi
vation stress-related proteins in the shotgun metagenonta dathe Euryarchaeota.
(Figure 4B) suggested that the TOC content in the SK hot spring
might be su cient for the survival of the community. Sulfur Metabolism within the SK Hot Spring

The presence of key enzymes involved in six autotrophi€ommunity
carbon xation pathways Figure7) was associated with In general, sulfur metabolism involves sulfur oxidation amd s
the presence of (i) cyanobacteria and the, b-, and fur reduction. Because most of the ORFs detected in shotgun
g-subdivisions of Proteobacteria for the Calvin-Bensonleyc metagenome data were related to the sulfate reduction path-
(ii) green sulfur bacteria (Chlorobi), Aquicae, Nitros@r way, we conclude that the SK community preferably generates
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the reductive form of sulfur compounds$-{gure 8B). The path- suggests that methionine may be synthesized through anothe
way involves the conversion of sulfate into adenylylsultatd  pathway. With respect to the sulfur oxidation pathway, althioug
the further generation of 8ohosphoadenylylsulfate, sul te, and a gene for sulfur dehydrogenase was detected, the SK shotgun
hydrogen sul de (BS). The generation of hydrogen sul de is an metagenome data did not reveal sulfur dioxygenase or sul te
important transformation in sulfur metabolism because ihca oxidase ORFs.

be used for the biosynthesis of sulfur-containing aminodaci Sulfate-reducing microorganisms are important in degradin
However, the absence of homocysteine desulfhydrase (EC2).4 organic matter under anoxic environments. In the SK commu-
nity, the organisms related to sulfate reduction includbddge
having closest ORFs hits tdhermodesulfovibrio yellowstonii
(Henry et al., 1994 Thermodesulfovibrio aggregaissekiguchi

et al., 2008 Desulfomicrobium thermophilu¢ihevenieau et al.,
2007, Desulfotomaculum carboxydivorgi®srshina et al., 2005
Desulfotomaculum kuznetsofiiisser et al., 20)3Thermodesul-
fatator indicus(Moussard et al., 2004Thermodesulfobacterium
commune(Zeikus et al., 1993 Thermodesulfobium narugense
(Mori et al., 200} Archaeoglobus vene c@isuber et al., 1997

and Caldivirga maquilingensigtoh et al., 199 Sulfur-reducing
microorganisms use sulfur for the generation of hydrogelirdsu
because they are unable to reduce sulfate. Examples of sulfur-
reducing microorganisms in the SK community inclutigppea
maritima (Miroshnichenko et al., 1999Thermococcus gamma-
tolerans(Jolivet et al., 2003 Thermo lum pendengAnderson

et al., 200§ Caldivirga maquilingens{goh et al., 199} Vulcan-
isaeta distributgltoh et al., 200, andVulcanisaeta moutnovskia
(Prokofeva et al., 2005; Gumerov et al., 2011

Nitrogen Metabolism within the SK Hot Spring

Community

The nitrogen cycle is a complex biological process that reguir
interplay among many microorganisms in catalyzing di erent

FIGURE 6 | Gene mining for enzymes involved in carbon
(polysaccharides) degradation.

FIGURE 7 | Gene mining for the key enzymes involved in autotrophi ¢ carbon xation. (Abbreviations: FormyIMFR-H4MPT formyltransferase,
formylmethanofuran-tetrahydromethanopterin formyltnasferase; 10-formyl-H4F synthetase, 10-formyl-tetrahybfolate synthetase).
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FIGURE 8 | KEGG-based functional analysis of the SK hot assigned to the corresponding function in each dataset: (A)
spring community. Each numbered rectangle represents participating methane metabolism; (B) sulfur metabolism, and (C) nitrogen
enzymes. The boxes are shaded according to the number of ORFs metabolism.

reactions. The annotation of sequences relevant to nitmogeoriginated from mesophilic populations located in upper stream
metabolism in the shotgun metagenome revealed the presencagions with a lower temperature.

of genes involved with complex nitrogen immobilization amebt

mineralization cycle Figure 8CQ). The presence of nitrogenase Evaluation of the Presence of Pathogenic Strains

genes involved in nitrogen xation having the closest hther-  in Hot Springs

modesulfovibricspp., Rosei exusspp., Methanosaetapp., and A total of 4659 and 2818 ORFs were related to various vir-
Clostridiumspp. Chen, 200pindicated the potential of the SK ulence factors and pathogens associated with human diseases,
hot spring community for xing atmospheric nitrogen to ammo- respectively. It is not uncommon to observe the presence of
nia. Genes related to both assimilatory and dissimilatdtsate  viruses or phages in hot springs. For example, viruses and
reduction pathways were also detected. This ndingindisdtee  phages were also detected in the Bear Paw and Octopus hot
existence of distinct mechanisms for the transformationitfite  springs in YNP Pride and Schoenfeld, 200)8Most of the

into nitrite, nitric oxide, dinitrogen oxide, ammonia, angitro-  viruses identi ed in the present study belonged to the Cau-
gen in the SK community. Due to the low oxygen content of thedovirales order. The Lipothrixviridae family viruses thafect

SK hot spring, itis not surprising to detect the presence oftleni Archaea were present in lesser quantities. We also detected
fying bacteria that are able to reduce nitrate or nitrite@sninal some Phycodnaviridae viruses, which infect marine or fnesh
electron acceptors for respiration. However, thermophilie-de ter eukaryotic algae. Besides, as evident from the 16S rRN& NG
itrifying bacteria were not detected in 16S rRNA metagenomeata, pathogens detrimental to the health of humans or ani-
analysis; instead the population was dominated by mesophilesals identi ed included those shown to have the closest futs t
This shows that most of the thermophiles in SK are unlikelyClostridium di cile (total 16S rRNA fragments: 234§ lostrid-

to undergo denitri cation processes, and such genes playsibium hiranonis(7), Brucella sui§l4),Legionella pneumophi{29),
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Leptospira licerasig@67),Leptospira wol i (12), Pseudomonas Lakes. Water emerging from the ground of LHC ows as
uoresceng18), Rickettsia montanens{40), Rickettsialegen- a stream at a temperature (78.7-8L% and pH (6.75-6.97)
eraincertae sedi€l 70), and others. Genome fragments from thesimilar to that of SK. The dominant phyla in LHC are Aqui -
above pathogens were also detected in the shotgun metagenoroae, Thermodesulfobacteria, Deinococcus—Thermus, Thermot
In addition, fragments of genomes of some other pathogenigae, Chloro exi, and Dictyoglomi. This contrasts with Skheve
strains were detected in the shotgun metagenome, but wespproximately 56% of the phyla were composed of Firmicutes
not detected in the 16S rRNA analysis, includiBgrkholderia and Proteobacteria. In one biodiversity analysis, the pdmra
CampylobacteCryptosporidiumEnterococcu&scherichigGia-  of archaeal and bacterial communities taken over 3 years fro
rdi, LegionellaLeptospiraMycobacteriumSalmonellaShigella  three alkaline hot springs in the Heart Lake Geyser Basin (BILG

Vibrio, andYersiniaspp. at YNP was analyzedg¢ Leon et al., 20)30ne of the HLGB
hot springs is a 2-m wide, basin-type hot spring. Its temperature
Discussion and pH (75C, pH 8.5) were relatively constant over the 3-year

sampling period, and the bacterial populations identi ed (seven

Environmental samples represent an enormous reservoir aghajor bacterial phyla) were stable over time. Yet, Crenarmtzae
genetic diversity from archaea, bacteria, eukaryotesyandes. and Thaumarchaeota dominated this site and the archaeabphyl
Approximately 99% of microorganisms are not amenable to-culticomposition changed over time. In this study, we observed tha
vation by standard laboratory techniques. Metagenome serjue the SK hot spring exhibits greater biodiversity than presertihe
ing is a powerful approach in studying the environmental ganeti HLGB. Cole et al. (2013proposed that temperature can control
diversity directly by bypassing the limitation of cultivati-based the diversity of hot spring microbial communities. Using a#ph
method Sharon and Ban eld, 20)3 Metagenomics sequenc- diversity analysis tools, the number of Operational Taxonomi
ing is achieved through two approaches: amplicon sequendinit at higher temperatures was signi cantly lower than that a
ing and shotgun sequencing. In this current work, primerslower temperatures. Relative to previous ndings Wyk et al.
S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21 pair tangethe  (2010) Swingley et al. (2012ou etal. (2013)Cole et al. (2013)
V3-V4 region of prokaryotic 16S rRNA&(indworth etal., 2013  andDe Leodn et al. (2013the microbial diversity within the SK
was used. Based on the analysissilico evaluation for more hot spring is comparatively distinct and richer in biodiveysit
than 370,000 sequences, these primers enable overall geverarhich plausibly stems from a combination of the four factors
of approximately 94.5% bacterial and 64.5% archaeal seaiendescribed above.
in the database searched if oimesilico nucleotide mismatch is Dissolved oxygen levels are inversely proportional to water
consideredlindworth et al., 2013 temperatures. Given that the water temperature at the sampling

Most of Malaysian hot springs appear as a pool or basin whergte was high (8CC), the dissolved oxygen within SK hot spring
the water is stagnant or experiences little exchange. Tress g was expected to be low. Based on the 16S rRNA sequencing, the
along the banks of the SK hot spring. The SK hot spring is richemajority of the population (approximately 70%) was comprised
in aluminum, iron, sulfate, and sulfur in comparison to other of strict anaerobes, whereas the remaining microbes wérerei
Malaysian hot springs, such as the Semenyih, Kampung Sericultative or aerobic. Surprisingly, one of the dominanérth
and IKBN Hulu Langat hot springs. For example, the total nitro-mophile populations identi ed waslydrogenobactespp., which
gen content detected in the SK hot spring was twice that of thare obligate chemolithotrophic organisms. The 16S rRNA frag-
Kampung Serai and IKBN Hulu Langat hot springs. When com-ments ofHydrogenobactespp. represented approximately 5% of
pared to 60 other Malaysian hot springs, the SK hot spring ishe total population, which was two-fold higher than the next
unique due to the natural environment of the site. For examplemost abundant anaerobic taxa. Question that naturally arise
(i) the 150-m-long hot spring contain multiple spring heads are why aerobiddydrogenobactespecies would dominate the
with temperatures exceedirgl00 C. As the stream is shallow, community, and how other aerobic thermophiles survived in an
(i) the temperature along the streams uctuate with a range oanoxic environment. Below are two possible answers to these
50 to 110C. (iii) The pH along the streams is not uniform and questions. First, the SK hot spring is shallow, and the wateon-
ranges between values of 7.0 and 9.0, and (iv) the SK hot spritiguously aerated by the movement of the current. Second, th
is fed with plant litters Figures 1B,G. The plant litter is one of presence of photosynthetic bacteria likely supply additionsd di
the natural sources that enhance its carbon contents. Th€ TOsolved oxygen. Several spots of green biomats are presegt alon
for the SK hot spring was determined as 9.04 mg tlwhile less the SK hot spring with temperatures ranging between 50 and
than 1 mg mL 1 TOC was measured in the Semenyih, KampungZO C. Although the diversity of microorganisms that form the
Serai, and Hulu Langat hot springs where plant litter is abserttiomat have yet to be determined, it is believed that the mat i
(unreported). Itis possible that plant litter enriches the SKmm-  composed of the photoautotrophic bacteria mentioned earlier.
biome diversity of thermophiles by providing additional carb From the analysis of carbon metabolism, the SK hot spring
sources where the emerging ground water is lacking. lts@ds- community uses diverse means for growth. The thermophiles
sible that combinations of the four aforementioned factfifsy)  can use organic or inorganic substrates. A fraction of thenco
increase the biodiversity of the SK hot spring. munity exhibits a complete metabolic pathway, whereas the oth-

Previously,Vick et al. (2010used 16S rRNA gene libraries ers may bene t from syntrophic relationships. An example of
to analyze the microbial diversity present in the Little Hotsuch a syntrophic interaction is found among acetogenicérgat
Creek (LHC) hot springs located near to California Mammothand methanogenic Archaea with respect to the methanogenesis
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process Ragsdale and Pierce, 200#&nother possible part- by the environmental conditions, such as temperature, omyge
nership may occur betweefreponema caldariand Clostrid-  light, organic matter content, and their availabilitglfapleigh,
ium thermocellunfor the enhancement of cellulose degradation2009.
(Pohlschroeder et al., 19p4t is also not surprising that certain Generally, the non-scienti ¢ public tends to believe that
microorganisms in the SK community contain more than onegeothermal springs are safe, whereas biologists apprecidte tha
carbon xation pathway that utilize di erent inorganic carlmo  these sites are natural growth bioreactors for thermophHesag-
species, as found Rosei exuspp. Gcha ertet al., 2012 ments of genomes and 16S rRNA sequences of several pathogens

Another example of symbiotic relationships is observedsuch as amoebas or viruses, and other mesophiles were found in
between the photosyntheticCa. Chloracidobacterium ther- this study, which raises concerns for public safety. Needess,
mophilun with Anoxybacillusspp. (facultative) andMeio- the SK hot spring was not dominated by these pathogens, as the
thermus spp. (aerobic) Garcia Costas et al., 2012The numbers of total fragments were not signi cant when compared
genome of photosynthetic Candidatus Chloracidobacterium to microbiome as a whole. Therefore, SK hot spring is generall
thermophiluni has been sequenceGércia Costas et al., 2012 safe for the public. It remains to be determined why mesophilic
but the bacteria is very di cult to cultivate in the laboratp.  pathogens were presentin the SK hot spring with temperatures of
Thus far, thisCandidatuscan only be co-cultured in a mixture approximately 80C. We are unable to rule out the possibility that
of Anoxybacillusand Meiothermusspp., and the latter two gen- the original source of these cells may be the soil or otheratbje
era were also present in the SK hot spring. Tiga" C. ther- that were introduced into the hot spring, as we also detected th
mophilunt lacks sulfate reduction function and is complementedgene fragments of Basidiomycota (mushroom), Nematoda, and
by Anoxybacillusand Meiothermusin addition, the presence of Platyhelminthes (worms), and it is unlikely that these arngans
phototrophic microorganisms helps to increase the level of discan live at 80C.
solved oxygen in the heated water that is needed by the other
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