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Abstract

The microbial diversity was investigated in sediments of six acidic to circum-

neutral hot springs (Temperature: 60–92 °C, pH 3.72–6.58) in the Philippines

using an integrated approach that included geochemistry and 16S rRNA gene

pyrosequencing. Both bacterial and archaeal abundances were lower in high-

temperature springs than in moderate-temperature ones. Overall, the archaeal

community consisted of sequence reads that exhibited a high similarity (nucleo-

tide identity > 92%) to phyla Crenarchaeota, Euryarchaeota, and unclassified

Archaea. The bacterial community was composed of sequence reads moderately

related (nucleotide identity > 90%) to 17 phyla, with Aquificae and Firmicutes

being dominant. These phylogenetic groups were correlated with environmental

conditions such as temperature, dissolved sulfate and calcium concentrations in

spring water, and sediment properties including total nitrogen, pyrite, and ele-

mental sulfur. Based on the phylogenetic inference, sulfur metabolisms appear

to be key physiological functions in these hot springs. Sulfobacillus (within phy-

lum Firmicutes) along with members within Sulfolobales were abundant in two

high-temperature springs (> 76 °C), and they were hypothesized to play an

important role in regulating the sulfur cycling under high-temperature condi-

tions. The results of this study improve our understanding of microbial diversity

and community composition in acidic to circumneutral terrestrial hot springs

and their relationships with geochemical conditions.

Introduction

Acidic hot springs are considered extreme environments, yet

they contain a diverse array of thermoacidophilic microor-

ganisms capable of surviving and functioning under such

conditions (Brock et al., 1972; Brock, 1978; Stetter, 1996;

Rothschild & Mancinelli, 2001). Multiple investigations have

shown that thermoacidophiles in terrestrial geothermal fea-

tures are of great importance because of their potential

implications for early life on Earth (Konhauser et al., 2003)

and extraterrestrial biology (Cavicchioli, 2002), as well as

applications in biotechnology (Edwards et al., 2000) and

bioremediation (Norris et al., 2000; Gonzalez-Contreras

et al., 2012). Over the last decade, several culture-indepen-

dent studies have investigated microbial communities in

acidic hot springs, such as those in Tengchong, China (Hou

et al., 2013), Iceland (Kvist et al., 2007), Yellowstone

National Park (YNP) (Jackson et al., 2001; Inskeep et al.,

2010; Kozubal et al., 2012a, b; Macur et al., 2013) and Las-

sen Volcanic National Park (Siering et al., 2006; Wilson

et al., 2008) in the United States.

The Philippines, located in the Circum-Pacific rim of

volcanic systems, harbors a great number of geothermal

features and ranks the second to the United States in

generating geothermal energy (Dolor, 2005). Previous micro-

bial studies associated with the Philippines hot springs have
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either focused on the isolation and cultivation of novel ther-

mophiles (Itoh et al., 1999, 2003), targeted the microbial

diversity of specific groups of microorganisms (Jing et al.,

2005; Lacap et al., 2005), or used conventional molecular

techniques (e.g. DGGE and clone library) (Jing et al., 2005;

Lacap et al., 2007; Lantican et al., 2011). Despite these

extensive investigations, there is still a lack of comprehen-

sive understanding on the microbial diversity and micro-

bial community structure in the Philippines acidic to

circumneutral hot springs. Here, we report on the microbial

diversity, community composition, and their relationships

with environmental variables in six previously unstudied

hot springs in the Philippines. We hypothesize that locally,

environmental conditions are important in shaping micro-

bial community composition in the Philippines hot springs.

Globally, important differences in microbial community

composition exist among hot springs, and both geographi-

cal distance and environmental conditions are important in

controlling microbial community composition.

The objectives of this study were (1) to investigate

the microbial diversity and community structure of six

Philippines hot springs within a range of temperatures

(60–92 °C) and pH conditions (3.72–6.58); (2) to assess the

relationships between microbial community composition

and environmental conditions (e.g. water geochemistry,

mineralogy) in these acidic to circumneutral hot springs;

and (3) to compare the microbial composition in Philip-

pines hot springs with others in Tengchong (China) and

YNP (USA). To achieve these objectives and to test the

above hypotheses, an integrated approach was employed,

including 16S rRNA gene-based 454 pyrosequencing and

geochemical analyses.

Materials and methods

Site description and sampling

The study area is part of the Bacon-Manito Geothermal

Production Field (BGPF), located on the southeastern

chain of the Bicol volcanic arc system in the Philippines

(Fig. 1). This area is structurally controlled by numerous

fault splays and dike intrusions in a shear zone known as

the Bacman Fault Zone (BFZ) and contains a number of

geothermal features (Dimabayao, 2012). The lithology of

the study area is composed of three major units: the

Gayong Sedimentary Formation (GSF), the Pocdol

Fig. 1. A geographical map showing the

sample locations of hot springs in the

Philippines.
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Volcanics Formation (PVF), and the Cawayan Intrusive

Complex (CIC) (Dimabayao, 2012). GSF is the oldest

unit that primarily comprises calcareous clastics and sedi-

mentary breccias. The overlying PVF mainly comprises

intensively altered andesite lavas and tuff breccias. The

CIC is composed of basalt, microdiorite, and plutonic

dikes that intrude the GSF and PVF.

Six hot springs in the BGPF were selected for this study:

INA-1 (Inang Maharang Town), MAL-1 (Malangto Town),

NAG-7 (Naghaso Town), BAG-2 (Balbagon Town), BAL-0

(Balasbas Town), and BAL-1 (Balasbas Town) (Fig. 1). A

portable GPS unit (eTrex H, Garmin) was used to deter-

mine the geographical locations of these springs. Tempera-

ture and pH of hot spring waters were measured using a

portable pH/temperature meter (LaMotte 5 Series, Ches-

tertown, MD). Water samples were collected for laboratory

measurements by filtering � 50 mL of spring water

through sterile 0.22 lm polycarbonate filters (Millipore).

At each hot spring, sediment samples were collected with

sterile spatulas and spoons and homogenized in a presteril-

ized aluminum pan. The homogenization procedure was to

ensure that the solid-phase geochemical and molecular

data were obtained from the same sample to allow subse-

quent correlation analysis between microbial community

composition and environmental conditions. Multiple

aliquots of sediment samples were taken from the homoge-

nized sediments in the aluminum pan and placed into 1.5

or 50 mL polypropylene centrifuge tubes. Sediment sam-

ples for microbial analysis were immediately frozen in dry

ice upon collection, remained frozen during transporta-

tion, and stored at �80 °C in the laboratory until further

analysis.

Geochemical and mineralogical analyses

Spring water was filtrated (0.22 lm) in the field and

measured with a HACH colorimeter (model CEL 850,

HACH Chemical Co., Iowa) for the concentrations of

dissolved oxygen (DO), total sulfide, nitrite (NO�
2 ), and fer-

rous iron (Fe2+) according to the manufacturer’s protocols.

Anion concentrations of water samples were deter-

mined using high-performance liquid chromatography

(HPLC, Dionex DX-500 chromatography, Dionex Co.),

and cation concentrations were determined using direct

current plasma optical emission spectrometry (DCP-OES,

Beckman). Salinity was calculated by summing up the

major ion concentrations in the unit of mg L�1. Total

organic carbon (TOC) and total nitrogen (TN) of the hot

spring sediment samples were analyzed using a Perkin

Elmer Series 2400 carbon-hydrogen-nitrogen analyzer

(Perkin Elmer, Norwalk, CT).

All the sediment samples were prepared for the analysis

of quantitative powder X-ray diffraction (qXRD), as

previously described (Eberl, 2003). Briefly, one gram of

ground sample was mixed with 0.25 g of an internal stan-

dard (corundum). This mixture along with 4 mL ethanol

and two ceramic beads were vortexed (Vortex Genie,

Scientific Ind. Inc.) for 10 min. After drying at 65 °C
overnight, 600 lL of DuPont Vertrel XF (Miller-Stephen-

son, Sylmar, CA) was added to the mixture, and dried at

room temperature for another 10 min. In order to avoid

the orientation effect of mineral particles, the powder was

side-packed into a holder. Samples were X-ray scanned

from 2 to 70 degree two theta with Cu K-alpha radiation

(40 kV, 35 mA), 0.02 degree step size, and a count time

of 5 s per step. The XRD data were analyzed quantita-

tively and converted into weight percent using the Rock-

Jock computer program (detection limit 0.1%) (Eberl,

2003).

DNA extraction and quantitative PCR (qPCR)

DNA was extracted from the sediment samples (0.5–1 g wet

weight) using the FastDNA Spin Kit for Soil (MP Biomedi-

cal, OH), according to the manufacturer’s instructions.

DNA extraction was performed in duplicate for each sample,

and the resulting eluted DNA was mixed and homogenized

to obtain a final volume of 100 lL. DNA concentration was

quantified using a Qubit 2.0 fluorometer (Invitrogen, Carls-

bad, CA). DNA samples were divided into 20 lL aliquots

and preserved at �80 °C until further processing.

Archaeal and bacterial 16S rRNA gene copies were

quantified by qPCR with primer sets Arch349F (5′-GYG
CASCAGKCGMGAAW-3′)/Arch806R (5′-GGACTACVS-
GGGTATCTAAT-3′) and 331F (5′-TCCTACGGGAGGCA
GCAGT-3′)/797R (5′-GGACTACCAGGGTATCTAATCCT
GTT-3′), respectively. qPCR amplifications were per-

formed in a reaction volume of 20 lL, containing 10 lL
2 9 SYBR Green master mix (Applied Biosystems Inc.,

Foster City, CA), 0.5 mM of each primer, and 1 lL of

template DNA (c. 20 ng DNA). The thermal cycling

program was as follows: 10 min at 95 °C, followed by 40

cycles of 94 °C for 30 s, 54 °C (archaeal) or 60 °C
(bacterial) for 20 s, and 72 °C for 60 s. PCR products of

archaeal and bacterial 16S rRNA gene fragments from

one of the investigated samples were used for clone

library construction. Purified 16S rRNA gene plasmids of

two randomly selected clones (one each from archaeal

and bacterial clone libraries) served as standards for

archaeal and bacterial qPCRs, respectively. Serial dilutions

of the archaeal and bacterial standards were made in the

range of 102–108 16S rRNA gene copies. The data were

used to create standard curves correlating the threshold

cycle (Ct) numbers with the 16S rRNA gene copy

numbers. The linear correlation coefficients (R2) of the

archaeal and bacterial 16S rRNA genes were higher than
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0.99. The qPCR amplification efficiencies were in the

range of 96–101%. All qPCRs were conducted in triplicate

on an ABI 7500 Real-Time PCR system (Applied Biosys-

tems Inc., Foster City, CA). Melting curve analyses were

performed after each run to confirm PCR specificity.

Barcoded 454 pyrosequencing and data

analysis

The V4-V8 variable regions of the archaeal and bacterial

16S rRNA gene fragments were PCR-amplified with the

universal primer set of the modified 515F (5′-GTGYCA
GCMGCCGCGGTAA-3′) and 1391R (5′-GACGGGCGGT
GWGTRCA-3′) (Hou et al., 2013). Multiple samples were

pooled into one run for 454 pyrosequencing using a sam-

ple tagging approach (Meyer et al., 2008). Appropriate

adaptors and 8-bp unique barcodes were added to the 5′-
end of both forward and reverse primers (Meyer et al.,

2008). The PCR mix (25 lL) contained the following

reagents: 2.5 lL of 10 9 Taq buffer, 0.4 lM of each pri-

mer, 200 lM of dNTP, 0.8 mM of bovine serum albumin

(TaKaRa, Dalian, China), 1.25 U of Taq DNA polymerase

(TaKaRa), and � 25 ng of DNA template. The PCR

started with an initial denaturation step at 95 °C for

5 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for

30 s, and 72 °C for 1 min, and a final extension at 72 °C
for 10 min. To obtain enough amplicons, PCRs were run

in quadruplicate for each sample. PCR products were

pooled and gel-purified as previous described (Huang

et al., 2011). The purified amplicons of all six samples

were quantified on a Qubit 2.0 fluorometer, and pooled

in equimolar concentrations for 454 pyrosequencing.

The pyrosequencing was performed on a 454 GS FLX

platform (454 Life Sciences, Branford, CT) by MininGene

Biotechnology (Beijing, China). The sequences from the

515F-end of the amplicons were used for downstream

data analysis. The sequences were processed with the

Mothur 1.25.0 software (Schloss et al., 2009; Schloss &

Westcott, 2011). After assigning sequencing reads to each

sample according to their unique barcodes, low-quality

sequences (quality score < 25, length < 200 bp, ambigu-

ous base � 1, homopolymer � 6, and chimeras) were

removed. The number of sequence reads for each sample

was normalized to the one with the smallest number of

reads (4210) by random subsampling. The number of

base pairs for each read was trimmed to a uniform length

of 243 bp. Sequence reads were assigned to operational

taxonomic units (OTUs) at the 97% similarity level, and

one sequence was randomly selected as a representative

from each OTU. Representative sequences were assigned

taxonomy with the ribosomal database project (RDP)

trainset7_112011.pds.fasta (http://www.mothur.org/wiki/

RDP_reference_files) as the reference database using the

‘classify.otu’ script in Mothur (Schloss et al., 2009),

followed by a manual verification. All 454 sequences have

been deposited to NCBI under the Sequence Read

Archive database (accession no. SRA056526).

Clone library construction

To verify the occurrence of Sulfobacillus in sample BAL-0

(90.8 °C), the extracted DNA of this sample was sub-

jected to PCR amplification of the full-length 16S rRNA

gene with Bacteria-specific primer pair of Bac27F/

Univ1492R followed by clone library construction and

phylogenetic analysis according to the methods described

in a previous study (Huang et al., 2011). The obtained

clone sequences have been deposited in the GenBank

database under accession numbers KC493660-KC493669.

Statistical analysis

To evaluate microbial diversity in each sample, alpha diver-

sity indices, including coverage, Chaol, ACE, npShannon,

and invSimpson, were calculated at the 97% OTU similarity

level using tools implemented in Mothur (Schloss & West-

cott, 2011). In order to compare the similarity of the micro-

bial community structures in the investigated hot springs,

the hierarchical cluster analysis was performed using the

hclust function in the R software (R Development Core

Team, 2012). The metaMDS and envfit functions (‘vegan’

package) were used to display any correlations between

microbial community composition and environmental vari-

ables (e.g. parameters in Table 1 and mineral compositions

in Fig. S1) (Oksanen et al., 2011). By fitting individual envi-

ronmental parameters onto a given nonmetric multidimen-

sional scaling (NMDS) ordination of the Bray Curtis

similarities for genera (95% OTU similarity), the correla-

tions between genera and geochemical variables were made.

NMDS ordination was rotated so that two axes were along

the principal components. Spearman test was also per-

formed to confirm the correlation between microbial groups

and environmental variables using the R software.

Results

Geochemistry and mineralogy

The temperature and pH of the six investigated hot springs

was 60–92 °C and 3.72–6.58, respectively (Table 1). The dis-

solved oxygen concentration ranged from 1.6 to

3.1 mg L�1. The aqueous concentrations of cations such as

calcium, potassium, and sodium varied among the springs,

with the highest levels measured in NAG-7. The chloride

concentration covaried with these cations. Salinities of these

hot springs showed a negative correlation with distance
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from the sample sites to the coastline (Fig. S2), and two

springs near Albay Gulf (NAG-7 and BAG-2) showed much

higher salinities than the other inland springs (Table 1).

The TOC concentration in the sediment samples was 1.57–
22.95 mg g�1, and TN concentration was < 2.42 mg g�1.

Quantitative XRD analysis showed that smectite (20.6–56.8%),

kaolinite (11.8–43.2%), K-feldspar (5.5–12.5%), and cristoba-

lite (3.1–13.8%) were the major minerals in the hot spring sed-

iments. Minor sulfur- and iron-related minerals (i.e. pyrite,

elemental sulfur, gypsum, goethite, and ferrihydrite) were in

lower abundance and varied among the samples (Fig. S1).

Microbial community characteristics in the

Philippines hot springs

Archaeal and bacterial 16S rRNA gene abundances were

1.08 9 107–1.60 9 108 and 7.50 9 107–9.93 9 109 cop-

ies per gram of sediments (dry weight), respectively

(Table 2). The archaeal 16S rRNA gene abundance was

lower in the two high-temperature springs than the mod-

erate-temperature ones, except for BAL-1. Similarly, the

bacterial 16S rRNA gene abundance was lower in higher

temperature springs than the low temperature ones.

A total of 57 493 raw sequence reads were obtained for

both Archaea and Bacteria. After removing low-quality

sequences, 41 446 reads (22 257 and 19 189 for Archaea

and Bacteria, respectively) remained for the six samples.

These sequence reads were clustered into 818 OTUs (203

and 615 for Archaea and Bacteria, respectively) at the

97% similarity level. The sequencing coverage was 92.6–
99.6%, indicating that the number of sequences was suffi-

cient to capture most taxa in each sample.

The archaeal community mainly consisted of sequence

reads closely related (nucleotide identity 92–100%) to

phyla Crenarchaeota, Euryarchaeota, and unclassified

Archaea (accounting for 95.8%, 3.2%, and 1.0% of total

Archaea, respectively) (Fig. 2a). The bacterial community

was composed of sequence reads closely related (nucleo-

tide identity 90–100%) to 17 phyla, with Aquificae and

Table 1. Geographical parameters and water geochemistry of the six investigated hot springs in the Philippines

Sample INA-1 MAL-1 BAL-0 NAG-7 BAL-1 BAG-2

Location Inang

Maharang

Malangto Balasbas Naghaso Balasbas Balbagon

GPS coordinates (N, E) 13°04′12″,

123°54′36″

13°07′12″,

123°54′36″

13°06′36″,

123°53′24″

13°07′48″,

123°54′36″

13°06′36″,

123°53′24″

13°07′12″,

123°55′48″

Temperature (°C) 92.40 75.80 90.80 64.10 60.50 59.90

pH 6.08 5.08 4.26 3.72 5.20 6.58

Salinity (mg L�1) 82.55 65.50 163.47 4078.14 28.60 271.62

DO (ppm) 2.10 3.05 n.m. 2.75 1.55 1.75

TOC (mg g�1) 2.62 11.86 21.14 22.95 3.04 1.57

TN (mg g�1) 1.87 0.86 2.42 2.17 0.00 0.00

Ferrous iron (mg L�1) 0.22 0.16 n.m. 0.56 3.09 0.04

Total sulfide (mg L�1) 0.22 0.11 n.m. 0.00 0.00 0.04

Nitrite (mg L�1) 0.01 0.02 n.m. 0.00 0.00 0.02

Concentration of major ions (mg L�1)

Sodium 7.99 7.52 4.26 1170.75 3.36 86.68

Potassium 1.36 1.02 0.63 131.85 0.30 13.18

Calcium 8.95 4.86 11.66 108.53 0.34 63.15

Magnesium 4.84 4.46 7.73 3.62 1.36 42.92

Barium 0.04 0.01 0.03 0.68 0.02 0.40

Manganese 0.49 0.03 1.19 0.34 0.39 0.28

Strontium 0.08 0.06 0.12 4.95 0.02 0.97

Ferric iron 1.42 1.94 30.23 12.00 9.75 0.11

Chloride 3.21 2.28 1.75 2620.75 4.96 57.98

Sulfate 53.49 42.76 105.27 23.68 5.81 4.75

Nitrate 0.67 0.54 0.59 0.98 2.29 1.19

n.m., not measured.

Table 2. Abundance of archaeal and bacterial 16S rRNA genes for

the six spring sediment samples from the Philippines

Sample

16S rRNA gene (copies g�1)

Archaea SD Bacteria SD

INA-1 2.12 9 107 6.39 9 104 1.01 9 108 2.51 9 105

MAL-1 9.17 9 107 2.42 9 105 7.50 9 107 1.09 9 105

BAL-0 6.67 9 107 1.84 9 104 1.26 9 109 2.34 9 106

NAG-7 1.60 9 108 1.57 9 105 5.45 9 109 2.82 9 106

BAL-1 1.08 9 107 2.52 9 104 9.93 9 109 2.98 9 107

BAG-2 1.21 9 108 3.71 9 105 3.86 9 109 7.29 9 106
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Firmicutes being dominant (accounting for 36.0% and

33.5% of total Bacteria, respectively) (Fig. 2b).

Calculations of alpha diversity indices including Chao1,

ACE, npShannon, and invSimpson showed that samples

BAL-0, NAG-7, and BAG-2 had higher microbial diversity

than the other three samples (Table S1). A bi-plot was

overlaid on a NMDS ordination to display the correla-

tions between microbial community composition and

environmental variables (Fig. 3). The Spearman test sug-

gested that certain thermophilic groups were significantly

correlated with temperature, for example, crenarchaeal

orders Thermoproteales (r = +0.94, P-value = 0.005) and

Desulfurococcales (r = +0.83, P-value = 0.042).

Discussion

Microbial community pattern corresponding to

environmental variables

The diversity and abundance of all genera of both

Archaea and Bacteria varied across these hot springs and

correlated with certain environmental conditions. Based

on the correlation between the genus-level phylogenetic

composition and geochemical conditions, the six hot

springs can be classified into three clusters: Cluster 1

(BAL-0 and MAL-1), Cluster 2 (INA-1 and BAL-1), and

Cluster 3 (NAG-7 and BAG-2) (Fig. 3).

In the Cluster 1 (BAL-0 and MAL-1), the archaeal com-

munity was mainly composed of sequence reads closely

related (identity 100%) to crenarchaeal orders Sulfolobales

and Thermoproteales and bacterial phyla Aquificae and Fir-

micutes. Within this cluster (Fig. 2), major phylogenetic

groups were archaeal genera Sulfolobus (identity 99–100%)

and Vulcanisaeta (identity 92%), and bacterial genera Sulfo-

bacillus (identity 96–100%) and Hydrogenobaculum (identity

100%). The distribution of these genera positively corre-

sponded to certain environmental variables (i.e.

temperature, sulfate, elemental sulfur, pyrite) (Fig. 3).

Considering the optimal growth temperature of Sulfobacillus

(either 45–50 °C, Norris et al., 1996 or 55–58 °C, Kozubal
et al., 2012a), it was surprising to observe its predominance

in high-temperature spring BAL-0 (90.8 °C) and MAL-1

(75.8 °C). However, the occurrence of Sulfobacillus was con-

firmed by the full-length bacterial 16S rRNA gene in these

(a)

(b)

Fig. 2. Hierarchical clustering and the

microbial composition of the six Philippines

hot spring samples. (a) archaeal community,

(b) bacterial community.
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samples, and it suggests that Sulfobacillus may have higher

temperature tolerance than currently known.

Despite distinct temperatures of INA-1 (92.4 °C, pH

6.08) and BAL-1 (60.5 °C, pH 5.20), these two samples

formed a cluster, that is, Cluster 2. The archaeal commu-

nity composition in Cluster 2 contained high proportions

of sequence reads associated (nucleotide identity 92–100%)

with archaeal phylum Crenarchaeota (96–100% of total

Archaea, mainly unclassified Desulfurococcales). It is notable

that photosynthetic microorganisms were not observed in

sample BAL-1, where temperature was lower than the

upper limit (73–75 °C) for photosynthesis (Brock, 1978;

Hou et al., 2013). Several studies (Boyd et al., 2010, 2012;

Cox et al., 2011; Hamilton et al., 2012) have demonstrated

that the upper temperature limit for photosynthesis was

pH and sulfide dependent. In acidic environments (< 4–5),
the upper temperature limit for the distribution of photo-

synthetic metabolism could be lowered to � 57 °C (Boyd

et al., 2010; Cox et al., 2011; Hamilton et al., 2012), which

may have accounted for the absence of photosynthetic

microorganisms in spring BAL-1. In addition, the absence

of bacterial photosynthesis in this spring could also result

from their competition with algae. For example, Boyd et al.

(2012) suggested that a total sulfide concentration of 5 lM
was sufficient to suppress algal phototrophs, but this level

of sulfide had no effect on bacterial counterparts. At a low

sulfide concentration (< 5 lM), algal phototrophs were

not suppressed (Boyd et al., 2012), and could be compet-

ing against bacterial phototrophs for nutrients and physical

space. This competition seems to limit Cyanobacteria to

environments with pH > 4.0 (Brock, 1973). The pH of

spring BAL-1 (5.20) is certainly appropriate to limit

Cyanobacteria.

In contrast to the above four hot springs (INA-1,

MAL-1, BAL-0, and BAL-1) where the majority of

sequences were associated (nucleotide identity 90–100%)

with known orders and genera, large proportions of

sequence reads in Cluster 3 (NAG-7 and BAG-2) were

mainly associated with unclassified Archaea (3–19%),

Crenarchaeota (63–82%), and Bacteria (25–58%), indicat-

ing possible occurrence of novel microorganisms in these

springs. The negative correlation between salinity and

coastal distance (Fig. S2), as well as the close locations of

these two high-salinity springs to the Albay Gulf, suggest

that a marine influence may be a possible reason for the

occurrence of novel microorganisms in these springs.

Indeed, both archaeal and bacterial community composi-

tions in these two springs were positively correlated with

marine geochemical indictor (e.g. calcium) (Fig. 3).

Inferred physiological functions

In these springs, there appear to be a variety of microor-

ganisms with putative sulfur metabolisms (Fig. 2). Springs

in Cluster 1 (BAL-0 and MAL-1) appear to be dominated

by sulfur- and sulfide-oxidizing organisms; springs in

Cluster 2 (INA-1 and BAL-1) were dominated by sulfate-

reducing organism and other organisms with unknown

functions; the majority of prokaryotes in Cluster 3 (NAG-

7 and BAG-2) were not related to any cultured representa-

tives and potential functions remain unknown.

Potential sulfur and sulfide oxidation in Cluster 1
(BAL-0 and MAL-1)

Sequence reads that were closely related (nucleotide iden-

tity 96–100%) to sulfur- and sulfide-oxidizing microor-

ganisms, such as archaeal genera Sulfolobus (Brock et al.,

1972; Huber & Prangishvili, 2006; Kozubal et al., 2012a)

and Metallosphaera (Stetter, 1996; Kozubal et al., 2012a)

of the order Sulfolobales, bacterial genera Sulfobacillus of

Firmicutes (Bogdanova et al., 2006; Watling et al., 2008)

and Hydrogenobaculum of Aquificales (Inskeep et al.,

2005; D’Imperio et al., 2007; Clingenpeel et al., 2009),

Fig. 3. A nonmetric multidimensional scaling

ordination depicting the distributions of six

acidic to circumneutral hot spring samples (big

solid circles) and major representative genera

(small solid circles). A bi-plot is overlaid on the

ordination to the displayed geochemical

variables that are correlated with the microbial

community structure. Axes 1 and 2 represent

the highest variance in genera composition.

Only variables that have a significant

correlation (P < 0.05) are shown. The

abbreviations are pyrite (Py), elemental sulfur

(S), temperature (Temp), total nitrogen (TN),

sulfate (SO2�
4 ), and calcium (Ca2+).
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were primarily concentrated in springs BAL-0 (90.8 °C,
pH4.26) and MAL-1 (75.8 °C, pH 5.08) with the highest

dissolved oxygen (3.05 ppm). Both Sulfolobus and Sulfo-

bacillus are capable of growing autotrophically or mixo-

trophically by oxidizing elemental sulfur and ferrous iron

in acidic geothermal environments (Kozubal et al.,

2012a). In addition, ferrous iron and sulfide-bearing min-

erals (e.g. pyrite) were detected (1.8%) in these springs,

and ferric iron concentration (30.23 mg L�1) in spring

BAL-0 was higher than other springs. This observation is

consistent with the physiological properties of Metallosph-

aera, which is an iron and sulfur-oxidizing chemolitho-

autotroph (Kozubal et al., 2012a). Hydrogenobaculum

(55–72 °C, optimum 65 °C) is a gram-negative rod capa-

ble of using oxygen and nitrate as electron acceptors,

hydrogen and reduced sulfur compounds as electron

donors, and CO2 as the sole carbon source (Stohr et al.,

2001; D’Imperio et al., 2008; Reysenbach et al., 2009).

In addition to the above sulfur- and sulfide-oxidizing-

like microorganisms, large amounts of sequence reads

associated with Vulcanisaeta (16.4–46%) were also found

in these two samples. Vulcanisaeta (optimal temperature

85 °C and pH 4.5) is an anaerobic, heterotrophic, and

hyperthermophilic archaeon that was first isolated from hot

springs in eastern Japan, and is able to utilize sulfur, thio-

sulfate, or sulfate as electron acceptors (Itoh et al., 2002).

The presence of putative Vulcanisaeta-related sequence

reads was again consistent with the high concentrations of

sulfate and elemental sulfur in these two hot springs.

Putative sulfate- and sulfur-reducing
microorganisms in Cluster 2 (INA-1 and BAL-1)

Despite distinct temperatures, springs INA-1 (92 °C, pH
6.08) and BAL-1 (61 °C, pH 5.20) were characterized by low

dissolved oxygen (1.55–2.10 ppm in spring water but likely

anoxic in the sediments) and circumneutral pH. These

conditions appear to favor sulfur- and sulfate-reducing

microorganisms. For example, the crenarchaeal order Des-

ulfurococcales is a facultative anaerobic hyperthermophile

(optimal temperature 85–106 °C, pH 5.5–7) that is capable
of reducing sulfur or thiosulfate (Huber & Stetter, 2006;

Boyd et al., 2007). Other observed bacteria, such as Ther-

mosulfidibacter (optimal pH 5.5–7.5) (Nunoura et al.,

2008), Thermodesulfobacterium (optimal pH 6.5) (Jeanthon

et al., 2002), and Thermodesulforhabdus (optimal pH 7.0)

(Beeder et al., 1995), are all capable of sulfate reduction.

Novel microorganisms in Cluster 3 (NAG-7 and
BAG-2)

In springs, NAG-7 (64.1 °C, pH 3.72) and BAG-2

(59.9 °C, pH 6.58), high proportions of unclassified

Crenarchaeota (82% and 63%, respectively), Archaea (3%

and 18%, respectively), and Bacteria (52% and 23%,

respectively) strongly suggest occurrence of novel micro-

organisms in these habitats. This novelty could be due to

the different physicochemical conditions and the geo-

graphical locations of these two springs. It was possible

that the sea water from the Albay Gulf could have

intruded the hydrological system of these springs and

thus affected the microbial composition in this area. It

was interesting to note that some moderate-temperature

Euryarchaeota (e.g. Methanosaeta) and Bacteria (e.g.

Thermodesulforhabdus) that were commonly found and

isolated from marine environments (Beeder et al., 1995;

Mori et al., 2012) were also detected in these samples.

This observation suggests that geochemistry as well as

microbiology might be influenced by seawater. Indeed, a

previous study (Tobler & Benning, 2011) observed differ-

ent communities within siliceous sinters in five geochemi-

cally diverse Icelandic geothermal systems of different

salinities and found that microbial community in neutral,

saline geothermal waters were related to marine genera of

the Proteobacteria, whereas those in freshwater were dom-

inated by Aquificae, Deinococci, and nonmarine genera of

Proteobacteria. However, observation of novel organisms

was not limited to the freshwater–seawater interaction

zone, as novel organisms have been detected in a number

of other geothermal environments. For example, large

amounts of unclassified microorganisms were detected in

other acidic to circumneutral hot springs, such as an

acidic hot spring in Colombia where 65% of archaeal

sequences could not be classified (Bohorquez et al.,

2012), and two neutral hot springs from Little Hot Creek

in the Long Valley Caldera, USA, where > 85% of the

archaeal libraries were related to unclassified Cre-

narchaeota (Vick et al., 2010).

Microbial communities of the Philippines hot

springs in comparison with those of other

springs worldwide

In order to better understand the relationship between the

microbial community composition and the environmental

conditions in these hot springs, a comparison was made

among the studied Philippines hot springs and other acidic

to circumneutral hot springs in the world. For a better

comparison, five hot springs from Tengchong, China (Hou

et al., 2013) and nine sites from Yellowstone National

Park, USA (Meyer-Dombard et al., 2005; Spear et al.,

2005; Boyd et al., 2009; Inskeep et al., 2010) that have

similar temperature and pH ranges were selected as repre-

sentatives. The major microbial groups used for these

comparisons are phyla Crenarchaeota, unclassified Crenar-

chaeota, and Aquificae; orders Sulfolobales, Desulfurococcales,
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Thermoproteales; and genera Sulfolobus, Metallosphaera,

Vulcanisaeta, Sulfobacillus, Hydrogenobaculum, and Hy-

drogenobacter (Fig. 4). The relative abundance of each

group out of either total Archaea or Bacteria was plotted

on the temperature-pH space.

At the phylum-level, the abundance of Crenarchaeota

(27–100%) (Fig. 4a), novel Crenarchaeota (0–83%)

(Fig. 4b), and Aquificae (0.2–100%) (Fig. 4c), found in

the investigated Philippines hot springs was consistent

with previous observations in other acidic to circumneu-

tral hot springs, including those in Tengchong, China

(Hou et al., 2013) and Yellowstone National Park in the

USA (Meyer-Dombard et al., 2005; Inskeep et al., 2010).

However, novel Crenarchaeota were relatively dominant

in some Philippines and YNP hot springs, while it was

rarely found in the Tengchong hot springs. This phenom-

enon could be ascribed to the geochemistry difference

(e.g. salinity) of these hot springs. However, the underly-

ing reasons still await further investigation. Aquificae were

found abundant in all the three compared areas. How-

ever, the distribution patterns of Aquificae were slightly

different: although Aquificae-like microorganisms were

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 4. A comparison of major phylogenetic groups in the Philippines hot springs (blue circles) with those from YNP of the United States (green

circles) and Tengchong, China (red circles). These groups were plotted in the pH-temperature space. The relative abundance of individual

microbial groups was calculated as a percentage relative to either total Archaea or Bacteria. Data for Tengchong springs are from Hou et al.

(2013), whereas those for YNP springs are from Meyer-Dombard et al. (2005), Spear et al. (2005), and Inskeep et al. (2010). YNP and

Tengchong hot springs that have similar temperature and pH ranges to those of the studied Philippines hot springs were selected. The yellow

circles on the plots are scaled to 10% and located at the optimal temperature and pH for genus-level plots (g–l). For phylum- and order-level

plots (a–f), the yellow circles illustrate the relative abundance only with no information on optimal temperature and pH.
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dominant in the acidic sites of Tengchong (pH 2–5), they
appeared to occur in a wider pH range in YNP and the

Philippines (pH 3–7.5) (Fig. 4c). This difference was

likely caused by different composition of Aquificae. For

example, in Tengchong acidic springs, Aquificae was

mainly composed of Hydrogenobaculum (optimal temper-

ature 65 °C and pH 3.5) (Fig. 4k) with a minor amount

of Hydrogenobacter (optimal temperature 75 °C and pH

7.5) (Fig. 4l) (Pitulle et al., 1994; Hou et al., 2013). In

contrast, the Aquificae in the Philippines hot springs

consisted of Hydrogenobaculum, Hydrogenobacter, Perse-

phonella, and unclassified Hydrogenothermaceae. In YNP,

Aquificae was composed of Thermocrinis, Sulfurihydrogeni-

bium, Hydrogenobacter, and Hydrogenobaculum (Fouke

et al., 2000; Jackson et al., 2001; Langner et al., 2001;

Reysenbach et al., 2005; Boyd et al., 2009).

At the order-level, three major archaeal orders were

found in the three compared hot spring systems, includ-

ing Sulfolobales (0–100%) (Fig. 4d), Desulfurococcales

(0–62%) (Fig. 4e), and Thermoproteales (0-52%) (Fig. 4f).

Their distribution patterns were also different: most

archaeal sequences from Tengchong were related to Sulfo-

lobales, while the majority of those from the Philippines

and YNP were related to Desulfurococcales and Thermo-

proteales. This difference might be ascribed to pH. For

example, the Sulfolobales-dominant hot springs tended to

have lower pH (2–5), while Desulfurococcales and Thermo-

proteales were more abundant in those with higher pH

(4–7). This observation is consistent with previous studies

that Sulfolobales (optimum pH 2–3) prefer a lower pH

range than those of Desulfurococcales (optimum pH 6–7)
and Thermoproteales (optimum pH 4–6) (Garrity & Holt,

2001; Madigan & Martinko, 2006).

At the genus-level, archaeal genera Sulfolobus (0–100%)

(Fig. 4g) and Metallosphaera (0–92%) (Fig. 4h), both within

Sulfolobales, were present in the acidic to circumneutral

springs of all the three compared geothermal systems.

However, Sulfolobus were more abundant in the Teng-

chong acidic hot springs (pH 2–5), while Metallosphaera

preferred YNP acidic hot springs (pH 2–3). Vulcanisaeta
(0–46%) (Fig. 4i) was present in both YNP and the Phil-

ippines, but was completely absent in Tengchong (Hou

et al., 2013; B.R. Briggs, E.L. Brodie, L.M. Tom, H. Dong,

H. Jiang, Q. Huang, S. Wang, W. Hou, G. Wu, L. Huang,

B.P. Hedlund & C. Zhang, unpublished data). Sulfobacil-

lus (0–47%) (Fig. 4j) was abundant in two Philippines

springs (29–47%), in comparison with negligible levels in

YNP and Tengchong. Hydrogenobaculum (0–100%)

(Fig. 4k) occurred in more acidic Tengchong springs (pH

2–5), while Hydrogenobacter (0–92%) (Fig. 4l) tended to

prefer higher pH springs (pH 5–7.5). Although Sulfobacillus

can carry out similar functions as archaeal Sulfolobus and

bacterial Hydrogenobaculum (i.e. sulfur- or iron-related

metabolisms such as sulfur and iron oxidation), this

bacterial genus appears to be more versatile. For example,

Sulfobacillus are both autotrophic and mixotrophic (Nor-

ris et al., 1996; Bogdanova et al., 2006; Kozubal et al.,

2012a) and moderately thermophilic with a wide temper-

ature range (28–62 °C) (Watling et al., 2008). In compar-

ison, Hydrogenobaculum in YNP is mostly autotrophic

(Stohr et al., 2001; Reysenbach et al., 2005; Ferrera et al.,

2007; D’Imperio et al., 2008). Sulfolobus is largely chemo-

lithotrophic that can fix CO2 coupled with oxidation of

H2S or S0 to H2SO4, but some strains are facultative het-

erotrophs (Huber & Stetter, 2001). The high total organic

carbon content in springs BAL-0 (21.14 mg g�1) and

MAL-1 (11.86 mg g�1) where abundant Sulfobacillus was

observed suggests that Sulfobacillus may be heterotrophic

in these springs. In comparison, low organic carbon con-

tents in Tengchong springs (0.9–2.6 mg g�1) (Hou et al.,

2013) may have accounted for the absence of Sulfobacillus

and the predominance of autotrophic Hydrogenobaculum.

Conclusions

The microbial communities in the six Philippines hot

springs were highly diverse and were dominated by phyla

Crenarchaeota, Aquificae, Firmicutes, and Proteobacteria.

Based on the phylogenetic analysis and statistical results,

temperature, aqueous concentrations of sulfate and cal-

cium, and certain sediment properties (total nitrogen,

pyrite, and elemental sulfur) were important environmen-

tal variables affecting the microbial abundance, diversity,

and community structure. Sulfur metabolisms appear to

be the key physiological functions in these Philippines

springs; however, novel organisms were abundant in

some springs, and their functions remain to be eluci-

dated. Despite no major difference among hot springs

from the Philippines, Tengchong in China, and YNP in

the USA at the phylum-level, important differences were

observed at the order- and genus-level. A combination of

geographical distance and environmental conditions may

have accounted for these distinct differences.

Acknowledgements

This work was supported by an National Natural Science

Foundation grant of China (41030211), the Key Project of

International Cooperation of the Ministry of Science &

Technology of China (No. 2013DFA31980), the Program for

New Century Excellent Talents in University (NCET-12-

0954), the Fundamental Research Funds for National Uni-

versity (China University of Geosciences-Wuhan), and

National Science Foundation grants (OISE-0968421, DBI

REU 1005223, and ETBC-1024614). The authors are grateful

to all people involved in field work and sample collection,

ª 2013 Federation of European Microbiological Societies FEMS Microbiol Ecol && (2013) 1–13
Published by John Wiley & Sons Ltd. All rights reserved

10 Q. Huang et al.



including those from the National Institute of Geological

Sciences, University of the Philippines and the Resource

Management Department, Energy Development Corpora-

tion Ortigas Center, the Philippines. We are grateful to two

anonymous reviewers whose comments improved the qual-

ity of the manuscript.

References

Beeder J, Torsvik T & Lien T (1995) Thermodesulforhabdus

norvegicus gen. nov., sp. nov., a novel thermophilic sulfate-

reducing bacterium from oil field water. Arch Microbiol 164:

331–336.
Bogdanova TI, Tsaplina IA, Kondrateva TF, Duda VI, Suzina

NE, Melamud VS, Tourova TP & Karavaiko GI (2006)

Sulfobacillus thermotolerans sp. nov., a thermotolerant,

chemolithotrophic bacterium. Int J Syst Evol Micrbiol 56:

1039–1042.
Bohorquez LC, Delgado-Serrano L, L�opez G, Osorio-Forero C,

Klepac-Ceraj V, Kolter R, Junca H, Baena S & Zambrano

MM (2012) In-depth characterization via complementing

culture-independent approaches of the microbial

community in an acidic hot spring of the Colombian

Andes. Microb Ecol 63: 103–115.
Boyd ES, Jackson RA, Encarnacion G, Zahn JA, Beard T,

Leavitt WD, Pi Y, Zhang CL, Pearson A & Geesey GG

(2007) Isolation, characterization, and ecology of sulfur-

respiring Crenarchaea inhabiting acid-sulfate-chloride-

containing geothermal springs in Yellowstone National Park.

Appl Environ Microbiol 73: 6669–6677.
Boyd ES, Leavitt WD & Geesey GG (2009) CO2 uptake and

fixation by a thermoacidophilic microbial community

attached to precipitated sulfur in a geothermal spring. Appl

Environ Microbiol 75: 4289–4296.
Boyd ES, Hamilton T.L., Spear JR, Lavin M & Peters JW

(2010) [FeFe]-hydrogenase in Yellowstone National Park:

evidence for dispersal limitation and phylogenetic niche

conservation. ISME J 4: 1485–1495.
Boyd ES, Fecteau KM, Havig JR, Shock EL & Peters JW (2012)

Modeling the habitat range of phototrophs in Yellowstone

National Park: toward the development of a comprehensive

fitness landscape. Front Microbiol 3: 221.

Brock TD (1973) Lower pH limit for the existence of blue-

green algae: evolutionary and ecological implications. Science

179: 480–483.
Brock TD (1978) Thermophilic Microorganisms and Life at High

Temperatures. Springer, Berlin.

Brock TD, Brock KM, Belly RT & Weiss RL (1972) Sulfolobus:

a new genus of sulfur-oxidizing bacteria living at low pH

and high temperature. Arch Microbiol 84: 54–68.
Cavicchioli R (2002) Extremophiles and the search for

extraterrestrial life. Astrobiology 2: 281–292.
Clingenpeel SR, D’Imperio S, Oduro H, Druschel GK &

McDermott TR (2009) Cloning and in situ expression

studies of the Hydrogenobaculum arsenite oxidase genes.

Appl Environ Microbiol 75: 3362–3365.

Cox A, Shock EL & Havig JR (2011) The transition to

microbial photosynthesis in hot spring ecosystems. Chem

Geol 280: 344–351.
Dimabayao JT (2012) Revisiting the volcanic history of Bacman:

old and new insights. EDC internal report. Manila,

Philippines.

D’Imperio S, Lehr CR, Breary M & McDermott TR (2007)

Autecology of an arsenite chemolithotroph: sulfide

constranits on function and distribution in a geothermal

spring. Appl Environ Microbiol 73: 7067–7074.
D’Imperio S, Lehr CR, Oduro H, Druschel G, Kuhl M &

McDermott TR (2008) Relative importance of H2 and H2S

as energy sources for primary production in geothermal

springs. Appl Environ Microbiol 74: 5802–5808.
Dolor FM (2005) Phases of geothermal development in the

Philippines. Workshop for Decision Makers on Geothermal

Projects and their Management. Naivasha, Kenya, November

14–18.
Eberl DD (2003) User’s guide to RockJock: a program for

determining quantitative mineralogy from powder X-ray

diffraction data. USGS Open-File Report 78: 47.

Edwards KJ, Bond PL, Gihring TM & Banfield JF (2000) An

archaeal iron-oxidizing extreme acidophile important in

acid mine drainage. Science 287: 1796–1799.
Ferrera I, Longhorn S, Banta A, Liu Y, Preston D & Reysenbach

AL (2007) Diversity of 16S rRNA gene, ITS region and aclB

gene of the Aquificales. Extremophiles 11: 57–64.
Fouke BW, Farmer JD, Des Marais DJ, Pratt L, Sturchio NC,

Burns PC & Discipulo MK (2000) Depositional facies and

aqueous-solid geochemistry of travertine-depositing hot

springs (Angel Terrace, Mammoth hot springs, Yellowstone

National Park, U.S.A.). J Sediment Res 70: 565–585.
Garrity GM & Holt JG (2001) Phylum A1. Crenarchaeota phy.

nov. Bergey’s Manual of Systematic Bacteriology, 2nd edn

(Boone DR & Castenholz RW, eds), pp. 169–210. Springer,
New York, NY.

Gonzalez-Contreras P, Weijma J & Buisman CJ (2012)

Kinetics of ferrous iron oxidation by batch and continuous

cultures of thermoacidophilic Archaea at extremely low pH

of 1.1–1.3. Appl Microbiol Biotechnol 93: 1295–1303.
Hamilton TL, Vogl K, Bryant DA, Boyd ES & Peters JW

(2012) Environmental constraints defining the distribution,

composition, and evolution of chlorophototrophs in

thermal features of Yellowstone National Park. Geobiology

10: 236–249.
Hou W, Wang S, Dong H et al. (2013) A comprehensive

census of microbial diversity in hot springs of Tengchong,

Yunnan Province, China using 16S rRNA gene

pyrosequencing. PLoS ONE 8: e53350.

Huang Q, Dong C, Dong R et al. (2011) Archaeal and

bacterial diversity in hot springs on the Tibetan Plateau,

China. Extremophiles 15: 549–563.
Huber H & Prangishvili D (2006) Sulfolobales. The Prokaryotes

3: 23–51.
Huber R & Stetter KO (2001) Discovery of hyperthermophilic

microorganisms. Methods Enzymol 330: 11–24.

FEMS Microbiol Ecol && (2013) 1–13 ª 2013 Federation of European Microbiological Societies
Published by John Wiley & Sons Ltd. All rights reserved

Microbial ecology in six hot springs of the Philippines 11



Huber H & Stetter K (2006) Desulfurococcales. The Prokaryotes

3: 52–68.
Inskeep WP, Ackerman GG, Taylor WP, Kozubal M, Korf S &

Macur RE (2005) On the energetics of chemolithotrophy in

nonequilibrium systems: case studies of geothermal springs

in Yellowstone National Park. Geobiology 3: 297–317.
Inskeep WP, Rusch DB, Jay ZJ et al. (2010) Metagenomes

from high-temperature chemotrophic systems reveal

geochemical controls on microbial community structure and

function. PLoS ONE 5: 9773.

Itoh T, Suzuki K, Sanchez PC & Nakase T (1999) Caldivirga

maquilingensis gen. nov., sp. nov., a new genus of rod-

shaped crenarchaeote isolated from a hot spring in the

Philippines. Int J Syst Bacteriol 49: 1157–1163.
Itoh T, Suzuki K & Nakase T (2002) Vulcanisaeta distributa

gen. nov., sp. nov., and Vulcanisaeta souniana sp. nov.,

novel hyperthermophilic, rod-shaped crenarchaeotes isolated

from hot springs in Japan. Int J Syst Evol Micrbiol 52: 1097–
1104.

Itoh T, Suzuki K, Sanchez PC & Nakase T (2003) Caldisphaera

lagunensis gen. nov., sp. nov., a novel thermoacidophilic

crenarchaeote isolated from a hot spring at Mt Maquiling,

Philippines. Int J Syst Evol Micrbiol 53: 1149–1154.
Jackson CR, Langner HW, Donahoe-Christiansen J, Inskeep

WP & McDermott TR (2001) Molecular analysis of

microbial community structure in an arsenite-oxidizing

acidic thermal spring. Environ Microbiol 3: 532–542.
Jeanthon C, L’Haridon S, Cueff V, Banta A, Reysenbach A &

Prieur D (2002) Thermodesulfobacterium hydrogeniphilum

sp. nov., a thermophilic, chemolithoautotrophic, sulfate-

reducing bacterium isolated from a deep-sea hydrothermal

vent at Guaymas Basin, and emendation of the genus

Thermodesulfobacterium. Int J Syst Evol Micrbiol 52: 765–
772.

Jing H, Aitchison JC, Lacap DC, Peerapornpisal Y, Sompong

U & Pointing SB (2005) Community phylogenetic analysis

of moderately thermophilic cyanobacterial mats from

China, the Philippines and Thailand. Extremophiles 9: 325–
332.

Konhauser KO, Jones B, Reysenbach A & Renaut RW (2003)

Hot spring sinters: keys to understanding Earth’s earliest life

forms. Can J Earth Sci 40: 1713–1724.
Kozubal MA, Macur RE, Jay ZJ, Beam JP, Malfatti SA, Tringe

SG, Kocar BD, Borch T & Inskeep WP (2012a) Microbial

iron cycling in acidic geothermal springs of Yellowstone

National Park: integrating molecular surveys, geochemical

processes and isolation of novel Fe-active microorganisms.

Front Microbiol 3: 109.

Kozubal MA, Romine M, Jennings RD, Jay ZJ, Tringe SG,

Rusch DB, Beam JP, McCue LA & Inskeep WP (2012b)

Geoarchaeota: a new candidate phylum in the Archaea from

high-temperature acidic iron mats in Yellowstone National

Park. ISME J 7: 622–634.
Kvist T, Ahring BK & Westermann P (2007) Archaeal

diversity in icelandic hot springs. FEMS Microbiol Ecol 59:

71–80.

Lacap DC, Smith GJ, Warren-Rhodes K & Pointing SB (2005)

Community structure of free-floating filamentous

cyanobacterial mats from the Wonder Lake geothermal

springs in the Philippines. Can J Microbiol 51: 583–589.
Lacap DC, Barraquio W & Pointing SB (2007) Thermophilic

microbial mats in a tropical geothermal location display

pronounced seasonal changes but appear resilient to

stochastic disturbance. Environ Microbiol 9: 3065–3076.
Langner HW, Jackson CR, McDermott TR & Inskeep WP

(2001) Rapid oxidation of arsenite in a hot spring

ecosystem, Yellowstone National Park. Environ Sci Technol

35: 3302–3309.
Lantican N, Diaz M, Cantera J, de los Reyes F & Raymundo A

(2011) Microbial community of a volcanic mudspring in the

Philippines as revealed by 16S rDNA sequence analysis and

fluorescence in situ hybridization. World J Microbiol

Biotechnol 27: 859–867.
Macur RE, Jay ZJ, Taylor WP, Kozubal MA, Kocar BD &

Inskeep WP (2013) Microbial community structure and

sulfur biogeochemistry in mildly-acidic sulfidic geothermal

springs in Yellowstone National Park. Geobiology 11: 86–99.

Madigan MT & Martinko JH (2006) Prokaryotic diversity: the

Archaea. Brock, Biology of Microorganisms, 11th edn

(Madigan MT & Martinko JM, eds), pp. 419–446. Pearson
Education Inc., Pearson Prentice Hall, Upper Saddle River,

NJ.

Meyer M, Stenzel U & Hofreiter M (2008) Parallel tagged

sequencing on the 454 platform. Nat Protoc 3: 267–278.
Meyer-Dombard DR, Shock EL & Amend JP (2005) Archaeal

and bacterial communities in geochemically diverse hot

springs of Yellowstone National Park, USA. Geobiology 3:

211–227.
Mori K, Iino T, Suzuki KI, Yamaguchi K & Kamagata Y

(2012) Aceticlastic and NaCl-requiring methanogen

“Methanosaeta pelagica” sp. nov., isolated from marine

tidal flat sediment. Appl Environ Microbiol 78: 3416–
3423.

Norris PR, Clark DA, Owen JP & Waterhouse S (1996)

Characteristics of Sulfobacillus acidophilus sp. nov. and other

moderately thermophilic mineral-sulphide-oxidizing

bacteria. Microbiology 142: 775–783.
Norris PR, Burton NP & Foulis N (2000) Acidophiles in

bioreactor mineral processing. Extremophiles 4: 71–76.
Nunoura T, Oida H, Miyazaki M & Suzuki Y (2008)

Thermosulfidibacter takaii gen. nov., sp. nov., a

thermophilic, hydrogen-oxidizing, sulfur-reducing

chemolithoautotroph isolated from a deep-sea hydrothermal

field in the Southern Okinawa Trough. Int J Syst Evol

Micrbiol 58: 659–665.
Oksanen J, Blanchet FG, Kindt R et al. (2011) Vegan:

Community ecology package, http://cran.r-project.org/, http://

vegan.r-forge.r-project.org/.

Pitulle C, Yang Y, Marchiani M, Moore ERB, Siefert JL,

Aragno M, Jurtshuk P & Fox GE (1994) Phylogenetic

position of the genus Hydrogenobacter. Int J Syst Bactechnol

44: 620–626.

ª 2013 Federation of European Microbiological Societies FEMS Microbiol Ecol && (2013) 1–13
Published by John Wiley & Sons Ltd. All rights reserved

12 Q. Huang et al.



R Development Core Team (2012) R: A Language and

Environment for Statistical Computing. R Found. for Stat.

Comput., Vienna.

Reysenbach AL, Banta A, Civello S, Daly J, Mitchel K, Lalonde

S, Konhauser K, Rodman A, Rusterholtz K & Takacs-

Vesbach C (2005) Aquificales in Yellowstone National Park.

Geothermal Biology and Geochemistry in YNP (Inskeep WP

& McDermott TR eds), pp. 129–142. Montana State Univ

Publications, Bozeman, MT.

Reysenbach AL, Hamamura N, Podar M et al. (2009)

Complete and draft genome sequences of six members of

the Aquificales. J Bacteriol 191: 1992–1993.
Rothschild LJ & Mancinelli RL (2001) Life in extreme

environments. Nature 409: 1092–1101.
Schloss PD & Westcott SL (2011) Assessing and improving

methods used in operational taxonomic unit-based

approaches for 16S rRNA gene sequence analysis. Appl

Environ Microbiol 77: 3219–3226.
Schloss PD, Westcott SL, Ryabin T et al. (2009) Introducing

mothur: open-source, platform-independent, community-

supported software for describing and comparing microbial

communities. Appl Environ Microbiol 75: 7537–7541.
Siering PL, Clarke JM & Wilson MS (2006) Geochemical and

biological diversity of acidic, hot springs in Lassen Volcanic

National Park. Geomicrobiol J 23: 129–141.
Spear JR, Walker JJ, McCollom TM & Pace NR (2005)

Hydrogen and bioenergetics in the Yellowstone geothermal

ecosystem. P Natl Acad Sci USA 102: 2555–2560.
Stetter KO (1996) Hyperthermophilic procaryotes. FEMS

Microbiol Rev 18: 149–158.
Stohr R, Waberski A, Volker H, Tindall BJ & Thomm M

(2001) Hydrogenothermus marinus gen. nov., sp. nov., a

novel thermophilic hydrogen-oxidizing bacterium,

recognition of Calderobacterium hydrogenophilum as a

member of the genus Hydrogenobacter and proposal of the

reclassification of Hydrogenobacter acidophilus as

Hydrogenobaculum acidophilum gen. nov., comb. nov., in

the phylum ‘Hydrogenobacter/Aquifex’. Int J Syst Evol

Micrbiol 51: 1853–1862.
Tobler D & Benning L (2011) Bacterial diversity in five

Icelandic geothermal waters: temperature and sinter growth

rate effects. Extremophiles 15: 473–485.
Vick TJ, Dodsworth JA, Costa KC, Shock EL & Hedlund BP

(2010) Microbiology and geochemistry of Little Hot Creek,

a hot spring environment in the Long Valley Caldera.

Geobiology 8: 140–154.
Watling HR, Perrot FA & Shiers DW (2008) Comparison of

selected characteristics of Sulfobacillus species and review of

their occurrence in acidic and bioleaching environments.

Hydrometallurgy 93: 57–65.
Wilson M, Siering P, White C, Hauser M & Bartles A (2008)

Novel Archaea and Bacteria dominate stable microbial

communities in North America’s largest hot spring. Microb

Ecol 56: 292–305.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Fig. S1. Quantitative mineral compositions in all six sam-

ples as determined by X-ray diffraction and modeled

using the RockJock computer program.

Fig. S2. Relationship between salinity and coastal distance

(from sample site to the coastline).

Table S1. Diversity estimates of 454 pyrosequences

retrieved from six hot springs in the Philippines

FEMS Microbiol Ecol && (2013) 1–13 ª 2013 Federation of European Microbiological Societies
Published by John Wiley & Sons Ltd. All rights reserved

Microbial ecology in six hot springs of the Philippines 13


