
doi: 10.3319/TAO.2013.01.11.01(TT)

* Corresponding author 
E-mail: lhlin@ntu.edu.tw

Terr. Atmos. Ocean. Sci., Vol. 24, No. 3, 345-356, June 2013

Segregated Planktonic and Bottom-Dwelling Archaeal Communities in  
High-Temperature Acidic/Sulfuric Ponds of the Tatun Volcano  

Group, Northern Taiwan

Ting-Wen Cheng1, Pei-Ling Wang 2, Sheng-Rong Song1, and Li-Hung Lin1, *

1 Department of Geosciences, National Taiwan University, Taipei, Taiwan 
2 Institute of Oceanography, National Taiwan University, Taipei, Taiwan

Received 29 November 2012, accepted 11 January 2013

ABSTrACT

Geothermal environments are characterized by dynamic redox and temperature fluctuations inherited from the exposure 
of deeply-sourced, hot, reducing fluids to low-temperature, oxidizing ambient environments. To investigate whether micro-
bial assemblages shifted in response to the changes of a redox state within acidic hot ponds, we collected three paired water 
and sediment samples from the Tatun Volcano Group, assessed metabolic roles of community members, and correlated their 
functional capabilities with geochemical factors along depth. Molecular analyses revealed that Sulfolobus spp., Acidianus spp. 
and Vulcanisaeta spp. capable of respiring elemental sulfur under oxic and/or low-oxygen conditions were the major archaeal 
members in planktonic communities. In contrast, obligate anaerobic Caldisphaera spp. dominated over others in bottom-
dwelling communities. Bacteria were only detected in one locality wherein the majority was affiliated with microaerophilic 
Hydrogenobaculum spp. Cluster analyses indicated that archaeal communities associated with sediments tended to cluster 
together and branch off those with water. In addition, the quantities of dissolved oxygen within the water column were sub-
stantially less than those in equilibrium with atmospheric oxygen, indicating a net oxygen consumption most likely catalyzed 
by microbial processes. These lines of evidence suggest that the segregation of planktonic from bottom-dwelling archaeal as-
semblages could be accounted for by the oxygen affinities inherited in individual archaeal members. Community assemblages 
in geothermal ecosystems would be often underrepresented without cautious sampling of both water and sediments.
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1. INTroDuCTIoN 

One distinctive feature in geothermal systems is that 
deeply-sourced, hot, reducing fluids discharged along frac-
tures interact with cool, oxidized environments near the 
Earth’s surface, creating steep redox and temperature gradi-
ents. Thermophilic microbes exploit such chemical disequi-
libria to harvest metabolic energy in accordance with their 
intrinsic physiological capabilities (Meyer-Dombard et al. 
2005; Shock et al. 2005; D’Imperio et al. 2008). Microbial-
ly-mediated processes would have to compete with abiotic 
oxidation for reduced constituents released from the source 
fluid. The factors that control the distribution, function and 

diversity of thermophilic microbial communities on various 
scales remain ambiguous.

Although great effort has been dedicated to the isola-
tion of novel thermophilic microorganisms and exploration 
of genetic diversity, the overall community function is not 
well constrained. This is due to the fact that the inference 
of potential metabolism based on the sequence identity is 
often hindered by the great genetic distance from the known 
cultures (D’Imperio et al. 2008; Perevalova et al. 2008). In-
stead, one approach commonly adopted for assigning poten-
tial functions to a large number of environmental sequences 
is the establishment of the correlation between geochemical 
parameters and community assemblages along a transect or 
depth profile. For example, Macur et al. (2004) described 
the variation in community assemblages along a re-directed 
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stream flow both spatially and temporally in the Succession 
Spring of Yellowstone National Park (YNP), USA. Commu-
nity structures shifted with a successive increase in oxida-
tive state and decreasing temperature downstream the flow. 
Costa et al. (2009) investigated four hot springs supplied 
by a point-sourced fluid experiencing different groundwater 
circulations in the Great Basin, USA. Their study indicated 
that microbial community compositions were mainly con-
trolled by the water residence time. As most water bodies 
that could link to the interactions between subsurface and 
surface processes in the volcanically influenced area are 
restrained within individual hot ponds, little attention has 
been paid in investigating how the transition of a redox state 
driven by atmospheric oxygen controls the distribution of 
functionality and community assemblage in water columns 
and bottom sediments.

To better address how thermoacidophilic communi-
ties respond to the flux of atmospheric oxygen, we collect-
ed samples from water columns and bottom sediments of 
sulfuric hot ponds in northern Taiwan for analyses of the 
geochemistry and community structure. These ponds were 
chosen because the water temperatures exceeded 65°C and 
the pH was less than 3, so the potential for oxygen produced 
by thermophilic phototrophs was minimized (Cox et al. 
2011). The objectives of this work were to (i) compare the 
assemblages of planktonic and bottom-dwelling communi-
ties; (ii) quantify the geochemical gradients in the water 
column; and, (iii) provide the semi-quantitative estimates to 
constrain the influence of atmospheric oxygen on the abi-
otic and biotic oxidation of reduced compounds. Our results 
indicated that aerobic and anaerobic archaeal communities 
were segregated into different niches in accordance with 
their physiological characteristics and limits.

2. MATerIAlS AND MeTHoDS
2.1 Geological Background and Study Sites

Samples were collected from the Tatun Volcano Group 
(TVG) in northern Taiwan (Fig. 1) where the majority of 
rocks are andesite with a minor fraction of basalt (Chen and 
Wu 1971). Geochemical analyses indicate that these volca-
nic rocks were derived from the post-collisional volcanism 
related to the subduction-collision between the Philippine 
Sea and Eurasian Plates starting from 5 million years ago 
(Wang et al. 1999). At least three major eruptions are iden-
tified with the latest and greatest occurring 20000 years 
ago (Song et al. 2000). The TVG is cross-cut by two major 
faults, the Chin-Shan and the Kan-Chiao faults, trending 
northeast to southwest (Fig. 1). Geothermal features, includ-
ing fumaroles, boiling ponds, and springs are distributed on 
the hanging wall side of the Chin-Shan fault near the fault 
boundary.

The samples were collected from three sulfuric 
hot ponds in the TVG (Fig. 1). The study sites include 

the Huang-Shan area (designated as “HS”; 25°8’38”N; 
121°31’29”E) and the Liu-Huang valley (designated as 
“LH”; 25°11’10”N; 121°36’48”E) where the geothermal 
activity is among the greatest in the TVG. Both the HS and 
LH areas are typical phreatic craters characterized by steam-
ing fumaroles that discharge CO2, H2S, and SO2 as the main 
gas phases (Lee et al. 2005). Two naturally occurring ponds 
(HS03 and HS04) were selected in the HS area with area 
sizes of ~40 m2 for HS03 and ~4 m2 for HS04. The LH area 
received much more anthropogenic disturbance. Only one 
pond (LH02) with an area size of ~10 m2 was chosen for 
sampling. The LH02 pond was supplied episodically with 
water from the adjacent creek and drained for downstream 
recreational purposes. All of the ponds investigated have 
multiple inputs of fumarolic gases visualized from the bub-
bling on the water surface. Thick, yellowish sediments were 
observed accumulating on the pond floor. X-ray diffraction 
analyses indicated that these yellowish particles were com-
posed of elemental sulfur. The water level and temperature 
fluctuated, depending on the local precipitation and the de-
gree of mixing with creek water. Overall, geological charac-
teristics in these two areas are very similar despite a separa-
tion of approximately 20 km.

2.2 Sampling and Field Measurements

The first sampling was carried out in 2006. Tempera-
ture, pH, ORP, and conductivity were recorded on site with 
a handheld meter (WTW Multi 340i, Weilheim, Germany). 
Water samples were collected from the top 15 cm using a 
peristaltic pump equipped with 5-meter long Masterflex 
tubing (Cole-Parmer, Vernon Hills, IL, USA) attached to an 
aluminum pole. The tubing was flushed with the pond wa-
ter for 2 min in order to remove air trapped within the tub-
ing. The water samples were immediately filtered through a  
0.22 μm-pore-sized cellulose membrane (Millipore, Billeri-
ca, MA, USA). While the filtrates were collected for analy-
ses of aqueous chemistry, the filters were preserved for DNA 
analysis. Samples for aqueous chemistry were collected 
with or without the addition of preservatives (1% nitric acid 
for cations, 0.1% sulfuric acid for ammonium, 0.1 mM zinc 
acetate for sulfide, and no additive for anions). The filters 
for DNA analysis represented a filtrate volume of 0.9 - 5.1 L  
water, depending on the turbidity, and were placed into 
sterile 15 mL centrifuge tubes. Top sediments in the pond 
bottom for DNA analysis were collected with a sterilized 
polypropylene cup and placed into 50 mL centrifuge tubes. 
The sample containers and sampling gears were sterilized 
and isolated from exposure to the atmosphere prior to each 
trip. All samples were shipped back to the laboratory within 
2 h for permanent storage in a 4°C refrigerator (for aqueous 
and gas samples) and a -80°C freezer (for DNA samples).

To investigate the vertical variation in aqueous and gas 
geochemistry within the water column, subsequent sam-
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pling was performed in 2007 for only LH02 and HS03 due 
to the unexpected drain-out of the HS04 water for recre-
ational purposes. In order to acquire samples from differ-
ent depths, the depth of water-sediment interface was first 
measured by immersing an aluminum pole marked in cen-
timeters into the water column. Once the depth of water 
column was determined, another aluminum pole was tied 
perpendicularly to the first one and sustained on the edge of 
the pond. Three depth intervals representing the top, middle 
and bottom fractions of the water column were chosen for 
sampling. Tubing was attached along the poles to reach the 
designated depth at which water was withdrawn by a peri-
staltic pump at a rate of ~100 mL min-1 for several minutes 
first in order to remove air trapped within the tubing and 
subsequently diverted into designated containers for aque-
ous and gas geochemistry. Aqueous samples were preserved 
as described previously. Samples for dissolved gases were 
collected by diverting water into the pre-evacuated serum 
bottles (160 mL) until the water level within the bottles re-
mained constant. Pore water and dissolved gases associated 
with sediments from the pond bottom could not be obtained 
because high particle loads prevent the direct suction using 
the peristaltic pump.

2.3 Aqueous and Gas Geochemistry

Cations were measured on an inductively coupled plas-
ma-atomic emission spectrometer (ICP-AES) (Horiba Jobin 
Yvon, Edison, NJ, USA). Anions were determined using an 
ion chromatograph (Metrohm, Herisau, Switzerland). Am-
monia was determined via a colorimetric method (Clesceri 
et al. 1998). Dissolved sulfide was measured using the meth-

ylene blue method (Cline 1969). Dissolved organic carbon 
(DOC) was measured from acidified samples as CO2 was 
generated by persulfate oxidation using an infrared detec-
tor (1010TOC, O-I-Analytical, College Station, TX, USA). 
Analyses of dissolved gases were carried out on a 6890N 
gas chromatograph (Agilent Technology, Santa Clara, CA, 
USA) equipped with a thermal conductivity detector (for H2 
and O2), a methanizer (for conversion of CO2 to CH4), and a 
flame ionization detector (for hydrocarbons). Dissolved CO2 
was measured from acidified gas samples by converting CO2 
to CH4 through the methanizer followed by the detection on 
a flame ionization detector. The concentrations of dissolved 
gases were derived from the molar abundances, the volume 
ratio of headspace to aqueous phase in a serum bottle, and 
the Henry’s law constants (Andrews and Wilson 1987). 
The detection limits were 0.1 ppm for anions and cations,  
10 ppmv for hydrogen and hydrocarbon, and 100 ppmv for 
O2. The analytical uncertainties for aqueous chemistry and 
gas measurements were ±1 and ±5%, respectively.

2.4 DNA extraction, Cloning, Screening, and Sequencing 

Genomic DNA was extracted directly from 10 g of 
sediments from each pond and filters representing a total 
filtrate volume of 0.9, 2.8, and 5.1 L for HS03, HS04, and 
LH02, respectively. The Ultraclean Mega Soil DNA Isola-
tion Kit (MO BIO Labs, Solana Beach, CA, USA) was used 
following the manufacturer’s instructions with the excep-
tion that the elution volume was adjusted to 2 mL. The ex-
tracts were further condensed through spin columns (MO 
BIO Labs, Solana Beach, CA, USA) to 140 μL. Nearly 
full length 16S rRNA gene fragments were amplified by 

Fig. 1. Topographic map of the TVG with sampling sites marked in open circles. 
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polymerase chain reaction (PCR) on a Robocycler (Strata-
gene, La Jolla, CA, USA) using a bacteria-specific primer 
B27F and a universal primer U1492R (Lane 1991) for bac-
teria, and an archaea-specific primer A20F (DeLong et al. 
1999) and a universal primer U1406R (Eder et al. 1999) for  
archaea.

The PCR mixture (a total of 25 μL) contained 0.5 unit 
of the Ex Taq (Takara, Otsu, Shiga, JP), 1X Taq buffer with 
2.5 mM Mg2+, 0.5 mM of each primer, 0.2 mM of each de-
oxynucleotide, and 1 μL of template. The temperature pro-
tocol for PCR amplification targeting bacteria included an 
initial denaturation at 94°C for 2 min, followed by 30 cycles 
of 30 s denaturation at 94°C, 45 s annealing at 54°C, and 
1 min extension at 72°C, and a final extension at 72°C for 
7 min. For archaea, the temperature scheme was the same 
as that for bacteria except that the annealing temperature 
was set at 60°C. The PCR product was further purified with 
a StrataPrep® PCR purification kit (Stratagene, La Jolla, 
CA, USA) following the manufacturer’s protocol and re-
suspended in 50 μL of elution buffer. 

The cloning of purified PCR products was carried out 
using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. For each 
clone library, at least 20 colonies containing positive inserts 
were screened by digestion with the restriction enzyme RsaI 
for archaea or HaeIII for bacteria. The digested fragments 
were separated on a 2% agarose gel by electrophoresis. 
The patterns were grouped by a unique restriction fragment 
length polymorphism (RFLP) type. To check whether colony 
sequences belonging to a specific phylotype were identical, 
at least two colonies, unless only one colony standing for a 
unique RFLP pattern, were randomly chosen and sequenced 
on an ABI 3730 sequencer (Applied Biosystems, Foster, 
CA, USA). Sequence-editing and contig-assembling of the 
partial forward and reverse fragments were performed using 
a SEQUENCHER 4.7 (Gene Codes, Ann Arbor, MI, USA). 
All sequences were checked for potential chimera forma-
tion using the Chimera_Check program available from the 
Ribosomal Database Project (RDP-II) (Maidak et al. 2001) 
and Pintail (Ashelford et al. 2005). Potential chimeras were 
excluded from further analyses. 

Sequences representing each phylotype were compared 
with those in the GenBank, and nearest BLAST results (in-
cluding both nearest culture representatives and uncultured 
sequences) were used as reference sequences for phyloge-
netic analyses. Sequence alignment was performed on an 
online multiple sequence alignment tool - Greengenes via 
NAST algorithm (DeSantis et al. 2006) and checked manu-
ally on MEGA4 (Tamura et al. 2007). Phylogenetic analysis 
of the aligned sequences was performed based on the Neigh-
bor-Joining method (Saitou and Nei 1987) on MEGA4. The 
evolution distance was computed using the Maximum Com-
posite Likelihood method (Tamura et al. 2004) with 1000 
replicates for bootstrap analysis.

2.5 Nucleotide Sequence Accession Numbers

Sequences of 16S rRNA genes from water and sedi-
ment samples have been deposited in the GenBank under 
accession numbers from FJ797310 to FJ797344.

3. reSulTS 
3.1 Physical and Chemical Characteristics of Fluids

Field measurements in 2006 yielded fluid temperatures 
at 82.5, 80.7, and 67.7°C for HS03, HS04 and LH02, re-
spectively. All pond fluids were extremely acidic with a pH 
ranging between 0.8 and 2.8 (Table 1). Redox potentials of 
LH02, HS03 and HS04 fluids were -150, -75, and -35 mV, 
respectively. Conductivities were high in HS (2420 and 
4320 μS cm-1 for HS03 and HS04, respectively) but much 
lower in LH02 (779 μS cm-1). The variation in conductivity 
was controlled by the most abundant anion, sulfate, which 
reached a level above 16 mM in HS and 3 mM in LH02. 
Of the other minor anions, chloride concentrations ranged 
from 0.76 to 1.43 mM and nitrate concentrations varied 
from below the detection limit to 122 μM (Table 1). Colo-
rimetric measurements yielded 38 - 816 μM of dissolved 
sulfide. Major cations were generally low with calcium be-
ing the most abundant (1.29, 3.82, and 2.24 mM for LH02, 
HS03, and HS04, respectively). Total iron concentrations 
varied widely from 92.3 μM in LH02 to 1.30 mM in HS03, 
with at least 90% of the total iron composed of ferrous iron. 
Dissolved manganese exhibited a variation similar to iron. 
Detection of ammonium turned out to be false due to the in-
terference of elevated iron on the color development. DOC 
concentrations varied from 103 to 446 μM.

Physical and chemical measurements revealed that 
temperature, redox potential, and pH did not vary signifi-
cantly with depth in HS03 and LH02 (Table 2). Chloride 
and sulfate were depleted in the top layer of LH02 when 
compared with those in the middle and bottom layers, but 
remained at nearly a constant level in HS03. Dissolved sul-
fide increased from 166 μM at 5 cm to 205 μM at 115 cm 
in HS03, and from 82.5 μM at 5 cm to 100 μM at 50 cm in 
LH02. Dissolved oxygen fluctuated between 29 and 34 μM 
in HS03, whereas a decrease from ~35 μM at 5 cm to ~25 μM  
at 60 cm occurred in LH02. Dissolved oxygen concentra-
tions were much less than air-saturated equilibrium concen-
trations (Table 2). Other dissolved gases were only mea-
sured for the middle depth in both ponds. Carbon dioxide 
appeared to be the most abundant species at concentrations 
of 3980 and 1014 μM for HS03 and LH02, respectively.

3.2 Compositions of Archaeal and Bacterial Communities

PCR-amplification yielded archaeal amplicons for all 
collected samples. Bacteria were, however, only detected in 
LH02. Screening and sequencing of archaeal and bacterial 
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clone libraries revealed microbial communities with rela-
tively simple structures. A total of 12 phylotypes were iden-
tified from the LH02 planktonic archaeal library, whereas 
less than 6 phylotypes were obtained from the other five 
archaeal libraries (Table 3). For comparison, only one and 
three bacterial phylotypes were recovered from the LH02 
water and sediment samples, respectively.

A significant proportion of planktonic archaeal mem-
bers were affiliated with the Order Sulfolobales (Fig. 2 and 
Table 3). Sequences of 37.5% clones in HS03 were affiliat-
ed with Sulfolobus tokodaii or Sulfurisphaera ohwakuensis 
(both shared 91 - 97% identity) isolated from acidic springs 
in Japan, 94.6% in HS04 with Sulfolobus metallicus from 
Icelandic solfataric fields, and 2.7, 5.4, and 21.6% in LH02 

with S. metallicus, S. tokodaii and Acidianus infernus, re-
spectively (Table 3) (Segerer et al. 1986; Huber and Stetter 
1991; Kurosawa et al. 1998; Suzuki et al. 2002). Sequences 
of other archaeal planktonic members were related to either 
Vulcanisaeta distributa isolated from several geothermal 
springs in eastern Japan (62.5% in HS03) or Caldisphaera 
lagunensis from a hot pond in the Philippines (4.6% in HS04 
and 10.8% in LH02) (Itoh et al. 2002; Itoh et al. 2003). A 
number of archaeal sequences could not be classified into 
any known lineage possessing culture representatives, and 
consisted of 3.6 and 59.5% of the planktonic communi-
ties in HS04 and LH02, respectively (Fig. 2 and Table 3). 
These uncultured sequences could be further grouped into 
9 phylotypes. Sequences of two phylotypes (A08 and A09) 

Sample  
name

Temp  
(°C) pH

redox  
potential  

(mV)

Conductivity  
(μS cm-1)

DoC a  
(μM in C)

So4
2-  

(mM)
Cl-   

(mM)
No3

-

(μM)
HS-

(μM)

LH02 67.7 2.8 -150 779 103 3.18 1.43 122 816

HS03 82.9 2.2 -75 2420 446 16.9 0.79 116 89.9

HS04 80.7 0.8 -35 4320 275 30.0 0.76 BDL b 38.9

Sample  
name

Total Fe  
(μM)

Fe2+  
(μM)

Ca2+ 
(mM)

Na+

(mM)
K+

(mM)
Mg2+

(mM)
Mn2+  
(μM)

Total As
(μM)

LH02 92.3 95.4 1.29 0.99 0.14 0.72 15.7 BDL

HS03 1300 1160 3.82 1.30 0.36 2.97 110 9.13

HS04 1220 1190 2.24 1.09 0.27 2.56 87.2 15.6

Table 1. Geochemical and physical characteristics of pond water.

a DOC: Dissolved organic carbon.
b BDL: Below detection limit.

Table 2. Geochemical and physical characteristics along profile in LH02 and HS03.

a Aqueous and gas samples from LH02 were collected on 08/16/07 and 10/23/07, respectively.
b Aqueous and gas samples of HS03 were collected on 09/07/07. Human-caused drainage of adjacent creek water into HS03 in 2007 resulted in the lowering 

of temperature and abundance of major cations and anions.
c Equilibrium O2: Air-saturated contents of dissolved oxygen were calculated using the Henry’s Law constant at the in situ temperatures (65°C for the middle 

depth in HS03).
d Gas compositions at 30 - 40 cm in LH02: 0.55 μM of H2, 1014 μM of CO2 and 0.05 μM of CH4; at 60 cm in HS03: 0.83 μM of H2, 3980 μM of CO2 and 

0.67 μM of CH4.
e BDL: Below detection limit; NA: Not available.

Depth below air-water  
interface (cm)

Temp 
 ( °C ) pH So4

2- 
(mM)

HS-  
(μM)

Cl- 

(μM)
No3

-

(μM)
Fe2+

(μM)
o2 

 (μM)
eq. o2  
(μM) c

LH02 a

5 - 10 89.0 2.9 2.53 82.5 1000 39.0 163 35.3 112

30 - 40 d 89.0 2.8 3.25 83.4 1270 37.4 159 34.2 112

50 - 60 88.8 2.9 3.27 100 1260 37.0 161 25.8 112

HS03 b

5 63.6 2.9 3.08 166 216 BDL e 242 29.5 147

60 d NA e 2.9 3.17 200 228 BDL e 237 33.7 143

115 66.5 2.8 3.17 205 212 BDL e 233 28.9 141
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Fig. 2. Phylogenetic tree for archaeal and bacterial 16S rRNA gene sequences obtained from LH02, HS03 and HS04. The tree was constructed using 
the Neighbor-Joining method with sequences in lengths of at least 1200 bps. Bootstrap values with 1000 replicates are shown next to the branch 
nodes (< 60% are not shown). Scale bar represents 5% evolutionary distance. The sequences obtained in this study are highlighted by clone names 
in boldface that constitute sample site (HS3, HS4 and LH2), sample type (“w” for water and “s” for sediment) and primer set (“a” for archaea and 
“b” for bacteria), followed by phylotypes in parentheses. THSC, terrestrial hot spring Crenarchaeota; YNP, Yellowstone National Park (USA). 
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were related to the Terrestrial Hot Spring Crenarchaeota 
(THSC) (Takai and Sako 1999; Kato et al. 2011), whereas 
sequences of phylotypes A11 to A13 were affiliated with 
Crenarchaeota sequences retrieved from acidic hot springs 
of YNP. Sequences of the rest phylotypes (A14 - A17) were 
affiliated with environmental Euryarchaeota sequences col-
lected from acidic environments of YNP, Ohwakudani in 
Japan, and the TVG (Fig. 2).

Archaeal assemblages of bottom-dwelling communi-
ties were quite different from those of planktonic ones in that 
uncultured groups dominated over others (90.9% in HS03; 
67.8% in HS04; 76.5% in LH02) (Table 3). Of these un-
cultured groups, THSC constituted a substantial proportion 
of libraries (81.8% in HS03; 19.4% in HS04; and 70.6 % 
in LH02). Other sequences were related to clone sequences 
recovered from YNP and the TVG (Fig. 2 and Table 3). In 
addition to the uncultured archaeal groups, the majority of 
other bottom-dwelling members were related to C. lagunen-
sis and constituted 4.6, 29.0, and 23.5% of the total clones 
in HS03, HS04 and LH02, respectively. A small fraction of 
archaeal sequences in HS04 sediments (3.2%) were related 
to Thermoplasma acidophilum (Segerer et al. 1988).

Bacterial assemblages in the LH02 water and sediment 
samples were very similar to each other (Fig. 2 and Table 3).  
Most bacterial members (100% in water and 87.4% in sedi-
ments) were affiliated with Hydrogenobaculum acidophilum 
(Shima and Suzuki 1993; Stohr et al. 2001). Sequences of 
the other bacterial clones in the LH02 sediments were related 
to uncultured bacteria obtained from sub-seafloor sediment 
(JN230291) and a hot spring in the TVG (DQ145971).

4. DISCuSSIoN
4.1 Segregation of Archaeal Assemblages in Water 

Columns and Bottom Sediments

Our molecular analyses indicated that microbial com-
munities residing in the high-temperature sulfur-rich ponds 
of the TVG were simply structured. Archaea were present in 
all samples, whereas bacteria were detected only in LH02. 
Based on the phylotypes and sequence identities obtained 
from the clone libraries, Crenarchaeota including Caldis-
phaerales, Sulfolobales, and Thermoproteales and uncul-
tivated THSC appeared to constitute a significant propor-
tion of archaeal communities in all samples (Table 2). To 
establish whether any community pattern existed, cluster 
analyses of archaeal community assemblages using the Uni-
Frac program (Lozupone et al. 2006) were carried out. The 
program calculated the genetic distance on community level 
from a batch of sequences recovered from different commu-
nities. The distances among each screened sequence were 
obtained from the 16S rDNA phylogenetic tree (Fig. 2).  
The analyses revealed that sediment communities tended 
to cluster together, whereas water communities branched 
off the sediment group (not shown). The pattern does not 

correlate with the general variation in aqueous chemistry 
and physical parameters among three ponds (Table 1), sug-
gesting that factors other than those mentioned above are 
needed to account for the clustering of the bottom-dwelling 
communities from the other communities. For example, sul-
fate, redox potential and temperature appear to be the most 
prominent parameters to distinguish the HS samples from 
the LH sample. The segregation of archaeal assemblages in 
the water columns and sediments was, however, prevalent 
in all investigated ponds regardless of sulfate concentration, 
redox potential or temperature. The most plausible and ap-
parent explanation for the clustering on community level 
seems to be their vertical positions in a pond.

To further elucidate whether or not archaeal assem-
blages were controlled by their relative vertical positions in 
a pond, we were prompted to infer the potential metabo-
lisms for obtained sequences through their similarities to 
the sequences of known culture representatives. One feature 
used to distinguish the planktonic from bottom-dwelling 
communities is the presence of the Order Sulfolobales (in-
cluding genera Sulfolubus, Sulfurisphaera and Acidianus in 
Fig. 2). Phylotypes with sequences affiliated with the Order 
Sulfolobales in the planktonic communities constituted 30 
to 95% of the individual archaeal libraries (Table 3). Strains 
related to the Order Sulfolobales are generally thermophilic, 
acidophilic, and capable of acquiring metabolic energy from 
aerobic oxidation of elemental sulfur (Kurosawa et al. 1998; 
Harald and David 2006). Some strains within the Order 
Sulfolobales could switch between aerobic and anaerobic 
metabolisms (e.g., Sulfurisphaera and Acidianus). Despite 
the prevalent appearance of the Order Sulfolobales in the 
planktonic communities, phylotypes with sequences resem-
bling V. distributa and C. lagunensis were also found. Both 
of these two affiliated strains are acidophilic, thermophilic 
microbes capable of reducing elemental sulfur and thiosul-
fate with the oxidation of organic carbon. V. distributa ex-
hibits a weak growth under low oxygen conditions (< 2% 
O2 in the headspace), whereas C. lagunensis is an obligate 
anaerobe (Itoh et al. 2002, 2003). For comparison, members 
affiliated with the Order Sulfolobales and Vulcanisaeta spp. 
were either completely absent or reduced to a small propor-
tion in the bottom-dwelling communities (Table 3). Instead, 
the proportion of sequences related to obligate anaerobes, 
C. lagunensis-related strains, increased up to 30% of the 
archaeal clones in the individual libraries. The opposite 
variation in the proportions of the Order Sulfolobales and 
Caldisphaera in the planktonic and bottom-dwelling com-
munities suggests that the oxygen affinity plays a pivotal 
role in regulating the community assemblages.

Although the concentrations of dissolved oxygen in the 
bottom water were 26 - 29 μM, the predominance of po-
tential obligate anaerobes in sediments makes it reasonable 
to speculate that the pore space of sediments would likely 
contain trace amounts of dissolved oxygen or become even 
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anoxic. In this regard, as the dissolved oxygen is limited or 
completely excluded in sediments, the growth and activity 
of aerobes would be substantially inhibited. In contrast, op-
portunistic facultative or obligate anaerobes would be fa-
vored to colonize the surface of sediments where elemental 
sulfur is abundant and could provide metabolic energy for 
sulfur-respiring metabolisms under anoxic conditions. It is 
certain that dissolved oxygen content in water column or 
pore water would fluctuate through time, depending on the 
local precipitation and freshwater intrusion. That heteroge-
neously distributed micro-niches associated with sediment 
particulates would provide additional shielding to the oxy-
gen stress imposed from the atmosphere further enhances 
the sustainability for facultative or obligate anaerobes in 
sediments.

While archaeal assemblages were evidently segregat-
ed between water columns and bottom sediments, bacteria 
were neither present in the HS ponds nor compartmental-
ized into distinct assemblages within LH02. Sequences of 
the predominant bacterial phylotype in water and sediments 
were closely affiliated with Hydrogenobaculum acido-
philum, a strain known to grow between 40 and 75°C and 
between pH 2 and 6 by oxidizing hydrogen or elemental 
sulfur under an atmosphere of 1 - 30% O2 (Shima and Su-
zuki 1993; Eder and Huber 2002). The flexibility of oxygen 
requirement possessed by Hydrogenobaculum spp. renders 
these members advantageous over others in adaption to 
fluctuated oxygen levels associated with different compart-
ments in highly dynamic geothermal environments (Shima 
and Suzuki 1993; Macur et al. 2004; D’Imperio et al. 2008; 
Burgess et al. 2012).

The lack of bacteria in HS is not unusual for hot springs 
elsewhere [e.g., the Lassen Volcanic National Park (Siering 
et al. 2006)]. Potential factors leading to the detection of 
skewed community compositions include primer bias, ex-
tremely low pH (≤ 2.2), and enhanced temperature (> 80°C). 
Without rigorous tests on primer specificity and systematic 
sampling of fluids with various characteristics, current data 
do not allow for the identification of factors controlling the 
presence or absence of bacteria.

4.2 reducing Capacity of Fluids

The concentrations of dissolved oxygen in the water 
columns ranged from 25 to 35 μM. While no systematic vari-
ation was observed in HS03, a decrease from 35 to 25 μM  
with depth occurred in LH02 (Table 2). The coexistence of 
dissolved oxygen with sulfide has been commonly observed 
in YNP (Inskeep and McDermott 2005; Nordstrom et al. 
2005; Spear et al. 2005), suggesting that geochemical con-
texts of hot fluid did not reach a redox equilibrium. That 
is to say, the reaction is perhaps not rapid to completely 
consume dissolved oxygen by sulfide. To further explore 
the capacity of reducing power in hot ponds, we calculated 

the concentrations of dissolved oxygen in equilibrium with 
atmospheric oxygen using the Henry’s Law constants (An-
drews and Wilson 1987) at the in situ temperatures. The cal-
culation was based on the assumption that given sufficient 
time or probable agitation, oxygen would be partitioned into 
gas and aqueous phases in accordance with a specific ratio 
at a specific temperature. The calculation yielded equilib-
rium concentrations ranging from 141 to 147 μM for HS03 
and around 112 μM for LH02. Such a range of equilibrium 
concentrations (112 to 147 μM) was greater than those mea-
sured (25 to 35 μM), suggesting the presence of oxygen con-
sumption by either abiotic or biotic processes.

Oxygen fluxes exchanged from the atmosphere into 
aqueous phase could be estimated using the gas exchange 
coefficient and the concentration difference between gas 
and aqueous phases through the following formula (Kremer 
et al. 2003):

Flux J = K × SD         (1)

SD = 0.209 × (Ceq - Cmeasured) Ceq
-1          (2)

where K is the gas exchange coefficient, SD represents the 
saturation deficiency, Ceq is the saturated equilibrium con-
centration at the in situ temperature, Cmeasured is the measured 
concentration, and the constant of 0.209 is the partial pres-
sure of atmospheric oxygen. The exchange coefficients at 
25°C ranged from 1.56 to 7.81 × 10-2 mol O2 m-2 h-1 atm-1,  
depending on the wind speed (Kremer et al. 2003). At a 
higher temperature, the viscosity of water film and diffusion 
coefficient at the air-water interface would be reduced and 
enhanced, respectively. Therefore, the turbulent flow as well 
as the molecular transport driven by the concentration gradi-
ent would increase the mass transport at the interface (Jähne 
and Haußecker 1998). Previous experimental data show that 
the exchange coefficient would be enhanced by a factor of 
~5 between 25 and 52°C or ~10 between 25 and 92°C (Lau 
et al. 2004). To provide a conservative estimate (using a fac-
tor of 5 for 52°C), the exchange coefficients ranging from 
7.8 to 39.1 × 10-2 mol O2 m-2 h-1 atm-1 were used. The differ-
ences between the top dissolved and the calculated equilib-
rium concentrations were 117.5 μM for HS03 and 76.7 μM 
for LH02. Using these parameters, oxygen fluxes from the 
atmosphere to water column would range from 1.3 to 6.5 × 
10-2 mol O2 m-2 h-1 for HS03, and from 1.1 to 5.6 × 10-2 mol 
O2 m-2 h-1 for LH02. These oxygen fluxes could be further 
translated to the fluxes of reducing power with a factor of 
0.5 to 4 through the stoichiometric ratios of the oxidation re-
actions (depending on the designated compounds: 4 for Fe2+ 
oxidation; 2 for H2 and As3+ oxidation; 0.67 for S0 oxidation; 
0.5 for H2S and CH4 oxidation).

Because the atmosphere is an infinitely large reservoir, 
the supply of oxygen to the water column is unlimited. If 
the observed dissolved oxygen is maintained at a constant 



Cheng et al.354

level, the estimated oxygen fluxes could be converted into 
the consumption rate of oxygen within the pond. Using the 
depth of investigated ponds, the consumption rate of oxygen 
was calculated to range from 11 to 57 μM h-1 for HS03 and 
from 19 to 93 μM h-1 for LH02. Potential sources for oxygen 
consumption include Fe2+, H2, As3+, S0, H2S and CH4. The 
low pH and 63 to 89°C of fluids reported in this study, how-
ever, render the abiotic oxidation of Fe2+, H2, As3+, S0 and 
CH4 less likely or slowly. In addition, the rates of abiotic 
sulfide oxidation were calculated to range from ~3.4 μM h-1  
for HS03 to ~0.4 μM h-1 for LH02 using the experimen-
tally derived rate constant (Millero et al. 1987) and in situ 
conditions. Such a range of abiotic sulfide oxidation rates 
accounted for 12 - 62% and 0.8 - 4% of oxygen fluxes for 
HS03 and LH02, respectively. The rate estimates, together 
with the predominance of Sulfolobus spp. and Acidianus 
spp. in water, suggest that microbial processes mediate the 
consumption of a large fraction of dissolved oxygen within 
the water column.

4.3 Implications for Sampling Strategy

The community assemblages observed in this study 
share great similarities with those in Lassen Volcanic Na-
tional Park of USA (Siering et al. 2006). In Siering et al. 
(2006), Sulfolobus related sequences constituted a larger 
proportion of archaeal communities in the springs (Devil’s 
Kitchen 12 and Upper Sulfur Works 5), whereas Caldispha-
era and THSC related sequences were found primarily in 
the muddy pot (Sulfur Works 5). Although the community 
structures and corresponding habitats are comparable with 
those reported in this study, no analysis of both water and 
sediments from a single pond or spring has been performed 
by Siering et al. (2006). We speculate that the segregation 
of archaeal communities in water columns and sediments 
might be a common feature in terrestrial hot ponds where 
the exposure to atmospheric oxygen at the air-fluid interface 
and the input of reduced compounds from the bottom ren-
ders a strong redox gradient. Therefore, samples recovered 
from either water or sediments would only represent partial 
community structures. Given that the functionally distinct 
community assemblages would be regulated strongly by the 
stratified redox states within a pond or between water and 
sediments, a thorough survey in aqueous and gas geochem-
istry along a vertical profile prior to molecular or micro-
biological analyses is recommended. With the geochemical 
data, the positions where the redox state changes substan-
tially could be first determined to provide an assessment on 
the samples which might be critical for biological analyses.

5. CoNCluSIoNS

We combined geochemical and molecular results to 
reveal that archaeal communities were evidently segregated 

into distinct horizons that received atmospheric oxygen at 
various degrees. The pattern of microbial distribution is 
consistent with general configuration of geochemical varia-
tions in geothermal ponds. Microorganisms with higher 
oxygen affinity tend to thrive near the interface between the 
atmosphere and water, whereas microorganisms with lower 
oxygen affinity preferentially proliferate in pore space with-
in sediments where oxygen transport is more strenuous and 
dissolved sulfide is more abundant. Our estimates revealed 
that the microbial capacity for sulfide oxidation in the in-
vestigated ponds could account for 38 to 99% of the total 
oxygen consumption. Finally, representative community as-
semblages and diversities associated with geothermal ponds 
could be recovered only with cautious sampling which could 
be built on the basis of fine scaled geochemical assessment 
along a vertical profile.
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