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Abstract The diversity of archaea and bacteria was

investigated in ten hot springs (elevation[4600 m above sea

level) in Central and Central-Eastern Tibet using 16S rRNA

gene phylogenetic analysis. The temperature and pH of these

hot springs were 26–81�C and close to neutral, respectively.

A total of 959 (415 and 544 for bacteria and archaea,

respectively) clone sequences were obtained. Phylogenetic

analysis showed that bacteria were more diverse than archaea

and that these clone sequences were classified into 82 bac-

terial and 41 archaeal operational taxonomic units (OTUs),

respectively. The retrieved bacterial clones were mainly

affiliated with four known groups (i.e., Firmicutes, Proteo-

bacteria, Cyanobacteria, Chloroflexi), which were similar to

those in other neutral-pH hot springs at low elevations. In

contrast, most of the archaeal clones from the Tibetan hot

springs were affiliated with Thaumarchaeota, a newly pro-

posed archaeal phylum. The dominance of Thaumarchaeota

in the archaeal community of the Tibetan hot springs appears

to be unique, although the exact reasons are not yet known.

Statistical analysis showed that diversity indices of both

archaea and bacteria were not statistically correlated with

temperature, which is consistent with previous studies.

Keywords Archaea � Bacteria � Diversity �
Hot springs � Thaumarchaeota � Tibet

Introduction

Microbial communities in hot springs at low elevations have

been extensively studied worldwide, such as those in

Yellowstone National Park (Barns et al. 1994; Pace 1997;

Meyer-Dombard et al. 2005; Hall et al. 2008; Mitchell 2009),
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Long Valley Caldera near Mammoth Lakes, CA, USA (Vick

et al. 2010), Kamchatka of Russia (Bonch-Osmolovskaya

et al. 1999; Reigstad et al. 2009), Iceland (Marteinsson et al.

2001; Reigstad et al. 2009; Aguilera et al. 2010), Uttaranchal

Himalaya (Kumar et al. 2004), the Tengchong area in

Yunnan Province of China (Song et al. 2009, 2010; Jiang

et al. 2010), Indonesia (Aditiawati et al. 2009), and Tunisia

(Sayeh et al. 2010). These studies reveal that diverse

microbial communities are present in terrestrial hot springs;

and temperature, pH, dissolved hydrogen sulfide levels, and

biogeography are important factors in controlling abundance

and diversity (Ward and Castenholz 2002; Purcell et al.

2007; Whitaker et al. 2003). Among the diverse communities

in hot springs, ammonia-oxidizing archaea (AOA) are a

globally distributed important group (Zhang et al. 2008).

Based on environmental 16S rRNA gene sequences, these

archaea are placed within Crenarchaeota and some of the

AOA are currently named as Thaumarchaeota (Brochier-

Armanet et al. 2008). Thaumarchaeota may play a more

important role in hot spring environment than previously

thought; however, it is currently unknown if these organisms

are widely distributed in terrestrial hot springs.

Despite these intensive studies of terrestrial thermal

habitats, little is known about microbial diversity in hot

springs at high elevations, especially in the Tibetan area

(e.g., Lau et al. 2006). The Tibetan Plateau ([4000 m

above sea level) is located in the east-central Mediterra-

nean-Himalayas tectonic zone, and the region hosts one of

the most active geothermal areas in the world and

possesses many hot springs with varying environmental

gradients (Hu et al. 2003). Up to now, only Lau et al.

(2006, 2009) have studied microbial diversity in some hot

springs in Central Tibet. Lau et al. (2006) investigated

microbial community along a thermal gradient (52–83�C)

of an isolated geothermal location in Central Tibet and

found that the response of microbial diversity was not

monotonic to thermal stress. In the other study, Lau et al.

(2009) investigated bacterial diversity in five hot springs

(with a temperature range of 60–65�C) in Central Tibet and

found that Proteobacteria and phototrophic bacteria (i.e.,

Chlorobi, Cyanobacteria, Chloroflexi) were ubiquitous.

However, still little is known about how bacterial and

archaeal communities are distributed among different hot

springs of a larger temperature range.

The objective of this study was therefore to test if

microbial diversity responds to thermal stress in Tibetan

hot springs of a wide temperature range. We expanded

upon the previous studies by investigating archaeal

and bacterial diversity in ten Tibetan hot springs over a

temperature range of 26.2–81.2�C. The 16S rRNA gene

phylogenetic analysis was conducted to assess any corre-

lation between microbial diversity and environmental

variables (e.g., temperature, mineralogy).

Materials and methods

Field measurements and sampling

In August 2009, a field expedition was made to the Central

and Central-Eastern Tibet, and thirty hot springs were sur-

veyed including sediment/mat color, temperature, and pH.

Water pH and temperature were measured in the field using

a thermometer and pH meter, respectively. Ten represen-

tative hot springs covering a range of temperatures were

selected for molecular study at town Jiwa (JW) and Rongma

(RM) of Nima County and town Gulu (GL) of Naqu County

(Fig. 1; Table 1). These springs varied in size from 20 to

50 cm in diameter. Geographical locations and elevations

of these springs were determined using a portable GPS unit

(eTrex H, Garmin, US). In general temperature and pH were

homogeneous, and there were no dramatic changes of

sediment/mat color within a given spring. Thus, only one

sediment/mat sample was collected from each spring.

Microbial mats and surface sediments were collected with a

hand trowel into sterile 50 mL Falcon tubes and preserved

in the sucrose lysis buffer (Mitchell and Takacs-Vesbach

2008). Hand trowels were sterilized with 75% ethanol and

dried after each use. A sympatric soil at Rongma was also

collected for comparison with the adjacent hot spring

samples. Within 1 week, the preserved samples were

shipped to the laboratory in Beijing and were then stored at

-80�C until further analysis.

Powder X-ray diffraction (XRD)

X-ray diffraction was performed to identify the mineralogy of

the collected solids by using a Scintag X1 powder diffrac-

tometer system using CuKa radiation with a variable diver-

gent slit and a solid-state detector (Zhang et al. 2005). For the

XRD analysis, solids were air dried overnight, ground into

powder, and tightly packed into the well of low-background

quartz XRD slides (Gem Dugout, Inc., Pittsburgh, PA, USA).

To facilitate qualitative comparisons among the samples, a

similar amount of solid powder from each sample was packed

into a rectangular volume of the same dimensions. The rou-

tine power was 1400 W (40 kV, 35 mA). Samples were

scanned from 2 to 70� in 0.02 two-theta steps with a count

time of 2 s per step. Search-match software was used to

conduct mineral identification. The relative abundance of

each mineral was qualitatively assigned to be one of four

categories based on the relative peak intensity of character-

istic peaks: very abundant, abundant, moderate, and present.

DNA extraction and PCR

Genomic DNA was extracted from *500 mg (wet weight)

of each sample using FastDNA Spin Kit for Soil (MP
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Biomedical, US) according to the manufacturer’s instruc-

tions. The archaeal 16S rRNA gene from the extracted

DNA was amplified with archaeal forward primer Arch21F

(50-TTCYGGTTGATCCYGCCRGA-30) and universal

reverse primer Univ958R (50-YCCGGCGTTGAMTCCA

TTT-30); while the primer set of Bac27F (50-AGAGTT
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Fig. 1 A geographic map

showing the sampling locations

on the Tibetan Plateau, China.

JW41 and JW56 were from Site

1; RM26, RM45, RM55, RM64,

and RMS were from Site 2; and

GL52, GL63, GL64, and GL81

were from Site 3

Table 1 Location and description of the investigated soil and ten hot springs on the Tibetan Plateau, China

Sample GPS coordinates (N/E) Elevation

(m)

Temp

(�C)

pH Sample

type

Mineralogy (wt%)

Calcite Quartz Albite Muscovite Illite Biotite Others

RMS 32�57043.800 86�35049.200 4725 NA NA Brown soil UD ?? UD ?? ??? ? ??

RM26 32�57046.500 86�35048.100 4719 26.2 6.8 Gray sediment ???? ?? UD ? UD UD ??

RM45 32�57045.300 86�35049.100 4715 45.1 7.2 Brown sediment ???? UD UD UD UD UD ??

RM55 32�57044.600 86�35048.300 4720 55.6 7.1 Green mat NA NA NA NA NA NA NA

RM64 32�57046.300 86�35047.900 4718 64.1 6.9 Calcareous sinter ???? ? UD UD UD UD ?

JW41 33�08023.300 86�49053.600 4618 41.7 6.8 Green sediment ??? ?? UD UD UD UD ?

JW56 33�08023.400 86�49054.400 4630 56.0 6.5 Green sediment ??? ?? UD UD UD ? ??

GL52 30�52012.900 91�36044.700 4735 52.0 NA Green mat NA NA NA NA NA NA NA

GL63 30�52035.600 91�36035.200 4715 63.8 NA Green sediment UD ??? ??? UD UD UD ??

GL64 30�52035.400 91�36035.000 4711 64.0 NA Brown sediment ? ??? ?? ? UD UD ?

GL81 30�52034.100 91�36040.000 4726 81.2 8.2 Black sediment NA NA NA NA NA NA NA

Samples are coded as follows: RM26 Rongma hot spring with temperature of 26.2�C, RM45 Rongma hot spring with temperature of 45.1�C, RM55 Rongma hot

spring with temperature of 55.6�C, RM64 Rongma hot spring with temperature of 64.1�C, RMS The sympatric soil near RM26, JW41 Jiwa hot spring with

temperature of 41.7�C, JW56 Jiwa hot spring with temperature of 56�C, GL52 Gulu hot spring with temperature of 52�C, GL63 Gulu hot spring with temperature of

63.8�C, GL64 Gulu hot spring with temperature of 64�C, GL81 Gulu hot spring with temperature of 81.2�C, NA not available, UD undetectable, Mineralogy:

???? very abundant, ??? abundant, ?? moderate, ? present
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TGATCMTGGCTCAG-30) and Univ1492R (50-CGGTTA

CCTTGTTACGACTT-30) was used for bacterial 16S

rRNA gene PCR amplification. These primers have been

used for hot spring samples (Pearson et al. 2004; Meyer-

Dombard et al. 2005; Lau et al. 2009) and are effective in

amplifying the 16S rRNA gene of bacteria and archaea. For

PCR, a typical mixture (25 lL in volume) for both archaea

and bacteria consisted of the following reagents: 10 mM

Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, and

100 lM of each deoxynucleoside triphosphate, 0.8 mM

bovine serum albumin (TaKaRa, Dalian, China), 1.25 U of

Taq DNA polymerase (TaKaRa, Dalian, China), and

*25 ng of total DNA. The conditions for archaeal 16S

rRNA gene PCRs consisted of an initial denaturation at

95�C for 5 min, and 35 cycles of denaturing at 94�C for

30 s, annealing at 54�C for 30 s, and extension at 72�C for

2 min, followed by a final extension at 72�C for 10 min.

The conditions for bacterial 16S rRNA genes were as

follows: an initial denaturation at 95�C for 5 min, and 35

cycles of denaturing at 94�C for 30 s, annealing at 55�C for

30 s, and extension at 72�C for 2 min, followed by a final

extension at 72�C for 10 min. The PCR products were

purified with Agarose Gel DNA Purification Kit Ver.2.0

(TaKaRa, Dalian, China) according to the manufacturer’s

instructions.

Clone library construction

The purified PCR products were ligated into cloning

vectors and transformed into Escherichia coli Trans1-T1

competent cells using pEASY-T1 cloning kit (TransGen

Biotech, Beijing, China) according to the manufacturer’s

suggested protocol. The transformants were plated on

Luria–Bertani plates containing 100 lg mL-1 of ampicillin,

80 lg mL-1 of X-Gal (5-bromo-4-chloro-3-indolyl-b-D-

galactopyranoside) and 0.5 mM IPTG (isopropyl-b-D-

thiogalactopyranoside). The Luria–Bertani plates were

incubated at 37�C overnight. Twenty-two clone libraries

(eleven each for archaea and bacteria) were constructed.

Colonies were randomly selected and analyzed for the 16S

rRNA gene inserts. Inserts were amplified using forward

primer M13-RV (50-CAG GAA ACA GCT ATG AC-30)
and reverse primer M13-47 (50-GTT TTC CCA GTC ACG

AC-30). The PCR reaction system was same as described

above with the following PCR conditions: 94�C for

10 min; 34 cycles of 94�C for 30 s, 52�C for 30 s, 72�C

for 90 s, with a final elongation step of 72�C for 10 min.

The randomly selected clones were sequenced (with

primers Arch21F and Bac27F for archaea and bacteria,

respectively) using the BigDye Terminator version 3.1

chemistry (Applied Biosystems, Foster City, CA, USA)

with an ABI 3100 automated sequencer at Shanghai

Sangon Biotech.

Phylogenetic analyses

The raw sequences were trimmed using Sequencher 4.8. The

potential presence of chimeric sequences was examined

with Bellerophon (Huber et al. 2004). Potential chimeric

sequences were removed. The chimera-free sequences were

blasted in the GenBank (http://www.ncbi.nlm.nih.gov).

Operational taxonomic units (OTUs) were determined using

DOTUR (Schloss and Handelsman 2005) with a 97% cutoff

value. Neighbor-joining phylogenetic trees were con-

structed from dissimilar distance and pairwise comparisons

with the Jukes–Cantor distance model using the MEGA

(molecular evolutionary genetics analysis) program, version

4.1. Bootstrap value of 1000 replications was assessed in the

analysis. The sequences determined in this study have been

deposited in the GenBank database under accession num-

bers HQ287087-HQ287215.

Statistical analysis

Coverage (C) of the constructed clone libraries was cal-

culated as follows: C = 1 - (n1/N), where n1 is the num-

ber of phylotypes that occurred only once in the clone

library and N is the total number of clones analyzed (Jiang

et al. 2009). LIBSHUFF analysis for the difference

between any two clone libraries was performed in the same

way as described elsewhere (Jiang et al. 2008). With zt

software (http://www.psb.ugent.be/*erbon/mantel/), the

Mantel test was performed to reveal any correlation

between biotic and environmental data sets according to

procedures as previously described (Jiang et al. 2009).

Results

Characteristics of the sampling sites

The elevations of the ten investigated hot springs were

higher than 4600 m above sea level. The temperature and

pH were 26.2–81.2�C and close to neutral (6.48–8.20),

respectively (Table 1).

Mineralogy of microbial mats and sediments

X-ray diffraction analysis showed that the mineral com-

position varied among the samples from different locali-

ties: calcite was predominant in the RM26, RM45, and

RM64 samples, whereas quartz was rarely found in these

samples; calcite and quartz were the two major minerals in

the JW41 and JW56 samples; and quartz and albite were

the two dominant minerals in GL63 and GL64 (Table 1).

Other minerals included minor amounts of layer silicates

such as muscovite, illite, and biotite.

552 Extremophiles (2011) 15:549–563
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Bacterial 16S rRNA gene phylogenetic analysis

Four hundred and fifteen bacterial clone sequences were

obtained, and they could be classified into the follow-

ing groups: Firmicutes, Proteobacteria, Cyanobacteria,

Chloroflexi, Bacteroidetes, Acidobacteria, Nitrospirae,

Planctomycetes, Thermodesulfobacteria, Aquificae, and

unclassified bacteria (Table 2; Fig. 2). Among these

groups, Firmicutes, Proteobacteria, Chloroflexi and Cya-

nobacteria were the major components in the bacterial 16S

rRNA gene clone libraries, and they accounted for 91% of

all bacterial 16S rRNA gene clone sequences (Table 2).

Cyanobacteria and Chloroflexi

Eighty-six clone sequences (20.7%: 86 out of 415) were

affiliated with Cyanobacteria and Chloroflexi (Fig. 2a;

Table 2), and these sequences were derived from hot

springs with relatively low temperatures (\64�C). Most of

these sequences were closely related to clones retrieved

from hot spring environments, such as those in Tibet

(Lau et al. 2009), Yellowstone National Park (Allewalt

et al. 2006), Thailand (Portillo et al. 2009), and Bulgarian

(Tomova et al. 2010). Among the Cyanobacteria, three

clone sequences from JW56 were related to Synechococcus

sp. TS-91 isolated from Octopus Spring (49–70�C) in

Yellowstone National Park (Allewalt et al. 2006). In the

Chloroflexi group, four clone sequences were closely

related to sequences retrieved from Bor Khlueng Hot

Spring (50–57�C) in Thailand (Kanokratana et al. 2004),

and 41 clone sequences from GL63 and GL64 (30 and 11,

respectively) were related (94%) to a Chloroflexi bacterium

(FM164953) isolated from a geothermal spring (79�C) in

Bulgaria (Tomova et al. 2010).

Proteobacteria

One hundred and thirty-seven sequences (33.0%: 137 out

of 415) were affiliated with Proteobacteria, and these

sequences could be classified into subgroups: Alpha-, Beta-,

Gamma-, and Deltaproteobacteria (Fig. 2b; Table 2). The

clone sequences affiliated with Gammaproteobacteria were

predominant (76.6%: 105 out of 137), and most of them

were closely (98–100%) related to cultured Gammaprote-

obacteria and clones retrieved from low-temperature hab-

itats, such as ice, soils, and sediments. One clone sequence

from GL52 was closely related (99%) to Thiofaba tepidi-

phila, a novel obligately chemolithoautotrophic, sulfur-

oxidizing bacterium of the Gammaproteobacteria isolated

from a hot spring (45�C and pH 7.0) in Fukushima pre-

fecture, Japan (Mori and Suzuki 2008).

Firmicutes

One hundred and fifty-four clone sequences (37.1%: 154

out of 415) were affiliated with Firmicutes. The Firmicutes

sequences can be classified into two subgroups: Clostridia

and Bacillales (Fig. 2c; Table 2), among which Clostridia

sequences were predominant (93%: 140 out of 154). The

Clostridia sequences were closely related (92–99%) to

clones retrieved from low- or high-temperature environ-

ments. Nine sequences from GL64 were related (93%)

to bacterium clone TMP-B3 (EU544532), which was

obtained from a high-temperature mud pool in the Taupo

Volcanic Zone, New Zealand (GenBank description). The

majority of Bacillales sequences (88.9%: 8 out of 9) were

obtained from the soil sample (RMS) and they were closely

related (99%) to isolates or clones recovered from soda

lakes (Joshi et al. 2008; Wu et al. 2010).

Around 9.2% (38 out of 415) of the total bacterial clone

sequences were affiliated with some minor groups, such as

Acidobacteria, Bacteroidetes, Nitrospirae, Planctomycetes,

Thermodesulfobacteria, Aquificae, and unclassified bacte-

ria (Fig. 2a; Table 2). Most of these sequences were clo-

sely (98–99%) related to clones retrieved from geothermal

features, such as Tibetan hot springs (Lau et al. 2009),

Yellowstone hot springs (Hugenholtz et al. 1998; Boomer

et al. 2009), and Japanese alkaline geothermal pool

(Kimura et al. 2010).

Archaeal 16S rRNA gene phylogenetic analysis

Five hundred and forty-four archaeal 16S rRNA gene clone

sequences were obtained and the numbers of clones repre-

sented 87.2–100% coverage for each clone library (Table 3;

Fig. 3). These archaeal clone sequences were affiliated with

Euryarchaeota, Thaumarchaeota (Brochier-Armanet et al.

2008; Spang et al. 2010), and Crenarchaeota (Fig. 3).

The dominant group was Thaumarchaeota, which

accounted for around 75% (407 out of 544) of all archaeal

clone sequences retrieved in this study. These Thaumar-

chaeotal sequences were grouped with two previously

Fig. 2 a Neighbor-joining tree (partial sequences, *700 bp) show-

ing the phylogenetic relationships of bacterial 16S rRNA gene

sequences cloned from the hot spring samples on the Tibetan Plateau

to closely related sequences from the GenBank database. One

representative clone type within each OTU is shown, and the number

of clones is shown at the end (after the GenBank accession number).

The number of clones is omitted if there is only one clone within a

given OTU. Clone sequences from this study are coded as follows for

the example of RM64-B001 (HQ287172) 9: RM64, sample name; B,

bacterium; 001, number of clone type; HQ287172, GenBank acces-

sion number; 9, number of clone sequences. Scale bar indicates

Jukes-Cantor distances. Aquifex pyrophilus is used as an outer group,

and a single tree showing all bacterial sequences is created.

b, c Subtrees for Proteobacteria and Firmicutes
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China water treatment plant clone (GQ844365)

RM64-B041 (HQ287180)
Chryseobacterium sp. NX12 (EF601827)

RM26-B010 (HQ287146)
Ireland feces and sewage samples clone (EU573844)

Bacteroidetes

GL52-B034 (HQ287199) 3
Tibet hot springs thermophilic microbial mats clone (EF205557)
Costa Rica geothermal springs clone (EF545646)
Yellowstone Synechococcus sp. TS-91 (AY884060)
RM64-B014 (HQ287176)
Tibet hot springs thermophilic microbial mats clone (EF205459)
Yellowstone alkaline thermal spring clone (FJ206555)

GL63-B023 (HQ287203) 4
Thailand hot spring mats clone (EU376425)
Asian geothermal springs clone (DQ131174)
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China Dongping Lake bacterium clone (FJ612245)
Lake Kastoria water column and sediment clone (FJ204882)
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RMS-B003 (HQ287139) 2
USA uranium contaminated soil clone (DQ125880)

JW41-B010 (HQ287185) 10
China Dongping Lake bacterium clone (GU208356)

Petroleum refinery clone (FJ439052)
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Ariake Sea Coastal Sediments clone (AB559989)
RM64-B005 (HQ287182)

Yellowstone Hillside hot spring clone (FJ207030)
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Lake Michigan proteobacterium clone (EU640429)

Ramlibacter sp. P-8 (AM411936)
RMS-B021 (HQ287138)
Cote d'IvoireYmoussoukro lake clone (GU291523)

Betaproteobacteria

China deep ice sheets clone (GU246952)
The oldest ice on the Earth clone (EF127600)

JW56-B039 (HQ287193)
South Africa Kalahari Shield subsurface water clone (DQ230964)
Silanimonas lenta (NR_025815)
RM64-B032 (HQ287179) 2

RMS-B042 (HQ287142)
USA Minnesota gamma proteobacterium clone (AY921928)

Panama Lake Gatun clone (EU803464)
RM55-B009 (HQ287171)
USA Wisconsin, Lake Mendota clone (FJ828370)

RM64-B008 (HQ287183)
Taiwan Taroko proteobacterium clone (AY874095)

Lake Michigan uncultured proteobacterium clone (EU639719)
Thiofaba tepidiphila (AB304258)

GL52-B002 (HQ287195)
India Khir Ganga Hot Spring Microbial Mat clone (EU037218)

GL64-B001 (HQ287204) 5
Acinetobacter lwoffii (HM163482)

RM55-B001 (HQ287162) 4
GL81-B018 (HQ287215) 14

Tibet Qinghai Lake clone (HM127449)
RM55-B011 (HQ287164) 4
Taiwan saltern soil clone (FJ348430)
Hawaiian volcanic deposits clone (DQ490334)

RM55-B010 (HQ287163) 5
Klebsiella sp. cl40 clone (GU003816)

RM55-B012 (HQ287165) 3
RM26-B034 (HQ287145) 3
GL81-B001 (HQ287214) 23
Aeromonas salmonicida subsp. VA_K2-M7 (GQ996602)

GL52-B001 (HQ287194) 37
Arctic streams clone (FJ849482)
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Spain volcanic environments clone (EF447047)
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Greece Marathonas Reservoir water column clone (GQ340337)
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Hawaiian hotspot clone (AF513446)
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Archangium sp. 565 (AM489541)
Ohio River Sediments clone (EF393274)
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RMS-B013 (HQ287134)
Urban aerosols harbor clone (DQ129588)
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Chile Rapel reservoir artificial lake sediment clone (EF192881)

China Hangzhou rice field soil clone (FM956228)
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isolated ammonia-oxidizing archaea (Fig. 3): Candidatus

Nitrosopumilus maritimus (Konneke et al. 2005) and

Candidatus Nitrososphaera gargensis (Hatzenpichler et al.

2008). These sequences can be divided into two subgroups:

Group 1 and Group 2. Group 1 included all the clone

sequences retrieved from hot springs in this study, and

Group 2 included the sequences from the soil sample

(RMS) (Fig. 3; Table 3).

The euryarchaeotal sequences included three sub-

groups: Methanomicrobiales, MKCS-J (Yan et al. 2006),

and Halobacteriales; while the crenarchaeotal sequences

consisted of Thermoproteales, Desulfurococcales and

uncultured Crenarchaeota (Fig. 3; Table 3). Methanomi-

crobiales accounted for 17% (85 out of 489) of all archaeal

clone sequences (Table 3). In the Methanomicrobiales

group, 44 clone sequences (1, 2, and 41 from GL52, GL63,

and GL64, respectively) were closely related (97–99%) to

archaeal clones (EF198052 and AY297990) retrieved from

thermal origins (Chen et al. 2004, 2008). Thirty-five clone

sequences were closely related (95–99%) to uncultured

crenarchaeal clones retrieved from hot spring environ-

ments, such as Obsidian Pool in Yellowstone National Park

(Spear et al. 2005), hot springs in Bulgarian (Tomova et al.

2010), Iceland, and Russia (Reigstad et al. 2008). Desulf-

urococcales contained seven clone sequences from GL63

and GL81 (Table 3; Fig. 3) and were closely related

(95–98%) to clones originated from such hot springs as

Iceland hot springs and Nevada Great Boiling Spring

(Marteinsson et al. 2001; Costa et al. 2009).

Statistical analysis

At the 97% OTU cutoff value, bacteria were more diverse

than archaea (Table 1). The LIBSHUFF analysis showed

that the Rongma soil (RMS) was statistically (P \ 0.05)

different from the hot spring samples with respect to bac-

terial and archaeal communities (Fig. 4). There appeared to

be some site-specific grouping. For example, the bacterial

sequences from Gulu appeared to be clustered together, and

all archaeal sequences from Rongma formed a distinct

group which was different from clusters of the Gulu

sequences (Fig. 4). The Mantel test showed that the tem-

perature was not statistically correlated with the microbial

diversity at either the OTU (r = 0.241 and P = 0.093 for

bacteria, and r = -0.046 and P = 0.446 for archaea) or

the major group levels (r = 0.016 and P = 0.378 for

bacteria, and r = 0.226 and P = 0.119 for archaea).T
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Discussion

Microbial diversity in Tibetan hot springs

The phylogenetic analysis showed that the bacterial com-

munities were highly diverse and the predominant groups

(Proteobacteria, Firmicutes, Chloroflexi, and Cyanobac-

teria) were similar to those in hot springs from the Central

Tibet (Lau et al. 2006, 2009) and from low-elevation and

neutral-pH environments (Meyer-Dombard et al. 2005;

Spear et al. 2005; Stout et al. 2009; Sayeh et al. 2010). This

observation suggested that elevation was not a major factor

influencing the bacterial distribution in global geothermal

features.

The archaeal communities were less diverse than bac-

terial (as indicated by number of OTU and diversity indices

in Tables 2 and 3) but more so than the archaeal commu-

nity observed in hot springs of Central Tibet observed in a

previous study (Lau et al. 2006). One possible reason may

be ascribed to the different techniques employed in the two

studies: Lau and colleagues used the technique of 16S

rDNA denaturing gradient gel electrophoresis (DGGE);

instead, we used 16S rDNA cloning technique. These two

techniques have different resolutions when used in char-

acterizing microbial communities (Kisand and Wikner

2003).

The archaeal communities in many Tibetan hot springs

studied here were dominated with Thaumarchaeota,

showing the uniqueness of Tibetan hot springs relative to

other springs. This result is different from those of Lau

et al. (2006) who did not observe any thaumarchaeotal

sequences in hot springs from Tibet. There are several

possible reasons for such inconsistency. First, Tha-

umarchaeota is a newly proposed phylum (Spang et al.

2010) and it was previously considered as part of Cre-

narchaeota. Thus, it is conceivable that some of crenar-

chaeotal sequences reported in the Lau et al. study (2006)

may have belonged to Thaumarchaeota. However, a close

examination revealed that none of the organisms reported

by Lau et al. (2006) belonged to Thaumarchaeota. Second,

the sampling sites in the Lau et al. (2006) study are dif-

ferent from those in this study, although they are all in

Central Tibet. It is possible that archaeal community may

be different between different sites. Indeed, our data

(Table 3) showed site-to-site variations in archaeal com-

munity structure. Third, the inconsistency between our

results and those of Lau et al. (2006) may have been caused

by different primer sets used. Whereas archaeal primers

Arch21F/Univ958R were used in this study, the Archaea

344F/905R primers were used in the Lau et al. (2006)

study. Although both sets of primers have been used for hot

spring samples (Pearson et al. 2004; Meyer-Dombard et al.

2005), it is not clear which set is superior in terms of

covering archaeal diversity in Tibetan hot springs. In

addition, the dominance of the Thaumarchaeotal sequences

in our samples might conceivably be caused by PCR-

cloning bias. However, the Thaumarchaeotal sequences

formed sample-specific grouping: all hot spring sequences

were clustered within Group 1, and those from the soil

sample (RMS) were grouped within Group 2. These results

suggested that the dominance of the Thaumarchaeotal

sequences in the Tibetan hot springs studied in this

research should be a true reflection of the archaeal com-

munity composition.

To date, the dominance of the Thaumarchaeota sequen-

ces in Tibetan hot spring springs has never been observed.

A previous study reported that the Thaumarchaeota

phylum only contains ammonia oxidizers Nitrosopumilus

maritimus, Nitrososphaera gargensis, and Cenarchaeum
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Fig. 4 a Clustering of the different bacterial 16S rRNA gene clone

libraries based on DCxy values obtained from the LIBSHUFF

analysis. Unweighted-pair group method with average linkages in

MEGA4.1 was used to construct the tree. The parameter DCxy in the

LIBSHUFF represents the difference in coverage of two clone

libraries (the larger DCxy, the greater dissimilarity between the given

clone libraries). Clone libraries are coded as follows for the example

of GL81B/A: GL, sample site, Gulu; 81, temperature in Celsius; B,

bacterium; A, archaea. b The UniFrac metric tree showing the

difference of archaeal 16S rRNA gene clone libraries from ten

Tibetan hot springs. The software for the analysis was available at

http://whitman.myweb.uga.edu/libshuff.html
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symbiosum and clone sequences of putative ammonia-oxi-

dizing isolates (Spang et al. 2010). Thus, the dominance of

the Thaumarchaeota suggested that archaeal ammonia

oxidation may be a key element-cycling process in the

Tibetan hot springs. However, future work is necessary to

confirm the functional traits of the Thaumarchaeota.

Response of microbial diversity to temperature

in the Tibetan hot springs

Previous studies have shown that diverse microbial com-

munities can inhabit global hot springs of a wide tempera-

ture range (from ambient to boiling) (Barns et al. 1994; Pace

1997; Bonch-Osmolovskaya et al. 1999; Marteinsson et al.

2001; Kumar et al. 2004; Meyer-Dombard et al. 2005; Lau

et al. 2006, 2009; Hall et al. 2008; Aditiawati et al. 2009;

Mitchell 2009; Reigstad et al. 2009; Song et al. 2009, 2010;

Aguilera et al. 2010; Jiang et al. 2010; Sayeh et al. 2010;

Vick et al. 2010) and that microbial diversity did not show a

monotonic response to thermal stress (Lau et al. 2006;

Mitchell 2009). Statistical analysis in this study also con-

firmed that there was no monotonic relationship between

microbial diversity and temperature in Tibetan hot springs.

Moreover, certain clone sequences from the Tibetan hot

springs were even related to those of low-temperature origin

(e.g., soil, lacustrine/marine sediments) (Figs. 2, 3). This

was especially true for the spring of the highest temperature,

i.e., GL81 (81�C), where its microbial community was

dominated by apparently mesophilic Thaumarchaeota

and gammaproteobacteria. This inconsistency has been

observed in an actinobacterial study in hot springs (Song

et al. 2009), and it could be ascribed to two reasons: One

explanation may be due to potential contamination from

sympatric soils. However, the LIBSHUFF analysis showed

that the microbial communities in the investigated hot

springs were distinctly different (P \ 0.05) from that in the

sympatric soil sample (Fig. 4). This distinct separation

suggested that the bacterial and archaeal 16S rRNA gene

clone sequences of the hot springs were compositionally

different from those retrieved in the sympatric soil, and thus

potential contamination from surrounding soil can be ruled

out. The other possible reason may be that microorganisms

with a significant level of 16S rRNA gene sequences sim-

ilarity may have distinct physiological properties (Jaspers

and Overmann 2004). The calculated G ? C contents of the

partial archaeal 16S rRNA gene clone sequences for all

samples showed an approximate positive correlation with

the measured temperatures of the springs from which the

mat or sediment samples were collected (graph not shown),

as consistent with a previous report (Kimura et al. 2006).

This approximate correlation suggests that the thermophilic

nature of clones from the high-temperature spring (GL81)

cannot be completely excluded. Apparent ‘‘mesophilic’’

Thaumarchaeota and gammaproteobacteria might actually

contain some thermophilic members.

Among other factors that may be important in controlling

microbial distribution, mineralogy and site isolation appear

to have some influence. There were some important

differences in mineralogy among the sites. For example,

spring mats or sediments from Rongma were dominated by

carbonates (calcite), but those from Gulu were mostly

composed of quartz and feldspars (Table 1). Whereas it was

possible that the distinct differences in microbial compo-

sition between these two sites (Fig. 4) may be related to

mineralogy, it is equally possible that this site-specific

difference may also be due to the distance effect. Definitive

resolution of these various controlling factors must await

future investigations, where a much larger set of both

geochemical and molecular data becomes available.

Conclusions

The bacterial communities in the studied Tibetan hot

springs were predominated by Firmicutes, Proteobacteria,

Cyanobacteria, and Chloroflexi, which was similar to other

hot springs reported in literature. In comparison, archaea

were less diverse than bacteria. The archaeal communities

of the studied Tibetan hot springs mainly consisted of

Thaumarchaeota clone sequences, which have never been

reported to be a dominant group in any other hot springs

worldwide. Statistical analysis confirmed that temperature

was not significantly correlated with the microbial diver-

sity, suggesting that other factors, such as mineralogy

and distance, may be important in controlling microbial

distribution in the Tibetan hot springs.
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