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Abstract Diversity of Crenarchaeota was investigated in

eight terrestrial hot springs (pH 2.8–7.7; temperature 44–

96�C) located in Tengchong, China, using 16S rRNA gene

phylogenetic analysis. A total of 826 crenarchaeotal clones

were sequenced and a total of 47 operational taxonomic

units (OTUs) were identified. Most (93%) of the identified

OTUs were closely related (89–99%) to those retrieved

from hot springs and other thermal environments. Our data

showed that temperature may predominate over pH in

affecting crenarchaeotal diversity in Tengchong hot

springs. Crenarchaeotal diversity in moderate-temperature

(59–77�C) hot springs was the highest, indicating that the

moderately hot-temperature springs may provide optimal

conditions for speciation of Crenarchaeota.

Keywords Crenarchaeota � Diversity �
Terrestrial hot springs � Tengchong

Introduction

Archaea are divided into Euryarchaeota, Crenarchaeota,

Korarchaeota and Nanoarchaeota (Dawson et al. 2006).

Numerous studies have been performed to investigate the

diversity of Euryarchaeota and Crenarchaeota in different

environments (see review by Schleper et al. 2005; Zhang

et al. 2010). The cultivated euryarchaeotes consist of

diverse mesophilic and thermophilic anaerobes and halo-

philes, whereas the cultivated crenarchaeotal members

mainly consist of hyperthermophilic sulfur-dependent

thermophilic species (Huber et al. 2006) and recently

retrieved ammonia-oxidizing archaeal strains (Könneke

et al. 2005; de la Torre et al. 2008). The phylum Cre-

narchaeota represents one of the deep-branching phyloge-

netic lineages within prokaryotes (Woese et al. 1990;

Winker and Woese 1991). Since 1990s, multiple studies

using culture-independent approaches have shown the

ubiquity of the crenarchaeotes in oceans (DeLong 1992;

Fuhrman et al. 1992), lakes (Schleper et al. 1997), soils

(Ochsenreiter et al. 2003), and other low temperature

environments. Recently, mesophilic Crenarchaeota are

named Thaumarchaeota based on the genome sequence of

Cenarchaeum symbiosum which was discovered in marine

environment (Brochier-Armanet et al. 2008). The majority

of known species of hyperthermophilic Crenarchaeota

grow optimally at temperatures C80�C (Stetter 1996;

Boone and Castenholz 2001). Most of them are able to
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grow chemolithoautotrophically on H2, S, or H2S, using

O2, NO3
-, S, or Fe3? as electron acceptors (Stetter 1996;

Spear et al. 2005; Dawson et al. 2006), the compounds of

which are widely present in hot springs.

Hot springs are a type of extreme environments widely

distributed all over the world, and they are unique with

respect to physical, chemical and geographical character-

istics (Hugenholtz et al. 1999; Marteinsson et al. 2001;

Kvist et al. 2005; Spear et al. 2005). Multiple studies have

shown that hot springs harbor very diverse creanarchaeotal

populations (Takai and Sako 1999; Jackson et al. 2001;

Kanokratana et al. 2004; Kvist et al. 2005; Meyer-

Dombard et al. 2005; Skirnisdottir et al. 2000; Spear et al.

2005; Huang et al. 2007; Costa et al. 2009; Vick et al.

2010). Recent molecular studies showed that hot springs of

moderate temperature (55–70 or 65–70�C) possess the

highest bacterial and archaeal diversity (Lau et al. 2006).

This observation is in contrary with the general ecological

principle that more extreme environments decrease diver-

sity (Frontier 1985; Hacine et al. 2004). Is the finding of

Lau and colleagues applied to other geothermal features in

the world? If yes, could the temperature range be wider for

hot springs having the highest crenarchaeotal diversity?

To answer the above questions, we investigated the

crenarchaeotal diversity in hot springs in Tengchong, China

with the use of crenarchaeotal 16S rRNA gene phylogenetic

analysis. The results showed that temperature predominated

over pH in affecting crenarchaeotal diversity in the investi-

gated hot springs, and the crenarchaeotal diversity in mod-

erate-temperature (59–77�C) hot springs was the highest.

Materials and methods

Site description and sample collection

Tengchong (in western Yunnan Province, China) is located

on the northeastern edge of Tibet–Yunnan geothermal zone

between the Indian and Eurasian plates, one of the most

active geothermal areas in the world. Tengchong hot

springs possess a variety of hydrothermal phenomena, such

as hydrothermal explosions, geysers, fumaroles, boiling

springs and hot springs (Kearey and Wei 1993).

The investigated hot springs in this study are located in

an area of one square kilometer or so in Tengchong

National Geological Park (N 24�570, E 98�260). Surface

sediment or mat material was collected into sterile 50-mL

Falcon conical tubes at each hot spring. A total of eight

samples were collected from different hot springs with

different characteristic of pH and temperature. All samples

were stored in dry ice in the field and during transportation,

and then at -80�C in the laboratory until further analysis.

At each sampling location, pH and temperature were

measured using a Hach� pH-meter equipped with a

pH/temperature probe.

DNA extraction

Total DNA was extracted from 5 to 10 g of each sample

using an UltraClean Mega DNA soil kit (Mo Bio Labora-

tories, Inc., Carlsbad, CA, USA) according to the manu-

facturer’s instructions. The precipitated DNA was

gel-purified using Agarose Gel DNA Fragment Recovery

Kit Ver.2.0 (TaKaRa, Dalian, China).

Construction of crenarchaeotal 16S rRNA gene clone

libraries

Purified DNA was used as the template for the amplifica-

tion of crenarchaeotal 16S rRNA genes by specific primers

Cren7F: 50-TTC CGG TTG ATC CYG CCG GAC C-30 and

Cren518R: 50-GCT GGT WTT ACC GCG GCG GCT GA-30

(Perevalova et al. 2008). PCR amplification consisted of

an initial denaturation at 95�C for 10 min, followed by

denaturation at 95�C for 45 s, annealing at 72�C for 2 min;

30 cycles, with the last cycle being followed by a final

extension at 72�C for 20 min. Individual reagents and their

concentrations were as follows: 19 PCR buffer with

1.5 mM Mg2?, dNTPs (100 lM each), 0.25 lM each pri-

mer, 2.5 U of DNA polymerase (Ex-Taq) (TaKaRa,

Dalian, China), and *50 ng of total DNA. PCR products

were purified using an Agarose Gel DNA Fragment

Recovery Kit Ver.2.0 (TaKaRa, Dalian, China) according

to the manufacturer’s instructions.

Purified PCR products were ligated into pMD19-T

Vector system (TaKaRa, Dalian, China) and transformed

into competent Escherichia coli JM109 cells according to

the manufacturer’s instructions. Eight clone libraries were

constructed, one for each of the eight hot spring samples in

Tengchong. 70 to 160 positive clones per library were

randomly selected and plasmid DNA was purified using

DNA Fragment Purification Kit Ver.2.0 (TaKaRa, Dalian,

China). Restriction fragment length polymorphism (RFLP)

analysis was performed on the randomly selected clones in

each clone library according to procedures described

elsewhere (Song et al. 2009). Unique RFLP patterns were

identified visually and representatives of each RFLP were

selected for 16S rRNA gene phylogenetic analysis.

Phylogenetic analysis

Clones representing all identified RFLP types were

sequenced using primer M13? on an ABI 3100 automated

sequencer. The sequences were edited using the DNASTAR

program v.5.0. The potential presence of chimeric sequen-

ces was examined with Bellerophon (Huber et al. 2004).
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The secondary-structures of all obtained sequences were

analyzed using the Vienna RNA Package (Hofacker 2003).

Potential chimeric sequences were removed. Operational

taxonomic units (OTUs) were identified using DOTUR 1.53

(Schloss and Handelsman 2005). The sequences of C98%

identity were clustered into one OTU. One sequence was

selected from each OTU for phylogenetic analyses. The

representative sequences of each OTU and selected closest

references (GenBank:http://www.ncbi.nlm.nih.gov) were

pooled and aligned using CLUSTALX1.83. Phylogenetic

analysis was performed using distance-based Neighbor-

Joining method with MEGA version 4.0 (Tamura et al.

2007). Bootstrap analysis was performed using 1000

pseudoreplications.

Statistical analyses

Species richness was calculated for each of the hot springs

using the nonparametric estimators ACE (abundance-based

coverage estimator). Coverage was calculated with the

equation C = 1 - n/N, where n is the number of unique

OTU sequences observed and N is the number of total

OTUs. In addition, a rarefaction analysis of the number of

unique OTUs versus the estimated OTUs was performed

with the use of Rarefaction version 1.3 (http://www.

uga.edu/strata/software/Software.html). The F statistical

analysis was calculated for assessing the degree of differ-

entiation between microbial communities and comparing the

phylogenetic diversity of each community with the total

phylogenetic diversity of the combined communities. F is

defined by the equation FST = (hT - hW)/hT, where hT is the

phylogenetic diversity of the two communities combined

and hW is the phylogenetic diversity of each community

(Martin 2002; Whitaker et al. 2003; Mathur et al. 2007).

Linear regression analyses were performed to evaluate the

correlation between the Fst and temperature/pH distances

using SYSTAT SigmaPlot.v10.0 package (Version 10.0).

Nucleotide sequence accession numbers

The sequences obtained in this study were deposited in the

GenBank database under accession numbers: GU075731–

GU075793.

Results

Characteristics of sampling sites

The eight investigated hot springs in Tengchong possess

temperature ranging from 44 to 96�C with a pH gradient of

2.8–7.7 (Table 1).

Table 1 Description of hot

spring samples investigated in

this study

ND not determined

Sample Sample type Temp (�C) pH Total dissolved

solids (TOD) (mg/L)

Peal spring (PLS) Brown sandy sediment 96 4.3 245

Great boiling pot A (GBA) Ashen geyserite 84 6.6 2070

Wuming spring (WMS) Gray sediment 77 7.7 ND

Huangguanqing spring (HGS) Sandy sediment 74 2.8 ND

Bridge spring A (BSA) Black mat 59 7.5 656

Shuirebaozhaqu (SRQ) Green sediment 45 7.5 ND

Great boiling pot F (GBF) Red sediment 44 3.4 ND

Bridge spring B (BSB) Green mat 44 7.5 650

Table 2 Diversity indices of crenarchaeotal 16S rRNA gene clone libraries retrieved from eight hot springs in Tengchong, Yuanan, China

Community No.

clones

No.

OTUs

Richness

(ACE)

C coverage

(%)

Avg. BLAST identity

for all phylotypes (%)a
Shannons index

(Chao and Shen)

Simpson

index (MLE)

PLS 75 4 4.0 (4.0, 4.0) 100 94 1.03 (0.86, 1.19) 0.433 (0.208, 0.658)

GBA 67 6 6.0 (6.0, 6.0) 100 95.5 1.44 (1.27, 1.61) 0.287 (0.146, 0.428)

WMS 148 15 15.5 (15.0, 20.5) 99.3 93.9 2.41 (2.23, 2.58) 0.116 (0.085, 0.148)

HGQ 154 10 10.0 (10.0,10.0) 100 94.6 2.11 (2.02, 2.20) 0.137 (0.107, 0.166)

BSA 149 11 11.5 (11.0, 17.5) 99.3 94.1 2.09 (1.87,2.31) 0.149 (0.101, 0.197)

SRQ 61 5 5.0 (5.0, 5.0) 100 96.2 1.34 (1.18, 1.50) 0.306 (0.180, 0.431)

BSB 84 6 6.0 (6.0, 6.0) 100 95.3 1.51 (1.36, 1.66) 0.266 (0.188, 0.345)

GBF 88 7 7.0 (7.0, 7.0) 100 97 1.64 (1.49, 1.80) 0.241 (0.170, 0.311)

a Average percentage similarity among all phylotypes from a given location with closest matches in the NCBI GenBank database

Extremophiles (2010) 14:287–296 289

123

http://www.ncbi.nlm.nih.gov
http://www.uga.edu/strata/software/Software.html
http://www.uga.edu/strata/software/Software.html


T
a

b
le

3
C

lo
n

es
fr

o
m

in
v

es
ti

g
at

ed
h

o
t

sp
ri

n
g

s
an

d
cl

o
se

st
re

la
ti

v
es

d
et

er
m

in
ed

b
y

D
O

T
U

R
p

ro
g

ra
m

an
d

B
L

A
S

T

O
T

U
ID

P
L

S
G

B
A

W
M

S
H

G
S

B
S

A
S

R
Q

G
B

F
B

S
B

C
lo

se
st

re
la

ti
v

e
(%

1
6

S
r

R
N

A
g

en
e

id
en

ti
ty

)

G
en

B
an

k

ac
ce

ss
io

n
n

o
.

O
T

U
1

P
L

S
9

(4
)

H
o

t
sp

ri
n

g
cl

o
n

e
H

v
er

d
0

2
6

A
(9

3
)

D
Q

4
4

1
4

8
3

O
T

U
2

P
L

S
2

1
(9

)
H

o
t

sp
ri

n
g

cl
o

n
e

H
v

er
d

0
2

6
A

(9
3

)
D

Q
4

4
1

4
8

3

O
T

U
3

P
L

S
5

1
(2

8
)

H
o

t
sp

ri
n

g
cl

o
n

e
H

v
er

d
0

2
6

A
(9

3
)

D
Q

4
4

1
4

8
3

O
T

U
4

G
B

A
6

(3
)

H
o

t
sp

ri
n

g
H

L
1

en
v

.1
1

(9
3

)
E

U
2

3
9

9
9

9

O
T

U
5

W
M

S
1

(4
)

H
o

t
sp

ri
n

g
cl

o
n

e
S

S
W

_
L

4
_

E
0

5
(9

6
)

E
U

6
3

5
9

2
8

O
T

U
6

W
M

S
5

(1
)

H
o

t
sp

ri
n

g
cl

o
n

e
S

S
W

_
L

5
_

H
0

8
(9

4
)

E
U

6
3

5
9

2
2

O
T

U
7

W
M

S
5

1
(2

)
H

o
t

sp
ri

n
g

cl
o

n
e

Y
N

P
_

B
P

_
A

4
9

(9
1

)
D

Q
2

4
3

7
3

1

O
T

U
8

W
M

S
1

5
(7

)
H

o
t

sp
ri

n
g

cl
o

n
e

Y
N

P
_

O
b

P
_

A
5

(9
7

)
D

Q
2

4
3

7
5

7

O
T

U
9

W
M

S
6

0
(1

)
E

p
it

h
er

m
al

g
o

ld
m

in
e

cl
o

n
e

H
A

u
D

-L
A

3
0

(9
8

)
A

B
1

1
3

6
3

2

O
T

U
1

0
W

M
S

3
8

(5
)

H
o

t
sp

ri
n

g
cl

o
n

e
L

H
C

4
_

L
2

_
G

0
4

(9
2

)
E

U
6

3
5

9
0

7

O
T

U
1

1
W

M
S

1
1

(1
8

)
H

o
t

sp
ri

n
g

cl
o

n
e

Y
N

P
_

B
P

_
A

6
0

(9
1

)
D

Q
2

4
3

7
3

2

O
T

U
1

2
W

M
S

2
7

(5
)

H
y

d
ro

th
er

m
al

fl
u

id
s

cl
o

n
e

p
Y

K
0

4
-1

3
(9

1
)

A
B

2
3

5
3

3
0

O
T

U
1

3
W

M
S

1
0

(2
0

)
H

y
d

ro
th

er
m

al
A

rc
h

ae
a

cl
o

n
e

a8
7

Y
3

2
(9

1
)

D
Q

4
1

7
4

8
5

O
T

U
1

4
W

M
S

6
4

(1
)

H
o

t
sp

ri
n

g
cl

o
n

e
Y

N
P

_
B

P
_

A
2

2
(8

9
)

D
Q

2
2

8
5

8
5

O
T

U
1

5
W

M
S

3
(5

)
H

o
t

sp
ri

n
g

cl
o

n
e

H
v

er
d

0
1

4
N

(9
4

)
D

Q
4

4
1

5
0

6

O
T

U
1

6
H

G
S

1
4

(2
)

H
o

t
sp

ri
n

g
cl

o
n

e
H

v
er

d
0

5
0

N
(9

4
)

D
Q

4
4

1
5

1
6

O
T

U
1

7
H

G
S

1
7

(1
4

)
H

o
t

sp
ri

n
g

cl
o

n
e

p
JP

4
1

(9
6

)
L

2
5

3
0

1

O
T

U
1

8
H

G
S

2
9

(8
)

H
y

d
ro

th
er

m
al

ar
ch

ae
o

ta
cl

o
n

e
a8

7
Y

3
2

(9
2

)
D

Q
4

1
7

4
8

5

O
T

U
1

9
H

G
S

6
1

(6
)

H
y

d
ro

th
er

m
al

ar
ch

ae
o

ta
cl

o
n

e
a8

7
Y

3
2

(9
0

)
D

Q
4

1
7

4
8

5

O
T

U
2

0
H

G
S

5
(3

)
S

u
lfi

d
e

v
en

t
cl

o
n

e
4

1
3

6
-1

-9
2

(9
3

)
E

U
4

2
7

9
9

6

O
T

U
2

1
B

S
A

3
(2

)
G

eo
th

er
m

al
w

at
er

cl
o

n
e

1
0

-H
-0

8
(9

5
)

A
B

2
0

1
3

0
9

O
T

U
2

2
B

S
A

8
(1

1
)

G
eo

th
er

m
al

w
at

er
cl

o
n

e
1

0
-H

-0
8

(9
6

)
A

B
2

0
1

3
0

9

O
T

U
2

3
B

S
A

5
6

(2
2

)
E

p
it

h
er

m
al

g
o

ld
m

in
e

cl
o

n
e

H
A

u
D

-l
a4

2
(9

7
)

A
B

1
1

3
6

3
4

O
T

U
2

4
B

S
A

2
9

(1
9

)
M

an
g

ro
v

e
cl

o
n

e
M

K
C

S
B

-A
3

(9
0

)
D

Q
3

6
3

7
5

4

O
T

U
2

5
B

S
A

6
5

(9
)

H
y

d
ro

th
er

m
al

fl
u

id
cl

o
n

e
(9

4
)

A
B

3
0

1
8

6
9

O
T

U
2

6
B

S
A

6
3

(1
)

S
u

lf
u

ro
u

s
fr

es
h

w
at

er
cl

o
n

e
2

C
3

(8
9

)
A

J9
3

7
8

7
5

O
T

U
2

7
B

S
A

7
6

(6
)

R
h

iz
o

sp
h

er
e

ar
ch

ae
o

ta
cl

o
n

e
(9

2
)

E
F

0
2

1
1

3
4

O
T

U
2

8
B

S
A

3
0

(1
8

)
R

h
iz

o
sp

h
er

e
ar

ch
ae

o
ta

cl
o

n
e

(9
4

)
E

F
0

2
1

1
6

1

O
T

U
2

9
S

R
Q

6
8

(3
)

L
ak

e
se

d
im

en
t

cl
o

n
e

L
C

D
A

R
C

H
1

4
2

(9
8

)
E

U
2

4
7

2
8

9

O
T

U
3

0
S

R
Q

4
6

(3
9

)
H

o
t

sp
ri

n
g

D
G

G
E

b
an

d
B

L
1

0
1

7
(9

0
)

E
U

5
8

6
8

1
8

O
T

U
3

1
S

R
Q

6
2

(1
6

)
S

o
il

cl
o

n
e

A
rc

C
-s

_
cB

0
7

(9
7

)
E

U
3

0
7

0
5

6

O
T

U
3

2
G

B
F

1
7

(2
6

)
T

h
er

m
al

so
il

cl
o

n
e

Y
N

P
F

F
A

1
0

8
(9

1
)

A
B

0
7

2
7

2
8

O
T

U
3

3
G

B
F

4
2

(7
)

M
et

a
ll

o
sp

h
a

er
a

sp
.

J1
(9

0
)

A
F

1
6

7
0

8
3

O
T

U
3

4
G

B
F

2
(9

)
E

p
it

h
er

m
al

g
o

ld
m

in
e

cl
o

n
e

(9
7

)
A

B
0

7
2

7
2

8

O
T

U
3

5
G

B
F

9
(1

3
)

T
h

er
m

al
so

il
cl

o
n

e
Y

N
P

F
F

A
1

0
8

(9
7

)
A

F
3

9
1

9
9

3

290 Extremophiles (2010) 14:287–296

123



Diversity and phylogenetic analysis of Crenarchaeota

A total of eight crenarchaeotal 16S rRNA gene clone

libraries (one for each hot spring sample) were constructed,

and a total of 826 clones were randomly picked and sub-

jected to RFLP analysis (Table 2). The coverage calcula-

tion (Table 2) and rarefaction analysis (data not shown)

indicated that the analyzed clones almost covered the

diversity of crenarchaeotal populations in every hot spring.

One clone was selected from each RFLP type in each clone

library, and a total of 64 clones were sequenced. All the

obtained sequences could be grouped into 47 OTUs with

the cutoff of 98% similarity (Table 2).

Most if not all retrieved OTUs in this study were closely

related (90–99%) to those from thermal environments

(Table 3). Fourteen OTUs obtained in this study were

grouped into the class Thermoprotei, and were closely

related (90–99% identity) to hyperthermophilic or ther-

mophilic strains, and other OTUs were affiliated with clone

sequences retrieved from thermal environments.

Among the investigated hot springs, the crenarchaeotal

communities in the three moderate-temperature (59–

77�C) hot springs (WMS, HGS and BSA) were most

diverse, containing 15, 10 and 11 OTUs, respectively. In

contrast, the numbers of OTUs in other investigated hot

springs were apparently lower than in these hot springs

(Table 2).

Statistical analysis

Most Fst values were higher than 0.2, indicating that

community structures were significantly different (Lau

et al. 2009). It also was found that there were lower Fst

values between hot springs having similar temperatures.

Furthermore, to show the relationships between tempera-

ture/pH and crenarchaeotal community structures, linear

regression analysis was performed based on the Fst and

temperature/pH distances (Fig. 2). It is clear that the Fst

values were linearly correlated with the temperature dis-

tances (R2 = 0.55) among Tengchong hot springs (Fig. 2);

pH values, however, do not have an obvious linear corre-

lation with Fst.

Discussion

Crenarchaeotal diversity in eight hot springs (temperature

44–96�C; pH 2.8–7.7) was investigated in this study. So

far, most of the cultured Crenarchaeota are hyperthermo-

philic and acidophilic microorganisms with an optimal

growth temperature of 80–90 and 65–70�C, respectively

(Huber et al. 2006). To our best knowledge, with theT
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exception of ammonia-oxidizing archaea, most cultured

Crenarchaeota up-to-date fall into the three orders of Sul-

folobales, Desulfurococcales and Thermoproteales in the

Thermoprotei Class. In the present study, 14 OTUs were

affiliated with cultivated organisms of the three orders. All

four OTUs retrieved from the PLS hot spring that had the

highest temperature (96�C) in this study were grouped into

the Sulfolobales order (Fig. 1a), among which three OTUs

(PLS9, PLS21 and PLS51) formed one unique phyloge-

netic lineage, showing an average of 93% identity with the

closest relatives in the GenBank database. PLS9, PLS21

and PLS51 represent 41% of total clones in the PLS clone

library, indicating that the PLS sample contained a new

phylogenetic lineage unknown in the Sulfolobales order.

Previously, a molecular study showed that all OTUs

retrieved from a 90�C Icelandic hot spring were grouped

into the class Thermoprotei (Kvist et al. 2007). Our study

and that of Kvist et al. (2007) suggest that the temperature

predominates over other environmental parameters in

controlling the distribution of Thermoprotei taxa in hot

spring of high temperatures (90�C or higher).

Beyond the Thermoprotei Class, OTU46 [representing a

total of 47 clones in GBA, SRQ, GBF and BSB (temper-

ature 44–84�C; pH 3.4–7.5)] was affiliated with environ-

mental clone pJP41 (Table 3; Fig. 1b), which was firstly

observed in Obsidian Pool, Yellowstone National Park

(Barns et al. 1994). The pJP41 clone formed a typical deep-

branching uncultured crenarchaeotal group, and its closest

relatives were subsequently obtained in other hot springs

globally (Kvist et al. 2007; Perevalova et al. 2008). The

temperature of those hot springs ranged from 60 to 81�C.

So Perevalova et al. (2008) proposed that the pJP41-related

Crenarchaeota could be moderately thermophilic, neutro-

philic, or moderately alkaliphilic anaerobic organotrophs

independent of the presence of elemental sulfur. In the

present study, pJP41-related crenarchaeotal sequences

were retrieved from a higher-temperature hot spring (GBA,

84�C) and a lower-temperature hot spring (BSB, 44�C),
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Desulfurococcales

Sulfolobales

Icelandic hot spring clone Hverd034N DQ441513

Metallosphaerasp. J1 AF167083
Thermophilic clone DQ383349

HGS56 GU075786
GBA34 16S GU075735

GBF42 GU075791
GBA2 GU075736
PLS4 GU075762

Sulfolobus sp. TYQ13 FJ489512
Icelandic hot spring clone Hverd026A DQ441483

Sulfolobus solfataricusP2 NC_002754
PLS9 GU075759

PLS51 GU075760
PLS21 GU075761

Stygiolobus azoricus X90480
WMS13 GU075769

BSB139 GU075758
GBA1 GU075732

Hot spring clone DQ886561
HGS23 GU075782
BSA51 GU075747

Desulfurococcus mobilis M36474
Ignicoccus pacificus AJ271794

Uncultured Desulfurococcales clone DQ243754
Icelandic hot spring Hverd031N DQ441511

Caldisphaeralagunensis AB087499
Acidolobus aceticusAF191225
Aeropyrum pernix D83259

Pyrolobus fumarius X99555
Pyrodictium occultum M21087

HGS29 GU075778
WMS11 GU075765
Marine vent Clone a87Y32 DQ417485

Marine vent clone 4136-1-92 EU427996
HGS5 GU075781

WMS27 GU075766
WMS12 GU075767

HGS13 GU075780
GBA8 GU075734

Hot spring clone EA95 DQ886562
GBA6 GU075731

YNP Hot Spring clone BW153 DQ924694
Icelandic hot spring clone Hverd198A DQ441496

Thermocladium modestius AB005296
Pyrobaculum islandicum L07511

Thermoproteus neutrophilus AB009618
Thermoproteus tenax M35966

Vulcanisaeta sounianaAB063645
BSB143 GU075755
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(a)Fig. 1 Neighbor-joining tree

showing the phylogenetic

relationships of partial

crenarchaeotal 16S rRNA gene

sequences cloned from studied

hot springs (a Thermoprotei,
b uncultured groups) to closely

related sequences from the

GenBank database. Scale bars
indicate the Jukes-Cantor

distances. Bootstrap values of

[50% (for 1000 iterations) are

shown
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suggesting that the pJP41-related Crenarchaeota may have

a wider adaptability and could be globally distributed in

terrestrial geothermal features.

OTU41 [representing a total of 25 clones in WMS

(77�C; pH 7.7) and HGS (74�C; pH 2.8)] was affiliated

with environmental clone pSL12 (Table 3; Fig. 1b), which

represents another typical deep-branching uncultured

crenarchaeotal group and is adjacent to the group of non-

thermophilic marine and soil Crenarchaeota. pSL12-related

organisms have been shown to possess ammonia

Hydrothermal  chimney clone 1A- 90 EU559697
WMS64 GU075770

WMS10 GU075768
HGS61 GU075779

WMS51 GU075763
GBF17 GU075790

Gold mine clone W6Arch39  AY236856
GBF9 GU075792

BSA65 GU075739
Submarine hot spring pIta-HW-17  AB301869

YNP hot spring clone pSL17  U63339
WMS38 GU075771

WMS1 GU075772
Icelandic hot spring clone Hverd066N  DQ441517

HGS17 GU075784
HGS14 GU075787

Icelandic hot spring Hverd050N  DQ441516
YNP hot spring clone pJP41  L25301
SRQ20 GU075749
GBF60 GU075789

GBA7 GU075733
BSB6 GU075757

Oceanic crust clone FS274-21A-03  AY704372
Sediments of Victoria Harbour clone 5A004 EF203627

BSA29 GU075746
YNP hot spring clone pSL123  U63345
YNP hot spring clone YNP_ObP_A5  DQ243757

BSA65 GU075739
WMS54 GU075774
Icelandic hot spring Hverd044N  DQ441515

HGS15 GU075783
WMS15 GU075773

YNP hot spring clone pJP89  L25305
WMS60 GU075775

Marine sediment clone HMMVCen-26  AJ579323
FreshVAL114 AJ131311

BSB127 GU075756
Freshwater clone VAL114 AJ131311

Freshwater clone HTA-B10  AF418925
SRQ68 GU075748

Freshwater clone GRU15 AY278082

Wastewater sludge clone 72-1  AF424768
Wastewater clone R5A3  DQ399802

YNP hot spring clone pSL22 U63340
YNP hot spring clone pSL4  U63341

Deep-sea sulfide chimney clone FZ3aA130  AY182124
YNP hot spring clone pSL78 U63344

Gold mine fosmid clone No.10- H -08 AB201309
BSA8 GU075737

BSA3 GU075743
HGS27 GU075785

WMS16 GU075776
Icelandic hot spring clone Hverd014N  DQ441506
YNP hot spring clone pSL12 U63343

WMS3 GU075777
Forest  clone  FFSB2  X96689
Forest  clone  FFSB10  X96695

Forest clone FFSB5  X96692
BSA30 GU075745

BSA76 GU075742
Subsurface  water  clone  DQ223192

Anoxic lake  clone FJ716374
BSA63 GU075738

Soil clone EU30706e EU307069
BSB44 GU075753
BSA1 GU075740
WMS5 GU075764

GBF2 GU075788
BSA36 GU075741
Geothermal water clone  AB113623
GBF55 GU075793

BSB125 GU075754
Iceland hot spring clone SUBT-14  AF361211

Deep-sea sulfide chimney A119  AY182074
Soil clone EU307056

SRQ62 GU075752
Soil clone ROB1A12  AY278071

Soil clone ROB35  AY278072
Grassland soil clone ROB110  AY278069

Soil clone SCA1166  U62816
Gold miner waters clone SAGMA-P  AB050221

Soil clone SCA1173  U62818
Gold miner water clone SAGMA - 2  AB050233
SRQ14 GU075750

GBF25 GU075794
SRQ46 GU075751

Gold miner waters clone SAGMA-8  AB050238
Grassland soil clone PET1- 22  AY278102

Cenarchaeum symbiosum CSU51469  U51469
Unidentified archaeon PM7  U71109
Deep-sea clone pIVWA1  AB019727

Nitrosopumilus maritimus DQ085097
Coastal marineArchaeal.sp SBAR5  M88075

Methanobacterium bryantii M59124
Methanobacterium oryzae AF028690

Halobacterium salinarum U68538
Methanoculleus marisnigri AF028693
Methanotrophic clone GBa2r045 AF419626
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(b)Fig. 1 continued
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monooxygenase genes (Francis et al. 2005; Leininger et al.

2006), so they may have the function of nitrification. PS12-

related organisms were recently proved to be widely dis-

tributed in terrestrial hot springs (de la Torre et al. 2008;

Hatzenpichler et al. 2008). Recent studies have shown that

ammonia-oxidizing archaea can be isolated from hot

springs (de la Torre et al. 2008; Hatzenpichler et al. 2008)

and archaeal amoA genes were ubiquitous in global geo-

thermal features (Weidler et al. 2007, 2008; Reigstad et al.

2008; Zhang et al. 2008). In addition, one of our previous

studies did show that amoA genes were present in WMS

hot spring (Zhang et al. 2008). Thus the pSL12-related

Crenarchaeota may function as nitrifiers in the hot springs

of WMS and HGQ.

Seven OTUs representing 11 percentages of total 826

clones was affiliated with non-thermophilic Crenarchaeota

clusters which related with rhizosphere, soil, fresh water

and mangrove environments (Table 3; Fig. 1b). Similar

results were also found in Icelandic hot spring (Kvist et al.

2005). This indicating it maybe is not a individual phe-

nomenon in terrestrial hot springs. In this study, these OTUs

just originated from four hot springs (BSA, SRQ, GBF and

BSB) ranging in temperature from 44 to 59�C. So, it seemed

that moderate-temperature and lower-temperature hot

springs maybe a transitional environment between ther-

mophilic and non-thermophilic Crenarchaeota.

Of the greatest interest is that the moderate-temperature

samples (WMS, HGQ, and BSA: 59.2–77�C) possessed the

highest crenarchaeotal diversity. Previous studies have

shown that microbial diversity decreases as environmental

stress (e.g. temperature) increases (Atlas and Bartha 1997;

Ferris and Ward 1997; Ferris et al. 1996; Ward et al. 1998;

Norris et al. 2002). However, Lau and colleagues found

that prokaryotic diversity did not vary in a monotonic

fashion to thermal stress in hot springs on the Tibetan

Plateau, and the highest taxonomic diversity occurred in

streamers of 65–70�C (Lau et al. 2006). In present study,

when the temperature is above or below the moderate-

temperature samples, the crenarchaeotal diversity in

Tengchong hot springs always became less (Table 2).

Generally speaking, our result is in agreement with Lau

et al. (2006). However, the temperature range for the

greatest taxonomic diversity in our study was much wider

than theirs (59.2–77 vs. 65–70�C).

Temperature and pH are two major environmental fac-

tors that affect the prokaryotic community structures in hot

springs. In this research, we described the difference of

pair-wise crenarchaeotal community based on F statistical

analysis, and found that most crenarchaeotal communities

in Tengchong hot springs are markedly different from each

other (Table 3). Furthermore, the linear regression analysis

showed a positive correlation between temperature and Fst,

suggesting that larger Fst values correspond with larger

temperature distances. However, pH does not show such

significant correlation with Fst (Fig. 2). So it appears that

temperature predominates over pH in controlling the

crenarchaeotal community structures in Tengchong hot

springs.

In summary, 16S rRNA gene phylogenetic analysis

showed that crenarchaeotal diversity was significantly

correlated with temperature in Tengchong hot springs,

which is consistent with the observation that hot springs

with moderate temperature harbored the highest crenar-

chaeotal diversity. The upper limit of the moderate tem-

perature range for such hot springs could reach up to 77�C.

This work enhances our understanding of crenarchaeotal

diversity in global hot springs.
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