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Abstract Bacterial diversity and cell abundance in the

snow of the four glaciers (Guoqu, Zadang, East Rongbuk

and Palong No. 4) located in different climatic zones of the

Tibetan Plateau were investigated through culture-inde-

pendent molecular analysis of 16S rRNA gene clone

library and flow cytometry approaches. Cell abundance

ranged from 0.68 9 103 to 720 9 103 cells mL-1, with

higher values in the northern glaciers than in the southern

ones. Bacterial diversity was unexpectedly high in the

snow habitats of the world’s highest plateau, with 15

common genera distributed widely among the glaciers. The

bacterial diversity in the snow at different glaciers was

related to the surrounding environments. The Guoqu

Glacier, to the north near the desert zone and with the

lowest temperature, preserved more bacteria closely related

to a cold environment and soil than the other glaciers.

However, in the Palong No. 4 Glacier located in the south

warm region around vegetation, most bacteria were phy-

logenetically related to plant-associated bacteria.

Keywords Bacteria � Abundance � Diversity � Snow �
Glacier � The Tibetan Plateau

Introduction

Snow is a significant climatic and ecological system that

covers ca 35% of the Earth’s surface permanently or for

varying times during the year (Miteva 2007). Snow eco-

logical systems are dynamic nutrient and microbial

reservoirs (Jones 1999). Microbes play important roles in

snow ecology (Hoham and Duval 2001) and have drawn

more and more attention in recent years. Snow algae at

different glaciers have been studied in detail. The results

show that snow algae serve as primary producers that

sustain heterotrophic communities on the glaciers (Hoham

and Duval 2001; Painter et al. 2001; Stibal et al. 2006;

Takeuchi 2001; Yoshimura et al. 1997). However, snow

bacteria are less studied. In the polar region, Carpenter

et al. (2000) obtained rRNA gene sequences related to

Thermus-Deinococcus-like organisms, and report the low

rates of bacterial DNA and protein synthesis in South Pole

snow. Amato et al. (2007) report the bacterial concentra-

tions are about 2 9 104 cells mL-1 in snow cover at

Spitsbergen, Svalbard, and recovered strains belonging to

the a-, b-, c-Proteobacteria, Firmicutes and Actinobacteria

(Amato et al. 2007). In the low and mid latitudes, Segawa

et al. (2005) studied the flora and biomass in snow from the

Tateyama Mountain, Japan, and suggest that seasonal

variations in bacterial snow biomass were due to rapid

bacterial growth during summer (Segawa et al. 2005).

Bacterial abundance in the snow at the Mount Sonnblick,

Austria and in the Tyrolean Alps range from 103 to

105 cells mL-1 (Alfreider et al. 1996; Sattler et al. 2001).

However, there is scarce information concerning bac-

teria in snow on glaciers over the Tibetan Plateau

(abbreviation TP), which contains the most glaciers outside

the high latitudes with an area of 4.9 9 105 km2 (Shi

2000). Snow cover in the TP has influence on the global
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climate (Barnett et al. 1989). Glaciers on the TP sensitively

indicate global climatic change (Duan et al. 2006;

Thompson et al. 2000; Tian et al. 2006). In such a signif-

icant region, knowing what kind of bacteria dwell there,

and what the relationships between the bacteria and the

environment are, is the first step to explore in order to gain

an understanding of the snow ecology system. In this study,

we investigated the bacterial abundance and diversity as

well as nutrients and related chemical parameters in the

snow of the four geographically distant glaciers on the TP.

Our aim was to first explore the bacterial community fea-

tures in the snow in the world’s highest plateau. Second,

we aimed at disclosing the relationship between bacteria

and environment at different glaciers over the TP.

Methods

Sampling site

The TP is the highest and largest plateau in the low- and

mid-latitude region, with an average elevation of 4,200 m

and an area of 2.5 9 106 km2. The climate and environment

of northern and southern parts of the plateau are different. A

warm and wet oceanic climate is dominant in the southern

plateau and an arid continental climate in the northern part.

The vegetation cover in the southern plateau is more than

that in the northern part. From south to north, the natural

landscapes appear in the following succession: forest,

meadow, steppe, and desert (Luo et al. 2004; Zheng 1996).

We collected snow samples from four glaciers located in

different climatic and environmental zones over the plateau

(Fig. 1): the Guoqu Glacier, Zadang Glacier, East Rongbuk

Glacier and Palong No. 4 Glacier. The Guoqu Glacier is

located on the northern slope of Mt. Geladaindong, the

summit of the Tanggula Mountains and the headstream of

the Yangtze River. The region is dominated by desert and

steppe, and the climate is semiarid (Zheng 1996).The

Zadang Glacier is one of numerous glaciers on the

Niqingtanggula Mountains, which is near Lake Nam Co,

the largest lake in Tibet. The climate is in transition

between semihumid and semiarid. The East Rongbuk

Glacier is located on the northern slope of Mt. Everest. It is

at the boundary of the Indian monsoon-dominated wet and

warm climate in the south and the westerly jet stream-

dominated continental climate in the north. The Palong No.

4 Glacier is located at the source region of Palongzhangbu

River, one of the major branches of the Brahmaputra. It is

on the passage of water vapor transport from the Indian

Ocean to the TP. The climate is wet and warm. The region

is dominated by mountain forest (Zheng 1996).

Sampling

Four snow pits were dug and sampled from 2005 to 2006

(Table 1). One pit was dug at each glacier. All pits were

located at flat firn basin which usually had the deepest

snow in the glacier. All snow pits reached the ice layer. The

surface in contact with the air was first systematically

scratched away using a sterile spoon and discarded. Snow

samples for enumerating bacterial abundance were col-

lected using sterile plastic tube (50 mL) embedded into the

snow pit wall at 5–15-cm intervals to fill it without any

need for extra manipulation to avoid contamination. Sam-

ples for concentration measurements of Ca2?, dissolved

organic carbon (DOC) and total nitrogen (TN) were col-

lected at the same intervals along the pit wall and put into

Whirl Pack bags. Samples for bacterial diversity analysis

Fig. 1 Location of the Guoqu,

Zadong, Rongbuk, and Palong

No. 4 Glaciers on the Tibetan

Plateau
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were collected at 15 or 20-cm intervals and placed in sterile

Nalgene bottles. Extreme care was taken at all times to

ensure minimal contamination. Non-particulating sterile

suits, sterile gloves and masks were worn during the entire

sampling process. Scoops for collecting snow were steril-

ized beforehand and used only once for one sample. Snow

samples were kept frozen until analysis in the laboratory.

Enumeration of cell abundance

Cell abundance was analyzed using flow cytometry

(Beckman Coulter, Epics Altra II). Snow meltwater (1 mL)

was fixed with glutaraldehyde (final concentration: 1%) for

flow cytometry analysis. SYBR Green I was applied as the

nucleic acid stain (Marie et al. 1997). Samples were run on

a EPICS ALTRA II flow cytometer (Beckman Coulter),

equipped with a 100-mW 488-nm water-cooled argon-ion

laser (Cohenrent Inc., USA) and a standard filter set-up. An

external sample injector (Harvard Apparatus PHD 2000)

was employed for accurate quantification (Jiao et al. 2005).

About 1 lm (diameter) fluorescent beads (Polyscience Inc)

were added to the sample for internal reference.

Measuring concentrations of Ca2?, DOC and TN

Concentration of Ca2? was measured using a Dionex ion

chromatograph model 2010 (Buck et al. 1992). DOC and

TN were analyzed using TOC-Vcph (Shimadzu Corp.,

Japan). Each sample was measured three times with a

standard deviation lower than 10%.

Community DNA extraction, PCR amplification,

16S rRNA gene clone library construction

In order to represent the bacterial community features of

snow deposited during different seasons at each glacier, we

analyzed more than one snow sample at different depths of

every snow pit. We chose two samples from the Guoqu

Glacier, four samples from the Zadang and Palong No. 4

glaciers, and six samples from the East Rongbuk Glacier

according to the depth of snow pit and precipitation in each

region. Snow samples were melted overnight at 4�C, and

approximately 1 L of meltwater was filtered through a

0.22 lm filter (Millipore). The membrane was immediately

treated with 1 mL GTE buffer (25 mmol/L Tris, 10 mmol/L

EDTA, 50 mmol/L Glucose, 20 mg/mL, pH 8.0) at 37�C for

2 h. Then proteinase K, NaCl, and sodium dodecyl sulfate

were added at final concentrations of 0.2 mg/mL, 0.7 mol/L,

and 1%, respectively. The mixture was incubated at 65�C

for 1.5 h. After extraction with phenol–chloroform–isoamyl

alcohol (25:24:1) and chloroform–isoamyl alcohol (24:1),

DNA in the aqueous phase was precipitated with an equal

volume of isopropanol overnight at -20�C. After centri-

fuging and washing with 75% ethanol, the DNA was

dissolved in TE buffer. To assess if contamination was

introduced during DNA extraction, a negative parallel

control was established by filtering 1 L of autoclaved

deionized water using the same method as described above.

DNA preparations from both the sample and negative con-

trol were used as templates to amplify the bacterial 16S

rRNA genes with the universal primer pair 27F (forward,

50-AGA GTT TGA TCM TGG CTC AG-30) and 1392R

(reverse, 50-ACG GGC GGT GTG TRC-30) (Brosius et al.

1978; Christner 2002) and La Taq polymerase (TaKaRa Co.,

Dalian, China). The reaction mixture (30 lL) consisted of

1 U of La Taq (TaKaRa Co., Dalian, China), 0.2 mM each

dNTP, 3 lL of 109 buffer, 0.15 mM of each primer and

1 lL (ca. 10 ng) DNA of template. The PCR program was

as follows: initial incubation at 94�C for 5 min, followed by

30 cycles (94�C for 1 min, 56�C for 1 min and 72�C for

1.5 min), and then by a final extension at 72�C for 8 min.

The PCR products were purified using an agarose gel

DNA purification kit (TaKaRa Co., Dalian, China), ligated

into pGEM-T vector (TaKaRa Co., Dalian, China), and

then transformed into E. coli DH5a. The presence of the

inserts was checked using colony PCR. About 120–280

Table 1 Location, altitude, and depth of sampled snow pits at four glaciers and the climatic condition in these regions

Glaciers Location Altitude/m Mean

temperature/�C

Highest/lowest

temperature/�C

Mean

precipitation/mm

Snow pit

depth/m

Years of the sampled

snow

Guoqu 33�34.800N 6,621 2.8 18.8/-28.5 314 0.86 From winter of 2004

to November 200591�10.800E

Zadang 30�28.570N 5,799 1.6 19.2/-23.5 359 1.52 From winter of 2005

to May 200690�38.710E

East Rongbuk 28�01.040N 6,520 3.4 23.8/-22.4 174 1.70 From winter of 2003

to April 200586�17.020E

Palong No. 4 29�13.570N 5,507 9.6 28.6/-11.5 648 2.30 From winter of 2005

to June 200696�55.190E

Mean and highest temperature, and mean precipitation were the value for 2005 from the nearest meteorological stations to the glaciers, i.e.,

Tuotuohe (Guoqu Glacier), Bangge (Zadang Glacier), Dingri (East Rongbuk Glacier) and Bomi (Palong No. 4 Glacier) stations
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clones from each library were picked randomly for

re-amplification and restriction digestion with the enzymes

Hha I and Afa I. The digested fragments were visualized on

a 3% agarose gel, and different clones were discriminated

according to the RFLP patterns. One clone of each RFLP

type was sequenced with 27F as the sequencing primer.

Phylogenetic analysis

All sequences obtained were checked for chimeric artifacts

using the CHIMERA_CHECK program (Maidak et al.

2001). Clones identified as potential chimeras were dis-

carded. Sequences of four libraries were calculated with

DOTUR (Schloss and Handelsman 2005) and those with

similarity greater than 97% were grouped into one opera-

tional taxonomic unit (OTU). Sequences were assigned to

the genus level grouping with 80% confidence using the

‘‘Classifier’’ program of RDP (Cole et al. 2005). The closest

neighbors were retrieved from the NCBI (http://www.

ncbi.nih.gov/ BLAST) through blasting. A phylogenetic

tree including obtained OTUs and their closest relatives was

constructed using MEGA software 3.1 (Kumar et al. 2004).

Neighbor-joining phylogenies were constructed from dis-

similatory distances and pair-wise comparisons with the

Jukes-Cantor distance model. Bootstrap analysis of 1,000

replicates was performed.

Statistical analyses

Coverage of clone libraries were calculated using the

equation: Coverage = 1 - (N/individuals), where N is the

number of clones that occurred only once (Kemp and Aller

2004). Diversity index (Shannon) was calculated using the

statistical program PAST (http://folk.uio.no/ohammer/past).

Nucleotide sequence accession numbers

The nucleotide sequences of partial 16S rRNA genes

obtained in this study have been deposited in the GenBank

database under following accession numbers: from

DQ323081 to DQ323115, from EU152996 to EU153042,

from EU527075 to EU527186 .

Results

Ca2? concentration, DOC and TN

in the snow at different glaciers

Ca2? concentration, DOC and TN of the snows varied with

depth in the snow pits (Fig. 2). Ca2? concentration and

DOC exhibited similar trend with the cell abundance at the

Guoqu Glacier. But at the other three glaciers, Ca2?
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Glaciers (d)

414 Extremophiles (2009) 13:411–423

123

http://www.ncbi.nih.gov/
http://www.ncbi.nih.gov/
http://folk.uio.no/ohammer/past


concentration, DOC, and TN showed different change

patterns along the depth (Fig. 2).

The Ca2? concentrations of snow at the northern

glaciers were higher than that at the southern glaciers. The

mean value of Ca2? concentrations at the Guoqu Glacier

was the highest among the four glaciers, while the snow at

the East Rongbuk Glacier had the highest concentration of

DOC, and the TN concentrations were similar at different

glaciers (Table 2).

Cell abundance in snow at different glaciers

Cell abundance ranged from 0.68 to 720 9 103 cells mL-1

(Fig. 2). Among 88 snow samples, cell abundances of 55

samples were less than 5 9 103 cells mL-1; 4 samples

were between 5 and 10 9 103 cells mL-1; 10 samples

were in 10 9 103 cells mL-1; and 17 samples were more

than 100 9 103 cells mL-1.

The two spike values of cell abundances at the Guoqu

Glacier corresponded to the highest Ca2? concentrations.

Snow at the Zadang Glacier was of highest abundance; all

of the values were more than 105 order. Cell abundances at

the Palong No. 4 and East Rongbuk glaciers were similar.

However, the latter exhibited wide variations along the

depth, from 0.68 to 370 9 103 cells mL-1 (Fig. 2).

16S rRNA gene clone library analysis

Four bacterial 16S rRNA gene clone libraries of the

snows from different glaciers were constructed and a total

of 829 clones were subjected to RFLP screening

(Table 2). One clone was chosen from each pattern and

subjected to sequence analysis. In total, 227 sequences

were obtained and identified as normal 16S rRNA gene

sequences after being checked using the CHI-

MERA_CHECK program. All sequences were grouped

into 164 OTUs. Coverages of the four libraries were all

more than 75% (Table 2), indicating that the number of

clones sequenced in this study provided a good inventory

of the bacterial 16S rRNA gene sequences in the snow

from various glaciers. The negative control did not yield

any amplification products, supporting the credibility of

the DNA extraction procedures.

The bacterial 16S rRNA gene sequences in snow could

be classified into 13 (sub) phylum and unclassified (Fig. 3),

with the c-Proteobacteria group dominating (Fig. 4a). All

sequences in snow from the TP were near to the sequences

in the GenBank database with identity values of 91–99%.

One hundred and thirty-two sequences representing 91.1%

of the total clones had identity values higher than 97%. The

nearest neighbors of snow bacterial sequences were iso-

lated from versatile sources. A majority of the sequences

(81% of the total) were similar to sequences recovered

from cold environments (glaciers, Antarctic soil, lake/sea

ice in the Antarctic or Arctic, permafrost), soil and the

aquatic environment (Table 3).

Bacterial genetic diversity in the snow varied at differ-

ent glaciers (Fig. 4b). At the Guoqu Glacier, members of

Bacteroidetes and b-Proteobacteria were dominant.

Sequences of the Bacteroidetes affiliated to the genus

Hymenobacter except that one was unclassified. The genus

Hymenobacter contains oligotrophic soil bacteria, some of

them isolated from cold environments in the Antarctic

(Balows et al. 1992).In this study, G2-11 and G6-26 related

closely with bacteria sourced from soil (EF516581, identity

value 97%) and the Puruogangri Glaciers at the TP

(DQ418532, identity value 97%). The b-Proteobacteria

included six sequences, among them four sequences rep-

resenting 92% of the clones closely related to bacteria in

the glacial environment. G6-215 was similar to sequences

from the Tianshan No. 1 Glacier, China (EF423322) and

the Franz Josef Glacier, New Zealand (AY315177) with an

identity value of 98%; G6-212 and G6-58 were similar

with two sequences (EU263716 and EU263699, identity

value 99%) from the Kuytun Glacier, China; G6-52 was

similar with sequences from the Kuytun Glacier

(EF263783) and John Evans Glacier, Canada (DQ228409)

with an identity value of 96%.

The bacterial diversity at the Zadang Glacier was the

highest among the four sites studied (Table 2). Clones

affiliated to the a-, b-, c-Proteobacteria, Actinobacteria,

and Bacteroidetes were similar (accounting for 14–18% of

Table 2 Mean value of cell abundance, dissolved organic carbon (DOC), total nitrogen (TN), Ca2? concentration, and bacterial 16S rRNA gene

libraries in snow at the four glaciers

Glaciers Cell abundance/

cell mL-1
DOC/lg L-1 TN/lg L-1 Ca2?/lg L-1 16S rRNA gene libraries

Name Clones OTUs Shannon H Coverage (%)

Guoqu 3.5 9 104 337 153 2,723 G 110 29 2.5 86.4

Zadang 5.4 9 105 510 130 658 ZD 223 93 4.0 76.7

East Rongbuk 1.2 9 104 1,052 52 64 RBL 218 25 2.2 95.4

Palong No. 4 1.1 9 104 275 97 69 PL 278 58 3.1 90.6
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Sphingomonas sp. in arid desert soil  (AB265150)
G2-73 (EU153011) 2
G2-69 (EU153008) 2

Sphingomonas sp. in permafrost (DQ151830)
Uncultured bacterium in soil (AY439192)
zd1-208 (EU527147)1
Sphingomonas sp. in sludge (AB219362)

G2-12 (EU152998)2
zd4-1 (EU527140)12
Uncultured bacterium in  lagoon ( DQ655708)

Sphingomonas sp. in ground water (AM234165)
G2-85 (EU153016) 4

G2-28 (EU153004)1
Sphingomonas sp. (DQ092868)

Sphingomonas sp.  in Antarctic soil (AY571828)
RBL5-32 (DQ323101)1

Sphingomonas sp.  in Antarctic soil (AY571829)
zd4-33 (EU527143) 1

PL5-61 (EU527114)1
Uncultured bacterium in air (DQ129616)

zd3-58 (EU527152) 1
Uncultured bacterium in soil (AB240277)
zd4-21 (EU527142)1

PL5-55-1 (EU527113) 1
Uncultured bacterium in marine (EF575101)

Uncultured bacterium in air (DQ447802)
zd3-11 (EU527150) 1

RBL10-69 (DQ323088) 2
Ruegeria atlantica in marine (AF124521)

Uncultured bacterium in air (DQ129317)
zd4-55 (EU527144) 1

RBL4-63 (DQ323098) 5
Bacterium in marine (AM403232)

PL3-32 (EU527091) 5
Uncultured bacterium in tidal flat (AY515419)

PL3-72 (EU527092) 1
Uncultured bacterium in soil (AJ863377)

PL2-220 (EU527083) 6
Mesorhizobium loti in rhizosphere(U50165)
PL3-9 (EU527093)1

Phyllobacterium myrsinacearum in plant root (AY785315)
PL2-90 (EU527088) 6

Rhizobium sp. in plant root (AY490119)
G22-28 (EU153023) 15
Ochrobactrum sp. in soil (EU107177)

PL2-50 (EU527084) 2
Agrobacterium sp. in plant (AF508209)

PL2-6 (EU527087) 3
Rhizobium sp. in plant (EU399702)

zd3-80 (EU527153) 1 
Bacterium in marine (AB302355)

PL3-12 (EU527090) 1
Agrobacterium vitis (AB247602)

PL2-10 (EU527082) 2
PL2-22 (EU527081) 40

Uncultured bacterium in serac at Mt. Everest (EF190122)
PL3-105 (EU527089) 1
Hyphomicrobium sp. in soil (AY934495)

G22-57 (EU153031) 1
Uncultured bacterium in soil (AY913510)
Uncultured bacterium  in lake (AJ290032)
zd4-11 (EU527141) 1
PL5-19 (EU527112) 4

Bacterium in lake (AY345464)
Bacterium in soil (AB121772)

zd1-232 (EU527148) 1
Uncultured bacterium in air (DQ532323)

zd3-27 (EU527151) 2
G2-61 (EU153006) 3
Bacterium in soil (AF408969)
Methylobacterium sp. in soil (AF409010)

zd1-54 (EU527149) 1
zd4-96 (EU527146) 1

Uncultured bacterium (AB329649)
G22-41 (EU153028) 5

Uncultured bacterium in crustal fluid  (DQ490042)
zd4-9 (EU527145) 2

Uncultured bacterium in air (AM697117)

Alphaproteobacteria
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99

99

99

99

99

99

99

99

99

99

99

99

99

99
99

99

75

50

99

99

98

99

99

83

99

99

99

99

86

70

97

84

99

99

99

99

99

82

97

90

50

67
51

96
98

52

66

87

0.05

Sphingomonas sp. in arid desert soil  (AB265150)
G2-73 (EU153011) 2
G2-69 (EU153008) 2

Sphingomonas sp. in permafrost (DQ151830)
Uncultured bacterium in soil (AY439192)
zd1-208 (EU527147)1
Sphingomonas sp. in sludge (AB219362)

G2-12 (EU152998)2
zd4-1 (EU527140)12
Uncultured bacterium in  lagoon ( DQ655708)

Sphingomonas sp. in ground water (AM234165)
G2-85 (EU153016) 4

G2-28 (EU153004)1
Sphingomonas sp. (DQ092868)

Sphingomonas sp.  in Antarctic soil (AY571828)
RBL5-32 (DQ323101)1

Sphingomonas sp.  in Antarctic soil (AY571829)
zd4-33 (EU527143) 1

PL5-61 (EU527114)1
Uncultured bacterium in air (DQ129616)

zd3-58 (EU527152) 1
Uncultured bacterium in soil (AB240277)
zd4-21 (EU527142)1

PL5-55-1 (EU527113) 1
Uncultured bacterium in marine (EF575101)

Uncultured bacterium in air (DQ447802)
zd3-11 (EU527150) 1

RBL10-69 (DQ323088) 2
Ruegeria atlantica in marine (AF124521)

Uncultured bacterium in air (DQ129317)
zd4-55 (EU527144) 1

RBL4-63 (DQ323098) 5
Bacterium in marine (AM403232)

PL3-32 (EU527091) 5
Uncultured bacterium in tidal flat (AY515419)

PL3-72 (EU527092) 1
Uncultured bacterium in soil (AJ863377)

PL2-220 (EU527083) 6
Mesorhizobium loti in rhizosphere(U50165)
PL3-9 (EU527093)1

Phyllobacterium myrsinacearum in plant root (AY785315)
PL2-90 (EU527088) 6

Rhizobium sp. in plant root (AY490119)
G22-28 (EU153023) 15
Ochrobactrum sp. in soil (EU107177)

PL2-50 (EU527084) 2
Agrobacterium sp. in plant (AF508209)

PL2-6 (EU527087) 3
Rhizobium sp. in plant (EU399702)

zd3-80 (EU527153) 1 
Bacterium in marine (AB302355)

PL3-12 (EU527090) 1
Agrobacterium vitis (AB247602)

PL2-10 (EU527082) 2
PL2-22 (EU527081) 40

Uncultured bacterium in serac at Mt. Everest (EF190122)
PL3-105 (EU527089) 1
Hyphomicrobium sp. in soil (AY934495)

G22-57 (EU153031) 1
Uncultured bacterium in soil (AY913510)
Uncultured bacterium  in lake (AJ290032)
zd4-11 (EU527141) 1
PL5-19 (EU527112) 4

Bacterium in lake (AY345464)
Bacterium in soil (AB121772)

zd1-232 (EU527148) 1
Uncultured bacterium in air (DQ532323)

zd3-27 (EU527151) 2
G2-61 (EU153006) 3
Bacterium in soil (AF408969)
Methylobacterium sp. in soil (AF409010)

zd1-54 (EU527149) 1
zd4-96 (EU527146) 1

Uncultured bacterium (AB329649)
G22-41 (EU153028) 5

Uncultured bacterium in crustal fluid  (DQ490042)
zd4-9 (EU527145) 2

Uncultured bacterium in air (AM697117)

Alphaproteobacteria

Aquifex pyrophilus (M83548)
99

99

99

99

99

99

99

99

99

99

99

99

99

99

99
99

99

75

50

99

99

98

99

99

83

99

99

99

99

86

70

97

84

99

99

99

99

99

82

97

90

50

67
51

96
98

52

66

87

0.05

(a)

Fig. 3 Neighbor-joining tree showing the phylogenetic relationships

of bacterial 16S rRNA gene sequences from snow to closely related

sequences from the GenBank database. One representative clone type

within each OTU is shown and the number of clones within each

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

Their closest sequences and source information are listed. Clone

sequences from this study are coded as library name and clone

number. a is the first subtree showing all Alphaproteobacteria, b is

the second subtree showing all sequences of Beta and Gammapro-
teobacteria, c is the third subtree showing all sequences of

Actinobacteria, d is the fourth subtree showing all sequences of

Acidobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Deinococ-
cus-Thermus, Firmicutes, Planctomycetes, TM7, Verrucomicrobia
and unclassified sequences
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the total). The genus Sphingomonas was dominant in the a-

Proteobacteria, accounting for nearly half of the total

clones. Clones belonging to the genus Polaromonas were

the most abundant in the b-Proteobacteria. The genus

Acinetobacter in the c-Proteobacteria dominated abso-

lutely, accounting for 83% of the total clones. The

Actinobacteria embraced 11 genera and seven unclassified

sequences. Each genus played a similar role. Sixty percent

of clones were correlated with psychrophilic (psychro-

trophic) bacteria isolated from glacier, sea ice, high

mountain lakes, or the Antarctic. In the Bacteroidetes,

the major genus was Hymenobacter. Fifty-seven percent

of clones were correlated with sequences from cold

environments.

In the snow at the East Rongbuk Glacier, the c-Prote-

obacteria group was the most abundant and diverse. The
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genera Acinetobacter and Enterobacter were dominant.

Clones belonging to these two genera accounted for 43 and

45% of the total. In the genus Acinetobacter, RBL7-20 was

closely related to a glacial ice core bacterium in Greenland

(DQ147599) and an Arctic sea ice bacterium (AF468386)

with an identity value of 99%. RBL10-26 was similar to

soil bacterium (EU603514, identity value 99%). Only

one sequence was in the genus Enterobacter whose near-

est neighbor was isolated from an oligotrophic lake

(EU260134, identity value 99%).

At the Palong No. 4 Glacier, the a-Proteobacteria and

Actinobacteria were dominant. The genus Rhizobium was

dominant in the a-Proteobacteria. Three of four sequences

in the genus related to bacteria which inhabited plants. The

other one (PL 2-22) was similar with bacteria in glacial

serac ice (EF190122) with an identity value of 98%.

Sequence PL2-220 in the genus Mesorhizobium, PL5-19

in the genus Pannonibacter, and PL3-9 in the genus

Phyllobacterium were all also near to plant bacteria with

identity values more than 98%. In the Actinobacteria, five

sequences representing 93% of total clones connected with

bacteria isolated from cold environments. The others (PL3-

46, PL2-38) were related with plant and soil bacteria.

Common genera of the four libraries

Among a total of 83 genera, 23 genera occurred in more

than one library. Genera The genera Sphingomonas in the

a-Proteobacteria and Polaromonas in the b-Proteobacte-

ria were the genera common to the four libraries. Eight

genera existed in three libraries, i.e., Bradyrhizobium

and Ochrobactrum in the a-Proteobacteria, Acidovorax,

Curvibacter, and Ralstonia in the b-Proteobacteria,

Acinetobacter in the c-Proteobacteria, Brevibacterium in

the Actinobacteria, and Bacillus in the Firmicutes. The

other 13 genera occurred in two libraries.
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Fig. 4 Distribution of major

phyla (subphyla) of bacterial

16S rRNA gene sequences in all

four clone libraries (a) and

individual clone library from the

snow over four Tibetan Plateau

Glaciers (b)

Table 3 Classification of the environment of the nearest neighbor of snow bacteria at the Guoqu (G), Zadang (ZD), East Rongbuk (RBL) and

Palong No. 4 (PL) Glaciers

Environment of the

nearest neighbor

Total G ZD RBL PL

Sequences

(%)

Clones

(%)

Sequences

(%)

Clones

(%)

Sequences

(%)

Clones

(%)

Sequences

(%)

Clones

(%)

Sequences

(%)

Clones

(%)

Cold environment 33 43 41 71 37 39 36 16 28 55

Soil 30 25 41 17 29 33 16 26 29 20

Aquatic environment 18 24 14 6 17 14 44 58 19 12

Plant 5 4 3 5 14 9

Air 6 2 10 6 3 1

Others 7 3 8 8 4 4 7 2
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Discussion

Comparison of snow cell abundance

on the Tibetan Plateau to other regions

The microbial abundance of mountainous and polar

region snow is reported in the range 0.2 9 103–100 9

103 cells mL-1. Snow bacterial populations were

from about 0.2 9 103–5 9 103 cells mL-1in Antarctic

(Carpenter et al. 2000; Garrison et al. 1986), at about

60 9 103 cells mL-1 in the Arctic (Amato et al. 2007),

and from 6 9 103 to 230 9 103 cells mL-1in high moun-

tain regions (Sattler et al. 2001; Segawa et al. 2005). Cell

abundances in the snow on the TP were in the above range.

Most of snow samples (55 of 88) have similar abundance to

those in the Antarctica, and less than those in the Arctic

and other high mountains. Nearly 30% of the samples

contained similar or higher bacteria than that in the Arctic

and other high mountains. Mean values of cell abundance

at the Guoqu, East Rongbuk, and Palong No. 4 glaciers

were slightly lower than those at Arctic and on mid latitude

mountains. However, the mean value of abundance at the

Zadang Glacier was ten times that at the Arctic and

mountains.

Relationship between cell abundance

and environment on the Tibetan Plateau

Cell abundance in the snow at the northern glaciers was

higher than that at the southern ones (Table 2). The snow

bacterial abundance is decided by a multiplicity of factors

including source supply of bacteria from the atmosphere,

bacterial growth, and condensation by snow melting.

Researches report that bacteria attached to aeolian dust can

be transported to glaciers (Abyzov et al. 1998; Yao et al.

2006). Bacterial concentration was positively correlated

with the density of mineral particles in snow (Segawa et al.

2005). In order to study the relationship between bacterial

abundance and dust in snow, we analyzed the Ca2? con-

centration, an index of dust concentration transported into

glaciers (Yao et al. 2004). Comparing cell abundances in

the snow at four glaciers, the Guoqu and Zadang glaciers,

which had relatively high Ca2? concentrations, contained

more abundant bacteria than the Rongbuk and Palong No. 4

glaciers (Table 2). Two spikes of bacterial abundance at

the Guoqu Glacier were likely connected with the dust

storm event indicating the highest Ca2? concentrations

(Yao et al. 2004). If we do not consider Ca2? concentra-

tions in the snow deposited during dust storm event at the

Guoqu Glacier, the Ca2? concentrations in the snow at the

Zadang Glacier were the highest among four glaciers, and

about tenfold of that at the Rongbuk and Palong No. 4

glaciers. The bacteria at the Zadang Glacier were

correspondingly the most abundant and ten times higher

than the Rongbuk and Palong No. 4 glaciers at nearly all

depths. This result indicated that bacterial abundances in

the snow over the TP were strongly influenced by dust

input into glaciers. Within glaciers, it was found that a

significant correlation existed between bacterial abundance

and dust at the Guoqu Glacier(r = 0.75, n = 14, P \ 0.01).

However, no such correlations were observed at the other

three glaciers. This result suggested that dust played an

important role in transporting bacteria to the Guoqu

Glacier, which located in the north and under the influence

of westerly jet stream carried dust from arid and mid arid

regions. Meanwhile, bacteria were possibly transported by

not only mineral particles but also organic particles from

the aquatic environment and plant at other glaciers close to

lakes or vegetation.

Segawa et al. (2005) report psychrophilic bacteria rap-

idly growing in the snow. The bacterial growth condition in

the snow at the TP is still not well documented yet. In our

study, snow in the southern glaciers did not contain more

bacteria than in the northern glaciers, although southern

glaciers with better conditions for bacterial survival and

growth, i.e., being warm and wet. Bacterial abundance was

not correlated with concentrations of DOC and TN at any

of the glaciers as well. However, the bacterial growth

condition is in need of more study in the future.

Common genera widespread distribution

in snow over the Tibetan Plateau

Among the diverse snow bacteria, some genera showed

widespread distribution in glaciers of the TP. The Acine-

tobacter bacteria occur in seven glaciers over the plateau,

including the Manlan and Puruogangri Glaciers in the north

(Xiang et al. 2004; Zhang et al. 2006), the Zadang Glacier

at the center, the East Rongbuk Glacier in the south, the

Guliya Glacier(Christner et al. 2003) in the west and the

Palong No. 4 Glacier in the east. Bacteria in the genera

Sphingomonas and Polaromonas existed not only in the

four glaciers in our study but also in the Malan (Xiang et al.

2004) and Puruogangri Glaciers (Zhang et al. 2006). The

genus Bacillus was found in five glaciers, i.e., the Guoqu,

Zadang, Palong No. 4, Malan (Xiang et al. 2004), and

Guliya glaciers (Christner et al. 2003).Genera Ochrobac-

trum and Ralstonia were recovered from five glaciers: three

of our studied glaciers, the Malan (Xiang et al. 2004), or

Guliya (Christner et al. 2003) glaciers. The genera

Bradyrhizobium, Acidovorax, Curvibacter, and Brevibac-

terium were common in three of our glaciers, and the

genera Rhodoferax and Kocuria existed in both the Zadang

and East Rongbu glaciers, and the Puruogangri (Zhang

et al. 2006) and Malan glaciers (Xiang et al. 2004). Besides

being in the Guoqu and Zadang Glaciers, the genera
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Pseudomonas, Arthrobacter, and Hymenobacter existed in

the Guliya, Malan, or Puruogangri Glaciers. Bacteria

belonging to the above genera were distributed widely in

glaciers located at different regions of the plateau. This

implies that the same selective mechanism occurs across

the plateau, and that these bacteria have certain abilities to

endure the harsh living conditions such as low temperature,

low nutrients, high light, and UV irradiation. For example,

the Sphingomonas bacteria have the ability to utilize a wide

range of organic compounds and to grow and survive under

low-nutrient or starvation conditions. Bacteria in most

of these genera (Bradyrhizobium, Sphingomonas, Polaro-

monas, Acinetobacter, Pseudomonas, Arthrobacter,

Hymenobacter, Rhodoferax, Kocuria) have also been iso-

lated from Antarctic or Arctic glaciers (Christner et al.

2000; Miteva et al. 2004).

Relationship between bacterial diversity

and environment of the Tibetan Plateau

Snow bacteria at different glaciers had specific character-

istics of their own. The Guoqu Glacier at the north of the

Tanggula mountains near the desert zone with the lowest

temperature preserved more bacteria closely related to cold

environment and soil than other glaciers (Table 3). Most

bacteria were affiliated to the genera Hymenobacter,

Arthrobacter, and Polaromonas, which are soil bacteria

with strains isolated from cold environments. On the con-

trary, in the Palong No. 4 Glacier located at the south warm

region around vegetation, fewer bacteria were similar to

psychrophilic or psychrotrophic bacteria, but more bacteria

were related to plant-associated bacteria (Table 3). The

plant-associated genera Mesorhizobium, Pannonibacter,

Phyllobacterium, and Rhizobium only occurred in this

glacier. In the East Rongbuk Glacier at the highest latitude

among the four glaciers, there is less soil dust input (Liu

et al. 2006), and the abundance of soil bacteria was the

least. Most bacteria here were related to aquatic bacteria,

indicating the influence of the Indian monsoon and the

number of lakes at the end of the glacier. Snow bacteria

showed connection with their located geographic site and

the influence of various atmosphere currents.

Conclusion

Abundant bacteria existed in snow at the world’s highest

plateau, ranging from 0.68 to 720 9 103 cells mL-1. Most

of them were similar to those in the Antarctica, and less

than those in the Arctic and other high mountains. The

abundance of snow bacteria was higher at the northern

glaciers than at the southern ones. Cell abundance was

related with the input dust concentration but did not show

obvious correlation with the nutrient condition.

Unexpected high diverse bacteria dwelled in snow over

the TP. Bacterial 16S rRNA gene sequences affiliated to 13

phyla and 82 genera. Among them, 15 common genera

distributed widely in glaciers located at different regions of

the plateau, implying that the same selective mechanism

occurs at plateau. Bacteria in different glaciers showed

their own features and connected with their locations,

indicating the relationship between bacteria and

environment.
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