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Abstract. Only recently has specific attention been given
to culturable bacteria in Tibetan glaciers, but their relation
to atmospheric circulation is less understood yet. Here we
present the results of culturable bacteria preserved in an ice
core drilled from the East Rongbuk (ER) glacier, Himalayas.
The average concentrations of culturable bacteria are 5.0,
0.8, 0.1 and 0.7 CFU mL−1 for the glacier ice deposited
during the premonsoon, monsoon, postmonsoon and win-
ter seasons, respectively. The high concentration of cultur-
able bacteria in ER glacier deposited during the premonsoon
season is attributed to the transportation of continental dust
stirred up by the frequent dust storms during spring. This is
also confirmed by the spatial distribution of culturable bac-
teria in Tibetan glaciers. Continental dust originated from
the Northwest China accounts for the high abundance of cul-
turable bacteria in the northern Tibetan Plateau, while mon-
soon moisture exerts great influence on culturable bacteria
with low abundance in the southern plateau. The numbers of
representatives with different ARDRA patterns from RFLP
analysis are 10, 15, 1 and 2 for the glacial ice deposited
during the premonsoon, monsoon, postmonsoon and winter
seasons, respectively, suggesting that culturable bacteria de-
posited in ER glacier during monsoon season are more di-
verse than that deposited during the other seasons, possibly
due to their derivation from both marine air masses and local
or regional continental sources, while culturable bacteria de-
posited during the other seasons are from only one possible
origin that is transported by westerlies. Our results show the
first report of seasonal variations of abundance and species
diversity of culturable bacteria recovered from glacial ice in
the Himalayas, and we suggest that microorganisms in Hi-
malayan ice might provide a potential new proxy for the re-
construction of atmospheric circulation.
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1 Introduction

Bacteria in glacial ice have been studied for polar regions
(Dancer et al., 1997; Abyzov et al., 1998; Castello et
al., 1999; Willerslev et al., 1999), and the Tibetan plateau
(Christner et al., 2000; Zhang et al., 2003; Yao et al., 2006).
Abyzov et al. (1998) reported that the amount of bacteria
in melt water samples of the Antarctic Vostok ice core was
closely correlated with mineral concentrations at the time of
deposition. This kind of correlation also exists in the Ti-
betan Plateau (Zhang et al., 2003). Dust in glacial ice may
influences physiological state of microorganisms, because it
might absorb solar radiation and form small water bulbs in
glacial ice, and as a result activities of microorganisms can
be supported (Priscu et al., 1998). Yao et al. (2004) and Wu
et al. (2004) pointed out that high dust concentrations corre-
lated with cold periods in the Tibetan ice cores. The mech-
anism might be that low temperature will not only cause the
expansion of the dust source area, but also increase the wind
speed, resulting in more terrestrial dust input into the atmo-
sphere. On the basis of this logic and at a relatively long
timescale, Yao et al. (2006) studied the microorganisms of
the Malan ice core drilled from the central Tibetan Plateau
and demonstrated that more microorganisms were associated
with cold periods while few microorganisms were associ-
ated with warm periods. In the northern and central Tibetan
Plateau, the temperature can be represented by the ice core
δ18O variation (Tian et al., 2001).

Four samples collected from an ice core of the ER glacier,
Himalayas, were investigated for concentration and species
diversity of culturable bacteria, and their possible origins
based on 16S rRNA sequences. We try to extend our cur-
rent understanding of seasonal and spatial variations of cul-
turable bacteria in the Tibetan Plateau. In particular, we bring
together microbiological studies andδ18O analysis of the ice
core samples to deduce the relationship between concentra-
tion, diversity and sources of culturable bacteria and atmo-
spheric circulation.
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2 Materials and methods

2.1 Ice core collection

A 40.87 m ice core was recovered from the saddle of the
ER glacier (28◦01′05′′ N; 86◦57′52′′ E; 6518 m a.s.l.) dur-
ing 2002. This glacier covers a total area of 48.45 km2with
a length of 14 km. Its equilibrium line of 6250 m above sea
level is among the highest in the world. Borehole temper-
ature is –9.6◦ at 10 m depth, ensuring preservation of a cli-
matic record. At the drilling site, the annual net balance is
about 0.5 m water equivalent (Kang et al., 2002). The core
(diameter 0.094 m) was recovered using an electromechani-
cal drill in a dry hole. Visible stratigraphy showed no hiatus
features within the whole core. Ice core was maintained be-
low –5◦ from the time of drilling until analysis.

The 0.57 m ice core from 40.30 m to 40.87 m depth was cut
axially and quasi-equally into four sections. At the saddle of
ER glacier, the present average annual net accumulation is
about 500 mm water equivalent as determined from snowpits
and a stake accumulation network established during a recon-
naissance in May 1998. For an 80.4 m ice core recovered at
6450 m of ER glacier, Kang et al. (2002) counted 152 annual
layers by the high-resolution (average 12 samples per year)
major ion records, giving an accumulation history of 0.42–
0.60 m per year for the period 1846–1997 AD. This, together
with the seasonality ofδ18O, suggests that these four samples
represent roughly four seasons of one whole year.

2.2 Decontamination

Ice core decontamination and sampling procedures were es-
tablished according to Willerslev et al. (1999) and Zhang et
al. (2001) with minor modification. For all sampling proce-
dures, plastic tools were exposed to a germicidal UV lamp
for ≥30 min and ferric and ceramic tools were autoclaved.
Prior to analysis, an outer 0.01 m annulus was sliced from
each sample with sterile stainless steel scalpels. The inner
discs were rinsed in the 4◦ solution of 2.5% iodine and 0.1%
bromo-geramine for 2 min. After finally rinsed with cold
deioned sterile water 3 times (melting away about 2 mm of
the exterior surfaces), the samples were placed into sterile
glass beakers and allowed to melt completely at 4◦ in the
dark.

To make sure that the inner part of ice core was free from
contamination, we investigated changes in the concentrations
of culturable bacteria from the outside to the inside of a
0.10 m ice core sample from 40.20 m–40.30 m of the 40.87 m
ice core. The result showed that bacterial concentrations are
fairly stable when three successive veneer layers (about 0.01
m) were chiseled off, indicating that external contamination
has not penetrated to the inner part. The approach verified,
to a certain extent, the authenticity of the microbiological re-
sults obtained from the ice core samples. In addition, the
sterile double distilled water used to rinse the 4 samples was

collected in this research and was inoculated onto R2A and
PYGV media as control. The results demonstrated unde-
tectable level of contamination by the above procedures em-
ployed.

2.3 Bacterial isolation and count

Samples of melt water (200 mL) from the ice cores were fil-
tered at room temperature (about 25◦) through polycarbon-
ate filters (Whatman) with 0.22µm pore size, and the par-
ticulates collected were resuspended in 2.0 mL phosphate-
buffered saline (Xiang et al., 2005a). Aliquots of these
suspensions were spread onto the surface of agar-solidified
media PYGV (http://www.dsmz.de/media/med621.htm) and
R2A (http://www.dsmz.de/media/med830.htm) containing
low levels of nutrients, and duplicate plates were incubated
aerobically at 4◦ and 20◦ for about 90 d and 30 d respec-
tively. Concentrations of culturable bacteria were estimated
by counting the average CFU (colony formation units) per
millilitre on each agar plate. Colonies with different mor-
phologies were checked for purity by streaking on plates of
the same medium, and stored in glycerol at –70◦.

2.4 DNA extraction

Total DNA of the isolated bacteria was extracted according
to the method described by Zhou et al. (1996). Bacterial
colonies were resuspended in 13.5 mL of DNA extraction
buffer (100 mM Tris-HCl (pH 8.0), 100 mM sodium EDTA
(pH 8.0), 100 mM sodium phosphate (pH 8.0), 1.5 M NaCl,
1% CTAB), and 100 mL of proteinase K (10 mg/ mL) in cen-
trifuge tubes, by horizontal shaking at 225 rpm for 30 min at
37◦. Afterwards, 1.5 mL of 20% SDS was added, and the
samples were incubated in a 65◦ water bath for 2 h with gen-
tle end-over-end inversions every 15 to 20 min. The super-
natants were collected after centrifugation at 6000× g∗1 for
10 min at room temperature, and transferred into 50 mL cen-
trifuge tubes. Supernatants from the extractions were com-
bined with an equal volume of chloroform-isoamyl alcohol
(24:1, vol/vol). The aqueous phase was recovered by cen-
trifugation and precipitated with 0.6 volume of isopropanol
at room temperature for 1 h. The pellet of crude nucleic acids
was obtained by centrifugation at 16 000×g for 20 min at
room temperature, washed with cold 70% ethanol, and re-
suspended in sterile deionized water, given a final volume of
500 mL.

1Relative centrifugal force (RCF) is the measurement of the
force applied to a sample within a centrifuge. This can be calcu-
lated from the speed (RPM) and the rotational radius (cm) using the
following calculation: RCF = 0.00001118×r×N2, wherer = rota-
tional radius (centimetre, cm),N = rotating speed (revolutions per
minute, RPM).
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2.5 PCR amplification, Restriction Fragment Length Poly-
morphism (RFLP) analysis, and sequencing of ampli-
fied 16S rRNA

Isolates’ 16S rRNA from the recovered bacteria was
amplified by PCR using the oligonucleotide primers
PB36 (5’-AGAGTTTGATCCTGGCTCAG-3’) and PB38
(5’-CGGTTACCTTGTTACGACTT-3’), corresponding to
Escherichia colipositions 8-27 and 1511–1492, respectively.
PCR was carried out in a final volume of 25µL using 5µL
template DNA, 2.0 mM MgCl2, 0.2 mM each dNTP, 0.2µ M
each primer, and 1 U Taq polymerase with 1 volume of the
supplied buffer (MBI). Reactions were performed in the ther-
mocycler (GeneAmp PCR System 2700, Applied Biosys-
tems) with the following cycling parameters: 94◦ for 1 min
for an initial denaturation, followed by 30 cycles of 94◦ for
1 min, 58◦ for 1 min, and 72◦ for 1.5 min, and a final incuba-
tion at 72◦ for 10 min.

The PCR products were digested with one of four base
pair cleaving restriction endonucleaseHae III and Hind6I
(MBI) according to the supplier’s instructions. Isolates were
grouped together on the basis of the restriction fragment pat-
terns.

The 16S rRNA products representing each distinct pat-
tern were further purified, sequenced using a state-of-the-art
ABI 3730XL96 capillary sequencer with internally nested
primers 27F (GGTAGAGTTTGATCCTGGCTCAG), 517F
(CCAGCAGCCGCGGTAAT) and 907F (AAACTCAAAT-
GAATTGACGGG) to obtain overlapping sequences.

The single stranded 16 S rRNA gene sequences of the
bacteria were matched with those from a Blast search of
the National Center for Biotechnology Information (NCBI)
database (Altschul et al., 1990). The gene sequences from
the bacteria were aligned with reference sequences obtained
from GenBank databases by using the Clustal X program
(Thompson et al., 1997). The BioEdit alignment was used
in maximum-likelihood and distance analyses utilizing the
Mega ((Molecular Evolutionary Genetics Analysis, Version
3.0) package (Kumar and Tamura, 1993).

2.6 Analyses of stable oxygen isotope ratios

The sliced outer 1cm annulus from the 4 samples were col-
lected and placed into pre-cleaned high density polyethylene
containers, respectively, for analyses of stable oxygen iso-
tope ratios (δ18O), which were performed using a Finnigan
MAT-252 mass spectrometer (accuracy 0.05‰). The results
were expressed as the relative deviation of heavy isotope con-
tent of Standard Mean Ocean Water (SMOW).

Table 1. Concentrations of culturable bacteria under different cul-
ture media and temperatures. 

Table 1. Concentrations of culturable bacteria under different culture media and temperatures 

Samples 

Culturable conditions 
I II III IV 

20 �  7.0 5.6 0.6 1.2 0.3 0.1 0.6 1.1 
R2A 

4 �  4.3 5.2 0.7 0.8 0.2 0.0 0.9 0.3 

20 �  5.4 6.0 1.2 0.8 0.1 0.0 1.5 1.0 
PYGV 

4 �  3.2 3.1 0.6 0.8 0.1 0.1 0.3 0.1 

 

Table 2. One-way ANOVA contrasts of variables between treatments within the average concentrations of culturable 

bacteria 

Source 
Type III Sum 

of Squares 
df 

Mean 

Square 
F P 

Partial Eta 

Squared 

Noncent. 

Parameter 

Observed 

Power 

Corrected 

Model 
132.158 15 8.811 60.431 .000 .983 906.471 1.000 

Intercept 88.512 1 88.512 607.101 .000 .974 607.101 1.000 

Samples 119.707 3 39.902 273.691 .000 .981 821.072 1.000 

Temperature 4.292 1 4.292 29.442 .000 .648 29.442 .999 

Medium .644 1 .644 4.418 .052 .216 4.418 .506 

Sample vs. 

temperature 
4.951 3 1.650 11.320 .000 .680 33.960 .995 

Sample vs. 

medium   
1.752 3 .584 4.005 .026 .429 12.016 .732 

Temperature 

vs. medium 
.387 1 .387 2.656 .123 .142 2.656 .335 

Sample vs. 

temperature 

vs. medium 

.424 3 .141 .969 .432 .154 2.907 .216 

Error 2.333 16 .146      

Total 223.002 32       

Corrected 

Total 
134.490 31       

F-values and P-values are presented. Significant comparisons are indicated with bold P-values. 

Computed using alpha = 0.05 

R Squared = .983 (Adjusted R Squared = .966) 

3 Results and discussion

3.1 Spatial distribution of culturable bacteria on the Ti-
betan Plateau

Concentration of culturable bacteria in the ER glacier is be-
tween 0–7.0 CFU mL−1(colony forming units per milliliter)
(Table 1), while that of other glaciers from the northern
Tibetan Plateau (Guliya, Muztagh Ata and Malan) show a
much broad range (Christner et al., 2000; Zhang et al., 2001;
Xiang et al., 2005b, Fig. 1). Especially, the concentration
maximum of culturable bacteria in ER is one order of mag-
nitude lower than that of other Tibetan glaciers. Christner
(2002) suggested that glaciers in the Tibetan Plateau, due
to its proximity to locations with substantial vegetation and
exposed soils, which serve as major sources of atmospheric
particles entrapped higher concentration of culturable bacte-
ria than Antarctic or Greenland ice sheets. Although this is
true for Guliya (Christner et al., 2000), Muztagh Ata (Xiang
et al., 2005b) and Malan glaciers (Zhang et al., 2001; Yao
et al., 2006), concentration of culturable bacteria in the ER
glacier is among the concentration level of the polar region
(Fig. 1).

Guliya, Muztagh Ata and Malan glaciers are in a continen-
tal climate domain. Impurity within these glaciers is domi-
nated by the influx of continental dust derived from the sur-
rounding arid or semi-arid regions of central Asia. To the
contrary, impurity in the Himalayan glaciers is strongly af-
fected by maritime aerosols (Wake et al., 1994). Xiao et
al. (2002) showed that the concentration of major ions in
the north Tibetan Plateau was 6-30 times higher than that
in the south. In fact, microparticle in ER (unpublished data)
is two orders of magnitude lower than that in Guliya ice core
(Wu et al., 2004). The common spatial distribution of cul-
turable bacteria, major ions and microparticle in the Tibetan
glaciers implies that they are influenced by similar environ-
mental factors including dust and moisture sources, monsoon
circulation.

3.2 Seasonality of concentrations of culturable bacteria

We make use ofδ18O of the samples to infer their deposition
seasons. Stable isotopes in precipitation are dependent on

www.biogeosciences.net/4/1/2007/ Biogeosciences, 4, 1–9, 2007
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Fig. 1. Concentration of culturable bacteria recovered from the ER glacier (red) compared with other Tibetan (orange), Sajama, Bolivia
(purple), Arctic (blue) and Antarctic (green) ice cores. Inset shows the location of sampling sites (modified from Christner et al., 2000).

Fig. 2. Seasonal variation of the average concentrations of cultur-
able bacteria (CFU mL−1), number of culturable bacteria with dif-
ferent ARDRA patterns with RFLP analysis andδ18O (‰).

Fig. 3. Circulation systems influencing the study area (Indian Sum-
mer Monsoon and Westerlies in winter).

many factors from the origins of moisture, transport of mois-
ture, moisture recycling and precipitation processes. In the
Himalayan region, the mechanism controlling the stable iso-
tope in precipitation is closely related to the monsoon mois-

ture transport. The degree of distillation is mainly driven by
the progressive moisture depletion as the marine air masses
move inland or cool down towards the high Himalayas and
by vertical movements due to convective activity (Tian et al.,
2001). Strong monsoon activity results in high precipitation
rates and depletes the heavy isotopes by fractionation pro-
cesses (Tian et al., 2003). Therefore,δ18O depletion occurs
during the summer monsoon season, andδ18O enrichment
during the winter dry season (Marinoni et al., 2001; Thomp-
son et al., 2000; Zhang et al., 2005). This can be used as an
indicator of seasonality of the glacial snow/ice layers. Thus
Sample No. II with the lowestδ18O (–20.65‰) is confirmed
to be deposited in monsoon season (Fig. 2), while Sample
No. IV with the highestδ18O (–13.60‰) was deposited in
winter. Accordingly, Samples No. I and No. III were de-
posited roughly during the premonsoon and the postmonsoon
seasons, respectively.

From Table 1, the average concentrations of culturable
bacteria are 5.0, 0.8, 0.1 and 0.7 CFU mL−1 for the
glacier ice deposited during the premonsoon (Sample No. I),
monsoon (Sample No. II), postmonsoon (Sample No. III)
and winter (Sample No. IV) seasons, respectively (Fig. 2).
ANOVA contrasts of between-subjects effects of sample,
temperature and medium on the average concentrations of
culturable bacteria (Table 2) indicated that the interaction be-
tween sample vs. temperature and concentrations of cultur-
able bacteria was significant at p<0.05. Between-subjects
analyses for the main effect of sample and temperature also
revealed significant differences for concentrations of cultur-
able bacteria at p<0.05. With posthoc pairwise comparison,
concentration of culturable bacteria recovered from Sample
No. I was significantly higher than that from the other three
samples at p<0.05 (Table 3).

This seasonality of culturable bacteria is connected to
the atmospheric circulation on the Tibetan Plateau (Fig. 3).

Biogeosciences, 4, 1–9, 2007 www.biogeosciences.net/4/1/2007/
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Table 2. One-way ANOVA contrasts of variables between treatments within the average concentrations of culturable bacteria.

Source Type III Sum df Mean F P Partial Eta Noncent. Observed
of Squares Square Squared Parameter Power

Corrected Model 132.158 15 8.811 60.431 .000 .983 906.471 1.000
Intercept 88.512 1 88.512 607.101 .000 .974 607.101 1.000
Samples 119.707 3 39.902 273.691.000 .981 821.072 1.000
Temperature 4.292 1 4.292 29.442 .000 .648 29.442 .999
Medium .644 1 .644 4.418 .052 .216 4.418 .506
Sample vs. temperature 4.951 3 1.650 11.320.000 .680 33.960 .995
Sample vs. medium 1.752 3 .584 4.005 .026 .429 12.016 .732
Temperature vs. medium .387 1 .387 2.656 .123 .142 2.656 .335
Sample vs. temperature vs. medium .424 3 .141 .969 .432 .154 2.907 .216
Error 2.333 16 .146
Total 223.002 32
Corrected Total 134.490 31

F-values and P-values are presented. Significant comparisons are indicated with bold P-values.
Computed using alpha = 0.05
R Squared = .983 (Adjusted R Squared = .966)

Table 3. Post hoc test results of multiple comparisons with Tamhane analysis among the 4 samples.

Samples
Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval

Lower Bound Upper Bound

I
II 4.1350 .48502 .000 2.4147 5.8553
III 4.8663 .47888 .000 3.1384 6.5941
IV 4.2613 .50593 .000 2.5490 5.9735

II
I –4.1350 .48502 .000 –5.8553 –2.4147
III .7313 .08956 .000 .4318 1.0307
IV .1262 .18618 .987 –.4772 .7297

III
I –4.8663 .47888 .000 –6.5941 –3.1384
II –.7313 .08956 .000 –1.0307 –.4318
IV –.6050 .16955 .047 –1.2037 –.0063

IV
I –4.2613 .50593 .000 –5.9735 –2.5490
II –.1262 .18618 .987 –.7297 .4772
III .6050 .16955 .047 .0063 1.2037

Note: The mean differences significant at the 0.05 level are indicated with bold P-values.

During summer, low pressure over the surface of the plateau
(Tibetan Low) induces a supply of moist and warm air from
the Indian Ocean to the continent (summer monsoon), mean-
while, in the upper troposphere the Southern Asian High cen-
ters over the Tibetan Plateau and drives air mass moving out
of the plateau (Wu and Zhang, 1998; Li, 2002). Then, there
is South Asian Monsoon Cell (inverse to the Hadley Cell)
formed between the Tibetan Plateau and the Indian Ocean,
which transports moisture into the Tibetan Plateau from In-
dian Ocean in the lower troposphere and sends air back in
the upper troposphere (Zhou, 1997; Li, 2002). In winter,
high pressure (Tibetan High) drives cold and dry air moving
out of the plateau (winter monsoon) in the lower troposphere
(Bryson, 1986; Tang, 1998). While in the middle and up-

per troposphere, subtropical jet streams flow south and north
of the plateau. In the surface of the plateau, anticyclone is
dominant in the north of the plateau, while cyclone in the
south of the plateau. In the region where our ice core was
recovered, precipitation is caused by moisture transported
by summer Indian monsoon and/or by local moisture from
short distance convective air mass during summer (June to
September), and moisture is transported by westerlies dur-
ing winter and spring (October to May). Therefore, the core
section containing the highest amount of dust corresponds to
spring precipitation, while the summer Indian Monsoon con-
tributes to a decrease in atmospheric dust loading (Kang et
al., 2000).

From the above, it is suggested that Sample No. I with

www.biogeosciences.net/4/1/2007/ Biogeosciences, 4, 1–9, 2007
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Fig. 4. Maximum Parsimony phylogeny of culturable bacterial 16 S rRNA sequences amplified from the four samples. The culturable
bacteria were nominated as: R and P refer to isolates recovered from culture medium R2A and PYGV, respectively. I, II, III and IV
correspond to isolates recovered from Sample No. I (red), No. II (blue), No. III (black) and No. IV (green), respectively. ht and lt correspond
to isolates recovered from 20◦ and 4◦, respectively. Previously unpublished sequences are deposited in GenBank under accession numbers
DQ223656–DQ223683, except DQ223659.

the highest abundance of culturable bacteria was deposited
during premonsoon season, a period consistent to the high-
est atmospheric dust loading transported by westerlies (Kang
et al., 2000). The close correlation between concentration
of culturable bacteria and dust was also identified in Vostok
ice core (Abyzov et al., 1998; Priscu et al., 1998, 1999) and
Malan Ice Cap (Zhang et al., 2001; Yao et al., 2006).

3.3 Seasonality of culturable bacteria sources

From the results of Restriction Fragment Length Polymor-
phism (RFLP), the numbers of representatives with different
ARDRA (amplified rRNA restriction analysis) patterns are
10, 15, 1 and 2 for the glacial ice deposited during the pre-
monsoon (Sample No. I), monsoon (Sample No. II), post-
monsoon (Sample No. III) and winter (Sample No. IV) sea-
sons, respectively (Fig. 2), indicating that Sample No. II

has the highest variety of culturable bacteria among the four
samples. Statistics suggests that the numbers of different
ARDRA patterns reached statistical significance based on
Chi-Square test (Table 4). It is suggested culturable bacte-
ria deposited during monsoon season originate from either
marine air masses and/or continental air fluxes, whereas cul-
turable bacteria deposited during the other seasons are from
only continental environment. However, it’s worthy point-
ing out that the samples may not correspond exactly to their
specific seasons due to coarse sampling resolution. For in-
stance, Sample No. I may include partly culturable bacteria
deposited during monsoon season, resulting in its relatively
higher variety of culturable bacteria than Samples III and IV.
Such a seasonality of the variety of culturable bacteria is also
prominent for major ions of an 80 m ice core recovered from
the ER glacier (Kang et al., 2002).

Biogeosciences, 4, 1–9, 2007 www.biogeosciences.net/4/1/2007/
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16S rRNA sequences of the representatives (Fig. 4) shows
that nearly half of the isolates with different ARDRA (am-
plified rRNA restriction analysis) patterns and recovered
from Sample No. II are associated with marine environment,
implying their sources of monsoon air masses. Sequence
zf-IIPht1 shares 98% sequence similar to that ofKocuria
palustris (Y16263), retrieved from marine (Jiao et al., un-
published). Sequence zf-IIRht1 is a deep lineage within
Brachybacteriumsp. Lact5.2 (AF513397) from Arctic sea
ice (Groudieva et al., 2004), with 98% similarity. zf-IIRht10
is affiliated with genera in the linage ofAcinetobacter
sp. ANT9054 (AY167273) from Arctic versus Antarctic Pack
Ice (Brinkmeyer et al., 2003). Sequence zf-IIRht12 is most
similar to that ofBrachybacteriumsp. V589 (AF324202)
from Lake Vostok accretion ice (Christner et al., 2001). zf-
IIRht16 shows the highest sequence similarity toAgrococ-
cus jenensis(AJ717350), from nonsaline alkaline environ-
ment (Tiago et al., 2004). Sequence zf-IIRlt1 is 97% identi-
cal to that of unculturedactinomycete(AB002635), retrieved
from sea mud of the Mariana Trench (Takami et al., 1997).
zf-IIRlt3 has Planomicrobium chinense(AJ697862) from
coastal sediments (Dai et al., 2005) as the nearest neighbor,
with 98% sequence identity. Other culturable bacteria with
different ARDRA patterns and recovered from Sample No. II
are related to soil or other natural habitats, indicating their
local or regional continental sources. Sequence zf-IIPht24
is most similar to 16S rRNA sequences of the nickel resis-
tance soil bacteria (Abou-Shanab et al., unpublished). Se-
quence zf-IIRht4 is associated with that ofActinobacterium
PB90-5 (AJ229241), from bulk soil (Chin et al., 1999). Se-
quences zf-IIRht17 is 99% identical to that of uncultured
gammaproteobacteriumBioIuz K32 (AF324537), from nat-
ural habitats (Sander et al., 2001). zf-IIRlt12 is clustered with
Streptomycessp. 80117 (AY996827), retrieved from North
Hebei (Xiong et al., unpublished), with 98% identity. This is
consistent with the wet deposition dominated by marine air
masses and dry deposition dominated by local continental
air masses during monsoon seasons in the Himalayan region
(Kang et al., 2000). Only two culturable bacteria (zf-IVRht8
and zf-IVRht11) were different from those of the other 3
samples in ARDRA patterns among isolates from Sample
No. IV deposited in winter (Fig. 4). Both are clustered with
the genusMethylobacterium, ubiquitous in terrestrial habi-
tats including soil, dust, etc. (Green, 1992), implying that
sources of these two bacteria are associated solely with con-
tinental environment. Therefore, according to the results of
RFLP analysis and 16 S rRNA sequencing with the isolates,
Culturable bacteria deposited during monsoon period orig-
inate from either marine air masses and/or continental air
fluxes, resulting in more species diversity. Whereas those
deposited in winter are only from continental environment,
resulting in less species diversity. Therefore, species diver-
sity of the recovered bacteria and their possible sources based
on 16 S rRNA sequence are consistent with the climate in the
Himalaya being dominated by the Indian Monsoon in sum-

Table 4. Sample frequency of Chi-Square test.

Samples Observed N Expected N Residual

I 10 7.0 3.0
II 15 7.0 8.0
III 1 7.0 –6.0
IV 2 7.0 –5.0

mer and by westerly cyclonic activities in winter (Thompson
et al., 2000). However, it is pretty cursory to identify sources
of the recovered bacteria only from 16 S rRNA sequences.
More experiments on samples from both the Himalayan and
the other Tibetan glaciers are currently performed in order to
explore our initial reasonable but somewhat immature con-
clusions because here we have only four samples to focus
on.

4 Conclusions

The concentrations of culturable bacteria in the ER glacier
are among the concentration level of the polar region that are
two orders of magnitude lower than that of the other Tibetan
ice cores. This is coincident with the different environmen-
tal conditions between the southern and northern part of the
Tibetan plateau. In the ER glacier, larger amount of cultur-
able bacteria were deposited in spring, when much dust is
transported into the ice. But a greater diversity of culturable
bacteria was deposited in summer, when the implied bacte-
rial sources according to 16S rRNA sequences were both the
deposition of Indian monsoon air masses and the regional or
local mineral aerosol. Therefore, we suggest a fingerprint of
atmospheric circulation in the microorganisms isolated from
Himalayan glacier ice. Our work expands knowledge of spa-
tial and seasonal microbes in the Tibetan glaciers, but in the
absence of sufficient samples, a more thorough study is re-
quired to better understand the correlation between microor-
ganisms and their living environment.
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