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Abstract 16S rRNA gene (rrs) clone libraries were con-
structed from two snow samples (May 11, 2007 and June 7,
2007) and two meltwater samples collected during the
spring of 2007 in Svalbard, Norway (79°N). The libraries
covered 19 different microbial classes, including Betapro-
teobacteria (21.3%), Sphingobacteria (16.4%), Flavobacteria
(9.0%), Acidobacteria (7.7%) and Alphaproteobacteria
(6.5%). Significant differences were detected between the two
sets of sample libraries. First, the meltwater libraries had the
highest community richness (Chaol: 103.2 and 152.2) and
Shannon biodiversity indices (between 3.38 and 3.59), when
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compared with the snow libraries (Chaol: 14.8 and 59.7;
Shannon index: 1.93 and 3.01). Second, j-LIBSHUFF analy-
ses determined that the bacterial communities in the snow
libraries were significantly different from those of the melt-
water libraries. Despite these differences, our data also support
the theory that a common core group of microbial populations
exist within a variety of cryohabitats.

Keywords Arctic - Snow bacteria - Biodiversity -
Environmental samples - Meltwater

Introduction

A large portion of the Earth is cold: about 14% of the
biosphere is polar and 90% (by volume) is cold ocean, with
temperatures less than 5°C (Priscu and Christner 2004).
Due to the strong feedback mechanisms between snow, ice
and the atmosphere, the cryosphere influences the entire
biosphere (Jones 1999). The seasonal snow cover is an
important component of the cryosphere (Jones 1999),
which can at times cover about 35% of the Earth’s surface
(Miteva 2007). Despite the importance of the cryosphere,
the microbiological analysis of this environment is a rela-
tively recent field of research. Microorganisms have been
described in several extreme environments such as glacial
ice (Christner et al. 2000; Skidmore et al. 2000; Christner
et al. 2001), sea ice (Brinkmeyer et al. 2003) and polar
snow (Carpenter et al. 2000; Amato et al. 2007), but their
importance in cryosphere ecology has only begun to be
recognized. Recent reports suggest that microorganisms
impact the dynamics, composition and abundance of
nutrients (Hodson et al. 2008), that they may shift surface
albedo of snow and ice (Thomas and Duval 1995) and
impact the hydrochemistry (Tranter et al. 2002). The
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importance of bacteria in governing redox conditions and
their role in Fe, S, N and P cycling is becoming apparent
(Hodson et al. 2008). In addition, they are probably
responsible for the metabolism and transformation of
environmental contaminants such as mercury (Barkay and
Poulain 2007; Poulain et al. 2007). While snow algae have
been studied relatively extensively (Hoham 1975; Hoham
and Duval 2001; Stibal et al. 2007), little is known about
the bacteria inhabiting seasonal snow cover, especially
polar snowpacks. Carpenter et al. (2000) reported low rates
of DNA synthesis and the presence of Thermus-Deino-
coccus-like organisms in Antarctic snow. Amato et al.
(2007) used culture-based methods to isolate 10 bacterial
strains belonging to Proteobacteria, Firmicutes and
Actinobacteria from a snowpit dug on a polythermal glacier
in Svalbard (Norway). Unfortunately, culture-based tech-
niques will not recover the full diversity of species present
and might not even recover the dominant population (Ward
et al. 1990). A metagenomic approach, which extracts and
analyzes nearly all the microbial community DNA, should
provide more detailed insight into polar snow microbial
diversity. Such an approach was used to reveal relatively
high microbial diversity in the snow of glaciers of the
Tibetan Plateau around Mount Everest (Liu et al. 2009).
Whether the snow in other environments is equally diverse
has yet to be determined.

Here, we present the results of an exploratory study on
microbial sequences retrieved from surface snow and
meltwater samples from a high Arctic site, Svalbard,
Norway (79°N), using culture-independent techniques. We
hypothesize that the snow is a highly diverse ecosystem
that might have some globally uniform characteristics in
terms of microbial populations in cryohabitats.

Materials and methods

Samples for microbial analysis were taken during a 2007
springtime field campaign in Ny-Alesund (Svalbard,
Norway, 78°56'N, 11°52'E). A total of four samples were
collected: an early spring (sample date May 11, 2007) snow
sample (ESS), a late spring (sample date June 7, 2007)
snow sample (LSS), a meltwater river (sample date June
11, 2007) sample (MWR) and a snow—soil interface melt-
water (sample date June 10, 2007) sample (SSIM). Surface
snow (3-cm depth) and meltwater samples were collected
in 3 L sterile sampling bags using a Teflon shovel sterilized
for microbial analyzes. To avoid contamination, Tyvex®
body suits and latex gloves were worn during sampling and
gloves were worn during all subsequent handling of sam-
ples. In the ESS sample, pH was slightly acidic (5.3) and
the snowpack temperature was around freezing (<0°C),
whereas in LSS, pH was circumneutral (6.4) and the
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temperature was positive (around 1°C), indicating spring
melt and the presence of liquid water within the snowpack.
Meltwater samples were circumneutral, with a value of 6.8
for SSIM and 7.3 for MWR.

Microbial sample processing

Samples were processed immediately after collection in the
field laboratory. Surface snow samples were left to melt at
room temperature prior to being filtered onto sterile
0.22 uM 47-mm filters (Millipore) using a sterile filtration
unit (Nalge Nunc International Corporation), while melt-
water samples were filtered immediately. Filters were
stored in sterile collection tubes at —20°C until further
analysis. Procedural blanks were carried out by filtering
Nanopure water (Siemens) using the same procedure.

DNA extraction

DNA was extracted using the protocol outlined in David
et al. (2009). Briefly, filters were chopped and placed in a
Fastprep® bead-beating tube (Lysing matrix E, MP Bio-
medicals) to which 1 mL of DNA extraction buffer (David
et al. 2009) and 20 mg ml~" lysing enzyme (Trichoderma
harzianum, Sigma L1412) were added. Tubes were left at
room temperature for 1 h and then frozen at —20°C over-
night. The frozen tubes were incubated at 65°C for 30 min
and placed in a Fastprep® bead-beater (MP Biomedicals)
set at speed 5.5 for 30 s. DNA was extracted from the
water phase with an equal volume of chloroform:isoamyl
alcohol (24:1) and precipitated with isopropanol.

DNA amplification

Since DNA yield was low (between 0.1 and 8 ng pl™"), the
DNA extracted from each sample was amplified using
multiple displacement amplification with the illustra™
GenomiPhi™ V2 DNA Amplification Kit (GE Health-
care). Amplification was carried out according to the
manufacturer’s instructions, except that twice the amount
of DNA was used.

Clone library construction

Using universal 16S rRNA gene (rrs) primers pA (5' AG
AGTTTGATCCTGGCTGAG 3') and pH (5 AAGGAG
GTGATCCAGCCGCA 3') and the illustra Hot Start Mix
RTG (GE Healthcare) PCR kit, four bacterial clone
libraries were constructed: ESS, LSS, MWR and SSIM.
The 25 pL volume PCR reaction mix contained 0.6 uM of
each primer, 5 pl Genomiphi-amplified DNA or 5 pl sterile
water for the negative control. The PCR conditions used
were 5 min at 95°C, followed by 45 cycles of 45 s of
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denaturation at 95°C, 45 s of annealing at 56°C, and 45 s
of elongation at 72°C. After a final 10-min extension at
72°C, PCR products were separated by 1%-agarose gel
electrophoresis and purified using the NucleoSpin®
Extract II kit (Clonetech). Amplicons were cloned into
pCR4-TOPO using a TOPO-TA cloning kit (Invitrogen) as
per the manufacturer’s instructions. Ninety-six clones from
each library were screened for the correct-sized insert
(1.5 kb) by PCR amplification using M13F (5 GTAAAA
CGACGGCCAG 3') and M13R (5 CAGGAAACAGC
TATGA 3’) primers and the same protocol outlined above.
Of these clones, a total of 192 PCR amplicons had the
correct-sized insert and were sequenced in both directions
(GATC Biotech). The sequencing run returned 155
sequences. Sequences were assembled using DNASTAR
(DNASTAR®, Inc.) and average base pair coverage was
200. In the rare cases of base pair mismatch, chromato-
grams were consulted and the nucleotide was determined
by two independent readers.

Clone library analysis

Sequences were aligned using the Clustal W alignment
function in the BioEdit software package (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html). Distance matrices of
the aligned sequences were generated for each library with
the model F84 for nucleotide substitution using the
DNADIST program in PHYLIP (version 3.6; Department
of Genomic Sciences, University of Washington, Seattle,
WA, USA; http://evolution.genetics.washington.edu/phylip.
html). Biodiversity indices for clone libraries were gener-
ated by running the outfiles through the DOTUR 1.53
program (Schloss and Handelsman 2005). Rarefaction
curves (Hughes et al. 2001) were drawn for all libraries and
the Shannon biodiversity index (Magurran 1988), Chaol
species richness index (Chao 1984), as well as clone library
coverage based on Good’s coverage for an OTU definition
(Good 1953) were determined using 97% identity level.
The phylogenetic diversity of all four libraries was com-
pared using the j"-LIBSHUFF (http://schloss.micro.umass.
edu/software/slibshuff.html) (Schloss et al. 2004). The
program uses the Cramér-von Mises test (Pettitt 1982) to
determine significant differences (p < 0.05 after applying
the Bonferroni correction) among libraries independent of
arbitrary OTU similarity percentage cut-off values and is
designed to compare undersampled 16S rRNA gene
libraries.

Phylogenetic analysis
Sequences were checked for chimera with the CHIMERA

detection program (http://rdp8.cme.msu.edu/cgis/chimera.
cgi) (Cole et al. 2003). Database sequences with the highest

degree of similarity were obtained with the NCBI BLAST-N
program (http://www.ncbi.nih.gov/blast). The Ribosomal
Database Project 10.0 Classifier tool (http://rdp.cme.msu.
edu) was used to assign genus level groupings with 80%
confidence (Cole et al. 2009). Phylogenetic trees were then
generated using Clustal X (Thompson et al. 1997) to align
sequences and run bootstrapping analysis (1,000 repeti-
tions) with the Jukes—Cantor distance correction (Jukes and
Cantor 1969) and the neighbour-joining method (Saitou
and Nei 1987). The trees were visualized with NjJPLOT
(Perriére and Gouy 1996).

Results
16S rRNA gene (7rs) clone libraries

Four 16S rRNA gene (rrs) clone libraries were constructed
from the ESS, LSS, SSIM and MWR samples from which a
total of 155 independent sequences were obtained. All PCR
amplification controls performed in parallel to the assays
were negative. Based on the coverage estimates (Table 1),
about 50 and 80% of the diversity in the clone libraries for
snow samples was sampled (ESS and LSS, respectively),
whereas meltwater clone libraries had lower values (around
30%). This is reflected in the rarefaction curves that begin
to plateau for snow, but not for the meltwater libraries,
which suggests that meltwater libraries were relatively
undersampled (Fig. 1). The MWR library had the highest
community richness (Chaol, Table 1), followed by SSIM,
ESS and LSS. The 95% confidence interval of the Chaol
estimator overlapped between the ESS and meltwater
samples. The meltwater libraries also had the highest
Shannon biodiversity indices, followed by the two snow-
derived libraries (ESS and LSS). Based on the j"—LIBS—
HUFF analyses, the ESS clone library is significantly
different from the LSS clone library (p < 0.0001). There
was no significant difference between meltwater clone
libraries (p = 0.6826), however, the snow libraries differed
significantly from the meltwater libraries (p < 0.0001 for
each pairwise comparison).

Sequence analysis

The combined four clone libraries covered 19 different
microbial classes, with Betaproteobacteria (21.3%) and
Sphingobacteria  (16.4%) dominating. Flavobacteria
(9.0%), Acidobacteria (7.7%) and Alphaproteobacteria
(6.5%) were the next most-represented classes, with the
remaining classes each representing less than 5% of the
total. The genus for almost half of the sequences could not
be determined with 80% confidence using the classifier
tool, however, common genera existed for ESS and MWR
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Table 1 Biodiversity indices and statistics among the snow and meltwater libraries

Library Sample date Individuals OTUs Chaol (95% CI) % coverage H' (95% CI)

ESS May 11, 2007 40 29 59.67 (38.40-124.45) 50 3.01 (2.73-3.29)
LSS June 7, 2007 29 11 14.75 (11.64-33.02) 80 1.93 (1.54-2.30)
SSIM June 10, 2007 40 32 103.20 (57.71-232.43) 33 3.38 (3.15-3.62)
MWR June 11, 2007 46 39 152.20 (81.72-341.74) 26 3.59 (3.36-3.81)

Individuals number of clones sequenced, OTUs number of operational taxonomic units observed, Chaol Chaol nonparametric richness estimate
with 95% confidence interval in parentheses, % coverage percent library coverage based on Good’s estimate, H' Shannon-Weaver diversity

index with 95% confidence interval in parentheses

ESS, LSS, SSIM and MWR correspond to the early spring snow library, the late spring snow library, the snow—soil interface meltwater library

and the meltwater river library, respectively
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Fig. 1 Rarefaction curves for each clone library showing the number
of clones sampled versus the number of operational taxonomic units
(OTUs) within each library. Error bars represent the 95% CI. ESS,
LSS, SSIM and MWR correspond to the early spring snow library, the
late spring snow library, the snow—soil interface meltwater library and
the meltwater river library, respectively

(Curvibacter), ESS and LSS (Xiphinematobacteriaceae_
genera_incertae_sedis), MWR and SSIM (Clostridium,
Pedobacter, Niastella, Gp4, Gp6) and for LSS and
SSIM (Flavobacterium, Polaromas) (Supplementary Data,
Fig. 1a, b, c).

The ESS library sequences contained 12 bacteria classes
and one unclassified sequence. It was dominated by Beta-
proteobacteria (20.0%), Alphaproteobacteria (17.5%),
Sphingobacteria (15.0%) and Bacilli (7.5%). Flavobacte-
ria and Cyanobacteria comprised only a small percentage
of the library (5.0% each) and some sequences related to
eukaryote chloroplasts were also identified (Supplementary
Data, Fig. 1). Most members of Alphaproteobacteria,
Bacilli and Sphingobacteria are closely related to envi-
ronmental clone sequences from alpine/polar environ-
ments. The LSS library was dominated by clones related to
phototrophic eukaryotes (37.9%). A total of six different
bacterial classes were represented, with Betaproteobacteria
(27.6%) dominating, followed by Cyanobacteria (13.8%)
and Flavobacteria (10.3%) (Supplementary Data, Fig. 1).
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Fig. 2 Class distribution in each of the four clone libraries. The bars
represent the percentage of each class in each library. ESS, LSS,
SSIM and MWR correspond to the early spring snow library, the late
spring snow library, the snow—soil interface meltwater library and the
meltwater river library, respectively

A total of 12 classes were represented in the SSIM library,
which was dominated by Sphingobacteria (25.0%),
Betaproteobacteria (20.0%), Flavobacteria (15.0%) and
Acidobacteria (12.5%). Half of the Betaproteobacteria had
members with sequences nearest to environmental clone
sequences retrieved from polar environments and snow
(Supplementary Data, Fig. 1) and 60% of the Flavobacte-
ria clustered with clone sequences from Arctic marine
environments. The MWR library was dominated by Beta-
proteobacteria (19.6%), followed by Sphingobacteria
(17.4%), Acidobacteria (15.2%) and Clostridia (10.9%).
All Flavobacteria sequences had nearest neighbours that
originated from Arctic marine environments, while 75% of
Clostridia sequences were nearest to environmental clone
sequences from alpine/polar environments (Supplementary
Data, Fig. 1).

Common classes among all clone libraries were
Betaproteobacteria, Sphingobacteria and Flavobacteria.
Classes exclusive to snow libraries were Verrucomicrobia
and Cyanobacteria, while Acidobacteria and Clostridia
were limited to meltwater clone libraries (Fig. 2). Bacilli
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and Nitrospira were only found in the ESS library, which
also had the highest proportion of Alphaproteobacteria
amongst all libraries. The LSS library contained no Al-
phaproteobacteria or Actinobacteria, unlike the other three
libraries. The MWR library had a higher proportion of
clones that were from the Clostridia class than the other
libraries and no phototrophic organisms were present,
while the SSIM library had the highest proportion of
Flavobacteria (Fig. 2).

Clone sequences were also grouped based on the geo-
graphical origin of their nearest neighbour using the NCBI
BLAST-N results. Sequences with nearest neighbours that
were retrieved from alpine/polar environments (Antarctica/
Arctic—soil, water, sediments and non-polar high altitude
sites) represented 34.2% of all sequences, followed by
sequences similar to isolates from soil (21.9%), aquatic
(29.0%) and contaminated (11.0%) environments
(Table 2). In the ESS library, sequences with nearest
neighbours from aquatic sites accounted for 47.5% of the
library, followed by alpine/polar sites (25.0%), soil
(12.5%) and contaminated environments (10.0%). Almost
all LSS sequences had nearest neighbours that were from
alpine/polar (55.2%) or aquatic (41.4%) sites. The SSIM
library was dominated by sequences with nearest neigh-
bours from soil (32.5%) followed by alpine/polar and
aquatic (25.0 and 22.5%, respectively) and contaminated
environments (20.0%). The nearest neighbours of the
sequences in the MWR library were mainly from alpine/
polar regions (37.0%) and soil (32.6%) followed by aquatic
environments (10.9%) (Table 2).

Discussion

Clone library analysis

Arctic snow and meltwater are highly diverse systems. The
fact that the rarefaction curves fail to plateau for meltwater

Table 2 Distribution of clones in each of the four libraries based on
nearest-neighbour isolation environment

Nearest-neighbour environment Clones

Total ESS LSS SSIM MWR
Alpine/polar 342 250 552 250 370
Aquatic 29.0 475 414 225 109
Contaminated 11.0 100 34 20.0 8.7
Other 39 50 00 00 109
Soil 219 125 00 325 326

Values are in percent of total. ESS, LSS, SSIM and MWR correspond
to the early spring snow library, the late spring snow library, the
snow-soil interface meltwater library and the meltwater river library,
respectively

libraries and only begin to plateau for early spring snow,
suggests that further sampling or clone selection would
reveal even higher diversity at the species level (Fig. 1)
and that a large amount of the bacterial diversity still
remains to be sampled from these environments. Based on
the j—LIBSHUFF analyses, designed to analyze under-
sampled libraries, snow bacterial communities (ESS and
LSS) were significantly different (p < 0.0001) and snow
and meltwater communities also differed significantly
(p < 0.0001). Another estimator, the Chaol nonparametric
richness estimator, can be used as an alternative to the
[-LIBSHUFF for comparing undersampled libraries since it
approaches a stable maximum before rarefaction curves
plateau (Kemp and Aller 2004). Although there is some
overlap in the 95% confidence interval of the Chaol esti-
mator between the ESS and meltwater libraries (Table 1),
no overlap is observed with the LSS library, further sup-
porting the significance of the difference.

The observed differences in the retrieved sequences
from the different libraries could be due to the seasonal
changes in the respective microbial communities at the
time of sampling, since the snow environment at the time
of sampling differed in terms of temperature and pH.
Another factor may also be atmospheric deposition. The
relatively large percentage of cloned sequences with
nearest neighbours isolated from the soil (12.5%) and
contaminated environments (10.0%) in the ESS library
might implicate atmospheric deposition of pollutants and/
or microbes. Liu et al. (2006) also reported the presence of
bacteria related to isolates from activated sludge in snow
from glaciers in the Tibetan Plateau at altitudes above
5,000 m that they suggested originated from atmospheric
deposition since bacteria attached to aeolian dust can be
transported to glaciers (Yao et al. 2006) and microbial
concentrations have been correlated to mineral particle
density in the snow (Segawa et al. 2005). Whether these
bacteria are then able to colonize and multiply in the snow
depends on their ability to survive the harsh surface con-
ditions, i.e. high UV radiation, temperature extremes,
variable wind ventilation and variable (low) organic matter
deposition (Jones 1999; Kuhn 2001; Hodson et al. 2008).
The Sphingobacteria in the ESS library cluster with bac-
teria isolated from either Antarctica or tundra soils and are
probably able to grow in the snow, since certain members
are psychrotrophic and produce pigments that may protect
them from solar radiation (Chauhan and Shivaji 1994).

We observed a decrease in biodiversity in the LSS
library as compared to the ESS library and an increase in
clones with nearest neighbours from polar/alpine environ-
ments and with DNA belonging to algae and Cyanobac-
teria. While it is possible that the proximity of the fjord to
the sampling site may have influenced species composition
in the LSS library due to sea spray, it is unlikely since most
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of the sequences clustered with sequences retrieved from
freshwater sources (lakes or glaciers, Supplementary Data,
Fig. 1). The observed decrease in biodiversity in the LSS
clone library may be due to meltwater washout. A decrease
in microbial biomass and mineral particle concentration in
mid-latitude mountain summer snow (June and July) due to
meltwater washout was reported by Segawa et al. (2005),
and meltwater has also been shown to washout nutrients
(Kuhn 2001). Since meltwater integrates what is washed
out of the snow, it would be expected to incorporate most
species/classes found within the seasonal snowpack, with
the exception of those able to attach themselves or form
biofilms, thus reducing their mobility. The meltwater
libraries sequenced contained all of the bacterial classes
found in the ESS and LSS libraries with the exception of
Bacilli, Nitrospira, Verrucomicrobia and Cyanobacteria.

Since meltwater also drains the soil, it would be
expected that its community structure reflects this influ-
ence. For both meltwater libraries, over a third of the
sequences had nearest neighbours isolated from the soil.
Certain classes, such as Acidobacteria and Clostridia, were
found in meltwater, but not snow, libraries. Acidobacteria
are commonly isolated from soils (Jones et al. 2009), while
Clostridia are anaerobic bacteria commonly isolated from
Antarctic soils and anaerobic microbial mats (Miwa 1975;
Spring et al. 2003; Stackebrandt et al. 2004).

Snow and meltwater diversity

Meltwater clone libraries were more diverse than snow
libraries, with Shannon biodiversity indices between 3.38
and 3.59. These values are higher than those reported for
meltwater libraries collected on the northern slope of
Mount Everest: between 0.6199 and 2.398 (Liu et al.
2006). Bacteria in the Everest region were probably
exposed to lower oxygen concentrations, stronger radiation
and less nutrients than those from the Svalbard region,
thus, the increased stress might have limited biodiversity.
In the Everest meltwater clone libraries, the dominant
groups were the Bacteroidetes group and Betaproteobac-
teria, similar to those found in this study. We also identi-
fied several Actinobacteria strains, which were absent in
the Everest libraries. Cheng and Foght (2007) reported
higher biodiversity indices (3.143-3.713) for libraries
constructed from subglacial environments in the high
Arctic, with Bacteriodetes, Betaproteobacteria and
Actinobacteria dominating, and Skidmore et al. (2005)
found mainly Betaproteobacteria and some Bacteriodetes
in Canadian subglacial environments (Skidmore et al.
2005; Cheng and Foght 2007).

In contrast, clone libraries from snow samples from four
different sites around Mount Everest had relatively high
Shannon biodiversity indices, between 2.2 and 4 (Liu et al.
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2009). Our snow libraries fell within this range (ESS: 3.01,
LSS: 1.93). In Everest snow libraries, Gammaproteobac-
teria were dominant, followed by Alphaproteobacteria and
Actinobacteria, unlike in our snow libraries where
Betaproteobacteria dominated (Fig. 2). Actinobacteria and
Alphaproteobacteria were only present in the ESS library,
while only one Gammaproteobacteria clone was
sequenced in the LSS library. In a study on the seasonal
shifts in microbial populations in mid-altitude snowpacks,
Segawa et al. (2005) reported that a large portion of their
library was composed of Betaproteobacteria (Segawa et al.
2005). They also found a higher percentage of Actino-
bacteria, Bacillus and Alphaproteobacteria in the early
spring (March) library than in the summer (June and
August) libraries, similar to the shift we observed in our
snow libraries. The biodiversity indices of our snow
libraries are comprised between those of Arctic pack ice
and Arctic microbial mats (0.812-1.291 and 3.50-4.41,
respectively (Brinkmeyer et al. 2003).

Conclusion

The snowpack is a diverse habitat that remains largely
unexplored as research efforts have focused on glacier sys-
tems and ice. Many studies, including this one, report the
occurrence of related phylotypes from geographically
diverse, but predominantly cold environments, and the
community structure has common populations in different
cryohabitats. Differences between the clone libraries from
snow sampled during two different times demonstrate the
need to further explore the seasonal evolution of the micro-
bial community and the physiological state of the organisms.
Our understanding of the microbial community needs to be
expanded and functional analyses will determine both the
effect of season on microbial activity as well as the extent
that these communities influence snowpack dynamics such
as nutrient cycling, gas transfer and environmental con-
taminant cycling and downstream ecosystem transfer.

Acknowledgments The authors would like to thank the three anon-
ymous reviewers that went over the manuscript. The authors would like
to acknowledge the contribution of Cédric Couret and the entire
AWIPEYV staff, Xavier Fain and Jean Philippe Balestrieri. This research
was supported by grants from EC2CO/CYTRIX (Programme National
INSU), LEFE, IPEV CHIMERPOL program (399) and CL would like
to acknowledge the FQRNT (le Fonds Québécois de 1a Recherche surla
Nature et les Technologies) for a PhD research fellowship.

References

Amato P et al (2007) Bacterial characterization of the snow cover at
Spitzberg, Svalbard. FEMS Microbiol Ecol 59:255-264



Extremophiles (2010) 14:205-212

211

Barkay T, Poulain AJ (2007) Mercury (micro) biogeochemistry in
polar environments. FEMS Microbiol Ecol 59:232-241

Brinkmeyer R, Knittel K, Jurgens J, Weyland H, Amann R, Helmke E
(2003) Diversity and structure of bacterial communities in Arctic
versus Antarctic pack ice. Appl Environ Microbiol 69:6610—
6619

Carpenter EJ, Lin S, Capone DG (2000) Bacterial activity in South
Pole snow. Appl Environ Microbiol 66:4514-4517

Chao A (1984) Non-parametric estimation of the number of classes in
a population. Scand J Stat 11:265-270

Chauhan S, Shivaji S (1994) Growth and pigmentation in Sphingo-
bacterium antarcticus, a psychotropic bacterium from Antarc-
tica. Polar Biol 14:31-36

Cheng SM, Foght JM (2007) Cultivation-independent and -dependent
characterization of Bacteria resident beneath John Evans Glacier.
FEMS Microbiol Ecol 59:318-330

Christner BC, Mosley-Thompson E, Thompson LG, Zagorodnov VS,
Sandman K, Reeve JN (2000) Recovery and identification of
viable bacteria immured in glacial ice. Icarus 144:479-485

Christner BC, Mosley-Thompson E, Thompson LG, Reeve JN (2001)
Isolation of bacteria and 16S rDNAs from Lake Vostok accretion
ice. Environ Microbiol 3:570-577

Cole JR et al (2003) The ribosomal database project (RDP-II):
previewing a new autoaligner that allows regular updates and the
new prokaryotic taxonomy. Nucleic Acids Res 31:442-443

Cole JR et al (2009) The ribosomal database project: improved
alignments and new tools for rRNA analysis. Nucleic Acids Res
37:Database Issue D141-D145. doi:110.1093/nar/gkn1879

David MM, Mesle M, Malandain C, Cohen D, Vogel TM (2009)
Molecular biology-based strategy for site remediation. Env Sci
Technol (submitted)

Good IL (1953) The population frequencies of species and the
estimation of population parameters. Biometrika 40:237-264

Hodson A et al (2008) Glacial ecosystems. Ecol Monogr 78:41-67

Hoham RW (1975) Optimal temperatures and temperature ranges for
growth of snow algae. Arct Alp Res 7:13-24

Hoham RW, Duval B (2001) Microbial ecology of snow and
freshwater ice with emphasis on snow algae. In: Jones HG,
Pomeroy JW, Walker DA, Hoham RW (eds) Snow ecology: an
interdisciplinary examination of snow-covered ecosystems.
Cambridge University Press, Cambridge, pp 168-228

Hughes JB, Hellmann JJ, Ricketts TH, Bohannan BIJM (2001)
Counting the uncountable: statistical approaches to estimating
microbial diversity. Appl Environ Microbiol 67:4399-4406

Jones HG (1999) The ecology of snow-covered systems: a brief
overview of nutrient cycling and life in the cold. Hydrol Process
13:2135-2147

Jones RT, Robeson MS, Lauber CL, Hamady M, Knight R, Fierer N
(2009) A comprehensive survey of soil acidobacterial diversity
using pyrosequencing and clone library analyses. Isme J 3:442—
453

Jukes TH, Cantor CR (1969) Evolution of protein molecules. In:
Munro HN (ed) Mammalian protein metabolism. Academic
Press, New York, pp 21-132

Kemp PF, Aller JY (2004) Bacterial diversity in aquatic and other
environments: what 16S rDNA libraries can tell us. FEMS
Microbiol Ecol 47:161-177

Kuhn M (2001) The nutrient cycle through snow and ice, a review.
Aquat Sci 63:150-167

Liu Y, Yao T, Jiao N, Kang S, Zeng Y, Huang S (2006) Microbial
community structure in moraine lakes and glacial meltwaters,
Mount Everest. FEMS Microbiol Lett 265:98-105

Liu Y et al (2009) Bacterial diversity in the snow over Tibetan Plateau
Glaciers. Extremophiles 13:411-423

Magurran AE (1988) Ecological diversity and its measurement.
Princeton University Press, Princeton

Miteva V (2007) Bacteria in snow and glacier ice. In: Margesin R,
Schinner F, Marx JC, Gerday C (eds) Psychrophiles: from
biodiversity to biotechnology. Springer, Berlin, pp 31-50

Miwa T (1975) Clostridia in soil of the Antarctica. Jpn J Med Sci Biol
28:201-213

Perriere G, Gouy M (1996) WWW-Query: an on-line retrieval system
for biological sequence banks. Biochimie 78:364-369

Pettitt AN (1982) Cramér-von Mises statistic. In: Kotz S, Johnson
NL, Read CB (eds) Encyclopedia of statistical sciences. Wiley,
New York, pp 220-221

Poulain AJ et al (2007) Potential for mercury reduction by microbes
in the high arctic. Appl Environ Microbiol 73:2230-2238

Priscu JC, Christner BC (2004) Earth’s icy biosphere. In: Bull AT
(ed) Microbial diversity and bioprospecting. American Society
for Microbiology, Washington, pp 130-145

Saitou N, Nei M (1987) The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4:406-425

Schloss PD, Handelsman J (2005) Introducing DOTUR, a computer
program for defining operational taxonomic units and estimating
species richness. Appl Environ Microbiol 71:1501-1506

Schloss PD, Larget BR, Handelsman J (2004) Integration of microbial
ecology and statistics: a test to compare gene libraries. Appl
Environ Microbiol 70:5485-5492

Segawa T, Miyamoto K, Ushida K, Agata K, Okada N, Kohshima S
(2005) Seasonal change in bacterial flora and biomass in
mountain snow from the Tateyama Mountains, Japan, analyzed
by 16S rRNA gene sequencing and real-time PCR. Appl Environ
Microbiol 71:123-130

Skidmore ML, Foght JM, Sharp MJ (2000) Microbial life beneath a
high arctic glacier. Appl Environ Microbiol 66:3214-3220

Skidmore M, Anderson SP, Sharp M, Foght J, Lanoil BD (2005)
Comparison of microbial community compositions of two
subglacial environments reveals a possible role for microbes in
chemical weathering processes. Appl Environ Microbiol
71:6986-6997

Spring S, Merkhoffer B, Weiss N, Kroppenstedt RM, Hippe H,
Stackebrandt E (2003) Characterization of novel psychrophilic
clostridia from an Antarctic microbial mat: description of
Clostridium frigoris sp. nov., Clostridium lacusfryxellense sp.
nov., Clostridium bowmanii sp. nov. and Clostridium psychro-
philum sp. nov. and reclassification of Clostridium laramiense as
Clostridium estertheticum subsp. laramiense subsp. nov. Int J
Syst Evol Microbiol 53:1019-1029

Stackebrandt E, Brambilla E, Cousin S, Dirks W, Pukall R (2004)
Culture-independent analysis of bacterial species from an
anaerobic mat from Lake Fryxell, Antarctica: prokary-
otic diversity revisited. Cell Mol Biol (Noisy-le-grand)
50:517-524

Stibal M, Elster J, Sabacka M, Kastovska K (2007) Seasonal and diel
changes in photosynthetic activity of the snow alga Chlamydo-
monas nivalis (Chlorophyceae) from Svalbard determined by
pulse amplitude modulation fluorometry. FEMS Microbiol Ecol
59:265-273

Thomas WH, Duval B (1995) Sierra Nevada, California, USA, snow
algae: snow albedo changes, algal-bacterial interrelationships,
and ultraviolet radiation effects. Arct Alp Res 27:389-399

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG
(1997) The ClustalX windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools.
Nucleic Acids Res 24:4876-4882

Tranter M, Sharp MJ, Lamb HR, Brown GH, Hubbard BP, Willis IC
(2002) Geochemical weathering at the bed of Haut Glacier

@ Springer


http://dx.doi.org/110.1093/nar/gkn1879

212

Extremophiles (2010) 14:205-212

d’Arolla, Switzerland—a new model. Hydrol Process 16:959—
993

Ward DM, Weller R, Bateson MM (1990) 16S rRNA sequences
reveal numerous uncultured microorganisms in a natural com-
munity. Nature 345:63-65

@ Springer

Yao TD, Xiang SR, Zhang XJ, Wang NL, Wang YQ (2006)
Microorganisms in the Malan ice core and their relation to
climatic and environmental changes. Global Biogeochem Cycles
20:GB1004. doi:1010.1029/2004GB002424


http://dx.doi.org/1010.1029/2004GB002424

	Microbial sequences retrieved from environmental samples from seasonal Arctic snow and meltwater from Svalbard, Norway
	Abstract
	Introduction
	Materials and methods
	Microbial sample processing
	DNA extraction
	DNA amplification
	Clone library construction
	Clone library analysis
	Phylogenetic analysis

	Results
	16S rRNA gene (rrs) clone libraries
	Sequence analysis

	Discussion
	Clone library analysis
	Snow and meltwater diversity

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


