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Abstract The microbial diversity in maritime meltwater pond sediments from Bratina Island, Ross Sea,
Antarctica was investigated by 16S rDNA-dependent molecular phylogeny. Investigations of the vertical
distribution, phylogenetic composition, and spatial variability of Bacteria and Archaea in the sediment were
carried out. Results revealed the presence of a highly diverse bacterial population and a significantly depth-
related composition. Assessment of 173 partial 16S tDNA clones analyzed by amplified tDNA restriction
analysis (ARDRA) using tetrameric restriction enzymes (HizP1I 5'GVCGC3'and Mgp 1. 5'CVCGG3',
BioLabs) revealed 153 different bacterial OTUs (operational tax-onomic units). However, only seven
archaeal OTUs were detected, indicating low archaeal diversity. Based on ARDRA results, 30 bacterial
clones were selected for sequencing and the sequenced clones fell into seven major lineages of the domain
Bacteria; the a, y,and d subdivisions of Proteobacteria, the Cytophaga-Flavo-bacterium-Bacteroides, the
Spirochaetaceae, and the Actinobacteria. All of the archaeal clones sequenced belonged to the group
Crenarchaeota and phylogenetic analysis revealed close relationships with members ofthe deep-branching
Group 1 Marine Archaea.

Keywords 16S tDNA PCR; Antarctica ; Archaea ; ARDRA ; Environmental bacteria ; Microbial diversity ;
Sediment

Introduction

Benthic sediment represents one of the most complex microbial habitats on Earth (Torsvik et al. 1990;
Priscu et al. 1998). The microorganisms in the sediment play a significant role in remineralization of
organic matter within the aquatic ecosystem. For example, bacterial populations are the major contributors
in the transformation of organic carbon, sulfur, nitrogenous compounds, and metals, with an important
role in ecosystem food webs and nutrient cycling. In studies of the structure and function of aquatic
ecosystems, reliable estimates of microbial numbers, diversity, and activity are critical. However, the
accurate enumeration of the prokaryotic diversity has, until recently, been difficult because a very high
proportion of the bacterial and archaeal species cannot be cultivated (Amann et al. 1995). The combination
of various new molecular techniques, including FISH (fluorescent in situ hybridization); SSU (small
subunit) rDNA PCR amplification, cloning, and sequencing; DGGE (denaturing gradient gel
electrophoresis); SSCP (single-stranded conformation polymorphism); and TRFLP (terminal restriction
fragment length polymorphism), now make it possible to describe the microbial diversity with a much
higher level of accuracy (Stackebrandt et al. 1993; Amann et al. 1995; Muyzer et al. 1998), unveiling a new,
previously unsuspected, world of microbial diversity.

The Antarctic continent provides a unique environment with extremely low temperatures and, in the Dry
Valley regions of South Victoria Land, dramatic seasonal variation. Substantial portions of the McMurdo
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Ice Shelf, adjacent to the southern Dry Valley regions, are covered by gravels and mineral deposits
originating from marine sediment (Hart 1990). Over decades, freezing, thawing, and evaporation have
resulted in the development of meltwater ponds with different solute gradients, salinities, and biomass
contents (Mountfort et al. 1999 and references therein). Studies of the meltwater ponds at McMurdo Ice
Shelf show that leaching of local salt deposits and weathering of superficial sediments contribute to the
enrichment of sulfate, sodium, calcium, and potassium in the melt-water (DeMora et al. 1994) that lower
the freezing point of water and leave the pools essentially ice-free (Vincent 1988). The more saline
McMurdo Ice Shelf meltwater ponds are dominated by cyanobacterial biomass, whereas sulfate reduction
and methanogenesis predominate in ponds of lower salinity (Mountfort et al. 1999). Studies of
psychrophiles (optimal growth temperature, <15°C; no growth occurring above 20°C) and their diversity in
Antarctic sea ice show that the microbial community comprises many taxonomically novel members
(Bowman et al. 1997; Christner et al.2001; Gordon et al. 2000). Recently, interest in Antarctic pelagic
microbiology has centered on the presence and significance of Archaea, now found to be widely abundant
and constituting a significant part of Antarctic picoplankton assemblages (DeLong et al. 1994; Preston et al.
1996; Murray et al. 1998).

To date, however, few cultivation-independent studies have been carried out on the microbial diversity of
permanently cold Antarctic sediments (Knoblauch et al. 1999; Ravenschlag et al. 1999). Even less is known
about the diversity and function of Archaea in the polar benthic sediments.

The potential benefits from the exploration of the microbial diversity of Antarctica derive from the future
biotechnological exploitation of the Antarctic gene pool and from new insights into the biological
mechanisms of adaptation to and tolerance of extreme environments by microorganisms.

In this study, we conducted a molecular phylogenetic investigation into the bacterial and archaeal
community composition in benthic saline pond sediment from McMurdo Ice Shelf at Bratina Island, Ross
Sea, Antarctica.

Materials and methods
Field sites and sampling procedures

Sediment samples were collected from saline ponds in the area of Bratina Island (78°00.82'S, 165°33.05'E) in the
Antarctic Ross Dependency region in January 1999. The area contains a large number of pools of different salinity,
but isolated from the marine environment by a 50-m depth of sea ice. The pool sampled was approximately 12 m? in
area with a maximum of 1 m depth and a sediment depth of over 1 m. Sediment core samples were collected using a
plastic tube (4 cm? id.), sectioned into subsamples of different sediment depth after ejection, and aseptically
transferred to stetile 90-ml polyethylene Kartell bottles for storage at -20°C during transport to the UK for sub-
sequent analysis.

Environmental parameters

Water, soil, and atmospheric temperatures were monitored with a Solomat 520C digital thermometer (equipped with
a 10-cm steel probe).
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DNA extraction

Genomic DNA was extracted directly from 2 g dry weight of sediment sample (Bio 101 FastDNA spin protocol)
from seven different sediment depths. DNA was also extracted from 2 ml of a sample from the water column above
the sediment core. The concentration of dsDNA was determined fluorophotometrically using the sensitive
fluorescent nucleic acid stain PicoGreen (Molecular Probes), excitation ~480 nm, emission ~520 nm (TD-700 Fluo-
rimeter). Lambda DNA was used as a standard for preparation of calibration curves.

PCR amplification of 16S tDNA

The DNA purified from soil was used as a template for PCR. A eubacterial-specific 16S tDNA primer pair (Rudi et
al. 1997) was used (forward primer CC342f, 5-TCCAGACTCCTACGGGAG-GCAGC-3' and reverse primet,
CD927r, 5-CTTGTGCGGGC-CCCCGTCAATTC-3"). For the amplification of _Archaea, we used the specific
primer pair [forward primer, ARCH21{, 5" TTCCG-GTTGATCCTGCCGGA-3' and reverse primer, ARCH958t, 5'-
CCCGGCGTTGAATCCAATT-3' (DeLong 1992)]. Primers were synthesized by Pharmacia Biotech. The DNA was
denatured at 94°C for 4 min prior to amplification with 35 PCR cycles (92°C30 s, 42°C45 5,72°C 30 s) followed by
an extension step at 72°C for 7 min for both primer pairs. Amplification reactions contained 30 pmol of each primer,
200 iM deoxynucleotides, 1 unit of DNA polymerase mix using the High Fidelity Expand PCR system (Boehringer),
1-4 ng of control DNA (E. ¢/, NCIMB 12210), or extracted genomic DNA, in a final volume of 50 il. The mixture
was overlaid with 20 il mineral oil (Sigma Chemical).

PCR products were examined by gel electrophoresis on 0.8% agarose gels in 1xXTAE buffer (4 mM Tris-acetate, pH
7.6, 1 mM EDTA) using k DNA/Hindlll molecular weight markers for size comparisons of the PCR products.

Cloning into pCR 2.1 TOPO vector and construction of clone libraries

Since the proofreading activity of the DNA polymerase Puwo removes the 3'A-overhangs necessaty for TA cloning
(Invitrogen), 3'A-overhangs were added to the blunt end fragments by amplification with 1 U Tag polymerase at
72°C for 20 min. Polymerases were removed by phenol-chloroform extraction and DNA precipitation with sodium
acetate and ethanol. The PCR product was gel-purified (Qiagen) and then cloned into pCR 2.1 TOPO vector
(TOPO TA cloning kit, Invitrogen). The cloning reaction was transformed into TOP10 One Shot cells, incubated
overnight on selective plates, followed by blue-white selection.

White colonies were selected, amplified, and plasmid DNA isolated (QIAprep Spin miniprep kit, Qiagen). The
plasmids were analyzed for inserts by restriction analysis using overnight EeRI (5'GAATTC3', BioLabs) digestion.
The digested reactions were analyzed by agarose gel electrophoresis.

Amplified rDNA restriction analysis (ARDRA) and restriction fragment length polymorphism (RFLP) analysis

Cloned inserts were reamplified with the appropriate primers. The purity and size of each PCR product was checked
on 1% agarose gels. The reamplified 16S rDNA product was used in restriction digests using HizP7I and Mspl
enzymes (in 10 mM Tris-HCI, 10 mM MgClz, 50 mM NaCl, 1 mM dithiothreitol, pH 7.9). Digests were resolved on
2% agarose gels in TBE and were grouped manually based on the restriction patterns. RELP clones were selected for
sequencing (Oswel) based on ARDRA or RFLP patterns.
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Phylogenetic analysis

The 16S rDNA sequences were compared with sequences from the BLAST database and the Ribosomal Database
Program (RDP) and aligned. Phylogenetic trees were constructed from evolutionary distances using the neighbor-
joining method implemented through NEIGHBOR (DNADIST) from the PHYLIP version 3.57c package
(Felsenstein 1993) (with the Kimura two-parameter model with a transition/transversion ratio of 2). DNAPARS was
used for maximum-parsimony and maximum-likelihood methods. A total of 100 bootstrapped replicate resampling
data sets were generated (for each method) and a consensus tree was made (using CON-SENS). Tree files generated
by PHYLIP were analyzed with the TREEVIEW program (Page 1996). All sequences were analyzed for chimeras
using the RDP program Check Chimera (Cole et al.2003).

Results

Benthic sediment samples from saline ice ponds in Bra-tina Island, South Victoria Land, eastern Antarctica
were analyzed for bacterial and archaeal diversity. Ge-nomic DNA was extracted from sediment samples
and amplified using universal bacteria- or archaea-specific 16S tDNA PCR primers. Physicochemical
characterization showed that the salinity of the surface sediment was equivalent to 0.46% sodium chloride
and the concentration of dissolved oxygen was 1.1 mg/l. The temperature of the pool water at 10 cm
depth was 9°C at the point of sampling. Chlorophyll 2 concentrations in the top 2 cm sediment were less
than 10 ig/g of dry weight sediment, indicating a low abundance of phototrophic organisms. The protein
concentration in the top 2 cm of sediment was 5 ig/g dry weight.

The efficiency of direct genomic DNA extraction of the sediment samples was evaluated by re-
extracting the samples. Electrophoretic analysis of primary and secondary DNA extracts on agarose gels
showed that approximately 90-100% of the extractable DNA was obtained in the primary extraction. DNA
fragments were predominantly >3 kb in size. The yield of extracted DNA in the different sediment
samples varied from 50 to 10 ig/g dry weight sediment. The top 2 cm fraction and the 10-13 cm sediment
layer gave the highest DNA yields.

Genomic library

Purified genomic DNA extracted from sediment and water samples of seven different depths was
amplified using universal eubacterial 16S rDNA primers (Rudi et al. 1997). A 605-bp fragment,
corresponding to variable regions (E. ¢/ V3, V4, and V5, nucleotide 334-939 of 16S rDNA) was detected
in each of the eight samples. This PCR fragment was cloned to produce a 16S rDNA library representing
each sample. All libraries contained >10° clones. DNA of the sample from the depth interval of 10-13 cm
was used to produce an archaeal 16S rDNA library using archaeal-specific primers for the PCR
amplification.

Vertical profiling using ARDRA analysis

Tetrametric restriction enzymes have been shown to be useful tools for screening environmental clone
libraries (Ravenschlag et al. 1999; Liu et al. 1997) and the common restriction fragment patterns, the so-
called operational taxonomic units (OTUs) obtained from such analysis, assist in distinguishing between
taxonomic groups. A summary of the ARDRA results using the restriction enzymes HinP1I and Mspl is
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shown in Table 1. Of the 173 bacterial clones analyzed, 153 different ARDRA patterns were identified,
indicating high bacterial diversity. However, digestion of 17 archaeal clones resulted in only seven different
patterns, indicating relatively low archaeal diversity. The ARDRA results (Table 1) indicate that the
bacterial library derived from the water column had a lower diversity of organisms (with a coverage of
54%) compared with the libraries derived from the sediment (where the coverage ranged from 40% to 0%).
At several depths (1-2 cm, 4-6 cm, and 13-17 cm) every clone analyzed showed a unique pattern (Table 1),
indicating very high diversity in these samples. A total rarefaction analysis of all the bacterial ARDRA
patterns suggested that only a portion of the total diversity has been observed in the screening of 173
clones (Fig. 1).

Table 1 Summary of amplified rDNA restriction analysis

Sample  No. of No. of RFLP type Coverage®
analyzed novel to clone
clones RFLP types no. ratio
wc” 24 17 0.7 0.54
1-2cm 24 24 1.0 0.00
2-4cm 24 21 0.9 0.25
4-6cm 21 21 1.0 0.00
7-10cm 20 16 0.8 0.40
10-13cm 18 16 0.9 0.22
13-17cm 20 20 1.0 0.00
17-22 cm 22 20 0.9 0.18
Total 173 155 0.9 -

‘Coverage = 1-(n1/N), where nl is the number of clones that occurred only once and N is the
tgtal number of clones examined
wc = water column

Sequencing analysis of 16S tDNA clones

Based on restriction patterns derived from ARDRA, 36 clones (30 bacterial and 6 archaeal) were selected
for sequencing. Between three and five bacterial nucleotide sequences corresponding approximately to
positions 342-927 (E. co/i numbering) were obtained per library ble 2). Sequences suspected to be chimeric
after examination by the CHECK_CHIMERA program were not included. Comparative 16S rDNA
analysis showed that none of the clone sequences were identical to any of the known 16S rDNA
sequencesin the nucleotide databases (BLASTn). Most bacterial clone sequences showed showed >88%
but <97% similarity to already known sequences, indicating the putative presence of new species.

Page | 5



180 A
160 +

i ")
140 / | R

120

~ )- "
100 - / 10-13
80 ]
4-6
60 o
40 - -
/ 0-2
20 4
] wcC
0 - T T T 1

0 50 100 150 200

number of ARDRA patterns
3

number of clones

Fig. 1 Rarefaction curve for the different ARDRA patterns of 16S rDNA clones.
Between 25 and 30 clones from each library [library from water column (wc), 0-2 cm,
2-4 ¢cm, 4-6 cm, 7-10 cm, 1013 cm, 13-17 cm, and 17-22 cm of sediment depth] were
analyzed

On the basis of complete 16S rDNA sequences, a binary similarity value of 97.5% indicates the presence of
two distinct species (Stackebrandt and Goebel 1994). However, it has been recently shown that a single
species (archaeal) may contain 16S rRNA genes that are up to 5% different (Amann et al. 2000). The use
of 97.5% limit for species separation must therefore be treated with some caution.
The 16S rDNA sequences obtained from the different clones were subject to phylogenetic analysis. The
sequenced clones were affiliated to seven major lineages of the domain Bacteria; the a-, y-, and d-
subdivisions of the Proteobacteria, the Cytophaga-Flavobacterinm-Bac-teroides phylum, the Actinomycetaea, and the
Spirocha-eta (see Table 2, Fig. 2 on next page).

Page | 6



Table 2 Summarv of seauenced clones

Depth?

wc
wc
wc
wc
1-2
1-2
1-2
2-4
4-6
4-6
7-10
7-10
7-10
7-10
7-10
10-13
10-13
10-13
13-17
13-17
13-17
13-17
17-22
17-22
17-22
17-22
17-22
17-22
17-22
17-22
17-22

Clone

Blsl.1
Bls1.9
Bls1.13
Bls1.22
Bls1-2.1
Bls1-2.5
Bls1-2.22
Bls2-4.4
Bls4-6.0
Bls4-6.6
Bls7-10.2
Bls7-10.4
Bls7-10.6
Bls7-10.7
Bls7-10.8
Bls10-13.2
Bls10-13.3
Bls10-13.6
Bls13-17.2
Bls13-17.6
Bls13-17.9
BlIs13-17.10
Bls17-22.1
Bls17-22.4
Bls17-22.5
Bls17-22.8
Bls17-22.9
BlsArch2
BlsArch3
BlsArch4
BlsArch5

Phylogenetic group

y

y

Unknown

y

)

)

)

Unknown
Spirochaetales
CFB

CFB, Bacteroidaceae

Unknown
CFB

CFB, Bacteroidaceae
CFB, Bacteroidaceae

X
CFB, Cytophagales
o

CFB, Cytophagales
Chroococcales
CFB, Cytophagales
Actinobacter
Actinobacter

y

Cytophagales
y

y

Crenarcheota
Crenarcheota
Crenarcheota
Unknown

Accession no. of
nearest neighbor

U18997
U18997
AB075580
U18997
AB021333
AF118453
AJ241013
AJ225340
AF050551
AF087054
AF050545
AJ011042
AF207849
AF050545
AF050545
AF007256
AB015532
U41562
AF029041
AF132791
AF170754
AB015539
u09761
AJ002006
AF001373
AE000471
U44909
U62811
u62811
U62811

Nearest neighbor

Escherichia coli K12

Escherichia coli K12

Unidentified from deep-sea sediment
Escherichia coli K12

Unidentified strain rJ15
Desulforhopalus singaporensis
Unculturable Sva0999

Unidentified clone 56

Unculturable WCHBI-30
Unculturable BS2

Unculturable WCHBI-69
Unidentified Eubacterium strain R1
Unculturable marine bacterium OTU_B
Unculturable WCHB1-69
Unculturable WCHB1-69
Unculturable marine HstpL28
Cytophaga sp. from deep-sea sediment
Pelobacter venetianus
Benzene-mineralizing clone SB5
Gloeobacter PCC8105
Cytophaga-like bacterium QSSC9-14
Unculturable Actinomycete, strain BD2-10
Clavibacter michiganesis
Curacaobacter baltica, Pseudomonas
Marine psychrophile 1C148
Escherichia coli

Legionella-like pathogen
Unidentified Archaeon SCA1145
Unidentified Archaeon SCA1145
Unidentified Archaeon SCA1145

No similarity

Identity % (over
number of bp)°

99
99
92
99
94
92
95
91
93
91
90
92
95
92
91
96
90
96
89
89
90
88
93
90
95
99
97
99
99

(500)
(560)
(300)
(500)
(461)
(604)
(580)
(394)
(515)
(458)
(598)
(598)
(535)
(598)
(439)
(576)
(598)
(610)
(380)
(443)
(604)
(465)
(588)
(600)
(585)
(584)
(490)
(588)
(590)

99(576)

*wc = water column, depths in centimeters
'bp = base pairs
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Fig. 2 Phylogenetic tree of
bacterial 16S rDNA clones
derived from Bratina Island pond
sediment (in bold) with reference
species. The bar represents 10%
estimated sequence divergence.
Spirochaeta (Sp), Cytophagales-
Flavobacterium-Bacteroides
(CFB), a-Proteabacteria (a), y-
Proteobacteria (y), d-
Proteobacteria (d). The bar
represents 10% estimated
sequence divergence
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Both the ARDRA and sequencing results showed that there were differences in the vertical distribution of

bacteria. The top 10 cm of sediment was dominated by d-Proteobacteria whereas the layer between 10 and
17 cm depth was dominated by Cyzphagales and Bacteroidaceae. At 17-22 cm sediment depths the major
fraction of bacteria consisted of y-Proteobacteria. Four bacterial and one archaeal clone could not be

affiliated to any known group.
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Proteobacteria

38% of the sequenced clones were included in the Pro-teobacterial domain. The d-Proteobacteria clones
were exclusively detected within the upper 2 cm of the sediment profile, with the exception of one clone
from 10-13 cm depth sample. Phylogenetic analysis revealed that the d-Profeobacteria clone sequences
clustered into three groups (not shown). One of the groups consisted of Bls1-2.5 and Bls1-2.22 (similarity
>0.90 and bootstrap values above 97%), which formed a common lineage with an unusual sulfate-
reducing, taurine-fermenting

Desulforhopalus and an uncultured Arctic sediment clone (Sva0999) affiliated with Arctic Desulfotalea sp.
(Ravenschlag et al. 1999). The other upper-sediment clone grouped together with an unidentified Xanthonso-
nas-related clone (1j15) from phenol-degrading activated sludge (Watanabe et al. 1999). The clone from the
deeper sediment (BIs10-13.6) grouped together with Pelobacter and Desulfuromonas sp.

Other proteobacteria clones belonged to the subdivisions of a- o r y-Proteobacteria. The a-Proteobacteria was
related to a marine uncultured Rhodobacter (BIs10-13.2, similarity 0.96). The clones belonging to the subclass
of y-Proteobacteria were derived from the deepest sediment sample (17-22 cm) except for three E. co/i clones
that were derived from the water-column sample (BIs1.1, 1.9, and 1.22, which were probably the result of
contamination of the library host, as the clones were 99% identical to the laboratory strain E. co/i K12).
Clone BIs17-22.9 was related to a Legionella-like pathogen (similarity 0.97), whereas clone Bls17-22.4
showed the closest relation to the deep-branching marine Cuwra-caobacter baltica (similarity 0.90), a
Psendomonas-relat-ed chemoheterotrophic aerobe isolated from the Baltic Sea (NCBI AJ002000).

Cytophaga-Flavobacterinm-Bacteroides

The majority of clones that clustered with the CFB division derived from libraries of sediment samples of
7-17 cm depth. The fermentative group Bactervidaceae was represented by several clones (Bls7-10.2, Bls7-
10.7, BIs7-10.8) with different ARDRA patterns but all related to an uncultured bacteria from a low-
temperature hydrocarbon- and chlorine-contaminated aquifer undergoing intrinsic bioremediation (Dojka
et al. 1998). This group included clone Bls13-17.2, related to a benzene-mineralizing sulfate reducer
(Phelps et al. 1998). Clones in the Cyfgphagales group (Bls4-6.6, BIs7-10.6, BIs10-13.3, BIs13-17.9, and
BIs17-22.5) were related to uncultured marine or stone sublithic psychrotrophs (NCBI AF207849,
AB015532, AF170754, AF001373) (see Table 2, Fig. 2).

Other bacterial divisions

Clone Bls4-6.0 was most closely related (similarity 0.93) to an uncultured environmental Spirochaeta sp.
identified in a hydrocarbon- and chlorinated solvent-contaminated aquifer (Dojka et al. 1998). From the
library representing the 13-17 ¢cm depth sample, one clone (BIs13-17.6) clustered with the Gloeobacter, a
member of the Chroococcales cyanobacteria (similarity 0.89). Actinomycetes were represented by two sequenced
clones from deeper sediment (BIs13-17.10 and BIs17-22.1) that were affiliated with an uncultured deep-sea
sediment actinomycete and Clavibacter michiganesis, respectively.
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Archaea

In contrast to the bacterial library, ARDRA patterns showed that the archaeal library contained few phylo-
types. Seven ARDRA patterns were detected. All of the analyzed archaeal clones were associated with Cre-
narchaeota except for two that could not be classified as they showed low sequence similarity to any known
archaeon.

Phylogenetic analysis indicated that clones BIsArch 2, 3, and 7 (and BIsArch 4, which was not included in
the final tree because the sequence was too short) clustered with high bootstrap values to the Group I
marine archaeal sequences (Fig. 3, see after References), a deep-branching group with members of the
pelagic planktonic division in the Crenarchaeota (Del.ong 1992; Del.ong et al. 1994). A group of terrestrial
Archaea (SCA) was also affiliated to this group (Bintrim et al. 1997).

Discussion

Prokaryotic diversity analysis based on 16S tDNA techniques provides a means for understanding ecologi-
cally complex microbial community structures through the identification of otherwise obscure (e.g.,
uncultur-able) populations. Several investigators have raised concerns about whether the DNA extract
obtained is representative of the indigenous microflora and about the problems associated with PCR of
16S rDNA gene for the phylogenetic analysis, and therefore this will not be discussed here (Chandler et al.
1997; Urakawa et al. 2000). With the limitations of culture techniques, however, the sequenced-based
phylogenetic techniques provide a less biased picture of the community composition than would any
cultivation technique (Amann et al. 1995).

Our results show that the prokaryotic diversity is comparable to, if not higher than, that shown in other
studies of Antarctic meltwater lake sediments (Bowman et al. 2000), microbial mats in East Antarctic lakes
(Brambilla et al. 2001), and the Arctic Ocean (Raven-schlag et al. 1999), each of which report a high level
of complexity in the prokaryotic community structure. The linearity of the rarefaction curve (Fig. 1)
suggests that the diversity of prokaryotes in the Bratina Island melt-water pond is probably higher than has
been determined experimentally. The results also demonstrate the complexity of the microbial community
in the cold sediments, where most of the sequenced clones represent novel taxa. Putative strains are related
to species detected either in cold marine or lake waters and sediment or in bioremediation processes, with
several heterotrophs involved in the cycling of CO, and inorganic nutrients and decomposition. Some of
the more metabolically 'specialized' bacteria, such as the Fe (IlI)-reducing Pelobacter, have also been
detected in microbial mats in Lake Fryxell, Antarctic Dry Valleys

(Brambilla et al. 2001).

In addition, our results reveal a vertical stratification of bacterial species, probably reflecting a vertical
gradient of temperature, oxygen content, and redox potential of the sediment. We note, however, that the
limited sample sizes and numbers (one clone library from 8 g of sediment for each depth) may generate re-
sults which do not fully reflect the spatial distribution of the sediment communities. Sulfate-reducing d-
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Proteo-bacteria were abundant in the top centimeter of sediment, indicating low redox potential. These
obligate anaerobic bacteria may also thrive in anaerobic micro-niches, such as flocs of organic material, in
an otherwise aerobic environment (Brune et al. 2000).

Cytophagales and microaerophilic Bacteroidaceae, which are important in mineralization of organic matter,
were the most prevalent groups between 4 and 17 cm depth. Interestingly, two phototrophs, the
uncultured Rhodobacter-related a-Proteobacteria, which is prevalent in aquatic environments with abundant
organic matter and which grows photoautotrophically under anaerobic conditions in the presence of
sulfide, and a Chroococcales were also present in this sample, at a greater depth than might be expected.
Deeper in the sediment (below 13 cm depth) Actinobacter and micro-aerophilic y-Proteobacteria were
detected. Several authors have reported the isolation of high GC-containing Gram-positive bacteria from
Antarctic soil and sea ice. However, there is a disagreement on whether these are the prevalent microbiota
or not. Few genera have actually been isolated (Nocardia, Nocardiopsis, and Streptomyces). Interestingly, it has
been suggested that Actznobacter species that have disappeared from specific biotopes due to changing
conditions or competition can survive (as spores) for thousands of years in polar ice (Abyzov 1993 and
references therein).

Phylogenetic analysis revealed that the archaeal clones (only analyzed from a depth of 17-22 cm) were
closely clustered with the deeply branching Marine Group 1 Crenarchaeota (Fig. 3). This group appears to be
ubiquitous (DeLong 1992; Preston et al. 1996; Bin-trim et al. 1997) and has recently been reported in a
wide variety of temperate and cold environments including agricultural and forest soils, fresh water lake
sediments, marine picoplankton, and deep-sea locations (Preston et al. 1996; Bintrim et al. 1997; Buckley et
al. 1998 and references therein). The abundance of nonthermophilic crenarchaeotal tRNA found in cold
Antarctic waters and sediments suggests that these organisms are ecologically relevant members of the
marine microbial community (DeLong et al. 1994; MacGregor et al. 1997; Buckley et al. 1998; this study).

We detected no methanogenic archaea but several sulfate reducers were identified, suggesting that a low
redox potential and high SO™" concentration (DeMora et al. 1994, 1996) in the sediment may favor sulfate
reducers over methanogens in competition for acetate (Vincent 1988; Mountfort et al. 1999). Studies of
sediment from Antarctic lakes using most-probable-number analysis showed that methanogens represented
only a small proportion of the total microbial population (Bowman et al. 1997). The detection of
methanogens by use of specific PCR primers may, however, cause this view to be revised.

Interestingly, our results indicate the presence of a number of aromatic hydrocarbon degraders which
could be assumed to be cold-temperature active. With improved cultivation techniques or multigenomic
expression, cloning these bacteria and their enzymes will be an attractive source of catalysts for
biotransformations and bioremediation.
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Fig 3 Phylogenetic tree of archaeal 16S rDNA clones derived from Bratina Island pond sediment 10-13 Cm
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