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High radiation, low gravity, and low temperatures are among the physical parameters,
in which non-terrestrial planets and their satellites are considered to differ most sig-
nificantly from those permitting life on the planet Earth. Questions about whether or
not extra-terrestrial life forms may indeed have been generated during the past 4 billion
year old evolution of the solar system, and, if answered positively, whether these forms
still exist or are available as fossil records, poses some of the greatest scientific chal-
lenges in modern biology. The spectrum of scientific problems to be responded to
range from the search for and identification of alternatives to solutions of generating
and maintaining life developed during the evolution of life on Earth, to hypotheses
how evolution of (terrestrial-type) life may have been changed under the specific
planetarian conditions, to the technologically demanding efforts to monitor and iden-
tify the degradation products of previously existing life, even under conditions that
may not have been simulated on our planet.

Due to the necessity of working with terrestrial life forms, most exobiology studies
have been performed on those organisms that represent descendants of ancestral or-
ganisms that evolved 3.8 to 3.0 billion years ago. Bacterial spores, radiation-resistant
bacteria, and simple yeast and algae were analyzed most thoroughly with respect to the
influence of radiation, dessication, and micro-gravity [1]. These physical-chemical
studies are today complemented by studies searching for novel terrestrial microorgan-
isms in environments, considered most inhabitable. These explorations led to the dis-
covery of extreme halophilic, alkaliphilic, acidophilic, thermophilic and barophilic
Bacteria and Archaea (see Chap. 11, Stetter), thus broadening our perception of the
term “extremophilic”. Moreover, novel molecular tools were introduced into biology
and ecology which enable microbiologists to determine the natural relatedness and
molecular diversity even of organisms that cannot yet be cultured in the laboratory.

One of the prime regions for unraveling the extent of microbial diversity and for
determining the lower limits of life-supporting environmental parameters is the Ant-
arctic continent. While initial surveys concentrated on the discovery of biotechnologi-
cally exploitable species, this environment is now the testing field for the development
and application of methods to be used in future missions to other planets. Slopes of
vulcanos, dry valleys, endolithic rocks, the coastal regions and perennial freshwater,
saline and hypersaline lakes are among the sites targeted most frequently in the Antarc-
tic. Indeed, many novel psychrotolerant and psychrophilic microbial species have been
described [2-5]. The discovery of the Antarctic subglacial environment such as Lake
Vostok [6] has fascinated scientists as it may represent an environment of the Neopro-
terozoic, a time period from 750-543 Ma ago. Microorganisms that may be found in
the water body located beneath the 4 km of glacial ice may help scientists to understand
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the effect of high environmental stresses and to unravel evolutionary processes that
occurred within and outside this highly sheltered ecological niche. Sensing methods to
be developed for the exploration of Lake Vostok without its contamination may lead to
the design of devices to be used in the search for life on Mars, the ice moon of Jupiter,
Europa (see Chap. 7, Greenberg), and other elements of the solar system (see Chap. 24,
Foing).

The introduction of culture-independent molecular screening techniques has al-
lowed microbiologist to examine a spectrum of microbial diversity that is not neces-
sarily reflected by the results of culturing studies. Together with culture studies, this
method allows the assessment of a significantly broader range of diversity than ob-
tained in the past. In the absence of information about conditions to optimally cultivate
microorganisms, the culture-independent approach provides us with information about
the phylogeny (meaning the determination of the course of natural relatedness during
the evolution of living matter), of novel types of organisms from which their physio-
logical role may be deduced.

This communication summarizes the results of three studies on the composition of
microbial communities from Antarctic lakes [2, 3, 5]. The results point towards a rich,
mainly cold-adapted prokaryotic diversity which may be used as baseline information
for the assessment of microbial communities of other terrestrial subglacial environ-
ments. The tools described represent state-of–the-art technologies, which may be
among those applied to monitoring life forms in subglacial lakes, possibly encountered
on Mars and Europa.

10.1 Source of Samples and DNA Analyses

Samples were retrieved from a microbial mat of the shallow, moated area of the fresh-
water Lake Fryxell, McMurdo Dry Valleys [5], of the anoxic sediments of marine
salinity meromictic (sample salinity in g kg-1) Clear Lake (14), Pendant Lake (23),
Scale Lake (28), Ace Lake (35), and Burton Lake (43) [2], as well as from sediments
of the hypersaline Ekho Lake (150), Organic Lake (210) and Deep Lake (320) [3],
Vestfolds Hills. Isolation of DNA, PCR amplification of 16S rRNA genes using Bac-
teria and Archaea-specific primer pairs, cloning, sequence analyses of PCR-amplified
stretches of the rDNA and phylogenetic analyses has been described in detail by Bow-
man et al. [2, 3] and Brambilla et al. [5]. The basic principle of this approach is based
upon the comparative analysis of the nucleic acid sequence of a gene which is present
in all organisms known, from the evolutionary very ancient bacteria, to plants, animals
and humans. The gene product has been part of the translation apparatus of the first
living organism that evolved on Earth (or possibly somewhere else, e.g., Mars [7]) and
its function has not been changed for about 4 billion years. The sequence is composed
of almost invariable parts, conservative enough to detect the main lines of descent,
while, at the same time, it contains variable regions that allow determination of closely
related organisms. Any organism or nucleic acid, no matter where it will be found, that
has maintained the basic conservative structure of this gene, will be identified as a
member of terrestrial life forms; its analysis will then decide about whether the se-
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quence belongs to a known or to a novel evolutionary line of descent (see also Chap.
11, Stetter).

Between about 45 and 320 clones were analyzed from the mat and sediment sam-
ples and the partial 16S rDNA sequences compared to those of cultured and as-yet
uncultured organisms, deposited in public data bases. Due to methodological differ-
ences the sequences of non-overlapping stretches can only be compared with each other
indirectly by phylogenetic analysis with the almost complete sequences of reference
organisms. As most partial sequences do not indicate the presence of hitherto unrecog-
nized phyla, inter-laboratory comparison at least at the level of orders, often families,
sometimes even species, is possible. Clones sharing higher 98% sequence similarity
formed taxonomic units, named phylotypes [2, 3] or potential species [5].

10.2 The Rich Diversity of Bacteria and Archaea

The lakes compared in this study differ significantly from each other in physico-
chemical parameters. The meromictic lakes from the Vestfold Hills system have differ-
ent salinity, and water temperature (Deep Lakes annual sediment temperature range
from –14 °C to –18 °C, while Ekho Lakes annual sediment temperature range from
13-18 °C). Organic Lake's bottom water is rich in dimethylsulfide. The marine-salinity
type and the hypersaline meromictic lakes were formed by evaporation of marine wa-
ters about 10 000 years ago and have remained stable for about 4000 years [2]. They
are nearly or completely perennially ice-free. The lower part of the water column re-
mains unmixed, due to a distinct density gradient which forms a physical barrier to
mixing of water. Microorganisms and other matter sink gradually through the water
column. In contrast, Lake Fryxell, McMurdo Dry Valleys, is covered by perennial ice,
3-4.5 m thick. During the summer months moats are formed around the edge, which
allows material to be transported into the lake from glaciers and land by streams. These
streams not only discharge inorganic (PO4

3- and NO3
-) compounds but also a rich

spectrum of organic material by the inflow of primary producers such as algae and
cyanobacteria [8]. On a volumetric basis, Lake Fryxell is the most productive lake in
the McMurdo Dry Valleys [9]. The lake contains a complex protistan community [10]
which constitutes a rich reservoir of nutrients. Sediment deposited on the ice surface is
migrating downwards during the Antarctic summer providing a constant input of inor-
ganic and organic material, including microorganisms, while no reports are available
on prokaryotic diversity.

The large and diverse spectrum of microorganisms detected by 16S rDNA sequences
demonstrate the complexity of the microbial community in Antarctic lakes sediments
and mats. As already described for other studies comparing the 16S rDNA from pro-
karyotic cellular organisms and uncultured representatives the match is low [11]. Most
sequences fall into the radiation of higher taxa which are well represented in temperate
environments analyzed so far. These are the species-rich lineages of Proteobacteria,
Gram-positive bacteria, Cyanobacteria-Chloroplasts, Cytophaga-Flavobacterium-
Bacteroides (CFB) complex and the Verrucomicrobiales-Planctomyces-Chlamydium
(VPC) complex (Fig. 10.1). Depending on the lake sediment analyzed, different subli-
nes are represented to a varying extent such as four of the five subclasses of the class
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Proteobacteria, low- and high G+C mol% Gram-positive bacteria (Clostrid-
ium/Bacillus and Actinobacteria, respectively), and each of the three main sublines of
the CBF and VPC complexes (Table 10.1.).

Comparison of the phylogenetic diversity of uncultured organisms of the Lake
Fryxell mat sample [5] with that of different sediments of hypersaline and marine-type
salinity meromictic Antarctic lakes of the Vestfold Hills system [2, 3] reveals a super-
ficial similarity in that only certain main bacterial lineages are represented. Each of the
sample appear to show some specific features in community structure that may be
related to the physico-chemical environment and hence may shed some lights on the
functional role these bacteria might play at the sites they thrive.

Lake Fryxell is the most thoroughly investigated lake, as about 320 clone sequences
have been analyzed. Gram-positive bacteria with a low GC content (clostridia and
relatives) as well as flavobacteria, Bacteroides, ß-Proteobacteria and verrucomicrobia
are dominating. Some potential species belong to gliding bacteria (Stigmatella, Myxo-
coccus, Cytophaga, Flavobacterium, Marinilabilia, and Flexibacter). On the other
hand, cyanobacteria, green non-sulfur bacteria, planctomycetes, spirochetes and ha-
loanaerobia, sometimes found in the hypersaline and marine salinity lakes, are missing.
The rich diversity of clostridia and related organisms must be viewed in light of the
presence of a food web that contains anaerobic saccharolytic organisms forming CO2,
H2 and C1-C4 acids and alcohols which in turn are metabolized by other anaerobic
members of the community as well as by aerobes, facultative anaerobes and photo-
trophic organisms. The finding of some sequences being related to those of sulfur-
metabolizing organisms may indicate the presence of a sulfur cycle. The occurrence of

Table 10.1. Compilation of the major bacterial groups represented in the clone library of DNA
isolated from sediments and mat material of nine Antarctic lakes. Values are in percent of total
clones analyzed.

Sample / Lake Proteo-
bacteria

Gram-
positives

CFB PVC Cyano-
bacteria

Spiro-
chaeta

Fryxell 19 43 24 12 1 0

Ekho 16 36 27 1 16 3

Organic 16 0 29 0 41 0

Deep 100 0 0 0 0 0

Clear 11 27 5 8 5 0

Pendent 10 35 0 24 0 9

Scale 8 75 0 5 0 0

Ace 6 50 1 5 0 1

Burton 10 25 22 3 29 3
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Fig. 10.1 Main 16S rDNA lines of descent (phyla, division, complexes) of cultured prokaryo-
tes. The affiliation of clone sequences originating from DNA of sediments and mat samples of
Antarctic lakes are indicated by arrows. Bold arrows: presence of members in the majority of
lakes; thin arrows: members present in a few lakes only. This illustration is a dendrogram-type
display of the evolution of main lineages of life forms shown in a radial fashion by Stetter, Chap.
11.
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aerobic organisms [5] may be explained not only by the sedimentation effect but by the
sampling site which is located in the shallow part of a moated zone; in this case, the
aerobic organisms are part of the metabolically active community in a structured mat,
serving both as a sink for gases, carbon and other compounds, as well as a nutrient
source. The hypersaline lakes show a restricted spectrum of diversity. With respect to
the main components, Ekho Lake shows a similar diversity than Lake Fryxell, but con-
tains a high fraction of Haloanaerobiales (Gram-positives). In addition, it contains
members of the cyanobacteria-chloroplast division. The presence of the latter organ-
isms is even more pronounced in the shallow Organic Lake which, however, lacks the
clostridia-type fermenters. Even more dramatic is the situation in the aerobic Deep
Lake sediment in which bacterial representatives originate exclusively from ß- and γ-
Proteobacteria.

In contrast to the hypersaline lakes, the marine-salinity-type lakes show a higher
bacterial diversity than that shown in Table 10.1., e.g., members of ß- and especially δ-
Proteobacteria (sulfur depended bacteria), chlamydiae, actinobacteria, planctomycetes,
and green non-sulfur bacteria. Especially Burton Lake seems to be rich in Bacteroides
and Flavobacterium phylotypes. However, the restricted number of clones determined
for these Lakes may bias the actual degree of diversity; as shown for Lake Fryxell, even
the analysis of more than 300 sequences is insufficient to explore the full spectrum of
diversity.

Not unexpected, those lineages containing thermophilic and thermotolerant bacteria
are missing at all such as Thermotogales, Aquificales, Thermus, Deinococcus, and the
like. Though members of Proteobacteria, low G+C Gram-positive bacteria, Cytopha-
gales, Bacteroides and a few Actinobacteria were also found in some of the marine
salinity and hypersaline lakes, the phylogenetic affiliation of clones at the genus level
was almost always different. In addition to the expected occurrence of anaerobic or-
ganisms in anoxigenic sediments (the lake Fryxell mat is an exception as it originated
from the moated, shallow part of the lake), the analyses of clone libraries pointed to-
ward a rich spectrum of aerobic forms as well. As discussed by Bowman et al. [3] for
other Antarctic lakes, the presence of aerobic bacteria in anaerobic sediments may be
due to the their accumulation followed by slow decomposition of organic carbon.
Comparison of the phylogenetic affiliation of the Lake Fryxell clone sequences [5] to
their nearest neighbors with those of clone sequences depicted in 16S rDNA den-
drograms of Bowman et al. [2, 3] does not, except for two clones, indicate high rela-
tionship. These clones are affiliated to Clostridium estertheticum that thrive under
different physiological conditions such as those found in Lake Pendent (2.3% salinity)
and Lake Fryxell (freshwater).

The rather rich diversity in most of the lake sediment samples (which will turn out
to be even larger with more clones analyzed) may be explained by the evolution of
cold-adapted and halophilic forms that were present at the time of the formation of
lakes. In addition, over tens of thousands of years air-born (as far as from the South
American continent) and autochthonic organic matter, including microbial cells, have
entered the chemically stratified meromictic and the freshwater lakes by migration
through the ice cover, and discharge of creeks and streams. New microorganisms with
novel biochemical potential may have enabled the system to expand the ecological
diversity, allowing even eukaryotic cells to enter the niches (as derived from the rich
diversity of protozoa Lake Fryxell) and from the presence chloroplasts of eukaryotic
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algae in the clone library of meromictic lakes. As noted by Bowman et al. [3], the up-
per water column of some of the meromictic hypersaline lakes contain a rich flora of
novel aerobic bacteria. The same is true for the diversity of anaerobic and aerobic bac-
teria of the lake Fryxell mat system [12].

In general, the diversity of Archaea was found to be much more restricted than the
bacterial diversity. Ninety percent of the clones of Lake Fryxell (>300 clones) could be
affiliated to Methanoculleus palmolei, while 10% were related to an Antarctic clone
sequence Ant12. Ekho Lake and Organic Lake sediments contain an insignificant num-
ber of archaeal clones while in the sediment of the aerobic and highly halophilic Deep
Lake several phylogenetically different and mostly novel halobacterial lineages
emerged. Sequences that were retrieved from Organic Lake were also present in Deep
Lake. A significantly higher diversity of euryarchaeal clones were present in marine
salinity lakes, some of which were related to clones described from salt marsh in the
UK and marine sediments [2].

10.3 Conclusions

The molecular analyses of lake samples form Antarctica supports the previous notion
that molecular methods are able to trace prokaryotic life in any environments of the
planet Earth. The range of samples cover geysers, deep sea hydrothermal vents, deserts,
alpine lakes, deep subsurface rocks, not to mention various marine and terrestrial sites,
as well as microbe-eukaryotic associations. It also confirms the textbook knowledge
that microbial diversity depends upon the physico-chemical status of an environmental
sample - and as hardly any two niches are identical it is unlikely to find two highly
similar (quality and quantity) microbial communities. In this respect, the situation of
the Antarctic lakes sediments constitute vastly different environments.

Though the DNA quantities necessary for PRC amplification have not yet been in-
vestigated thoroughly, especially in mixtures of varying quantities, the power of the
rDNA approach to detect life forms is at present superior to any other known method
[13]. The samples analyzed in this study had the advantage of being high in microbial
cell quantity, hence in extracted DNA (except for the sediment of Deep Lake). In cases
of low numbers of prokaryotic cells even this method must be performed with great
care as the risk of contamination with foreign DNA is high. This problem is not to be
underestimated if novel environments are to be explored which have remained undis-
turbed for hundred thousand years (Lake Vostok [14], Polar Lake) or which may be
selected for the testing of detection methods apt to search for extraterrestrial life forms
(Mars, Europa) which follow the same genetically and biochemical strategies of or-
ganisms that have evolved on the planet Earth.
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