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1Paleontological data suggest numerous large�scale
glaciations in the history of Earth, which were proba�
bly global and spread to the tropical areas [1]. Glacia�
tions were found to coincide with large�scale rear�
rangements in the biosphere. Thus, a series of Huro�
nian glaciations coincided with oxygenation of the
atmosphere, while a series of lower Proterozoic glaci�
ations coincided with a decrease in diversity of stroma�
tolite cyanobacterial communities and an increase in
eukaryotic diversity, indicating the role of these events
in the evolution of life.

Reliable data on the scale of Precambrian glacia�
tions required for detailed reconstruction are absent.
Scarce information is available even on the best�stud�
ied Neoproterozoic glaciations. Different estimates of
sea ice occurrence and thickness at low latitudes vary
considerably. The estimated sea ice thickness in the
tropical zone varies from over 1 km, which prevents
existence of photosynthesis�based life in the ocean [2],
to less than 10 m, which makes it possible for photo�
synthetic organisms to develop under ice [3]. Various
hypotheses exist concerning ice occurrence in the
oceans, from complete ice cover over the oceans,
including their equatorial area, to existence at ~20°–
40° latitude [4]. The estimated ice covering of the dry
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land also varies from complete glaciation (snowball
Earth) to a 5°–10° ice�free equatorial zone [5–7].

Global glaciations result in a drastic decrease in the
number of habitats supporting development of pho�
totrophic microorganisms. These organisms usually
occur within the photic zone, i.e., to the depth not
exceeding 200 m in lakes and sea (depending on the
trophic status of a water body), up to ~ 1 cm in rocks
(depending on the content of transparent quartz gran�
ules), up to 3–5 cm in sand, and to 10 m in ice
(depending on its purity). Glaciations should have
affected most strongly the populations of oxygenic
phototrophic microorganisms (cyanobacteria,
microalgae, etc.). Except for some microalgae capable
of heterotrophic growth in the dark and probably some
marine cyanobacteria incapable of photosynthesis,
they require sunlight for development. These two
groups of organisms are of special importance, since
they carry out oxygenic photosynthesis, are among the
major producers in diverse ecosystems, and exhibit
massive development after large�scale glaciations [8].
In theory, most groups of anoxygenic phototrophic
bacteria (APB) are less sensitive to the absence of sun�
light, since they are capable of prolonged het�
erotrophic development in the dark. Moreover, some
groups of purple bacteria at the bottom of the ocean
may probably utilize the infrared radiation of geother�
mal phenomena for phototrophic growth. Green bac�
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teria and heliobacteria are incapable of prolonged sur�
vival in the dark [9].

Antarctica is a good actualistic model for determi�
nation of the types of habitats where phototrophic
bacteria could have survived global glaciations. The
Antarctic ice sheet is up to 4 km thick and annual aver�
age temperatures in central Antarctica are –50°C and
lower, while the size of the ice sheet in summer exceeds
4000 km. In spite of its severe climate, the Antarctic
continent possesses a relatively considerable diversity
of phototrophic microorganisms and lower plants
(cyanobacteria, microalgae, lichens, and mosses). The
only two species of vascular plants found on this con�
tinent occur only in the Antarctic Peninsula, i.e., in
the area with the mildest climate [10]. In most Antarc�
tic ecosystems, phototrophic microorganisms are the
main primary producers, which make this continent a
good model of Precambrian conditions, when micro�
organisms dominated on Earth.

MOUNTAIN PEAKS 
ABOVE THE ICE SHEET SURFACE

The maximal height of Antarctic mountains is
4897 m (Vinson Massif, western Antarctica). A num�
ber of Antarctic mountains rise several meters to over
4 km above the surrounding ice sheet. Modern recon�
structions of the volume of the Antarctic ice sheet, as
well as analysis of the ice cores indicate that during the
last glacial maximum (26 ka ago), the ice sheet was up
to ~1400 m thicker (depending on the site) than at
present [11]. Thus, during the last glacial maximum
most Antarctic mountains had considerable elevation
above the glacier surface, and ice�free zones were to
exist in these sites.

According to its climatic parameters, Antarctica is
a cold desert with insignificant precipitation over most
of the continent (up to ~350 mm per year). Develop�
ment of terrestrial microbial communities in Antarc�
tica depends, as a rule, on the presence of liquid water
in a given habitat [12]. Ice and snow thawing is the
main source of liquid water. The major habitats for
Antarctic phototrophic microorganisms are therefore
the northern mountain slopes heated by sunlight,
seepage sites of subterranean water, ephemeral flows
and springs, and surface or subglacial lakes. Microbial
crusts up to several cm thick developing on rock and
soil surface at such habitats consist of lichens,
microalgae, and filamentous cyanobacteria (litho�
phytic and edaphic communities). At the depth of up
to ~1 cm below the rock surface, endolithic communi�
ties develop, in which unicellular cyanobacteria usu�
ally predominate [13].

At most of the Antarctic territory, in spite of the
permanent negative air temperature, dark rock and
soil surfaces are heated to positive temperatures, caus�
ing snow thawing. Our observations in the Sør Ron�
dane Mountains (eastern Antarctica) elevating
~1200 m above sea level revealed that rock surfaces

heated to 25°C, while air temperature at 2 m height
was –2°C. Positive temperatures of the upper soil layer
(up to 12.6°C at the air temperature –7.5°C) were
reported even for the southernmost ice�free sites
(Howe nunatak and La Gorce Mountains, 300 km
from the South pole). At these sites, phototrophic
communities developed, predominated by lichens
(Lecidea cancriformis and Carbonea vorticosa), cyano�
bacteria (Phormidium autumnale, Leptolyngbya fragi�
lis, and Hammatoidea normanni) and green microalgae
(Desmococcus cf. olivaceus) [14]. For comparison, the
average air temperature at the Amundsen�Scott sta�
tion (South Pole) is ⎯29 to –81°C (temperature range
from –12 to ⎯117°C).

We analyzed molecular diversity of cyanobacteria
in Antarctic terrestrial communities of the Sør Ron�
dane Mountains and carried out bioinformatic analy�
sis of cyanobacterial diversity throughout the conti�
nent [15, 16]. Antarctic cyanobacteria were shown to
exhibit high diversity. The communities contained all
the major morphological groups: unicellular, filamen�
tous, and heterocystous cyanobacteria. Most of the
operational taxonomic units (OTU) do not have cul�
tured representatives (57% or 24 out of 42). Among the
groups with cultured representatives, cyanobacterial
genera Phormidium, Leptolyngbya, and Nostoc were
most common. The genera Coleodesmium, Cyanoth�
ece, Geitlerinema, Acaryochloris, Anabaena, Fischer�
ella, and Limnothrix were represented by single OTUs.
Geographical analysis of cyanobacterial occurrence
revealed the possibility of a “high cyanobacterial
diversity zone” between 70° and 80° S. Cyanobacterial
diversity decreased drastically to the north and south
of this zone. This finding is in disagreement with the
traditional view of diversity decreasing in the Polar
Regions. This zone may exist due to higher tolerance
of cyanobacteria to low temperatures and decreased
competition of cyanobacteria with mosses and lichens
for light, water, and biogenic elements.

Most Antarctic terrestrial cyanobacteria (79% or
33 out of 42 OTUs) were cosmopolites and have been
revealed at sites outside Antarctica. Their occurrence
in Antarctica may be due to their resistance to freezing
or by local heating of rock surfaces (up to 25–30°C at
northern slopes in summer).

Up to 21% of Antarctic cyanobacteria were poten�
tially endemic. Investigation of enrichment cultures of
potentially endemic Antarctic cyanobacteria of the
Cyanothece aeruginosa group revealed that it was psy�
chrophilic and adapted to existence at low tempera�
tures. Available data are insufficient for the explana�
tion of the origin of highly endemic groups of Antarc�
tic cyanobacteria. Assuming 1% per 50 Ma as the rate
of the 16S rRNA gene “molecular clock,” these
groups of cyanobacteria were formed over 150 Ma ago
[17]. In the late Jurassic period Antarctic climate was
probably moderately warm, comparable to the mod�
ern climate of Southern Europe.
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Based on the 18S rRNA “molecular clock,” the
majority of Antarctic microalgae have estimated ages
between 17 and 84 Ma and probably diverged from
their closest relatives around the time of the opening of
Drake Passage (30–45 Ma), while some lineages with
longer branch lengths have estimated ages that pre�
cede the break�up of Gondwana (65–100 Ma ago)
[18].

ICE AND SNOW SURFACE LAYER

Existence of phototrophic microorganisms in the
photic zone of ice or snow also depends on the pres�
ence of liquid water. Three major types of pho�
totrophic communities may be identified: cryoconites
(in ice), lakes on the glacial shelf surface, and the so�
called snow algae developing on the snow surface.

Cryoconites are formed when sand or stones occur
upon the ice surface. Their occurrence is usually lim�
ited to several km from ice�free areas. Under sunlight,
stones and sand become heated, melt the ice, and form
a cryoconite hole. A stone below the ice surface is still
heated by sunrays due to ice transparency. Submersion
of the stone stops at a certain depth (usually not
exceeding 1 m). Depending on climatic conditions,
the water in a cryoconite hole may be permanently
covered with ice or remain open for most of the sum�
mer season. Water temperature in cryoconites is usu�
ally from 0.1 to 1°C; at the same time, the ambient air
temperature may be as low as –25°C. A phototrophic
community consisting of cyanobacteria (Cyanothece
aeruginosa, Tolypothrix, Phormidium, and Leptolyng�
bya) and microalgae develops on the surface of the
sand in cryoconites [16].

The lakes at the surface of shelf glaciers (floating or
partially lying on the sea bottom) appear in summer.
Their salinity may vary from fresh, low�mineral to sea�
water (~35 g/L). In some lakes, thick (up to several
cm) mats are formed mostly by filamentous cyanobac�
teria of the genera Phormidium, Oscillatoria, and Lyn�
gbya, as well as by heterocystous cyanobacteria of the
genera Nostoc, Nodularia, and Anabaena [20].

Another type of phototrophic communities is rep�
resented by snow algae, communities of microalgae
developing on the snow surface. They are usually
found at the edges of the glacial sheet and are often
responsible for red coloration of snow (red snow,
watermelon snow). Since snow algae have not been
reported in the central regions of Antarctica, thawing
at the glacier surface is one of prerequisites for their
development. Similar to cryoconites, the temperature
of liquid water at a glacier surface is 0.1 to 1°C. Green
algae predominate in these communities: Chlamy�
domonas nivalis and Chloromonas rubroleosa [21].

ZONES OF HYDROTHERMAL ACTIVITY

Antarctica is a volcanically active continent with
numerous manifestations of hydrothermal activity

both below the glacial sheet and on the ground surface.
Numerous sites of fumaroles and heated soils are
known in the vicinity of the active volcano Mount Ere�
bus and on Deception Island (close to the Antarctic
Peninsula). Phototrophic microbial communities
develop at the surfaces of soil and hydrotherm bottom
sediments. The wide range of temperatures allows for
development of different types of communities,
including mesophilic and thermophilic. In thermo�
philic communities, typical thermophilic cyanobacte�
ria Mastigocladus laminosus and Fischerella muscicola,
growing at 60–70°C, were found. Molecular analysis
of the cyanobacteria from Mount Erebus revealed
their high similarity to the members of these taxa
retrieved from other regions. Since the distance to the
closest hydrothermal area (New Zealand) is
~4000 km, detection of these organisms may be an
indication of intercontinental transfer of thermophilic
bacteria [16].

LAKES

Salinity of Antarctic lakes varies within a broad
range, from freshwater ones, resulting from ice melt�
ing, to hypersaline. In Antarctica, low temperature
and freezing result in formation of some of the high�
est�salinity lakes on Earth, such as Don Juan Pond
with ~480 g/L mineralization. Predominance of
CaCl2 (413 g/L) and NaCl (29 g/L) in this lake results
in the brine not freezing till about –52°C, which is the
lowest calculated temperature for aquatic solutions
[22]. A cyanobacterial mat with predominance of
cyanobacteria Oscillatoria sp. and the presence of
green microalgae morphologically resembling Chlo�
rella sp. and Dunaliella sp. was observed at the lake
surface close to the shore [23]. Existence of microbial
life in this lake is of interest for astrobiology, since the
ice�covered ocean on Europa (a satellite of Jupiter)
may be close in composition to the Don Juan Pond
brine.

At lower salinity, phototrophic communities with
high diversity of cyanobacteria, microalgae, and anox�
ygenic phototrophic bacteria develop in Antarctic
lakes [24]. Cyanobacteria, belonging mostly to the
genera Leptolyngbya and Phormidium, often form mats
at the bottom, which sometimes occur at depths of
~100 m. Mats with conical protrusions were observed
in Lake Untersee (eastern Antarctica), which is per�
manently covered by ice ~3 m thick. These structures
may be a modern model for formation of Conophyton�
type stromatolites [25]. The bottom sediments of Ant�
arctic lakes, including microbial mats, may reach con�
siderable thickness due to low rates of organic matter
decomposition and burial by sedimentary materials.
Investigation of the sediment samples 50–4530 years
old from a lake in Skarvsnes, Lützow Holm Bay (east
Antarctica) revealed the preservation of cyanobacte�
rial structures on millennial timescales. Apart from
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polysaccharide sheaths, some pigments, as well as thy�
lakoids were preserved [26].

CONCLUSION

Analysis of Antarctic phototrophic communities of
various types shows their ability to thrive within a
broad range of ambient conditions utilizing various
survival mechanisms. At the cellular level, these
mechanisms include synthesis of intracellular cryo�
protectors preventing formation of ice crystals inside
the cells, formation of thick extracellular sheaths,
transition to a metabolically inactive state at tempera�
tures below a certain level and rapid activation under
favorable conditions, etc. Combined application of
these mechanisms enables the microorganisms to
retain some activity at temperatures reaching –10 to
⎯15°C [27]. Importantly, these mechanisms may
occur in some microorganisms from moderate zones.
This is confirmed by the detection of cyanobacterial
taxa of cosmopolite occurrence in Antarctica [16]. 

The presence of liquid water in a habitat is the
major factor at the community level [12]. At negative
air temperatures, this condition could be met in brines
freezing at subzero temperatures (as low as –52°C for
calcium chloride solutions of Don Juan Pond) or in
microniches with the temperatures from 0 to 30°C and
higher. Such microniches may occur at the mountain
peaks rising above the surface of the continental ice
sheet, on ice surface several km from the peaks, at the
edges of the ice sheet, in hydrothermal areas, and in
terrestrial lakes with low thickness of ice. Combined
action of these factors determines the conditions for
existence of modern Antarctic phototrophic commu�
nities. Detection of phototrophic communities in
Antarctic habitats may indicate that ecological niches
favorable for development of phototrophic microor�
ganisms could theoretically exist on land surface dur�
ing Precambrian global glaciations. This should be
considered in paleontological reconstructions of the
conditions required for development of life on Earth
during glaciation maxima [28]. The spectrum of eco�
logical conditions in these environments favors devel�
opment of various microbial groups, from thermo�
philes to psychrophiles. Molecular clock data indicate
that many groups of Antarctic phototrophic microor�
ganisms emerged prior to the beginning of formation
of the Antarctic ice sheet (30–45 Ma ago) and suc�
cessfully survived the subsequent glaciation maxima.
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