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Preface

Most scientists in the middle of the twentieth century would probably not have
believed that life was possible at extreme values of environmental factors, such as
pH values close to 0 (e.g. sulfurous environments) or to 14 (e.g. soda lakes), salini-
ties of 6 M NaCl (e.g. Dead Sea), hydrostatic pressures approaching 0.1 MPa (deep
sea) and temperatures exceeding 100°C (thermal vents or hot springs) or as low as
—20°C (e.g. polar regions). Of the current studies on extremophiles, approximately
30,000 articles by the year 2007, almost two-thirds have been performed on organ-
isms adapted to outstanding temperatures, but much more attention has been paid
to thermophiles than to psychrophiles. However, over the past 10 years, scientific
publications on cold-adapted microorganisms have increased by a factor of ten.

If one considers the extent of cold habitats, psychrophiles, i.e. cold-loving
organisms, should largely lead in this comparison with thermophiles because a
great proportion of the Earth’s biosphere never reaches temperatures above 5°C.
Nearly three-quarters of the Earth is covered by oceans whose deep water masses,
irrespective of latitude, are constantly between 2 and 4°C. The large continent of
Antarctica also provides a permanently cold terrestrial environment as well as an
aquatic niche in the surrounding ice that melts during the summer. Other examples
of cold habitats are permafrost soils, high alpine soils, cold deserts, cold caves,
marine sediments, snow, glacier and sea ice. Cold ecosystems host a wide diversity
of psychrophiles, including bacteria, archaea, yeasts, filamentous fungi, and
algae. These microorganisms have evolved a number of strategies to thrive success-
fully in cold habitats where they play key roles in nutrient cycling, such as nitrogen
fixation, nitrification and denitrification, photosynthesis, sulfur oxidation and
reduction, methanogenesis, and transformation of organic compounds.

This book is focused on psychrophiles and describes, at the edge of knowledge,
representative groups of cold-adapted microorganisms as well as the habitats in
which they live and their strategies to cope with the cold. It is subdivided into four
main sections:

(i) boundary conditions for microbial life at low temperatures
(i) biodiversity
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(iii) molecular adaptations
(iv) biotechnological aspects

thus covering almost all the fields of knowledge in “cold” microbiological
research.

It is certainly not by chance that this book is published during the International
Polar Year 2007-2008, which is the fourth polar year following those in 1882-1883,
1932-1933 and 1957-1958 and involving over 200 projects, with thousands of sci-
entists from over 60 nations examining a wide range of physical, biological and
social research topics. Therefore, this book perfectly matches the current demands
and trends and provides an additional source of information to all those scientists
who are interested in “cold” microbiology.

Last but certainly not least, the editors of this book want to thank all the authors,
who are the leading scientists in the respective field, for having accepted to write a
chapter of this book, even though all these persons are also very busy and highly
solicited scientists. We also thank Springer - Life Sciences, especially Dr. Dieter
Czeschlik and Dr. Jutta Lindenborn, for their continuous support and trust in our
capacity to successfully achieve the editing of this book.

Innsbruck, Austria Rosa Margesin, Franz Schinner
Liege, Belgium Jean-Claude Marx, Charles Gerday
July 2007
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Part I
Boundary Conditions for Microbial Life
at Low Temperatures



Chapter 1

The Climate of Snow and Ice as Boundary
Condition for Microbial Life

Michael Kuhn
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1.1 The source of energy: solar radiation

The Earth’s surface is the place where the biosphere, the atmosphere, the hydrosphere
and the lithosphere interact most extensively. In mountains and polar regions, the
cryosphere adds more facets to this multiple interaction. The biogeochemical
cycles at the Earth’s surface are driven by the vertical exchange of energy and water
locally, and by the horizontal motion of air and water in the global circulation. The
energy absorbed from the incident solar radiation is used to heat the ground, snow,
or water, which in turn heat the overlying air by turbulent convection; to evaporate
water, melt or sublimate ice; and in part is re-emitted as infrared radiation.

Solar radiation, the prime energy source of all climatic and biotic processes, has
a strong daily and seasonal variation in mid and high latitudes. This is best illus-
trated by its reference value, the extraterrestrial irradiance, the amount of energy
that would be received if there were no atmospheric extinction. Daily sums of
extraterrestrial irradiance are displayed in Fig. 1.1 in response to geographical lati-
tude and time of the year. While the tropics have the highest annual sums, the two
polar regions reach the highest daily totals in their respective summers, with
Antarctica receiving more than the Arctic since the Earth is closest to the Sun in the
Austral summer.

Michael Kuhn
Institute of Meteorology and Geophysics, University of Innsbruck, Innrain 52, 6020 Innsbruck, Austria
e-mail: michael.kuhn@uibk.ac.at

R. Margesin et al. (eds.) Psychrophiles: from Biodiversity to Biotechnology. 3
© Springer-Verlag Berlin Heidelberg 2008
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90°N

0° ¢t

90°S

Fig. 1.1 Daily sums of extraterrestrial solar irradiance, the reference amount of energy that would
be received without atmospheric extinction. Values are given in MJ m~ day~' computed for a solar
constant of 1,368 W m™

Extinction by the air and its trace gases and by clouds and aerosols gives it a
change with altitude as well. Global irradiance, the sum of direct and diffuse solar
irradiance, was compiled from records at Austrian stations in Fig. 1.2, as a function
of cloudiness and altitude. There is an increase of global irradiance of the order of
1% per 100m altitude at mean cloudiness, and a decrease by 50% when comparing
cloudless and cloud covered sky at an altitude of 3,000 m.

The maximum daily average of 400W m= in Fig. 1.2 is associated with an
instantaneous maximum of ca. 1,000 W m=2 at noon. 400 W m~ is identical to the
maximum mean daily irradiance reached in the Dry Valleys of Antarctica, close to
sea level, although the solar geometry at that high latitude is very different from that
of the Alps. This daily average amounts to 83% of the extraterrestrial irradiance in
alpine conditions, a fraction that is nearly identical to the 85% found in the central
Antarctic at the time of summer solstice. It is obvious from Figs. 1.1 and 1.2 that
this fraction decreases at lower solar elevations.

A large part of this incident solar radiation is reflected back to the atmosphere. The
broad band albedo of dry alpine or polar snow exceeds 80%, reaching 90% in the visible
and UV parts of the spectrum and dropping to less than 20% in the near infrared; in the
thermal infrared, snow is essentially a black body with an emissivity close to 0.98.

At low angles of solar elevation, as typical for polar regions, forward scat-
tering in the snow increases albedo to values >90%. The albedo of snow and ice
decreases with increasing grain size and increasing liquid water content so that
clean alpine snow that survives into summer displays albedo values between 60
and 70%. The presence of dust or other admixtures reduces the albedo further.

The albedo of ice depends largely on the presence of cracks and air bubbles: typical
clean ice of alpine glaciers would reflect about 40%, dust and dirt covered ice may reflect
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Fig. 1.2 Daily averages of global irradiance at eastern alpine stations, according to altitude and
cloudiness, based on data by Dirmhirn (1964)

as little as the surrounding rocks, i.e. 15-20%. The so-called blue ice of Antarctica has
emerged to the surface after having been subjected to very high pressure in the deepest
part of its trajectory: 1,100m of ice exert a hydrostatic pressure of 100 bars (100 atmos-
pheres), a pressure under which air bubbles become dissolved in the crystal lattice of the
ice. This bubble free, blue ice has the darkest appearance of any naturally occurring ice.

1.2 Distribution of energy: the energy balance of snow and ice

Solar radiation is the prime source of energy for planet Earth. It supplies a global,
annual average of 240 W m~2. Geothermal heat supplied by the hot interior of the
Earth and by radioactive decay amounts to only 60 mW m~2, negligible compared
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to solar radiation, but of vital importance at the base of ice sheets. When discussing
the distribution and balance of energy fluxes, we clearly need to distinguish the
atmosphere, the surface of snow and ice, its interior and its base.

The principle of the energy balance is most clearly and generally demonstrated
for the case of the snow surface, the cryosphere/atmosphere interface. Here, solar (or
shortwave) radiation S{ is supplemented by atmospheric infrared (longwave) radiation
L{ emitted by greenhouse gases, clouds and aerosols, while part is reflected ST, or
emitted from the surface LT. The net value of the four fluxes is called the radiation
balance. The amount delivered, or lost by the surface, is distributed in four ways:

(1) heat supply C to or from the snow by conduction, penetration of solar radiation,
or convection in the pore space of the snow, which all may change the snow
temperature;

(2) turbulent transfer of sensible heat H to or from the atmospheric boundary layer;

(3) turbulent transfer of latent heat of evaporation, sublimation or condensation LE;

(4) the latent heat of melting or refreezing LM.

All fluxes are defined positive if they deliver energy to the surface so that, at the
surface, their total must be zero.

SL+STH+LL+LT+C+H+LE+LM=0

These quantities are usually expressed as energy flux densities in W m=. As they
depend on atmospheric variables that are not locally determined we first need infor-
mation on the local climatic boundary conditions.

1.3 Air temperature: effects of altitude and latitude

The change of temperature and other environmental conditions with altitude in mid
latitude mountains has often been compared to their change with latitude: a 1,000-m
higher altitude in the Alps may roughly be equivalent to a 1,000-km move north-
ward. In the case of temperature, however, the reasons for the decrease with altitude
are basically different from those for the decrease with latitude. If a parcel of dry
air is moved upward, it loses pressure, expands and thereby cools at a rate of 1° per
100m altitude; in the case of moist air, condensation may reduce this figure to 0.6°
per 100m. In both cases, the cooling is the consequence of vertical motion. The
decrease of temperature with increasing latitude, on the other hand, follows from
the decreasing annual supply of solar radiation (Fig. 1.1).

From five pairs of mountain and valley stations in the Eastern Alps, situated
respectively above 1,800 m and below 800 m, typical values of altitudinal temperature
gradients are given in Fig. 1.3.

The low negative values that prevail in alpine winter are primarily due to
temperature inversions above the valley stations. Highest negative values approaching
saturated adiabatic conditions occur in spring with intense vertical mixing of the
atmosphere. Values in Fig. 1.3 are valid for near surface air temperatures; they differ
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Fig. 1.3 Temperature gradients between five pairs of stations in the Eastern Alps; highest, mean,
and lowest values in °C per 100 m

Table 1.1 Mean diurnal and annual temperature ranges at an alpine valley station
(Gastein, 1,100m above sea level) and a mountain station (Sonnblick, 3,200 m)

Location Parameter January July Annual range
Gastein T. O =74 12.5 19.9

T, . (O -1.5 21.1 22.6

Daily range (°C) 5.9 8.6
Sonnblick T, (O -14.2 0.5 14.7

T . (O -12.7 2.7 15.4

Daily range (°C) 1.5 22

from gradients in the free atmosphere. Although based on alpine records, they are
representative for many mountain areas around the world.

Mountain stations generally have smaller diurnal and annual temperature ranges
as illustrated by Table 1.1. This is a ventilation effect due to higher wind speeds at
mountain peaks, i.e. due to relative topography rather than to absolute altitude.

The decrease of temperature with increasing latitude ¢ is very obvious in Fig. 1.4.
The station Decepcidn is situated at sea level on an island at 63° S. It displays the low
annual variation of temperature typical for oceanic situations. The extreme latitude of
South Pole Station (2,800m) does not give it extreme temperatures; it is exceeded by
Vostok Station at 3,400m. The annual range of temperatures increases with latitude and
altitude due to both solar geometry and decreasing cloudiness at continental stations.

The daily range of temperature, on the other hand, is determined by the daily
range of solar elevation which is 2(90 — @), limited by a culmination at 90 — @ + o
where 0 is the solar declination. This means that there is no daily range of solar
elevation and temperature at the poles.
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Fig. 1.4 Mean monthly temperature at antarctic stations, determined by a mix of latitude and

altitude of the locations. Note the coreless winters at South Pole and Vostok. From data by
Schwerdtfeger in Orvig (1970)

The change from polar day to polar night at latitudes beyond the polar circles
(66.5 degrees) causes an asymmetry of solar forcing and an asymmetry in the
annual march of temperature. Figure 1.4 shows how the annual march of temperature
changes from a nearly sinusoidal T(t) at Decepcidn to a so-called coreless winter in
which T reaches low values in April and then slowly decreases to an August mini-
mum at the inland stations South Pole and Vostok.

1.4 Atmospheric humidity and precipitation

Atmospheric humidity is strongly controlled by air temperature, and to a lesser
degree by the distance to the open sea. Table 1.2 gives figures relevant to humidity
and phase transitions in the cryosphere.

Values of saturation vapour density (absolute humidity), and saturation pressure
are given with respect to ice (i) and to supercooled water (w). Cloud droplets may
stay liquid (supercooled) far below 0°C. Statistically, —15 to —20°C seems to be the
modal temperature for the transitions from liquid water to ice in clouds, and super-
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Table 1.2 The change with temperature T of density p, saturation vapour density p *, saturation
vapour pressure e*, specific heat ¢ and latent heat L. Indices i stand for ice, a for air, w for liquid
water, v for vapour, m for melting (data from Linke and Baur 1970 and Brutsaert 1982)

Saturation  Saturation

vapour vapour
Density p density pressure Latent heat
T (kg m=®) p,* (gm™) e* (hPa) Specific heat ¢ (J kg™ K) L (MJ kg™h)
“C) p, R S S ¢, & ¢ L L
+10 1.24 9.39 12.27 4,192 2477
0 9164 129 485 485 6.11 6.11 2,105 4218 1,005 1,846 2.501 0.334
-10 9174 134 214 236 260 2.86 2,030 4,271 2.525 0.312
-20 9183 139 0.88 1.07 1.03 1.25 1959 4,354 2.549 0.289
=30 921.0 145 039 045 038 051 1,884 4,520 2.574 0.264
-40 9220 151 0.12 0.18 0.13 0.19 1,812 4,772 2.602 0.236

cooled droplets have been postulated for temperatures down to —38°C, a limit
which is difficult to prove in real conditions.

It is useful to introduce the terms “temperate ice” which is at the melting point,
and “cold ice” which is below freezing. The melting point is reduced below 0°C by
ambient pressure, by chemical admixtures, and by the radius of curvature of snow
grains in the sub-millimeter range.

From Table 1.1, it is obvious that saturations vapour pressure at 0°C is 47 times
as large as that at —40°C which explains the decrease of atmospheric humidity and
precipitation with latitude. While mean annual accumulation is between 1 and 2m
of water equivalent in the Alps, it is around 500 mm at the Antarctic coast and drops
below 30 mm on the East Antarctic Plateau. A similar, but less impressive, decrease
goes from subarctic mountains to the centre of the Arctic Ocean.

The change of precipitation in the Alps and other mountain ranges is controlled
by altitude and may increase by a factor of three from the dry, screened interior to
the wet, exposed margins at either side of the Alpine range. Screening effects are
best developed in mid-latitude mountain ranges of N—S extent: Scandinavia, Pacific
Coastal Ranges, Chilean Andes, Southern New Zealand.

1.5 The cryosphere: a matrix for life

The total extent, or an inventory of the cryosphere, is of little importance to micro-
biology; rather, it is the availability of solar radiation, liquid water and nutrients
(Kuhn 2001; Psenner et al. 2003). These conditions in turn depend on altitude, latitude,
and on the cryospheric stratum, as there are: seasonal and perennial snow; glaciers,
ice caps and ice sheets; lake and river ice, sea ice; and permafrost and various kinds
of ground ice. These four groups differ primarily in their structure and in their con-
nection to other parts of the biosphere like water and soil, or in their response to
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climatic changes: while the seasonal snow pack receives an atmospheric forcing
first, ground ice or the base of ice sheets are last. The structure of the cryospheric
strata determines the transport of energy, water and nutrients, where both energy
and nutrient fluxes may be connected to liquid water.

Of the four groups, lake, sea and ground ice are frozen water (congelation ice),
while snow and glacier ice is of atmospheric origin (meteoric ice). Airborne crystals
of a large variety of shapes, that are systematically determined by temperature and
supersaturation of atmospheric water vapour, precipitate to build the snow pack at
the Earth’s surface. The original, delicate snow crystals immediately start changing
into rounded grains by what is called destructive metamorphism that transfers
molecules from tips and convex sites on the crystal surface to the grooves and
concave sites. The various stages of transformation are very well illustrated in the
International Classification of Snow on the Ground (Colbeck et al. 1990). The
granular shape makes for a denser packing of the snow, a density of about 300kg m=
being typical for old, dry alpine as well as polar snow.

Early winter snow packs experience heat flow from the ground beneath and heat
loss to the atmosphere from the top layer, which may result in temperature gradi-
ents of several degrees per meter. Associated with the temperature gradient there is
a strong gradient of vapour pressure in the pore space, which induces upward dif-
fusion of water vapour and the build-up of facetted crystals of a size of several mm,
the so-called constructive metamorphism.

In polar snow, in the absence of melting and with weak temperature gradients, the
further growth of snow grains and the final, gradual conversion to ice proceeds slowly.
Under alpine conditions with frequent melt-freeze cycles, the grains become repeatedly
surrounded by liquid water films. In that stage of metamorphism, the melting point
of small grains is lower than that of the larger ones which will attain a modal size of
1-2mm. This is the uniform snow that skiers indulge in, calling it firn in their terminology
(in glaciological terms, firn is the snow that has survived one hydrological year).

The snow matrix in the most general case consists of ice, liquid water, water
vapour, air. It has peculiar properties, being permeable to both air and water flows at
bulk snow densities of up to 830kg m=, and permeable to short wave radiation at any
density. Its pore space, that is the volume not filled by ice, may contain water or gases.
Convection in the pore space may transport latent heat of evaporation/sublimation, and
sensible heat. There is a net radiative transfer of long wave (infrared) radiation from
one pore wall to the opposite wall in a general temperature gradient. There is, of
course, molecular conduction of heat through the snow matrix.

In summary, there are fluxes of air and liquid water through the snow pack, both
including soluble and insoluble impurities. Electromagnetic radiation penetrates
the snow pack, directly in the short wave range and wall-to-wall in the infrared. The
molecular conduction becomes increasingly important in the deeper layers with
increasing bulk density. It is usually formulated as

C=AdT/dz

where the depth z is positive into the ground and C is positive when directed
towards the surface. The thermal conductivity A and the thermal diffusivity K effectively
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Table 1.3 Thermal conductivity A and thermal diffusivity K of snow and ice at various
bulk densities p

Bulk density (p; kg m™)
100 200 300 500 917

Thermal conductivity (A; W m™' K) 0.0003  0.12 0.27 0.74 2.47
Thermal diffusivity (K; 107° m? s™") 0.0014  0.28 0.42 0.70 1.28

include all effects mentioned and thus strongly depend on density and associated
permeability as shown in Table 1.3.

The extinction of solar radiation in snow and ice follows an exponential law
according to

Sl (z) = SL (0) e~

where the extinction coefficient x for shallow layers of dry snow has typical values
of about 10-20m™" for spectrally broad bands (Meirold-Mautner 2004), corre-
sponding to a reduction of the radiation below 10cm of snow to a fraction of 37-14%
of the value incident at the surface. The value of k strongly depends on wave length
so that broad band extinction coefficients are not constant with depth. Extinction is
least for the blue part of the spectrum, giving a blue shade to light that returns
upward from deeper layers or crevasses. (Actually, it is the spectrum of the incident
radiation, the spectral extinctions coefficient and the spectral sensitivity of the
observer’s eye that together give snow its colour.)

1.6 Liquid water in the cryosphere

As liquid water is an essential asset of the biosphere, it is of particular interest to inves-
tigate the conditions under which it may occur in an environment of 0°C or less.

In the atmosphere, there are the supercooled cloud droplets mentioned in Sect. 1.4 that
remain liquid in the absence of a freezing nucleus. Once they touch an ice crystal or
splinter, or any other efficient nucleating agent, they freeze spontaneously. At subfreezing
temperatures, liquid water in contact with solid surfaces has little chance to remain liquid.

At the surface of an ice crystal there is a layer of several molecules thickness
in which the ice molecules are much more mobile than in the deeper layers of the
crystal lattice, the so-called quasi liquid layer. It is best developed at freezing
temperature and solidifies around —5°C. It is vital for the reduction of total surface
free energy in the destructive metamorphism, the rounding of snow grains, as it
allows for a much higher rate of transfer of molecules from the convex to the con-
cave sites on a crystal than would be possible by diffusion in the vapour phase.

Surface melting supplies most of the water found in the snow pack and on the glacier
surface. At an atmospheric pressure of 1,013hPa and with an energy supply of 334kJ
kg™, ice melts when it reaches 0°C, independent of ambient air temperature. Ice may in
fact melt at air temperatures down to at least —5°C and may stay frozen at air tempera-
tures of at least +5°C, depending on micrometeorological conditions (Kuhn 1987).
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Proceeding downwards on a glacier that spans the thermal regime from cold at
the top to temperate at the terminus, one first walks on the dry facies, where melting
never occurs. This is followed by a zone where snow melts at the surface but melt
water does not percolate through the entire annual layer, leaving a dry layer between
layers of refrozen snow. Farther below, melt water percolates the entire annual layer
and refreezes as superimposed ice on the impermeable surface of the ice body. This
form of latent heat transport is the reason why most alpine glaciers below 3,400 m
are temperate in spite of mean annual ambient air temperatures far below freezing.

Below that zone, melting and net ablation of glacier ice prevails. Melt water
produced at the glacier surface penetrates the ice in cracks, crevasses and in the
funnels of moulins and leaves it in a system of braided channels.

Surface melting may produce extended areas of water-soaked firn where algal
growth is promoted and further enhances melting on account of its low albedo
(Meirold-Mautner 2004). When the firn pore space is saturated with melt water, the
surface layer may accelerate downwards as a slush flow or may stagnate and form
supraglacial lakes. These lakes have a lower albedo than the surrounding ice,
absorb solar radiation and heat from the surface and throughout. Thereby, they
attain water temperatures above freezing which are associated with increasing den-
sity up to 4°C. Where in contact with the underlying ice, their water stays at 0°C,
which induces thermal downward convection of warmer, denser surface water and
the positive feed back of enhanced melting.

A variation of this thermodynamic situation is displayed in the cryoconite holes,
a sample of which is shown in Fig. 1.5. The biological importance of these features
was first described by Steinbock (1936) of my home University of Innsbruck and

Fig. 1.5 Cryoconite holes in the ablation zone of an alpine glacier. Note the absorbing sediments
and the circular northern rim caused by the daily march of solar irradiance. The hole on the left
has a length of about 20cm
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has recently received revived interest (Margesin et al. 2002). When insoluble
organic and inorganic particles move in the water film on top of a melting glacier,
they may happen to concentrate and build a dark sediment that absorbs solar radia-
tion at a high rate, heats up and melts down into the ice. The circular shape of the
cryoconite hole in Fig. 1.5 reflects the daily circle of solar radiation and its melting
power. A radially small plaque of cryoconite or a small stone will melt vertically
downward in the top centimeters of the ice; larger bodies like the one displayed in
Fig. 1.5 will have an oblique melt channel of decimeter depth. Absorption of solar
radiation that heats the bottom sediments up to a temperature of 4°C creates stable
layering in the cryoconite hole and thus promotes downward melting.

Yet another thermodynamic situation is seen in the lakes of the Antarctic Dry
Valleys which have a permanent ice cover of 3—6m thickness (McKay et al. 1985).
Here, water is kept liquid under an ice cover that separates it from air of mean
annual temperature of —20°C. This is accomplished by a minor contribution of
geothermal heat and a major energy gain from seasonal, or ephemeral, lateral influx
of melt water from the ice free surroundings (Lewis et al. 1998), comparable in a
particular way to the maintenance of temperate conditions in alpine glaciers versus
an ambient temperature below freezing.

At the base of glaciers or ice sheets, the load of ice exerts an overburden pressure
of 1 bar (10° Pa) per 11 m of ice thickness. The increased pressure in turn reduces
the melting point by 0.76x 107 per Pa so that the pressure melting point below
4,000m of ice is —2.8°C. These are conditions prevailing at a number of subglacial
lakes in Antarctica (Siegert et al. 2001). Regardless of the extremely low surface
temperatures of Antarctic ice, melting at the base of the ice sheet is powered by the
geothermal heat flux which has a global average of 60 mW m=, sufficient to melt
7mm of ice per year, a value that applies to the base of shallow, temperate glaciers
as well.

1.7 Hot spots in the ice

The differential absorption of solar radiation by dark rocks may create isolated
spots of temperatures far above freezing. While cryoconite, sand or small stones
absorb more solar radiation than ice or snow, heat up and melt down into the ice,
large rocks absorb similar amounts of energy per unit surface area, but due to their
thickness have smaller temperature gradients and less heat conduction downward.
Their energy gain is thus used to raise their temperature and, under alpine summer
conditions, this may result in rock surface temperatures in excess of +40°C. One
rock of 2m diameter, protruding 1 m above the surrounding snow surface at 3,000 m
above sea level, was measured with an IR thermometer in early summer in the
Austrian Alps. Its surface temperature rose to 42°C in the early afternoon on its
southerly aspect, and to a similar temperature on its western side about 1 h later.
A profile of surface temperatures from the glacier tongue of Hintereisferner
across the moraine was recorded in late May, with peak temperatures again exceeding
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Hintereisferner

Till

Fig. 1.6 Surface temperatures in the surrounding of the glacier tongue of Hintereisferner in the
Austrian Alps at an altitude of 2,500 m, measured by ground based infrared thermometer at a solar
elevation of 60°. The cross section is approximately 100m long

40°C. The values given in Fig. 1.6 show that wet sand is colder than dry sand as is
to be expected due to the loss of latent heat; rocks in the vicinity of the glacier are
cooler than those farther up due to the cooling effect of the katabatic glacier wind.

1.8 Conclusions

Contrary to common expectations the cryosphere harbors abundant life. While
from the side of the biosphere this is the success of adaptive strategies, the geo-
sphere supports these by environmental conditions that supply light and energy,
provide shelter in and under the snow and ice matrix, and enable the circulation of
nutrients and liquid water.
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figures.
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Chapter 2
Limits for Microbial Life at Subzero
Temperatures
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2.1 Introduction

The limitations of terrestrial life are not well-defined or understood and have
primarily been advanced through exploration and discovery of organisms living in
“extreme” environments where life was not thought possible. Identifying the limits
of life is hampered by our inability to define the essential nature of life, rather than
just describing its properties (organization, energy use, growth, adaptation, response
to stimuli, reproduction). Similarly, until the twentieth century, we could not define
the essential nature of water (a molecule composed of two atoms of hydrogen and
one atom of oxygen joined by covalent bonds), only its properties (colorless, solvent,
liquid at specific temperatures and pressures). Additionally, when examining the
limits of life, defining what is “alive” becomes more difficult. The metabolism of
life is often separated into three classes: growth, maintenance, and survival (Morita
1997). Clearly an organism that is metabolizing actively enough to reproduce itself
exhibits growth and is considered living. But what about organisms that are actively
metabolizing but not reproducing? In this case, energy is consumed for repair and
maintenance of cellular structures to preserve the integrity of the organism, but
cannot sustain reproduction. Maintenance may also allow adaptation and evolution
to changing conditions over very long time spans (other definitions of maintenance
do not generally include evolution). Finally, organisms routinely survive conditions
at which they cannot actively metabolize by forming completely inactive dormant
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states (such as spores) or with very weak intermittent metabolism for the repair of
accumulated damage.

This review is primarily interested in microorganisms that are actively metabolizing
for growth or maintenance, not merely survival, at extreme low-temperature conditions.
Microorganisms that actively live at subzero temperatures must evolve mechanisms to
deal with the accompanying thermodynamic constraints. These constraints include the
reduction of available liquid water accompanied by the formation of ice crystals, lower
rates of catalysis and transport, decreased membrane fluidity, and stabilization of
molecular structures (Cavicchioli et al. 2000). Most of these thermodynamic con-
straints apply to all microorganisms at the lower limits of their growth temperature
ranges; while the most severe constraints affect those microorganisms (psychrophiles)
that grow at the lowest temperatures. Only recently have microbiologists begun to
realize the potential for bacteria to actively survive, and even reproduce, at low tem-
peratures (Graumann and Marahiel 1996; Russell and Hamamoto 1998; Deming 2002;
Bowman 2004). Recent exploration and investigations of low-temperature environments
are redefining the known limits of microbial activity and are fueled by new techniques
and capabilities. This chapter reviews the physical chemical effects of low temperatures
and the activity of microorganisms at subzero temperatures.

2.2 Physical chemical effects of low temperatures

The effects of temperature derive from its essential nature: the energy of motion of
atoms. Temperature is a measure of the average energy of motion (vibration, rotation,
or translation) of the atoms or molecules of a substance. Hence, cool molecules
move, vibrate, and rotate less than hot molecules. Thermal energy promotes phase
changes from solid to liquid to gas, diffusion of molecules within the gas or liquid
phase, and conformation changes of enzymes and their substrates allowing chemical
transformations to occur. As temperature decreases the available thermal energy
(enthalpy) of a system decreases. The effects of temperature on liquid water, reaction
rates, and molecular stability are discussed in the following sections.

2.2.1 Liquid water

Liquid water is essential to life, yet water freezes at the relatively high temperature
of 0°C. Without liquid water, there is no solvent system for enzymes, membranes,
etc., to function in or for substrates to diffuse in. Ice crystals can also pierce cell
membranes causing extensive damage. Liquid water can be maintained below 0°C
by a variety of physical chemical processes, such as: freezing point depression,
ordering effects, supercooling, and pressure (Table 2.1).

In environmental systems, freezing point depression is the dominant process for
sustaining liquid water at subzero temperatures. Freezing point depression occurs
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Table 2.1 Liquid water

Film or vein

T: T, o thickness
°C) °C) System (um) a’ Reference
0 - H,0 n/a‘ 1.0 -
- -1.5 Permafrost 0.015 0.99 Rivkina et al. (2000)
-1.9 - Seawater (3.5% n/a 0.98 -
salinity)
- -3to -5 Lake Vostok accre- 250-1000 0.92-0.96 Price (2000)
tion ice
- -5to—15 Ancient glacial ice 6-12 0.85-0.95 Price (2000)
- -10 Permafrost 0.005 0.9-0.99  Rivkina et al. (2000)
- -15 Sea ice 1-5 ~0.87 Bock and Eicken
(2005)
- =20 Soil 0.005 0.99 Jakosky et al. (2003)
=21 - Saturated NaCl n/a 0.75 -
soln.
=22 - H,0 under n/a 1.0 -
207.5MPa pres-
sure
- -28 Sea ice <1 0.7-0.8 Bock and Eicken
(2005)
42 - Supercooled H,O  n/a 1.0 -
- =52 Don Juan Pond, n/a 0.45 Beaty et al. (2006)
Antarctic; CaCl,
and NaCl brine
- -56 Glacial ice 1-2 <0.67 Price (2000)

aMelting and freezing point temperature; *environmental temperature; “water activity; most values
are estimates based on the solute concentration required to achieve freezing point depression; not
applicable

through the addition of solutes and is proportional to molal concentration. Hence,
seawater (3.5% salinity) freezes at —1.9°C, while a saturated (~30%) NaCl solution
freezes at —21°C. As water freezes, pure water crystallizes first leaving a more
concentrated solution that causes the freezing point to drop further. This will con-
tinue until the solution becomes saturated with solute, at which point further
decreases in temperature result in crystallization of both solute and solvent.
Freezing point depression allows for the presence of thin films of water in soils, sea
ice, and glacial ice down to temperatures of —20, —26, and —56°C, respectively
(Price 2000; Jakosky et al. 2003; Bock and Eicken 2005). Unless significant
concentrations of solutes are present, the thin films present in soils may only correspond
to water adsorbed to the surface of mineral grains and ice crystals.

Adsorbed water has a lower freezing point than bulk water due to ordering
effects associated with being in close proximity to an ordered surface, and can
extend as far as 1 um from the surface (Drost-Hansen 2001). Layers of adsorbed
water may be too thin to allow for the movement of bacteria. However, adsorbed
water may allow the transport of substrates and wastes (Cary and Mayland 1972;



20 C. Bakermans

Ugolini and Anderson 1973). Ordering effects will also influence the freezing of
intracellular water (Mindock et al. 2001). Because liquids require a seed crystal or
nucleus to begin the freezing process, in the absence of nuclei water can be “supercooled”
to temperatures far below 0°C. Microorganisms take advantage of this phenomenon
by preventing nucleation within cells through the use of antifreeze proteins
(Kawahara 2002; Scotter et al. 2006). Increased pressure also reduces the freezing
point, but only slightly, and comes into play primarily beneath ice sheets and
glaciers. Additionally, water need not enter a crystalline state at low temperatures
but can form a glass through the process of vitrification which occurs through rapid
cooling or the addition of substances, such as organic polymers, that prevent the
formation of ice crystals.

Water can remain liquid at temperatures from 0 to —56°C through a variety of
processes. However, whether or not this water is still biologically useful remains
questionable, particularly when only very thin films of adsorbed water remain lig-
uid. The availability of liquid water is often measured as the water activity
(a =rh/100, where rh=relative humidity). Most low temperature environments have
a_ well above the recently proposed minimum water activity capable of sustaining
life, 0.62 (Beaty et al. 2006).

2.2.2 Reaction rates

Reaction rates are particularly hard hit by decreases in thermal energy since rates
decrease exponentially with decreasing temperature as defined by the Arrhenius
equation:

-E

k=AekTT

where k is the reaction rate, A is the pre-exponential term, E is the activation
energy, k, is Boltzmann’s constant and T is the absolute temperature in Kelvin.
Despite the exponential decrease in rates with falling temperatures, bacterial
metabolism does not appear to be limited by low rates. Very low rates of metabolic
activity appear sustainable for long periods of time (10* to 10° years) in various
low-temperature ecosystems (Johnston and Vestal 1991; Sun and Friedmann 1999;
Sowers 2001; Price and Sowers 2004; Tung et al. 2005, 2006). In addition, very
low rates that support significant microbial communities have been reported in
other ecosystems independent of low temperatures (D’Hondt et al. 2004; Lin et al.
2006). Because rates of reaction, diffusion, and chemical degradation decrease
coordinately, bacteria appear to continue metabolizing at low temperatures, albeit
slowly. Despite significant differences in rates between bacterial growth, maintenance,
and survival (several orders of magnitude), metabolic activity capable of sustaining
growth has been extrapolated down to —40°C based on in situ measurements (Price
and Sowers 2004).
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2.2.3 Molecular stability

The decrease in thermal energy of molecules at low temperatures also leads to
increased stability and rigidity. For example, membrane lipids will become less
fluid, while secondary structures of DNA and RNA will become less flexible. As
temperature decreases, proteins will also become less flexible. However, below
a threshold point, cold denaturation of proteins will occur (D’ Amico et al. 2006).
As a general mechanism, cold-adapted microorganisms increase the disorder within
macromolecules to maintain fluidity or flexibility and hence function at low
temperatures (Feller 2007).

At low temperatures, membrane lipids undergo a transition from liquid crystal
to gel phase. As membranes stiffen, embedded proteins cannot function and
transport nutrients effectively, causing starvation (Nedwell 1999; Pomeroy and
Wiebe 2001). When 50-90% of membrane lipids are in the gel phase, bacteria will
stop functioning (Jackson and Cronan 1978; Melchior 1982). Microorganisms can
maintain fluidity of cell membranes at low temperatures by increasing unsatu-
rated lipids, decreasing acyl chain length and branch-chained lipids, or altering
polar head groups and by producing compatible solutes (Russell and Fukunaga
1990). For example, psychrophilic bacteria commonly increase the proportion
of C18:1 and/or C16 fatty acids to maintain membrane fluidity at low tempera-
tures (Russell and Fukunaga 1990; Russell 1997). These fatty acids have very low
melting points: for example, oleic acid (C18:1®9) melts at 14°C, while palmito-
leic acid (C16:1®w7) and linoleic acid (C18:2w9,12) melt at —0.1 and —-5°C,
respectively (Williams and Frausto da Silva 1996). Considering the low melting
points of unsaturated fatty acids, the functional limits of membrane lipids do not
appear to have been reached.

Low temperatures reduce the activity of proteins through decreased flexibility of
protein structure. Thermal energy from the environment fuels the conformational
motions of enzymes that are the basis for enzymatic function. Consider that, “If the
environment is too cold, the enzyme may move so slowly that catalysis no longer
occurs at a metabolically useful rate” (Fields 2001). Cold adaptation of enzymes is
commonly achieved by reducing weak stabilizing interactions (ion pairs, hydrogen
bonds, hydrophobic and intersubunit interactions), increasing solvent interactions
with apolar or interior residues, reducing proline and arginine content, and/or
clustering of glycine residues (Feller et al. 1996; Russell 2000). But have the
low-temperature functional limits of proteins been reached? While in vitro enzyme
activity has been reported at 190°K (Daniel et al. 1998, 2003), very few studies of
the functional limits of cold-adapted proteins at low temperatures have been con-
ducted. A mutation (N288V) of a psychrophilic a.-amylase decreased the melting
temperature but also decreased the activity to half that of the wild-type enzyme, and
the protein was only marginally stable at low temperatures, suggesting that the low-
temperature limits have almost been reached for this enzyme (D’Amico et al.
2001). In contrast, directed evolution of psychrophilic subtilisin S41 created a protein
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that was more active at low temperatures and less thermolabile than wild-type, but
only towards a specific substrate, suggesting that this protein may not have reached
its functional low-temperature limit (Miyazaki et al. 2000). In addition, it could be
argued that, because the specific activity of psychrophilic and mesophilic enzymes
is not always the same at their respective optimal temperatures, adaptation to cold
in psychrophiles is not complete (assuming that mesophilic enzymes are optimized).
Currently, there is insufficient data to determine if further cold adaptation is incomplete
or not possible.

Low temperatures stabilize secondary structures of nucleic acids which will
inhibit the processes of transcription, translation, and DNA replication.
Cold-adapted microorganisms alleviate stress on these processes with specialized
helicases and chaperones (Jiang et al. 1997; Chamot and Owttrim 2000; Phadtare
et al. 2002). To maintain conformational flexibility of functional RNA (transfer and
ribosomal RNA) at low temperatures, cold-adapted microorganisms increase the
dihydrouridine content of tRNA and decrease the GC content of 16S rRNA
(Dalluge et al. 1997; Noon et al. 2003; Khachane et al. 2005). Whether or not
microorganisms have already maximized their capacity to alleviate low-temperature
stress on these processes remains to be determined.

While examining individual biomolecules is useful in defining functional low-
temperature limits, the complex interactions that occur between biomolecules will
certainly contribute to the functional low-temperature limits of cells. Cold-adapted
microorganisms must coordinate the low-temperature functionality of many
biomolecules and their interactions with each other and the environmental. Hence,
by examining the capabilities of microorganisms inhabiting low-temperature
environments on Earth, the functional low-temperature limits of cellular systems
can be explored, while recognizing that the low-temperature capabilities that have
evolved depend on the particular conditions of the environment and selection
pressures experienced.

2.3 Activity of microorganisms at subzero temperatures

A variety of low-temperature environments on Earth such as sea ice, glaciers,
permafrost, and snow have proven suitable for microbial habitation. Exploration of
these environments and the microorganisms that inhabit them is rapidly providing
evidence for microbial activity at subzero temperatures (Table 2.2). While this
review focuses on microorganisms due to their ability to reproduce at low temperatures,
some macroscopic eukaryotes can also actively metabolize at subzero tempera-
tures; for example, activity has been reported in the Himalayan midge at —16°C
(Kohshima 1984). Currently the lowest reported temperature for growth and
reproduction of microorganisms is —12°C (Breezee et al. 2004). Because reproduction
is difficult to measure directly in the environment, current studies on reproduction
at low temperatures rely on laboratory cultures of isolates and standard measurement
techniques such as plate counts or turbidity measurements. Unfortunately, even
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Table 2.2 Activity of microorganisms at subzero temperatures
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T (°C) Activity Method Environment Reference

-9 CO,/CH, production Correlation of cell  Glacial ice Tung et al. (2006)
counts with COZ,
CH, and clay
grains

-10 Cell division Plate counts, turbid- Laboratory culture Bakermans et al.
ity measurement of permafrost (2003)

isolate

-10 Metabolism Incorporation of “C- Arctic permafrost ~ Rivkina et al. (2000)
labeled acetate
into lipids

-11 CH, production Correlation of cell ~ Glacial ice Tung et al. (2005)

-12

-15

-15

-16.5

-18
-18

Cell division

DNA/Protein syn-
thesis

Metabolism

CH, production

Photosynthesis
Metabolism

Respiration
Respiration

Metabolism

Protein synthesis

counts with CH,

Turbidity measure-
ment

Uptake of *H-
thymidine and
H-leucine

Incorporation of *C-
labeled glucose

CH, production
from C-labeled
bicarbonate or
acetate

CO, exchange

Incorporation of
“CO,, release of
CO,

CTC reduction

Resazurin reduction

Oxidation of '“C-
labeled glucose

Uptake of *H-leu-
cine

Laboratory culture
of sea ice isolate

Laboratory cultures
of glacial ice
isolates

Arctic permafrost

Arctic permafrost

Polar lichens
Laboratory cultures
of permafrost

isolates
Sea ice
Laboratory cultures
of permafrost
isolates
Permafrost soil col-
umns
Laboratory culture
of sea ice isolate

Breezee et al. (2004)
Christner (2002)
Gilichinsky et al.

(2003)
Rivkina et al. (2002)

Kappen et al. (1996)

Panikov and Sizova
(2007)

Junge et al. (2004)

Jakosky et al. (2003)

Panikov et al. (2006)

Junge et al. (2006)

under “ideal” growth conditions in the laboratory, reproduction rates at low
temperatures quickly approach long time spans with generation times of several
years predicted for growth at —20°C (Jakosky et al. 2003). Hence, measurements of
microbial activity in low-temperature environments can provide valuable information
on low-temperature capabilities of microorganisms.

Microbial activity has been demonstrated at temperatures from -9 to —20°C via
a variety of techniques. Unfortunately these techniques cannot readily distinguish
between growth, maintenance, or survival metabolism of microorganisms (without
knowing if low rates correspond to maintenance and survival or just long generation
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times). In addition, individual enzymes can have temperature optima well outside
the growth temperature range of their parent organism. Hence, techniques that
measure metabolic processes which require the coordinated activity of many
enzymes and processes will provide more substantial evidence for active metabolism
at low temperatures. Microbial activity at —20°C has been convincingly demonstrated
by several laboratories using different techniques that are measures of coordinated
metabolism. However, the ability of microorganisms to actively metabolize at
temperatures below —20°C remains uncertain. Several intriguing studies describing
activity of microorganisms at temperatures below —20°C have recently been published
(Christner 2002; Junge et al. 2006; Panikov et al. 2006; Panikov and Sizova 2007).

Panikov et al. (2006) sequentially incubated columns containing permafrost
soils that had been thawed to +1°C for the addition of “C-glucose at temperatures
from 0 to —33°C and measured the '“CO, released into air flowing through the col-
umns. Permafrost soil at all temperatures produced two orders more “CO, than
autoclaved controls. However, incubation at individual temperatures was brief (2—7
days) and, at temperatures below —20°C, 14CO2 release decreased with time.
Interestingly, the ratio of “CO, to total CO, released decreased as temperature
decreased. In addition, permafrost soil was shown to release CO, at temperatures
down to —39°C (negative controls were not shown). To control for the release of
trapped CO,, samples were preincubated for 2-7 days at —18°C with CO -absorbing
soda lime. The total CO, released in incubations exceeded the amount of inorganic
CO, present in samples.

In another study from the same laboratory, permafrost isolates were grown on
ethanol mineral medium with microcrystalline cellulose at temperatures from —8 to
-35°C and monitored for both CO, production and "“CO, uptake (released by ignition)
for two months (Panikov and Sizova 2007). At all temperatures, cultures produced
CO, at levels well above the autoclaved controls; however, no sustained activity
was evident at temperatures below —18°C after 3 weeks. Interestingly, the “early”
activity at all temperatures occurred at the same rate for temperatures from —16 to
—35°C. This temperature-independent early activity may be indicative of some
physical chemical process (rather than metabolic activity) or of a burst of metabolic
activity that prepared cells for dormancy.

Junge et al. (2006) examined the uptake of *H-leucine into protein at tempera-
tures of +13 to —196°C using laboratory cultures of Colwellia psychroerythrea, a
sea ice isolate. Uptake of *H-leucine into the protein fraction of cells was seen at
all temperatures and enhanced by the addition of exopolysaccharides (EPS). No
significant activity was seen in TCA (trichloroacetic acid)-killed or heat-killed controls,
samples with chloramphenicol or sodium azide, Escherichia coli, samples with
only EPS, or time zero controls (which included the quick-freeze and thawing
steps). Vitrification, as mediated by EPS and flash-freezing in liquid nitrogen, may
be essential to maintaining enzymatic activity at such extreme low temperatures.
Interestingly, saturation of enzyme-mediated uptake into TCA-insoluble material
occurred at 8h for samples at —80 and —196°C (saturation was reached in 2h at
—1°C and 12h or less at —20°C). As in Panikov and Sizova (2007), rates were
temperature-independent below —15°C.
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In contrast, Daniel et al. (1998) demonstrated that the activity of a glutamate
dehydrogenase did not deviate from Arrhenius behavior at temperatures from +77 to
—83°C and Christner (2002) reported no significant activity at —=70°C when examining
SH-thymidine and *H-leucine incorporation at —15 and —70°C into strains of
Psychrobacter and Arthrobacter that were isolated from Antarctica. Incorporation of
3H-thymidine and *H-leucine into the TCA-insoluble material occurred only at —15°C
and not in TCA-killed controls, at —=70°C, or with antibiotics. The maximum incor-
poration of leucine or thymidine at 15°C was evident at ~50 days of incubation.

These studies present tantalizing data that may suggest microbial activity at
temperatures below —20°C and await replication and verification by other research-
ers. Certainly, it has long been recognized that extreme low temperatures are not
lethal to organisms; cells are routinely preserved with cryoprotectants at —196°C in
liquid nitrogen. More research is needed to understand what is occurring in these
systems, what factors enhance low-temperature activity, and how to interpret the
temperature-independence of activity below —15°C.

2.4 Conclusions

The functional limits of biomolecules and active metabolism at low temperatures
remain ill-defined and understudied. Individually, biomolecules appear capable of
function at extreme low temperatures. However, the functional limits of biomolecules
within complex systems may vary drastically. Currently, the functional low-
temperature limits of cold-adapted microorganisms are —12°C for reproduction and
—20°C for metabolism. The availability of liquid water appears to be the major
growth-limiting factor at subzero temperatures.

The low-temperature adaptations and capabilities evolved on Earth may or may
not represent the true functional low-temperature limits of terrestrial life, because
these adaptations are highly dependent on the particular conditions of the environment
and selection pressures experienced. For example, cold adaptation may be limited
by time due to slow rates and/or the persistence and pervasiveness of low-temperature
environments on Earth. Many modern low temperature environments are young (on
a geologic or evolutionary time scale): Siberian permafrost began forming only 3
million years ago (Mya), while the permanent Antarctic ice sheet developed only
15 Mya (Gilichinsky et al. 1992; Barrett 2003). Just 55 Mya the global climate was
warm enough for polar sea surface temperature to reach 23°C (Sluijs et al. 2006).
While other low-temperature epochs are evident in the geologic record (34, 150,
300, 450, 600, and 730 Mya), low-temperature adaptations that evolved during
glacial periods may or may not be preserved during warm periods.

Growth at extreme subzero temperatures happens slowly (relative to human life
times and attention spans). Arctic lichens may be 3,700 to 9,000 years old, while
Antarctic cryptoendoliths and microbes trapped in glacial ice have carbon turnover
times of ~10,000 and ~100,000 years, respectively (Denton and Karlen 1973;
Friedmann et al. 1993; Tung et al. 2005). Hence, new measurement techniques
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must be devised and data carefully interpreted. A geology-based approach, using
stable isotope techniques (Sowers 2001) or concentration gradients of substrates
and metabolic products (D’Hondt et al. 2004), may be needed to measure very slow
rates and long-term productivity at subzero temperatures. Reliable indicators of
historical in situ temperature conditions will also be needed. Quantifiable definitions
of growth, maintenance, and survival are required that can account for low temperatures,
low nutrient concentrations, low diffusion rates, and low reaction rates. Microbial
metabolism (whether continuous or sporadic) needs to be active enough to counter
chemical degradation (such as amino acid racemization) and other damage (such as
from background radiation). However, reproduction may not be necessary if
adaptation and evolution are still possible; after all, why produce a competitor when
nutrients and energy are scarce? The continued exploration of low-temperature
environments and cold-adaptation will answer many of these questions and
substantially increase understanding of microbial activity and life at subzero
temperatures.
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Chapter 3
Bacteria in Snow and Glacier Ice
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3.1 Introduction

By definition, the cryosphere is the portion of the Earth where water is in solid form
as snow or ice. It includes vast areas of sea ice, freshwater ice, glaciers, ice sheets,
snow cover and permafrost. Because of the extremely harsh climatic conditions,
these frozen environments had been considered for a long time to be devoid of life
or serving merely as repositories for wind-transported microorganisms trapped in
the ice (Cowan and Tow 2004). However, the increasing number of recent studies
on the microbial ecology and diversity of natural ice samples have changed this
view. Although still limited, they have shown that permanently frozen environments
harbor abundant, live and diverse microorganisms that may be detected and recovered
by cultivation. Priscu and Christner (2004) calculated the total number of bacterial
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cells in the Antarctic and Greenland ice sheets to be 9.61x10%, which corresponds
to a significant carbon pool of 2.65x10=* Pg (1Pg = 10" g) and represents a
considerable reservoir of microbial diversity. At present, the cryosphere is important
not only as an integral part of the global climate system but as one of the major
habitable ecosystems of Earth’s biosphere and as the best analogue for the search
of extraterrestrial life. This chapter presents the current knowledge about the detec-
tion, diversity, survival and activity of bacteria in snow and glacier ice. Because this
topic has been previously reviewed (Priscu and Christner 2004; Cowan and Tow
2004; Priscu et al. 2007), the focus here will be to outline major earlier findings and
to present the most recent advances in glacier ice and snow microbiology.

3.2 Characteristics of snow and glacier ice
as microbial habitats

Snow and glacier ice are interrelated ecosystems because glacier ice is formed from
snow as a result of gradual compression and burial for hundreds of thousands of
years. Snow by itself is a significant climatic and ecological system that may cover
35% of the Earth’s surface permanently or for varying times during the year. Dust
particles, containing bacteria, viruses, fungi, small protists, pollen grains, seeds and
plant and insect fragments, originating from different places around the globe, are
carried by winds and deposited with snow on the surface. This eolian material varies
in content and quantity depending on climate and creates different local snow
ecological systems, characterized as dynamic nutrient and microbial reservoirs
(Jones 1999). Microorganisms inhabiting snow ecosystems are usually exposed to
high light and UV irradiation and seasonal temperature fluctuations.

Glacier ice is a unique ecosystem preserving microbial life and past climate
changes chronologically for hundreds of thousands of years. Most of the glacier ice
on Earth is represented by the ice sheets of Greenland and Antarctica corresponding
to about 10% of Earth’s terrestrial surface and containing 77% of the fresh water
on the planet (Paterson 1994). Together, polar plus temperate glaciers on other
continents cover an area of 15,861,766km? (Priscu et al 2007). In China, there are
more than 46,000 glaciers (Zhu et al. 2003) and most glaciers on the Tibetan
plateau are at altitudes higher than 5,000m. Glacier ice depths range from few
hundred meters to 3—4km with a gradual increase of temperature with depth. For
example, at the South Pole it ranges from about —50°C on the surface to —6°C to
—10°C in the deepest layers (Price et al. 2002).

Many studies have concentrated on the formation, structure, geochemistry and
dating of ice sheets and glaciers, which are beyond the focus of this review.
However, two studies should be mentioned as an attempt to view the physicochemi-
cal characteristics and structure of the polycrystalline glacier ice as a microbial
habitat. Price (2000) and recently Mader et al. (2006) calculated vein sizes and
chemistry and showed that the total molarities in the liquid veins at ice grain inter-
junctions are in the range typically used in laboratory media and contain variable
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substrates that can facilitate bacterial metabolism and survival. Price (2007) distin-
guished two types of habitats in glacier ice: the liquid veins and the thin liquid film
on the surfaces of mineral grains.

Although microbial cell numbers in clear glacier ice are generally low (10* to
10* ml™"), they have been found to fluctuate with depth, with a major role in these fluc-
tuations attributed to the insoluble mineral particles, which are considered the main
carriers of microbial cells (Abyzov et al. 1998a). In contrast, the basal ice at the
bottom of terrestrial glaciers and ice sheets represents a specific glacial environment
containing much higher concentrations of microorganisms, mineral grains, gases,
organic and inorganic ions (Price 2007). Sheridan et al. (2003) detected 107cells
ml™! in the basal Greenland ice (GISP2) that could have originated either from
eolian deposition as in other glaciers or from the underlying bedrock. This layer of
ice between 3,040 and 3,053 mbs (meters below surface) has a high load of
mineral grains that were suggested to provide the nutrients and conditions for
metabolic activity of the numerous microbial cells attached to their surfaces (up to
10° ml~") (Tung et al. 2006). Similarly, the basal ice of a high Arctic glacier had 100uM
dissolved organic carbon (DOC), compared with 24 UM in the glacier ice, as well
as other distinct chemical and physical characteristics (Skidmore et al.2000; Bhatia
et al. 2006). DOC in the clear Vostok ice ranges from 4x1077 to 7x10”7 M
(Priscu et al. 2007).

Another specific microbial habitat existing on the surface of glacier ice are the
cryoconite holes, named by the Swedish explorer A.E. Nordenskjold during his
1870 Greenland expedition (“cryo” meaning ice and “conite” meaning dust).
Cryoconite holes are vertical cylindrical melt holes on the ice surface which have
a thin layer of dark colored material at the bottom and are filled with water. The
formation and structure of cryoconite holes have been reviewed in detail (Wharton
et al. 1985; Cowan and Tow 2004). Briefly, they are formed by small particles of
debris that absorb more solar radiation than the surrounding ice, and melt down-
wards at a faster rate. They have been found on the surface of polar and non-polar
glacier ice in many parts of the world. Most cryoconite holes are open systems to
the surrounding environment. In contrast, cryconite holes in Antarctic Dry
Valley glaciers are covered by an ice lid, up to 30 cm thick, which isolates them
from the environment and from the atmosphere (Porazinska et al. 2004).
Cryoconite holes have been suggested to play an important role in glacier ecosys-
tems because they contain abundant populations of active living organisms (Wharton
et al. 1985). Since each one of these mini-environments is usually spatially sepa-
rated, cryoconite holes are drawing significant attention as model systems for
microbial activity and adaptation to cold.

All mentioned ecosystems are characterized by variable environmental factors
that control the survival and persistence of microbial organisms and, hence, their
diversity and metabolic activity. The growing interest in studying glacier ice and
snow as microbial habitats may lead to exciting new discoveries and provide valua-
ble information on the microbial diversity, the mechanisms for long term survival
and activity of microbial cells at subzero temperatures, and the origin, evolution
and limits of life on Earth and possibly on other planets.
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3.3 History of detection of microorganisms
in glacier ice and snow

Although microorganisms had been found in glacier ice and other frozen environ-
ments long ago (McLean 1918; Darling and Siples 1941; Straka and Stokes 1960),
it was not until the pioneering works of Abyzov on the deep ice over lake Vostok in
Antarctica in the late 1980s that the interest in ice microbiology was renewed. These
authors studied ice core samples from the surface to 3,000m depth (over 240,000
years old) using microscopy, cultivation and *C labeled substrates and found viable
cells of different sizes and shapes at relatively low concentrations (10% to 10* cells
ml™) (Abyzov et al. 1982, 1993, 1998a, 1998b). Interestingly, the fluctuations in the
cell numbers were related for the first time to mineral particles content and climate
changes with higher number of dust particles and cells occurring during colder periods.
Later, a comprehensive study of glacier ice core samples from different
geographic locations, ranging in age from 5 to 20,000 years, performed by Christner
et al. (2000, 2002), showed that diverse bacteria can be successfully recovered.
Furthermore, the same authors obtained isolates from 420,000-year-old Vostok
accretion ice (Christner et al. 2001) and from a 750,000-year-old ice core (the most
ancient to date) from the Guliya ice cap in Tibet (Christner et al. 2003b). These
results point to the important issue of long-term microbial survival that is pertinent
to previous terrestrial glaciation periods such as snowball Earth.

3.4 Trapped and dormant or actively metabolizing?

One question has drawn significant recent interest to the unique and vast glacial
environment: Do microbial cells simply survive trapped frozen in glacial ice for
hundreds of thousands of years or are they metabolically active and responsible for
certain natural processes? Although this question is still unresolved, and probably
varies for different sites and organisms, it is now assumed that at least some cells
have survived due to their ability to carry on metabolic activity with or without
reproduction or persist during long periods of dormancy by maintaining low levels
of activity to support macromolecular damage repair.

It was first proposed by Price (2000) that thin liquid veins exist between ice
crystals in ancient polar ice that can provide water, energy and carbon to microbial
cells. Accordingly, the supply of organic carbon in the veins was calculated to be
sufficient to maintain a small population (10-100 cells ml™!) for up to 400,000
years. Additional data have accumulated in support of this hypothesis including
microscopic observation of cells partitioned in veins and demonstrations of micro-
bial activity at different subfreezing temperatures down to —39°C (Christner 2002b;
Bakermans et al. 2003; Junge et al. 2003, 2004, 2006; Panikov et al. 2006). These
findings raise another important question about the lowest temperature limits for
life. Price and Sowers (2004) analyzed the temperature dependence of metabolic
rates for microbial growth, maintenance and survival and found no evidence for a
minimal temperature threshold for metabolism.
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3.5 Methods for microbial analysis of snow and glacier ice

3.5.1 Sampling and decontamination methods

Studies of snow and glacier ice are challenging for several reasons. First, samples of
snow and ice from non-polar mountainous regions are collected from remote, logis-
tically difficult places. Sampling polar ice is even more difficult because the drilling
process is slow and requires expensive equipment. In addition, the ice cores from
Antarctica and Greenland, available for microbiological studies, were drilled long
ago without taking precautions to prevent contamination. Given the recent increased
interest in studying microbial populations immured in glacier ice, it is important to
demonstrate that the microorganisms are truly indigenous to the corresponding ice
sample. In order to obtain reliable and authentic results, different decontamination
procedures have been developed, including physical removal of the outer surface and
aseptic subcoring, and washing with sodium hypochlorite, ethanol, HCl, NaOH or
H,0,, followed by gradual melting. Recently, Christner et al. (2005a) reviewed the
existing decontamination methods and pointed out the importance of developing
strict criteria for assessment of the authenticity of microbiological results obtained
from ice core material on Earth and the implication for future studies with samples
from Mars and other planets. Similar issues were discussed by other authors (Rogers
et al. 2004, 2005; Willersev et al. 2004b) and at the workshop “Life in Ancient ice”
in 2001. It has been strongly recommended that any future deep ice core drilling
should be performed with the participation of microbiologists, who can use new
chemical and fluorescent tracing techniques (Haldeman et al. 1995; Smith et al.
2000; Juck et al. 2005) to test the degree to which external microbes may penetrate
the interior of the core during the drilling process and post-core relaxation. Finally,
attention was drawn to the importance of the fluids used for drilling that may pene-
trate the ice potentially causing contamination and eventually changing the composi-
tion of the microbial population (Jepsen et al. 2006).

3.5.2 Methods for enumeration and morphological
characterization

Microscopic studies using both fluorescent and scanning electron microscopy were
the first to show the presence of microbial cells of varying size and shape in the
deep Vostok ice (Abyzov 1993; Karl et al. 1999). They also helped to estimate the
relatively low abundance of cells in clear glacier ice. These initial observations are
impressive, since these cells had been preserved in the ice for hundreds of thousands
of years. More recently, novel electron microscopic approaches combined with
image analysis, as well as environmental scanning electron microscopy, atomic
force microscopy and spectrofluorometry, have been used to study the size, shape
and chemical nature of the ice mineral particles, detect autofluorescence and
differentiate live and dormant microbial cells (Bay et al. 2005; Royston-Bishop et al.
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2005; Vorobyova et al. 2005; Tung et al. 2006). Flow cytometry, combined with
specific cell staining, has certain advantages and future potential for enumerating
cells and determining cell size distribution in glacier ice and snow (Miteva et al.
2004; Miteva and Brenchley 2005; Liu et al. 2006; Priscu et al. 2007).

Viability tests are particularly important when studying frozen environments
because the cells may be dead, or in dormant, viable but not culturable state, or
partially damaged, although still retaining viability characteristics such as active
membrane potential, cellular integrity and capacity for metabolic activity.
Because very few microorganisms from natural samples can be cultivated, alterna-
tive methods for determining viability have been developed. They include various
approaches for assessing cellular integrity and activity, such as specific
cytochemical staining procedures, various molecular analyses of DNA, mRNA
and detection of respiration (Keer and Birch 2003). Nevertheless, it is also possi-
ble that cells may be recalcitrant to the test method. Despite the availability of a
range of cellular and molecular methods for assessment of bacterial viability, no
one is universally appropriate and the application of several methods has been
recommended.

3.5.3 Culture independent methods

It is well established that less than one percent of the microbial organisms present
in most ecosystems can be cultivated (Amann et al. 1995). Thus, the composition
of microbial communities cannot be accurately described without the use of culture
independent methods, such as sequence analysis of 16S rRNA gene clone librar-
ies, different rrn operon and whole genome fingerprint techniques, FISH and
dot-blot hybridization, DNA microarray and real-time PCR of functional genes,
and most recently metagenomic approaches. This significant array of molecular
methods is increasing and creating new ways to study the microbial physiology,
while linking phylogenetic diversity with potential metabolic functions within an
ecosystem.

Molecular analyses of snow and glacier ice populations have been hampered
by the availability of relatively small volume samples and the difficulties of
lysing cells and obtaining DNA. This is particularly valid for deep glacier ice
cores. In addition, the estimated extremely low number of microbial cells in
most glacier ice cores, ranging from 10* to 10* ml~!, limits the sufficient quantity
and quality of extracted DNA for further cloning experiments. Our experience,
using Vostok and Greenland ice core samples with low biomass, showed that it
was difficult to obtain DNA yields that could be detected by conventional
methods (unpublished). Such variable extraction efficiencies affect downstream
experiments leading either to lack of PCR amplification or to PCR biases.
These problems may be overcome using new technologies such as whole
genome amplification. It is worth noting that using molecular methods based on
PCR has the advantage of detecting DNA from live, dead, dormant or damaged
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cells, thus giving a better representation of diversity. In addition, the constant
low temperature in permanently frozen environments is believed to provide the
ideal conditions for long-term preservation of nucleic acids due to significant
reduction of the rate of molecular degradation (Willersev et al. 2004b; Willersev
and Cooper 2005).

3.5.4 Cultivation methods

Considering the difficulty of cultivating organisms from environmental samples, it
is not surprising that obtaining isolates by direct plating from frozen samples has
been especially challenging. This very low culturability has been attributed to the
extreme conditions in these environments, where cells may be dormant, damaged
or simply not capable of growth on the media used. The big challenge is to elabo-
rate new non-traditional cultivation methods. One rule of thumb when performing
cultivation experiments has been to consider and mimic the in situ conditions, such
as ambient temperature, water, nutrient and oxygen availability and possible geo-
chemical gradients. Known cultivation strategies include extensive dilutions, use of
natural substrates, miniaturization of the culturing process and consideration of
slow growth.

Reports of successful recovery of isolates from frozen environments indicate
that most researchers used typically low nutrient media such as R2A or diluted rich
media, as well as several months long incubations at relatively low temperatures
(Christner 2002a; Christner et al. 2003b; Zhang et al. 2002; Miteva et al. 2004;
Xiang et al. 2005). Most authors observed much faster subsequent growth of the
isolates suggesting that cells needed long periods for initial recovery of their growth
abilities. It has been shown that initial liquid media incubations significantly
increased the number and diversity of recovered isolates (Miteva et al. 2004). The
anaerobic incubation of these liquid cultures was particularly efficient, which
possibly permits dormant or damaged cells to avoid oxidative stress while recovering
their ability to form colonies. Another approach, applied to glacier ice samples, is
amendment of samples with medium, which possibly provides some unique
compounds or microelements not present in the cultivation media (Skidmore et al.
2000; Zhang et al. 2002).

The selective fractionation of the microorganisms in a sample before cultivation
may change the complexity of the recovered population. For example, eliminating
larger cells by filtration may result not only in enrichment for small cells but possi-
bly permit growth of cells otherwise inhibited by some metabolic products of larger
cells. Such a filtration—cultivation strategy, applied to a GISP2 ice core sample,
significantly increased the total number of cultured isolates, with higher diversity
in filtered cultures dominated by Proteobacteria (Miteva and Brenchley 2005).

Itis clear that no single approach can provide a complete unbiased picture of the diversity
of microorganisms inhabiting a particular environment. By applying a polyphasic strategy
in assessing diversity, the objectivity of a study may be significantly increased.
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3.6 Diversity of bacteria in glacier ice

Results from studying glacier ice bacteria using a variety of methodological
approaches have provided different yet complementary data on their morphologi-
cal, phylogenetic, physiological and functional diversity.

3.6.1 Morphological diversity and size of glacier ice bacteria

The distribution of cells by size and shape is part of the structural diversity of natu-
ral ecosystems. Size and shape are important characteristics because bacterial cells
depend on diffusion mediated nutrient import. Adaptation to changes in nutrient
fluxes has led to a variety of morphological changes that may improve the surface
to volume ratio, attachment, or motility. The issue of bacterial size and shape is
relevant to ice microbiology because of the extremity of environmental factors
imposed on the cells during their transport, deposition and long term persistence in
frozen matrices. A significant morphological diversity is usually observed
in glacier ice samples (Fig. 3.1). Abyzov et al. (2005) searched for common
morphological features of microorganisms in Vostok ice. They found that morphological
diversity in horizons with lowest cell concentration and low levels of organic
carbon was restricted to micrococci and very short rods. In addition, some typical
morphological features of the microorganisms were related to their taxonomy, indi-
cating the presence of cyanobacteria, actinomycetes, fungi, Caulobacter-like and
Cytophaga-like organisms. In this connection, a recent comprehensive review
(Young 2006) discusses the selective value of bacterial shape and comes to the
conclusion that cell morphology is a meaningful selectable trait that can even be
charted in evolutionary scale. Different factors control cell size and shape by
preventing/favoring evolution to a smaller or a larger size or to different shape
variations.

After the postulation of the existence of liquid veins among ice crystals by Price
(2000), the question of whether these veins could be occupied by bacteria was
explored with aspect to cell size. Based on calculations and microscopic image
analyses, Mader et al. (2006) demonstrated that the partitioning of bacterial cells in
the narrow water-filled veins between ice grain boundaries depends strongly on
their size. Only cells smaller than 2um would be predominantly excluded to the
vein and possibly become metabolically active, while larger cells would stay
trapped within ice crystals. These results are consistent with previous findings of
very small bacterial cells in ice samples. Karl et al. (1999) found small coccoid
(0.1-0.4um) and thin rod shaped cells (0.5-3um). Priscu et al. (1999) observed
similar small cells in Vostok ice. Studies of a 3,043-m-deep Greenland ice core
sample also revealed that the majority of the cells were smaller than 1 um in diam-
eter (Sheridan et al. 2003). The successful application of a filtration—cultivation
procedure for recovery of these ultra-small cells from the same ice core samples
resulted in obtaining phylogenetically diverse isolates that passed through 0.4 um
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Fig. 3.1 Scanning electron microscopic (SEM) images of microbial populations, present in a
3,043-m-deep Greenland ice core sample: A,B small sized cells of different morphologies and a
diatom fragment with smaller cells attached to its surface in the melted ice; C,D thin filamentous
and small coccoid cells in a 50-day-old liquid medium culture along with thick filaments and cells
with unusual structure; E glacier ice isolate (Cryobacterium) with pleomorphic cell shapes; F
glacier ice isolate (Sphingomonas) embedded in extracellular material. (Photo credit: V. Miteva)

and 0.2 um filters and retained their small cell sizes after re-cultivation (Miteva and
Brenchley 2005). Many were phylogenetically novel and belonged to the class of
ultramicrobacteria. Free-living ultramicrobacteria have been found to be dominant
in many natural habitats and are considered to be better adapted to oligotrophic
conditions and occupying micro-environments, e.g., the liquid veins in ice. The
isolation of novel ultramicrobacteria may be useful for studying their unique
physiological and genetic properties and help understand the ecological role of this
distinct class of microorganisms, how they contribute to total biomass and
geochemical cycling. Defining the theoretical limits of cell size is as important as
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defining the lowest temperature limits of life with regard to the origin of life on
Earth and the search for life elsewhere.

3.6.2 Bacterial diversity detected by culture independent methods

Because of the methodological constraints, mentioned earlier, very few studies have
succeeded in characterizing the bacterial diversity directly in melted ice samples.
Christner (2002a) constructed clone libraries using bacterial and universal 16S rRNA
gene primers to PCR-amplify DNA extracted from several glacier samples from different
geographic locations including a 500,000-year-old ice from Guliya, China, and found
16S rRNA gene sequences related predominantly to Proteobacteria. Similar dominance
of proteobacterial sequences, followed in number by Cytophaga—Flavobacterium—
Bacteroides (CFB), was detected in three 16S rRNA gene clone libraries constructed
from different depths of the Malan ice core, Tibetan plateau (Xiang et al. 2004). Four of
the sequences were suggested to represent new genera of Proteobacteria.

Clone libraries of 16S rRNA genes have been constructed not only directly from
glacial ice samples but also from liquid cultures. Sequences related to Proteobacteria
together with members of the Thermus, Bacteriodes, Eubacterium and Clostridium
genera were found in anaerobically incubated cultures from the deepest ice from
GISP2 (Sheridan et al. 2003). Among those were four possible representatives of
new species, seven of novel genera and one possibly of a new order. Another molec-
ular method, PCR of 16S-23S rRNA gene spacers, found useful application in this
study for monitoring dynamic population changes in different enrichment cultures.

Denaturing gradient gel electrophoresis of 16S rRNA gene PCR products was
used to assess the vertical profiles of bacterial population DNA structure in the
Puruogangri ice core, Tibet (Zhang et al. 2006c). The high bacterial diversity,
estimated by image cluster analysis and calculations of Shannon indices, was
positively correlated to Ca?* concentration, which is a good proxy of dust.
Similar to the earlier observation of Abyzov et al. (1998a), these authors
concluded that more bacterial species are deposited during cold periods, when there is
intensified atmospheric circulation and increased airborne dust particles. Such conditions
are suggested to decrease desiccation and increase the likelihood of bacterial
survival.

3.6.3 Recovery and characteristics of bacterial isolates
Jrom glacier ice

Though highly challenging, the process of recovery of bacterial isolates from
glacier ice has been fairly successful with a growing number of reports from new
polar and non-polar sites. One common observation deserves special attention:
Interestingly, different research groups have obtained isolates from geographically
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diverse glacier samples following different decontamination and cultivation proce-
dures yet, nevertheless, the dominant bacterial genera currently reported are
remarkably similar, including representatives of high and low G+C Gram positives,
Proteobacteria and CFB.

One of the first comparative studies of the bacterial diversity of six glaciers of
different age and from different geographic locations, performed with the same
sampling and analytical approach, led to several important conclusions:

(i) ice cores from low-latitude, high altitude glaciers contained more recoverable
bacteria than polar ice cores presumably because of their close proximity to
terrestrial biological sources of airborne material,

(ii) the number of recoverable isolates did not correlate with the age of the ice (5—
20,000 years), consistent with episodic deposition of bacteria;

(iii) more isolates were related to sporeforming and non-sporulating Gram-positives
than to Proteobacteria and CFB;

(iv) the relatedness of some isolates to species, previously isolated from other cold
environments, suggested common features facilitating their survival (Christner
2002a; Christner et al. 2000, 2002).

In one way or another most subsequent reports on obtaining isolates from glacier
ice have presented similar conclusions. Members of the Proteobacteria, high and
low G+C Gram-positive bacteria and the CFB group were predominantly isolated
from the deep Greenland ice and from several glaciers from the Tibetan plateau
(Christner 2003b, 2005b; Miteva et al. 2004; Xiang et al. 2004, 2005).

At present, there are more than 700 16S rDNA sequences retrieved from glacier ice
in the GenBank database, including nearly 400 from isolates. Although these isolates
were obtained from different glacier ice core samples using diverse cultivation meth-
ods, their tentative grouping in the major bacterial phylogenetic groups shows similar
distribution (Fig. 3.2) with dominance of high and low G+C Gram positives, followed
by Proteobacteria and CFB. The complex cell wall of Gram-positive bacteria could

CFB
High G+C Gram positives

Protecbacteria

Low G+C Gram positives

Fig. 3.2 Summary chart grouping 350 16S rDNA sequences of isolates from polar and non-polar
glacier ice samples, available in the GenBank database
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explain resistance and ability to survive. The most commonly identified genera are
Arthrobacter, Frigoribacterium, Rhodococcus, Exiguobacterium, Sphingomonas,
Methylobacterium, Acinetobacter, Janthinobacterium, Chryseobacterium.

The consistency of obtaining similar isolates suggests that these species may have
features conferring resistance to freezing and extended survival under frozen condi-
tions (Christner et al. 2000). Certainly, sporeforming bacteria may be expected to
survive for thousands of years. Abyzov et al. (1998a) detected sporeforming bacteria
microscopically but did not observe spores and even suggested that vegetative cells
of sporeformers might be more resistant to long term low temperatures exposure.
Bacilli were the most numerous isolates from all ice core samples from the Malan
glacier, Tibet (Yao et al. 2003). Interestingly, they were recovered from Greenland
basal ice only after a selective filtration and 18 months incubation, which was
explained by possible elimination of some inhibitory substances or effect of other
factors allowing spores to germinate (Miteva and Brenchley 2005). Finally, a recent
study of the long term persistence of bacterial DNA in permanently frozen environ-
ment suggested that bacterial sporeformers may not be the most durable types of
bacteria compared with non-sporeforming Actinobacteria (Willersev et al. 2004a).

Attempts were made to analyze the spatial distribution of culturable bacteria in
the Himalayan East Rongbuk glacier and relate it to seasonal atmospheric circulations
(Zhang et al. 2006b). Comparisons of four samples representing the four seasons
showed highest number of culturable bacteria (7 cfu ml™') in the sample deposited
during the premonsoon season, a period consistent with the highest atmospheric
dust load. At the same time, although lower in number, the isolates from the sample
corresponding to the monsoon season were more diverse, as explained with both
marine and continental origin of the air masses.

The important conclusions from these studies based on 16S rDNA sequence
analysis of glacier isolates are also valid for other terrestrial and marine frozen
environments. The relatedness of isolates obtained from different in age and
geographic location ice samples has been explained with a ubiquitous distribution
of certain bacterial species in cold environments and similar adaptation strategies
allowing them to survive in the cold. However, these could just be the species most
easily cultivated. More studies are needed to understand the exact adaptation
mechanisms that help them survive the extreme stress of low temperature, low
water, oxygen and nutrient availability, and high pressure for extended time
periods. Because 80% of Earth is cold with temperature below 5°C, it is reasonable
to assume that adaptation to cold environments was evolutionarily necessary.

3.7 How different are bacteria in glacier ice
and cryoconite holes?

Cryoconite holes are considered as eutrophic (nutrient-rich) habitats in the generally
oligotrophic habitat of ice and melt waters (Margesin et al. 2002). One difference
from glacier ice is that the microbial communities present in cryoconite holes are
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more abundant and more diverse, containing a wide range of bacteria, algae,
diatoms and metazoa, organized in relatively complex food webs. Another specificity
is that photosynthetic cyanobacteria are the most active part of the communities,
especially during the summer, and their activity is the driving force of cryoconite
hole processes (Sawstrom et al. 2002; Stibal et al. 2006).

Cyanobacterial photosynthesis is an important source of organic carbon needed
for the heterotrophic processes. Based on calculations of the photosynthetic rates
(0.63—-157ug C 17! h™!), the abundance of organic debris and mineral material and
the significant diversity of the cryoconite communities, it has been concluded that
considerable carbon fixation and nutrient cycling occur (Sawstrom et al. 2002).

Previous studies have highlighted the physicochemical characteristics, structure
and formation of cryoconite hole ecosystems. More recent studies relate microbial
diversity with primary productivity and biogeochemistry and expand the studied
sites to different geographic locations in Arctic, Antarctic and Alpine glaciers
(Sawstrom et al. 2002; Margesin et al. 2002; Porazinska et al. 2004; Stibal et al.
2006). In these studies, microbial abundance and diversity is detected by micros-
copy and direct plate counts. The first molecular characterization of a cryoconite
hole community was performed by Christner et al. (2003a) using Bacteria- and
Eukarya-specific 16S/18S rRNA gene primers to analyze isolates and to construct
clone libraries from total DNA extracted from an Antarctic cryoconite hole. Results
showed the abundance of bacterial isolates and more representative sequences of
cyanobacteria than algae in the clone libraries. Interestingly, metazoan sequences
confirmed previous observations for metazoan life (nematode, tardigrade and
rotifer species) present in cryoconite holes in Antarctica. Another advance in studying
cryoconite hole communities was the description of a new species, Pedobacter
cryoconitis, based on an detailed survey of heterotrophic microorganisms and their
activity in an alpine glacier cryoconite (Margesin et al. 2003).

3.8 Diversity of bacteria in snow

Red-colored snow, mentioned in the writings of Aristotle, and by early Arctic
explorers, appeared to be caused by the snow algae Chlamidomonas nivalis. During
the twentieth century, numerous ecological studies of snow from high latitude and
altitude sites have been published, mostly focused on snow algae. The interactions
between snow as a hydrological reservoir and a source of nutrients and chemicals
with microorganisms, plants and animals mediating nutrient cycling, have been
reviewed previously (Jones 1999; Hoham and Duval 2001). More recently, the
application of new molecular and cultivation methods to study bacterial diversity of
snow has provided new data on the diversity of seasonally and permanently snow-
covered ecosystems (Segawa et al. 2005; Amato et al. 2007).

The microbial content of mountainous and polar region snow is in the range 10°
to 10° ml~! (Carpenter et al. 2000; Skidmore et al. 2000; Sattler et al. 2001; Bauer
et al. 2002; Uetake et al. 2006; Amato et al. 2007). Analysis of 16S rDNA
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sequences from isolates and clone libraries from snow samples have shown
significant prokaryotic diversity represented by all major bacterial phylogenetic
groups, including cyanobacteria, with many related to known psychrophilic and
psychrotolerant microorganisms. (Segawa et al. 2005; Liu et al. 2006; Amato et al.
2007). Eukaryotic ribosomal RNA sequences were also found. Seasonal variations
in bacterial snow biomass have been explained by rapid bacterial growth during
the summer (Segawa et al. 2005). Liu et al. (2006) also observed seasonal varia-
tions of the microbial communities and differentiated season-specific species in
the snow of East Rongbuk glacier. Real time PCR was used to demonstrate
dynamic quantitative changes of three typical psychrophilic isolates, Cryobacterium
psychrophilum, Janthinobacterium lividum and Variovorax paradoxus, in moun-
tain snow samples from Japan (Segawa et al. 2005). V. paradoxus appeared to be
related to sequences previously detected in Greenland and Antarctic ice core sam-
ples and J. lividum was isolated from an Alaskan glacier, suggesting that these
bacterial species are specialized members of the snow and biota in different parts
of the world (Segawa et al. 2005). Interestingly, Carpenter et al. (2000) found 10—
20% of all rRNA gene sequences obtained from Antarctic snow samples to be
related to Thermus—Deinococcus-like organisms, known for their high radiation
and desiccation resistance. These authors also reported evidence for low rates of
bacterial DNA and protein synthesis in South Pole snow, which indicates meta-
bolic activity at ambient subzero temperature.

Recently, bacterial communities from solid snow and snow meltwater from the
high Arctic John Evans glacier were compared with basal ice and subglacial
communities of the same glacier by T-RFLP of 16S rDNA products (Bhatia et al.
2006). Unexpectedly, very few common profiles were detected and distinct bacterial
communities were found in each one of these physically and chemically different
environments. While the potential exists for common bacterial types to be distributed
throughout the glacial system, certain differences were suggested to develop under
the selective pressure of the different physical and chemical conditions.

3.9 Novel bacterial isolates from glacier ice and snow

All authors found novel isolates and detected sequences from glacier ice and snow
that are distantly related to known cultivated organisms. Phylogenetically novel
sequences at species, genus and higher level were detected in 16S rDNA clone
libraries from Malan ice core samples in Tibet (Xiang et al. 2004), a deep Greenland
ice core (Sheridan et al. 2003), and snow in Japan and Tibet (Segawa et al. 2005;
Liu et al. 2006). Moreover, novel isolates have been recovered from practically all
studied glacier ice and snow samples and some of them have important physiologi-
cal and biotechnological characteristics. Surprisingly, only a few of these novel
isolates from glacier ice and snow have been officially described and validated
(Table 3.1) compared, for example, to sea ice isolates. This inadequacy should be
corrected because genetic and physiological studies of novel isolates, representing
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Table 3.1 Novel bacterial species, isolated from glacier ice, snow and cryoconite holes

16S rDNA
Type sequence

Organism Origin Taxonomic group  strain accession No. Reference

Nocardiopsis Ice sheet Actinobacteria DSMZ  X97885 Abyzov
antarcticus Antarctica Actinomycetales 43884 et al.
Sp.nov. (1983)

Flavobacterium  China Nol Bacteriodetes ZF-6 AF433173 Zhu et al.
xinjiangense glacier Flavobacteria (2003)
Sp.nov.

Flavobacterium  China Nol Bacteriodetes ZF-8 AF433174 Zhu et al.
omnivorum glacier Flavobacteria (2003)
Sp.nov.

Pedobacter Alpine glacier Bacteriodetes DSMZ  AJ438170 Margesin
cryoconitis cryoconite Sphingobacteria 14825 et al.
sp.nov. (2003)

Pedobacter Hamta glacier Bacteriodetes HHS22  AJ583425 Shivaji et al.
himalayensis India Sphingobacteria (2005)
Sp.nov.

Dyadobacter Hamta glacier Bacteriodetes HHS11  AJ619978 Chaturvedi
hamtensis India Sphingobacteria et al.
Sp.nov. (2005)

Flavobacterium  China Nol Bacteriodetes DSMZ  DQ515962 Zhang et al.
glaciei glacier Flavobacteria 0499 (2006)
Sp.nov.

Exiguobacterium Hamta glacier Firmicutes HHS31  AJ846291 Chaturvedi
indicum India Bacillaceae and
Sp.nov. Shivaji

(2006)

previously uncultured clades, are important for understanding the role and function
of these specific organisms in their original environment.

3.10 Functional diversity and microbial activity
in glacier ice and snow

Functional diversity includes the ecological interactions among species (e.g., com-
petition, predation, parasitism, mutualism, etc.), as well as ecological processes
such as nutrient retention and recycling.

On one hand, the functional diversity of bacteria in glacier ice and snow may be
characterized on the basis of the physiological characteristics of isolates. Most of
them are psychrophilic and psychrotolerant, many are oligotrophic and pigmented.
The majority are related to species known for their versatile metabolic properties
and high resistance to stress associated with their environment, such as long-term
freezing, freeze-thaw cycles, desiccation, solar radiation, and occupation of
microniches. Nevertheless, it should be noted that the physiological characteristics
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of cultured isolates do not necessarily reflect their performance in situ. At the same
time, the possible role of microorganisms in ice biogeochemistry as a result of in
situ metabolic activity is one of the most intriguing questions.

The supraglacial cryoconite holes provide a good example of glacial ice-related
environments supporting active prokaryotic and lower eukaryotic communities
performing real nutrient cycling, which can alter water chemistry and impact
the geochemical weathering processes in the hole. Similar, more intense
nutrient cycling is observed in some subglacier environments (see Chap. 4).

In the case of deep glacier ice, individual cells or small cell clusters rather
than complex microbial communities might exist in the narrow liquid veins. The
spatial limitations, along with other local factors, may restrict metabolic activity
mainly to survival and life maintenance. The importance of deep glacier ice
populations is that they provide a long-term reservoir of microbial diversity and
organic carbon with a metabolic potential under suitable environmental condi-
tions (Barker et al. 2006).

Because glacier ice records the history of past climates and preserves microbial
cells chronologically, microbiological studies of glacier ice at different depths may
provide important comparisons. As mentioned before, the early works of Abyzov
(1993) found a correlation between the quantity of dust particles, microbial cells
and cold climates. Later, similar correlations between high bacterial input, via
atmospheric transport and cold climate conditions, revealed by 8'*0 measurements
were observed in Tibetan ice cores (Yao et al. 2003, 2006). These studies were
based on the idea that the quantity and variability of microbial populations in dif-
ferent ice core layers most likely reflect prevalent climate, wind directions and
other environmental events or human activities at the time of deposition. Estimates
of the microbial concentrations in a 102-m-deep ice core from the Malan glacier,
corresponding to four different temperature phases, were found to be negatively
correlated to temperature and positively correlated with mineral particle concentra-
tions. More organisms were deposited during colder climate with stronger and
more frequent dust events, and fewer microorganisms were related to warmer cli-
mate with weaker and less frequent dust storms (Yao et al. 2006). This shows a
possible future trend of linking detailed glacier ice microbiological records to the
reconstruction of past climate changes.

At present, elemental and isotopic measurements of trace gases trapped in polar
ice cores are the primary means of reconstructing past atmospheric compositions
and climate changes. Studies of stable isotope fractionation also give insight into
the possible role of microorganisms in ice geochemistry. For example, N, O isotopic
analyses of Sowers (2001) of 130,000 to 160,000-year-old Vostok ice core samples
showed abnormally high N.O values, characterized by high 8N and low 8O of
N,O that coincided with high dust and bacterial concentrations. These anomalies
were suggested to be the result of in situ microbial N,O production. If microbial
metabolism occurs within ice, then interpretations of trace gas records would need
to be reevaluated. Clearly, interdisciplinary studies of the functional diversity, meta-
bolic activity and trace gas measurements are needed to provide a better under-
standing of microbial life in glacier ice and its role in biogeochemistry.
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3.11 Conclusions

Many of the advancements and challenges to study microbial diversity in cold
environments are similar to those of other habitats. Molecular techniques provide
glimpses of what may be there, but we remain limited in our ability to cultivate and
characterize the enormous diversity of prokaryotes and analyze their interactions
and geochemical activity. Future investigations of glacier ice and snow habitats and
new methods are needed to detect the microbial diversity in these low biomass
habitats, study their potential microbial activity at subzero temperatures, determine
the strategies allowing cell survival for hundreds of thousands of years, and
cultivate and examine new organisms for the production of useful compounds.

Acknowledgements The author thanks Dr. J. Brenchley and members of the Brenchley lab for
the helpful comments, and Missy Hazen for the help with the EM work. Parts of the author’s
research were supported by grants from the Department of Energy Grant DE-FG02-93ER20117,
the Penn State Astrobiology Center NASA-Ames Cooperative Agreement No.NCC2-1057 and
NSF Grant MO-0347475.

References

Abyzov SS (1993) Microorganisms in the Antarctic ice. In: Friedman EI (ed) Antarctic microbiology.
John Wiley & Sons, New York, pp 265-295

Abyzov SS, Bobin NE, Koudryashov BB (1982) Quantitative assessment of microorganisms in
microbiological studies of Antarctic glaciers. Biol Bull Acad Sci USSR 9:558-564

Abyzov SS, Philippova SN, Kuznetsov VD (1983) Nocardiopsis antarcticus - a new species of
actinomyces, isolated from the ice sheet of the central Antartic glacier. Izv Akad Nauk USSR
Ser Biol 4:559-568

Abyzov SS, Barkov NI, Bobin NE, Koudryashov BB, Lipenkov VY, Mitskevich IN, Pashkevich
VM, Poglazova MN (1998a) The ice sheet of central Antarctica as an object of study of past
ecological events on the earth Izv Akad Nauk USSR Ser Biol 5:610-616

Abyzov SS, Mitskevich IN, Poglazova MN (1998b) Microflora of the deep glacier horizons of
Central America. Microbiology 67:451-458

Abyzov SS, Poglazova MN, Mitskevich IN, Ivanov MV (2005) Common features of microorgan-
isms in ancient layers of the Antarctic ice sheet. In: Castello JD, Rogers SO (eds) Life in
ancient ice. Princeton University Press, Princeton, pp 240-250

Amann RI, Ludwig W, Schleifer KH (1995) Phylogenetic identification and in situ detection of
individual cells without cultivation. Microbiol Rev 59:143-169

Amato P, Hennebelle R, Magand O, Sancelme M, Delort A-M, Barbante C, Boutron C, Ferrari C
(2007) Bacterial characterization of the snow cover at Spitzberg, Svalbard. FEMS Microbiol
Ecol 59:255-264

Bakermans C, Tsapin Al, Souza-Egipsy V, Gilichinsky DA, Nealson KH (2003) Reproduction and
metabolism at —10 degrees C of bacteria isolated from Siberian permafrost. Environ Microbiol
5:321-326

Barker JD, Sharp MJ, Fitzsimons SJ, Turner RJ (2006) Abundance and dynamics of dissolved
organic carbon in glacier systems. Arct Antarct Alp Res 38:163-172

Bauer H, Kasper-Giebl A, Loflund M, Giebl H, Hitenberger R, Zibuschka F, Puxbaum H (2002)
The contribution of bacterial and fungal spores to the organic carbon content of cloud water,
precipitation and aerosols. Atmos Res 64:109-119



48 V. Miteva

Bay R, Bramall N, Price PB (2005) Search for microbes and biogenic compounds in polar ice
using flourescence. In: Castello JD, Rogers SO (eds) Life in ancient ice. Princeton University
Press, Princeton, pp 268-276

Bhatia M, Sharp M, Foght J (2006) Distinct bacterial communities exist beneath a high arctic pol-
ythermal glacier. Appl Environ Microbiol 72:5838-5845

Carpenter EJ, Lin S, Capone DG (2000) Bacterial activity in South Pole snow. Appl Environ
Microbiol 66:4515-4517

Chaturvedi P, Reddy GSN, Shivaji S (2005) Dyadobacter hamtensis sp. nov. from Hamta glacier,
located in the Himalayas, India. Int J Syst Evol Microbiol 55:2113-2117

Chaturvedi P, Shivaji S (2006) Exiguobacterium indicum sp. nov. a psychrophilic bacterium from
the Hamta glacier of the Himalayan mountain ranges of India. Int J Syst Evol Microbiol
56:2765-2770

Christner BC (2002a) Recovery of bacteria from glacial and subglacial environments. Thesis,
Ohio State University, Columbus, Ohio

Christner BC (2002b) Incorporation of DNA and protein precursors into macromolecules by bac-
teria at —15°C. Appl Environ Microbiol 68:6435-6438

Christner BC, Mosley-Thompson E, Thompson LG, Zagorodnov V, 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

Christner BC, Mosley-Thompson E, Thompson LG, Zagorodnov V, Sandman K, Reeve JN (2002)
Isolation and identification of bacteria from ancient and modern ice core archives. In: Casassa
G, Sepulveda FV, Sinclair R (eds) Patagonian ice fields. A unique natural laboratory for envi-
ronmental and climate change studies. Kluwer, New York, pp 9-16

Christner BC, Krivko I BH, Reeve JN (2003a) Molecular identification of bacteria and eukarya
inhabiting an Antarctic cryoconite hole. Extremophiles 7:177-183

Christner BC, Mosley-Thompson E, Thompson LG, Reeve JN (2003b) Bacterial recovery from
ancient glacial ice. Environ Microbiol 5:433-436

Christner BC, Mikucki JA, Foreman CM, Denson J, Priscu JC (2005a) Glacial ice cores: a model
system for developing extraterrestrial decontamination protocols. Icarus 174:572-584

Christner BC, Mosley-Thompson E, Thompson LG, Reeve JN (2005b) Classification of bacteria
from polar and non polar glacier ice. In: Castello JD, Rogers SO (eds) Life in ancient ice
Princeton University Press, Princeton, pp 227-239

Cowan DA, Tow LA (2004) Endangered Antarctic environments. Annual Rev Microbiol 58:649-690

Darling CA, Siple PA (1941) Bacteria of Antarctica. J Bacteriol 42:83-98

Haldeman DL, Amy PS, Russell CE, Jacobson R (1995) Comparison of drilling and mining as
methods for obtaining microbiological samples from the deep subsurface. J Microbiol
Methods 21:305-316

Hoham RW, Duval B (2001) Microbial ecology of snow and freshwater ice with emphasis on
snow algae. In: Jones HG, Pomeroy JW, D.A. W, R.W. H (eds) Snow ecology. Cambridge
University Press, Cambridge, pp 168-228

Jepsen SM, Adams EE, Priscu JC (2006) Fuel movement along grain boundaries in ice.
ScienceDirect 45:158-165

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

Juck DF, Whissell G, Steven B, Pollard W, McKay CP, Greer CW, Whyte LG (2005) Utilization
of fluorescent microspheres and a green fluorescent protein-marked strain for assessment of
microbiological contamination of permafrost and ground ice core samples from the Canadian
high Arctic. Appl Environ Microbiol 71:1035-1041

Junge K, Eicken H, Deming JW (2003) Motility of Colwellia psychrerythraea strain 34H at subzero
temperatures. Appl Environ Microbiol 69: 4282-4284

Junge K, Eicken H, Deming JW (2004) Bacterial activity at —2 to —20 degrees C in Arctic wintertime
sea ice. Appl Environ Microbiol 70:550-557



3 Bacteria in snow and glacier ice 49

Junge K, Eicken H, Swanson BD, Deming JW (2006) Bacterial incorporation of leucine into
protein down to —20 degrees C with evidence for potential activity in sub-eutectic saline ice
formations. Cryobiology 52:417-429

Karl DM, Bird DF, Bjorkman K, Houlihan T, Shackelford R, Tupas L (1999) Microorganisms in
the accreted ice of Lake Vostok, Antarctica. Science 286:2144-2147

Keer JT, Birch L (2003) Molecular methods for assessment of bacterial viability. J Microbiol Meth
53:175-183

Liu YQ, Yao TD, Kang SC, Jiao NZ, Zeng YH, Shi Y, Luo TW, Jing ZF, Huang SJ (2006)
Seasonal variation of snow microbial community structure in the East Rongbuk glacier, Mt.
Everest. Chinese Sci Bull 51:1476-1486

Mader HM, Pettitt ME, Wadham JL, Wolff EW, Parkes RJ (2006) Subsurface ice as a microbial
habitat. Geology 34:169-172

Margesin R, Zacke G, Schinner F (2002) Characterization of heterotrophic microorganisms in
alpine glacier cryoconite. Arct Antarct Alp Res 34:88-93

Margesin R, Sproer C, Schumann P, Schinner F (2003) Pedobacter cryoconitis sp. nov., a faculta-
tive psychrophile from alpine glacier cryoconite. Int J Syst Evol Microbiol 53:1291-1296

McLean AL (1918) Bacteria of ice and snow in Antarctica. Nature 102:35-39

Miteva VI, Brenchley JE (2005) Detection and isolation of ultrasmall microorganisms from a
120,000 year old Greenland glacier ice core. Appl Environ Microbiol 71:7806-7818

Miteva VI, Sheridan PP, Brenchley JB (2004) Phylogenetic and physiological diversity of micro-
organisms isolated from a deep Greenland ice core. Appl Environ Microbiol 70:202-213

Panikov NS, Flanagan PW, Oechel WC, Mastepanov MA, Christensen TR (2006) Microbial activ-
ity in soils frozen to below -39 °C. Soil Biol Biochem 38:785-794

Paterson WS (1994) The physics of glaciers, 3rd edn. Elsevier Science, Tarrytown, N.Y.

Porazinska DL, Fountain AG, Nylen TH, Tranter M, Virginia RA, Wall DH (2004) The biodiver-
sity and biogeochemistry of cryoconite holes from McMurdo Dry Valley glaciers, Antarctica.
Arctic Antarctic Alpine Res 36:84-91

Price PB (2000) A habitat for psychrophiles in deep Antarctic ice. Proc Natl Acad Sci USA 97:1247-1251

Price PB (2007) Microbial life in glacier ice and implications for a cold origin of life. FEMS
Microbiol Ecol 59:217-231

Price PB, Sowers T (2004) Temperature dependence of metabolic rates for microbial growth, sur-
vival and maintenance. Proc Natl Acad Sci USA 101:4631-4636

Price PB, Nagornov OV, Bay R, Chirkin D, He Y, Miocinovic P, Richards A, Woschnagg K, Koci
B, Zagorodnov V (2002) Temperature profile for glacial ice at the South pole: Implications for
life in a nearby subglacial lake. Proc Natl Acad Sci USA 99:7844-7847

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

Priscu JC, Adams EE, Lyons WB, Voytek MA, Mogk DW, Brown RL, McKay CP, Takacs CD,
Welch KA, Wolf CF, Kirshtein JD, Avci R (1999) Geomicrobiology of subglacial ice above
Lake Vostok, Antarctica. Science 286:2141-2143

Priscu JC, Christner BC, Foreman CM, Royston-Bishop G (2007) Biological material in ice cores.
In: Encyclopedia of Quaternary Sciences. Elsevier, in press

Rogers SO, Theraisnathan V, Ma LJ, Zhao Y, Zhang G, Shin SG, Castelo JD, Starmer WT (2004)
Comparisons of protocols for decontamination of environmental ice samples for biological and
molecular examinations. Appl Environ Microbiol 70:2540-2544

Rogers SO, Ma LJ, Zhao Y, Theraisnathan V, Shin SG, Zhang G, Catranis CM, Starmer WT,
Castelo JD (2005) Recommendations for elimination of contaminants and authentication of
isolates in ancient ice cores. In: Castello JD, Rogers SO (eds) Life in ancient ice. Princeton
University Press, Princeton, pp 5-21

Royston-Bishop G, Priscu JC, Tranter M, Christner BC, Siegert MJ, Lee V (2005) Incorporation of
particulates into accreted ice above subglacial Vostok lake, Antarktica. Annals Glaciol 40:145-150

Sattler B, Puxbaum H, Psenner R (2001) Bacterial growth in super cooled cloud droplets. Geophys
Res Lett 28:239-242



50 V. Miteva

Sawstrom C, Mumford P, Marshall W, Hodson A, Laybourn-Parry J (2002) The microbial com-
munities and primary productivity of cryoconite holes in an Arctic glacier (Svalbard 79°N).
Polar Biol 25:591-596

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

Sheridan PP, Miteva VI, Brenchley JB (2003) Phylogenetic analysis of anaerobic psychrophilc
enrichment cultures obtained from a Greenland ice core. Appl Environ Microbiol 69:2153-2160

Shivaji S, Chatervedi P, Reddy GSN, Suresh K (2005) Pedobacter himalayensis sp. nov. from Hamta
glacier located in the Hymalayan mountain range of India. Int J Syst Evol Microbiol 55:1083-1088

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

Smith DC, Spivak AJ, Fisk MR, Haveman SA, Staudigel H (2000) Tracer-based estimates of
drilling-induced microbial contamination of deep sea crust. Geomicrobiol J 17:207-219

Sowers T (2001) The N, O record spanning the penultimate deglaciation from the Vostok ice core.
J Geophys Res 106:31903-31914

Stibal M, Sabacka M, Kastovska K (2006) Microbial communities on glacier surfaces in Svalbard:
Impact of physical and chemical properties on abundance and structure of cyanobacteria and
algae. Microb Ecol 52:644-654

Straka RP, Stokes JL (1960) Psychrophilic bacteria from Antarctica. J Bacteriol 80:622-625

Tung HC, Price PB, Bramall NE, Vrdoljak G (2006) Microorganisms metabolizing on clay grains
in 3km deep Greenland basal ice. Astrobiology 6:69-86

Uetake J, Kohshima S, Nakazawa F, Suzuki K, Kohno M, Kameda, Arkhipov S, Fujii Y (2006)
Biological ice-core analysis of Sofiyskiy glacier in the Russian Altai. Ann Glaciol 43:70-78

Vorobyova EA, Soina VS, Manukelashvili AG, Bolshakova A, Yaminski IV, Mulyukin AL
(2005) Living cells in permafrost as models for astrobiology research. In: Castello JD, Rogers
SO (eds) Life in glacier ice. Princeton University Press, Princeton and Oxford, pp 277-288

Wharton JRA, McKay CP, Simmons GM, Parker BC (1985) Cryoconite holes on glaciers.
BioScience 8:499-503

Willersev E, Cooper A (2005) Ancient DNA. Proc R Soc Lond B 272:3-16

Willerslev E, Hansen AJ, Ronn R, Brand TB, Barnes I, Wiuf C, Gilichinsky D, Mitchell D,
Cooper A (2004a) Long-term persistence of bacterial DNA. Curr Biol 14:9-10

Willersev E, Hansen AJ, Pointar HN (2004b) Isolation of nucleic acids and cultures from fossil
ice and permafrost. Trends Ecol Evol 19:141-147

Xiang SR, Yao TD, L.Z. A, Xu BQ, Li Z, Wu GJ, Wang YQ, Xu BQ, Wang XR (2004) Bacterial
diversity in Malan ice core from the Tibetan plateau. Folia Microbiol 49:269-276

Xiang S, Yao T, An L, Xu B, Wang J (2005) 16S rRNA sequences and difference in bacteria iso-
lated Muztag Ata Glacier at increasing depths. Appl Environ Microbiol 71:4619—4627

Yao TD, Xiang SR, Zhang XJ, Pu JC (2003) Microbiological characteristics recorded by Malan
and Puruogangri ice core. Quat Sci 23:193-199

Yao T, Xiang S, Zhang X, Wang N (2006) Microorganisms in the Malan ice core and their rela-
tion to climatic and environmental changes. Global Biogeochem Cycles 20(GB1004)

Young KD (2006) The selective value of bacterial shape. Microbiol Mol Biol Rev 70:660-703

Zhang XJ, Yao TD, Ma XJ, Wang NL (2002) Microorganisms in a high altitude glacier ice in
Tibet. Folia Microbiol 47:241-245

Zhang DC, Wang HX, Liu HC, Dong XZ, Zhou PJ (2006a) Flavobacterium glaciei sp. nov., a psy-
chrophilic bacterium isolated from the China No.1 glacier. Int J Syst Evol Microbiol 56:2921-2925

Zhang S, Hou S, Ma XJ, Qin D, Chen T (2006b) Culturable bacteria in Himalayan ice in response
to atmospheric circulation. Biogeosci Discuss 3:765-778

Zhang X, Yao T, An L, Tian L, Xu S (2006¢) Vertical profiles of bacterial DNA structure in the
Pupuogangri IC (Tibetan Plateau) using PFGE. Ann Glaciol 43:160-166

Zhu F, Wang S, Zhou P (2003) Flavobacterium xinjiangense sp. nov. and Flavobacterium omnivo-
rum sp. nov., novel psychrophiles from China No 1 glacier. Int J Syst Evol Microbiol
53:853-857



Chapter 4
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4.1 Introduction

Glaciers exist where the annual temperature remains cold enough to allow snow-
fall to accumulate for an extended period of time and where conditions allow
subsequent metamorphosis to ice. Glacial ice forms expansive continental ice
sheets in the polar regions, (e.g., in Antarctica and Greenland), and at lower
latitudes, ice fields (valley or alpine glaciers) and ice caps (if a volcano or mountain
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range is completely glaciated) exist globally at high altitude. Temperate glaciers
comprise <4% of the glacial ice on the planet, but are important freshwater
reservoirs and are often the sources for major rivers vital for irrigation, industry,
and providing millions of people with drinking water. The Greenland and
Antarctic ice sheets currently cover ~10% of the terrestrial surface (>1.5x107
km?) and contain ~75% of the freshwater on Earth (Paterson 1994). The
Antarctic ice sheet alone contains ~90% of the planet’s ice and, if melted, would
result in a sea level rise of ~65m (The National Snow and Ice Data Center;
http://nsidc.org/).

Evidence for liquid water in the basal zones of polar ice sheets (e.g., Ueda
and Garfield 1970), the discovery of more than 140 subglacial lakes in
Antarctica (Siegert et al. 2005), and expanding perspectives on the tenacity of
life under cold conditions (e.g., Priscu and Christner 2004) have motivated
research to determine if subglacial environments harbor viable microbial ecosys-
tems. The presence of viable microorganisms has been documented in deep
glacier ice (Abyzov et al. 1998; Christner et al. 2000, 2003, 2006; Miteva and
Brenchley 2005), subglacial waters (Sharp et al. 1999; Mikucki et al. 2004),
basal ice (Skidmore et al. 2000; Sheridan et al. 2003; Miteva et al. 2004,
Foght et al. 2004), subglacial sediments (Skidmore et al. 2005), and subgla-
cial lakes and accreted ice (Karl et al. 1999; Priscu et al. 1999; Christner et
al. 2001, 2006; Gaidos et al. 2004). Here, we discuss current information on
the diversity of environments for life at the base of glaciers and review what
is known about subglacial ecosystems, which are inhabited by microbial
assemblages that permanently exist at temperatures near the freezing point
of water.

4.2 Liquid water in subglacial environments

4.2.1 Water and life

Water is required as a solvent in biochemical reactions, for mass transfer (i.e.,
the physical transport of molecules), and to establish electrochemical gradients
(e.g., proton motive force). Nutrient-rich surface melt waters enter the basal
zone of warm and polythermal alpine glaciers, and studies of subglacial outflow
and sediments have provided key information on the biogeochemistry and
microbial diversity of these environments (e.g., Sharp et al. 1999; Foght et al.
2004; Tranter et al. 2005). The occurrence of subglacial water under polar ice
sheets was first discovered in Antarctica (Ueda and Garfield 1970) and was
recently documented in Greenland (Anderson et al. 2004). If liquid water and
chemical (inorganic or organic) energy sources are available, subglacial microbial
habitats may harbor species adapted to one of the most extreme environments
in the biosphere.
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4.2.2 Liquid water in Arctic and Alpine subglacial environments

Ice masses may be classified into three categories based on the temperature regime
of the ice: cold, polythermal, and temperate (Paterson 1994). Cold-based ice
masses consist of ice with temperatures below freezing throughout, and liquid
water is only present in the veins between ice crystals (Nye 1992), with no significant
water layer at the glacier bed. Alpine glaciers in the McMurdo Dry Valleys of
Antarctica and smaller glaciers in the Canadian High Arctic are examples of cold
based ice masses. Polythermal ice masses are largely found at latitudes above the
Arctic Circle, whereas temperate ice masses (i.e., ice is at the melting point from
the surface to the base) are located at low and mid-latitudes typically as valley glaciers.
Sections of polythermal ice masses are frozen to the bed especially beneath the
thinner margins and termini. However, the bed is temperate beneath the thicker,
inner zones of the ice mass. Where the basal ice is at the melting point, melting
occurs due to geothermal heating and from friction, and there is a layer of liquid
water between the basal ice and the substrate (Alley et al. 1997). Temperate-based
ice masses have ice at the bed which is at the pressure-melting point throughout and
thus the entire glacier bed is wet based. The surface of the ice remains snow
covered during the winter and, during the summer ablation season, surface meltwater
is delivered to the glacier bed via crevasses and moulins from surface snow and ice
melt in both polythermal (Skidmore and Sharp 1999) and temperate ice masses
(Nienow et al. 1998).

A number of different subglacial drainage system configurations are possible
where the glacier bed is temperate, e.g., linked cavity systems, canals, sheetflow and
channelized drainage (for reviews of temperate glacier hydrology and subglacial proc-
esses, see Hubbard and Nienow 1997; Fountain and Walder 1998; Clarke 2005).
Where basal water is present, microbes have been documented in the subglacial
environment at both temperate glaciers (Sharp et al. 1999; Foght et al. 2004; Skidmore
et al. 2005) and polythermal glaciers (Skidmore et al. 2000; Wadham et al. 2004;
Bhatia et al. 2006). Tranter et al. (2005) review how subglacial hydrological flowpaths
control the connectivity of chemical weathering environments, access to atmospheric
oxygen, and the redox potential (Eh) of the environments that microbes colonize.

4.2.3 Discovery of subglacial water beneath
Antarctica’s ice sheets

The Antarctic polar plateau has a mean annual surface temperature of —37°C and
was first explored in an expedition led by Robert Falcon Scott in 1902. During the
1950s, geothermal heat flow models were developed that predicted an increase in
temperature with depth in the ice, implying that, if the ice sheet is thick enough,
then the basal ice in contact with the bedrock is at the melting point of water.
Theoretical predictions, together with seismic measurements of the ice sheet thickness,
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supported the idea that liquid water existed at the base of the ice sheet in central
portions of the Antarctic continent (Zotikov 2006). More than a decade passed
before the existence of water beneath Antarctica’s ice sheets was confirmed.

The first deep drilling operation in Antarctica was initiated in 1966 at Byrd
Station. An ice core was successfully recovered at Byrd Station and bedrock was
reached at a depth of 2,164 m below the ice surface in January 1968. The drilling
team did not expect to encounter liquid water at the ice-bedrock interface. However,
water entered the borehole and raised the drilling fluid level 55 m. Due to the resulting
“hydrostatic unbalance” and movement of the aqueous basal fluid into colder
portions of the borehole, further coring and collection of subglacial materials were
suspended to prevent loss of the drill by freezing (Ueda and Garfield 1970; Zotikov
2006). While an ice core was retrieved that yielded important information on the
climate history of West Antarctica and the nature of ice in deep portions of the ice
sheet, the implications of this finding for life in Antarctic subglacial environments
was not fully realized for another 30 years.

4.2.4 Liquid water under the Greenland ice sheet

Several ice core drilling projects have drilled to bedrock in Greenland since the mid
1960s: Camp Century, the Greenland Ice Sheet Project (GISP and GISP2), the
Greenland Ice Core Project (GRIP), and the North Greenland Ice Core Project
(NGRIP). In the deepest portion of these ice cores, referred to as “silty ice”, the ice
contains numerous organic and inorganic inclusions, which are thought to originate
from the subglacial environment rather than from aeolian deposition in snowfall
(Gow and Meese 1996). Anderson et al. (2004) encountered pink-colored basal
water when drilling at NGRIP in 2003, which entered the borehole and raised the
fluid level 45 m. Even though ice sounding radar provided no evidence for liquid
water at the base of the ice sheet, the borehole temperature profile indicated that the
basal ice is near the pressure melting point of water under the NGRIP site.
Importantly, the discovery of basal water at NGRIP revealed that liquid water also
exists at certain locations at the bed of the Greenland ice sheet and wet-based con-
ditions may be more prevalent than previously thought.

4.3 Subglacial lakes

4.3.1 Antarctic subglacial lakes

In the late 1950s, pilots with the Soviet Antarctic Expedition noted flat depressions on
the polar plateau, which they used for navigation and referred to as “lakes” (Zotikov
2006). Oswald and Robin (1973) used radio echo sounding (RES) to survey portions
of East Antarctica and provided evidence for the widespread existence of water under
the ice sheet by identifying 17 subglacial lakes. Robin et al. (1977) conducted many
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flights in the vicinity of Vostok Station and discovered that a very large lake (Subglacial
Lake Vostok) exists beneath the Russian base, which was further supported by satellite
radar altimetry (Ridley et al. 1993) and seismic data (Kapista et al. 1996).

In the last ten years, RES data have been used to identify 141 subglacial lakes in
East Antarctica and 4 in West Antarctica (Siegert et al. 2005). Most (60%) of the
subglacial lakes identified are <200km from an ice divide and exist under 2,500—
4,000 m of ice (Dowdeswell and Siegert 2002). The rapid transport of large amounts
of water (1.8 km? of water over 16 months) beneath the Antarctic ice sheet through
subglacial channels has also been documented (Wingham et al. 2006), providing
evidence for hydrological connectivity between subglacial lakes. Thus, subglacial
lakes may not be isolated systems and it is possible that periodic floods could transfer
microorganisms, carbon, and nutrients between lakes. Estimates indicate that the
volume of known Antarctic subglacial lakes is approximately 10,000km3
(Dowdeswell and Siegert 2002). This volume represents ~15% of all freshwater on
non-glaciated continents, enough to cover the whole Antarctic continent with a
uniform water layer thickness of ~1m.

4.3.2 Subglacial Lake Vostok

Of all the subglacial Antarctic lakes identified to date, Subglacial Lake Vostok
(hereafter referred to as Lake Vostok) is by far the largest with a surface area >14,000 km?,
volume of 5,400 + 1,600 km?, and maximum depth of ~800m (Kapista et al. 1996;
Studinger et al. 2004). The lake consists of a northern basin (water depth of ~500m)
and a larger southern basin (~800m), which are separated by a bedrock sill
(Studinger et al. 2004). The variation in ice sheet thickness between the north
(~4,200m) and south portion (~3,900m) of the lake produces a 0.3°C difference in
the pressure melting point of water. This gradient results in glacial ice melting into
the lake in the north, and refreezing (i.e., accretion) to the bottom of the ice sheet
in the south, which has important repercussions for circulation and vertical mixing
within the lake (Siegert et al. 2001).

The lake water of Lake Vostok has not been directly sampled. However, molecular,
microbiological, and biogeochemical analysis of the basal portion (3,539-3,623 m)
of an ice core drilled at Vostok Station has provided valuable data to predict limno-
logical conditions within surface waters of the lake (Karl et al. 1999; Priscu et al.
1999; Christner et al. 2001, 2006; Bulat et al. 2004). Based on ice sheet flow (Bell
et al. 2002) and the concentration of particle inclusions within the accretion ice
(Souchez et al. 2002; Royston-Bishop et al. 2005; Christner et al. 2006), ice cores
recovered between 3,539 and 3,609m (referred to as Type I accretion ice) are
inferred to have formed from lake water that accreted in a shallow embayment in
the southwestern portion of the lake, whereas accretion ice between 3,610 and
3,623 m (Type II accretion ice) is much cleaner and probably formed over the deep
central portion of the lake’s southern basin (de Angelis et al. 2004). Thus, the accretion
ice profile represents a transect of surface waters from the shallow depths in the east
to that over deep waters in the vicinity of Vostok Station.
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Heterotrophic activity has been reported within melted samples of the accretion
ice (Karl et al. 1999; Christner et al. 2006) and amplification and sequencing of
small subunit (16S) rRNA genes from extracted DNA and isolated cultures imply
the lake is inhabited by bacteria related to the Proteobacteria (alpha, beta, gamma
and delta subdivisions), Firmicutes, Actinobacteria, and Bacteroidetes (Priscu et al.
1999; Christner et al. 2001, 2006; Bulat et al. 2004). Using a quantitative decon-
tamination protocol (Christner et al. 2005; Fig. 4.1), Christner et al. (2006) exam-
ined 20 depths in the Type I and II accretion ice (between 3,540 and 3,623 m) and
predicted that the average concentration of organic carbon, prokaryotic cells, and
total dissolved solids in surface waters of the shallow embayment and open lake are
86 and 160uM, 150 and 460 cells ml~!, and 1.5 and 34 mM, respectively. The input
of organic carbon from the ice sheet has been estimated to be insufficient to support
reproductive growth of the entire lake community, and a sustained ecosystem would
likely require a supplemental chemical energy source (Christner et al. 2006).
Supplemental energy needed to support a sustained chemolithotrophic-based eco-
system (Fig. 4.2) may originate from sulfide and iron mineral substrates in subgla-
cial debris (e.g., Bottrell and Tranter 2002; Tranter et al. 2002) entering the lake
(Christner et al. 2006) and perhaps by geothermal input from deep faults within the
bottom of the lake (Bulat et al. 2004).

4.3.3 Sampling Antarctic subglacial lakes

The exploration and direct sampling of Antarctic subglacial lake environments
will require a substantial logistical effort (e.g., Priscu et al. 2003; Inman 2005;
Siegert et al. 2007) and the implementation of protocols that introduce mini-
mal chemical and microbial contamination to the pristine environment. The
deployment of in situ observatories to measure the physical and chemical
properties of the lake environment over spatial and temporal scales has been
suggested as a prudent first step in the exploration of subglacial lake environ-
ments (Priscu et al. 2003). However, to study the physiology and diversity of
microbial life in subglacial lake environments, it will be necessary to retrieve
lake water column samples and sediments and return them to the surface while
maintaining in situ pressures and temperature. The technological and logistical
issues, together with concerns for environmental protection, make subglacial
lake environments exigent systems for scientific study (National Research
Council 2007). Despite these challenges, several projects are currently under-
way to drill into and sample subglacial lakes located beneath the ice sheet in
East and West Antarctica.

The deepest ice core borehole at Vostok Station (designated borehole 5G)
was drilled to a depth of 3,623 m in 1998 by a coordinated Russian, French,
and American effort. Owing to concerns of contaminating the lake environ-
ment, drilling was terminated in a zone of accretion ice ~120m above the
water—ice interface. A solely Russian drilling effort began again in 2006 with
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Fig. 4.1 A Concentration of cells on the exterior and interior of ice cores from the bottom
~100m (i.e., accretion ice) of the Vostok 5G ice core. B Cell densities on the inside versus the
outside of the ice core are statistically different (» = 0.016) and the data do not co-vary with depth
(paired #-test, p <0.050). The line is a regression plot of the data points. These data are not consistent
with cells penetrating the ice core as a result of drilling (i.e. through microfractures in the ice) or
via the drilling fluid, supporting the notion that bona fide cell concentrations were detected
within the ice core interior. For extensive detail on the decontamination protocol and the cell
enumeration method, see Christner et al. (2005, 2006)
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Meteoric ice: microbes, NH,", NO, CO,, O,, POC & DOC
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Fig. 4.2 Hypothetical scenario for chemically-driven biogeochemical reactions that could be
used for bioenergetics in Lake Vostok. Inputs to the system (northern portion of the lake; see text)
are through the melting of basal ice, which contains crushed sulfide and iron minerals and organic
material from the bedrock, and glacial ice, which provides a constant supply of oxidants (O, and
N03‘), nutrients, and organic material. Microbes, minerals, and organic carbon are removed from
the lake via the accretion ice (southern portion of the lake). Shown are oxic and anoxic chemo-
lithotrophic reactions (i.e., metal sulfide oxidation) that have been documented in Alpine and
Arctic subglacial environments (Bottrell and Tranter 2002; Tranter et al. 2002; Wadham et al.
2004). Fault vents may be present in the shallow embayment of the lake (Bulat et al. 2004), which
could introduce significant amounts of thermal energy, geochemical energy, and organic carbon
to the lake. If biotic and/or abiotic oxygen sinks exist in the lake, then the deep waters and
sediments would be expected to be anaerobic. POC = particulate organic carbon; DOC = dissolved
organic carbon

the removal of an additional 27 m of ice core (3,624-3,651 m; V. Lukin, per-
sonal communication). The Russian Antarctic Expedition plans to mechani-
cally drill another ~75 m, replace the existing fluid in the bottom of the borehole
with an “ecologically clean drilling fluid”, and then penetrate the lake with a
thermal drill (Pomelov 2003). Lake water entering the borehole will eventually
freeze and this material will be drilled and recovered for analysis in a subse-
quent field season.

An international collaboration of scientists is also preparing to drill into a
subglacial lake in West Antarctica, named Ellsworth Subglacial Lake. The Lake
Ellsworth Consortium (Siegert et al. 2007) have proposed to enter this lake by
hot water drilling through the overlying 3,400 m of ice, lower an instrument
probe to measure the biological, chemical and physical characteristics of the
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lake water and sediments, and then return water and sediment samples to the
surface for analysis. Hot water drilling (e.g., Fig. 4.3C-E) uses melted snow as
the water source, which is heated to 80-90°C and pumped out of the drill tip.
The surface snow naturally turns into firn and then glacier ice through burial and

Borehole

“

pr. ﬂ Bedrock - Sediment
¢ A

Volcanic
vent

Fig. 4.3 A Location of zones of volcanic activity (dotted lines), volcanoes (dots), and major
glaciers (including Vatnajokull) on Iceland. B Aerial view of the Grimsvétn caldera and ice shelf
from the northwest. The approximate location of the drilling and sampling site. C Drilling opera-
tion on the Grimsvétn ice shelf. Modified from Gaidos et al. (2004). D Gas tight and water tight
sampling device consists of a 400-ml sample chamber (/), open at both ends; a closure mechanism
(2), comprising conical end-plugs driven by coil springs and a triggering mechanism consisting of
a spring-loaded ratchet held closed by tension on a line (3) below which is suspended a weight (4)
on a shock cord (5) and a load-bearing frame (6) which runs from the attachment point to the
deployment cable to the triggering device beneath the sample bottle. The sample is retrieved using
the sampling port (7). Modified from Gaidos et al. (2007). E Schematic cutaway diagram of the
subglacial caldera lake, with borehole and water sampler. (Not to scale)
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compaction and is eventually melted at the base of the ice into the lake. Thus,
the hot water drilling is simply speeding up the natural process of transferring
snow into the lake. Heating the water to >80°C in the drilling system likely
causes macromolecular degradation, and when combined with inline filtering,
the number of viable cells introduced into the lake via drilling can be minimized.
Siegert et al. (2007) argue that Lake Ellsworth is a good initial candidate for
subglacial lake exploration due to the lake’s small size (10km length x 10km
width x 250 m deep; lake volume ~25km?), comparable pressure and tempera-
ture to other subglacial lakes, accessibility to existing infrastructure (United
Kingdom and United States field operations), and lower ice surface altitude
(compared with the East Antarctic Ice Sheet), which reduces issues associated
with human and mechanical performance at higher altitudes and colder tempera-
tures. The sampling efforts described above are sure to make the next decade a
very exciting time for subglacial lake research. Current investigations and
techniques for sampling ice-entrapped lakes occurring elsewhere provide a train-
ing ground for testing sampling technology and an indication of the microbial
species and metabolic lifestyles that may exist in the numerous lakes beneath the
Antarctic ice sheet.

4.3.4 Subglacial caldera lakes

Smaller subglacial lakes have also been found in volcanic calderas beneath
Icelandic ice caps. Hydrothermal vent activity results in melting of the overlying
ice and filling of the subglacial caldera with water to form a subglacial lake
(Fig. 4.3A). The overlying ice on Vatnajokull is ~250-300 m thick and water depths
in the lakes vary from 20-140m (Gaidos et al. 2004). These lakes typically drain
catastrophically beneath the ice resulting in an outburst flood, which is termed a
jokulhlaup. The draining and filling cycle for these subglacial lakes over the past
four decades has ranged from one to less than ten years (T. Thorsteinsson, personal
communication).

Two Icelandic subglacial lakes, one in the Grimsvétn Caldera (Fig. 4.3B) and
one in the western Skaftarkatlar Cauldron, have been accessed via hot water drill-
ing of a borehole into the lake from the ice surface. Analysis of the water column
samples demonstrated that Grimsvotn Subglacial Lake contains a viable micro-
bial assemblage (Gaidos et al. 2004). Molecular analysis of the Grimsvotn water
samples indicates that the lake assemblage is distinct from the assemblages of
organisms in the borehole water (before lake penetration) and overlying ice and
snow. Sequencing of selected 16S rRNA gene fragments amplified from DNA
extracted from the lake water revealed phylotypes with high identity to psy-
chrophilic organisms (Gaidos et al. 2004). The uptake of '“C-labeled bicarbonate
in dark, low-temperature incubations of lake water samples indicates the presence
of chemoautotrophs (Gaidos et al. 2004).
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4.4 Adaptations, bioenergetics, and cosmopolitan genera in
subglacial environments

4.4.1 Molecular adaptations for survival in icy environments

Microorganisms in subglacial environments are susceptible to the physical and
osmotic stress associated with freezing and thawing during regelation. Ice crystals
initially form in the extracellular phase and solute exclusion draws water from the
cell, damaging the integrity of the cell membrane. Many plants, animals, and
microbes adapted to freezing conditions therefore produce compatible solutes (e.g.,
proline, betaine, glycine, and trehalose) which reduce the shock of an osmotic imbalance
(Tanghe et al. 2003). Thermal hysteresis antifreeze proteins may also be important
to survival in subglacial environments, as these cold-induced proteins function to
prevent damage initiated by intra- and extra-cellular ice crystal formation.

It is also possible that microorganisms entrapped within the solid basal ice of a
glacier may remain metabolically active. This is an important transient phase in the
subglacial environment due to melting and refreezing of water at the glacier bed.

12
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Fig. 4.4 Incorporation of [*H]thymidine into TCA-precipitable material by frozen suspensions of
Sporosarcina species TGTB5-5B at —15°C. The experiment was conducted for 115 days in a
media with a total dissolved solid concentration of ~10~* M. Freezing conditions and experimental
details were as described by Christner (2002)
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During freezing, cells are excluded into the interstitial liquid veins that exist
between three grain boundaries in polycrystalline ice (Mader et al. 2006), similar
to chemical impurities in the ice (Nye 1992). Figure 4.4 shows the incorporation of
thymidine under frozen conditions (—15°C) by a psychrophilic bacterium isolated
from the basal ice of Taylor Glacier, Antarctica. Based on these results and because
the in situ temperature of the basal ice at Taylor Glacier is —17°C, it is possible that
bacteria entrapped in basal ice metabolize in the aqueous veins between grain
boundaries (e.g., Price 2000).

Determining the molecular and physiological adaptations of microbial life in
subglacial environments will yield information that is vital for understanding the
evolution and ecology of microorganisms inhabiting the deep cold biosphere, and
may well yield biotechnologically relevant information for the identification of
enzymes with improved cold-active properties.

4.4.2 Resistance to high oxygen concentrations

The precursor to glacial ice is firn, which is composed of granularized and compacted
snowflakes. As the overlying snowfall accumulates and applies pressure, firn crystals
glide and bond to other crystal planes, effectively squeezing intervening air spaces
together into ice-entrapped bubbles that comprise ~10% (by volume) of the ice
(Paterson 1994). At increasing depth, the gas bubbles are compressed into clathrate
hydrates, which consist of a cage of water molecules around a gas molecule and are
only stable at high pressure and low temperature.

In Lake Vostok, glacial ice melts into the northern portion of the lake, continu-
ally introducing air clathrates to the system. The accretion ice is essentially gas-free
relative to the overlying glacial ice and very high (2.51 kg™! water) dissolved gas
levels have been estimated to exist in Lake Vostok and the dissolved oxygen con-
centration has been predicted to be ~50 times higher than air-equilibrated water
(McKay et al. 2003). Metabolic activity at high oxygen concentrations inevitably
results in the formation of hydrogen peroxide and superoxide by O,-utilizing
enzymes, which damages proteins, lipids, and DNA. Microorganisms capable of
tolerating oxygen possess detoxifying enzymes such as catalase and superoxide
dismutase. Resistance to oxidative stress is important for surviving freezing
(Tanghe et al. 2003), and this may also be a vital trait for survival at the high oxygen
concentrations predicted in Lake Vostok.

4.4.3 Survival under oligotrophic conditions

The low organic carbon concentration in the subglacial environment may select for
heterotrophic species capable of surviving in oligotrophic conditions and extended
periods of no growth. Low concentrations of dissolved organic carbon have been
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reported in Lake Vostok (17-250 uM, estimated from the accretion ice: Priscu et al.
1999; Karl et al. 1999; Christner et al. 2006) and in subglacial meltwaters and basal
ice in the high Arctic (8—100 uM: Skidmore et al. 2000; Barker et al. 2006) and
glacial meltwaters of the Canadian Rocky Mountains (13—64 uM: Lafreniere and
Sharp 2004). Miteva and Brenchley (2005) report that cells <0.1 um? dominated the
populations of cells in the GISP2 ice core and they also cultivated a number of bac-
terial isolates that are close phylogenetic relatives of known “ultramicrobacteria”.
Sphingopyxis alaskensis (formerly Sphingomonas alaskensis) is the most extensively
studied ultramicrobacterium (e.g., Eguchi et al. 2001) and this microorganism is
highly resistant to environmental stress (i.e., heat, hydrogen peroxide, and ethanol),
is capable of growth at low organic carbon concentrations (~65uM dissolved
organic carbon), and maintains a small cell size (0.03-0.07 um®) even when it is
exposed to rich culture media.

Particle analysis, using flow cytometry, of two glacial and one accretion ice sec-
tion from the Vostok core, revealed a pattern that contrasts the data of Miteva and
Brenchley (2005). Total particles densities in the Vostok ice samples ranged from
4.4x10* to 1.9x10° ml~! in glacial ice from 2,334 and 1,686 m, and 1.2x10* ml~! in
accretion ice from 3,612m (Table 4.1). These data corroborate published data
(Christner et al. 2006) that the accretion ice has lower total particle densities than the
overlying glacial ice. The mean and median sizes of the biotic particles were 3.8, 3.4
and 4.6 um for these same cores. The large biotic particles detected may, however,
be illusory, representing cells that have aggregated or are attached to larger abiotic
particles. We have observed cellular aggregation when viewing SYBR Gold stained
ice core samples with epifluorescence microscopy and have shown with SEM that
many of the bacteria in Vostok accretion ice are attached to particles of lithogenic
origin (Fig 4.5; Priscu et al. 1999). A better representation of biotic particle size may
be given by the mode. The modes for the ice cores from 1,686, 2,334 and 3,612m
were 0.7, 3.5 and 0.7 um, respectively, which were 20%, 93%, and 15% of the biotic
population means. The majority of the particles from the Vostok ice cores were abi-
otic with biotic counts ranging from only 2.5 to 19.2% of the total particles.

Table 4.1 Particle size distribution (mean, median, mode; um) and particle density (particles ml™
ice; percent of total particles) for the biotic and abiotic fractions at three depths in the Vostok ice
core. The size distributions were determined on the raw data and from Weibull distributions
(parentheses)

Depth (m) Mean (um) Median (um) Mode (um) Particles ml~' Particles ml™! (% of total)

1686

Biotic ~ 3.41(245) 227 (2.04) 0.74(1.02) 4,610 2.5
Abiotic  0.67 (0.60) 0.58 (0.59)  0.52 (0.56) 181,536 97.5
2334
Biotic  3.81 3.74) 3.43(3.36) 3.54 (2.41) 8512 19.2
Abiotic  2.65 (2.63) 2.26(2.22) 051 (1.18) 35,804 80.8
3612
Biotic  4.60 (4.60) 3.52(3.51)  0.68 (0.72) 1,278 103

Abiotic  2.76 (1.24) 1.27 (1.03)  0.53 (0.52) 11,090 89.7
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Fig. 4.5 SEM images showing bacterial cells aggregated with non-cellular material in Vostok
cores from 3,197 m (A; glacial ice) and 3,540 m (B; accretion ice). Cryogenic SEM (JEOL-6100
SEM) and energy dispersive spectrometry (EDS) were used to image and analyze particles; EDS
revealed that the non-cellular material was organic in origin

The ability to efficiently scavenge nutrients (i.e., small cells with high surface to
volume ratios) and endure stress is likely to be valuable in terms of extended
survival in all extreme environments, including those that exist deep beneath glacier
ice. However, it is also possible that alternative energy sources and survival strate-
gies are important in subglacial ecosystems.
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4.4.4 Chemolithotrophy in subglacial environments

Glacier flow results in the comminution of mineral matrices in the underlying bedrock,
releasing carbonate, sulfide, iron, and organic matter into the subglacial environment
(Tranter et al. 2005). Geochemical evidence implies that the microbial oxidation of
metal sulfides in glacial flour occurs in oxic and anoxic glacier bed environments
(Bottrell and Tranter 2000; Tranter et al. 2002). Under oxic conditions, sulfide oxidation
and heterotrophic activity will consume oxygen, eventually creating anoxia. Sulfide
oxidation with Fe(IIl) as an oxidant can occur in the absence of oxygen, and sulfate
reduction and methanogenesis are potential biogeochemical pathways for the anaerobic
mineralization of organic matter. Thus, glacial physical processes may be sufficient to
supply an energy source to microbes existing in subglacial environments.

Christner et al. (2006) suggest that sulfide and iron oxidation could serve as the
basis for a chemolithotrophic food web in Lake Vostok (Fig. 4.2). Electron acceptors
such as oxygen and nitrate are continually introduced into the lake through the
melting of basal ice, and SO,* is produced through the chemical weathering of
sulfide minerals in the bedrock. There has been speculation regarding geothermal
energy input from high-enthalpy mantle processes or seismotectonic activity (Bulat
et al. 2004), which could introduce significant amounts of thermal energy and
support an ecosystem similar to those found in deep-sea hydrothermal vents. However,
since documented glaciological processes could supply subglacial lake ecosystems with
nutrient and redox couples for microbial metabolism, the search for viable subglacial
communities need not be exclusive to environments with geothermal input.

4.4.5 Do subglacial environments harbor endemic microbial
species?

Microbiological investigations of glacier environments (i.e., cryoconite holes,
subsurface glacial ice, accreted ice from Lake Vostok, subglacial sediment, and
subglacial outflow and streams) in polar and non-polar locations indicate that
strong phylogenetic relationships exist between bacteria from geographically distant
environments (e.g., Priscu and Christner 2004). In plants and animals, allopatric
speciation can occur when a geographically isolated population diverges from the
parent population, resulting in the emergence of a genetically distinct species.
Biogeographical relationships exist between cyanobacteria in hot springs (e.g.,
Papke and Ward 2004). However, the question remains as to whether geographi-
cally-separated glacier environments possess endemic or cosmopolitan species. .
Figure 4.6 shows the phylogenetic relationships (based on 16S rRNA gene
analysis) between Alphaproteobacteria of the genera Methylobacterim and
Sphingomonas isolated from glacial and subglacial environs in Antarctica (glacial
ice, Lake Vostok accretion ice, cryoconite holes), Greenland (glacial and subgla-
cial “silty” ice), China (glacial ice), and New Zealand (subglacial sediment). Also
included in Fig. 4.6 are related strains and cloned sequences recovered globally
from the deep sea, high mountain lakes, snow, sea ice, endolithic assemblages, cold
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Clone from deep-sea sediment, AB015566 &
Methylobacterium sp. UMB 3 (GISP2 ,Greenland), DQ147560 +
Methylobacterium sp. UMB 26 (GISP2, Greenland), DQ147575 +
Methylobacterium sp.V3 (Vostok5G,Antarctica), AF324201
Methylobacterium sp.GIC46 (GISP2, Greenland), AY439251+
Methylobacterium adhaesivum, AM040156
[~ Methylobacterium sp. UMB 28 GISP2, Greenland, DQ147577 +
Methylobacterium organophilum,D32226
Methylobacterium sp. zf-IVRht8 (East Rongbuk Glacier, Himalayas), DQ223681
Methylobacterium sp. 1811 (Antarctic snow), DQ341423 &
Methylobacterium rhodinum, D32229
Methylobacterium sp. G296-15(Guliya, Qinghai-Tibetan Plateau), AF395034
Methylobacteriumsp. TD4 (Taylor Dome,Antarctica), AF395030
Methylobacterium sp. GIC52 (GISP2, Greenland), AY439253 +
Methylobacterium extorquens, D32224
Methylobacterium zatmanii, D32230
Methylobacterium sp.zf-IVRht11 (East Rongbuk Glacier, Himalayas), DQ223682
Methylobacterium sp. G296-5 (Guliya, Qinghai-Tibetan Plateau), AF395035
Methylobacterium radiotolerans, AB175637
Methylobacterium fujisawaense, AJ250801
fethylobacterium fuji (GISP2, Greenland), AY169421

Sphingomonas sp. (Arctic sea ice), AF468353 &
Sphingomonas sp. (Antarctic sea ice), U85838 &
Sphingomonas sp. G296-3 (Guliya, Qinghai-Tibetan) Plateau, AF395036
Sphingomonas sp. Muzt-J22 (Pamirs Plateau, China), AY526716 +
Sphingomonas sp. SIA181-1A1 (Siple Dome, Antarctica), AF395032
Sphi sp. SO3-7r (GISP2, Greenland), DQ145741
Sphingomonas paucimobilis, D13725

Sphingomonas sp. CanClearl (Antarctic cryoconite hole), AF395038
Sphingomonas sanguis, D13726
Sphingomonas sp. M3C1.8K-TD1 (Taylor Dome, Antarctica), AF479378
Sphingomonas parapaucimobilis, D84525
Sphingomonas echinoides, AJ012461
Sphingomonas sp. FXS25 (Fox Glacier, NewZealand), AY315166
Sphingomonas sp. V1 (Vostok 5G, Antarctica), AF324199
Sphingomonas sp. G296-14 (Guliya, Qinghai-Tibetan Plateau), AF395037
Sphingomonas anadarae (deep sea), AB261013 &
Clone fromdeep—sea octacoral, DQ395827u
Sphingomonas sp. TSBY—64 (permafrost, China), DQ173020 &
Sphingomonassp. TSBY-38 (permafrost,China), DQ151830 &
Sphingomonassp. eh2 (Antarctic endolith), AF548567 &
Sphingomonas aurantiaca, AJ429236
Sphingomonas aerolata, AJ429240
Sphingomonas aerolata (Antarcticsoil), AF184221 &
Sphingomonas aerolata (Taylor Dome, Antarctica), AF395031
Sphingomonas sp. UMB 19 (GISP2, Greenland) , DQ147571
Sphingomonassp. J05 (high mountain lake, Switzerland), AJ864842 &
Clone from Antarcticsoil, AY571827 &
Sphingomonassp. TSBY—61 (permafrost, China), DQ166168 1
Sphingomonas faeni, AJ429239
Clone from subsurface aquifer (Siberia), AJ583164 &
Sphingomonas sp. Antarctic IS01 (Antarctic surface ice and snow), DQ341413 &
Sphingomonassp. TSBY—49 (permafrostChina), DQ151834 &

Helicobacter pylori
Myxococcus coralloides
0.10 Escherichia coli

Fig.4.6 Phylogenetic analysis of small subunit (16S) rRNA gene sequences from Methylobacterium
and Sphingomonas species isolated from glacial and subglacial environments (in bold). The
sequences were aligned on the basis of secondary structure and a 1,220-nucleotide mask (120-
1,377, Escherichia coli 16S rRNA gene numbering) was used to generate the tree using the
maximum likelihood method. The scale bar represents 0.1 fixed substitutions per nucleotide position.
Branches labeled with a white star in a black circle are isolates and cloned sequences obtained
from permanently cold and frozen environments; a black star designates lineages for which only
short sequences (488720 nucleotides) are available, and these sequences were added to the tree
using the ARB parsimony insertion tool (http://arb-home.de/). The source environment is shown
in parentheses, followed by the GenBank accession number

Aquifexpyrophili

soil, and permafrost. The distribution of related bacteria in worldwide glacial and
subglacial environments implies that some members of these genera evolved under
cold circumstances and likely possess similar strategies to survive freezing and,
possibly, to metabolize at low temperatures. While the phylogeny of a single gene
(i.e., 16S rRNA; Fig. 4.6) is not sufficient to resolve fine scale evolutionary rela-
tionships, analysis of multiple loci and recent advances in genomic sequencing
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technology make these type of experiments now feasible and cost-effective. Due
to the isolated nature of subglacial environments, these systems may represent
promising evolutionary models for investigating bacterial endemism and to test
theory-based species concepts (e.g., Cohan 2002).

4.5 Conclusions

Despite the fact that >80% of the biosphere (by volume) is permanently below 5°C
and most of the biomass is microbial (Priscu and Christner 2004), very little is
known about the biology of microorganisms inhabiting permanently cold environ-
ments. Biologists have studied life on the margins and surfaces of glaciers for
nearly a century, but until recently, the subglacial environment was thought to be
inhospitable for life. The discovery of active microbial assemblages beneath
glaciers and realization that large quantities of liquid water exist beneath polar ice
sheets has resulted in a new paradigm in the study of life on Earth.

Knowledge of microbial life in subglacial ecosystems is limited due to sparse data
and the technological, financial, and environmental challenges associated with sam-
pling such cold and remote subsurface environments. Considerable progress has been
made over the last 10 years in the exploration and study of subglacial environments,
permitting a glimpse of the microbial life that exists under conditions of high pressure,
cold temperature, low nutrient input, and no sunlight. Priscu et al. (2007) estimate that
the number of cells and organic carbon content in Earth’s glaciers and subglacial
environs (4x10,, cells and 10Pg C) exceeds that reported for the Earth’s surface
freshwater lakes and rivers (1.3x 10, cells and 0.5Pg C) and is close to that for the
open ocean. These tentative estimates imply that glaciated environments contain
a considerable pool of cells and organic carbon, and the deep cold biosphere may
represent a significant and previously unknown global source of CO, and CH, (Sharp
et al. 1999). As such, biogeochemical cycling models assuming zero rates of microbial
mineralization in glacially-overridden soils may underestimate the flux of CO, and
CH, released to the atmosphere during glacial to interglacial transitions.

The study of ecosystems in the cold deep biosphere also has implications for the
natural history and evolution of life on Earth, as well as on icy planets and moons in
the solar system. Geological evidence indicates that a long period of low latitude
pervasive global glaciation occurred during the late Proterozoic, referred to as a
“Snowball Earth”. Hoffman et al. (1998) argue that the planet was completely cov-
ered in ice for at least 10 million years, and liquid water only existed in the ocean
under a thick ice cover. If this scenario is accurate, such a long period of global
freeze would have had drastic consequences on ecosystems established prior to this
event, and subglacial environments may have provided an important refuge for life
during such an extended ice age. Polar ice caps composed of water ice exist on Mars,
there is evidence for glaciers at lower latitudes during times of higher obliquity
(Head et al. 2005), and the jovian moon Europa is thought to maintain a 50- to 100-
km-deep liquid ocean under a 3- to 4-km-thick ice shell (Turtle and Pierazzo 2001).
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Thus, the study of cold, dark, subglacial environments on Earth will provide insight
as to the likelihood of microbial life surviving and persisting in icy extraterrestrial
environments. Furthermore, the challenge of identifying appropriate extrater-
restrial sites for exploration and developing technology to sample icy subsurface
environs will directly benefit from the experience gained by studying earthly analogs.

Subglacial environments remain one of the last unexplored frontiers on our
planet. While the study of microbial communities that function near the freezing
point of water is inherently interesting, these ecosystems are also clearly relevant
to determining the boundaries for life in the biosphere, biogeochemical cycling, the
natural history of life on Earth, and astrobiology. We can therefore expect subgla-
cial exploration to be at the forefront of cryospheric research in the future and the
years to follow should prove to be an interesting time of discovery.
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5.1 Introduction

Despite the fact that up to 60% of the Earth’s surface is covered by seas of depths
exceeding 1,000m, the study of microorganisms in the deep sea is very incom-
plete. The deep sea is regarded as an extreme environment with high hydrostatic
pressures (up to 110MPa), predominantly low temperatures (2-4°C), but with
occasional regions of extremely high temperatures (up to 370°C) at hydrothermal
vents, darkness, and low nutrient availability, although with sufficient dissolved
oxygen (Fig. 5.1).

In 1949, a research project was started on the effects of hydrostatic pressure on
microbial activities (ZoBell and Johnson 1949). The word “barophilic” was first
used by them and is defined today as optimal growth at pressure greater than
0.1 MPa (= 1 atm) or by a requirement for increased pressure for growth. The term
“piezophilic” has been proposed as a replacement for “barophile” as the Greek
translations of the prefixes “baro” and “piezo” mean “weight” and “pressure,”’
respectively (Yayanos 1995). Thus, the word piezophile is more suitable than
barophile to describe bacteria that grow better at high pressure than at atmospheric
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pressure. Therefore, authors have opted to use the term “piezophilic bacteria”,
meaning high-pressure-loving bacteria. Piezophiles display maximum growth at
high pressure. They can either grow at atmospheric pressure or not; obligatory
piezophiles cannot grow at atmospheric pressure. Piezotolerant bacteria grow best
at atmospheric pressure, but can sustain high pressure (about 30-50 MPa), whereas
piezosensitive bacteria totally stop growing at a pressure of about 30-50 MPa. The
growth patterns of piezotolerant and piezophilic bacteria are shown in Fig. 5.2.

5.2 The deep-sea psychropiezophiles

Bacteria living in the deep sea have several unusual characteristics that allow them
to grow in their extreme environment. In 1979, the first pure culture isolate of a pie-
zophilic bacterium was reported (Yayanos et al. 1979). The spirillum-like bacterium
strain CNPT-3 had a rapid doubling rate at 50 MPa, but did not grow at atmospheric
pressure. However, no public culture collections are maintained and no name has
been added to strain CNPT-3. We have isolated and characterized numerous piezo-
philic and piezotolerant bacteria from cold deep-sea sediments at depths ranging
from 2,500m to 11,000m, using sterilized sediment samplers on the submersibles
SHINKAI 6500 and KAIKO systems operated by JAMSTEC, the Japan Agency for
Marine-Earth Science and Technology (Kato et al. 1995; Nogi and Kato 1999; Nogi
et al. 2004). Most isolated strains are not only piezophilic but also psychrophilic
(psychropiezophilic) and cannot be cultured at temperatures higher than 20°C.

5.3 Taxonomy of the psychropiezophiles

Numerous deep-sea piezophilic bacterial strains have been isolated and characterized
in an effort to understand the interaction between the deep-sea environment and its
microbial inhabitants (Yayanos et al. 1979; Kato et al. 1998; Margesin and Nogi
2004). Thus far, all psychropiezophilic bacterial isolates fall into the gamma-sub-
group of the Proteobacteria according to phylogenetic classifications based on 5S and
16S ribosomal RNA sequence information (DeLong et al. 1997; Kato 1999; Margesin
and Nogi 2004). Prior to the reports by the JAMSTEC group, only two deep-sea pie-
zophilic bacterial species have been described; they were named Shewanella benthica
(Deming et al. 1984; MacDonell and Colwell 1985) and Colwellia hadaliensis
(Deming et al. 1988). We have identified several novel piezophilic species within
these genera based on the results of chromosomal DNA-DNA hybridization studies
and several other taxonomic properties. Both previously described and novel species
of bacteria have been identified among the piezophilic bacterial isolates. Nogi et al.
(2002) reported that cultivated psychropiezophilic deep-sea bacteria were affiliated
with one of five genera within the Gammaproteobacteria subgroup: Shewanella,
Photobacterium, Colwellia, Moritella, and Psychromonas. Figure 5.3 shows the
phylogenetic relations between the taxonomically identified psychropiezophilic
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Fig. 5.3 Phylogenetic tree showing the relationships between isolated deep-sea piezophilic bac-
teria (in bold) within the Gammaproteobacteria subgroup determined by comparing 16S rDNA
sequences using the neighbor-joining method (references for species description are indicated in
the text). The scale represents the average number of nucleotide substitutions per site. Bootstrap
values (%) are shown for frequencies above the threshold of 50%

species (shown in bold) and other bacteria within the Gammaproteobacteria sub-
group. The taxonomic features of the psychropiezophilic genera were determined as
described below.

5.3.1 The genus Shewanella

The genus Shewanella comprises Gram-negative, aerobic, and facultatively anaero-
bic Gammaproteobacteria (MacDonell and Colwell 1985) and is typical of deep-sea
bacterial genera (DeLong et al. 1997). The genus includes psychrophilic and
mesophilic species that are widely distributed in marine environments. The type
species of this genus is Shewanella putrefaciens, a bacterium formerly known as
Pseudomonas putrefaciens (MacDonell and Colwell 1985; Owen et al. 1978). About
45 Shewanella species have been isolated and described. The genus is divided into
two subgenera on the basis of phylogenetic structure, growth properties in relation to
pressure, and polyunsaturated fatty acid (PUFA) production. Shewanella group 1
members are characterized as cold-adapted species that grow at high pressure and
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produce substantial amounts of eicosapentaenoic acid (EPA), whereas Shewanella
group 2 members are characterized as mesophilic pressure-sensitive species (Kato
and Nogi 2001). Some representatives of group 1, S. hanedai and S. gelidimarina,
are not piezophilic but are rather piezotolerant. Thus, prior to the present report,
Shewanella benthica and Shewanella violacea were the only known members of the
genus showing psychropiezophilic growth properties (Nogi et al. 1998b). The
psychrophilic and piezophilic Shewanella strains, including S. violacea and S. benthica,
produce EPA, and thus the production of such long-chain PUFAs is a property shared
by many deep-sea bacteria to maintain cell-membrane fluidity under conditions of
extreme cold and high hydrostatic pressure (Fang et al. 2003). S. violacea strain
DSS12 has been studied extensively, particularly with respect to its molecular
mechanisms of adaptation to high pressure (Kato et al. 2000; Nakasone et al. 1998,
2002). As there are few differences in the growth characteristics of strain DSS12
under different pressure conditions, this strain is a very convenient deep-sea bacterium
for the study of the mechanisms of adaptation to high-pressure environments.
Therefore, genome analysis of strain DSS12 has been performed as a model deep-sea
psychropiezophilic bacterium (Nakasone et al. 2003).

5.3.2 The genus Photobacterium

The genus Photobacterium was one of the earliest known bacterial taxa (Beijerinck
1889). The type species of this genus is Photobacterium phosphoreum. Phylogenetic
analyses based on 16S rRNA gene sequences have shown that this genus falls within
the Gammaproteobacteria and is, in particular, closely related to the genus Vibrio
(Nogi et al. 1998c). Photobacterium profundum, a novel species, was identified
through studies of the moderately psychropiezophilic strains DSJ4 and SS9 (Nogi
etal. 1998c), and P. frigidiphilum was reported to be slightly piezophilic: its optimal
pressure for growth is I0MPa (Seo et al. 2005). About 15 Photobacterium species
have been isolated, but P. profundum and P. frigidiphilum are the only species within
this genus known to display piezophily and the only two known to produce the long-
chain PUFA EPA. No other known species of Photobacterium produces EPA (Nogi
et al. 1998c). P. profundum strain SS9 has been extensively studied with regard to
the molecular mechanisms of pressure regulation (Bartlett 1999) and subsequently
genome sequencing and expression analysis (Vezzi et al. 2005).

5.3.3 The genus Colwellia

Species of the genus Colwellia are defined as facultatively anaerobic and
psychrophilic bacteria and the type species of this genus is C. psychroerythrus
(Deming et al. 1988). This genus belongs to the Gammaproteobacteria. At the time
of writing, C. hadaliensis and Colwellia piezophila were the only known members
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of the genus showing psychropiezophilic growth properties (Deming et al. 1988;
Nogi et al. 2004). However, C. hadaliensis and/or its 16S rRNA gene sequence
information are not maintained in public culture collections. The other species,
C. piezophila, has been isolated as an obligately psychropiezophilic strain from the
sediment of the deep-sea fissure of the Japan Trench (Nogi et al. 2004). Bowman
et al. (1998) reported that Colwellia species produce the long-chain PUFA docosa-
hexaenoic acid (DHA). However, C. piezophila does not produce EPA or DHA in
the membrane layer, whereas high levels of unsaturated fatty acids (16:1) are
produced. This observation suggests that the production of long-chain PUFAs
should not be a requirement for classification as a piezophilic bacterium, although
the production of unsaturated fatty acids could be a common property of
psychropiezophiles.

5.3.4 The genus Moritella

The type strain of the genus Moritella is M. marina (Urakawa et al. 1998), previ-
ously known as Vibrio marinus (Colwell and Morita 1964), and is one of the most
common psychrophilic organisms isolated from marine environments. Many species
of the genus are psychropiezophilic, but M. marina is not a piezophilic bacterium.
Strain DSK1, a moderately psychropiezophilic bacterium isolated from the Japan
Trench, was identified as Moritella japonica (Nogi et al. 1998a). This was the first
piezophilic species identified in the genus. Production of the long-chain PUFA DHA
is a characteristic property of the genus Moritella. The extremely piezophilic bacte-
rial strain DB21MT-5 isolated from the world’s deepest sea bottom, the Mariana
Trench Challenger Deep, at a depth of 10,898 m was also identified as a Moritella
species and designated M. yayanosii (Nogi and Kato 1999). The optimal pressure for
the growth of M. yayanosii strain DB21MT-5 is 80 MPa; this strain is unable to grow
at pressures of less than 50 Mpa, but grows well at pressures as high as 100 MPa
(Kato et al. 1998). The fatty acid composition of psychropiezophilic strains changes
as a function of pressure, and in general greater amounts of PUFAs are synthesized
at higher growth pressures. Approximately 70% of the membrane lipids in M. yayanosii
are unsaturated fatty acids, which is a finding consistent with its adaptation to very
high pressures (Nogi and Kato 1999; Fang et al. 2000). Two other species of the
genus, M. abyssi and M. profunda, were isolated from a depth of 2,815 m off the
West African coast (Xu et al. 2003b); they are moderately piezophilic and their
growth properties are similar to those of M. japonica.

5.3.5 The genus Psychromonas

The genus Psychromonas is composed of psychrophilic bacteria; it also belongs to
the Gammaproteobacteria, and is closely related to the genera Shewanella and



5 Bacteria in the deep sea: psychropiezophiles 79

Moritella on the basis of 16S rRNA gene sequence data. The type species of the
genus, P. antarctica, was isolated as an aerotolerant anaerobic bacterium from a
high-salinity pond in Antarctica (Mountfort et al. 1998). This strain did not display
piezophilic properties. Psychromonas kaikoae is a novel obligatory psychropiezophilic
bacterium (Nogi et al. 2002). This strain was isolated from sediment collected from
the deepest cold-seep environment (an area of the ocean floor where hydrogen
sulfide, methane and other hydrocarbon-rich fluid seepage occurs; sometimes
called a cold vent) in the Japan Trench at a depth of 7,434 m, where chemoautotrophic
animal communities were also found. The optimal temperature and pressure for the
growth of P. kaikoae are 10°C and 50 MPa, respectively, and both EPA and DHA
are produced in the membrane layer. In contrast, P. antarctica does not produce
either EPA or DHA in its membrane layer. Psychromonas profunda strain CNPT-3
proved to be closely related to P. kaikoae based on 16S ribosomal RNA sequence
information, and therefore it was assumed that strain CNPT-3 should be included
in this genus. In addition, Psychromonas profunda is a moderately piezophilic
bacterium isolated from deep Atlantic sediments at a depth of 2,770m (Xu et al.
2003a). This strain is similar to the piezo-sensitive strain Psychromonas marina,
which also produces small amounts of DHA. In this genus, only P. kaikoae
produces both EPA and DHA.

5.4 The fatty acid composition of psychropiezophiles

The psychropiezophilic Shewanella and Photobacterium strains produce EPA
(Nogi et al. 1998b, 1998c), Moritella strains produce DHA (Nogi et al. 1998a;
Nogi and Kato 1999), and P. kaikoae produces both EPA and DHA (Nogi et al.
2002), but C. piezophila does not produce such PUFAs (Nogi et al. 2004). The
fatty acid composition of these psychropiezophilic strains is dependent on the
taxonomic affiliation (genus); commonly high levels of unsaturated fatty acids
(about 50-70%), including EPA or DHA, are found in their membrane layer. The
fatty acid composition of psychropiezophilic strains also changes as a function of
pressure and, in general, greater amounts of PUFAs are synthesized under high-
pressure conditions for growth (DeLong and Yayanos 1985, 1986).
Psychropiezophilic bacteria were believed to produce one of the long-chain
PUFAs, either EPA or DHA, but this does not appear to be obligatory. For example,
Allen et al. (1999) reported that monounsaturated fatty acids, but not PUFAs, are
required for the growth of the psychropiezophilic bacterium P. profunda SS9
based on the analysis of pressure-sensitive mutants. In their mutant experiment,
the 18:1 fatty acid proved to be necessary for growth under low-temperature and/
or high-pressure conditions. In the case of C. piezophila, the 18:1 fatty acid is
absent, but the strain produces a large amount of the fatty acid 16:1 in the cell
membrane. All psychropiezophilic bacteria analyzed so far have 16:1 fatty acid
and, thus, this fatty acid appears to be one of the important components required
for high-pressure growth.
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5.5 Conclusions

Cultured deep-sea psychropiezophilic bacteria are affiliated with one of five genera
within the Gammaproteobacteria subgroup: Shewanella, Photobacterium, Colwellia,
Moritella, and Psychromonas. These psychropiezophiles are characterized to
contain unsaturated fatty acids in their cell membrane layers but PUFAs, like EPA
and DHA, are not obligatory for growth under high-pressure.
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6.1 Introduction

Significant numbers of viable ancient microorganisms are known to be present
within the permafrost. They have been isolated in both polar regions from the cores
up to 400m deep and ground temperatures of —27°C. The age of the cells corre-
sponds to the longevity of the permanently frozen state of the soils, with the oldest
cells dating back to ~3 million years in the Arctic, and ~5 million years in the
Antarctic. They are the only life forms known to have retained viability over
geological time. Thawing of the permafrost renews their physiological activity and
exposes ancient life to modern ecosystems. Thus, the permafrost represents a stable
and unique physicochemical complex, which maintains life incomparably longer
than any other known habitats. If we take into account the depth of the permafrost
layers, it is easy to conclude that they contain a total microbial biomass many times
higher than that of the soil cover. This great mass of viable matter is peculiar to
permafrost only.
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The terrestrial cryosphere consists of two parts: glaciosphere (snow and ice) and
frozen ground, which contains long-term and seasonal cryogenic formations with
ancient and periodically frozen viable microorganisms, respectively (Table 6.1).
Permanently frozen formations are a widespread, rich terrestrial depository of
ancient viable cells and represent a significant part of the biosphere, the
Cryobiosphere. These permanently frozen formations (ice and ground) maintain
life during geological time.

Biota of Greenland and Antarctic Ice Sheets (120,000 and 400,000 years, respec-
tively) have been widely studied up to depths of 3—4km (Abyzov 1993; Kapitsa
et al. 1996; Karl et al. 1999; Priscu et al. 1998; Petit et al. 1999; Skidmore et al.
2000; Miteva et al. 2004). The oldest, with more than 500,000 years, glacial ice
(Thompson et al. 1997), as well as immured bacteria (Christner et al. 2003), were
found at Guliya ice cap on Tibetan Plateau. Table 6.1 shows that the number of via-
ble, mostly airborne, cells in snow and seasonal ice covers are in the same order of
magnitude as within the ancient Ice Sheet cores. Such data could be interpreted as
an absence of reduction of the microbial population once bacteria were immured in
ice hundreds of thousand years ago. The studies have shown that the number of via-
ble cells in these cores increases sharply with the presence of dust particles (Abyzov
1993) and the ultra small cells were dominating (Miteva and Brenchley 2005). The
cell distribution along the Antarctic Ice Sheet borehole indicates that the abundance
of viable cells in Antarctic Ice Sheet decreases with increasing age of the ice—most
abundant are the upper (<12,000 years) layers in spite of extremely low tempera-
tures, —50°C (Abyzov 1993). Studies of Greenland ice indicate a good preservation
of the genomic DNA in relatively young, 2,000—4,000 years, cores (Willerslev et al.
1999), as well as of bacterial and plant viruses in samples from 500-100,000 years
old (Castello et al. 2005). Unfortunately, this relates to human danger viruses too: in
the Arctic, influenza A RNA is preserved in high concentrations in the seasonal ice

Table 6.1 Bacteria in terrestrial Cryosphere

EARTH CRYOSPHERE
Glaciosphere Cryolithosphere
Seasonally cryogenic formations
Snow & ice Cryopedosphere (frost-affected soils)
Covers Seasonally thawed soil Seasonally
(Permafrost-affected soil or Cryosol) frozen soil
10'-10? cells ml™! 107-10° cells g
Long-term cryogenic formations
Ice sheets Ice Rocky permafrost Frozen ground and Buried soils
Glaciers veins (overcooled dry rocks) (fine dispersed icy sediments)
10'-10? cells ml™! no data 10*-107 cells g!

CRYOBIOSPHERE
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of lakes (Shoham 2005). Recently, the preservation of influenza A virus genes was
reported in ice and water from Kolyma lowland lakes on the East Siberian sea coast
that are visited by large numbers of migratory birds. This type of temporal gene flow
might be a common feature of viruses that can survive entrapment in environmental
ice and snow (Zhang et al. 2006).

Table 6.1 shows that the most colonized part of Cryosphere is represented by
modern frost-affected soils and permafrost with cells adsorbed on organic or
mineral particles. This is why, after brief description of the contemporary soil
cover in high altitudes and latitudes, we focus on permafrost as a habitat, and its
biodiversity. However, firstly we have to clarify the terminology and emphasize
that the term permafrost designates the permanently frozen ground—soil or rock
that remains at or below 0°C for at least two consecutive years (van Everdingen
1998). In the literature, the term “soil” is the synonym of fine dispersed sediments
or deposits. So, in the above mentioned definition, the term “permafrost soil” is
a synonym of “permafrost”. Unfortunately, in recent years, some microbiologists
used in presentations and papers the term permafrost soil as a synonym of modern
soils in permafrost zone—seasonally (summer) thawed soils underlain by permafrost.
Thereby, these authors ignore the principal differences between permanently and
seasonally frozen grounds as microbial habitats and mislead readers about the
microbial community which is investigated: ancient or modern. In the case of the
soil cover in the permafrost zone, several terms could be used—seasonally
thawed soils or active layer. More recent terms are permafrost-affected soils or
cryosol.

6.2 Soil cover

The frost-affected soil cover consists of two main groups, which contain a similar
number of viable cells (Table 6.1): (1) seasonally (summer) thawed soils with mean
annual temperatures lower than 0°C, underlain by permafrost; and (2) seasonally
(winter) frozen soils with mean annual temperatures higher than 0°C, underlain by
non-frozen deposits. In the cold period, both groups are in the frozen state and melt
during each summer. The leading factor in differentiation of soil horizons is tem-
perature transition through 0°C, resulting in freeze-thawing processes, ice-water
phase exchange, cryoturbation, soil heaving, shattering and continual renovation of
soil profile. This is why it is so important to understand the influence of multi-time
freeze-thawing stresses on soil microbial community.

Arctic tundra and north taiga soils in frozen state are consolidated by ice, and
the depth of seasonal thawing varies between 0.3 and 2.0 m. The maximal number
and biodiversity of microorganisms correlate with the upper soil horizon A and
decrease with depth up to the surface beneath the seasonal thaw layer, called per-
mafrost table. This table represents the physical barrier with the sharp accumulative
peak of microorganisms (Fig. 6.1), which came down from the upper layers due to
infiltration of melted water (Fyodorov-Davydov and Spirina 1998).
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Fig. 6.1 Bimodal profile distribution of microorganisms in tundra and north taiga soil cover. Key:
1 forest litter; 2 peaty horizon; 3 mucky horizon; 4 soddy horizon; 5 iron-enriched horizon;
6 morphological features; 7 organic inclusions in mineral horizons; 8 permafrost table

The surface of Arctic tundra soil is under the influence of solar radiation. But
covers of snow and vegetation decrease and minimize this impact, as well as
temperature oscillations. The surface conditions in Antarctica (intensive solar radi-
ation, absence of snow and vegetation covers and ultra-low subzero temperatures
down to —60°C) differ from Arctic. This is why the upper 10-25 cm thick Antarctic
Dry Valleys sandy “active” layer is dry and lacks ice-cement due to sublimation.
The overcooled (frosty) layer with no water and therefore no ice may often be
mobilized by storm wind. At elevations of 1500 m, there is no summer air temperature
above freezing. However, the surface temperatures of soil or rock may exceed 0°C
for several hours (Llano 1962; McKay et al. 1993, 1998), and for short periods even
reach 10°C (Campbell et al. 1997). In such a situation, the upper ~2cm layer of the
surface often contains a low number of viable cells in comparison with the underlain
horizons (Cameron et al. 1970; Horowitz et al. 1972), and, in some cases, these
microorganisms cannot be isolated on agar plates. This correlates with the poor
diversity of bacterial phylotypes, a low number of mycelial fungi strains, and a
minimum of chlorophyll content. The occurrence and biodiversity of microorgan-
isms is higher at depth (horizon C) than in top of the “active” layer (Gilichinsky
et al. 2007). Such distribution is typical for cryptoendolithic microbial communities
on and within Antarctic sandstone (Friedmann 1982; Meyer et al. 1988; Nienow
and Friedmann 1993).

Microbiologists have carried out research of Arctic soil microbial communities
by classical bacteriological methods for more than 60 years (Jensen 1951; McBee
and McBee 1956; Boyd and Boyd 1962). Numerous studies have shown that the
bacterial composition in the active layer of Arctic tundra include members of
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Alpha-, Beta-, Gamma-Proteobacteria, Firmicutes, Actinobacteria (Arthrobacter;
Nocardia, Mycobacterium), Cyanobacteria and members of the Cytophaga/
Flexibacter/Bacteroides group (Nelson and Parkinson 1978; Parinkina 1989;
Dobrovolskaya et al. 1996; Mannisto and Haggblom 2006).

Gram-negative bacteria, such as Burkholderia sp., Collimonas sp., Pedobacter sp.,
Janthinobacter sp., Duganella sp., Dyella sp., Achromobacter sp., Pseudomonas sp.
and Sphingomonas sp., are typical components of the tundra soil microbial complex,
while Gram-positive strains are often a minor component (Mannisto and Haggblom
2006; Belova et al. 2006). Since the processes of methane production and oxidation
are common in Arctic polygonal tundra, methanogens and methanotrophs (Methylocella
tundrae, Methylocella palustris, Methylobacter psychrophilus) are always present in
the community structure (Berestovskaya et al. 2002, 2005; Dedysh et al. 2004).

However, determination of phylogenetic diversity of a bacterial community from
soil DNA started by Zhou et al. (1997) has come only now to the active phase. In
that study, no dominant clones were found; all 43 environmental clones were differ-
ent with most of the phylotypes from Proteobacteria (60.5%), especially from Delta
(25.6%), Alpha (20.9%), Beta (9.3%) and Gamma (4.7%) subdivisions, followed by
Fibrobacter (16%), Gram-positive bacteria (11.6%) and members of the Cytophaga-
Flexibacter-Bacteroides group (2.3%). However, due to the small size of the clone
library, it was impossible to compare the microbial abundance and diversity of tun-
dra soils with soils of other northern regions. Partly, this deficiency was filled up by
Neufeld and Mohn (2005). Using the data of serial analysis of ribosomal sequence
tags (SARST) and denaturing gradient gel electrophoresis (DGGE), they estimated
and compared the bacterial biodiversity in Arctic tundra and boreal soils. Between
1,487 and 2,659 ribosomal sequence tags (RSTs) were obtained from each sample
of three arctic tundra sites and three boreal forest locations. Rarefaction analysis,
Chaol estimates, and Shannon—Weiner diversity index consistently indicated that
the undisturbed arctic tundra soil libraries possessed greater bacterial diversity than
the boreal forest soil libraries. The taxonomic affiliations of RSTs demonstrated the
dominance of Proteobacteria and substantial proportions of Actinobacteria,
Acidobacteria, Firmicutes, Bacteroidetes, Verrucomicrobia, and Cyanobacteria. All
libraries contained a large proportion of RSTs (10-25%) with close affiliations to
16S rRNA gene sequences of unknown phylogenetic affiliation. This report and our
studies demonstrate that the Arctic serves as an unrecognized reservoir of microbial
diversity and thus of biochemical potential.

In our study, in order to get higher diversity of phylotypes, we extracted the total
community genomic DNA from the original sample (T ) and after aerobic (T ) and
anaerobic (T ) enrichments (Fig. 6.2). A total of 243 environmental clones were
selected and partial 16S rRNA gene sequences for each clone were obtained using
the high throughput DNA sequencing approach, and the phylogenetic relatedness
of the 16S rRNA gene sequences was studied. All variants yielded a high propor-
tion of Proteobacteria and unclassified bacteria, while the proportion of all other
bacterial groups varied depending on the conditions of enrichment or on the respec-
tive DNA isolation kit (Fig. 6.2). Therefore, we present here a summary of all
clones spread over 15 phyla. Most of the clones (29.3%) belonged to unclassified



88 D. Gilichinsky et al.

MuoRio Biol0l

[ Acidobactens
[] Actinobacteria
[ Bacterodetes

{1 Chloroflex

B Framucutes

To

E Gemmatimonadetes

H Genera_mcertae_sedis_OP10
& Genera_mcertae_sechs_TM7
] Planctomycetes

1l Thermomacroban

Ta

E3 Verrucomucrobia

[ unclassified_Bactens
B Nitrospua

B Protscbactena

1 Als Protechactena
(7] Beta Proteobacteria

Tan

# Gamma Proteobactena

] Delta Proteobactens
M Epsilon Proteobactena

Fig. 6.2 Bacterial diversity in one sample of Arctic soil as obtained after acrobic (7)) and anaer-
obic (7)) enrichments in comparison to original community (7,). The total community genomic
DNA for each variant was isolated using MoBio and Biol0O1 kits. The proportion of different
subdivisions of Proteobacteria is given on the right of each pie. Bacterial phyla which environmen-
tal clones were closely related to are shown

bacteria and bacteria of uncertain position, so the majority of the bacterial commu-
nity of tundra soil appears to have never been isolated and the physiology and func-
tion of these presumably dominant organisms are unknown. The dominant bacterial
group was represented by Proteobacteria (40.4%) with the majority of clones from
the Beta (23.9%) subdivision, in comparison to the Alpha (5.7%), Gamma (5.7%),
and Delta (4.5%) subdivisions. The distribution of other detected bacterial groups
was as follows: Gram-positive bacteria consisted of Actinobacteria (9.5%) and
Firmicutes (0.8%), then Gemmatimonadetes (7.8%), Nitrospira (3.3%), Cytophaga—
Flexibacter—Bacteroides group (2.4%), Verrucomicrobia (2.4%), Acidobacteria
(1.6%); other detected bacteria constituted less than 1%.

To date, two tundra soils and four permafrost samples, all of them of different
composition and origin, were characterized in three independent studies based on
culture-independent approaches (Zhou et al. 1997; Vishnivetskaya et al. 2006;
Steven et al. 2007; and this review). Deeper permafrost layers contain microbial
communities which have been formed in the surface ecosystems and then trapped
and buried during sediment accumulation and freezing. However, because of the
complex vertical structure of the soil/sediments and the physical and chemical
differences between the horizons (Zvyagintsev 1994), it is obvious that the subsurface
community structure differs from that of surface soils. In spite of the fact that a
bacterial community structure depends on sample characteristics, we found
similarities between upper soil layers and underlain permafrost sediments. While
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the diversity of the genera detected in tundra soil was higher than within perma-
frost, Gram-positive bacteria with high and low G+C content, Alpha-, Beta-and
Gamma-Proteobacteria, and Cytophaga—Flexibacter—Bacteroides group were
detected in both soil and sediments. These bacterial groups were also detected in
different textured tundra soil horizons by fluorescence in situ hybridization (FISH),
anew approach for studying the composition of an active community in an environment
(Kobabe et al. 2004). We found that Proteobacteria (Delta-, Alpha-, or Beta-) were
predominant in tundra soil, while Gamma-Proteobacteria dominated within permafrost.
However bacteria of the genus Pseudomonas and the family Xanthomonadaceae
could be easily detected in tundra soil as well. The comparison of environmental
clones and previously characterized isolates from tundra soil showed that
Arthrobacter, Nocardioides, Methylocystis, Janthinobacterium, Burkholderia, and
Pseudomonas could be detected by both culture-dependent and culture-independent
methods.

6.3 Permafrost

The first data related to the existence of bacteria in permafrost appeared at the
beginning of the 20" century, in relation to the discovery of mammoths and studies
of soils in Siberia (Omelyansky 1911; Isachenko 1912). In the 1930s—70s, sepa-
rately, unrecognized by each other, microbes were discovered in many Arctic
regions (Kapterev 1936, 1938; Kriss 1940; James and Sutherland 1942; Kriss and
Grave 1944; Kalyaev 1947; Becker and Volkmann 1961; Boyd and Boyd 1964;
Kjoller and Odum 1971), and in Antarctic Dry Valleys (Cameron and Morelli
1974). As early as 1975, Pewe first emphasized the need for further research in this
field and, 20 years later, the overview of these studies was published (Gilichinsky
and Wagener 1995). In all these studies, the procedures and the application of drilling
fluids did not guarantee the sterility of the cores. Because of these methodological
and technical difficulties, the above mentioned reports were not considered with
due attention and the permafrost was not studied as a living stratum. Nevertheless,
the authors of these early studies first raised the question of the possible preservation
of viable cells in the permafrost. The recent status of permafrost microbiology has
been reviewed by Steven et al. (2006). This is why we focus below on some new
aspects only.

6.3.1 Bacterial biodiversity

Abundance and diversity of microbes inhabiting permafrost are very high. The total
cell number counted by epifluorescence microscopy was 105-106 cells g=' dry mass
in Antarctica (Gilichinsky et al. 2007) and 107-10® cells g! dry mass in Siberian
(Vorobyova et al. 1997) permafrost. The number of bacterial cells that grow on nutrient
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media was <0.1% (Antarctica) and 0.1-1.0% (Siberia) of the total amount counted by
epifluorescence microscopy. Bacterial communities from both Siberian and Antarctic
permafrost samples were precisely characterized by culture-dependent and culture-
independent methods. Both methods revealed the presence of Gamma-Proteobacteria
and Gram-positive bacteria with high and low G+C content in both ecosystems
(Table 6.2). From Table 6.2, we can easily see that some of the bacterial genera, such
as Arthrobacter, Bacillus, Pseudomonas, and Enterobacteriaceae, could be detected
by both methods. Culture-independent approaches showed the dominance of Gamma-
Proteobacteria, especially Xanthomonadaceae (75-84%), and Actinobacteria
(39-57%) in Siberian permafrost (Petrova, unpublished data; Vishnivetskaya et al.
2006), and Gram-positives (up to 45%) and Proteobacteria (up to 25%) in Antarctic
permafrost (Spirina et al. 2003). Numerous studies showed abundant viable bacteria
in Siberian permafrost (Shi et al. 1997; Vorobyova et al. 1997; Vishnivetskaya et al.
2000), these bacteria were isolated with different isolation techniques and approaches.
Table 6.2 shows that there were more environmental clones from Antarctic perma-
frost than from Siberian; this may be a consequence of the high resolution approach
we used to access the total community biodiversity in Antarctic permafrost core sam-
ples. The high throughput DNA sequencing of environmental clones yielded over
2,000 partial 16S rRNA gene sequences, which were automatically aligned using
SEQUENCE MATCH against closely related sequences in the Ribosomal Database
Project (RDP) (Maidak et al. 2001). In comparison to 265 environmental clones from
Siberian permafrost, which were grouped using amplified ribosomal 16S rRNA
restriction analysis (ARDRA), only representatives of the major ARDRA clusters
were sequenced. Thus, viable isolates from Siberian permafrost and environmental
clones from Antarctica are well characterized; therefore the dissimilarities and
similarities between them may suggest that (1) some genera are indigenous, and (2)
similar genera inhabit distinct permafrost systems. We have also found that most of
our isolates and clones are phylogenetically related to previously characterized strains
or clones from different cold ecosystems (Vishnivetskaya et al. 2006; Gilichinsky
et al. 2007).

6.3.2 Cyanobacteria

350 permafrost cores were screened for presence of viable cyanobacteria. 30 cyano-
bacteria strains were isolated from Siberian samples (Vishnevetskaya et al. 2001),
while no cyanobacteria were found in Antarctic permafrost. However, a few cyano-
bacterial environmental clones were amplified from the total community genomic
DNA isolated from Antarctic permafrost (Gilichinsky et al. 2007). To compare the
environmental clones and isolates obtained from permafrost of both Polar Regions,
phylogenetic analyses of 16S rRNA genes of cyanobacteria were performed, which
placed them into three groups (Fig. 6.3). Three viable cyanobacterial strains from
Siberian permafrost and four environmental clones from Antarctic permafrost have
close relatives within the Nostocales family. However, these environmental clones
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were closely related to an uncultured cyanobacterium found in river epilithon.
Viable Nostoc-like strains formed heterocysts in the absence of combined nitrogen
source, and were characterized by different phycoerythrin/phycocyanin ratio
depending on nitrogen source. Among eight strains of non-heterocystous filamen-
tous cyanobacteria, we found seven that were close to each other and to
Leptolyngbya (80-95.8% identity), and one which was closely related to Microcoleus
(96.8%), both of them in the family Oscillatoriales. The phylogenetic analyses were
confirmed by studying the morphological features of the isolates. We have found
that viable cyanobacteria were dominated by non-heterocystous filamentous cyano-
bacteria of the family Oscillatoriales. Permafrost cyanobacteria were closely related
to strains and mostly to uncultured cyanobacteria derived from microbial mat or
cryptoendolithic communities in Antarctica.

6.3.3 Anaerobic bacteria

Permafrost contains both aerobic and anaerobic bacteria. In addition, the reducing
conditions within the permafrost are more favorable for the preservation of
anaerobic bacteria. Most-probable-number (MPN) incubations showed evidence
of viable denitrifiers, acetoclastic methanogens, hydrogenotrophic methanogens,
Fe(IIT) reducers, and sulfate reducers in some of the aged frozen soils (Rivkina
et al. 1998). The denitrifiers and hydrogenotrophic methanogens were found in
higher numbers and in the oldest layers. Acetoclastic methanogens and sulfate
reducers were found in low numbers, and not in all samples. Iron-reducing bacteria
were only found in samples of moderate age (from modern to 10,000 years).
Sulfate-reducing bacteria were detected in half of the samples without a specific
pattern. The number of some anaerobic groups of microorganisms growing at
+15°C is presented in Table 6.3.

Table 6.3 Numbers of viable permafrost anaerobes (cells g™ dry mass) growing at 15°C

Methanogens Denitrifying Sulfate-reducers
Period (age, years) Depth (m) (CO,+H)) (NO,+citrate) (SO, + lactate)
Q,, (5-10)x 10° 0.1 2.0x 107 2.0x 107 2.0x10?
1.2 1.2x107 1.2x10° 0
Q, (1-4x10* 2.2 2.5%107 2.5%10° 0
4.4 2.5x 107 2.5x10° 0
17.0 2.5x 107 2.5x10° 0
Q, (1-6)x 10° 30.0 2.3x107 2.3x10° 2.3x10?
32.7 2.0x 107 2.0x10° 0
N,—Q, (0.6-1.8)x 10° 37.2 2.0x 107 2.0x10° 2.0x10?
43.5 2.5%107 2.0x10* 2.5%10?
48.8 2.0x 107 2.5x10° 2.0x10?
54.8 2.0x10* 2.0x10° 0

64.3 2.5%107 2.5%107 2.0x10%
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Methane is also trapped in the permafrost and this is why, among viable
anaerobic microorganisms, research was mainly oriented towards methane-pro-
ducing Archaea. Using radiolabeled substrates, NaH'*CO, and Na'*CO,H,, it was
shown that methane formation in frozen deposits may occur at subzero tempera-
tures down to —16.5°C (Rivkina et al. 2004, 2007). Our specific goals were to
isolate methane-producing Archaea and to investigate the effect of long-term
preservation of the methane-producing community in the permafrost on its meta-
bolic activity.

Active methanogenic enrichment cultures (40% of CH, in headspace) were
obtained after 6 and 12 months of incubation, respectively, and only on H +CO, at
20°C, although trace amounts of methane were also detected on acetate. Three
strains from Holocene and Pliocene age were isolated for the first time in
pure cultures: JLO1, M2 and MK4 (Fig. 6.4). Although CO+H, served as a favorable

Fig. 6.4 Micrographs of methanogenic permafrost isolates. Methanosarcina mazei strain JLO1: a
phase contrast image, bar 10mm; b ultrathin section, bar 0.5 mm. Methanobacterium sp. strain
M2: ¢ phase contrast image, bar 10mm; d ultrathin section, bar 0.5 mm. Methanobacterium sp.
strain MK4: e phase contrast image, bar 10 mm; f ultrathin section, bar 0.5 mm. Pph, polyphos-
phate inclusions; Clc, cyst-like cells (Photo of N. Suzina)
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substrate for all enrichments, strain JLO1 used only acetate, methanol, monometh-
ylamine, dimethylamine and trimethylamine as carbon sources, while the other two
strains grew exclusively on CO+H, (Rivkina et al. 2007). The presence of biogenic
methane in permafrost includes original methane formation in sediments at
temperatures above 0°C followed by its conservation during freezing. At the same
time, one cannot exclude the possibility of methane formation within permafrost at
subzero temperatures. This would depend on the ability of methanogens not only
to survive and adapt in the permafrost but also to carry out metabolic reactions.
Discovery of viable methanogens in ancient permafrost sediments provides significant
evidence of the stability of these microbial populations through extremely long
existence at subzero temperatures. The comparison of ancient isolates with modern
methanogens provides a mean to understand their adaptation strategy, which is the
goal of our future studies.

6.3.4 Resistance of permafrost bacteria to antibiotics
and heavy metals

The occurrence of viable Cenozoic microorganisms within the permafrost is intrigu-
ing because an analysis of their features may provide a window into microbial life
as it was before the impact of humans. It is often argued that the impact of industrial
and urban pollution on bacterial communities results in the wide dissemination of
various drug and heavy metal resistance genes carried by plasmids and transposons.
The only environment on Earth which is a depository of unaltered microbial
communities is permafrost. This is why the most straightforward way to check this
idea is to obtain the data on the distribution of these genes among bacteria of the
pre-industrial era, as well as to determine if the pre-industrial and modern microbial
communities have different sensitivities to antibiotics and heavy metals. The first
study was carried out in eastern Arctic, where microbial populations of modern
tundra soil and ~3 million years old permafrost were tested for their resistance to anti-
biotics. The reduction in CFUs caused by these antibiotics on microbial populations
recovered from modern tundra soils was loosely in agreement with the reduction
expected for bacteria from arable temperate soils. At the same time, some of the ancient
bacteria were more resistant to a number of antibiotics (novobiocin, carbenicillin,
ampicillin, trimethoprim and bacitracin) than the modern populations, and the pat-
tern of antibiotic sensitivity in permafrost was clearly very different from any that
have been seen in a wide variety of modern soils studied (Tiedje et al. 1994).
Recently, strains resistant to the following antibiotics—chloramphenicol, strep-
tomycin, kanamycin, gentamicin, tetracycline, spectinomycin, neomycin—were
isolated from permafrost. The analyses of these strains indicate the presence of all
types of mobile elements known among modern bacteria: plasmids, insertion
sequence elements, transposons and, probably, integrons. For example, among
streptomycin resistant bacteria from permafrost, strains that contain well studied
and wide spread transposon Tn5393 with streptomycin-resistance genes were found
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(Petrova et al., in press). This indicates that antibiotic resistance was common in
microbial communities well before the commercial use of antibiotics. The cause of
such enhanced antibiotic resistance is not clear, however it may be suggested that a
generalized response of the community to in situ stresses, e.g., freezing and starva-
tion, may also protect bacteria from some antibiotics.

Permafrost provides a unique possibility of direct molecular comparisons
between “prehistoric” bacteria, which are perfectly free from industrial impact, and
present-day bacteria, which experience anthropogenic stress. Mercury-resistant
bacteria are an excellent subject for paleomicrobiological molecular studies. The
“prehistoric” transposons closely related to mercury resistance transposons Tn5041,
Tn5042, Tn5053, and Tn5056, which are widely distributed in present-day bacteria,
were detected in mercury-resistant Pseudomonas strains isolated from permafrost
(Mindlin et al. 2005). The number of mercury-resistant bacteria in permafrost varied
significantly from 0.001 to 1.2-2.7% in sediments with high mercury concentrations
(Petrova et al. 2002). The results testify that no drastic changes in distribution mode
of the different types of mercury resistance transposons among environmental
bacteria took place in the last 40,000 years. At the same time, the complex trans-
posons of the Tn2/-branch were not found in permafrost, but the transposon named
Tn5060, nearly identical to the hypothetical mercury resistance transposon-precursor
for wide family of complex transposons of Tn2/-branch, was isolated (Kholodii et al.
2003). The results of the study of the ancient mercury resistance transposons allow
to formulate that mer operons (mercury resistance transposons) have been widely
distributed in environmental bacterial populations long before the beginning of the
industrial era, and that the formation of integron-carrying transposons containing
the determinants of multiple antibiotic resistance in addition to mer operons
occurred much later, as a result of increasing antibiotic usage in men and animals.

6.3.5 Resistance of permafrost bacteria to radiation

Preserving bacterial cells during millions of years is a challenge since permafrost
is not only characterized by stable cryogenic conditions inducing cryodesiccation
of the cells, but these are, in addition, submitted to constant irradiation from native
radio nuclides. The first estimation of ground radiation in Arctic permafrost has
been made by McKay and Forman, using both elemental analysis of the radioactive
elements in samples and direct in situ measurements in the boreholes. The dose of
background radiation received by the permafrost bacteria depends on sediment type
and is ~2-4mGy year™' (0.23uGy h™') in sand and loams of alluvial origin on the
Eurasian northeast, and ~1.3mGy year™' (0.15uGy h™') in volcanic ash and scoria.
Taking into account the age of bacteria, late Pliocene to late Pleistocene, the total
dose received by cells would therefore range from 0.024kGy in soils of 12,000 years
old to 6kGy in sediments over 3 million years in age (Gilichinsky 2002). Thus,
bacterial cells within the permafrost should have some protecting mechanisms,
allowing them to survive such a long time under constant irradiation conditions.
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Experimental data demonstrate that bacteria entrapped in frozen soil have a much
greater resistance to irradiation than bacteria in thawed soil. Firstly, the samples were
irradiated by 22.8 Gy min~! with Co® 7 source at temperatures above 0°C, and it was
shown that the amount of water within the sample does not affect the radiation effi-
ciency. Secondly, irradiation was performed in an especially designed cryostatic
device at temperatures ranging from —20 to —25°C and the effect of irradiation dif-
fered for frozen and thawed samples. At equal levels of ionizing radiation, viable cell
quantities and total radiation dose, this difference was about one order of magnitude
for a dose of 1kGy and is expected to increase for larger doses. Only 1% and 10% of
the microbial population survived a dose of 1kGy as calculated for unfrozen and fro-
zen samples, respectively. Important indexes for estimation of irradiation stability of
microbial population are LD, and LD, , i.e. doses of 50 and 99.9% lethality, respec-
tively. These parameters differ by a factor of 3 for frozen and unfrozen samples.

From the biological point of view, subzero temperatures sharply decrease the
microbial metabolic activity: the lower the rate of metabolic processes, the lower
the radio lesions to biological objects. Subzero temperatures also induce the osmotic
desiccation of the cells decreasing this way the effect of ionizing radiation. These
facts indicate that: (1) the irradiation sensitivity of soil samples and furthermore for
pure cultures at temperatures above 0°C differ from the sensitivity of microorgan-
isms preserved in permafrost; (2) the frozen environment protects microbial cells
from diffuse ground irradiation; and (3) permafrost is a unique environment where
microorganisms display a high resistance over thousands and millions of years.
Taking into account the natural radiation background of 1-2mGy year™!, the dose
from radio nuclides diffused through the permafrost is far from sufficient for com-
plete sterilization, i.e. it is not fatal to viable cells, but it is high enough to cause
some selection effect and to destroy the DNA of ancient cells. The calculated data
correlate with the number of viable cells in permafrost of different age and with
experimental results: at SkGy, most of the cells in unfrozen samples died, while the
number of surviving cells in frozen samples was still sufficiently large. The cell via-
bility and growth on media implies a high capacity for DNA repair. On the basis of
data concerning a metabolic activity at subzero temperatures (Gilichinsky et al.
1995; Rivkina et al. 2000, 2004; Carpenter et al. 2000; Price 2000; Price and Sowers
2004) we can conclude that DNA repair occurs in the frozen environment, i.e. at the
stable rate of damage accumulation, while a comparable or lower rate of reparation
also exists. Using the experimental data, some surviving forecasts for microbial com-
plexes in native frozen ground, exposed to space radiation conditions could be done.

6.3.6 Resistance of permafrost bacteria
to freezing-thawing stress

In nature, microorganisms inhabiting tundra soils show high resistance to annual
temperature fluctuations, which cause the repetitive phase transition of water
through the freezing point. But the question is: how would permafrost microorganisms
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conduct itself in such a situation? Experiments have shown that microorganisms
isolated from syngenetically frozen sediments, as well as soil microbial communities
which have been exposed to the impact of multiple freeze-thaw stress, are resistant
to sharp temperature transitions through 0°C and to freezing/thawing (12h/12h)
stress. Such experiments simulate daily temperature fluctuations on the soil surface
in spring and fall. In laboratory experiments, even after hundreds of repetitive
freeze-thaw cycles, the number and diversity of viable cells did not change within
the syngenetic permafrost samples, while samples from tropical soils often become
sterile after a dozen of these cycles. Microorganisms from epigenetically frozen
marine sediments are somewhat intermediate; they are resistant to the long-term
impact of subzero temperatures, but do not experience the action of temperature
fluctuations in their natural habitat and this is why they are sensitive to the phase
exchange in surrounding environment. Similar repetitive freeze—thaw cycles led to
an increase of microbial numbers by several orders. These results may be explained
as follows. In the first stage, the frequent transitions through the freezing point may
lead to massive cell death (Gilichinsky et al. 1993). In the following stage, the
remaining cells stop dying and start to adapt to the new conditions.

Water formed during thaw contains sufficient nutritive materials, which initially
are frozen and trapped in the ice. These nutritive solutes are expected to be suffi-
cient for supporting the heterotrophic growth and prolongation of microbial com-
munities. Certain group(s) of microorganisms (monoculture in most cases) become
adapted to water phase transitions between the melted and frozen state, occupying
these unique microhabitats created by the thin films of unfrozen water in the per-
mafrost (Gilichinsky 2002). The same data were obtained with cyst-like resting
forms of non-spore-forming permafrost bacterial strains of Arthrobacter sp. and
Micrococcus sp. (Soina et al. 2004). The members of permafrost community, both
prokaryotic (Arthrobacter sp., Flavobacterium sp.) and eukaryotic organisms
(yeasts of the genus Rhodotorula sp., green algae of the species Chlorella vulgaris,
Chodatia tetrallantoidea), also demonstrated resistance to freezing/thawing stresses
after 3 months in frozen state at —=5°C and complete darkness, modeling the annual
soil freezing/thawing variations (Vishnivetskaya et al. 2003). After adaptation to
the impact of prolonged subzero temperatures, the microbial communities within
permafrost samples suddenly melted in the laboratory, subjected to stress of thawing,
accompanied by exposure to oxygen, light, and temperatures above 0°C. This thawing
stress induces all the other stresses; it is the most dangerous for permafrost organisms
and known to inhibit the recovery of a fraction of the community. Improved strategies
and techniques for recovery of bacteria from permafrost environments are only just
beginning to be developed and one of them is the low-temperature cultivation.

Successive freeze-thaw cycles, which are characteristic of tundra soils, offer
challenges and produce selective environments for cold adaptation of microbial
communities. In order to characterize the freeze—thaw resistance of single-cell isolates,
five species of the genus Exiguobacterium were subjected to 20 freeze-thaw cycles.
Viable cell counts evidenced that bacteria grown in complex, structured environ-
ment (agar medium) better tolerated the freeze—thaw challenge than bacteria grown
in mass-action environment (liquid medium) regardless of growth temperature.
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However, growth temperature was a key factor of cryotolerance in mass-action
(liquid) habitat. Bacteria grown at 4°C in liquid medium tolerate freezing/thawing
much better than when grown at 24°C (Vishnivetskaya et al. 2007). From these
experiments, we may conclude that microbes liberated in soil solution suffer more
lethal effects from soil freeze—thaw than microbes sorbed on soil matrix.

6.4 Conclusions

Permafrost bacteria represent a unique material for research on microbial evolution
and low temperature adaptation, and they may possess unique mechanisms that
allow them to maintain viability for very long periods. Therefore, permafrost is of
great significance for research in cryo- and microbiology, biotechnology, ecology,
molecular biology, paleontology and the newly emerging field of Astrobiology.
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7.1 Introduction

Permanently cold environments are very common on Earth. For example, the aver-
age temperature in bottom waters of the largest fraction of the world oceans is 5°C
or less and including terrestrial habitats about 80% of the Earth’s biosphere is to be
found in permanently cold habitats (Russell 1990). In addition to being cold, many
of these environments are also oxygen-free, thus supporting exclusively facultative
or obligately anaerobic microbial life. Anoxic permanently cold environments are
very diverse and include the marine sea floor (Rysgaard et al. 1998; Sagemann
et al. 1998; Bowman et al. 2003; Vandieken et al. 2006b), microbial mats (Mueller et al.
2005; Fernandez-Valiente et al. 2007), endolithic communities in sandstones
(Friedmann 1982), permafrost soils of the Arctic and Antarctic regions (Kobabe
et al. 2004; Gilichinsky et al. 2005; Steven et al. 2007), and chilled food (Broda et al.
2000a, 2000b, 2002). It has also been demonstrated that these habitats harbor
extensive microbial communities, including many microorganisms that are phylo-
genetically affiliated with obligately anaerobic organisms in culture (Ravenschlag
et al. 1999; Purdy et al. 2003; Ganzert et al. 2007). Despite their ecological and
economical significance very little is known about anaerobic bacteria and archaea
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that live in these environments and the mechanisms by which they thrive or survive
under in situ conditions.

In this review paper, I have collected all accessible (to me) information on validly
described obligately anaerobic psychrophilic bacteria and archaea. In addition, I have
included information on selected psychrotolerant species. I have applied the definition
of psychrophily introduced by Morita (1975) with modifications proposed by Scherer
and Neuhaus (2006) for the definition of psychrotolerant microbes. Thus obligate psy-
chrophiles are organisms with a minimal growth temperature <0°C, a temperature
optimum for growth <15°C and a maximum temperature <20°C. Psychrotolerant
organisms have a minimal growth temperature <7°C, a temperature optimum for
growth <20°C and a maximum temperature <35°C. According to Scherer and
Neuhaus (2006) the minimum temperature was set to <7°C instead of <0°C to cope
with the variation in reporting on the growth of microorganisms in chilled food.

7.2 Bacteria

7.2.1 The genus Clostridium

The genus Clostridium, which contains obligately anaerobic fermenters, accounts
at present for a large number of validly described species of psychrophilic and
psychrotolerant obligate anaerobes within a single genus. This may mainly be due
to the fact that the genus is defined by rather broad morphological and physiologi-
cal traits, such as a Gram-positive cell wall, spore formation and energy generation
by fermentation. On the basis of these characters, strains are clustered into the
same genus, which are, based on 16S rRNA phylogeny, more than 10% different.

7.2.1.1 Psychrophilic clostridia

Of the nine psychrophilic clostridia, five were isolated from microbial mats in
Antarctica (C. frigoris, C. lacusfryxellense, C. bowmannii, C. psychrophilum
(Spring et al. 2003) and C. vincentii (Mountford et al. 1997), two from chilled meat
(C. estertheticum subsp. estertheticum; Collins et al. 1992; and C. gasigense; Broda
et al. 1999), one from cattle manure (C. estertheticum subsp. laramiense;
Kotsyurbenko et al. 1995a) and one from overcooled water brine of arctic permafrost
(C. algoriphilum; Shcherbakova et al. 2005). With the exception of C. algoriphilum,
the publications on the other psychrophilic or psychrotolerant clostridia compile
information on the isolates without specific focus on their ability to grow at low
temperature (for details see http://www.bio.au.dk/KaiFinster/tables/). Therefore,
the following summary of observed responses to temperature among clostridia is
exclusively based on the study of C. algoriphilum.

C. algoriphilum was isolated from overcooled water brines, the so-called cry-
opegs, a habitat type that can be found in permafrost soil of marine origin. Cryopegs
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are characterized by high salt concentration, which allows water to be in the
liquid state even at in situ temperatures of about —10°C (Gilichinsky et al. 2005).
C. algoriphilum has the lowest documented temperature limit of growth (-=5°C) of
all validly described psychrophilic obligately anaerobic bacteria and archaea.
A transformation of the temperature dependence of growth rates using the Ratkovsky
model (Ratkovsky et al. 1983) results in a predicted lowest growth temperature of
—43°C, which is the lowest theoretical growth temperature yet determined. This
indicates that C. algoriphilum may not only survive in its habitat but may also
be metabolically active and even proliferate. However, incubation of cells of
C. algoriphilum in original cryopeg water induced sporulation not growth. The
strain shows several interesting physiological responses depending on the tempera-
ture at which it was grown. For example, a change in the optimum growth rate as a
function of NaCl concentration of the growth medium was observed when the cul-
ture was grown at +5°C or —5°C, respectively. At —5°C, the highest grow rate was
obtained with 1.0% NacCl in the growth medium and growth was observed between
0 and 10% NaCl, while at 5°C the culture grew best at 0.5% NaCl and the highest
NaCl that permitted growth was 5%. The growth temperature also affected the fer-
mentation pattern of glucose as well as the patterns of substrate production.
Gilichinsky et al. (2005) also reported that the incubation temperature not only had
an effect on the velocity at which the organism was able to grow on the specific
substrate but whether it could grow on a specific compound at all. While glucose,
sucrose, and trehalose supported growth at 18, 5 and —2°C, growth on L-glutamate
was only observed at —2°C. The observation suggests that combinations of substrates
should be employed during enrichment and isolation rather then single compounds,
as specific substrate may incidentally not be used at a particular incubation temperature
and consequently the enrichment may fail.

The composition of lipids that constitute the cell membrane of C. algoriphilum
show clear adaptations to low temperature by a significant prevalence of short chain
fatty acids (C,, /= 33%) and a high content of unsaturated fatty acids (60%). Both
types of compounds increase the fluidity of the cell membrane at low temperature.
Unfortunately, Shcherbakova et al. (2004) determined the composition of the lipids
only at one temperature and thus the effect of temperature on the lipid composition
of the membrane cannot be evaluated.

7.2.1.2 Psychrotolerant clostridia

The website http://www.bio.au.dk/KaiFinster/tables/ compiles data on several
psychrotolerant clostridia. The table is incomplete as it only contains strains that
were selected according to the following criteria: (1) the title of the publication
includes the terms psychrotolerant (C. algidixylanolyticum, C. frigidicarnis) or
psychroactive (C. fimetarium), or (2) the species was mentioned in the description
of a psychrophilic/psychrotolerant Clostridium as a strain expressing temperature
patterns that would classify it as psychrotolerant sensu Scherer and Neuhaus (2006).
Despite the fact that C. schirmacherense expressed the highest growth efficiency in the
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5-10°C temperature range and for that reason is described as a psychrophile by
Alam et al. (20006), it is here grouped among the psychrotolerant strains, as its upper
limit for growth is 35°C and thus by far exceeds the upper limit for psychrophiles
sensu Morita (1975). Only C. schirmacherense and C. fimetarium have been subjected
to studies that addressed the strains response to different temperatures. With
C. schirmacherense the protease activity was measured as a function of temperature.
Alam et al. (2005) demonstrated that a purified protease from C. schirmacherense
expressed 5—8% of its activity measured at Topl (37°C) at 0°C. The membrane com-
position of C. fimetarium was determined with cultures grown at 6 and 25°C,
respectively. The content of unsaturated compounds was slightly higher in 6°C cultures
(55.1%) than in 25°C cultures (48.6%), and the content of short chain fatty acids
(C1,,,) increased from 4% at 25°C to 16% at 6°C. Both adaptations are typically
reported for psychrotolerant microorganisms (see Sect. 7.2.2 below). The growth
rate curve was also typical for psychrotolerant microbes, showing an optimum
between 20 and 25°C. The growth rate at 6°C, which is the in situ temperature of
the manure the strain was isolated from, was 0.026h™!, a 70% reduction compared
to the rate obtained at T . Apart from general descriptions, surprisingly little work
has been done on food-spoiling clostridia such as C. algidixylanolyticum, C. frigidi-
carnis, C. estertheticum subsp. estertheticum and C. gasigense at in situ temperatures.
More detailed studies on the temperature dependence of their physiological proper-
ties could have significant practical implications for the treatment and protection of
meat products against contamination and further food spoilage.

In general, more studies dedicated to the effect of temperature on metabolism
and growth of clostridia are needed to either validate or extend the sparse information
that is currently available. In addition, the biotechnological potential of psy-
chrophilic and psychrolerant clostridia has hardly been explored as yet. I only came
across one publication (Akila and Chandra 2003) which reports on low temperature
active xylanase and cellulase activity from a cold tolerant clostridium, which had a
maximal activity at 20°C. This is surprising as energy saving is an important aspect
of future processing and production. Furthermore, psychrophilic clostridia or other
fermenting microorganisms from anoxic permanently cold marine sediments have
only been described sporadically so far (Finne and Matches 1974). They may be
important players in the anaerobic food chain in marine sediments (Arnosti and
Jgrgensen 2003; Arnosti et al. 2005) and may provide sulfate reducers and methanogens
with their substrates (Schmitz et al. 2006).

7.2.2  Sulfate-reducing bacteria

7.2.2.1 Psychrophilic sulfate-reducing bacteria

The first psychrophilic sulfate reducer was described 10 years ago by Isaksen and
Jgrgensen (1996) and Isaksen and Teske (1996; http://www.bio.au.dk/KaiFinster/
tables/). The sediment-inhabiting organism, designated Desulforhopalus vacuolatus,



7 Anaerobic bacteria and archaea in cold ecosystems 107

contains large gas-vacuoles of as yet unknown function. The strain was subjected
to detailed investigations focusing on its response to different temperatures. The
temperature optimum of growth was significantly lower than the temperature optimum
of sulfate reduction, which was determined in a short-term experiment with radi-
olabled sulfate (Isaksen and Jgrgensen 1996). Sulfate reduction in contrast to growth
involves a limited set of enzymes, which may all be relatively insensitive to higher
temperature. The relatively high temperature maximum of sulfate reduction (28°C)
would group D. vacuolatus among the mesophilic bacteria sensu Morita (Morita
1975), while the temperature optimum of growth (19°C) places it among the
psychrotolerant bacteria. However, the Arrhenius plots of growth and sulfate reduc-
tion rate data showed a linear relationship between T, and T  (28°C to —1.8°C for
sulfate reduction and 18°C to 0°C for growth). Isaksen and Jgrgensen (1996) inter-
pret the linear response as an adaptation of the entire enzymatic machinery to low
temperature. The observed linearity over the entire temperature range places
D. vacuolatus among the psychrophiles. Thus, a single organism fits into three
different temperature categories depending on the criteria that were used, which
exposes the difficulties involved in grouping organisms according to the currently
used definitions. With respect to growth yield (g biomass mol™' substrate), D. vacuolatus
expressed the highest and almost constant growth yield between 15°C and 0°C
while the growth yield decreased towards the T, for growth. Both Arrhenius plot
data and the growth yield data demonstrate that D. vacuolatus is particularly well
adapted to low temperature (Isaksen and Jgrgensen 1996). It is a weakness of this
study and all the other studies of obligately anaerobic prokaryotes that they were
carried out in batch cultures at high substrate concentrations. It would be very
interesting to obtain information on the growth characteristics at low, and thus
ecologically more relevant, substrate concentrations in combination with low
temperatures.

D. vacuolatus was the only validly described psychrophilic sulfate reducer until
Knoblauch et al. (1999a) reported the isolation of 19 psychrophilic sulfate reducers
from permanently cold sediment from the coast of Spitsbergen, and published a
detailed physiological study of three new genera of psychrophilic sulfate reducers
(Knoblauch et al. 1999b; http://www.bio.au.dk/KaiFinster/tables/). The description
was accompanied by comprehensive biogeochemical and molecular ecological
investigations of samples from the sampling site from which the isolates were
obtained, substantiating that the isolates very likely were biogeochemical key play-
ers in the system (Knoblauch et al. 1999a; Knoblauch and Jgrgensen 1999; Sahm
et al. 1999). All the isolates were metabolically active at in situ temperatures of
—1.8°C and 2.6°C, respectively, and their relative growth rates at 0°C were >25%
of the rates measured at T . The latter observation distinguishes them from the
psychrotolerant sulfate reducers, which suffer from a much more pronounced
growth rate reduction at 0°C compared to growth rates at optimal growth tempera-
ture (Table 7.1). The growth yields determined by Knoblauch and Jgrgensen (1999)
in the low temperature range were comparable to yields measured with mesophilic
sulfate reducers on the same substrates. The efficiency of an organism to transform
a substrate into biomass and finally proliferate is crucial for its competitiveness in
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nature and thus growth yield data are more informative then growth rate data, when
using laboratory data to estimate the organisms’ competitiveness in nature.

7.2.2.2 Psychrotolerant sulfate-reducing bacteria

The psychrophilic sulfate reducers can be distinguished from the psychrotolerant
sulfate reducers when comparing the Arrhenius plots of growth and sulfate reduction
rates of the two groups (http://www.bio.au.dk/KaiFinster/tables/). Though the mate-
rial is currently still very limited it seems that the Arrhenius plot data of sulfate
reduction and growth rates obtained with psychrophilic sulfate reducers were fitted
best by one line ranging from T, toT . while the data obtained with psychrotoler-
ant sulfate reducers could only be fitted with two lines resulting in two very different
E, values (Table 7.1; Bak 1988; Rabus et al. 2002; Tarpgaard et al. 2006). The point
of infliction of the two lines in the Arrhenius plots of the psychrotolerant sulfate
reducers is called the critical temperature, which indicates that cells are well adapted
to temperature changes above T_.. . but only poorly to changes in temperature
between T . and T . . The biochemical background for the bimodality has not yet
been conclusively elucidated. Membrane fluidity may be an important factor, as this
would influence transport processes including the supply with energy sources.
Konneke and Widdel (2003), studying the effect of growth temperature on the fatty
acid composition of the membrane of sulfate-reducing bacteria, reported significant
differences in the response to different temperatures when psychrophiles were com-
pared to psychrotolerant or mesophilic sulfate reducers. They observed that the pro-
portion of cis-unsaturated fatty acids was high in psychrophiles and there was no
significant change in the proportion with decreasing temperature. The latter was the
case when psychrotolerant sulfate reducers were grown at decreasing temperatures.
They conclude that the fatty acid patterns in psychrophiles were optimized to func-
tion in a permanently cold environment. The response of psychrotolerant sulfate
reducers reported by Konneke and Widdel (2003) was also found by Rabus et al.
(2002) investigating the effect of temperature change on the composition of the cel-
lular fatty acids of Desulfobacterium autotrophicum as well as by Tarpgaard et al.
(2006) studying Desulfobacter psychrotolerans. D. autotrophicum increased the rel-
ative fraction of unsaturated fatty acids as well as the relative fraction of short chain
fatty acids, while D. psychrotolerans only increased the fraction of unsaturated fatty
acids. The latter was also reported by Konneke and Widdel (2003) with both the
psychrotolerant strain D. hydrogenophilus, which is closely related to D. psychrotol-
erans, and other mesophilic Desulfobacter species. During their investigation,
Konneke and Widdel (2003) observed that the proportion of the unsaturated fatty
acid cis 16:1(9) ranged from about 38% during late exponential growth to about 12%
during stationary phase when cultures were grown at 28°C. In cultures grown at
12°C, the fraction of 16:1(9) steadily increased during exponential growth and
reached a constant level of nearly 50% during late exponential growth. This observa-
tion indicates that the composition of the cellular membrane is not affected by tem-
perature alone and care has to taken when the results are interpreted. Whether
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psychrophilic or psychrotolerant sulfate reducers have other physiological adapta-
tions, such as low temperature active enzymes or transport proteins, is currently not
known. Clues may be obtained from genome sequence data from psychrophiles.
Recently, the genome of Desulfotalea psychrophila was fully sequenced (Rabus
et al. 2004). In contrast to results obtained with psychrophilic methanogens, where
the analysis of proteins revealed a high content of non-charged polar amino acids
and a lower content of hydrophobic amino acids than found with mesophilic and
hydrophilic archaea and which were interpreted as adaptations to low temperatures
(Saunders et al. 2003), no such patterns were obtained from the genome analysis of
D. psychrophila. The presence of genes encoding cold-shock proteins that are
involved in regulation and DNA processing were identified. However, it cannot be
concluded from these data that the cold-shock genes are particularly important for
the strain’s ability to grow at low or at high temperature. In addition, Rabus et al.
(2004) reported the presences of at least 12 tRNA modifying enzymes, which might
be important for cold adaptation of the translation process and they also identified a
new transcriptional regulation mechanism, which may be relevant for growth at low
temperatures. Finally, they reported on the presence of a type of helicases that had
been shown to enable bacteria to survive cold shock and grow at low temperature
(Lim et al. 2000). Overall at present, mining of the genome sequence data is far from
being completed and thus more information may be extracted with respect to the
strain’s psychrophilic nature.

7.2.3 Sulfur- and iron-reducing bacteria

Recently, the first obligately anaerobic sulfur and iron reducers have been isolated
that expressed cold adaptation (Holmes et al. 2004; Nevin et al. 2005; Vandieken
et al. 2006a). In particular from an ecological point of view, the isolation of cold-
adapted iron reducers is very interesting because iron reduction has been identified
as an important process in carbon cycling in many cold marine and freshwater
environments (Lovley et al. 2004; Vandieken et al. 2006b). Geopsychrobacter elec-
trodipilus was isolated from the surface of an anaerobic electrode in a laboratory-
incubated marine sediment fuel cell, used to extract electro-chemical energy from
anoxic sediments (Holmes et al. 2004). With acetate and Fe(III) oxide as substrates
the growth rates were determined between 4 (L = 0.006h™") and 30°C (u=0.004h").
The strain grew optimally at 22°C (u = 0.011h™"). Since the strain grew at all
temperatures tested, the lower and upper limits for growth have not yet been
determined. However, the preliminary documented temperature regime would
group G. electrodipilus among the psychrotolerant microorganisms. Organisms
like G. electrodipilus may have interesting technical applications due to their capacity
to transfer chemical energy to electrodes. It would thus be interesting to explore the
temperature dependence of this mechanism.

Nevin et al. (2005) reported on the isolation of three closely related strains that were
grouped into the species Geobacter psychrophilus. The iron reduction rate at 4°C was
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about one-third the rate measured at 30°C. No iron reduction could be observed at 37°C.
Thus, the strain’s lower limit for iron reduction has not been determined yet.

Two psychrophilic iron reducers, designated Desulfuromonas svalbardiense and
Desulfuromusa ferrireducens, were isolated by Vandieken et al. (2006a) from per-
manently cold sediment close to Svalbard. The two species expressed psychropilic
temperature adaptations and grew well at the in situ temperature of their natural
environment (—2°C). Both grew at —2°C and had a temperature optimum for growth
at round 15°C, but differed slightly in their respective maximum growth tempera-
ture. While D. svalbardiense did not grow above 20°C, the upper temperature limit
of D. ferrireducens was 23°C.

7.2.4 Acetogenic bacteria

Studies by Conrad and coworkers indicate that homoacetogens are important hydro-
gen consumers in cold anoxic sediments (Conrad et al. 1989 Schulz and Conrad
1996; Kotsyurbenko et al. 2001) and several cold-adapted strains of acetogens have
recently been obtained in pure culture (Kotsyurbenko et al. 1995b; Simankova et al.
2000; Paarup et al. 2006). The isolates were obtained from habitats as diverse as
paper-mill wastewater (Acetobacterium bakii), fen sediment (A. paludosum),
digested manure (A. fimetarium), tundra soil (A. fundrae) and fjord sediment (A.
carbinolicum subsp. kysingense). A phylogeny of the strains based on 16S rRNA
gene sequence comparison indicates that they are closely related.

Despite the fact that the Kotsyurbenko and the Simankova publications characterize
the isolates as psychrophilic, none of the isolates fits the definition sensu Morita
(1975). The four strains, designated Acetobacterium bakii, A. paludosum, A. fime-
tarium (Kotsyurbenko et al. 1995b) and A. tfundrae (Simankova et al. 2000), grew
between 1 and 30°C with temperature optima for growth at about 20°C. On the
basis of their cardinal temperatures they should thus be grouped with the psychro-
tolerant bacteria. The growth curves of the Kotsyurbenko isolates differed consider-
ably. A. fimetarium grew fastest at 30°C (U = 0.15h™"). The growth rate decreased
rapidly down to 15°C (i = 0.035h™"), hereafter it decreased slightly towards 1°C (i
=0.02h"), which was the lowest temperature at which growth was measured. The
growth curve of A. paludosum peaked at 20°C (U = 0.2h™") and decreased steadily
to 1°C (L =0.04h™"). A. bakii like A. paludosum peaked at 20°C (n = 0.11h™")
but the growth rate was only about half the rate of A.paludosum. While the rate
decreased very rapidly towards T at 30°C, it decreased very slowly towards T
and was still about two-thirds the rate determined at Topt. Thus, all three strains
expressed relatively high growth rates at the lowest temperature at which the rates
were measured while the lower limit for growth had consequently not yet been
determined. The different growth curves reflect interesting underlying physiologies,
which await further elucidation.

In a detailed study on the competition between acetogens and methanogens for
hydrogen at low temperature, Kotsyurbenko et al. (2001) measured H, consumption
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kinetics (V__, K and the hydrogen threshold) of Acetobacterium bakii, A. paludosum,
A. fimetarium and A. tundrae. The hydrogen threshold decreased with decreasing
temperature in cultures of A. bakii and A. tundrae, while in A. paludosum and
A. fimetarium thresholds increased again below 10-15°C. This observation indicates
that A. baki and A. tundrae would out-compete A. paludosum and A. fimetarium at
low temperatures and low hydrogen partial pressure.

7.2.5 Anoxygenic phototrophic bacteria

Herbert and coworkers published first results on isolated anoxygenic phototrophic
bacteria from Antarctica in the mid-1970s (Herbert 1976; Herbert and Tanner
1977). Herbert (1976) reported that the isolated strains grew slowly between 0 and
5°C and expressed optimal growth at 25°C, which fits well with a psychrotolerant
temperature regime. The strains survived well repeated slow freezing and thawing
and survived long periods (2 years) of permanent freezing. Herbert (1976)
concluded that they were able to withstand long periods of darkness and cold, as it
is the case during the Antarctic winter.

The first validly described psychrotolerant anoxygenic phototroph was
published by Madigan et al. (2000) and given the name Rhodoferax antarcticus.
R. antarcticus, a member of to the purple non-sulfur bacteria, grew at all temperatures
it was tested at between 0°C (u = 0.003h™") and 25°C (u = 0.011h™") and had a
temperature optimum for growth between 12 and 18°C (u = 0.03h™"). Cells
survived temperatures above 25°C for at least 1 week but were not able to prolifer-
ate. Between 5 and 24°C, the growth rate varied by a factor of 2 while it decreased
by a factor of 3 when the temperature dropped from 5 to 3°C. The cause or causes
for this dramatic response in growth rate to a minor change in temperature was not
investigated. Madigan et al. (2000) may have succeeded in the isolation of
phototrophs growing at lower temperatures then the strains isolated by Herbert
(1976) because they kept the inoculum and the enrichment cultures at 5°C, which
may have prevented psychrotolerant microbes from out-competing psychrophilic
once (Harder and Veldkamp 1971).

7.2.6 Miscellaneous

A few studies can be found in the literature which report on results obtained with
unidentified (named) anaerobic heterotrophs that can be grown at low temperature.
Dyrset et al. (1984) reported on an anaerobic bacterium designated strain B6 that
shared phenotypic traits with Bacteroides. The isolate had the highest growth rate
at 15°C and did survive but not grow at temperatures above 21°C. A fermenting
coil-shaped psychrophilic bacterium was isolated by Franzmann and Rohde (1991)
from anoxic water samples from the Antarctic meromictic Ace Lake. Prior to isolation,
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the strain was part of a coculture with a trimethylamine-utilizing methanogen
(Methanococcoides burtonii, see below). The strain grew well at the in situ temperature
of Ace Lake (1.7°C; u = 0.013h™"), had a temperature optimum between 15-16°C
(u=0.12h7") and did not grow at 22°C. Morphologically similar cells were observed
in the anoxic hypolimnion of nearby Burton Lake at considerable abundance (10°
cells ml™'; McGuire et al. 1987). However, Franzmann and Rohde (1991) did not
demonstrate that the isolate and the cells in MPN cultures, apart from sharing a
common morphology, were related. Franzmann and Rohde (1991) also reported on
the isolation of a cell wall-less anaerobic bacterium from the hypolimnion of Ace
Lake, which affiliated with the genus Spirochaeta (Franzmann and Dobson 1992,
1993). The strain was psychrophilic with an optimum temperature for growth
between 12 and 13°C (growth rate not reported). The growth rate at in situ tempera-
ture (1.7°C) was 0.013h7". The strain grew well under proxy in situ conditions
(salinity, pH, temperature) in the laboratory. Recently, the isolation of the first psy-
chrotolerant syntrophic bacterium was reported by Kendall et al. (2006) from
marine sediment in Skan Bay, Alaska. Algorimarina butyrica oxidized butyrate
syntrophically in defined coculture with a hydrogen using methanogen. The pres-
ence of butyrate oxidizing syntrophic bacteria in marine sediment is surprising,
as one would expect them to being out-competed by sulfate reducers such as the
psychrophilic sulfate reducer of the genus Desulfofrigus or Desulfofaba (Knoblauch
et al. 1999b). A. butyrica grew extremely slowly and colonies were not observed
before 6-7 months at a growth temperature of 15°C. A. butyrica did not grow above
25°C, while the methanogenic coculture grew well above that temperature. A.
butyrica grew at 10°C but was not tested at lower temperatures. Growth rates were
not determined.

7.3 Archaea

Studies on cold-adapted obligately anerobic archaea are restricted to methanogens.
Methanogens play a quantitatively very important role as terminal consumers in
anoxic permanently cold environments such as lake sediments (Nozhevnikova et al.
2001), tundra soil (Kobabe et al. 2004) or permafrost (Ganzert et al. 2007).
Hitherto, five psychrophilic and psychrotolerant methanogens have been isolated:
Methanococcoides burtonii (Franzmann et al. 1992), Methanogenium frigidum
(Franzmann et al. 1997), Methanosarcina lacustris (Simankova et al. 2001),
Methanosarcina baltica (von Klein et al. 2002), and Methanococcoides alaskense
(Singhetal.2005) (http://www.bio.au.dk/KaiFinster/tables/). In addition, Simankova
et al. (2003) have reported on the isolation of cold-adapted methanogenic strains
that were closely related to validly described psychrotolerant and mesophilic spe-
cies. All isolates of the Simankova study grew at 1-5°C. However, a temperature
optimum of 25-35°C classifies them as psychrotolerant.

Methanococcoides burtonii, isolated from cold anoxic button waters of Ace
Lake, is the best studied of all the cold-adapted methanogens and has been subjected
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to detailed biochemical/proteome (Nichols and Franzmann 1992; Thomas and
Cavicchioli 1998; Goodchild et al. 2004a, 2004b) and genome analysis (Saunders
et al. 2003). These studies focused on cold-adaptations in that strain. The cellular
adaptations of this organism to cold are nicely summarized by Cavicchioli (2006).
They include cold-related modification both on the structural as well as on the proc-
ess level. Nichols and Franzmann (1992) demonstrated a large fraction of unsatu-
rated diether lipids (57%) in membrane components of M. burtonii, which they
interpret as an adaptation to low temperature. In comprehensive studies of the pro-
teome of M. burtonii, Goodchild et al. (2004a, 2004b) investigated protein patterns
from cultures grown at 4 and 23°C, respectively. Apart from a significant difference
in the expression of a large number of proteins as a function of temperature also on
the mRNA level, the authors report the interesting observation that heat shock pro-
tein DnaK was expressed at much higher levels at T, than at 4°C. This may indi-
cate, according to Goodchild et al. (2004a), that life at optimal temperature was
stressful to the organism, a feature that was also discussed by Feller and Gerday
(2003). This observation challenges the view of psychrophiles being poorly adapted
to the low temperature of their habitat, because T, | is usually much higher than T,
- The study on M. burtonii demonstrates nicely how new technologies (genomics
in combination with proteonomics) can be deployed to study the biochemistry/
physiology of difficult to grow microorganisms and should be extended to other
psychrophiles.

Studies on the other methanogens are more on a descriptive level and have only
generated information on the temperature regime of the isolates (http://www.bio.
au.dk/KaiFinster/tables/). Data on yields at different temperatures, as it was the
case for the sulfate reducers have not been published yet.

7.4 Conclusions

First, despite the fact that permanently cold anoxic environments are widely distrib-
uted around the globe, our knowledge about obligately anaerobic psychrophilic
bacteria and archaea is very sparse. This is very likely a consequence of the intrin-
sic difficulties in working with these kinds of microbes. They are both difficult to
isolate and grow, and enzymatic studies of their metabolic pathways are notoriously
tedious and technically demanding. A combination of different “omics” is very
promising and could help overcome the methodological problems with culturing
the organisms. Nevertheless, there is also an urgent need for the isolation of more
obligately anaerobic psychrophilies to understand the mechanisms by which they
have adapted to the cold. Results obtained from the studies may also contribute to
“Search for Life missions” to Mars or Europa, both cryo-environments with a
potential for active life forms.

Second, and interestingly, the world of psychrophilic obligately anaerobic
archaea is still very little explored. Considering the large reservoirs of methane in
the sea floor and the large potential for methane productions in permafrost soil,



7 Anaerobic bacteria and archaea in cold ecosystems 115

there is an urgent need to gain more insight into the physiology of these organisms.
As producers of a very strong green house gas these organisms may have a very
important impact on the prevalence and geographic distribution of permanently
cold environments in the future.

Third, concerning the publications on cold-adapted microbes, more comprehen-
sive efforts are needed that elucidate the strategies of the different microbes to cope
with the cold. Often, little information on cold adaptation of the specific isolates is
provided including activation energies and Q, , and growth yield data. It would also
be helpful to include square root transformed growth rate data to obtain comparable
theoretical T . values. Also, the often-observed large discrepancy between T, and
T should be addressed in more detail and studies should include investigations

in situ

at T. . . Quoting from Cavicchioli (2006): “In the view of the ecological data and

in situ

arange of physiological indicators (for example enzyme secretion, macromolecu-
lar synthesis, membrane permeability, viability and growth yield), the molecular
indicators clearly show that T, is a poor measure of cold adaptation”. T, may not
only be a poor but even a misleading indicator.

Last but not least, there is a strong need for a clear unifying definition of the terms
“psychrophilic”, “psychroactive”, “psychrotrophic” and “psychrotolerant” and an
agreement on which terms should be used. Currently it seems to be up to the individ-
ual scientist to decide whether a specific isolate fits into one regime or the other. This
creates a lot of confusion and makes it difficult to compare different organisms.
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8.1 Introduction

Perennially cold environments in which temperatures remain below 5°C are common
throughout the biosphere (Margesin and Héaggblom 2007). In these habitats, the
persistent cold temperatures are often accompanied by freeze—thaw cycles, extreme
fluctuations in irradiance (including ultraviolet radiation), and large variations in
nutrient supply and salinity. As a result of these constraints, polar and alpine environments
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contain a reduced biodiversity, with prokaryotes contributing a major component of
the total ecosystem biomass as well as species richness. Cyanobacteria are of par-
ticular interest because they often represent the predominant phototrophs in such
ecosystems. Current research shows that a diverse range of cyanobacteria can be
found in polar and alpine habitats, and that they show a remarkable ability to toler-
ate the abiotic stresses that prevail in these cold environments. Their presence was
already observed during the early explorations of the polar regions at the end of the
nineteenth century (Vincent 2007).

The widespread distribution in cold habitats of communities dominated by
cyanobacteria, particularly in ice-based environments, makes them of great interest
for the reconstruction of microbial life and diversification on early Earth (Vincent
et al. 2004b). These ice-based habitats with their sustainable microbial communi-
ties are potential analogues for biotopes present during the major glaciation events
of the Precambrian. The fossil record suggests that cyanobacteria would have been
present throughout these Proterozoic events, and perhaps during earlier periods
of global cooling (Schopf 2000). Polar microbes, including cyanobacteria, are also
of interest to astrobiologists studying the prospect of life beyond our planet.
Antarctica has been proposed as an analogue to an early stage of Mars where liquid
water occurred and where life could have evolved at a similar time to the development
of cyanobacteria on early Earth (Friedmann 1986).

In this chapter, we first introduce the taxonomical status and the general charac-
teristics of cyanobacteria. We then examine cyanobacterial diversity in Antarctic,
Arctic and alpine habitats, focusing on the molecular approaches. The ecophysio-
logical traits of cyanobacteria that allow them to survive and often thrive in such
cold environments are also presented. We conclude this review by consideration of
the biogeographical distribution of polar cyanobacteria, an active topic of current
research.

8.2 Taxonomy and diversity

Cyanobacteria are Gram-negative oxygenic photosynthetic bacteria that, according
to the fossil record, achieved most of their present morphological diversity by two
billion years ago (Schopf 2000). Cyanobacteria were initially described as algae in
the eighteenth century and the first classification system was based on the
International Code of Botanical Nomenclature as described by Oren (2004). In the
botanical taxonomy, two major works can be noted. Firstly, Geitler (1932) pro-
duced a flora that compiled all European taxa, which already encompassed 150
genera and 1,500 species based on the morphology. Secondly, the recent revisions
by Anagnostidis and Komarek (e.g., Komdrek and Anagnostidis 2005) aimed to
define more homogeneous genera, still based on the morphology. After the
prokaryotic nature of cyanobacteria became more obvious on the basis of ultrastruc-
tural and molecular studies, it was proposed that their nomenclature should be governed
by the International Code for Nomenclature of Bacteria (Stanier et al. 1978).
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Currently, the phylum of Cyanobacteria encompasses 5 subsections (corresponding
to the 5 orders in the botanical classification) in the Bergey’s Manual of Systematic
Bacteriology (Castenholz 2001):

I. Chroococcales (unicellular);
II. Pleurocapsales (large cells subdividing into smaller baeocysts);
III. Oscillatoriales (simple filamentous);
IV. Nostocales (filamentous, non-branching heterocyst-forming);
V. Stigonematales (filamentous, branching, heterocyst-forming).

To date, only a few names of cyanobacterial taxa have been validly published
according to bacterial rules, reflecting not only technical difficulties but also the
confusion due to the existence of two nomenclatural systems (Oren 2004). Current
taxonomical studies on cyanobacteria are now adopting a polyphasic approach,
which combines genotypic studies with morphological and phenotypic analyses.

Early studies on the diversity and biogeographical distribution of cyanobacteria
were based on the identification of the organisms entirely on the basis of morphologi-
cal criteria. Cyanobacteria often have quite simple morphologies and some of these
characters exhibit plasticity with environmental parameters, so that their taxonomic useful-
ness can be limited. Moreover, a number of botanical taxa have been delimited based
on minute morphological differences (e.g., sheath characteristics, slight deviations in
cell dimensions or form), and many authors have shown that the genetic diversity
does not always coincide with that based on morphology (e.g., Rajaniemi et al. 2005;
Taton et al. 2006b). To address these problems, studies on environmental samples
(natural mixed assemblages of microorganisms) are typically based at present on
clone libraries or DGGE (Denaturating Gradient Gel Electrophoresis) using molecu-
lar taxonomic markers, most often the 16S rRNA gene. The obtained 16S rRNA
sequences are compared and generally grouped into OTUs (Operational Taxonomic
Units) or phylotypes on the basis of their similarity (e.g., 97.5% similarity for Taton
et al. 2003, or 98% for de la Torre et al. 2003). With such similarity values, each OTU
might correspond to one or more bacterial species but is clearly distinct from other
OTUs at the species level (Stackebrandt and Gobel 1994). This therefore provides a
conservative estimate of the diversity, following bacterial criteria.

8.3 General characteristics

Cyanobacteria possess photosystems I and II, which are located on thylakoid mem-
branes (except in the genus Gloeobacter). The cells usually have a characteristic
blue-green coloration due to the phycocyanin (blue), allophycocyanin (blue) pig-
ments in addition to chlorophyll a, although some species may additionally contain
phycoerythrin that colors the cells red. In a few taxa, other chlorophylls have been
observed, including chlorophylls  and d (Miyashita et al. 1996; Castenholz 2001).
Some cyanobacteria are also able to fix atmospheric nitrogen. Furthermore, cyano-
bacteria have various storage bodies for carbon, nitrogen, phosphate and the enzyme
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ribulose 1,5-biphosphate carboxylase/oxygenase (RubisCO) (Castenholz 2001).
Cyanobacteria are also known to produce a great variety of secondary metabolites
with diverse activities. To date, 600 bioactive molecules have been described, most
of which have been found in the Oscillatoriales and Nostocales orders (Welker and
von Do6hren 2006).

8.4 Antarctic habitats

Studies on the molecular cyanobacterial diversity in Antarctica, using a culture-
independent approach, have focused on the following regions to date: the Prydz
Bay region (Bowman et al. 2000; Smith et al. 2000; Taton et al. 2006a), the
McMurdo Dry Valleys (Priscu et al. 1998; Gordon et al. 2000; Christner et al. 2003;
de la Torre et al. 2003; Taton et al. 2003; Smith et al. 2006; de los Rios et al. 2007),
the McMurdo Ice Shelf (Jungblut et al. 2005) and the Antarctic Peninsula region
(Hughes and Lawley 2003; Hughes et al. 2004). Strains have been isolated from the
same regions, as well as from the Dronning Maud Land (Rudi et al. 1997; Vincent
et al. 2000; Smith et al. 2000; Billi et al. 2001; Nadeau et al. 2001; Casamatta et al.
2005; Taton et al. 2006b; Comte et al. 2007).

8.4.1 Ice-based habitats

Cyanobacteria dominate microbial consortia formed in ice-based habitats such as
cryoconite holes and meltwater ponds. Cryoconite (literally “cold rock dust”) gives
rise to vertical, cylindrically-formed holes in the ice surface that contain a thin layer
of sediment overlain by water. The formation of these habitats is initiated through
the absorption of solar radiation by the sediment and the subsequent ablation of the
surrounding ice (Wharton et al. 1985). Studies of these holes on the Canada Glacier,
McMurdo Dry Valleys, show that they contain cyanobacteria as well as hetero-
trophic bacteria, eukaryotic micro-algae and colorless protists, and even metazoans
such as rotifers, nematodes and tardigrades (Mueller et al. 2001).

An analysis of 16S rRNA sequences from the Canada Glacier cryoconite
communities showed the presence of cyanobacteria phylogenetically related to
Chamaesiphon (96.2% 16S rRNA sequence similarity) (Christner et al. 2003), a
genus that is known to occur in the periphyton that forms over rocks in European
mountain streams. Other polar sequences in this lineage (ca. 96% similarity) originated
from the ice cover of Lake Bonney (Priscu et al. 1998) and a deglaciated glacier
area in the Peruvian Andes (Nemergut et al. 2007). A second group of sequences is
99.2% similar to a clone from a meltwater in Livingston Island (Antarctic
Peninsula) (unpublished data) and the third sequence group is 99.7% similar to
clones from lake Fryxell, lakes in the Prydz Bay area and the Antarctic Peninsula.
Notably, sequences of the third group are also 99.2% similar to one sequence from
the Peruvian Andes (Nemergut et al. 2007).
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Another important class of ice-based habitat is the meltwater ponds that form on
ice shelves. These contain liquid water during the summer months, but completely
freeze over in winter. The biota of these habitats must therefore contend with
extreme temperature changes, freezing and desiccation stress, and high salinities.
The ponds on the McMurdo Ice Shelf have low nutrient concentrations, especially
nitrogen, due to the marine origin of the sediments (Hawes et al. 1993), and their
characteristics are described by Wait et al. (2006). Thick benthic cyanobacterial
mats comprise a diverse community of Nostocales and Oscillatoriales as well as
other bacterial phyla and microeukaryotes (Howard-Williams et al. 1989; Nadeau
et al. 2001; Jungblut et al. 2005). In one of these mats, the presence of microcystin
was detected (Jungblut et al. 2006).

8.4.2 Soils and rock

Cyanobacteria are often the primary colonizers of permafrost soils in areas where
meltwater flushes occur through snow melt or retreated glaciers. In the Dry Valleys
of Antarctica, the soils are old, weathered and have low carbon and nutrient concen-
trations (Vincent 1988). Thus, the colonization by cyanobacteria increases soil stability
and nutrient concentrations through, for example, nitrogen fixation. Terrestrial dark
crusts are found throughout Antarctica and are commonly dominated by
cyanobacteria (e.g., Broady 1996; Mataloni and Tell 2002; Adams et al. 2006).

Cyanobacteria are also often identified in biofilms below and within the rocks
where the microclimate gives protection against environmental stresses such as
high UV radiation, temperature extremes, desiccation and physical removal by
wind. They can be found in depth below the rock surface depending on the optical
characteristics of the rocks and the level of available photosynthetically active radiation
(PAR). Depending on the spatial location of the communities, they are hypolithic
(beneath rocks), endolithic (in pore spaces of rocks), chasmoendolithic (in cracks and
fissures of rocks), or cryptoendolithic (in the pore space between mineral grains
forming sedimentary rocks) (Vincent 1988; Hughes and Lawley 2003).

Molecular analysis of such communities revealed a few cryptoendolithic cyano-
bacterial sequences in beacon sandstone of the Dry Valleys (de la Torre et al. 2003), and
in granite boulders of Discovery Bluff (de los Rios et al. 2007). Interestingly, in the
latter study, one 16S rRNA sequence was related (98.9%) to a DGGE band from
Swiss dolomite (Sigler et al. 2003) and the second sequence is identical to one
hypolithic sequence from quartz rocks in the Vestfold Hills (Smith et al. 2000). This
group of sequences also has affinities (93.5% similarity) to the chlorophyll d con-
taining Acaryochloris marina (Miyashita et al. 1996) and de los Rios et al. (2007)
hypothesized that some cryptoendoliths could possess this pigment and that its
particular absorption spectrum would be beneficial in environments with little light.
Another well-known cryptoendolithic cyanobacterium belongs to the genus
Chroococcidiopsis and was found in sandstones of the Dry Valleys (Friedmann
1986). It is remarkably resistant to desiccation and has close relatives in hot deserts
(Fewer et al. 2002).
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8.4.3 Ponds, lakes, rivers and streams

Similar to their presence in ice-based habitats, cyanobacteria form large bio-
mass accumulations in Antarctic ponds, lakes, rivers and streams (Vincent
1988). They often form thick, cohesive, highly pigmented mats that coat the
benthic environments. A large variety of lake types are present in Antarctica
and span a wide range of environmental conditions (Gibson et al. 2006). Many
of them are covered with ice for most of the year or even have a perennial ice
cover. Studies on perennially ice-covered Lake Hoare in the McMurdo Dry
Valleys have shown that PAR irradiance exerts an overall control on microbial
photosynthetic production, composition and mat structure (Vopel and Hawes
2006). Other characteristics such as nutrients and salinity also influence the
cyanobacterial diversity (Gibson et al. 2006). The diversity and function of the microbial
lake communities have been reviewed by Ellis-Evans (1996). At the molecular
level, Taton et al. (2003, 2006a, 2006b) showed a large cyanobacterial diversity
in the benthic mats from five different Antarctic lakes in two regions (see Sect.
8.7). Cyanobacteria also form biofilms and microbial mats in rivers and streams
(Vincent 1988).

In addition to the benthic communities, cyanobacteria are also found in the water
column of lakes, and picoplanktonic forms often dominate the plankton. The abun-
dance of planktonic picocyanobacteria is dependent on nutrient availability and light
(Vincent 2000), The 16S rRNA sequences of Synechococcus-like picocyanobacte-
ria were obtained from lakes in the Vestfold Hills (Lakes Ace, Pendant, Clear).
They appeared to be related, but distinct from other Synechococcus genotypes such
as Synechococcus PS840 from the Russian marine coast (Waleron et al. 2007).

8.4.4 Marine ecosystems

The abundance of picocyanobacteria decreases markedly from temperate latitudes
to the polar regions (Marchant et al. 1987; Fouilland et al. 1999). This decrease is
assumed to be due to temperature-limitation (Marchant et al. 1987) as well as con-
tinuous losses due to grazing, advection and mixing (Vincent 2000). The 16S rRNA
sequences of picocyanobacteria retrieved at the Subantarctic Front (51°S) were
closely related to temperate oceanic Synechococcus, as WH8103 and WH7803
(Wilmotte et al. 2002).

8.5 Arctic habitats

Most available studies have so far focused on the Canadian Arctic, whereas no
information is yet available from the Russian Arctic.
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8.5.1 Ice-based habitats

Similar to the South Polar Region, ice shelves as well as glaciers provide a vari-
ety of habitats for cyanobacteria in addition to other biota (Sdwstrom et al. 2002;
Mueller et al. 2005). However, the total area of ice shelves is lower than in
Antarctica, where 40% of coastline is fringed by ice shelves. Furthermore, the
recent break up of the Ward Hunt Ice Shelf (Mueller et al. 2003) signals the mas-
sive reduction of these habitats through global warming. Arctic ice-based habi-
tats can be differentiated into cryoconite holes, meltwater ponds and sediment
patches without continuous coverage by water. Microbial mats can be prolific
(Vincent et al. 2004a), but are less developed than in Antarctica, and this may be
due to the increased grazing pressure in the Arctic (Vincent 2000).

8.5.2 Lakes, streams and ponds

Cyanobacteria play an important role in Arctic lakes, ponds and streams and have
been well studied in the Canadian High Arctic (Bonilla et al. 2005).The most
common groups are Oscillatoriales and Nostocales, with some Chroococcales.
The benthic microbial mats in lakes often have a cohesive layering, which is
established through an extra polysaccharide matrix and often have a characteristic
pigment stratification (Bonilla et al. 2005). Planktonic picocyanobacterial com-
munities of these lakes comprise mainly Synechococcus (Vincent 2000) and can
be separated into fresh and saline ecotypes (unpublished data). In these lakes,
primary production is only nutrient limited in the planktonic communities,
whereas the microenvironments of the benthic mats result in increased nutrient
availability and sufficiency (Bonilla et al. 2005).

8.5.3 Soils and rock

Terrestrial cyanobacteria in the Arctic are also major primary colonizers of soils
and can be found within soil crusts, symbiotic in lichens and within rocks. They are
an important source of nitrogen for the nutrient limited soils of the Arctic (Zielke
et al. 2005). Cryptoendolithic communities are common in sandstone outcrops of
Eureka, Ellesmere Island, and consist of similar cyanobacterial morphotypes as in
Antarctic rocks (Omelon et al. 2006). However, their diversity seems higher than in
comparable habitats of the Dry Valleys. This may be due to higher average temperatures,
higher humidity due to close spatial distance to open water, and longer periods with
available liquid water relative to the McMurdo Dry Valleys. Hypolithic cyanobac-
teria are commonly observed under opaque rocks subjected to periglacial movements
(Cockell and Stokes 2004).
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8.5.4 Marine ecosystems

In the Arctic marine environment, similar to the Southern Ocean, picocyanobacteria
are rare, in contrast with their abundance in temperate and tropical oceans.
A study of their molecular diversity in the Beaufort Sea showed that the picocyano-
bacteria were affiliated with freshwater and brackish Synechococcus lineages, but
not to the oceanic ones. Their origin, therefore, seemed allochthonous, as the Arctic
Sea is much influenced by large riverine inputs (Waleron et al. 2007).

8.6 Alpine habitats

8.6.1 Streams and lakes

In alpine streams, water chemistry, geochemical conditions, hydraulic conditions and
permanence of flow are the key factors defining taxonomic diversity. Cyanobacteria
have been found as part of microbial mats, epiphytic on mosses and endosymbiotic
in lichens in stream habitats of many alpine regions, but there are no specific studies
on their molecular diversity or adaptations (McClintic et al. 2003; Rott et al. 2006).
Nutrient concentrations show large variations during the year with peaks in late win-
ter and autumn. PAR and UV radiation also range from low levels in presence of ice
and snow cover to high levels during summer months, creating a need for protective
mechanisms to survive. Rott et al. (2006) have described different colonization
patterns for several cyanobacterial morphotypes in alpine streams.

Cyanobacteria in alpine freshwater lakes can be found as benthic and planktonic
communities. Plankton communities are mostly comprised of Synechococcus
morphotypes and their abundance is correlated to nutrient availability, particularly
nitrogen and phosphorus. Benthic communities were studied by Mez et al. (1998),
and Sommaruga and Garcia-Pichel (1999). Interestingly, the presence of cyanotox-
ins was demonstrated by Mez et al. (1998).

8.6.2 Rocks and soils

Cyanobacteria are also dominant components of alpine soil crusts, and rock-
associated communities as described for endolithic communities of dolomite rocks
in the Swiss Alps (Sigler et al. 2003) and soils from recently deglaciated areas in
the Peruvian Andes (Nemergut et al. 2007). The 16S rRNA sequences obtained
from the Alpine dolomite layers show high similarities with Antarctic cryptoendo-
liths (see Sect. 8.4.2), or up to 97.7% similarity with the Andean cyanobacteria
(Nemergut et al. 2007), or appear novel (less than 93% similarity with database
sequences). Other Andean soil sequences are related to the sequences of
Chamaesiphon PCC7430 (ca. 96% sequence similarity), of diverse Nostoc strains
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(a.0. 97.4-98.5 % with the Antarctic ANT.L52B.1), of the Antarctic Leptolyngbya
frigida ANT.LH52.2 (98.5%) and ANT.LH52B.3 (99.6%), or are quite different
from database sequences and thus represent a novel diversity.

8.7 Ecophysiology

8.7.1 Coping with the cold

In general, high latitude and high altitude cyanobacteria tend to be cold-tolerant
(psychrotrophs), with suboptimal growth under low temperatures, rather than
psychrophiles that grow optimally at low temperature (Tang and Vincent 1999).
They have a variety of mechanisms that allows them to tolerate and continue to
grow, albeit often at slow rates, in the cold and to tolerate freeze—thaw conditions
(Vincent 2007). To maintain membrane fluidity at low temperatures, polyunsaturated
fatty acids with decreased chain-lengths are incorporated into the membrane. In
addition, the production of compatible solutes (e.g., trehalose) helps to reduce the
freezing point of the intracellular fluid. This strategy also reduces cell desiccation
as less water is needed to retain the osmotic equilibrium (Welsh 2000). Furthermore,
extracellular compounds such as polymeric substances can reduce ice nucleation
around the cells (Vincent 2007). Cyanobacteria must also withstand prolonged sea-
sonal dormancy phases in frozen and liquid water. Freeze-dried cyanobacterial mats
in Antarctica have been shown to resume photosynthesis within minutes to hours
after rethawing (Vincent 2007).

8.7.2 Osmotic stress

Typical hypersaline environments are saline ponds and lakes and brine channels in
the sea ice (Vincent 1988). Sudden increases in salt concentration are counterbal-
anced by a rapid accumulation of salts to maintain the osmotic equilibrium. Long-
term survival strategies involve uptake of inorganic ions, to balance the extracellular
ion concentrations, as well as the production of organic osmolytes (Oren 2000).

8.7.3 High and low irradiance

UV radiation and high energy PAR can induce photo-inhibition, phycobiliprotein
degradation, chlorophyll-bleaching and DNA damage, or the production of reactive
oxygen species, and the net damage may be exacerbated at low temperatures (Vincent
2007). Cyanobacteria have evolved a variety of DNA repair mechanisms, such as exci-
sion repair and photo-reactivation, to cope with UV induced DNA damage (Castenholz
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and Garcia-Pichel 2000). However, these processes are reduced at lower temperatures.
Furthermore, the cyanobacteria produce photoprotective screening and quenching pigments
(gloeocapsin, scytonemin, mycosporine), and many Antarctic cyanobacteria seem to
avoid radiation by migrating to deeper layers within the microbial mats (Castenholz
and Garcia-Pichel 2000). High concentrations of scytonemin can lead to a black
coloration in many cyanobacterial mats and soil crusts (Vincent 2007).

Conversely, phototrophs in polar and alpine regions must also contend with low
irradiances caused by prolonged snow and ice cover. The cyanobacteria utilize
highly efficient light capturing complexes, with photosynthetic quantum yields
close to the theoretical maximum (Hawes and Schwartz 2001; Vincent 2007).

8.8 Biogeography

The question of endemism and distribution of cyanobacterial taxa is still a topic of
much debate. A long-standing theory of microbial distribution is that “everything
is everywhere, but the environment selects” and that local habitats select for
specific microbial flora that is globally distributed (Baas-Becking 1934). Castenholz
(1992) noted the slow rates of speciation in the cyanobacteria together with their
large dispersal abilities, and this, in combination with the relatively young age of
most polar ice-free environments, suggests that endemism is likely to be rare
amongst polar cyanobacteria. Morphological identifications seemed to support this
hypothesis. However, such characterization is limited due to morphological plastic-
ity (see Sect. 8.2). In addition, Komdrek (1999) noted that a number of identifica-
tions of Antarctic cyanobacteria had been made with flora written for temperate
countries without taking into account their ecology, which could give the false
impression that mostly cosmopolitan taxa were found on this continent. Indeed, by
avoiding such ‘force-fitting’, Komdérek (1999) has found about 60% of endemic
species amongst the 68 morphospecies found in various microbiotopes of ice-free
areas of King George Island.

Several features of Antarctica suggest that endemism may be possible there,
although it has yet to be demonstrated convincingly (Vincent 2000): (1)
Antarctica has been more isolated than other parts of the world for several mil-
lion years; (2) dispersal processes which favour local species are more efficient
than long-range dispersal processes; and (3) there has probably been strong
environmental selection for adaptive strategies. As a step towards addressing
this question, the molecular characterization of cultured and uncultured cyano-
bacterial diversity has been carried out in a number of Antarctic biotopes (see
Sect. 8.4). The results from these studies suggest the presence of OTUs/phylo-
types with cosmopolitan and bipolar distributions, but also the presence of some
genotypes that seem to be restricted to specific Antarctic sites. However, there
is never complete 16S rRNA sequence identity for bipolar or cosmopolitan
organisms that are members of the same OTU. The use of ITS sequences, which
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are more variable than the 16S rRNA, could increase the resolution of the distri-
butional patterns (Taton et al. 2006a).

Taton et al. (2003, 2006a, 2006b) have analyzed the molecular diversity in
Lake Fryxell (Dry Valleys), four coastal lakes in the Prydz Bay area (East
Antarctica) and two meltwater samples from Livingston Island (Antarctic
Peninsula). Using clone libraries based on 16S rRNA sequences, a total of 63
OTUs were detected, of which 44 were only found in Antarctica (70%). This sug-
gests a high degree of endemism, even if a portion of this uniqueness could be
due to geographic gaps in the database. A higher proportion of the cosmopolitan
genotypes are found in several Antarctic regions (47% compared to 16% for the
potentially endemic sequences). Thus, if they were able to disseminate and colo-
nize habitats in different continents, this could be due to resistance capacities that
are also helpful to spread to different Antarctic regions. Furthermore, there
appears to be an on-going exchange between freshwater and terrestrial biotopes
(Gordon et al. 2000), which could also explain why temperature flexibility (psy-
chrotrophy, see Sect. 8.7.1) is more common than psychrophily in cyanobacteria.
Another conclusion is that each new sample brings new genotypes and this sug-
gests that much diversity still awaits discovery.

8.9 Conclusions

Cyanobacteria evolved under the harsh conditions of the Precambrian, and their
modern representatives retain a remarkable ability to adapt to and survive within
extreme conditions. They dominate terrestrial and freshwater cold ecosystems of
the Arctic, Antarctic and alpine regions, even though they do not seem to be specifi-
cally adapted to optimal growth at low temperatures. They play a major ecological
role as they often are primary colonizers of substrates and major primary producers
in these ecosystems.

The application of molecular tools in combination with classic morphological
techniques has begun to provide new insights into the real diversity of cyanobacte-
ria and their biogeographical distribution in cold environments. Our survey of
recent studies suggests complex distributional patterns of cyanobacteria, with
cosmopolitan, endemic, and habitat-specific genotypes. This ongoing research will
help to identify specific geographical areas that have unique microbial communities.
However, many more studies are needed to unravel the enormous diversity of
cyanobacteria and to better define their biogeographical patterns in cold environ-
ments. This is an urgent task in view of the climatic changes that will undoubtedly
alter the structure and functioning of microbial communities in polar and alpine
ecosystems.

Acknowledgments This work has been supported by the BELSPO AMBIO and HOLANT
projects and the Natural Sciences and Engineering Research Council of Canada (IPY-MERGE).
A.W. is Research Associate of the National Fund for Scientific Research of Belgium.



132 F. Zakhia et al.
References

Adams BJ, Bardgett RD, Ayres E, Wall DH, Aislabie J, Bamforth S, Bargagli R, Cary C, Cavacini P,
Connell L, Convey P, Fell JW, Frati F, Hogg ID, Newsham KK (2006) Diversity and distribution
of Victoria Land biota. Soil Biol Biochem 38:3003-3018

Baas-Becking LGM (1934) Geobiologie of inleiding tot de milieukunde. Van Stockum WP and
Zoon, The Hague, Netherlands

Billi D, Friedmann EI, Helm RF, Potts M (2001) Gene transfer to the desiccation-tolerant cyano-
bacterium Chroococcidiopsis. J Bac teriol 183:2298-2305

Bonilla S, Villeneuve V, Vincent WF (2005) Benthic and planktonic algal communities in a high
arctic lake: pigment structure and contrasting responses to nutrient enrichment. J Phycol
41:1120-1130

Bowman JP, Rea SM, McCammon SA, McMeekin TA (2000) Diversity and community structure
within anoxic sediment from marine salinity meromictic lakes and a coastal meromictic
marine basin, Vestfold Hilds, Eastern Antarctica. Environ Microbiol 2:227-237

Broady P (1996) Diversity, distribution and dispersal of Antarctic terrestrial algae. Biodivers
Conserv 5:1307-1335

Casamatta DA, Johansen JR, Vis ML, Broadwater ST (2005) Molecular and morphological
characterization of ten polar and near-polar strains within the oscillatoriales (cyanobacteria).
J Phycol 41:421-438

Castenholz RW (1992) Species usage, concept, and evolution in the Cyanobacteria (blue-green
algae). J Phycol 28:737-745

Castenholz RW (2001) Phylum BX. Cyanobacteria. Oxygenic photosynthetic bacteria. In: Boone
DR, Castenholz RW, Garrity GM (eds) Bergey’s manual of systematic bacteriology (The archaea
and the deeply branching and phototrophic bacteria), vol 1. Springer, New York, pp 473-599

Castenholz RW, Garcia-Pichel F (2000) Cyanobacterial responses to UV-Radiation. In: Whitton
BA, Potts M (eds) The ecology of cyanobacteria. Kluwer, Dordrecht, pp 591-611

Christner BC, Kvitko II, Reeve JN (2003) Molecular identification of bacteria and eukarya inhab-
iting an Antarctic cryoconite hole. Extremophiles 7:177-183

Cockell CS, Stokes MD (2004) Widespread colonization by polar hypoliths. Nature 431:414

Comte K, Sabackd M, Carré-Malouka A, Elster J, Komarek J (2007) Relationships between the
Arctic and the Antarctic cyanobacteria; three Phormidium-like strains evaluated by a polypha-
sic approach. FEMS Microbiol Ecol 59:366-376

de la Torre JR, Goebel BM, Friedmann EI, Pace NR (2003) Microbial diversity of cryptoendo-
lithic communities from the McMurdo Dry Valleys, Antarctica. Appl Environ Microbiol
69:3858-3867

de los Rios A, Grube M, Sancho LG, Ascaso C (2007) Ultrastructural and genetic characteristics
of endolithic cyanobacterial biofilms colonizing Antarctic granite rocks. FEMS Microbiol
Ecol 59:386-395

Ellis-Evans JC (1996) Microbial diversity and function in Antarctic freshwater ecosystems.
Biodivers Conserv 5:1395-1431

Fewer D, Friedl T, Biidel B (2002) Chroococcidiopsis and heterocyst-differentiating cyanobacte-
ria are each other’s closest living relatives. Mol Phylogenet Evol 23:82-90

Fouilland E, Descolas-Gros C, Courties C, Pons V (1999) Autotrophic carbon assimilation and
biomass from size-fractionated phytoplankton in the surface waters across the subtropical
frontal zone (Indian Ocean). Polar Biol 21:90-96

Friedmann EI (1986) The Antarctic cold desert and the search for traces of life on Mars. Adv
Space Res 6:265-268

Geitler L (1932) Cyanophyceae. In: Rabenhorst L (ed) Kryptogamen-Flora von Deutschland,
Osterreich und der Schweiz. Akademische Verlagsgesellschaft, Leipzig

Gibson JAE, Wilmotte A, Taton A, Van de Vijver B, Beyens L, Dartnall HIG (2006) Biogeography
trends in Antarctic lake communities. In: Bergstrom DM, Convey P, Huiskes AHL (eds)
Trends in Antarctic terrestrial and limnetic ecosystems. Springer, Dordrecht, pp 71-99



8 Cyanobacteria in cold ecosystems 133

Gordon DA, Priscu J, Giovannoni S (2000) Origin and phylogeny of microbes living in permanent
Antarctic lake ice. Microb Ecol 39:197-202

Hawes I, Howard-Williams C, Pridmore RD (1993) Environmental control of microbial biomass
in the ponds of the McMurdo Ice Shelf, Antarctica. Arch Hydrobiol 127:271-287

Hawes I, Schwarz, AM (2001) Absorption and utilization of irradiance by cyanobacterial mats in
two ice-covered Antarctic lakes with contrasting light climates. J Phycol 37:5-15

Howard-Williams C, Pridmore RD, Downes MT, Vincent WF (1989) Microbial biomass, photo-
synthesis and chlorophyll a related pigments in the ponds of the McMurdo Ice Shelf,
Antarctica. Antarct Sci 1:125-131

Hughes KA, Lawley B (2003) A novel Antarctic microbial endolithic community within gypsum
crusts. Environ Microbiol 5:555-565

Hughes KA, McCartney HA, Lachlan-Cope TA, Pearce DA (2004) A preliminary study of air-
borne microbial biodiversity over Peninsular Antarctica. Cell Mol Biol 50:537-542

Jungblut A-D, Hawes I, Mountfort D, Hitzfeld B, Dietrich DR, Burns BP, Neilan BA (2005)
Diversity within cyanobacterial mat communities in variable salinity meltwater ponds of
McMurdo Ice Shelf, Antarctica. Environ Microbiol 7:519-529

Jungblut A-D, Hoeger SJ, Mountfort D, Hitzfeld BC, Dietrich DR, Neilan BA (2006) Characterization
of microcystin production in an Antarctic cyanobacterial mat community. Toxicon 47: 271-278

Komarek J (1999) Diversity of cyanoprokaryotes (cyanobacteria) of King George Island, maritime
Antarctica—a survey. Arch Hydrobiol 94:181-193

Komdrek J, Anagnostidis K (2005) Cyanoprokaryota 2. Teil Oscillatoriales, Spektrum
Akademischer Verlag, Heidelberg

Marchant HJ, Davidson AT, Wright SW (1987) The distribution and abundance of chroococcoid
cyanobacteria in the Southern Ocean. Proc NIPR Symp Polar Biol 1:1-9

Margesin R, Higgblom M (2007) Thematic issue: Microorganisms in cold environments. FEMS
Microbiol Ecol 59:215-216

Mataloni G, Tell G (2002) Microalgal communities from ornithogenic soils at Cierva Point,
Antarctic Peninsula. Polar Biol 25:488-491

McClintic AS, Casamatta DA, Vis ML (2003) A survey of algae from montane cloud forest and
alpine streams in Bolivia: macroalgae and associated microalgae. Nova Hedwigia 76:363-379

Mez K, Hanselmann K, Preisig HR (1998) Environmental conditions in high mountain lakes con-
taining toxic benthic cyanobacteria. Hydrobiologia 368:1-15

Miyashita H, Ikemoto H, Kurano N, Adachi K, Chihara M, Miyashi S (1996) Chlorophyll d as a
major pigment. Nature 383:402

Mueller DR, Vincent WF, Pollard WH, Fritsen CH (2001) Glacial cryoconite ecosystems: a bipo-
lar comparison of algal communities and habitats. Nova Hedwigia 123:173-197

Mueller DR, Vincent WF, Jeffries MO (2003) Break-up of the largest Arctic ice shelf and associ-
ated loss of an epishelf lake. Geophys Res Lett 30, 2031

Mueller DR, Vincent WF, Bonilla S, Laurion I (2005) Extremophiles, extremotrophs and broadband
pigmentation strategies in a high arctic ice shelf ecosystem. FEMS Microbiol Ecol 53:73-87

Nadeau TL, Milbrandt EC, Castenholz RW (2001) Evolutionary relationships of cultivated
Antarctic Oscillatoriaceans (cyanobacteria). J Phycol 37:650-654

Nemergut DR, Anderson SP, Cleveland CC, Martin AP, Miller AE, Seimon A, Schmidt SK (2007)
Microbial community succession in an unvegetated, recently deglaciated soil. Microb Ecol
53:110-122

Omelon CR, Pollard WH, Ferris FG (2006) Environmental controls on microbial colonization of
high Arctic cryptoendolithic habitats. Polar Biol 30:19-29

Oren A (2000) Salt and Brines. In: Whitton BA, Potts M (eds) The ecology of cyanobacteria.
Kluwer, Dordrecht, pp 281-306

Oren A (2004) A proposal for further integration of the cyanobacteria under the Bacteriological
Code. Int J Syst Evol Microbiol 54:1895-1902

Priscu JC, Fritsen CH, Adams EE, Giovannoni SJ, Paerl HW, McKay CP, Doran PT, Gordon DA,
Lanoil BD, Pinckney JL (1998) Perennial Antarctic lake ice: an oasis for life in a polar desert.
Science 280:2095-2098



134 F. Zakhia et al.

Rajaniemi P, Hrouzek P, Kastovska K, Willame R, Rantala A, Hoffmann L, Komarek J and
Sivonen K (2005) Phylogenetic and morphological evaluation of the genera Anabaena,
Aphanizomenon, Trichormus and Nostoc (Nostocales, Cyanobacteria). Int J Syst Evol
Microbiol 55:11-26

Rott E, Cantonati M, Fiireder L, Pfister P (2006) Benthic algae in high altitude streams of the
Alps-a neglected component of the aquatic biota. Hydrobiologia 562:195-216

Rudi K, Skulberg OM, Larsen F, Jakobsen KS (1997) Strain characterization and classification of
oxyphotobacteria in clone cultures on the basis of 16S rRNA sequences from the region V6,
V7 and V8. Appl Environ Microbiol 63:2593-2599

Schopf JW (2000) The fossil record: tracing the roots of the cyanobacterial lineage. In: Whitton
BA, Potts M (eds) The ecology of cyanobacteria. Kluwer, Dordrecht, pp 13-35

Sigler WV, Bachofen R, Zeier J (2003) Molecular characterization of endolithic cyanobacteria
inhabiting exposed dolomite in central Switzerland. Environ Microbiol 5:618-627

Smith MC, Bowman JP, Scott FJ, Line MA (2000) Sublithic bacteria associated with Antarctic
quartz stones. Antarct Sci 12:177-184

Smith JJ, Tow LA, Stafford W, Cary C, Cowan DA (2006) Bacterial diversity in three different
Antarctic cold desert mineral soils. Microb Ecol 51:413-421

Sommaruga R, Garcia-Pichel F (1999) UV-absorbing mycosporine-like compounds in planktonic
and benthic organisms from a high-mountain lake. Arch Hydrobiol 144:255-269

Stackebrandt E, Gobel BM (1994) Taxonomic note: a place for DNA-DNA reassociation and 16S
rRNA sequence analysis in the present species definition in bacteriology. Int J Syst Bacteriol
44:846-849

Stanier RY, Sistrom WR, Hansen TA, Whitton BA, Castenholz RW, Pfennig N, Gorlenko, VN,
Kondratieva, EN, Eimhjellen, KE, Whittenbury, R, Gherma RL and Truper HG (1978)
Proposal to place nomenclature of Cyanobacteria (Blue-Green-Algae) under rules of
International Code of Nomenclature of Bacteria. Int J Syst Bacteriol 28:335-336

Sawstrom C, Mumford P, Marshall W, Hodson A, Laybourn-Parry J (2002) The microbial com-
munities and primary productivity of crycoconite holes in an Arctic glacier (Svalbard 79°N).
Polar Biol 25:591-596

Tang EPY, Vincent WF (1999) Strategies of thermal adaptation by high latitude cyanobacteria.
New Phytol 142:315-323

Taton A, Grubisic S, Brambilla E, De Wit R, Wilmotte A (2003) Cyanobacterial diversity in natural
and artificial microbial mats of Lake Fryxell (Mc Murdo Dry Valleys, Antarctica): A morpho-
logical and molecular approach. Appl Environ Microbiol 69:5157-5169

Taton A, Grubisic S, Balhasart P, Hodgson DA, Laybourn-Parry J, Wilmotte A (2006a)
Biogeographical distribution and ecological ranges of benthic cyanobacteria in East Antarctic
lakes. FEMS Microbiol Ecol 57:272-289

Taton A, Grubisic S, Ertz D, Hodgson DA, Piccardi R, Biondi N, Tredici MR, Mainini M, Losi D,
Marinelli F, Wilmotte A (2006b) Polyphasic study of antarctic cyanobacterial strains. J Phycol
42:1257-1270

Vincent WF (1988) Microbial ecosystems of Antarctica. Cambridge University Press,
Cambridge

Vincent WF (2000) Cyanobacterial dominance in the polar regions. In: Whitton BA, Potts M (eds)
The ecology of cyanobacteria. Kluwer, Dordrecht, pp 321-340

Vincent WF, Bowman JP, Rankin LM, McMeekin TA (2000) Phylogenetic diversity of picocyano-
bacteria in Arctic and Antarctic ecosystems. In: Bell C, Brylinsky M, Johnson-Green M (eds)
Microbial biosystems: new frontiers. 8th Int Symp Microbial Ecol. Atlantic Canada Society
for Microbial Ecology, Halifax, pp 317-322

Vincent WF, Mueller DR, Bonilla S (2004a) Ecosystems on ice: the microbial ecology of
Markham Ice Shelf in the High Arctic. Cryobiol 48:103-112

Vincent WE, Mueller D, Van Hove P, Howard-Williams C (2004b) Glacial periods on early Earth
and implications for the evolution of life. In: Seckbach J (eds) Origins: Genesis, evolution and
diversity of life. Kluwer, Dordrecht, pp 481-501



8 Cyanobacteria in cold ecosystems 135

Vincent WF (2007) Cold tolerance in cyanobacteria and life in the cryosphere. In: Seckbach J (ed)
Algae and cyanobacteria in extreme environments. Springer (in press)

Vopel K, Hawes I (2006) Photosynthetic performance of benthic microbial mats in Lake Hoare,
Antarctica. Limnol Oceanogr 51:1801-1812

Wait BR, Webster-Brown JG, Brown KR, Healy M, Hawes I (2006) Chemistry and stratification
of Antarctic meltwater ponds I: coastal ponds near Bratina Island, McMurdo Ice Shelf. Antarct
Sci 18:515-524

Waleron M, Waleron K, Vincent W, Wilmotte A (2007) Allochthonous inputs of riverine picocy-
anobacteria to coastal waters in the Arctic Ocean. FEMS Microbiol Ecol 59:356-365

Welker M, von Dohren H (2006) Cyanobacterial peptides—Nature’s own combinatorial biosyn-
thesis. FEMS Microbiol Ecol 30:530-563

Welsh DT (2000) Ecological significance of compatible solute accumulation by micro-organisms:
from single cells to global climate. FEMS Microbiol Rev 24:263-290

Wharton RA, Mckay CP, Simmons GM, Parker BC (1985) Cryoconite holes on glaciers.
Bioscience 35:499-503

Wilmotte A, Demonceau C, Goffart A, Hecq J-H, Demoulin V, Crossley AC (2002) Molecular and
pigment studies of the picophytoplankton in a region of Southern Ocean (42-54°S, 141-
144°E) in March 1998. Deep-Sea Res 11 49:3351-3363

Zielke M, Solheim B, Spjelkavik S, Olsen RA (2005) Nitrogen fixation in the High Arctic: role
of vegetation and environmental conditions. Arct Antarct Alp Res 37:372-378



Chapter 9
Fungi in Cold Ecosystems
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9.1 Introduction

Many habitats on the Earth have temperatures that are constantly or seasonally low.
Approximately 80% of the biosphere will have a temperature of -3 to —7°C and
90% of the volume of marine habitats is below 5°C. The deep seas will have tem-
peratures from —1°C to —4°C, glacial ice habitats will have temperatures around
—5°C, while the Arctic and Antarctic areas have temperatures from —1°C to —35°C.
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The biodiversity of fungi in snow-covered tundra has been shown to be very high
(Schadt et al. 2003), so many different fungi can be expected to be isolated from
cold ecosystems (Latter and Heal 1971). Psychrotrophic fungi can grow below
10°C, and these fungi are especially common in alpine, Arctic and Antarctic envi-
ronments (Widden and Parkinson 1979; Pugh and Allsopp 1982; Vincent 1988;
Cabello 1989; Del Frate and Caretta 1990; Vishniac 1996; Zucconi et al. 1996;
Azmi and Seppelt 1997; McRae and Seppelt 1999; Deming 2002; Gocheva et al.
2005; Ruisi et al. 2007), but also in man-made refrigerated environments (Kuehn
and Gunderson 1962, 1963; Gounot 1986; Baublis et al. 1991; Smith 1993; Pitt and
Hocking 1997). However, many temperate habitats will often have temperatures at
or below 0°C part of the year (winter). Even some species from warm, temperate
or subtropical regions, such as pathogenic Penicillium italicum on citrus fruits, can
grow comparatively well at 5°C (Pitt and Hocking 1997). Epicoccum purpurascens
was listed as a psychrophile from Arctic tundra (Kurek et al. 2007), but it has been
reported to have a temperature minimum for growth at —3°C to —4°C, an optimum
at 23-28°C and a maximum temperature for growth at 45°C (Domsch et al. 1980).
Phoma herbarum has been isolated from tundra soil (Flanagan and Scarborough
1974) and Antarctica (Selbmann et al. 2002; Singh et al. 2006), but it is a
mesophilic fungus found mostly in soils of the temperate and subtropical zones
(Domsch et al. 1980). On the other hand, tropical fungi have never been found
actively growing in cold habitats. For example, none of the species in the predominantly
tropical genus Talaromyces and its anamorphic state Penicillium subgenus
Biverticillium can grow at 5°C. There were only two species that could grow at 5°C,
P. clavigerum and P. vulpinum (synonym P. claviforme) listed by Pitt (1979) in subge-
nus Biverticillium, but these two species have been transferred to Penicillium subgenus
Penicillium, containing species that all grow well at 5°C in general (Frisvad and
Samson 2004). Similarly, other genera seem to be absent in cold ecosystems, for
example Byssochlamys and its anamorphic state Paecilomyces. Aspergillus species in
general grow poorly below 12°C, and thus may have been recovered as spores in cold
ecosystems (Gunde-Cimerman et al. 2003) because they are common as marine
spores, transported by wind or birds or are carried around due to human activity.

Psychrophilic species have only been found in permanently cold habitats, such
as Arctic and Antarctic areas, oceans, caves, alpine lakes and soil, glaciers, snow
and ice fields. In general, psychrophilic, psychrotolerant and mesophilic fungi are
found in cold ecosystems (Moller and Dreyfuss 1996), while thermophilic and
heat-resistant fungi have not been isolated from these habitats.

Fungi are common in cold ecosystems (Ruisi et al. 2007). Basidiomycetes and
few ascomycetes may produce mycorrhizae associated to cold-adapted plants, and
therefore basidiocarps of Boletus and other genera are often found in less extreme
Arctic and Alpine habitats (Chlebicki 2002). Most plants in extreme Arctic regions
are non-mycorrhizal, however (Kytdviita 2005). Ascomycetous macrofungi such as
morels can also be found in cold habitats at high elevations (McFarlane et al. 2005).
Lichens are very common in cold ecosystems and are especially common on rocks
and on soil in Antarctica and in Arctic areas (Longton 1988; @vstedal and Lewis
Smith 2001; Seymour et al. 2005; Weber et al. 2007; Gadd 2007). Yeasts such as
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Cryptococcus albidus (Cameron et al. 1976) and Leucosporidium scottii (van Uden
1984), Candida frigida, C. gelida and C. nivalis (Di Menna 1966a, b) are also com-
mon. Less work has been done of filamentous fungi (moulds) in cold ecosystems,
but they have been reported from vegetation (Babjeva and Reshetova 1998; Tosi
et al. 2002), soil (Broady 1993; Nienow and Friedmann 1993; Frisvad et al. 2006),
permafrost layers (Golubev 1998; Broady 1993; Nienow and Friedmann 1993;
Vishniac 1993; Rivkina et al. 2004), snow (Abyzoz 1993), glacier ice (Abyzoz
1993; Ma et al. 1999; Gunde-Cimerman et al. 2003) and water (Broady and
Weinstein 1998).

Growth in cold habitats often involves ability to grow at low water activity as liquid
water is only partially available in ice (Petrovi et al. 2000; Gunde-Cimerman et al. 2003).
For this reason, xerophily may also play a role in psychrophily or psychrotolerance.

Since especially Antarctica seems to have few endemic fungal species, many
terrestrial fungi have been introduced via humans, animals or wind dispersal (Ellis-Evans
and Walton 1990). The mycospora of the air in Antarctica indicates that several
species are introduced via this vector (Czarnecki and Bialasiewicz 1987; Marshall
1997, 1998). Airborne filamentous fungal spores are also present in the air at Jan
Mayen and Svalbard, but the fungal counts are not large (Johansen and Hafsten
1988; Johansen 1991). On Greenland and Svalbard, however, certain new species
seems to be endemic to the Arctic areas (Gunde-Cimerman et al. 2003; Frisvad
et al. 2006; Sonjak et al. 2007b). More surveys on the funga of Arctic, Antarctic
and alpine areas need to be done, however, and this effort can be somewhat
restricted by the many new species that have not yet been described, and thus
making reliable identification difficult at present.

In this review, filamentous fungi thriving in cold ecosystems will be emphasized,
while yeasts, lichens and basidiomycetes will be mentioned briefly.

9.2 Methods for recovering psychrotolerant
and psychrophilic species

Some fungi such as basidiomycetes and lichens can be directly isolated and, in
some cases, cultures can be obtained from such material, but in most cases fungi
are isolated from soil, ice, water, plant material, animal material, etc., via direct
plating or dilution technique.

Many isolation media are efficient for recovering psychrotolerant and
psychrophilic fungi, including malt extract agar (Moller and Dreyfuss 1996; Singh et al.
2006), malt yeast peptone agar (MYP) (Carreiro and Koske 1992) or dichloran 18%
glycerol agar (DG18) (Hocking and Pitt 1980) if incubated at a low temperature for
an extended period of time. The isolation plates can for example be incubated at 0°C
and examined during 4 weeks (Carreiro and Koske 1992), or incubated at 4°C and
examined during 10 weeks (Petrini et al. 1992), or incubated at 2-5°C for 45 days
(Singh et al. 2006). For penicillia, the medium DG18 incubated in darkness for up to
4 weeks at 15°C worked fine (Gunde-Cimerman et al. 2003; Frisvad et al. 2006).
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Usually, fungi are isolated in pure culture and subsequently identified on standard
media for the genus at hand (Pitt and Hocking 1997). Some new species of Penicillium
hardly grow at 25°C, so it is now recommended to grow penicillia from cold ecosystems
both at 15 and 25°C on all standard media for identification purposes (see Frisvad and
Samson 2004). For other genera, 15°C also seems to be a good additional temperature
to use, as all psychrotolerant and psychrophilic species grow well at this temperature.

Most fungi appear to be recoverable from their habitats, in contrast to bacteria
and archaea, where molecular methods are needed to discover all species present
(Pace 1997). However, cultural methods in combination with molecular methods
will surely give a much better characterization of the funga of cold ecosystems.

9.3 Protection and survival of cold ecosystem fungi

Fungi have several ways of protecting themselves against the harsh conditions in
Arctic, Antarctic and alpine ecosystems (Baross and Morita 1978; Herbert 1986;
Tearle 1987; Russell 1990; Wynn-Williams 1990; Robinson et al. 1996, 2004;
Robinson 2001; Schmidt and Bolter 2002; Tosi et al. 2005). Growth and survival
strategies by cold-adapted fungi include cell membranes, nutrient transport and
enzyme function (Vincent 2000). Some fungi produce melanin to protect the fungal
thallus and spores against UV-B light and other challenges (the melanin can be
present in chlamydospores, ascomata, sclerotia, mycelium or conidiospores) (Bell
and Wheeler 1986; Arcangali et al. 1997; Smith and Reed 1997; Butler and Day
1998; Jumpponen and Trappe 1998; Arcangali and Cannistraro 2000; Robinson
2001; Zucconi et al. 2002; Kogej et al. 2004; Day et al. 2006). Other chemical
means of protecting the fungus during freezing and thawing (Lyakh et al. 1984) or
at constantly low temperature can be mycosporins (Gorbushina et al. 2003; Kogej
et al. 2000), antifreeze proteins (Hishino et al. 2003), antioxidants and glycogen
(Ratner and Fikhte 1982; Gocheva et al. 2006), and exopolysaccharides (Selbmann
et al. 2002). Compared to a mesophilic Penicillium strain, both Antarctic strains and
a temperate strain accumulated trehalose (Montiel 2000) and protective enzymes,
including superoxide dismutase and catalase, at low temperatures (Gocheva et al.
2006). Sterols and fatty acids are also of a unique composition in psychrophilic and
psychrotolerant species of Mortierella (Weete and Gandhi 1999), and lipids may
also have a protective role (Finotti et al. 1993; Istokovics et al. 1998).

9.4 Different ecosystems

9.4.1 Fungiin soil and permafrost

The soil in cold ecosystems contains a number of bacteria including streptomycetes
and microfungi (Flint and Stout 1960; Horowitz et al. 1972; Onofti et al. 2000, 2006).
Much of the biodiversity of Arctic and alpine soils is still undescribed (Schadt et al.
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2003). It appears that Antarctica has less biodiversity concerning soil-borne fungi than
Arctic and alpine areas (Latter and Heal 1971; Schadt et al. 2003; Ruisi et al. 2007).
Many fungi have been isolated from permafrost, but it is difficult to control
whether the fungus is a recent (present day) contamination or if it is the propagule
of an organism that has survived for thousands of years (Lydolph et al. 2005).
Gilichinsky et al. (2005) found several fungi in cryopegs in permafrost and there
are many reports of filamentous fungi and yeasts from permafrost soil. DNA from
fungi, bacteria, archaea and other organisms can also be isolated from permafrost,
but again, severe controls need to be used in order not to regard present day con-
taminations as ancient species (Willerslev et al. 1999; Lydolph et al. 2005).

9.4.2 Fungiin caves

Many caves will have a constantly low temperature at around 3—7°C and some of
the fungi isolated from those caves may be psychrotolerant or psychrophilic.
Penicillium cavernicola has been found in cool caves (Frisvad and Samson 2004)
and can be classified as psychrotolerant. Microascus caviariformis, also called the
chicken sandwich cave fungus (Malloch and Hubart 1987) is also psychrotolerant.
These caves are special in that they rarely have temperatures below 0°C.

9.4.3 Fungi on rocks

Some fungi are specialized in growing on rocks and stones, especially lichen-asso-
ciated fungi (Longton 1988; @vstedal and Lewis Smith 2001; Gorbushina et al.
2005; Rios et al. 2005), but a series of endolithic and cryptoendolithic species can
also grow there (Friedmann 1982, 1993; Wierzchos and Ascaso 2001; Hughes and
Lawley 2003; Nienow and Friedmann 1993; Rios et al. 2003; Selbmann et al.
2005). These species can grow both in deserts (Staley et al. 1982) and in cold habitats.
Low nutrient availability, a constant change between low and high water activity,
extreme temperatures and extreme temperature differences, and UV radiation make
this rock habitat one of the most challenging known (Brown 1978; Hughes et al.
2003; Sterflinger 2005).

9.4.4 Fungion dung

Some psychrophilic or psychrotolerant fungi are associated to dung, especially
Thelobolus, for example the species T. globosus, T. ellipsoideus and T. microsporus
(de Hoog et al. 2005). Coprophilic Penicillium species also grow well at 5°C
(Frisvad and Samson 2004) and P. vulpinum (= P. claviforme) has been found in
Alaska, for example (Flanagan and Scarborough 1974).
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9.4.5 Fungi on plants, mosses and lichens

Fungal partners of lichen symbiosis are manifold and common in polar and alpine
areas (Smith 1984). Filamentous microfungi are very common on these lichens
(Hawksworth 1979; 1981; 1982; Petrini et al. 1990). Filamentous fungi have also
been reported from lichens in Antarctica (Fletcher et al. 1985; @vstedal and
Hawksworth 1986; Pegler et al. 1980; Moller and Dreyfuss 1996), but have been
less studied in Arctic and alpine areas. Plants in Antarctica such as Deschampsia
antarctica and Colobanthus quitensis are abundant and many fungi could be iso-
lated from these plants (Moller and Dreyfuss 1996). In contrast, Arctic and alpine
areas have a very diverse flora and each plant will often host a series of filamentous
fungi in the rhizosphere soil (Domsch et al. 1980). Many filamentous fungi can also
be isolated from mosses and liverworts (Moller and Dreyfuss 1996). In the study of
the latter authors, geographic sampling seemed to be a better indicator of the funga
of mosses and lichens, whereas the funga was more clearly associated to the plants
than to geography.

9.4.6 Fungi on grass: snow moulds

Typhula ishikariensis, T. incarnata and T. idahoensis can cause snow mould in
grasses (Desjardin and Ward 1971; Hsiang et al. 1999). Myrosclerotinia borealis
(Saito 1998) is also a grass pathogenic psychrophilic fungus producing polypeptides
in the sclerotia and several polygalacturonases. This species and Microdochium
nivale (= Monographella nivalis = Fusarium nivale) can also cause severe damage
in natural and domesticated grasses (Saito 1998). The so-called low temperature
basidiomycete, Coprinus psychromorbidus can also cause snow mould attack on
grasses (Traquair et al. 1987). Other fungi may cause diseases of plants in cold areas,
but in situations without stress they can often be regarded as endophytes including
for example Monodictys arctica in Saxifraga oppositifolia (Day et al. 2006).

9.4.7 Fungi in glaciers, ice and freshwater

Ice in lakes in Antarctica contains many fungi and other microorganisms (Priscu
et al. 1998) and so does glacier ice in Arctic areas (Abyzoz 1993; Gunde-Cimerman
et al. 2003; Sonjak et al. 2006; 2007a,b). Freshwater habitats in Antarctica have
also been examined for fungi (Sugiyama et al. 1967; Ellis-Evans 1985). In parallel
with results from Antarctica (McRae et al. 1999), psychrotolerant to mesophilic
species of Penicillium have been found in glacier ice, including P. crustosum,
P. solitum, P. nordicum, and P. italicum (Gunde-Cimerman et al. 2003; Sonjak et al.
2006), all rather common species in foods, too (Frisvad and Samson 2004). The
number of conidia found in both glaciers and cold waters on Svalbard indicated that
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the fungi can actually grow there and that they are not just wind-blown contaminant
spores (Gunde-Cimerman et al. 2003).

The psychrophilic aquatic oomycete Leptomitus lacteus can grow heavily
in effluent from papermills and cause considerable pollution. This species
was formerly regarded as a fungus (Gounot 1986), and is only found in cold
river water.

9.4.8 Fungi in chilled and frozen foods

Kuehn and Gundersen (1962, 1963) found several psychrotrophic fungi in fruit-
filled pastries and in chicken pies and other frozen foods, including Acremonium
strictum, Arthrinium sphaerospermum, Aureobasidium pullulans, Botryotricum,
Cladosporium cladosporioides, C. herbarum, Geomyces pannorum, Umbelopsis
ramaniana, Mucor fragilis, M. hiemalis, M. plumbeus, Penicillium spp. and Phoma
glomerata. According to Moller and Dreyfuss (1996), of all the fungi they isolated,
only Acremonium psychrophilum, Chaunopycnis ovalispora and an unidentified
species each of Cylindrocarpon, Lichenoconium, Monocillium and Myceliophthora
were real psychrophiles from Antarctica, while they classified Acremonium cerealis,
Arthroderma cf. cuniculi, a Chamarosporium sp., Chalara constricta, some
Cladosporium spp., some Fusarium spp., Geomyces pannorum, a Monascella sp.,
Phialophora hyalina, a Pycnostysanus sp., Thelebolus microsporus, Volucrispora
graminea and Tricellula cf. aquatica as psychrotolerant species. They classified all
Penicillium isolates they found as mesophilic.

Penicillium and Cladosporium species is a special case, as they are found very
often on refrigerated foods. Some species, such as P. commune and its domesticated
form P. camemberti, and P. palitans and its domesticated form P. caseifulvum, are
often found on moldy cheeses, whereas Penicillium freii and P. cyclopium can grow
on refrigerated cereal products and P. expansum can grow on refrigerated poma-
ceous fruits (Frisvad and Samson 2004). Cladosporium species are often found on
refrigerated meat (Brookes and Hansford 1923). Many species in these two genera
are psychrotolerant to mesophilic.

9.5 Different fungal taxa from cold ecosystems

9.5.1 Fungal genera and cold ecosystems

Different fungal genera are often predominantly psychrotolerant, mesophilic or
thermotolerant (Gounot 1986; Kerry 1990). For example, the genus Eupenicillium
and its associated Penicillium anamorphs is predominantly psychrotolerant to mesophilic,
while Talaromyces and its associated Penicillium subgenus Biverticillium anamorphs
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are predominantly mesophilic to thermotolerant. The genus Aspergillus is also
mesophilic to thermotolerant, yet some spores of Aspergillus and its associated
teleomorphs are found in Arctic regions (Gunde-Cimerman et al. 2003). One
genus, Humicola, interestingly contains one of the most psychrophilic species,
H. marvinii (Weinstein et al. 1997) and one of the most thermophilic species, H.
lanuginosa (Cooney and Emerson 1964). This was one of the reasons why H.
lanuginosa was later transferred to Thermomyces as T. lanuginosus. In a
parallel example, the zygomycete Mucor strictus has been described as a psy-
chrophilic species (Schipper 1967) while Mucor miehei is listed as a thermophile
(Cooney and Emerson 1964; Hammonds and Smith 1986). Similarly, in this case,
the thermophilic species was later transferred to another genus as Rhizomucor
miehei. Except for Mrakia, few fungal genera contain only psychrophilic species,
but genera such as Alternaria, Chrysosporium, Cladosporium, Cryptococcus,
Geomyces, Heteroconidum, Humicola, Keratinomyces, Leptodontidium,
Leptomitus, Leucosporidium, Microsphaeropsis, Mortierella, Mucor, Myrioconium,
Penicillium, Phialophora, Phoma, Rhizopus, and Typhula contain few psychrotol-
erant or psychrophilic species (Domsch et al. 1980; Gounot 1986; Gamundi and
Spinedi 1988; Carreiro and Koske 1992; Petrini et al. 1992; Bergero et al. 1999).

9.5.2 Yeasts

Yeasts and yeast-like fungi are common in Antarctic and Arctic environments (Di
Menna 1960; Goto et al. 1969; Atlas et al. 1978; Vishniac 1987, 1993, 2006). The
ascomycetous genus Candida is especially common, including Candida frigida,
C. gelida, and C. nivalis (Di Menna 1966a,b), but many basidio-yeasts have also been
found, including Cryptococcus albidus, C. antarcticus, C. consortionis, C. friedmannii,
C. laurentii, C. lupi, C. socialis, and C. vishniacii (Cameron et al. 1976; Vishniac
1985a;b; 1993; Vishniac and Hempfling 1979; Baharaeen and Vishniac 1982),
Hyphozyma spp. (de Hoog and Smith 1981), Leucosporidium scottii (Rollo et al.
1995), Mrakia frigida and M. psychrophila (Xin and Zhou 2007), and Rhodotorula
creatinovora and Rh. yakutica (Golubev 1998).

9.5.3 Ascomycetes

Many ascomycetes and anamorphs belonging to ascomycetes from Antarctica
have been described. These species are placed in the 12 ascomycete families
Arthrodermataceae, Chaetomiaceae, Hypocreaceae, Lasiosphariaceae, Microascaceae,
Myxotriaceae, Orbiliaceae, Saccharomycetaceae, Sclerotiniaceae, Thelobolaceae,
Trichocomaceae, and Trichospheariaceae and 9 orders: Eurotiales, Hypocreales,
Leotiales, Microascales, Onygenales, Pezizales, Saccharomycetales, Sordariales,
and Trichosphaeriales. Some of the species are only found as the anamorphic
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state, for example Penicillium jamesonlandense. The teleomorphic state
Eupenicillium has not yet been found in very cold climates. The species include
Apiosordaria antarctica, Thielavia antarctica (Stchigel et al. 2003), Hypocrea
psychrophila (Neill et al. 1972), Microascus caviariformis from a cave (Malloch
and Hubart 1987), Myriosclerotinia borealis (Saito 1998), Thelobolus globosus,
Thelobolus ellipsoideus and Thelobolus microsporus from dung (de Hoog et al.
2005) and Thielavia antarctica (Stchigel et al. 2003). None of these species are
strictly psychrophilic, but rather psychrotolerant. Among the ascomycete-related
fungi with no teleomorphic state, the following fungi were psychrophilic or psy-
chrotolerant: Acremonium antarcticum (Moller and Gams 1993), Acremonium
psychrophilum (Moller and Dreyfuss 1996), Antarctomyces psychrophilus
(Stchigel et al. 2001), Arthrobotrys ferox (Onofri and Tosi 1992), Arthrobotrys
psychrophilum (Moller and Dreyfuss 1996), Arthrobotrys tortor (Caretta et al.
1994), Cadophora malorum, Candida frigida, C. gelida, C. nivalis and C. psychrophila
(DiMenna 1966a), Chaunopycnis ovalispora(Mollerand Gams 1993), Cylindrocarpon
sp. (Gounot 1986), Engyodontium album (Caretta et al. 1994), Exophiala
psychrophila (Pedersen and Langvad 1989), Geomyces pannorum (Moller and
Dreyfuss 1996; Marschall 1998), Humicola marvinii (Weinstein et al. 1997),
Hypocrea psychrophila (Neill et al. 1972), Keratinomyces ceretanicus (Punsola
and Guarro 1984), Lichenoconium sp.(Moller and Dreyfuss 1996), Monachrosporium
psychrophila (Ahren et al. 2004), Monocillium sp. (Moller and Dreyfuss 1996),
Monodictys arctica (Day et al. 2006), Myceliophthora sp. (Moller and Dreyfuss
1996), Penicillium jamesonlandense (Frisvad et al. 2006) and Streptotheca
psychrophila (Bergman and Shanor 1957).

9.5.4 Penicillium

Penicillium species isolated from Antarctica, including the new species P. antarcticum
(McRae et al. 1999), have proved to be species often isolated from foods, including
P. solitum, P. corylophilum and P. glabrum. P. antarcticum was isolated from salami
in Denmark in 1982, and has since been isolated from seawater in Denmark,
Australia, Slovenia, and in the Atlantic, so this species seems to be a halotolerant
marine Penicillium species of worldwide distribution (Frisvad, unpublished).
However, these species are not true psychrophiles as they grow and sporulate very
well at 25°C. The same is the case for a new species from the Arctic island
Svalbard, P. svalbardense (Sonjak et al. 2007b). Other species isolated from “arctic-
alpine” areas in Wyoming and Colorado, USA, and Greenland, including
P. ribium, P. soppii and P. lanosum, also grew well and sporulated at 25°C (Frisvad
et al. 2006). However, isolates of the new species P. jamesonlandense grew very
poorly at 25°C. Kurek et al. (2007) listed Penicillium lanosum as a psychrophile,
but these isolates could also have been one of the new species, such as P. james-
onlandense, as these species are morphologically and phylogenetically closely
related. They also listed P. expansum as either psychrophilic or psychrotrophic.
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An endoglucanase-producing P. expansum has also been found in huts from Antarctica
(Duncan et al. 2006). This species has been found on both Svalbard and Antarctica,
and may have arrived there because of use of apples in the diet of people staying in
the Antarctic or Arctic, as apples often carry spores of P. expansum (Frisvad and
Samson 2004). Duncan et al. (2006) also reported the presence of P. roqueforti,
which may be in Antarctica because of blue cheeses being imported or because it
is common in timber (Frisvad and Samson 2004). The strains of P. roqueforti may
also have been close to P. ribium, which is morphologically similar, and has been
found in Arctic and alpine habitats (Frisvad et al. 2006).

Penicillium crustosum isolates, isolated from all over the world, were genotypically
and phenotypically very similar, but Arctic isolates did differ in that some of
the isolates of this species produced the secondary metabolite andrastin A and
some isolates, from one glacier, did not grow well on creatine-sucrose agar in
contrast to all other isolates of P. crustosum (Sonjak et al. 2005; 2006; 2007a).

Isolates of Penicillium that grow better at 15°C than 25°C and also grow well at
5°C include P. marinum, P. thymicola and P. verrucosum (Frisvad and Samson
2004). However, many other food-borne penicillia also grow nearly as well at 15°C
as at 25°C or at least have some isolates in the species growing better at 15°C than
at 25°C. The food-borne terverticillate Penicillium species mostly grow well at 5°C,
but most of them grow poorly at 30°C (Table 9.1). Those that grow well at 30°C
and even somehow at 37°C, such as the mesophilic species P. chrysogenum and
P. aethiopicum, have also been isolated from foods. P. chrysogenum has also been
isolated from glacier ice, but not as a major species there (Gunde-Cimerman et al.
2003).

9.5.5 Cladosporium

Cladosporium cladosporioides and C. herbarum have been listed as psychrophiles
by Kurek et al. (2007), but even though isolates of these species can grow at tem-
peratures as low as —6°C (Brookes and Hansford 1923; Joffe 1962) or even —10°C
(Bidault 1921), they have an optimum growth between 18 and 28°C (Domsch et al.
1980) and maximum temperature at 32°C, and thus can be classified as psychrotol-
erant to mesophilic. Most Cladosporium species seems to be psychrotolerant, and
they are able to grow at very low temperatures.

9.5.6 Zygomycetes

Many zygomycetes have been found in cold ecosystems. Psychrotolerant species
belong to Mortierellaceae and Mucoracea. Isolates belonging to Mucor strictus
have been particularly well studied (Schipper 1967; Dexter and Cooke 1984, 1985),
but most major genera have some psychrophilic or psychrotolerant species, including



Table 9.1 Growth diameters of psychrotolerant Penicillium subgenus Penicillium species at lower
range temperatures (after Frisvad and Samson 2004), after 1 week of incubation in darkness

Growth diameter (mm) Ratio
Species 5°C 15°C 25°C 30°C 15°C/25°C
P. thymicola 19-24 9-20 2-6 1.0-2.3
P. marinum 17-24 17-27 0 1.0-1.3
P. verrucosum 2-4 17-23 9-24 0 1.0-1.2
P. nordicum 2-4 8-21 8-21 0 0.6-1.2
P. bialowiezense 14 17-22 11-25 0 0.8-1.9
P. brevicompactum 1-4 17-21 8-30 0-3 0.7-1.0
P. olsonii 2-5 23-27 26-40 0-2 0.7-0.8
P. expansum 3-5 26-34 26-50 0-3 0.8-1.3
P. echinulatum 3-5 25-31 20-40 0-1 0.8-1.3
P. discolor 3-6 24-30 21-36 0-12 0.8-1.2
P. solitum 3-5 18-30 16-34 0 0.7-1.1
P. camemberti 2-6 14-26 19-27 0-3 0.8-1.3
P. commune 2-5 23-29 15-35 04 0.8-1.3
P. concentricum 15-20 12-25 0 0.8-1.3
P. caseifulvum 3-8 18-23 15-24 0 0.8-1.1
P. cavernicola 16-27 23-33 0 0.6-0.9
P. atramentosum 0-2 20-25 23-39 0 0.6-1.0
P. digitatum 0-3 8-22 15-55 0 0.3-1.1
P. allii 0 24-30 26-40 1-5 0.9-1.1
P. cyclopium 2-5 19-24 18-34 2-6 0.7-1.0
P. freii 2-5 17-23 15-27 0 0.7-1.1
P. palitans 2-4 21-30 15-31 0-7 0.9-1.1
P. glandicola 2-5 17-23 15-32 0 0.6-1.0
P. hirsutum 2-4 32-36 19-43 2-9 0.8-1.9
P. gladioli 2-4 17-23 27-41 0 0.7-0.9
P. radicicola 2-4 27-34 29-41 1-10 0.7-1.2
P. coprobium 14-19 21-29 04 0.5-0.9
P. coprophilum 14-19 18-29 0-4 0.6-0.8
P. formosanum 0 19-21 18-42 0 0.8-0.8
P. ulaiense 2-4 4-17 13-26 0 0.5-1.1
P. italicum 2-4 17-34 26-50 0-12 0.6-0.8
P. tricolor 2-4 4-15 20-32 0 0.1-0.5
P. venetum 26-33 18-34 2-7 0.8-1.3
P. tulipae 28-37 3948 2-9 0.7-0.9
P. albocoremium 2-4 32-35 28-38 8-14 0.9-1.1
P. hordei 2-4 19-31 27-41 10-17 0.7-1.0
P. polonicum 2-5 27-30 24-43 10-15 0.7-1.0
P, viridicatum 2-4 21-24 19-35 6-18 0.6-0.9
P. aurantiogriseum 2-5 16-23 11-32 12-17 0.7-1.3
P. melanoconidium 2-4 18-23 17-27 13-18 0.8-1.0
P. neoechinulatum 2-4 24-28 24-35 13-17 0.8-0.9
P. nalgiovense 1-4 14-25 18-34 1-16 0.6-0.8
P. roqueforti 2-4 28-38 17-77 0-11 0.4-1.7
P. carneum 32-36 36-53 11-26 0.8-0.9
P. paneum 2-4 27-36 38-41 10-39 0.6-0.9
P. crustosum 2-6 28-31 3246 15-26 0.7-0.7
P. dipodomyicola 1-4 17-22 20-30 17-21 0.6-0.8

P. griseofulvum 2-4 18-21 19-32 17-22 0.6-0.8
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Mortierella alpina (Latter and Heal 1971), Mortierella ramaniana = Umbelopsis
ramaniana (Martseniuk and Mazilkin 1972), Mortierella verticillata (Kobayashi
et al. 1967), and Mortierella vinacea (Rall 1965). Even though the latter species
have been found in alpine areas of Europe and USA, it must be considered as
a mesophile, as its temperature optimum is 30°C (Domsch et al. 1980). Cold-
adapted species of Mucor include the psychrotolerant Mucor hiemalis (Schipper
1973) and the psychrophilic M. strictus (Schipper 1967). Other psychrophilic spe-
cies include Absidia psychrophila (Hesseltine and Ellis 1964) and Zygorhynchus
psychrophilus (Schipper and Hintikka 1969). These fungi are common in soil in
cold ecosystems, but Mucor and other psychrotolerant fungi are also found on
refrigerated meat (Brookes and Hansford 1923).

9.5.7 Basidiomycetes

Basidiomycetous yeasts are common psychrophiles found in Antarctica (see Sect.
9.5.2), but because mycorrhiza are rare in Antarctica, as there are no trees, there are
few basidiocarp-forming fungi. Some huts are being degraded by soft rot basidiomycetes,
however (Inglis et al. 2000; Blanchette et al. 2004; Held et al. 2006). Most
psychrophilic and psychrotolerant species belong to Filobasidiaceae, Typhulaceae
and Sporidiobolaceae. Many different basidiomycetes have been found in Arctic
and Alpine areas (Nemergut et al. 2005). For example, Laursen and Miller (1977)
found Galerina subannulata, Clitocybe polygonarum, Naematolomma udum,
Panaeolus accuminatus and Russula emetica in tundra soil in Barrow, Alaska.
Lepiotaceous fungi are rare in Arctic and tropical regions, but are abundant in
temperate regions (Vellinga 2004). Also Boletus spp. or other basidiomycetes can
produce mycorrhizal associations with dwarf Betula and Salix spp. in Greenland,
but high Antarctic plants are essentially non-mycorrhizal (Gardes and Dahlberg
1996). This may be based on asymmetric symbiont adaptation according to
Kytoviita (2005). AM and VA mycorrhizal fungi have some resistance to freezing
and thawing (Addy et al. 1997, 1998).

9.5.8 Lichens

Lichens, a symbiosis of fungi and algae or photosynthetic bacteria, are widespread
in Antarctic, Arctic and alpine areas (Longton 1988; (@vstedal and Lewis Smith
2001; Seymour et al. 2005; Weber et al. 2007; Gadd 2007). Lists of lichens from
Greenland (Hansen and Andersen 1995; Hansen 2006), the Alps (Hafellner and
Tiirk 2001; Nashimbene et al. 2006), the Russian Arctic (Andrev et al. 1996), USA
and Canada (Thomson 1984, 1997), Antarctica (@vstedal and Lewis Smith 2001)
and other cold areas have been collected, and a large number of genera have been
found. Several species in some of these genera have a circum-polar, “arctic-alpine”
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distribution, while species such as Candelariella xanthostigma, Catinaria atropur-
purea and Mycobilimbia hypnorum are also found in boreal and temperate areas
(Hansen, 2006; Nascimbene et al. 2006). Ornitocoprohilic lichens have also been
found in Antarctica (Olech 1990). Being of such a diverse composition in cold
ecosystems, lichens are very strong indicators of climatic change, pollution and
technocoenosis (Nascimbene et al. 2006). However, other parts of the funga including
zygomycetes, basidiomycetes and ascomycetes also appear to be good indicators of
such changes, as are the bacterial and archaeal biota, protozoal biota, flora and
fauna, but lichens are particularly widespread in cold areas of the world. While the
lichens and macromycetes have been studied extensively in the last 120 years,
the yeast and mould funga of cold ecosystems has been under-explored.

9.6 Conclusions

Many fungi are adapted to cold ecosystems, and psychrophilic fungi are only found in
Arctic, Antarctic, Alpine or cold marine areas of the world. There are many more psy-
chrophilic and psychrotolerant fungi and even some mesophilic fungi to be found also
in other cold ecosystems, and most of these fungi are all capable of growing at 0°C.
Water activity, radiation resistance and other physico-chemical factors also play a role
for the establishment of these species in cold ecosystems. Basidiomycetes are mostly
present in the more extreme cold ecosystems as basidio-yeasts, and mushroom basidi-
omycetes are rare as plants there are slow-growing and non-mycorrhizal. Zygomycetes
and ascomycetes and their imperfect forms are very common in cold ecosystems.
Chytridiomycetes and oomycetes appear to be rare, if found at all, in the Arctic,
Antarctic and alpine areas, only the oomycete Leptomitus lacteus is found as a psy-
chrophile in cold waste water. It appears that the fungi play a major role in the ecology
of cold areas and that we may find new interesting species, enzymes and secondary
metabolites (see Chap. 22) and biotechnological uses of some of these fungi.
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10.1 Introduction

Virus-like particles (VLP) are abundant in the aquatic biosphere, typically ranging
between 10° and 10® ml~!, including in the cold environments of the deep sea, polar
oceans, sea ice and high-latitude lakes. In these places, viruses play important eco-
logical roles, e.g., equaling or surpassing grazers as agents of bacterial mortality in
some Arctic waters (Steward et al. 1996; Wells and Deming 2006a). Systematic
investigations of viral ecology in snow, permafrost or glaciers are only beginning,
but viruses are present, preserved or even active there (e.g., Castello et al. 1999;
Sawstrom et al. 2007b). Yet, despite the prevalence on Earth of environments <4°C
and the high abundance of viruses in them, little is known about corresponding
viral characteristics or ecology. Instead, viral studies have largely been restricted to
higher temperatures convenient for experimenters but of little ecological or
evolutionary relevance to many viruses.

Here, I review information about viruses from cold environments, focusing on bacte-
riophages when hosts are known. (For a more inclusive review specific to Antarctic
systems, see Pearce and Wilson 2003.) Although these viruses are termed “psy-
chrophilic” (e.g., Olsen 1967; Olsen et al. 1968) or “psychrotrophic” (Greer 1982, 1983;
Patel and Jackman 1986), such words imply growth characteristics not directly applica-
ble to obligate parasites like viruses. I therefore follow Wells and Deming (2006b) and
call viruses capable of infection and production at temperatures <4°C “cold-active.” The
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4°C upper limit includes perennially cold ocean regions and accords with the few studies
of viral activity at near-0°C temperatures. The term “cold-active” does not necessarily
designate an ecologically or evolutionarily coherent group, however.

10.2 Characterization of cold-active viruses and their hosts

10.2.1 Cold-active phages isolated from sewage or food

The filterable “Iytic principle” active at 2 and 4°C reported by Elder and Tanner (1927,
1928) was probably the first cold-active virus described. Isolated from sewage, it
infected an unidentified bacterium; no further characterization of the phage-host system
(PHS) was apparently done. Since then, thousands of phages have been described, but
only 42 (18 from Delisle and Levin 1969b) have been studied sufficiently to ascertain
cold activity (Table 10.1). This paucity probably reflects isolation and characterization
strategies, usually done at or above room temperature, rather than true rarity.

Among the earliest detailed studies of cold-active phages were Olsen (1967) and
Olsen et al. (1968), albeit using pseudomonad-infecting viruses initially isolated from
sewage at 20-37°C. Working with five “psychrophilic” phages—i.e., phages pro-
duced at 3.5°C but not 37°C—Olsen et al. (1968) found that all had longer latent
periods (6—12h vs 0.5-1h; the latent period is the time from infection to phage
release) and smaller burst sizes (6-25 vs 23—120; the burst size is the average number
of viruses released per infected cell) at 3.5°C than 25°C. Reduced burst sizes, pro-
tracted latent periods and overall slower phage production rates at low temperatures
(3.5-4°C) than high temperatures (25-26°C) have also been reported for other cold-
active phages (Kulpa and Olsen 1971; Whitman and Marshall 1971b; Sillankorva et
al. 2004). In contrast, using one of the PHS described in Olsen et al. (1968), Olsen
(1967) reported highest burst size (300-350 viruses) at 3.5°C rather than 25°C, but
only if the hosts were grown at that temperature before infection. Later work revealed
other PHS characteristics affected by pre-infection growth temperature, including
adsorption rate (Delisle and Levin 1972b) and latent period (Sillankorva et al. 2004),
possibly due to bacterial phenotypic responses to the transition to low temperature.
Unfortunately, few cold-active phage studies specified the host’s pre-infection
growth temperatures (e.g., Olsen et al. 1968; Kulpa and Olsen 1971; Delisle and
Levin 1972b), making unambiguous interpretation of PHS characteristics problem-
atic. Thus, Olsen (1967) and Olsen et al. (1968) can be reconciled only by assuming
that the 1968 host was grown at a warmer temperature prior to infection at 3.5°C.

The most comprehensive cold-active virus work was that of Delisle and Levin
(1969a, 1969b, 1972a, 1972b), who isolated 180 pseudomonad-infecting phages
from fish fillets, raw sewage and Boston Harbor water. Although they used two
isolation temperatures (2 and 20°C), their report (Delisle and Levin 1969a) is
unclear whether all 180 phages were cold-active; their companion study of 40 of
these phages only clearly established cold-activity for 18 of them (Delisle and
Levin 1969b). Of these, three were examined in detail, one of which (phage 27)
formed plaques at 2 but not 20°C. Further study of phage 27 determined that its
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maximal temperature of plaque formation both depended on its host (Table 10.1;
Delisle and Levin 1972a) and changed if the virus were passed through different
hosts at different temperatures (Delisle and Levin 1972b). Evidence of phage
27’s adaptation to low temperature included an adsorption rate at 0°C compara-
ble to or faster than at 26°C (as for other phages at low vs high temperature; e.g.,
Johnson 1968) and an efficiency of plating on host P19X five orders of magni-
tude higher at temperatures between —5 and 4°C than at >10°C (Delisle and
Levin 1972b).

Other viruses active at low temperatures (<10°C) have been isolated from
refrigerated food products (at 10°C; Whitman and Marshall 1971a), especially
ground beef (at 10°C; Whitman and Marshall 1971b), cold storage beef (at 7°C;
Patel and Jackman 1986) and spoiled rib steaks (at 7°C; Greer 1982; 1983). Of
these, only two were extensively characterized, and both were cold-active
(Whitman and Marshall 1971b; Table 10.1).

10.2.2 Cold-active phages from marine environments

10.2.2.1 Marine surface waters

To avoid culture bias, Spencer (1955, 1960, 1963) emphasized isolating phages
using indigenous bacteria as hosts and temperature and salinity conditions compa-
rable to those in situ. Applying this approach in the North Sea, Spencer succeeded
in isolating phages at 0°C (Table 10.1). Surprisingly, given Spencer’s emphasis on
in situ temperature, only two of the seven PHS that he isolated were extensively
characterized, both at room temperature (Spencer 1963; Chen et al. 1966;
Valentine et al. 1966; Table 10.1). Sporadic reports of other demonstrably cold-
active or possibly cold-active (based on their provenance) phages have likewise
been limited because minimal or no characterization work was done (as empha-
sized by Table 10.1) or characterization was performed at much warmer tempera-
tures than expected in situ (e.g., Johnson 1968).

Polar oceans are obvious sites to search for cold-active viruses, since field
studies there show viruses to be abundant and active (e.g., Steward et al. 1996;
Guixa-Boixereu et al. 2002; Middelboe et al. 2002). Yet, only five PHS from
polar surface waters have been reported, all in the same study (Middelboe et al.
2002; Table 10.1). Moreover, based on denaturing gradient gel electrophoresis
and restriction fragment length polymorphism patterns, Middelboe et al. (2002)
concluded that the five PHS were identical, perhaps suggesting stable co-occur-
rence of phage and host over a 50,000-km? sampling area and 2-week period.
An unpublished temperate PHS from Arctic surface waters will be discussed
below. As far as I know, the only other possibly cold-active phages isolated
from surface (but not polar) seawater were those described by Moebus (1983)
capable of infection at 5°C; temperatures below 5°C were not tested,
however.
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10.2.2.2 Other marine water and sedimentary environments

Viral adaptations not only to low temperature but to high pressure have largely been
overlooked in marine viral ecology, despite high VLP abundance (e.g., Danovaro and
Serresi 2000; Ortmann and Suttle 2005) and demonstrated activity at depths from a
hundred or a few hundred meters (Steward et al. 1996; Weinbauer et al. 2003; Wells
and Deming 2006a) to, possibly, a few thousand (Ortmann and Suttle 2005). Although
PHS have been isolated from 1°C sediments as deep as 3,000m (Johnson 1968), they
have rarely been characterized under corresponding pressure and temperature condi-
tions in the laboratory (e.g., the likely cold-active phage and its host described by
Johnson (1968) were examined at 1atm and 6-25°C). To my knowledge, only two
laboratory studies, both of cold-active viruses, have considered phage production
under deep-sea pressures. The first was the pioneering description of an Aeromonas-
infecting bacteriophage isolated from 825-m-deep Pacific sediments (Wiebe and
Liston 1968). Besides showing that the temperature range of plaque production
(0-20°C; not 23°C) was narrower than the host’s range of growth (0-30°C; not
32.5°C), a common observation (Table 10.1), they also reported phage production
from 1 to 200 atm, unfortunately at unspecified temperature.

The other published laboratory study of virus production under high hydrostatic
pressure examined cold-active bacteriophage 9A, isolated from a 128-m-deep Arctic
nepheloid layer using a novel isothermal plating method (Wells and Deming 2006b).
The isolation host was the psychrophile Colwellia psychrerythraea strain 34H (here-
after “strain 34H”), itself originally cultured from 305-m-deep Arctic sediments.
Phage 9A has been more extensively characterized than mo