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Evolution and adaptation of fungi at boundaries of life
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Abstract

The Antarctic cryptoendolithic fungi of the ice-free desert could have evolved genetically and geographically isolated since the sep-
aration of the Continent from the Gondwanaland. The resulting harsh environmental conditions due to the migration of Antarctica to
the South Pole led to a strong selective pressure possibly promoting adaptive radiation and speciation. Microorganisms evolved during
this unique process are adapted to colonize what is known as the closest Martian environment on Earth. For this reason they have been
already suggested as the best eukaryotic model for exobiological speculations. The results on freeze and thawing, UV exposure and
osmotic stress tolerance here reported highlight an uncommon ability of surviving under these external pressures. Studies on their ability
to withstand space conditions are in progress in view of the opportunity of direct space exposure on the International Space Station. The
results could give new tools to solve the conflict concerning the Panspermia hypothesis.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Survival of organisms in space conditions and the possi-
ble past occurrence of life forms on Mars are matters of
great interest. The Antarctic ice-free desert, and in particu-
lar the McMurdo Dry Valleys, located in Southern Victo-
ria Land (continental Antarctica), are considered to be,
among the terrestrial ‘extreme’ environments, the closest
analogue of Mars due to a combination of very cold and
very dry conditions, very poor nutrient availability, and
large fluxes of UV-light (Horneck, 2000; Finster et al.,
2007; Onofri et al., 2007a,b).

The McMurdo Dry Valleys, approximately 4800 km2

wide, is the largest ice-free area in the Antarctica. Only a
few endolithic microorganisms, considered among the most
extremotolerant, live in the harshest part of this area. Sam-
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pling and isolation of such microorganisms, and the study
of their adaptive success, will provide interesting informa-
tion in the perspective of the investigation for possible
extraterrestrial life (Onofri et al., 2004). A great deal of
interest has recently been focused on the extreme limits
of life, and the above-mentioned microorganisms, being
able to live in such extreme environments, have been con-
sidered the best experimental models.

The spreading of biological systems in the Antarctic
ice-free desert is deeply restricted due to a combination
of several environmental stresses, including very low
temperatures, ranging in the McMurdo Dry Valleys from
�20 to �50 �C in winter, with monthly mean temperatures
always well below 0 �C, wide thermal fluctuations, frequent
freeze/thaw cycles, extreme dryness, due to the lack of
snow or ice cover and precipitation less than 100 mm WE
(water equivalent) per year but practically absent in some
zones, high salt concentrations due to high evaporation,
low nutrient availability and, finally, high radiation,
including high UV doses.
ed.

mailto:onofri@unitus.it


1658 S. Onofri et al. / Advances in Space Research 40 (2007) 1657–1664
The result is an apparently absence of a biotic compo-
nent in the most extreme areas; few lichens are however
occasionally present, hidden in sheltered niches as crevices
and fissures of rocks; among these are Acarospora gwynnii

Dodge and Rudolph, Aspicilia glacialis Dodge, Buellia gri-

sea Dodge and Baker, Buellia pallida Dodge and Baker,
Lecanora fuscobrunnea Dodge and Baker, Lecidea cancri-

formis Dodge and Baker (Hale, 1987; Seppelt et al.,
1995). Despite the practically sterile conditions of the out-
side, the endolithic life colonizing the (relatively) milder
inside of rocks is even more widespread than one could
expect. Its presence is often revealed by typical patched
rock surfaces, due to a bio-weathering process, fundamen-
tal for spreading of the microbial components. Microor-
ganisms living underneath the rock surfaces form well
organised communities, the most widespread of which is
the lichen-dominated cryptoendolithic community, discov-
ered and described by Friedmann (Friedmann, 1982).

Among the fungal components of these communities,
including lichenized and non-lichenized fungi, there is a
group of black meristematic fungi, also known as microco-
lonial fungi (MCF), because of their slow growth rate
(from 1 to 5 mm a month), colonizing the upper layer of
the stratified rock colonization. They are also known as
colonizers of other localities and substrates, such as rocks
in hot climates or hypersaline environments, altogether
characterized by the presence of environmental stress con-
ditions (Sterflinger et al., 1999; Sterflinger, 2005; Gunde-
Cimerman et al., 2005).

Up to date a quite large number of black meristematic
fungi has been isolated from Antarctica, not exclusively
from colonized rocks but also from lichen thalli collected
in the ice-free areas of both Northern and Southern Victo-
ria Land, including the McMurdo Dry Valleys. They share
similar morphological characteristics, each representing a
tool to survive in that environment. The colonies grow
slowly and are cauliflower-like shaped which ensures the
best surface/volume ratio (Wollenzien et al., 1995); cell
walls are thick and heavily pigmented, to better resist des-
iccation and irradiation, a well visible extra-cellular poly-
meric layer envelopes the fungal structures, probably to
protect them from desiccation and freeze and thaw cycles
(Selbmann et al., 2002). Among them two new genera
and four new species, possibly endemic, have been
described up to date by means of morphological and
molecular analyses: Friedmanniomyces endolithicus Onofri
(Onofri et al., 1999), Friedmanniomyces simplex Selbmann
et al., Cryomyces minteri Selbmann et al., Cryomyces ant-

arcticus Selbmann et al. (Selbmann et al., 2005).
Information on the Antarctic microorganisms belonging

to this enigmatic group of extremotolerant fungi is still scant,
despite the potential interest of isolates from the Antarctic
desert also as experimental models in spatial studies (Gor-
bushina, 2003; Onofri et al., 2007a,b). In this respect, molec-
ular, phylogenetic, and physiological studies have been
undertaken, in order to explain the origin, evolution and
adaptation of these microorganisms in the most extreme ter-
restrial ice-free environment on Earth. In the perspective to
expose these extremotolerant fungi to space conditions,
ground-based experiments are in progress at the German
Aerospace Centre (DLR, Cologne) to test their survival to
different simulated space and Mars conditions.

2. Materials and methods

2.1. Freeze and thaw cycles

Two strains of C. antarcticus (CCFEE 515 and CCFEE
534) and one strain of C. minteri (CCFEE 5187), grown in
Petri dishes (diameter 55 mm) on MEA medium (Malt
Extract Agar: malt extract, powdered 30 g/l; peptone 5 g/l;
agar 15 g/l) for 1 month at 15 �C (optimal temperature),
were maintained at 15 ± 1 �C, 0 ± 2 �C, �5 ± 2 �C,
�10 ± 2 �C, �20 ± 1 �C, and �25 ± 2 �C. Cultures were
transferred monthly at ambient temperature and thawed
for 12 h, the mycelium was utilized to seed a new plate with
a punctiform inoculum using a sterile glass needle; cultures
were frozen again and newly inoculated plates were then
incubated at 15 �C. The experiment was performed in trip-
licate and cultures incubated at 15 �C were utilized as con-
trol. Vitality was expressed as diameter (mm) of the colony
after 60 days of incubation.

2.2. UV resistance

Actively growing colonies of C. antarcticus (CCFEE 515
and CCFEE 534) and C. minteri (CCFEE 5187), respec-
tively, grown on MEA at 15 �C, were collected and used to
prepare fungal cell suspensions in physiological solution
(NaCl 0.9%). 0.1 ml of suspension containing about 100 cells
was uniformly spread on Petri dishes (diameter 90 mm) sup-
plemented with MEA. Five plates of each strain were used as
control, and others were UV-B irradiated for times ranging
from 15 to 120 min (doses from 2.7 to 21.6 kJ/m2), rate
15 min, and finally for 4, 6, and 10 h (doses of 43.2, 64.8,
and 108 kJ/m2). Plates were irradiated by using three fluores-
cent lamps (Sankyo Denki, Co., JP <http://www.sankyo-
denki.co.jp/e2_09.html>), emitting ultraviolet rays between
280 and 360 nm (at peak 306 nm), placed on a metallic sup-
port so to assure a homogeneous exposition. Total irradi-
ance, measured by a broadband UV-B radiometer SKU
430 (SKYE Instruments Ltd., UK), was 3.0 W/m2, over five
to eight times the Antarctic terrestrial UV-B irradiance
(Skerratt et al., 1998; Hughes et al., 2003). Immediately after
irradiation, dishes were incubated at 15 �C up to the appear-
ance of micro-colonies and counting was performed under
the stereomicroscope. The experiment was performed in five
replicas and the percentage of viable propagules expressed as
means of Colony Forming Units (CFU).

2.3. Osmotic stress

Cryomyces antarcticus (strains CCFEE 515 and CCFEE
534) and C. minteri (strain CCFEE 5187) were tested also
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for resistance to osmotic stress, by culturing them on MEA
2% medium (MEA with 20 g/l of malt extract, powdered)
supplemented with progressively increasing NaCl additions
(rate 2–3.5%) up to 27% (w/v). Inoculated plates were incu-
bated at 15 �C and the resistance was evaluated by measur-
ing colony diameter (mm) after 10 weeks. The test was
performed with five replicas.
2.4. Scanning and transmission electron microscopy

Controls, UV-irradiated and NaCl-treated colonies were
prepared for ultrastructural analysis by scanning (SEM)
and transmission (TEM) electron microscopy.

Samples for SEM were fixed with 5% glutaraldehyde/
cacodylate sucrose buffer 0.1 M (pH 7.2) for 12 h at 4 �C,
three times washed in the same buffer for 1 h each at
4 �C, post fixed in 1% OsO4 + 0.15% ruthenium red in
0.1 M cacodylate buffer (pH 7.2) for 3 h at 4 �C, washed
in distilled water (2 changes for 30 min each at 4 �C), block
stained with 1% uranyl acetate in distilled water for 1 h at
4 �C, washed in distilled water (2 changes for 30 min each
at 4 �C), dehydrated in ethanol series: 30%, 50%, 70%
(15 min for each changes at room temperature) and 100%
(1 h at room temperature) EtOH, critical point dried,
coated with gold and examined with a Jeol 840 Scanning
Electron Microscope.

Samples for TEM analysis were fixed and dehydrated as
above, then infiltrated in ethanol 100%: LR White series
with accelerator, in rotator, at 4 �C (2:1 for 3 h; 1:1 for
3 h, 1:2 overnight), and embedded in pure resin for 1 day
Table 1
Growth of Cryomyces antarcticus CCFEE 515 and CCFEE 534 and Cryomyce

incubation) after seven repeated freeze and thaw cycles at six different temper

Cycle 15 ± 1 �C 0 ± 2 �C �5 ± 2 �C

Cryomyces antarcticus CCFEE 515
1� 9.67 ± 0.76 9.80 ± 2.66 9.50 ± 1.26
2� 9.33 ± 0.58 8.67 ± 0.58 10.00 ± 1.00
3� 10.00 ± 0.00 8.67 ± 0.58 10.00 ± 1.00
4� 12.00 ± 0.00 12.33 ± 1.53 14.00 ± 1.73
5� 13.33 ± 1.04 13.00 ± 2.78 13.83 ± 1.04
6� 9.33 ± 0.58 7.50 ± 0.50 9.33 ± 0.58
7� 10.00 ± 1.00 10.33 ± 0.58 8.67 ± 1.15

Cryomyces antarcticus CCFEE 534
1� 9.00 ± 0.00 12.83 ± 1.17 9.17 ± 2.25
2� 12.13 ± 0.58 11.67 ± 0.58 10.33 ± 1.15
3� 9.67 ± 0.58 9.33 ± 0.58 9.33 ± 0.58
4� 13.33 ± 1.15 13.33 ± 1.15 12.83 ± 0.76
5� 14.17 ± 0.29 13.17 ± 2.75 14.67 ± 0.76
6� 10.17 ± 1.61 10.50 ± 1.50 9.50 ± 0.50
7� 9.00 ± 1.00 11.00 ± 1.00 10.00 ± 1.80

Cryomyces minteri CCFEE 5187
1� 11.33 ± 0.58 13.17 ± 0.98 13.67 ± 1.26
2� 10.67 ± 1.53 13.67 ± 1.53 13.67 ± 0.58
3� 12.00 ± 0.00 12.00 ± 1.00 11.00 ± 2.00
4� 15.00 ± 0.00 13.00 ± 1.00 12.67 ± 1.15
5� 16.67 ± 1.26 16.83 ± 0.58 15.67 ± 0.58
6� 11.17 ± 0.58 10.67 ± 0.76 10.00 ± 0.00
7� 10.83 ± 0.29 9.33 ± 0.58 7.17 ± 2.02
and overnight; finally, they were included in pure resin in
gelatinous capsule for 2 days at 48–52 �C.

3. Results

3.1. Freeze and thaw cycles

Results of 7 cycles are reported in Table 1. After seven
repeated cycles of freezing and thawing all strains seemed
to maintain the same growth ability as that of the controls;
in fact, colonies of comparable diameters were obtained
after all repeated cycles and at all different temperatures
tested, after the same incubation time.

3.2. UV resistance

All the strains tested showed to be highly resistant to
UV-B irradiation (Fig. 1), with a lethal effect on almost
50% of propagules after 90 min (16.2 kJ/m2) of irradiation
for C. antarcticus CCFEE 534, between 105 and 120 min
(18.9 and 21.6 kJ/m2) for C. minteri CCFEE 5187, and
between 120 and 240 min (21.6 and 43.2 kJ/m2) for C. ant-

arcticus CCFEE 515. Irradiation times up to 10 h (108 kJ/
m2) were progressively more damaging, up to a total germi-
nation inhibition, first occurring in C. minteri CCFEE
5187.

No morphological modifications at both colony and cel-
lular levels of all the strains were detected after UV-irradi-
ation when observed at light and scanning electron
microscopes, while some ultrastructural damages seemed
s minteri CCFEE 5187 (colony diameter, in mm, recorded after 60 days of
atures (15 �C as control)

�10 ± 2 �C �20 ± 1 �C �25 ± 2 �C

9.67 ± 1.25 11.17 ± 1.83 10.50 ± 0.84
9.33 ± 0.58 10.67 ± 1.15 11.33 ± 2.52
8.33 ± 0.58 10.00 ± 1.53 10.33 ± 0.58

12.00 ± 1.00 10.67 ± 0.58 11.67 ± 1.53
12.83 ± 0.58 12.33 ± 1.00 13.17 ± 0.76
10.67 ± 1.53 9.67 ± 0.84 10.33 ± 0.58
7.67 ± 0.58 10.00 ± 0.84 9.67 ± 0.76

13.00 ± 2.47 12.17 ± 2.17 13.00 ± 1.10
12.33 ± 1.15 13.00 ± 0.00 12.00 ± 0.00
11.00 ± 2.65 10.33 ± 0.58 10.33 ± 0.58
13.33 ± 1.15 13.00 ± 1.00 13.33 ± 0.58
14.83 ± 1.15 14.00 ± 0.00 14.83 ± 1.61
10.50 ± 0.87 10.83 ± 0.76 10.83 ± 0.58
9.83 ± 2.08 7.67 ± 0.58 10.17 ± 1.15

13.17 ± 1.96 12.17 ± 2.40 11.67 ± 0.52
14.67 ± 0.58 12.33 ± 1.53 13.00 ± 1.00
12.33 ± 0.58 11.33 ± 1.76 9.00 ± 2.00
15.00 ± 0.00 15.33 ± 0.58 13.33 ± 2.52
16.00 ± 0.50 11.83 ± 0.29 12.50 ± 0.50
14.83 ± 0.76 10.83 ± 0.29 12.13 ± 0.58
10.33 ± 1.04 10.00 ± 0.00 10.50 ± 0.87
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Fig. 1. Germination of C. antarcticus CCFEE 515 and CCFEE 534 and C. minteri CCFEE 5187 propagules, at increasing UV-B irradiation times; (A)
from 15 to 120 min, rate 15 min; (B) for 2, 4, 6, and 10 h.

Fig. 2. TEM micrographs of fungal cells. (A) and (B): Cryomyces minteri CCFEE 5187 before (A, 15,000·) and after (B, 8000·) UV-B irradiation for
120 min; (C) and (D): Cryomyces antarcticus CCFEE 534 grown on MEA 2% without (C, 15,000·) and with (D, 10,000·) NaCl (24%).
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to be induced. In fact, compared to the control (Fig. 2A),
TEM images of fungal cells after UV-B irradiation
(Fig. 2B) showed detached protoplasts from the thick
multi-layered cell wall and the presence of large intracellu-
lar electron-dense globules in the cytoplasm.
3.3. Osmotic stress

Growth, determined as diameter of colonies after 10
weeks of incubation, was inhibited by NaCl (Fig. 3); even
if growth markedly decreased since from 7% NaCl supply,
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Fig. 3. Growth of C. antarcticus CCFEE 534 and CCFEE 515 and C. minteri CCFEE 5187 on MEA 2%, after 10 weeks of incubation at 15 �C, at
increasing NaCl concentrations.
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all the strains tested were able to grow up to 24% NaCl
amended medium with a growth reduction up to about five
times compared to the control. No growth was observed at
the higher concentration tested (27%). Therefore, we can
conclude that all the strains tested, even at different extent,
showed a good NaCl tolerance.

Marked morphological differences between control and
NaCl treated samples were detected by means of TEM
observation (Fig. 2C and D). Compared to the control
(Fig. 2C), treated samples showed high production of mel-
anin covering the thick multi-layered cell wall (Fig. 2D).
Moreover, osmotic stress seemed to induce the occurrence
of intracellular globules, possibly related to the production
of osmoregulators as trehalose and glycerol.

4. Discussion

Exobiology has focused attention for long time on pro-
karyote models (Horneck et al., 1994; Nicholson et al.,
2000) because of their less complex organization, their
earlier emergence, and putative higher resistance to stresses
with respect to eukaryotes. However, it is now clear that
many eukaryotes are able to live or even thrive in different
extreme environments (Amaral Zettler et al., 2002) and,
among them, black meristematic fungi are one of the most
interesting examples (Gunde-Cimerman et al., 2005; Sterf-
linger, 2005). The Antarctic cryptoendolithic black fungi
colonizing environments best resembling those on Mars
have been already suggested as the best eukaryotic model
for exobiological speculations, although their actual limits
of surviving and their tolerance to different stresses were
still unknown (Onofri et al., 2004).

Molecular and physiological studies have been recently
carried out on these fungi in order to highlight, on the basis
of their phylogenetic relationships, the evolutionary pro-
cesses which, under extreme conditions, lead to the arising
of these highly extremotolerant organisms (Selbmann et al.,
2005) and to highlight how much they can outstretch their
ability of surviving.

Up to date 26 strains of Antarctic cryptoendolithic
black fungi from both Northern and Southern Victoria
Land have been studied phylogenetically (Selbmann
et al., 2005). The analyses suggested the presence of diverse
lineages of uncertain or isolated position, which belong
to possibly different undescribed orders in the subclass
Dothideomycetidae. Only one strain was included in the
order Hysteriales showing phylogenetic affinities with other
rock fungi in the genus Coniosporium Link isolated from
monuments in the Mediterranean basin. Among the new
entities described, the genus Cryomyces Selbmann et al.,
with the species C. antarcticus Selbmann et al. and C.
minteri Selbmann et al., remained well isolated in the phy-
logenetic tree, without any obvious close relatives in other
fungal groups. The recently described genus Friedmanni-

omyces Onofri (Onofri et al., 1999) was confirmed as a
monophyletic taxon by molecular results, including two
different cryptoendolithic species, F. endolithicus Onofri
and F. simplex Selbmann et al.

Experiments here reported point out a high resistance of
these fungi to all the conditions tested. All strains have
been previously referred as psychrophiles, most of them
having an optimum growth temperature in the range of
10–20 �C, and in many cases growth was still well detect-
able at 0 �C (Selbmann et al., 2005), even if difficulties do
exist in determining the lower limits of temperatures for
growth. Here we demonstrate resistance to seven repeated
freezing and thawing cycles, after which their ability of ger-
minating and forming colonies remains practically unaf-
fected (Table 1). The ability to tolerate extremely low as
well as rapid and frequent changes of temperatures is most
important for a microorganism colonizing an environment
characterized by very strong thermal fluctuations such as
the Antarctic desert where, during the Austral Summer,
at the rock surface the temperature can cross the freezing
point even 14 times within only 42 min (Nienow and Fried-
mann, 1993). The interest resulting from proving a high
resistance to repeated freeze/thaw cycles also lies in the
frequent and high thermal fluctuations, within the range
�20 �C/20 �C, to which these samples will be exposed
during the space flight.

Although the mechanisms for this resistance have not
yet been investigated, we can hypothesize a possible protec-
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tive role of extra-cellular polymeric substances (EPSs) sur-
rounding the hyphae of the black meristematic fungi. A
thick crust of EPSs matrix, enveloping a colony of C. min-

teri CCFEE 5187, is well visible in Fig. 4. The protective
role of EPSs to repeated freeze/thaw cycles has been
already reported for an Antarctic strain of Phoma herba-
rum Westend, a filamentous fungus isolated from soil; in
fact, when EPSs were present, the mycelium maintained a
high growth capacity after repeated freeze/thaw cycles,
while in the absence of EPSs it was markedly reduced
(Selbmann et al., 2002). High tolerance of the cryptoendo-
lithic fungi might include additional mechanisms, such as
thick cell wall and, probably, production of compatible
endocellular cryoprotectants such as glycerol (Brown,
1978), trehalose (Thevelein, 1984; Weinstein et al., 2000)
or mannitol (Feofilova et al., 1994). A mucilaginous layer,
possibly encrusted with melanin, covers the outer layer of
the cell wall, as shown in both control and treated samples
(Fig. 2). Furthermore, the involvement of cold shock pro-
teins cannot be excluded (De Croos and Bidochka, 2001;
Zhang et al., 2006).

The springtime reduction of stratospheric ozone levels
over Antarctica has increased studies on abilities of both
aquatic and terrestrial biota to tolerate the increased
UV-B radiation level. Results of germination tests reported
in Fig. 1 are explained as further adaptation of the strains
tested to their natural habitat. The UV radiation effects on
spore suspensions of a European strain of Arthrobotrys

oligospora Fresen. and a strain of the Antarctic species
Arthrobotrys ferox Onofri and Tosi were previously inves-
tigated (Zucconi et al., 2002); the spores of A. ferox

appeared more tolerant compared with those of the Euro-
pean strain, as they showed higher germination rates and
larger amounts of UV-protecting substances (Arcangeli
et al., 1997; Arcangeli and Cannistraro, 2000). Here, the
effects of enhanced UV-B irradiation on propagules’ germi-
nation were examined on Antarctic strains of cryptoendo-
Fig. 4. SEM micrograph showing extra-cellular polymeric substances
(EPSs) on the surface of a colony fragment of Cryomyces minteri CCFEE
5187.
lithic meristematic black fungi that, as a rule, colonize
translucent sandstone and are exposed at very high solar
radiation for several months during the Austral summer.
Their tolerance to enhanced irradiation levels appears to
be well higher than the one showed by A. ferox; in fact,
the 50% of surviving was reached after an exposure time
ranging from 90 to 120 min, while spores of A. ferox, at
lower UV doses (2.5 W/m2 for time ranging from 15 to
120 min), showed a higher death rate, with about 50% of
damaged spores after 30 min of irradiation, and about
75% after 2 h of irradiation. This higher resistance of the
strains tested could be the consequence of marked morpho-
logical and physiological differences characterizing them,
such as highly pigmented thick walls and presence of EPSs
(Butler and Day, 1998; Ruisi et al., 2007). These results
again confirm Cryomyces strains as good candidates to face
up to the space conditions. The great germinative capacity
of UV-C-irradiated ascospores (k = 254 nm) of the lichen
species Fulgensia bracteata and Xanthoria elegans even
after a dose of 2.88 kJ/m2 makes the lichen mycobionts
good candidates for space experiments as well (de Vera
et al., 2003).

Finally all the strains tested showed high tolerance
against NaCl, being still able to grow also at 24% of salt
concentration (Fig. 3); nevertheless their growth ability is
not comparable with a real halophilic fungus such as a
strain of Hortaea wernekii (Horta) Nishim. and Miyaji, iso-
lated in the sea spray areas of Delos, which has an NaCl
optimum at 7% and grows in the range 0–27% (Sterflinger,
1998). The Antarctic desert is one of the driest environ-
ments on Earth; the very low amount of precipitations, rep-
resented only by snow, mostly sublime or is blown away by
the strong catabatic winds. As a consequence of the high
evaporation, salts accumulate on the rock surfaces and rep-
resent a further stress for microbial life (Ruisi et al., 2007);
even if we could surmise a certain resistance to osmotic
stresses of the Antarctic rock inhabitant fungi, data
obtained are well beyond any expectations. The increase
degree of cell wall melanization is in agreement with previ-
ous observations; it was observed in Trimmatostroma sali-

num Zalar, de Hoog and Gunde-Cim. grown on saline
media and this response was proposed as one of the mech-
anisms enabling growth of halophilic and halotolerant
black yeasts at hypersaline conditions (Sterflinger, 1998;
Kogej et al., 2006). Melanin is known to play an important
role in fungal protection against different types of stress
preserving cells, for instance from both UV and desiccation
damages (Butler and Day, 1998; Gorbushina, 2003; Gor-
bushina et al., 2003). The accumulation of large intracellu-
lar globules (Fig. 2D) under NaCl stress conditions is
possibly related to intracellular production of compatible
solutes as trehalose and glycerol, as already observed
(Sterflinger, 1998).

On the basis of these results concerning the stress toler-
ance of Antarctic rock black fungi further experiments to
test their ability to withstand space conditions are in
progress.
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5. LIFE – LIchens and Fungi Experiments

The opportunity to expose biological samples, including
Antarctic black meristematic fungi, to space conditions
outside of the International Space Station for at least six
months, has imposed the necessity to assess their resistance
to some space conditions; they include space vacuum, solar
UV, and cosmic radiation. Even if not complete informa-
tion are available neither on the number and type of com-
ponents of the cryptoendolithic communities nor on the
exact ecological role of each component of the community
itself, as well as the relationships existing among the com-
ponents each others and among epi- and endolithic colo-
nizers, the already reported increased ecological valence
of the entire community respect to its single components
(Friedmann and Sun, 2005; Sun and Friedmann, 2005),
has suggested to assess the long-term resistance to space
conditions of either the entire Antarctic community or
single fungal components.

LIchens and Fungi Experiments (LIFE programme), to
be accommodated in the EXPOSE facility of ESA, which is
part of the European Technology Facility (EuTEF), has
the aim to assess the long-term resistance of dried crypto-
endolithic Antarctic communities, Antarctic strains of
C. antarcticus and C. minteri, and samples of the lichens
X. elegans and Rhizocarpon geographicum to space and
simulated Mars conditions, including space vacuum, solar
UV, and cosmic radiation.

Ground-based experiments are in progress at the
German Aerospace Centre (DLR, Cologne, Germany);
two kinds of simulation tests (Experiment Verification
Tests, EVTs) are programmed, during which samples will
be exposed to the following conditions: vacuum (10�5 Pa
for 1 h and 1 week), repeated freeze and thaw cycles (from
�20 �C/20 �C for 2 weeks), UV-C (245 nm at 10, 100, and
1000 Jm�2) and total UV (200–400 nm, at 1.5, 1.5 · 103,
and 1.5 · 105 kJm�2) in the EVT-E1 (first experiment),
and to vacuum plus total UV, and Mars atmosphere plus
total UV in the EVT-E2 (second experiment).
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