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1. Introduction

Extreme environments on Earth have fascinated microbiologist since the discovery of
extremophilic microorganisms, thriving in niches previously thought to be abiotic. The
initial focus of attention was directed to unravelling the biodiversity of microorganisms
inhabiting them. This may lead to the identification of new interesting extremophilic
model organisms, enabling in-depth molecular studies (Aguilar, 1996).

This exciting field of extremophilic microbiology has so far been primarily dedicated
to the study of prokaryotic microorganisms, due to the general belief that eukaryotes are
unable to inhabit such environments. Contrary to these expectations, recent studies have
revealed the presence of a diversity of eukaryotic microorganisms in extreme habitats.
Amongst them fungi reaffirmed themselves as one of the ecologically most successful
eukaryotic lineages, as they have been isolated from hypersaline waters (Gunde-
Cimerman et al., 2000), at 10 km depth below the surface of the oceans (Nagahama et al.,
2001), from extremely acidic mine waters (Holker et al., 2004), and from the surface of
rocks in arid and cold climates (Gorbushina et al., 1996; Sterflinger and Krumbein, 1997;
Sterflinger et al., 1999). However, fungal diversity in many of these habitats is mostly
unknown.

2. Halotolerant and Halophilic Fungi

So far, the best studied fungal extremophiles are halophilic and halotolerant fungi,
inhabiting hypersaline waters of salt lakes and salterns around the world (Buchalo et al.,
1998; Casamayor et al., 2002; Gunde-Cimerman et al., 2000; Petrovi¢ et al., 2002).
Through these studies it became evident that halophilic fungi use adaptive strategies
different from the majority of halophilic prokaryotes. Although truly halophilic fungi do
exist, the majority of fungi growing on hypersaline substrates displays a general
xerophylic phenotype (Filtenborg et al., 2000; Northolt et al., 1995), reflected by their
ability to grow at low water activity (a,,), unregarding the chemical nature of the solute
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(Hocking, 1993; Pitt and Hocking, 1985a, 1985b). Fungal species are considered
xerophilic if they grow well at water activities of 0.85 or less, corresponding to 17%
NaCl or 50% glucose in the growth medium. According to the recent definition of
halophily in fungi, those species which are isolated regularly with high frequency on
selective saline media from environments at salinities above 10%, and are able to grow in
vitro on media with at least 17% NaCl are considered halophilic (Gunde-Cimerman et al.,
2004, 2005). Although halophilic fungi do not require salt for viability, they are, contrary
to many halophilic prokaryotes, able to grow and adjust to the whole salinity range, from
freshwater to solutions saturated with NaCl. They can adapt to this broad ecological
amplitude by surviving periods of extreme environmental stress in a resting state, but
when conditions change, they can use the available water immediately and respond with
increased metabolic activity, growth and propagation. This adaptive halophilic
behaviour, named poikilophilic halophily, enables continuous colonization of the
hypersaline environments (Butinar et al., 2005a).

3. Fungi in Polar Regions

Cold polar regions are extreme environments, in which the majority of studies have been
oriented towards psychrophilic bacteria, while the occurrence and diversity of
psychrophilic fungi remained largely unknown.

So far fungi have been reported primarily in connection with sub-Arctic vegetation
and soil in polar regions. Mainly basidiomycetous yeasts were isolated from berries,
flowers, vegetation of the littoral zone, soils, forest trees, grasses (Babjeva and
Reshetova, 1998) and Antarctic mosses (Tosil et al., 2002). Recently, fungi belonging to
the Ascomycota and Basidiomycota, many of them new, were discovered in abundance
below snow-covered tundra (Pennisi, 2003; Schadt et al., 2003). Although much of the
water in tundra regions for most of the year is not biologically available, the peak in
fungal activity was detected during winter, while in spring and summer bacteria prevailed
(Hodkinson et al., 1999; Schadt et al., 2003).

Few studies exist on the biodiversity of fungi in Antarctic soils (Vishniac and Onofti,
2003). Such soils represent an interesting habitat for xerophilic fungi, since they exhibit
extraordinary aridity, with a correspondingly low a,, as well as a relatively high salt
content (Vishniac and Onofri, 2003). The major soluble salts in Antarctic soils are
sulfates, chlorides, nitrates of Na, K, Mg and Ca. Besides, microbial life is exposed to
low temperatures, low nutrient availability, seasonally increased UV radiation, and
geographic isolation (Onofri et al., 2004). In contrast to the mycobiota present in
mesophilic soils, dominated primarily by diverse ascomycetous filamentous fungi
(Domsch et al., 1980), diverse basidiomycetous yeasts prevail in Antarctic soils. The
dominant yeast genera are Candida, Cryptococcus and Leucosporidium (Vishniac and
Klinger, 1986; Vishniac and Onofri, 2003). In all cases their diversity was low and
dominated by a few highly specialised and often endemic taxa (Abyzov, 1993; De Wit et
al., 2003). The highest halotolerance for yeasts isolated from Antarctic soil was recorded
for Cr. albidus and Cr. himalayensis (9% NaCl) (Onofri et al., 2004), although
basidiomycetous yeasts in general show low salt tolerance and inability to grow on media
with low ay,.
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Viable yeast and fungi were isolated sporadically also from Siberian permafrost
sediments, firmly fixed by ice. They were maintained in a frozen state for extended
periods, but upon thawing they were nevertheless able to resume their metabolic activity
(Takano, 2004). The most common yeast genera were again Cryptococcus with the most
frequently encountered species being halotolerant Cr. albidus, followed by
Sporobolomyces, Rhodotorula and Cystofilobasidium. They were found with the highest
frequency of occurrence in the youngest layers, less than 10.000 years old, although they
were also detected in three millions years old Pliocene samples. In all cases the share of
the yeasts represented 25% of all aerobic heterotrophs, independent of the organic matter
content (Dmitriev et al., 1997a, 1997b; Gerday et al., 1998; Rivkina et al., 2000).

The occurrence of fungi in polar aquatic habitats has even been less investigated.
Yeasts and fungi were isolated from fresh water samples, benthic microbial mats and
biofilms on pebbles beneath the ice of Antarctic lakes (Baublis et al., 1991; De Wit et al.,
2003).

From polar offshore sea waters mainly basidiomycetous yeasts of the genera
Leucosporidium, Rhodosporidium and Sporobolomyces were isolated (Jones, 1976).
Sequences belonging to Eumycota were detected in up to 3000 m deep Antarctic polar
front waters (Lopez-Garcia et al., 2001). There is no report on the isolation of fungi from
sea ice, although their characteristic small subunit rRNA gene sequences were present in
DNA extracted from diverse Antarctic and one Arctic sea ice sample (Brown and
Bowman, 2001). Fungi were detected as well in the hypersaline Antarctic Lake Wanda
(Kriss et al., 1976).

The presence of fungi was least investigated in polar glaciers. Filamentous fungi and
yeasts were found in the microbial cryoconite holes that probably serve as biological
refuges during extreme cold (Margesin et al., 2002; Reeve et al., 2002). Viable
filamentous fungi and yeasts have been isolated from 10,000-13,000 years old Greenland
ice (Ma et al., 1999a, 1999b), 12,000 years old Antarctic Vostok ice core sections
(Christner et al., 2000, 2002), and even from Antarctic ice layers up to 38,600 years old
(Abyzov, 1993). In all these cases the isolated fungi were filamentous and their numbers
were low, while viable yeasts of the genera Cryptococcus and Rhodotorula have been
found only in the upper, younger ice-sheet horizons and surface layers of ice and snow.
The oldest yeasts were isolated from horizons 700-3,250 years old (Abyzov, 1993).

By PCR amplification of fragments of the eukaryotic 18S rRNA gene, a diversity of
fungi was identified in 2000-4000 years old ice-core samples from North Greenland.
They were not tested for viability (Price, 2000). All findings of fungi in glacier ice were
interpreted as the result of coincidental Aeolian deposits of spores or mycelium into the
ice during its geological history.

4. Potential Ecological Niches for Halophilic/Halotolerant Fungi in the Coastal
Arctic Environment

Due to the adaptive fungal behaviour at low a,, we have assumed that coastal Arctic
environments, in particular diverse type of ice, could represent a potential ecological
habitat for halotolerant and halophilic fungi. High concentrations of NaCl create both
ionic and osmotic stress, while high concentrations of sugars and drought cause osmotic
stress. There is great similarity between osmotic stress and matric water stress since in
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both cases the water activity is low. As water becomes ice it is not biologically available,
and diverse types of ice can therefore be characterized as well as low a,, environments.
Additionally, freezing leads to cellular dehydration due to reduced water absorption,
while high salinity causes the same effects due to osmotic imbalances.

4.1. SEAICE

Sea ice is dominated by strong gradients in temperature, salinity, space, and light. Frozen
seawater forms a semisolid matrix, permeated by a network of channels and pores, filled
with brine formed from expelled salts as the ice crystals freeze together. The salinity of
sea ice brines within channels and cracks of the sea ice (formed when salt is ejected
during freezing) can rise as high as 200%., while the salinity can drop to below 10%o as
the sea ice melts (Brown and Bowman, 2001). Sea ice is also an extreme environment
regarding temperatures, which can range from -1°C to as low as -50°C in winter (Thomas
and Dieckmann, 2002). Brine inclusions, in general ranging from several um to cm in
size, become increasingly disconnected at lower temperatures, although they remain
liquid down to -35°C. Microorganisms inhabiting sea ice have to combine freezing
tolerance with tolerance to dehydration caused by the lack of free water at low
temperatures and/or high salinities. Changing water activity is therefore the dominant
factor in the sea ice external chemistry (Deming, 2002; Junge et al., 2002; Krembs et al.,
2002).

The evaporating ponds on the surface of sea ice, formed when spring surface melting
occurs, form an additional potential habitat for halotolerant fungi. These melt-water
ponds with temperature near 0°C are characterized by increased salinity, and they are
occasionally nutrient rich due to ornithogenic contributions.

4.2. GLACIAL ICE

Atmospheric circulation over polar regions provides air-mass exchange with lower
latitudes. As a result, microorganisms from air-borne terrestrial dust may become
embedded in ice formed from snow. This microbial diversity is thus represented by taxa
that are probably endemic to the polar regions as well as exotic species from temperate
and tropical regions. These can originate from ocean mist, wind-borne pollen and soil
particles, infected plant surfaces, and many other sources. They may have been
transported and deposited by the action of waves, wind, rain, snow, animals, or by other
means (Abyzov, 1993; Ma et al., 1999a, 1999b). Glacial ice thus provides a unique
global source of microorganisms, enabling the study of both contemporary and ancient
microbial diversity.

Glacial ice is known as an extremely stable, frigid and static environment.
Microorganisms or their spores are protected from UV irradiation, and because they
become desiccated, DNA damage is minimized. Viable microorganisms, randomly
entrapped in ice even for thousands of years, are destined to be released during glacial
melts or after the calving of icebergs into the ocean (Ma et al., 1999a, 1999b). The few
existing studies of fungi in glacier ice have provided evidence on the viability and
diversity of the randomly entrapped mycobiota.

Recent investigations have shown that glaciers are much more dynamic than
previously assumed on the micro scale as well as on the geomorphological level. Ice in
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temperate glaciers is permeated by a continuous network of aqueous veins, formed at the
linear junctions of three ice crystals. They are formed due to sea salts deposited as
aerosols, that are essentially insoluble in ice crystals. These liquid veins can have high
ionic strength, and due to the percolation of salts from the top of the glacier to its bottom,
salts can be accumulated to relatively high concentrations in the bottom parts of
polythermal glaciers (Price, 2000). Besides, due to quick seismic shifts (Ekstrom et al.,
2003; Fahnestock, 2003) and cryokarst phenomena in connection with massive surface
ablations, liquid water can temporarily appear as ponds or streamlets on the surface of the
glacier and as caves or interglacial lakes, artesian fountains and moulins within the
glaciers (Christner et al., 2000). These supraglacial waters can also reach the glacier bed
and mix with groundwater and basal meltwater generated by frictional and geothermal
melting of ice at the glacier base. These liquid waters interact with rocks and sediments,
and hence contain high solute and suspended sediment concentrations. When frozen onto
the basal glacier ice, they can be transported to the glacier margins, where it can be
aseptically sampled. Until recently subglacial environments were thought to be abiotic,
but lately viable bacteria have been found (Foght et al., 2004; Gaidos et al., 2004; Lanoil,
2004; Priscu et al., 1998; Siegert et al., 2001; Skidmore et al., 2000). In all these cases,
there were no reports on the presence of fungi.

5. Isolation of Fungi from Arctic Coastal Environments

A study involving isolation of halotolerant and halophilic fungi from an Arctic coastal
environment was performed in Kongsfjorden, one of the largest fjords found at the
western coast of Spitsbergen, Svalbard, located at 79°N, 12°E. It runs from ESE to
WNW, joins with Krosfjorden at the mouth and continues into the Greenland Sea. The
fjord has a narrow, long shape, is 26 km long and 8 km wide, with several small islands, a
steep coastal line, and a deep (140 m) water body. The tide is diurnal with a range of ca.
2 m. Fjord water is in contact with the overlying atmosphere through its surface all year.
The water in the fjord is rather immobile, but is occasionally stirred by the wind. It is
warmer and less salty than open sea at the same latitude, with an annual mean
temperature around -5°C and spring/summer temperatures which can be as high as 3.8°C.
The salinity decreases as the season progresses. The fjord is filled with Atlantic deep
water at 34.95 psu at the end of the winter. Fresh water is added in summer due to the
ablation of glaciers, and this reduces the mean salinity to a minimum of 34.00 psu (Ito
and Koduh, 1997). The fjord remains mainly unfrozen despite its location at high
latitude, as only the coastal part of the fjord develops a stable sea ice cover in most years.
The majority of the drainage basin is covered by glaciers, and most of these reach the sea.
Therefore many small pieces of glacier ice are found on the surface of the fjord during
most of the year (Ito and Koduh, 1997).

Isolation conditions were designed to accommodate xerotolerant/halotolerant fungi
by using media with high concentrations of salt or sugar, and thus low a,, such as
previously used for the isolation of halotolerant/xerotolerant fungi from temperate
hypersaline environments (Gunde-Cimerman et al., 2000). These media should give a
selective advantage to cultivable microorganisms adapted to ice, thereby possibly
enabling the isolation of higher fungal colony forming units (CFU) numbers than
previously reported (Gunde-Cimerman et al., 2000, 2003).
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Melanized yeast-like fungi were identified by their morphology, their physiology,
and by sequencing of ITS rRNA to the species level (Zalar et al., 1999). Isolates of
filamentous fungi were identified to the species level by morphology, physiology, and in
most cases also by secondary metabolite profiles using HPLC-DAD (Smedsgaard, 1997;
Sonjak et al., 2005). The identification methods for non-melanized yeasts followed those
described by Yarrow (1998), and the strains were examined as well by sequence analyses
in the D1/D2 region at the 5' end of the large subunit rRNA.

All isolates are maintained in a genetically stable way in the Culture Collection of
the National Institute of Chemistry (MZKI) (Slovenia) and in the EXF Culture Collection
of the Department of Biology, Biotechnical Faculty, University of Ljubljana (Slovenia).
Most penicillia are preserved as well in the fungal collection (IBT) at the Centre for
Microbial Biotechnology (BioCentrum-DTU), Denmark, while yeast-like strains are
preserved in CBS, Utrecht, The Netherlands.

5.1. PHYSICO-CHEMICAL CHARACTERISTICS

The pH of the water from which isolates were obtained varied between 7.1 and 7.4 in all
samples. The highest cation concentrations were determined for sea water and the lowest
for glacial ice, where they ranged from 5 to 340 mg sodium kg, from 20 to 310 mg
potassium kg™ and 70 to 550 mg magnesium kg™, respectively. The highest phosphorus
content was determined in glacier-ice samples and the lowest in the sea water (<1.00)
(Gunde-Cimerman et al., 2003).

5.2. FREQUENCY OF OCCURRENCE

In Kongsfjorden sea water the highest CFU of fungi were determined on a general-
purpose medium, with a,, 1.0, at 10°C incubation temperature. The CFU was as high as
3x10° CFU I, while it was considerably lower on medium with a,, lowered to 0.946 (Fig.
1). Almost all detected fungi were non-melanized yeasts and diverse penicillia, with few
melanized yeasts. The frequency of occurrence was considerably higher than reported in
polar offshore waters, usually in the range of 1-12 CFU I"' and only occasionally up
to2x10% CFU I'! (Jones, 1976).

It was assumed that higher fungal CFU numbers than previously reported will be
obtained from diverse types of ice on media with lowered water activity, due to the
prevention of osmotic imbalances. In accordance, the total number of fungal CFU
isolated from sea-ice on medium with a,, 1.0 was only up to 2x10? CFU I'', but when
using medium with a,, lowered to 0.946, it increased up to 7x10° 1" for sea ice and up to
1x10* I for molten glacier ice (Fig. 1) (Gunde-Cimerman et al., 2003).

In both types of ice non melanized yeasts predominated, although in samples of
glacier ice with gypsum inclusions, melanized yeast-like fungi prevailed, with CFU as
high as 6x10° 1" (Fig. 2). There are no reports in the literature on the frequency of
occurrence of fungi in sea or glacier ice, apart the infrequent sporadic isolations of
individual fungal species, deposited by wind or snowfall into the ice (Abyzov, 1993;
Christner et al., 2003; Ma et al., 1999a, 1999b; Price, 2000).

The frequency of occurrence of fungi in sea water and glacial ice enumerated on salt-
based media is presented in Fig. 3. Isolations from sea ice are not presented, since they
were performed only using 17% NaCl medium, on which primarily Penicillium and black
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yeast-like fungi were isolated with low frequencies (up to 25 CFU I). On selective
saline media the highest fungal CFU was detected on medium with 5% NaCl added.
Counts occasionally increased up to 1.3x10* I'' for glacier-ice samples. With increasing
salinity, the number of fungal CFU decreased. Therefore, the upper salinity range for the
detection of fungi was 24% NaCl with CFU values up to 5 CFU 1"' only.
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Figure 1. Colony forming units (CFU I"") of fungi on enumeration media.

Figure 2. Sample of glacier ice with gypsum inclusions.
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Figure 3. Colony forming units (CFU 1) of fungi on malt extract agar medium with
various NaCl concentrations added (5, 10, 15, 17%).

At lower salinities non-melanized yeasts dominated, but with increasing salinity the
proportions changed in favour of melanized fungi and Penicillium spp., with P.
crustosum being the most frequently isolated species (Fig. 4 and 5).

Figure 4. Non-melanized yeasts on 5% NaCl medium after filtration of 0.1 ml of molten glacial water.
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Figure 5. Penicillium crustosum, the Penicillium species most frequently isolated from glacial ice.

6. Diversity of Fungi

A list of fungal genera isolated in diverse ecological niches in Kongsfjorden is presented
in Table 1.

The main taxa of halotolerant/halophilic fungi isolated in Kongsfjorden appear as
well in hypersaline environment of solar salterns and hypersaline lakes worldwide. These
isolates include melanized fungi that were mainly represented by the oligotrophic genus
Cladosporium, taxonomically and phylogenetically closely related to the black yeast-like
halotolerant genus Aureobasidium. Among melanized fungi the genera Alternaria and
Phoma occur both in the ice and in the solar salterns, although in both cases with low
frequencies. Filamentous fungi, isolated with high frequency from both environments,
were represented by the cosmopolitan anamorphic genera Aspergillus and Penicillium,
together with the teleomorphic form Eurotium (Butinar et al., 2005a, 2005b), although in
the polar environment Penicillium prevailed over Aspergillus and FEurotium. Other
filamentous genera that appeared in both habitats with low frequency were Mucor and
Trichoderma (Gunde-Cimerman et al., 2001).

Non-melanized yeasts that were detected recently in hypersaline waters around the
world as well as in Konggsfjorden include Cryptococcus, Debaryomyces, Filobasidium,
Metschnikowia, Pichia, Rhodosporidium, Rhodotorula and Trichosporon (Butinar et al.,
2005c). Genera that have been isolated only in the Arctic niches, but not in the
hypersaline waters of the salterns include Cadophora, Geomyces and Phialophora (data
not published). When strains of these genera were tested for halotolerance, they could all
grow on media with at least 10% NaCl. The halophilic black yeast-like species Hortaea
werneckii, Phaeotheca triangularis, Trimmatostroma salinum and the halophilic genus
Wallemia, fungi that dominate in hypersaline waters of solar salterns, were not detected
in the Arctic environment (Gunde-Cimerman et al., 2000; Zalar et al., 2005).
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The diversity of species was highest in sea water but decreased in sea ice, where
fewer detected species were represented in higher numbers. Species diversity in glacier
ice depended considerably on the occurrence of mineral inclusions. In samples with
visible sediments penicillia prevailed, and their species diversity was high, while in
samples of clear ice the species diversity was low, although individual species of non-
melanized yeasts occurred with high frequency (Gunde-Cimerman et al., 2003).

TABLE 1. List of fungal genera isolated from diverse ecological niches in Kongsfjorden.

Species Seawater Sea Ponds Snow/ice Glacier  Glacier Antarctic ice

ice on in tidal zone ice melt (literature
sea ice water data)

Acremonium X X

Alternaria X

Ameolosidium X

Aspergillus X X X X

Aureobasidium X X X X X X

Cadophora X X X

Cladosporium X X X X X X X

Cryptococcus X X X X X X

Debaryomyces X X X

Eurotium X X X X X X

Filobasidium X X X X

Geomyces X X

Metschnikowia X X

Mucor X X X X

Penicillium X X X X X X X

Phialophora X X

Phoma X X X

Pichia X X

Rhodosporidium X

Rhodotorula X X X X X

Tricellula X

Trichoderma X X

Trichosporon X

Aureobasidium

Aureobasidium is a genus of xerotolerant fungi, primarily inhabiting oligotrophic
environments. The most ubiquitous species is the halotolerant 4. pullulans, which is
regularly detected in salterns, where it represents one of the core species of saltern
mycobiota at lower salinities (up to 10% NaCl). The salinity range of growth for A.
pullulans, defined in vitro, was from 0-18% NaCl, while it grew optimally on medium
without NaCl (Butinar et al., 2005a). Besides salterns and sea water its ecological niches
are damp inert surfaces such as glass, stone or the phylloplane of plants. It is also known
for its ability to grow at high levels of radioactive gamma contamination, since some
strains have been isolated even from the walls of the Chernobyl reactor. In polar
environments A. pullulans has been previously isolated from continental Antarctic soil
samples (Onofti et al., 2004).

The dominant genus of black yeast-like fungi isolated from the coastal Artic
environment with high abundance was Aureobasidum. Based on ITS sequencing, isolates
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were identified as diverse genotypes of A. pullulans (data not published). Although
strains were isolated from sea ice and ponds on its surface, they prevailed in the bottom
ice of polythermal glaciers containing crystal gypsum inclusions (Fig. 2). 4. pullulans
strains were primarily isolated on media with 5% NaCl after one week of incubation at
22°C, or two weeks at 10°C.

Cladosporium

The genus Cladosporium is taxonomically and phylogenetically closely related to black
yeasts belonging to the order Dothideales (De Hoog et al., 1999; Sterflinger et al., 1999).
It comprises about 500 plant-pathogenic and saprophytic species, many of which are
among the most airborne species in the fungal kingdom.

The species C. cladosporioides, C. herbarum, C. sphaerospermum, C. tenuissimum,
and C. oxysporum are often isolated from salty/sugary food (Samson et al., 2000) and
other environments with low water activity such as saline (coastal) soils and salt marshes,
the phylloplane of Mediterranean plants, and the rhizosphere of halophytic plants (Abdel-
Hafez et al.,, 1978). During the study on the occurrence of fungi in hypersaline
environmnts, strains from this genus were isolated from thalassohaline and
athalassohaline hypersaline waters worldwide. They were in general among the most
abundant and most consistently detected fungi in all natural hypersaline waters sampled,
at environmental salinities between 15-25% (Butinar et al., 2005a; Gunde-Cimerman et
al., 2005; Zalar et al., 2001). The majority of isolates from the salterns belong to the
species C. sphaerospermum. Less abundant were isolates belonging to C.
cladosporoides, C. oxysporum and C. herbarum.

The majority of cladosporia isolated from Kongsfjorden comprise the same species
as most frequently isolated from Antarctic soil and hypersaline waters in the salterns: C.
cladosporioides, C. herbarum, C. sphaerospermum (Fig. 6), although several yet
unidentified strains were isolated as well (Abyzov, 1993; Gunde-Cimerman et al., 2005;
Ma et al., 1999a, 1999b), amongst them a small-spored Cladosporium sp. These
Cladosporium species were primarily isolated from glacial ice samples and considerably
less frequently from sea water and sea ice. The highest frequency of occurrence was
obtained on media with 50% glucose added at 10°C, although all tested strains grew well
on 17% NaCl media.

The genus Cladosporium is known for its psychrotolerance. The reported
temperature range for growth of C. cladosporoides is from 0-32°C, with slight growth
possible at -3°C and even at -10°C. Some isolates of C. herbarum were shown to grow
even at -6°C. All three species can grow at high levels of radioactive gamma irradiation
(Onoffti et al., 2004).

Non-melanized yeasts

There have been only few studies on the occurrence of halotolerant/halophilic yeasts in
natural environments. Most available information on the biodiversity of the few known
xerotolerant yeasts is thus derived from food contaminations. Among xerotolerant food-
borne yeasts ascomycetous genera prevail. They include Candida (C. krusei =
Issatchenkia orientalis [teleomorphic state], C. lambica), Hansenula (H. anomala),
Debaryomyces (D. hansenii), Pichia (P. ohmeri, P. guilliermondii) and
Zygosaccharomyces (Z. rouxii, Z. bisporus). The only known halotolerant food-borne
basidomycetous yeast genus is Rhodotorula (R. glutinis).
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Figure 6. Cladosporium sphaerospermum from glacial ice.

Halotolerant yeasts in natural habitats were mainly investigated in sea water, where
basidiomycetous yeasts from the genera Rhodotorula (R. mucilaginosa, R. glutinis),
Rhodosporidium, Trichosporon and Cryptococcus (Cr. laurentii, Cr. albidus) prevail
(Jones, 1976). Although ascomycetous yeasts are most abundant on food preserved with
high concentrations of salt or sugar, they are not common in sea water. The most
important ascomycetous marine genera are Debaryomyces represented by D. hansenii and
Metschnikowia, although species of Candida, Hansenula and Pichia have been
occasionally reported as well. Among these, M. bicuspidata var. bicuspidata, a parasite
of the brine shrimp, is the only species in which a real dependency on salt has been so far
discovered (Butinar et al., 2005¢; Jones, 1976; Javor, 1989).

Contrary to the belief that hypersaline waters do not harbour any yeast population
(Hernandez-Saavedra et al., 1995), halotolerant yeasts were recently isolated from such
environments (Butinar et al., 2005¢). The frequency and occurrence of halotolerant yeast
species in different hypersaline environments was highly inconsistent. They were
represented by diverse ascomycetous (Pichia guilliermondii, Debaryomyces hansenii,
Yarrowia lipolytica, Candida parapsilosis, C. glabrata-like, Metschnikowia bicuspidata)
and Dbasidiomycetous species (Rhodosporidium sphaerocarpum, R. babjevae,
Rhodotorula laryngis, Trichosporon mucoides). Notably, the species that had the highest
temporal frequency of occurrence were P. guilliermondii, C. parapsilosis and T.
mucoides. These species could be indigenous and they probably represent a stable core
of fungal hypersaline communities.

The diversity of yeast in the extremely cold polar environments was before our study
mainly investigated in Antarctic soil and Siberian permafrost, where basidiomycetous
genera represented the dominant psychrophilic microorganisms (Abyzov, 1993; Babjeva
and Reshetova, 1998; Deegenaars and Watson, 1998; Golubev, 1998; Rivkina et al.,
2000; Vishniac and Onofri, 2003). The isolated species were not known or tested for
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their halotolerance. There were no investigations performed on the occurrence of
(halotolerant/xerotolerant) yeasts in sea ice or glacial ice.

In our study, non-melanized yeasts were isolated primarily from the ice at the bottom
of polythermic glaciers. Their frequency of occurrence was surprisingly high, reaching
up to 3.10° CFU 1"'. Although to our knowledge ascomycetous yeasts were hardly ever
isolated from the extremely cold polar regions, the majority of yeasts isolated in our study
on media with low water activity were ascomycetous, while on mesophilic media
basidiomycetous species prevailed.

Most of the isolated yeast genera were the same as described from temperate
hypersaline environments: Debaryomyces, Metschnikowia, Pichia, while the prevailing
basidiomycetous  genera  were  Cryptococcus,  Filobasidium,  Rhodotorula,
Rhodosporidium and Trichosporon. After identification to the species level (Yarrow,
1998), representative strains of the isolated species were tested for their halotolerance by
inoculating on media with 10% and 17% NaCl. The basidiomycetous species
Cryptococcus albidus, Cr. liquefaciens, Cr. victoriae, Rhodosporidium diobovatum,
Rhodotorula mucilaginosa, Rh. laryngis, and Trichosporon mucoides and the
ascomycetous yeasts Debaryomyces hansenii, Pichia guilliermondii and Metschnikowia
zobellii were all able to grow on media with 10% NaCl added, while only RA.
mucilaginosa, D. hansenii and P. guilliermondii could grow at 17% NaCl (Table 2).

Cryptococcus albidus was the dominant species isolated from glacier ice, followed
by Cr. liquefaciens. Strains in the Albidus clade are widely distributed in nature, both in
natural and man-made environments (Chand-Goyal and Spotts, 1996; Middelhoven,
1997; Roostita and Fleet, 1996; Slavikova and Vadkertiova, 1997), and Cr. albidus is also
reported as an infectious agent in humans (Horowitz et al., 1993; Loison et al., 1996).
Many species have been collected from soil and plants in the polar regions (Onoffi et al.,
2004; Vishniac and Onofri, 2003).

The Sporidiobolus lineage includes species of the teliosporic genera Rhodosporidium
and Sporidiobolus and their anamorphic counterparts in the genera Rhodotorula and
Sporobolomyces (Fonseca et al., 2000). From clade Glutinis the halotolerant species
include Rhodosporidium diobovatum and from clade Sphaerocarpum Rhodotorula
mucilaginosa. The latter was obtained from sea water, sea and glacier ice. In
hypersaline waste water ponds in Israel it represeted one of the two dominant
microorganisms (Lahav et al., 2002). Otherwise it is rather common in diverse aquatic
environments. The species Rhodotorula laryngis from clade Occultifur of the
Erythrobasidium lineage was recovered in this study from glacial ice, but it was
otherwise found in aquatic environments of glacial origin in Patagonia (Libkind et al.,
2004), as well as in the hypersaline waters of the Dead Sea (Butinar et al., 2005c).

From the genus Trichosporon, the major taxon of the Trichosporonales,
Trichosporon mucoides was the isolated halotolerant species from the clade Cutaneum.
The isolates of 7. mucoides are otherwise mostly of human origin (Kurtzman and Fell,
1998).

D. hanseni, a known halotolerant food-borne yeast has been found together with its
imperfect form Torulopsis famata as in this study mainly in cold sea water (Norkrans,
1966). It has been isolated also from natural hypersaline habitats that are seasonally
exposed to low temperatures (Butinar et al., 2005¢).
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Different species of the genus Pichia are frequently isolated from sea water, with P.
membranefaciens being the most common (Soares et al., 1997). P. guilliermondii,
identified as one of the two dominant microorganisms in hypersaline waste water in
Israel (Lahav et al., 2002), was isolated from sea water and glacier ice of Kongsfjorden,
although it has not been so far reported from polar regions.

The genera Aspergillus and Penicillium and their teleomorphs

Tolerance to high salt concentrations is a property found in many species of Aspergillus
and Penicillium. In a survey of the NaCl tolerance encompassing 975 species of
terrestrial fungi selected from the major taxonomic classes, the penicillia and aspergilli
were notably the most resistant, with the majority of species able to grow in the presence
of 20% NaCl or more (Tresner and Hayes, 1971). In nature their occurrence was
primarily investigated in saline soil. Species belonging to the genera Aspergillus and
Penicillium isolated from the natural hypersaline environments have mainly been known
as contaminants of low water activity food and similar substrata (Filtenborg et al., 2000).
When they were first isolated from the salterns they were considered as common airborne
occurrences, able to survive prolonged exposure in hypersaline water in a dormant state.
However recent results indicate that spores and mycelium of some species are able to
survive prolonged suspension in brines (Butinar et al., 2005b; Kis-Papo et al., 2003).
These species probably represent part of the core of indigenous hypersaline mycobiota. It
seems that in saline environments with higher environmental temperatures Aspergillus
isolates prevail, while in colder environments Penicillium isolates are more abundant
(Samson et al., 2000).

Penicillium

The genus Penicillium is only associated to two teleomorphic states Eupenicillum and
Talaromyces.  Eupenicillium and its associated anamorphs Penicillium subgenus
Aspergilloides, Furcatum and Penicillium are rather closely related to Aspergillus in a
phylogenetic sense, while Talaromyces with its associated anamorphs in the Penicillium
subgenus Biverticillium is a distinct genus closer to Byssochlamys and Thermoascus
(Peterson, 2000; Pitt, 1979; Stolk and Samson, 1972). According to Pitt et al. (2000)
there are 166 species in Eupenicillium and its related anamorphs, while 59 species are
accepted in Talaromyces and its Biverticillium anamorphs. The genus Fupenicillium has
not been found very often in saline environments, but its Penicillium anamorphs are
common, both the food-borne forms (Frisvad et al., 2000) and the soil-borne forms
(Christensen et al., 2000). Species in the genus Talaromyces in general thrive at higher
water activities than Eupenicillium (Pitt and Hocking, 1997).

The Penicillium species isolated most frequently from salterns were P. antarcticum,
P. brevicompactum, P. chrysogenum, P. citrinum, P. cyclopium, P. glabrum, P. solitum,
P. manginii, P. miczynskii, P. neodoratum and P. westlingii (data not published).

All isolated halotolerant penicillia are also psychrotolerant, and they are very
efficient producers of a large number of families of extrolites (Frisvad, 2004; Frisvad et
al., 2000; Sonjak et al., 2005). The ubiquitous halotolerant species P. chrysogenum, P.
crustosum and P. brevicompactum isolated during this study as well as from the Antarctic
(mainly from soil) can even grow at -2°C.

The dominant Penicillium species in glacier ice was the halotolerant P. crustosum
(Sonjak et al., 2005), not reported from Antarctic ice (Table 3; Fig. 5). P. chrysogenum,
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known to be xerophilic and resistant to radioactivity, survived in Antarctic ice
approximately 8000 years, and was also amongst the species most frequently isolated
from Kongsfjorden.

TABLE 3. List of halotolerant species of Penicillium isolated from diverse polar ecological
niches, their occurrence in hypersaline water of the salterns and in vitro growth on media
with 10 or 17% NaCl added.

Halotolerant Sea Sea Ponds Coastal Glacier Glacier Isolation 10% 17%  Salterns 10°C
Penicillium spp. water ice onsea snow  ice Melt onmedia NaClNaCl

ice water with NaCl
“P. arcticum” X X X X X X X X
P. bialowiezense X X X
P. brevicompactum X X X X
P. chrysogenum X X X X X X X X X X
P. corylophilum X X X X X
P. crustosum X X X X X X X X X X X
P. decumbens X X X X X
P. echinulatum X X X X X X
P. olsonii X X X X
P. polonicum X X X X X
P. resedanum X X X X
P. solitum X X X X X X X X
“P. svalbardense” X X X X X

“P. arcticum” and “P. svalbardense” are new species, so far undescribed.

Halotolerant P. antarcticum and P. aurantiogriseum that survived in the central
Antarctic sheet for 10,000 years (Onoffi et al., 2004) were not isolated during our study.

Compared to the fungi found in glacier ice, melted ice and sea water from Svalbard,
the mycobiota found in Antarctica are not very different. McRae (1999) found in
Antarctica the following halotolerant penicillia: P. aurantiogriseum, P. brevicompactum,
P. chrysogenum, P. echinulatum, and P. solitum, in addition to the Aspergilloides and
Furcatum species P. corylophilum and P. waksmanii. Most seem to be panglobal except
for P. svalbardense and P. bialowiezense (Frisvad, 2004).

Aspergillus

The genus Aspergillus and its teleomorphic states contains 254 broadly accepted species
(Pitt et al.,, 2000). Many of these are known for their xerotolerance and frequent
occurrence as contaminants of food preserved with high concentrations of salt or sugar,
primarily in warmer climates. Amongst the species of the genus Aspergillus most
frequently isolated from the salterns are A. candidus, A. fumigatus, A. melleus, A. niger,
A. ochraceus, A. sydowii, A. terreus, A. sclerotiorum, A. versicolor and A. wentii (data
not published). Amongst these 4. sydowii, A. terreus and A. versicolor were frequently
detected in the Dead Sea as well (Wasser et al., 2003).

In spite of their ubiquitious nature and preference for low water activity, only few
halotolerant Aspergillus species were isolated from Kongsfjorden: A. niger, A. tubigensis,
A. sydowii and A. versicolor. A. niger and A. sydowii have been repored world-wide
from sand dunes, salt marshes, estuaries, mangrove mud and other marine environments
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(Gunde-Cimerman et al., 2005). A. sydowii spores survived prolonged suspension in
Dead Sea water (Kis-Papo et al., 2003). This species is also one of the few filamentous
fungi reported to have survived in the Antarctic ice sheet for 10,000 years or more. A.
versicolor, isolated most frequently from diverse ice samples in Kongsfjorden, was
repeatedly isolated as well from Antarctic soils, and is also common in diverse low ay
environments in temperate zones. It belongs to the most xerophilic Antarctic species,
able also to grow at high levels of radioactive contamination (Onoffi et al., 2004).

Eurotium

The genus Eurotium is the holomorphic ascomycete genus for Aspergillus sections
Aspergillus and Restricti. Species in this genus are particularly xero- and halophilic (Pitt
and Hocking, 1985a, 1985b). Its representatives have been reported to live in
concentrated salt or sugar solutions at a,, as low as 0.7 (Martin et al., 1998; Wheeler and
Hocking, 1993). Different species of the teleomorphic genera Eurotium were often
isolated from natural hypersaline water environments such as Dead Sea water and
hypersaline waters of salterns around the globe. Eurotium amstelodami was isolated
most frequently, followed by E. herbariorum and E. repens, E. rubrum and E. chevalieri
were isolated with lower frequency (Butinar et al., 2005b).

In Kongsfjorden Furotium species were rarely isolated, although more frequently
than Aspergillus spp. They were primarily derived from glacial and sea ice. The most
frequent isolate was E. repens, followed by E. amstelodami and E. rubrum. E. repens
and E. rubrum were previously isolated from 8,150 years old ice and Antarctic soil
(Onofri et al., 2004).

Alternaria
The most frequently isolated species from hypersaline environments is Alternaria
alternata. Tt was repeatedly isolated from water in salterns on three different continents,
as well as from Dead Sea water, salt marshes, desert soil and low a, food (Gunde-
Cimerman et al., 2005).

Besides our isolations from sea ice, sea water and glacial ice, 4. alternata was
reported from maritime Antarctica, Alaska and Spitsbergen. It can grow at least at 0°C,
at high levels of radioactive contamination, and is UV resistant (Onofti et al., 2004).

Phoma

Phoma species are common coelomycetous soil fungi, which are relatively often obtained
from deserts. Phoma herbarum, reported from maritime Antarctica, Alaska and
Spitsbergen, was isolated from sea ice and ponds on its surface. It has been reported as
one of the xerotolerant Antarctic species, and is able to grow at 0°C (Onofti et al., 2004).

7. Cellular Responses to High Salinity and Low Temperatures

Studies performed thus far on the presence of fungi in extreme environments have shown
that several species are well adapted to stressful conditions (Onofri et al., 2004). Fungi
can typically grow at much lower minimal a,, than prokaryotes, and they also appear to
be able to survive strong fluctuations in osmotic and thermal conditions, low
environmental temperatures, high UV irradiance and low nutrient availability.
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Black multi-cellular thick-walled spores and meristematic endoconidia are probably
the most stress-tolerant fungal structures known, but even the hyphae of dematiceous
fungi show considerable resistance. In polar regions, thick cell walls and surrounding
polysaccharides help overcome the stress associated with low temperatures and
consequential water loss, causing increased intracellular solute concentrations, decreased
cell size, weakening of the cell membrane, and physical cell rupture which can be caused
by freezing and thawing (Christner et al., 2000; Krembs et al., 2002). Adaptations
experienced at low temperatures can be related to other environmental challenges such as
salt stress, and may therefore reveal new links between psychrophily and halophily
(Deming, 2002).

Extracellular freezing leads to cellular dehydration, and chilling temperatures reduce
water absorption (Zhu, 2001). Dehydration caused by high salinities and low ay, is
therefore a major stress for ice-trapped organisms. Conversely, when the ice melts, the
released organisms are suddenly exposed to hyposaline conditions close to freshwater
values (Thomas and Dieckmann, 2002), giving advantage to halotolerant organisms with
a wide range of amplitude. Although salt, water and cold stresses are clearly different
from each other in their physical nature, each eliciting specific responses, they also
activate some common reactions. Salinity creates both ionic and osmotic stress, and
drought and cold cause osmotic and oxidative stress. Accordingly, they can induce some
common responses. At very low temperatures one of the threats represents ice formation
within the cell, which might lead to cell lysis because of the volume increase on
expansion of water as ice is formed. The second is increased salinity outside the cell, as
ice formation leads to the separation of salt out of pure water (as ice) and a corresponding
increase in salt concentration, leading to an osmotic gradient across the cell membrane. It
has been shown that mechanisms of freezing and dehydration tolerance in plants and
arthropods may involve common gene products and cell signalling and regulatory
pathways, and it is likely that these occur in other organisms too. These diverse stresses
often activate the production of stress proteins (Cheng, 1998), up-regulation of anti-
oxidants and accumulation of compatible solutes, which are at the same time osmolytes
and cryoprotectants (Wang et al., 2003). Since protection against dehydration damage is
correlated with intracellular accumulation of compatible solutes, an increase in the
amount of unfreezable water may be achieved by their production (British Antarctic
Survey, 1995; Mindock et al., 2001). Glycerol acts as the primary compatible solute in
response to high osmolarity and low temperature in fungi (Gunde-Cimerman et al.,
2005), while glycine betaine is synthesized by diverse organisms, including several
ascomycetous and basidiomycetous fungi, under conditions of environmental stress such
as drought, low temperatures and high salinity (Blackwell et al., 2001).

Water transport through the plasma membrane is important in determining freeze
tolerance and halotolerance. Aquaporins, channel membrane proteins with
transmembrane domains, are involved in the transport of water and/or small neutral
solutes such as glycerol. The precise physiological functions of the fungal aquaporins
(and others) have remained unknown so far, although in S. cerevisiae a correlation was
found between resistance to freezing and the presence of aquaporin genes.
Overexpression improved freeze tolerance, while deletion had the opposite effect. A
rapid osmotically driven efflux of water during the freezing process reduced intracellular
ice crystal formation and the resulting cell damage (Rodriguez-Vargas et al., 2002;
Tanghe et al., 2002). On the other hand, osmotic stress induced a decrease of water in the
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cytoplasm by efflux of water through aquaporins, with a resultant increase in intracellular
ion concentrations (Allakhverdiev et al., 2000).

The plasma membrane is the primary structure through which the cell maintains
contact with its environment. Changes in its composition therefore affect its integrity and
stability. Membrane characteristics most important for cellular functions are passive and
active permeability, nutrient uptake, electron transport, environmental sensing, and
recognition (Georlette et al., 2004). Since extreme environmental conditions such as high
salinity and low temperatures influence membrane properties, several studies on their
adaptations have been performed.

So far the response of the membrane lipid composition of psycrophilic bacteria to
changes in temperature has been well documented. In studies of the properties of
bacterial membranes at low temperatures, especially alterations in fatty acid composition
have been observed. A decrease in temperature led to one or more changes, including a
decrease in average fatty acid chain length, an increase in fatty acid unsaturation, an
increase in methyl branching, and an increase in the ratio of anfeiso-branching relative to
iso-branching. This termal effect was mediated via temperature-dependent changes in the
activity of the enzymes involved in fatty acid and lipid biosynthesis (Chattopadhyay and
Jagannadham, 2001; Russell, 1997). The fatty acid composition of membrane
phospholipids regulates the membrane fluidity; hence, shorter and more unsaturated fatty
acids including polyunsaturated fatty acids (PUFAs) are central in retaining membrane
fluidity at low temperature. A novel enzyme family, the polyketide synthases, which are
active at low temperatures and are required for the biosynthesis of PUFAs, have recently
been found in several psychrophilic bacteria isolated from sea ice (Thomas and
Dieckmann, 2002).

Only few such studies have yet been performed with fungal species. In the few
studies dealing with the membrane adaptation of psychrophilic/psychrotolerant fungi,
such as Mortierella antarctica and Cadophora fastigiata isolated in the Antarctic, it was
observed that at low temperatures the amounts of linoleic and arachidonic acid increased
respectively. In Cryptococcus albidus, Cr. laurentii, and Rhodotorula mucilaginosa, so
far only known for their psychrotolerance, at lower temperatures unsaturated fatty acids
predominated in the membranes (Zlatanov et al., 2001).

Studies on the adaptation of membranes of halophilic black yeast-like fungi at high
salinity have only recently been performed. Before that the effect of salt stress on lipid
composition and membrane fluidity had been investigated only in a restricted group of
salt-sensitive fungi. The study on the influence of increased NaCl concentration on
membrane lipid composition and fluidity in the halophilic H. werneckii and P.
triangularis and the halotolerant A. pullulans showed an increase in the phospholipid-
esterified fatty acid unsaturation and the maintenance of a low sterol-to-phospholipid
ratio compared to the salt-sensitive S. cerevisiae. The total sterol content, including
ergosterol as the major sterol, did not change significantly in response to raised NaCl
concentrations in the halophilic/halotolerant melanized fungi studied. The major classes
of phospholipids were phosphatidylcholine and phosphatidylethanolamine, followed by
anionic phospholipids. The most abundant fatty acids in the phospholipids were 16- and
18-carbon fatty acids with a high percentage of C18:2*”'2. These data agreed with
electron paramagnetic resonance spectroscopy measurements, which showed that the
membranes of the halophilic/halotolerant fungi remained fluid over a much broader range
of salinities than membranes of salt sensitive fungi (Turk et al., 2004).
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When adaptations to low temperature and high salinity were compared, similar
mechanisms of membrane fluidity regulation could be observed. A reduction in
temperature slowed down most physiological processes, reduced membrane fluidity, and
caused an increased viscosity of water. Thus, tight regulation of membrane fluidity and
ion channels permeability are needed, as shown earlier in halophilic organisms (Georlette
et al., 2004; Turk et al., 2004). At low temperatures and high salinities, the microbe’s
ability to modulate the fluidity of its membranes is crucial for its survival. The
interrelationship of low temperature and salt stress has been already shown in
cyanobacterial cells, in which unsaturated fatty acids in membrane lipids play important
roles in the tolerance to salt stress as well as to cold stress. In response to a decrease in
ambient temperature or to an increase in salt concentration, psychrophiles or halophiles
increase the degree of unsaturation of their fatty acids, thus maintaining the appropriate
fluidity of their membrane lipids.

Further investigations are needed to unravel and compare the mechanisms which
enable life in some of the most extreme environments on our planet, perhaps on others as
well: the hypersaline and extremely cold areas.

8. Conclusions

Fungi, one of the ecologically most successful eukaryotic lineages, have been discovered
in diverse extreme environments on Earth. Halotolerant and halophilic fungi represent an
integral part of the microbial communities inhabiting hypersaline waters of salterns and
hypersaline lakes worldwide, while psychrotolerant and psychrophilic fungi in extremely
cold polar areas play important roles in geomicrobiological processes.

Ice, whether in the form of tundra, glacier, snow, lake- or sea ice, presents a special
environment for microbial life. Ice combines several stressful factors such as freezing,
desiccation, occasional increased salinities, low nutrient availability, thawing and solar
irradiation. The occurrence of microorganisms in diverse types of ice has not much been
investigated. Occasional fungal isolates from ice were interpreted as random deposits
that in some cases survived prolonged periods in the frozen state. However, recent
studies have revealed the existence of microbial communities able to retain their viability
through dynamic processes of ice melting, followed by micobial enrichments and
refreezing. Such studies have so far unraveled only the presence of Bacteria and
Archaea, but the presence and role of fungi and other eukaryotic microorganisms have
not been investigated.

Certain species of fungi display a general xerophylic phenotype, determined
primarily by the low water activity (a,) potential, which could represent an advantage in
ice polar environments. Particularly  for  halotolerant/xerotolerant  and
halophilic/xerophilic fungi, adapted to ionic, osmotic or matric water stress, ice could
therefore represent a potential habitat. Although halophilic fungi dominant in hypersaline
environments (black yeast-like species and Wallemia) were not detected in ice, the main
taxa of halotolerant fungi isolated from hypersaline environments were isolated either
from diverse types of ice or its meltwater. These fungi include the non-melanized
basidiomycetous yeast genera Cryptococcus, Rhodosporidium, Rhodotorula and
Trichosporon, as well as the ascomycetous yeast genera Debaryomyces, Filobasidium,
Metschnikowia and Pichia. Filamentous fungi prevailing in both habitats belong to the
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cosmopolitan anamorphic Penicillium, Cladosporium and the phylogenetically related
Aureobasidium pullulans. The genera Alternaria, Phoma and Aspergillus were present to
a lesser extent, together with Eurotium — the teleomorphic form of Aspergillus, as well as
Mucor and Trichoderma.

It seems that fungal adaptations to low temperatures can be related to salt stress,
revealing new links between psychrophily and halophily. Both extracellular freezing and
hypersaline stress lead to cellular dehydration, and both can therefore activate some
common responses. These include among others the level of compatible solutes, ion
transport across membranes, regulation of water efflux, the composition and fluidity of
cell membranes responsible for cellular functions such as passive and active permeability,
nutrient uptake, electron transport, environmental sensing, and recognition.

These salt- and cold-adapted fungi represent a new world of eukaryotic
extremophiles, a world of organisms that have developed strategies different from those
previously investigated. The ability of fungi to adapt to changing water activity
conditions, whether due to low temperatures or high salinities, is crucial for their
successful survival in some of the harshest extreme environments on our planet.
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