®

Check for
updates

Chapter 6
Fungi in Snow and Glacial Ice
of Antarctica

Graciéle Cunha Alves de Menezes, Barbara Alves Porto,
Jefferson Cardia Simoes, Carlos Augusto Rosa, and Luiz Henrique Rosa

6.1 The Antarctic Cryosphere

According to glaciologists and palaeoclimatologists, we live in an interglacial envi-
ronment in the middle of an Ice Age, where the ice mass currently covers 10% of the
planet (at the height of the last glacial age, about 18.000-20.000 years ago, 30% of
the planet was covered in ice). However, from the environmental viewpoint, 90% of
the volume is concentrated only in Antarctica.

Most of this ice is found in the Antarctic ice sheet, covering approximately 12.3
million km? with an average thickness of 2.020 m, encompassing 24.7 million km?
of ice. The maximum thickness of ice found here is 4.776 m, and the oldest existing
ice is probably more than 1.5 million years old. The mantle is composed of several
domes (the highest reaches 4.093 m in altitude), where the ice drains slowly to its
shores, thousands of miles away. The surface of the Antarctic ice sheet is typically
semi-parabolic, more than 2.000 km long, with a flat surface at the centre, and a
slope that increases towards the coast (Fig. 6.1).

The Antarctic ice sheet can be divided into two major parts, East and West
(although the nomenclature, east and west, may sound illogical for a continent cen-
tred on the geographical South Pole). The East Antarctic ice sheet is spread over a
subglacial topography that is above the mean sea level, covering an area of 10.1 mil-
lion km? (21.7 million km? of ice), with a mean thickness of 2.220 m. The region
around its main dome (Dome A) is the driest region (it precipitates only 1-2 cm of
water, in the form of snow, per year) and the coldest place on Earth (surface tempera-
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Fig. 6.1 Landscape near the West Antarctic ice sheet ice divide. (Photograph of a Brazilian glacio-
logical camp site taken in 2008. Photo Credits: Simdes JC)

ture in winter may fall below —90 °C). The West Antarctic ice sheet covers an area
of 2.3 million km? (3.0 million km? of ice), has a mean thickness of 1.300 m and is
largely spread on a continental surface positioned below the mean sea level, even
covering a trench of depth 2.496 m. The removal of ice from this part of Antarctica
would result in the formation of an archipelago.

Ice shelves are the floating parts of the mantle with a thickness varying between
200 and 1.600 m, generally occurring in regions where there is a large embayment
of the Antarctic coast and are fixed to the coast. They gain mass by the ice flow from
the mantle or by in situ ice accumulation, ending in cliffs that may be 50 m above
sea level or 100-350 m below it. They lose mass by the release of icebergs or by
melting caused by seawater at their bottom (which plays an important role in form-
ing the bottom water of oceans). Ice shelves cover approximately 44% of the
Antarctic coast-the largest ones, Filchner-Ronne and Ross, cover 439.920 km? and
510.680 km?, respectively. In total, it is an additional 1.5 million km? of ice, with an
average thickness of about 700 m.

The Antarctic Peninsula and adjacent islands have less than 1% of the Antarctic
ice volume (mainly comprising small ice masses, including glaciers a few 100 m
long, ice caps and the ice covering the Peninsular plateau, which is approximately
120.000 km? in area), limited by the topography that controls its shape and flow
conditions. However, owing to their small size of these ice masses and because they
are closer to the melting point under pressure, they respond more quickly to changes
in climatic variables. Figure 6.2 presents a perspective view of the Antarctic cryo-
sphere, where two main components are observed: the ice sheet covering the conti-
nent and the sea ice belt. In addition to the mantle, the central plateau of the Antarctic
Peninsula can also be observed, covered with ice caps, flowing to the coast in the
form of steep outlet glaciers.
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Fig. 6.2 Perspective view of the Antarctic cryosphere. The huge ice sheet (white) covers 99.7% of
the continent (across 13.8 million km?) and the Antarctic Peninsula. The dark spots represent the
few mountainous regions with apparent rocks. Around the continent, grey represents sea ice at its
maximum annual extent (in September), which can cover up to 20 million km? of the Southern
Ocean in winters. (Courtesy: NASA/USA)

Around the continent, the sea ice belt can be seen at its maximum extent, typi-
cally during the late polar winter (in September), when it covers up to 20 million
km? of the Southern Ocean. Although it is only a thin layer (averaging not more than
1 m in thickness), it plays an important climatic role in isolating the underlying
ocean waters from the atmosphere. Sea ice is formed by the freezing of seawater
(—1.83 °C), and its seasonal cycle of formation and melting is known as the envi-
ronmental phenomenon with the highest annual variation (the area covered by sea
ice varies, on average, from 3.0 to 18 million km? between summer and winter).

The melting and disintegration of the packed ice is rapid, and the ice coverage
may get considerably reduced to only 1.6-3.0 million km? from October till the end
of February. On average, the Antarctic sea ice does not survive for more than a year,
except in some regions such as in the Weddell Sea to the east of the Antarctic
Peninsula, the Amundsen Sea and part of the Ross Sea, where it can survive up to
3 years. Importantly, sea ice undergoes drifting by the action of the wind, moving
up to 20 km per day.
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6.2 Snow and Glacial Ice as Microbial Habitats

Snow is a massive component of the cryosphere that permanently or seasonally
spans up to 35% of the Earth’s surface (Margesin and Miteva 2011) and represents
the source for the formation of glaciers (Pearce et al. 2009). In Antarctica, snow
plays an important role in the formation of glacial ice by compression and gradual
burial over hundreds and thousands of years (Cowan and Tow 2004). Most of the
Antarctic continent is covered by snow (Fig. 6.3), which plays an important role in
balancing ice masses and glaciers (Goodison et al. 1999).

As a habitat, snow is directly related to the atmosphere because of constant wind
flows of dust, microbial cells and other deposited biological materials present in
suspension (Margesin and Miteva 2011). In remote environments, the origin of most
of the microbial life seems to be caused by air currents (Abyzov 1993; Pearce et al.
2009), which under the effect of precipitation (in the form of snow) is a capable
process of decanting microorganisms suspended in the atmosphere, originating
from different parts of the world, towards the terrestrial ecosystems, including
Antarctica (Bargagli 2008). Microorganisms inhabiting these snow ecosystems are
considered extremophiles and are generally exposed to high incidences of light, UV
radiation and seasonal temperature fluctuations (Miteva 2008).

Over the years, the precipitated snow undergoes a process of compaction to
become firm ice, which can be considered as a natural means of air sampling from
thousands of years ago, where different microorganisms in space and time become
trapped in the ice (Abyzov 1993; Ma et al. 1999). Thus, ice can be considered as an
excellent matrix for the long-term preservation of microorganisms, allowing the
study of contemporary and ancient microbial diversity (Gunde-Cimerman et al.
2003). Ice and snow are important and dominant substrates that are interconnected
in the Antarctic environment (Price 2000; Bargagli 2008), with characteristics that
restrict the development of life, and are considered as real extreme ecosystems
(Maccario et al. 2015).

The glaciers on the planet represent large, thick ice masses that move slowly
downwards relative to gravity because of a combination of deformations (Anesio
and Laybourn-Parry 2012; Castiella 2014). Glaciers and ice sheets occupy 10% of
the Earth’s surface (approximately covering 15 million km?) (Anesio and Laybourn-
Parry 2012), and Antarctica holds most of the planet’s ice volume (Goodison et al.
1999), where approximately 99.7% of the continent is permanently covered by
snow and ice (Convey et al. 2009) with an average thickness of 2 km and a maxi-
mum thickness of 4 km (Bargagli 2008) (Fig. 6.4). The active microbial growth in
these environments is influenced by ice formation and consequently, the little liquid
water available (Gunde-Cimerman et al. 2003). Liquid water is vital in these envi-
ronments because their distribution reflects the heat balance at certain points inside
the ice and the hydraulics forming the drainage system that conveys water through
the ice by forming small water channels (Hodson et al. 2008), where microorgan-
isms are able to grow and reproduce.



6 Fungi in Snow and Glacial Ice of Antarctica 131

Fig. 6.3 Summer seasonal snow collection for fungal isolation in Livingston Island and South
Shetland Islands in Antarctica. (Photos Credits: LH Rosa)
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Fig. 6.4 Glaciers formed at King George Island, South Shetland Islands in Antarctica. (Photos
Credits: LH Rosa)
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Among physical factors, temperature has considerable influence in determining
the type of microorganism that can survive and/or grow in cold ecosystems. Liquid
water available in the micro-channels of ice along with the few organic molecules
present are the prime conditions for the development of a resident microbial com-
munity (Poindexter 2009). Hence, most microorganisms isolated from cold
environments are psychrotolerant' (also called psychrotrophs) or psychrophilic? and
are well adapted to cold conditions (Cavicchioli et al. 2002). Therefore, the water
activity in snow and glacial ice is an important factor that influences the microbial
diversity and activity resident to this extreme habitat. In glacial ecosystems, there
are holes called cryoconites,® functioning as microhabitats for active microbial
communities on the surface of glaciers (Bagshaw et al. 2013). Grzesiak et al. (2015)
showed that the gradual exposure of ice as the surface layer of snow melts is an
important factor in the spatial variation, chemical composition, abundance of cryo-
conite holes and the microbial diversity present on the surface of glacial ice. The
melting of the superficial snow provides an important supply of inocula, nutrients
and water that will cascade into the glacial ecosystems, whereas the accumulation
of superficial snow exerts a critical control on the development of the subglacial
drainage and determines, to some extent, the degree of interconnectivity in the inte-
grated glacial ecosystem (Fountain et al. 2006; Hodson et al. 2008).

6.3 Antarctic Sea Ice

In the Antarctic cryosphere, beyond snow and ice, the sea ice is also considered a
unique habitat that harbours different microorganisms (Fig. 6.5). The sea ice formed
in different regions of the Antarctic sea is largely seasonal, with an average range
that varies from minimum in February to maximum in September (Zwally et al.
2002; Comiso et al. 2011). A small fraction of the Antarctic sea ice that persists in
the austral summer is mainly found in the Weddell Sea; however, in some stricter
Antarctic winters, it is possible to find fragments of sea ice in other regions
around the coast of the Antarctic continent (Wadhams and Comiso 1992; Vaughan
et al. 2013).

Sea ice is a semi-solid heterogeneous matrix containing tiny brine channels and
pockets of highly saline water between solid ice crystals (Eicken 2003). Sea ice
represents a dynamic ecosystem that changes its physical structure simultaneously
with the seasonality of solar radiation at high latitudes and daily fluctuations in air
temperature (Hassett and Gradinger 2016). Despite these limiting characteristics,

! Psycho-tolerant microorganisms not only grow well at temperatures close to the freezing point of
water but also show high growth rates above 20 °C.

2Psychrophilic microorganisms show optimal growth at temperatures equal to or less than 15 °C,
but cannot grow above 20 °C.

3Vertical cylindrical holes that form on the ice surface with a thin layer of particles, debris and
microorganisms deposited on the bottom and filled with water.
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Fig. 6.5 Sea ice sheet formed at Deception Island, Antarctica. (Photo Credits: LH Rosa)

the sea ice presents itself as a unique habitat for diverse microbial communities in
polar environments (Mock and Thomas 2005). The microbial communities in sea
ice are critical components of polar marine ecosystems (Robinson et al. 1997) and
contribute to primary production in the local food chain (Legendre et al. 1992). It is
believed that extreme conditions, together with halotolerance, are a driving force in
the evolution of marine microorganisms (Powell et al. 2015), suggesting that the sea
ice environment may be an important reservoir of species diversity, including for
those of the fungi kingdom (Hassett and Gradinger 2016). However, it is important
to note that studies on microbial communities in Antarctic sea ice have concentrated
almost exclusively on algae and bacteria, and studies on fungi are inadequate.

6.4 Methods Used to Study Microbial Communities in Snow
and Ice

Studies involving microbial diversity in snow, glacial ice and Antarctic sea ice are
challenging for a variety of reasons; the remote location of these habitats and the
difficult logistics involved in obtaining and transporting these samples are regarded
as the main challenges. According to Miteva (2008), the logistic difficulty in obtain-
ing glacial ice is still greater, as the process by which its perforation is performed is
slow and requires specialist equipment to obtain the glacial ice core in the best
conditions of sterility available for microbiological studies.

To conduct reliable microbiological studies with samples of snow, glacial ice and
sea ice, it is important that external contamination of samples during the processing
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is avoided to demonstrate that the microbial communities observed in the sample
are truly native to that specific habitat, and not any external contamination associ-
ated with the methodology used in obtaining the samples. Several processing and
decontamination techniques have been proposed, tested and used over the years
(Rogers et al. 2004).

To reduce contaminations in snow samples, generally, about 20 cm-thick por-
tions are removed from both the upper layer (to avoid surface contamination from
particles carried by the wind) (Antony et al. 2016) and lower layer (to avoid con-
taminations from the soil layer in contact with the snow) before collecting the target
sample. For glacial and sea ice samples, decontamination is usually performed by
washing the samples with sodium hypochlorite followed by exposure to UV radia-
tion (Rogers et al. 2004; Miteva et al. 2009), removing the outer layer of the samples
(Abyzov 1993; Ma et al. 2000; D’Elia et al. 2009) and using materials previously
sterilised by moist heat and/or chemicals such as 70% ethanol for sample collection
(Turchetti et al. 2008; de Menezes et al. 2017). The elimination of all external con-
taminants is fundamental in the authentication of the species found in the samples,
and effective decontamination depends on the necessary care taken during the col-
lection, transportation and processing of samples for isolation of the microorgan-
isms or extraction of the genetic material present (Rogers et al. 2004).

The extreme conditions in cryo-environments (minus temperatures, continuous
incidence of UV radiation and low availability of water, nutrients and minerals)
pose the biggest challenges to isolate and cultivate microorganisms by the direct
inoculation of samples obtained from these environments, as these conditions (and
the cryo-environment) provide inadequate information regarding the complex nutri-
tional and biomass requirements of the microorganisms present. In addition, the low
number of microbial cells and plants in these environments may be damaged, or
simply inactive, and may not be able to grow or develop in the different culture
media used for their isolation. Thus, physico-chemical studies and previous samples
of the target environment that can be analysed can form the basis for preparing spe-
cific culture media and growth conditions (Miteva 2008).

Abyzov et al. (1998) utilised melted water from ice core fragments for direct
inoculation into different culture media and showed that lower amounts of viable
fungi are obtained by direct inoculation of water from deeper and older ice layers.
Studies using the same technique of direct inoculation in various culture media were
able to obtain strains of viable fungi from ancient glacial ice samples (Ma et al.
1999, 2000; D’Elia et al. 2008, 2009).

In filtration-culture techniques, snow or ice samples are melted and filtered
through membranes having pores of specific size, typically 0.45 um in diameter, for
the retention of fungal particles (spores or hyphal fragments), which are subse-
quently seeded in different culture media compositions (Table 6.1). This technique
was effective in getting viable, cultivable microorganisms from Antarctic ice and
snow (Turchetti et al. 2008; de Menezes et al. 2017). Elster et al. (2007) used three
different pre-concentration methods (filtration, centrifugation or lyophilisation)
before inoculating the samples in different solid and liquid culture media. Their
study demonstrated that these pre-concentration methods optimised cultivation of
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Table 6.1 Culture media used for the isolation of fungi from snow, glacial ice and sea ice

Media

Composition per litre

References

Sabouraud agar

10 g enzymatic digest of casein, 40 g dextrose
(glucose), 20 g agar, pH 5.6 £ 0.2

Jacobs et al. (1964),
Ma et al. (2000),
D’Elia et al. (2008,
2009), Knowlton

et al. (2013), de
Menezes et al.
(2017)

Yeast-malt
extract agar
(YMA)

5 g peptic digest of animal tissue, 3 g yeast extract, 3 g
malt extract, 10 g dextrose; 20 g agar, pH 6.2 + 0.2

Ma et al. (2000)

Nutrient agar
(NA)

3 g beef extract, 5 g peptone, 15 g agar, pH 6.8 + 0.2

Ma et al. (2000),
D’Elia et al. (2008,
2009), Knowlton

et al. (2013), Sanyal
etal. (2018)

Malt extract
agar (MEA)

12.8 g maltose, 2.7 g dextrin, 2.4 g glycerol, 0.8 g
peptone, 15 g agar, pH 4.7 £ 0.2

Ma et al. (2000),
D’Elia et al. (2008,
2009), Knowlton
etal. (2013)

Potato dextrose
agar (PDA)

40 g potato starch; 20 g dextrose, 15 g agar,
pH5.6+0.2

Ma et al. (2000),
D’Elia et al. (2008,
2009), KnowlIton
et al. (2013)

Mycobiotic agar
(MA)

15 g agar, 10 g soybean hydrolysate, 10 g dextrose,
0.5 g cycloheximide, 0.05 g chloramphenicol,
pH6.5+0.2

Ma et al. (2000)

Oatmeal agar
(0A)

60 g oat flakes, 12.5 g agar, pH 6.0 + 0.2

Ma et al. (2000) and
Knowlton et al.

(2013)
Yeast Extract 5 g yeast extract; 5 g bacteriological peptone, 3 g Thomas-Hall and
Peptone agar KH,PO,. 3 g (NH,), SO, 2 g glucose, 15 g agar, Watson (2002)

(YEP)

pH7+0.2

Supplemented |4 g potato starch, 20 g dextrose, 15 g agar, 0.5 g yeast | Abyzov et al. (2004)
PDA autolysate, pH 5.6 + 0.2

Winogradsky 10 g sucrose or glucose, trace CaCO;, 20 g agar, Abyzov et al. (2004)
medium pH7.2+0.2

Z medium 0. 467 g NaNO;, 0.059 g Ca (NO5).4H,0, 0.003 g Elster et al. (2007)

K,HPO,, 0.025 g MgSO,.7H,0, 0.021 g Na,CO;,
10 mL Fe-EDTA, pH 6.6, for solid media add 15 g of
agar

Bold’s Basal
Medium (BBM)

10 mL NaNO; (25 g), 10 mL CaClL,.2H,0 (2.5 g),

10 mL MgSO,.7H,0 (7.5 g), 10 mL K,HPO, (7.5 g),

10 mL KH,PO, (17.5 g), 10 mL NaCl (2.5 g), 1 mL
EDTA solution, 1 mL Fe solution (0.498 g
FeS0O,.7H,0; 0.1 mL H,SO, (96%), 1 mL H;BO;
(11.42 g), 1 mL Trace metals solution (8.82 g
ZnS0,.7H,0, 1.44 ¢ MnCl,.4H,0, 0.71 g MoO;, 1.57 g
CuS0,.5H,0, 0.49 g Co(NO;),.6H,0), pH 6.6 = 0.2, for
solid media add 15 g of agar

Elster et al. (2007)

(continued)
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Table 6.1 (continued)
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Media

Composition per litre

References

BG-11

1.5 g NaNO;, 0.04 g K,HPO,, 0.075 g MgSO,-7H,0,
0.036 g CaCl,-2H,0, 0.006 g citric acid; 0.006 g ferric
ammonium citrate, 0.001 g EDTA (disodium salt),

0.02 g Na,COs, 1 mL Trace metal mix A5 (2.86 g
H;BO;, 1.81 g MnCl,-4H,0, 0.22 g ZnSO,-7H,0, 0.39 g
NaMoO,-2H,0, 0.079 g CuSO,-5H,0, 0.49 g
CO(NO;s),-6H,0), pH 7.1 £ 0.2, for solid media add

10 g of agar

Elster et al. (2007)

Rose Bengal
agar (RB)

5 g soytone, 10 g dextrose, 1 g KH,PO,, 0.05 g rose
Bengal, 15 g agar, pH 7.2 £ 0.2

D’Elia et al. (2008,
2009), Turchetti
et al. (2008)

Acidic yeast
extract agar

30 g yeast extract, 30 g malt extract, 5 g peptone, 10 g
dextrose, 20 g agar, pH 4.5 + 0.2

D’Elia et al. (2008,
2009), Knowlton
et al. (2013)

Meat-liver agar

20 g meat-liver base, 0.75 g D (+)-glucose, 0.75 g
starch, 1.2 g sodium sulphite, 0.5 g ammonium ferric
citrate, 11 g agar, pH 7.6 £ 0.2

D’Elia et al. (2008,
2009), Knowlton
etal. (2013)

Blood agar 15 g pancreatic digest of casein, 5 g papaic digest of D’Elia et al. (2008,
soybean meal, 5 g NaCl, 50 g sheep’s blood, 15 g agar, |2009), Knowlton
pH73.£02 et al. (2013)

Water agar Sterile distilled water with 20 g agar D’Elia et al. (2008,

2009), KnowlIton
et al. (2013)

Yeast extract
agar

30 g yeast extract, 30 g malt extract, 5 g peptone, 1 g
dextrose, 20 g agar, pH 6.2 + 0.2

D’Elia et al. (2008,
2009), Knowlton
et al. (2013)

Dichloran 18%
glycerol agar
(DG18)

5 g casein enzymatic digest, 10 g D-glucose, 1 g
potassium dihydrogen phosphate, 0.5 g magnesium
sulphate, 0.002 g dichloran, 0.1 g chloramphenicol,
15 g agar, pH 5.6 + 0.2

Turchetti et al.
(2008)

Dichloran rose
Bengal agar
(DRB)

5 g peptic digest of animal tissue, 10 g dextrose, 1 g
Monopotassium phosphate 0.5 g magnesium sulphate,
0.025 g rose Bengal 0.1 g chloramphenicol, 0.002 g
dichloran, 15 g agar, pH 5.6 £ 0.2

Turchetti et al.
(2008)

Tryptone soy
broth (TSB)

17 g tryptone, 3 g Soytone—enzymatic digest of
soybean meal, 5 g NaCl, 2.5 g glucose, 2.5 g K,HPO,,
pH7.3+0.2

Antony et al. (2016)

Zobell marine
broth

5 g peptone, 1 g yeast extract, 0.1 g CsHsFeO,, 19.45 g
NaCl, 8.8 g MgCl,, 3.24 g Na,SO,, 1.8 g CaCl,, 0.55 g
KCl, 0.16 g NaHCO;, 0.8 g KBr, 0.034 g SrCl,, 0.022 g
H;BO;, 0.004 g Na,SiOs, 0.0016 g (NH,)(NO;), 0.008 g
Na,HPO,, 0.0024 g NaF, pH 7.6 £ 0.2

Antony et al. (2016)

Tryptone soy
agar (TSA)

15 g tryptone, 5 g soytone - enzymatic digest of
soybean meal, 5 g NaCl, 15 g agar,pH 7.3 £ 0.2

Sanyal et al. (2018)
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viable microorganisms, and that liquid media provided the best conditions for the
isolation of microorganisms in Antarctic ice and snow samples.

Although widely used, some cultivation methods can arbitrarily favour certain
taxa in the microbial community to the detriment of others, by either enabling the
faster growth rate of some species (based on the type of culture medium and
temperature chosen) or owing to the fact that several microorganisms are simply not
cultivable. Individually or collectively, these factors can interfere with the accurate
interpretation of the microbial diversity in samples, including that for fungi. About
1% of the local microbial community of most ecosystems is able to grow in culture
media (Amann et al. 1995). Based on this understanding, independent methods of
cultivation have gained interest in recent years, with emphasis on the use of metage-
nomic techniques.

Metagenomics is based on the direct extraction of DNA from microorganisms in
different environmental samples, without requiring their cultivation, which can be
used to evaluate microbial diversity (Escobar-Zepeda et al. 2015) by sequencing
their amplicons (Antony et al. 2016). In permanently frozen environments, the con-
stant low temperatures provide the ideal conditions for long-term preservation of
nucleic acids due to the reduction of the molecular degradation rate (Willerslev
et al. 2004). Molecular methods based on polymerase chain reaction (PCR) have the
advantage of detecting live, dead, dormant or damaged cell DNA, providing a better
representation of the local microbial diversity (Miteva 2008). However, obtaining
the low biomass in addition to the difficulty of lysing the obtained cells and obtain-
ing sufficient DNA may hinder the amplification process and the subsequent clon-
ing and analysis of the sequences (Miteva et al. 2009). The popularisation of
independent cultivation techniques in terms of cost and analytical tools, as well as
the integration of “omics™ technologies into all biological approaches will still
challenge scientific standards on the ecology of extremophiles (Cowan et al. 2015).

Scanning electron microscopy and fluorescence-based techniques are used in
studies involving the characterisation of microbial communities in Antarctic ice and
snow to determine cell viability, enumeration and size of cells (Abyzov 1993;
Abyzov et al. 2004; D’Elia et al. 2008; Knowlton et al. 2013). Abyzov et al. (2004)
have reported the advantage of using epifluorescence microscopy to detect cells and
possibly estimate their physiological state in samples selected for study.

Interestingly, Antony et al. (2016) reported notable differences in both the quan-
tity and variety of fungal taxa determined using both culture-dependent and inde-
pendent techniques in their work focused on the microbial communities in Antarctic
snow. Thus, when reviewing studies on microbial diversity, we must bear in mind
that only a single methodological approach cannot provide data regarding the real
diversity of the microbial communities inhabiting a particular environment. The
application of polyphase methodologies (culture-dependent and independent tech-
niques and microscopy) in the evaluation of microbial diversity can increase the
accuracy of the results (Elster et al. 2007; Miteva 2008). Although the use of culture-
dependent methods may not be able to determine the actual microbial diversity in
particular samples/ecosystems, one of the main advantages of these methods is the
production of pure microbial cultures (Abyzov et al. 2004). Accordingly, we can
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consider the possibility of using these pure microbial cultures in future biotechnol-
ogy studies for valuable applications.

6.5 Diversity and Ecology of Fungal Community in Antarctic
Snow and Ice

Taxonomic studies on fungi in Antarctic snow and ice samples are scarce, and few
taxa have been published thus far. Table 6.2 shows the known taxa identified from
the samples collected from different substrates in Antarctica. Jacobs et al. (1964)
conducted pioneering studies in the central part of the Antarctic continent and iso-
lated the yeast Candida parapsilosis and filamentous fungi of the genera Penicillium
and Trichoderma from the snow and glacial ice samples obtained from this region.
They concluded that these isolates were probably transported to the region by their
own Antarctic expedition or by other previous expeditions and represented a source
of human contamination.

According to Abyzov et al. (2004), different methods were used to detect micro-
organisms in old layers of a glacier in Antarctica at depths of 1.500-2.400 m. Fungi
of the genera Cryptococcus albidus, Cystofilobasidium, Rhodotorula, Pseudozyma,
Aureobasidium, Aspergillus, and Penicillium were isolated from older sections of
the Antarctic ice core, dating back 1.000-5.000 years on Lake Vostok in continental
Antarctica, and some isolates were found to be heterotrophic psychrotolerant
(D’Elia et al. 2009). Furthermore, the number of total and viable yeast cells from the
samples of Lake Vostok was higher for the ice accretion obtained from a depth of
3.582 m (D’Elia et al. 2008, 2009). These data indicate that the ecological condi-
tions in these regions of deep ice are sufficient to support heterotrophic metabolism
and a high diversity of microorganisms, including fungi (D’Elia et al. 2009). Sanyal
et al. (2018) isolated Leucosporidium and Curvibasidium from glacial cryoconite
holes in three distinct regions of East Antarctica. Their study suggested that fungal
communities from cryoconite hole environments can provide a rich source of micro-
organisms, carbon and nutrients to the surrounding glacial ecosystems and partici-
pate in the cycling processes of these ecosystems.

Ice core accretions of Vostok 5G evaluated by sequence analysis using metage-
nomic/metatranscriptomic techniques showed that only 6% of the obtained
sequences belonged to the Eukarya domain, especially fungi of the phyla Ascomycota
and Basidiomycota (Shtarkman et al. 2013). Another study on ice sections dating
back 500.000-175.000 years obtained from two regions on the mainland of
Antarctica employed cultivation, microscopy, metagenomics and metatranscrip-
tomic techniques and isolated species belonging to the genera Alternaria, Davidiella
and Rhodotorula, and predominantly Rhodotorula species (Knowlton et al. 2013).
These results indicate that the viability of these microorganisms was “independent
of the cold” or “not dependent on cold” conditions at the time of their deposition in
the snow, and that low concentrations of atmospheric dust and CO, were also related
to increased microbial viability.
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Table 6.2 Fungi isolated from snow and glacial ice from different regions of Antarctica

Substrate | Location Taxon References

Snow Lichen Valley, Vestvold Holtermanniella nyarrowii | Thomas-Hall and
Hills Watson (2002)
Lichen Valley, South Pole | Mrakia frigida Thomas-Hall et al.

(2010)

Victoria Land Vishniacozyma victoriae Antony et al. (2016)
Coppermine Peninsula, Antarctomyces pellizariae de Menezes et al.
Robert Island (2017)
Ross Island, South Pole Trichoderma viride Jacobs et al. (1964)

Glacial
ice

Penicillium lanosum

Penicillium commune

Penicillium chrysogenum

Candida parapsilosis

Lake Vostok, South Pole

Cryptococcus albidus

Abyzov et al. (2004)

Rhodotorula spp.

Lake Vostok, South Pole

Aureobasidium pullulans

D’Elia et al. (2009)

Cystofilobasidium
informominiatum

Rhodotorula mucilaginosa

Penicillium chrysogenum

Rhodotorula sp.

Pseudozyma sp.

Cryptococcus sp.

Penicillium sp.

Aspergillus sp.

Lake Vostok 5G region,
South Pole

Alternaria tenuissimum

Knowlton et al. (2013)

Davidiella tassiana

Rhodotorula mucilaginosa

Byrd region, South Pole

Alternaria alternata

Knowlton et al. (2013)

Alternaria sp.

Dronning Maud Land, East
Antarctica

Leucosporidium spp.

Sanyal et al. (2018)

Larsemann Hills, East
Antarctica

Leucosporidium spp.

Sanyal et al. (2018)

Curvibasidium sp.

Most organisms are capable of supporting only transient periods of cold; micro-
organisms that inhabit permanently cold environments have cellular processes
adapted for growth at low temperatures (Cavicchioli et al. 2002). The formation of
ice in the intracellular environment is lethal to living organisms. Fungi have devel-
oped various physiological strategies to protect themselves from freezing at low tem-
peratures (Duman and Olsen 1993), which include production of antifreeze proteins
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(AFPs) and/or antifreeze glycoproteins (AFGPs) (Ewart et al. 1999; Gilbert et al.
2004; Xiao et al. 2010a, b), exopolysaccharides (EPS) (Tibbett et al. 1998; Polezhaeva
et al. 2014), cold-active enzymes (Feller and Gerday 1997; Robinson 2001) and
unsaturated fatty acids (Singh et al. 2014).

Furthermore, some fungal species synthesise trehalose in their cells/spores and
hyphae, which functions as an important storage substance, protects the cytosol
against general stress and stabilises the cell membranes during dehydration
(Robinson 2001). Some fungi may increase the concentration and production of
glycerol and mannitol to maintain turgor pressure (Robinson 2001). Mannitol
appears to play an important role in protecting against water stress and can act as a
cryoprotectant (Weinstein et al. 2000).

Different strains of yeast species (Cryptococcus and Rhodotorula) isolated from
Antarctic ice were able to grow and reproduce when subjected to negative tempera-
tures. The incorporation rate of leucine was evaluated to compare macromolecular
synthesis under liquid and frozen conditions from —5 to —15 °C in these yeasts. All
yeast strains were able to incorporate exogenous leucine in their cellular material.
These results demonstrate that these strains of Cryptococcus and Rhodotorula
remain metabolically active under freezing conditions (Amato et al. 2009). Some
fungi are adapted to conditions of low water availability, high salt concentrations
and low temperatures and can sustain a continuous colonisation on snow and ice
(Gunde-Cimerman et al. 2003). Cold-tolerant yeast possibly use a combination of
various physiological mechanisms for their survival in the cryosphere (Robinson
2001).

6.6 Biotechnological Applications of Fungi Isolated
from Snow and Ice

Microbial communities, including fungi in glacial habitats, appear to be active in
various biogeochemical cycles and can perform metabolic functions involved in the
cycles of C, N and P (Hodson et al. 2007; Telling et al. 2011; Grzesiak et al. 2015).
Yeasts such as Vishniacozyma victoriae (synonymous to Cryptococcus victoriae)
isolated from Antarctic snow can produce different enzymes (amylase, lipase, pro-
tease, cellulase, ligninase and (-galactosidase) at low temperatures. These studies
suggest that microbial communities growing in the snow could potentially modify
the snow chemistry through their metabolic activities (Antony et al. 2016). All iso-
lates of the yeast Mrakia frigida obtained from snow samples from different regions
of Antarctica produced high amounts of intracellular lipids and exhibited active
lipid unsaturation in the fatty acyl chain; these characteristics demonstrate the
potential industrial application of M. frigida in biofuel synthesis at low tempera-
tures (Thomas-Hall et al. 2010).

Sanyal et al. (2018) evaluated the degradation potential of organic carbon dis-
solved in Antarctic cryoconite holes and found that Leucosporidium sp. and
Curvibasidium sp. isolates demonstrated high enzymatic activity and extracellular
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enzymatic diversity at 4 °C with the production of cellulase, ligninase, amylase,
lipase, protease, and f-galactosidase. These results demonstrate that these psychro-
philic fungi have significant potential in biotechnological applications because of
their diverse and high enzymatic activity at low temperatures and, furthermore,
offer economic benefits, such as energy savings in large-scale commercial biopro-
cesses, which would not require the expensive use of reactors (Feller and Gerday
2003).

6.7 Conclusions and Perspectives

Fungi are broadly distributed in the different substrates and ecosystems of
Antarctica. Despite the limited studies on fungal communities in snow and ice
published thus far, the detection of cold-tolerant cosmopolitan and endemic taxa
suggests that both cold substrates, snow and ice, harbour interesting fungal species
living at the edge of life in terms of temperature, low nutrient availability and high
exposure to UV radiation. Collecting core ice samples from Antarctic glaciers usu-
ally involves expensive and difficult logistics to drill and obtain the old glacial ice
fragments. However, with the melting and fragmentation of several glaciers in
Antarctica, especially in the Antarctic Peninsula (Fig. 6.6), many small fragments
have become available in the sea and beaches. These fragmented ice samples can

Fig. 6.6 Fragments of ice released from glaciers in the Antarctica Peninsula. (Photo Credits: LH
Rosa)
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Fig. 6.7 Details of bubbles trapped in fragments of ice collected in Antarctica from glaciers con-
taining atmospheric air of ancient Earth. (Photo Credits: LH Rosa)

be studied as a source of ancient fungi trapped for thousands of years in Antarctica,
and after the ice melts, they become available to be dispersed across and out of
Antarctica.

In addition, glaciologists use samples of old snow and ice to understand the
physico-chemical composition of the atmosphere of the past and associate it to
current global climatic changes. Some old ice samples can reveal past atmospheric
composition and temperatures of the Earth from the gases trapped in the bubbles of
old ice. Consequently, the fungal spores or hyphal fragments trapped in these bub-
bles may be very old as well (Fig. 6.7).

These fungi inhabiting Antarctic snow and ice may represent taxa that lived in
the Earth’s atmosphere thousands of years ago, which might provide information
regarding the microbial compositions of the planet in the past. In addition, fungi
adapted to the extreme conditions of Antarctic snow and ice may exhibit genetic and
biochemical pathways to produce antifreeze compounds, tolerance to low nutrient
availability and photoprotective activity, which can be of significant value in bio-
technological applications.

References

Abyzov SS (1993) Microorganisms in the Antarctic ice. In: Friedmann EI (ed) Antarctic microbi-
ology. Wiley, New York, pp 265-295

Abyzov SS, Mitskevich IN, Poglazova MN, Barkov NI, Lipenkov VY, Bobin NE, Koudryashov
BB, Pashkevich VM (1998) Long-term conservation of viable microorganisms in the ice sheet
of Central Antarctica. In: Richard BH (ed) Instruments, methods, and missions for astrobiology
international society for optics and photonics, San Diego, pp 75-85



144 G. C. A. de Menezes et al.

Abyzov SS, Hoover RB, Imura S, Mitskevich IN, Naganuma T, Poglazova MN, Ivanov MV (2004)
Use of different methods for discovery of ice-entrapped microorganisms in ancient layers of
the Antarctic glacier. Adv Space Res 33:1222-1230

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

Amato P, Doyle S, Christner BC (2009) Macromolecular synthesis by yeasts under frozen condi-
tions. Environ Microbiol 11:589-596

Anesio AM, Laybourn-Parry J (2012) Glaciers and ice sheets as a biome. Trends Ecol Evol
27:219-225

Antony R, Sanyal A, Kapse N, Dhakephalkar PK, Thamban M, Nair S (2016) Microbial commu-
nities associated with Antarctic snow pack and their biogeochemical implications. Microbiol
Res 192:192-202

Bagshaw EA, Tranter M, Fountain AG, Welch K, Basagic HJ, Lyons WB (2013) Do cryoconite
holes have the potential to be significant sources of C, N, and P to downstream depauperate
ecosystems of Taylor Valley, Antarctica? Arct Antarct Alp Res 45:440-454

Bargagli R (2008) Environmental contamination in Antarctic ecosystems. Sci Total Environ
400:212-226

Castiella MC (2014) Caracterizacion dindmica del glaciar Hurd combinando observaciones de
campo y simulaciones numéricas. Dissertation, Polytechnic University of Madrid

Cavicchioli R, Siddiqui KS, Andrews D, Sowers KR (2002) Low-temperature extremophiles and
their applications. Curr Opin Biotechnol 13:253-261

Comiso JC, Kwok R, Martin S, Gordon AL (2011) Variability and trends in sea ice extent and ice
production in the Ross Sea. J] Geophys Res Oceans 116(C4):C04021

Convey P, Bindschadler R, Di Prisco G, Fahrbach E, Gutt J, Hodgson DA, Mayewski PA,
Summerhayes CP, Turner J, Acce Consortium (2009) Antarctic climate change and the envi-
ronment. Antarct Sci 21:541-563

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

Cowan DA, Ramond JB, Makhalanyane TP, De Maayer P (2015) Metagenomics of extreme envi-
ronments. Curr Opin Microbiol 25:97-102

D’Elia T, Veerapaneni R, Rogers SO (2008) Isolation of microbes from Lake Vostok accretion ice.
Appl Environ Microbiol 74:4962-4965

D’Elia T, Veerapaneni R, Theraisnathan V, Rogers SO (2009) Isolation of fungi from Lake Vostok
accretion ice. Mycologia 101:751-763

De Menezes GC, Godinho VM, Porto BA, Gongalves VN, Rosa LH (2017) Antarctomyces pelliz-
ariae sp. nov., a new, endemic, blue, snow resident psychrophilic ascomycete fungus from
Antarctica. Extremophiles 21:259-269

Duman JG, Olsen TM (1993) Thermal hysteresis protein activity in bacteria, fungi, and phyloge-
netically diverse plants. Cryobiology 30:322-328

Eicken H (2003) From the microscopic, to the macroscopic, to the regional scale: growth, micro-
structure and properties of sea ice. In: Thomas DN, Dieckmann GS (eds) Sea ice-an introduc-
tion to its physics, chemistry, biology and geology, vol 25. Blackwell, Oxford, pp 22-81

Elster J, Delmas RJ, Petit JR, Rehdkova K (2007) Composition of microbial communities in aero-
sol, snow and ice samples from remote glaciated areas (Antarctica, Alps, Andes). Biogeosci
Discuss 4:1779-1813

Escobar-Zepeda A, Vera-Ponce de Le6n A, Sanchez-Flores A (2015) The road to metagenomics:
from microbiology to DNA sequencing technologies and bioinformatics. Front Genet 6:348

Ewart KV, Lin Q, Hew CL (1999) Structure, function and evolution of antifreeze proteins. Cell
Mol Life Sci 55:271-283

Feller G, Gerday C (1997) Psychrophilic enzymes: molecular basis of cold adaptation. Cell Mol
Life Sci 53:830-841

Feller G, Gerday C (2003) Psychrophilic enzymes: hot topics in cold adaptation. Nat Rev Microbiol
1:200



6 Fungi in Snow and Glacial Ice of Antarctica 145

Fountain AG, Nylen TH, MacCLUNE KL, Dana GL (2006) Glacier mass balances (1993-2001),
Taylor Valley, McMurdo Dry Valleys, Antarctica. J Glaciol 52:451-462

Gilbert JA, Hill PJ, Dodd CE, Laybourn-Parry J (2004) Demonstration of antifreeze protein activ-
ity in Antarctic lake bacteria. Microbiology 150:171-180

Goodison BE, Brown RD, Crane RG, Alley R, Bales R, Barber D, Barry R, Bentley C, Carrol
T, Cline D, Duguay CR, Flato GM, Hall DK, Harrington R, Kargel J, Kieffer H, Munro S,
Parkinson C, Raup B, Rothrock A, Sharp M (1999) Cryospheric systems. In: King M D (ed)
NASA EOS Science Plan: The State of Science in the EOS Program pp 261-307

Grzesiak J, Zdanowski MK, Gérniak D, Swiatecki A, Aleksandrzak-Piekarczyk T, Szatraj K,
Sasin-Kurowska J, Nieckarz M (2015) Microbial community changes along the Ecology
Glacier ablation zone (King George Island, Antarctica). Polar Biol 38:2069-2083

Gunde-Cimerman N, Sonjak S, Zalar P, Frisvad JC, Diderichsen B, Plemenitas A (2003)
Extremophilic fungi in arctic ice: a relationship between adaptation to low temperature and
water activity. Phys Chemis Earth Parts A/B/C 28:1273-1278

Hassett BT, Gradinger R (2016) Chytrids dominate arctic marine fungal communities. Environ
Microbiol 18:2001-2009

Hodson A, Anesio AM, Ng F, Watson R, Quirk J, Irvine-Fynn T, Dye A, Clark C, McCloy P,
Kohler J, Sattler B (2007) A glacier respires: quantifying the distribution and respiration CO,
flux of cryoconite across an entire Arctic supraglacial ecosystem. J Geophys Res Biogeosci
112(G4):G04S36

Hodson A, Anesio AM,Tranter M, Fountain A, Osborn M, Priscu J, Laybourn-Parry J, Sattler B
(2008) Glacial Ecosystems. Ecol Monogr 78:41-67

Jacobs PH, Taylor HC, Shafer JC (1964) Studies of fungi at Amundsen-Scott IGY South Pole
Base. Arch Dermatol 89:117-123

Knowlton C, Veerapaneni R, D’Elia RSO (2013) Microbial analyses of ancient ice core sections
from Greenland and Antarctica. Biology 2:206-232

Legendre L, Ackley SF, Dieckmann GS, Gulliksen B, Horner R, Hoshiai T, Melnikov IA, Reeburgh
WS, Spindler M, Sullivan CW (1992) Ecology of sea ice biota. Polar Biol 12:429-444

Ma L, Catranis CM, Starmer WT, Rogers SO (1999) Revival and characterization of fungi from
ancient polar ice. Mycologist 13:70-73

Ma LJ, Rogers SO, Catranis CM, Starmer WT (2000) Detection and characterization of ancient
fungi entrapped in glacial ice. Mycologia 1:286-295

Maccario L, Sanguino L, Vogel TM, Larose C (2015) Snow and ice ecosystems: not so extreme.
Res Microbiol 166:782-795

Margesin R, Miteva V (2011) Diversity and ecology of psychrophilic microorganisms. Res
Microbiol 162:346-361

Miteva V (2008) Bacteria in snow and glacier ice. In: Margesin R (ed) Psychrophiles: from biodi-
versity to biotechnology, 2nd edn. Springer, Berlin, pp 31-50

Miteva V, Teacher C, Sowers T, Brenchley J (2009) Comparison of the microbial diversity at dif-
ferent depths of the GISP2 Greenland ice core in relationship to deposition climates. Environ
Microbiol 11:640-656

Mock T, Thomas DN (2005) Recent advances in sea-ice microbiology. Environ Microbiol
7:605-619

Pearce DA, Bridge PD, Hughes KA, Sattler B, Psenner R, Russell NJ (2009) Microorganisms in
the atmosphere over Antarctica. FEMS Microbiol Ecol 69:143-157

Poindexter JS (2009) Low-Nutrient Environments. In: Schaechter M (ed) Encyclopedia of
Microbiology, 3rd Elsevier, San Diego, pp 240-257

Polezhaeva TV, Zaitseva OO, Khudyakov AN, Laptev DS, Golovchenko VV, Gordiyenko EA,
Kuleshova LG (2014) Use of pectic polysaccharides for cryopreservation of biological objects.
Arch Biol Sci 66:1025-1033

Powell MJ, Letcher PM, Chambers JG, Roychoudhury S. (2015) A new genus and family for the
misclassified chytrid, Rhizophlyctis harderi. Mycologia 107:419-431

Price PB (2000) A habitat for psychrophiles in deep Antarctic ice. Proc Natl Acad Sci
97:1247-12451



146 G. C. A. de Menezes et al.

Robinson CH (2001) Cold adaptation in Arctic and Antarctic fungi. New Phytol 151:341-353

Robinson DH, Kolber Z, Sullivan CW (1997) Photophysiology and photoacclimation in surface
sea ice algae from McMurdo Sound, Antarctica. Mar Ecol Prog Ser 147:243-256

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

Sanyal A, Antony R, Samui G, Thamban M (2018) Microbial communities and their potential
for degradation of dissolved organic carbon in cryoconite hole environments of Himalaya and
Antarctica. Microbiol Res 208:32-42

Shtarkman YM, Koger ZA, Edgar R, Veerapaneni RS, D’Elia T, Morris PF, Rogers SO (2013)
Subglacial Lake Vostok (Antarctica) accretion ice contains a diverse set of sequences from
aquatic, marine and sediment-inhabiting bacteria and eukarya. PLoS One 8:67221

Singh SM, Singh PN, Singh SK, Sharma PK (2014) Pigment, fatty acid and extracellular enzyme
analysis of a fungal strain Thelebolus microsporus from Larsemann Hills, Antarctica. Pol Polar
Rec 50:31-36

Telling J, Anesio AM, Tranter M, Irvine-Fynn T, Hodson A, Butler C, Wadham J (2011) Nitrogen
fixation on Arctic glaciers, Svalbard. J Geophys Res Biogeosci 116(G3):1-8

Thomas-Hall S, Watson K (2002) Cryptococcus nyarrowii sp. nov., a basidiomycetous yeast from
Antarctica. Int J Syst Evol Microbiol 52:1033-1038

Thomas-Hall SR, Turchetti B, Buzzini P, Branda E, Boekhout T, Theelen B, Watson K (2010)
Cold-adapted yeasts from Antarctica and the Italian Alps-description of three novel spe-
cies: Mrakia robertii sp. nov., Mrakia blollopis sp. nov. and Mrakiella niccombsii sp. nov.
Extremophiles 14:47-59

Tibbett M, Sanders FE, Cairney JW (1998) The effect of temperature and inorganic phosphorus
supply on growth and acid phosphatase production in arctic and temperate strains of ectomy-
corrhizal Hebeloma spp. in axenic culture. Mycol Res 102(2):129-135

Turchetti B, Buzzini P, Goretti M, Branda E, Diolaiuti G, D’Agata C, Smiraglia C, Vaughan-
Martini A (2008) Psychrophilic yeasts in glacial environments of Alpine glaciers. FEMS
Microbiol Ecol 63:73-83

Vaughan DG, Comiso JC, Allison CJ, Kaser G, Kwok R, Mote P, Murray T, Paul F, Ren J, Rignot
E (2013) Observations: cryosphere. Clim Chang 2103:317-382

Wadhams P, Comiso JC (1992) The ice thickness distribution inferred using remote sensing tech-
niques. In: Carsey FD (ed), Geophysical Monograph Book Series, American Geophysical
Union, Washington DC, pp 375-383

Weinstein RN, Montiel PO, Johnstone K (2000) Influence of growth temperature on lipid and
soluble carbohydrate synthesis by fungi isolated from fellfield soil in the maritime Antarctic.
Mycologia 1:222-229

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

Xiao N, Inaba S, Tojo M, Degawa Y, Fujiu S, Kudoh S, Hoshino T (2010a) Antifreeze activities of
various fungi and Stramenopila isolated from Antarctica. North Am Fungi 5:215-220

Xiao N, Suzuki K, Nishimiya Y, Kondo H, Miura A, Tsuda S, Hoshino T (2010b) Comparison of
functional properties of two fungal antifreeze proteins from Antarctomyces psychrotrophicus
and Typhula ishikariensis. FEBS J 277:394-403

Zwally HJ, Comiso JC, Parkinson CL, Cavalieri DJ, Gloersen P (2002) Variability of Antarctic sea
ice 1979-1998. J Geophys Res Oceans 107:1029-1047



	Chapter 6: Fungi in Snow and Glacial Ice of Antarctica
	6.1 The Antarctic Cryosphere
	6.2 Snow and Glacial Ice as Microbial Habitats
	6.3 Antarctic Sea Ice
	6.4 Methods Used to Study Microbial Communities in Snow and Ice
	6.5 Diversity and Ecology of Fungal Community in Antarctic Snow and Ice
	6.6 Biotechnological Applications of Fungi Isolated from Snow and Ice
	6.7 Conclusions and Perspectives
	References


