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Abstract Previous studies of fungi in polar environments
have revealed a prevalence of basidiomycetous yeasts in
soil and in subglacial environments of polythermal glaciers.
Ascomycetous yeasts have rarely been reported from
extremely cold natural environments, even though they
are known contaminants of frozen foods. Using media with
low water activity, we have isolated various yeast species
from the subglacial ice of four glaciers from the coastal
Arctic environment of Kongsfjorden, Spitzbergen, includ-
ing Debaryomyces hansenii and Pichia guillermondii, with
counts reaching 10* CFU L™'. Together with the basidio-
mycetes Cryptococcus liquefaciens and Rhodotorula muci-
laginosa, these yeasts represent the stable core of the
subglacial yeast communities. Other glacial ascomycetous
species isolated included Candida parapsilosis and a
putative new species that resembles Candida pseudoru-
gosa. The archiascomycete Protomyces inouyei has seldom
been detected anywhere in the world but was here
recovered from ice in a glacier cave. The glacier meltwater
contained only D. hansenii, whereas the seawater contained
D. hansenii, Debaryomyces maramus, Pichia guilliermon-
dii, what appears to represent a novel species resembling
Candida galli and Metschnikowia bicuspidata. Only P
guilliermondii was isolated from sea ice, while snow/ice in
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the fjord tidal zone included C. parapsilosis, D. hansenii, P.
guilliermondii and Metschnikowia zobellii. All of these
isolated strains were characterized as psychrotolerant and
xero/halotolerant, with the exception of P. inouyei.

Introduction

Large surfaces of the Earth are characterized by persistent,
cold temperatures and are covered by ice. Ice is considered
as a life-preserving medium that can entrap randomly
deposited microbes that may remain viable for a long time.
Recent studies have shown that different types of ice, i.e.
snow, sea ice and accretion and glacial ice, can provide
environments for active microbial life [14, 58]. While
Bacteria and Archaea have been studied in a range of polar
and other cold environments [12, 24], studies into the
occurrence and diversity of fungi have been mainly limited
to frozen Antarctic soils and Siberian permafrost [1, 3, 13,
14, 20, 36, 49-51, 54-57, 60, 73].

Contrary to soils in temperate zones, where filamentous
fungi prevail, polar soil is dominated by basidiomycetous
yeasts [73]. Low numbers of viable basidiomycetous yeasts
have also been isolated from the upper, younger ice-sheet
horizons and surface layers of ice and snow at both of the
poles [1, 13, 14, 49-51, 56, 57]. Recently, large populations
of basidiomycetous yeasts (4x10° CFU L") were discov-
ered by us in Arctic subglacial environments that were
previously considered to be abiotic [10]. However, reports
of the presence of fungi in sea ice remain scarce to date [8].

To our knowledge, ascomycetous yeasts have only been
exceptionally isolated from cold polar regions [2, 25, 69].
This is surprising, as ascomycetous yeasts represent the
main spoilage agents of chilled or frozen foods [16, 63] and
of food preserved with low water activity (ay) [19, 62].
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Given the known adaptive behaviour of many ascomycetes
to low a,, we assumed that various types of ice represent
potential natural habitats also for diverse ascomycetous
yeasts. To evaluate this hypothesis, media with lowered a,,
[9, 38, 39] and incubations at a low temperature were
chosen to provide a selective advantage for the recovery of
xerotolerant culturable yeasts. In this study, we present the
results of the persistent occurrence and diversity of
ascomycetous yeasts from the natural coastal Arctic
environment, a previously unsuspected habitat of this group
of fungi.

Materials and Methods
Sampling Sites and Sample Collection

Kongsfjorden is located at 79°N, 12°E and is one of the
larger fjords on the western coast of Spitsbergen, in the
Svalbard Archipelago. It is 26 km long and 8 km wide and
stretches from ESE to WNW from the Greenland Sea. The
majority of the drainage basin is covered by glaciers, which
calve pieces of glacier ice into the fjord throughout the year.
The annual mean temperature is around —5°C, although the
water is warmer and less salty than the open sea during the
summer. On average, the fjord water temperature is >0°C
by the end of May and 3.8°C at the end of August. The
mean salinity ranges from 34.00 to 35.00 PSU. Lowering of
salinity can occur in summer and near the surface [43].

The glaciers studied were Conwaybreen, Kongsvegen,
austre Lovénbreen and austre Broggerbreen, and they have
polythermal characteristics, and therefore, they mainly
consist of ice at subfreezing temperatures [15]. Melting in
the temperate cores of the glaciers and seasonal inputs of
meltwater from the glacier surfaces provide liquid water at
their base [66]. The unfrozen sediments beneath the glaciers
are entrained into the basal ice where the meltwaters
refreeze beneath the cold-based marginal regions of the
glacier. The ice flow then transports them to the glacier
margins, where they can be easily accessed and aseptically
sampled [10, 66]. Although all of the glaciers studied are
polythermal, austre Broggerbreen is almost entirely cold-
based, and thus, no prolonged interactions between the
meltwaters and the glacier bed occur [41].

Samples from the supra- and subglacial environments
were collected aseptically during the melt season in 2001
(June and August) and in 2003 (September), as previously
described [10, 38]. The subglacial samples included
sediment-rich and overlying clear basal ice. In 2001, 17
samples of basal ice were collected from Conwaybreen (n=
7), Kongsvegen (n=9) and austre Lovénbreen (n=1) coastal
glaciers, while in 2003, eight samples were collected from
Kongsvegen (n=2), austre Lovénbreen (n=4) and inland

glacier austre Broggerbreen (n=2; Fig. 1). In the summer-
time, subglacial meltwater from Kongsvegen glacier was
also sampled directly. Additionally, two samples of subsur-
face ice from cryokarst formations were collected (Fig. 1).
The supraglacial samples comprised four samples of
snow/ice mixtures (austre Lovénbreen, n=1; Kongsvegen,
n=1; austre Broggerbreen, n=2) and nine samples of
seasonal meltwaters on the glacier surfaces (austre Lové-
nbreen, n=1; Kongsvegen, n=7; austre Broggerbreen, n=1;
Fig. 1). In the summertime of 2001 (June and August),
samples of seawater were collected from six different
locations within the fjord: two samples of snow/ice mixture
in the fjord tidal zone, with and without red biofilm, and
samples from sea ice and ponds on its surface (Fig. 1).
Physico-chemical parameters (pH, Na‘, Mg>" and K"
concentrations and total phosphorus content) were determined
for five basal ice samples (originating from Kongsvegen), a
sample of subglacial meltwater and three samples of
seawater, as described by Gunde-Cimerman et al. [38].

Isolation and Preservation of Strains

Ice samples were transported to the laboratory, where they
were processed. The surface layer of ice was aseptically
melted at room temperature and discarded. The remaining
ice was transferred to another sterile container and melted.
The resulting water from this ice melting, directly sampled
glacier meltwater and the seawater were immediately
filtered (Millipore membrane filters; 0.22- and 0.45-um
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Figure 1 Map of the sampling sites at the Kongsfjorden coast
(western  Spitsbergen, Svalbard). /-7 Sampling sites in 2001 of
subglacial ice (/, 2, 4), glacial meltwaters (3), seawater (5a—c), sea
ice (6a—c), and melted snow (7). 8§—/4 Sampling sites in 2003 of
subglacial ice (8, 10, 12), supraglacial samples (9a—b, 11, 13, 14), and
samples of subsurface ice from cryokarst formations (9c)
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pore sizes) in aliquots of up to 100 mL. The membrane
filters were placed on solid media (Table 1), and a drop of
the original sample water was applied onto the membrane
and dispersed with a Drigalski spatula. For each sample and
medium, at least four and up to ten aliquots were filtered in
parallel, and the average numbers of CFU were calculated
[39]. The plates were incubated for up to 14 weeks at 10°C
and 24°C in the first sampling (performed in 2001) and at
4°C, 10°C and 24°C in the second sampling (performed in
2003).

For purification, the plates were examined regularly by
using stercomicroscope until the colonies acquired a
sufficient size to allow discriminating between the types.
A representative of each colony type was recovered, and
the number of colonies of this type estimated. Colonies
were picked up from plates for each sample, medium and
incubation temperature in order to represent the different
proportions of macromorphologies present [10, 38, 46].

The isolated and identified strains are maintained in the
Culture Collection of the National Institute of Chemistry
(MZKI) and in the EX-F Culture Collection of the
Department of Biology, Biotechnical Faculty, University
of Ljubljana, Slovenia.

Cultivation Media

The general purpose isolation and enumeration media used
(Table 1) were DRBC (dichloran Rose Bengal chloramphen-
icol agar; 5.0 gL' peptone, 10.0 gL' glucose, 1.0 gL'
potassium dihydrogen phosphate, 0.5 gL' magnesium sul-
phate, 0.002 gL' dichloran, 0.025 gL' Rose Bengal and
15.0 gL' agar; pH 5.6), MEA (malt extract agar; 20 gL'
glucose, 1 gL' peptone and 20 gL' malt extract; 20 gL
agar) and DGI18 (dichloran 18% glycerol agar; 5.0 gL’
peptone, 10.0 gL' glucose, 1.0 gL' potassium dihydrogen
phosphate, 0.5 gL' magnesium sulphate, 0.002 gL'

dichloran, 220 gL' glycerol and 15.0 gL' agar; pH 5.6),
a medium for the detection of moderate xerophiles. As ice
formation results in little biologically available water,
additionally selective media with high concentrations of salt
or sugar were used (Table 1) to decrease the a,. For
prevention of bacterial growth, chloramphenicol (50 mg L™)
was added to all of the media. The a,, values of the media
were determined using the DECAGON CX-1 Water Activity
System (Campbell Scientific Ltd.; see Table 1).

Identification of Isolates

For the preliminary identification of the isolated yeasts, a
selection of physiological tests were performed, as de-
scribed by Yarrow [74]: urease, Diazonium Blue B colour
reaction, fermentation of glucose, assimilation of inositol
and D-glucuronate as sole carbon sources, assimilation of
nitrate as sole nitrogen source and production of starch-like
compounds. For the micromorphological characterization,
the cultures were grown on cornmeal, malt and acetate agar
at 25°C and examined under phase-contrast optics.

The molecular characterisation of the isolated yeasts
included analyses of the electrophoretic band patterns
following minisatellite-primed polymerase chain reaction
(MSP-PCR) and their identification by determining the
D1/D2 domain sequences of the 26S ribosomal DNA
(rDNA).

For DNA extraction, two loopfuls of MYP (7 gL ™' malt
extract, 0.5 gL yeast extract, 2.5 gL' soytone and 15 gL !
agar) agar-grown cultures were suspended in 500 pL lysis
buffer (50 mmol L™" Tris, 250 mmol L' NaCl, 50 mmol L™
EDTA and 0.3% [w/v] SDS; pH 8), and the equivalent of
1 vol 0of 200 puL 425-600-um sterile glass beads (Sigma) was
added. After vortexing for 3 min, the samples were incubated
for 1 h at 65°C. The suspensions were then centrifuged for
30 min at 4°C. Finally, the collected supernatants were

Table 1 Enumeration and

selective isolation media and Medium w Reference

respective water activity (ay)

values used in this study Dichloran Rose Bengal chloramphenicol agar (DRBC) ~1 [45]
Dichloran 18% glycerol agar (DG18) 0.946 [40]
Malt yeast 10% glucose and 12% NaCl agar (MY 10-12) 0.916 [62]
Malt yeast 20% glucose agar (MY20G) 0.941 [38, 39]
Malt yeast 35% glucose agar (MY35G) 0.915 [38, 39]
Malt yeast 50% glucose agar (MY50G) 0.890 [62]
Malt extract agar (MEA) ~1 [62]
Malt extract 5% NaCl agar (MEAS5NaCl) 0.951 [38, 39]
Malt extract 10% NaCl agar (MEA10NaCl) 0.924 [38, 39]
Malt extract 15% NaCl agar (MEA15NaCl) 0.881 [38, 39]
Malt extract 17% NaCl agar (MEA17NaCl) 0.861 [38, 39]
Malt extract 24% NaCl agar (MEA24NaCl) 0.828 [38, 39]
Malt extract 30% NaCl agar (MEA30NaCl) 0.782 [38, 39]
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diluted 1:750, and 5 pL of each was used directly for the
PCR.

The core sequence of the phage M13 (5GAG GGT GGC
GGT TCT) was used in the MSP-PCR assays [34]. The PCR
reactions were performed in a total volume of 25 uL
containing 1x PCR buffer (Applied Biosystems),
2 mmol L' of each of the four dNTPs (Promega),
0.8 umol L' primer, 10-15 ng genomic DNA and 1 U
Tag DNA polymerase (Applied Biosystems). DNA amplifi-
cation was performed in a Uno II Thermal Cycler (Biometra),
consisting of an initial denaturing step at 95°C for 5 min,
followed by 40 cycles of 45 s at 93°C, 60 s at 50°C and 60 s
at 72°C, with a final extension step of 6 min at 72°C. A
negative control containing sterile distilled water instead of
DNA was included in all of the PCR reactions. The amplified
DNA fragments were separated by electrophoresis in 1.4%
(w/v) agarose gels (Gibco-BRL) using 0.5x TBE (Tris-
borate-EDTA) buffer at 90 V for 3 h. A molecular size
marker, A DNA cleaved with HindIll and ®X174 DNA
cleaved with Haelll (Promega), was included in each gel as
reference. The DNA banding patterns were visualised using a
UV transilluminator, and the images were acquired with the
Chemi Doc system (Bio-Rad). The DNA banding patterns
were analysed using the Image software package.

The NL1 (5GCA TAT CAA TAA GCG GAG GAA
AAG) forward and NL4 (5'TCC TCC GTC TAT TGA TAT
GC) reverse primers were used for the synthesis of
amplicons and for sequencing of the 26S rDNA DI1/D2
domain. Symmetrical amplifications were performed for 36
PCR cycles with denaturation for 1 min at 94°C, annealing for
1 min at 52°C and extension for 2 min at 72°C, with the final
extension for 10 min at 72°C. Both of the strands of the DNAs
compared were sequenced with the Big Dye® Terminator
v.1.1 Cycle sequencing kit (Applied Biosystems) using an
ABI 310 automated sequencer, following the manufacturer's
instructions. For identification, the sequences obtained were
compared with those of all of the known yeast species that
were available in the GenBank database. The GenBank
accession numbers for D1/D2 are listed in Table 2.

Halo/Osmotolerance and Temperature Characteristics
of the Dominant Yeast Species

The morphological characteristics of the most frequently
isolated yeast species were determined. Yeasts were grown at
2°C, 10°C, 25°C, 30°C and 37°C on MEA, MEA with 5%
NaCl and MYG medium (200 gL' glucose, 20 gL ™' malt
extract, 5 gL' yeast extract and 20 gL' agar) with 20%
glucose (MY20G). At 40°C, the strains were grown on GPY
medium (20 gL' glucose, 2.5 gL' peptone, 2.5 gL' yeast
extract and 20 gL' agar) [74]. Selected strains were also
grown at 10°C and 25°C on MEA with 17% NaCl, and on
MYG with 50% glucose.

Multivariate Statistical Analyses

Data were analyzed by means of principal component
analysis. A low-dimension (plane) projection of the data
was displayed to reveal correlation between samples (six
different subglacial ice samples) and variables (the 22
respective yeast species with their average counts per litre).

Results
Characteristics of the Samples

The pH of the water from which the isolates were obtained
varied between 7.1 and 7.4 across all of the samples. The
mean (+SE) cation concentrations for the seawater were
Na', 7,291 (x1,011)mg kg '; K*, 107 (170)mg kg '; and
Mg®*, 1,031 (£172)mg kg '. The mean cation concen-
trations for basal ice were considerably lower: 61 (£91), 38
(223) and 34 (£20)mg kg ', respectively. An increased
phosphorus content (2-3 mg kg ') was detected in basal-
ice-containing sediment, although otherwise, it was under
the detection limit (<1.0 mg kg ).

Identification of the Isolates

A total of 620 yeast isolates were obtained. Most of these were
of basidiomycetous origin, while ascomycetous yeasts repre-
sented ~15% of all of the isolates. The isolates were grouped
on the basis of the selected physiological tests and MSP-PCR
fingerprinting, and representative strains were selected for
sequence analyses of the D1/D2 domain of their 26S rDNA.
The strains showing identical D1/D2 sequences or no more
than two mismatches were considered as belonging to the
same species [30, 47]. When the sequence determined
differed by three or more bases, the strain was considered
to be related to the closest taxon, and so qualified as a “like”,
providing a possible representative of an as yet undescribed
species.

The majority of ascomycetous yeasts identified to the
species or genus levels were assigned to the Hemiascomy-
cetes lineage, Order Saccharomycetales (Table 3) [47].
Within the Debaryomyces/Lodderomyces clade [47], Can-
dida parapsilosis, Pichia guilliermondii, Debaryomyces
hansenii and Debaryomyces maramus were identified. In
the Metschnikowia clade [47], Metschnikowia bicuspidata
and Metschnikowia zobellii were identified.

Sequence analysis of the D1/D2 domains of the 26S
rDNA revealed that the sequences of two strains (MZKI K-
259 and K-269) differed (three and four nucleotides,
respectively) from the type strain of Candida pseudorugosa
and that the sequence of one strain (MZKI K-237) differed
for 11 nucleotides from the type strain of Candida galli.
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Table 2 GenBank accession numbers for D1/D2 domain of the 26S rDNA and ITS sequences are indicated for the strains that were investigated

by sequence analysis

Species Strain designation Isolation source GenBank accession no.
MZKI EX-F
Candida parapsilosis K-215 1514 Brine puddles on sea-ice surface, 2001 EU056280
K-223 1574 Subglacial ice, 2001 EU056281
K-240 1498 Brine puddles on sea-ice surface, 2001 EU056282
1707 Puddles on snow/ice with bacterial biofilm, 2001 EU056283
Candida galli-like (sp. nov.) K-237 1504 Seawater, 2001 EU056284
Candida pseudorugosa-like (sp. nov.) K-259 1555 Subglacial ice, 2001 EU056285
K-269 1567 Subglacial ice, 2001 EU056286
Debaryomyces hansenii K-226 1578 Seawater, 2001 EU056287
K-247 1516 Subglacial ice, 2001 EU056288
K-248 1625 Subglacial ice, 2001 EU056289
K-253 1590 Subglacial ice, 2001 EU056290
D. maramus K-683 1511 Seawater, 2001 EU056291
Metschnikowia bicuspidata K-212 1509 Seawater, 2001 EU056292
M. zobellii K-221 1524 Puddles on snow/ice with bacterial biofilm, 2001 EU056293
Pichia guilliermondii K-225 1576 EU056294
K-229 1662 Subglacial ice, 2001 EU056295
K-242 1491 Subglacial ice, 2001 EU056296
K-250 1496 Seawater, 2001 EU056297
K-252 1580 Subglacial ice, 2001 EU056298
Protomyces inouyei K-475 Ice from glacial cave, Austre Lovénbreen, 2003 EU056299

MZKI Culture Collection of the National Institute of Chemistry, Ljubljana, Slovenia, EX-F" Culture Collection of the Department of Biology,

Ljubljana, Slovenia

Only one representative, Protomyces inouyei, was found to
belong to the “Archiascomycetes” lineage (Protomycetales).

The ratio of basidiomycetous towards ascomycetous
yeasts changed with the a, and the solute used to increase
the osmotic pressure. On media with an a, of ~1.0 (MEA
and DRBC) and on media with a lowered a,, due to the
added glycerol (DG18) or glucose (MY20G, MY35G and
MY50G), basidiomycetous yeasts prevailed (>70%). In
contrast, on media with added NaCl (MY 10-12, MEA10N-
aCl and MEA15NaCl), ascomycetous yeasts dominated
(>50%; Fig. 2). On media with 17% to 30% NaCl added,
no yeasts were recorded after a 14-week incubation (data
not shown).

Halo/Osmotolerance and Temperature Characteristics
of the Dominant Yeast Species

All of the isolated yeasts with the exception of P. inouyei
showed halotolerance, as they were able to grow on the
medium with 10% NaCl added. On medium with 17%
NaCl, only D. hansenii, Pichia guillermondii and C.
parapsilosis were able to grow, although they were not
detected on selective media containing the same salt

@ Springer

concentration. Osmotolerance was demonstrated by growth
on a medium with 50% glucose, and this was observed for
all of the strains tested, with the exception of P. inouyei.

The ascomycetous yeasts isolated showed a broad
temperature range supporting growth. All of the strains
tested were able to grow both at 2°C/10°C and at 25°C/30°
C, with the exception of P. inouyei, which could not grow
at 25°C/30°C. Therefore, these ascomycetous yeasts be-
haved as facultative psyhcrophilic (psychrotolerant). In
agreement, we saw a considerably longer lag phase at the
lower temperatures, as compared to the higher ones. Of all
of the species tested, only D. hansenii was not able to grow
at 37°C, while only P. guillermondii was able to grow at
40°C.

Yeast Abundance and Distribution in the Arctic Coastal
Environments

The abundances and species diversity of basidiomycetous
yeasts isolated from the supra- and subglacial environments
of the four glaciers studied are well documented in Butinar
et al. [9]. They were always recovered in low numbers (up
to 25x10° CFU L") from supraglacial samples, whereas
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their counts increased approximately 15-fold (up to 4x
10° CFU L") in samples from diverse cryokarst formations
[10]. In comparison, the ascomycetous yeasts were absent
in supraglacial samples, although they were detected in
subsurface samples (up to 10° CFU L™).

The counts of basidomycetous yeasts from the subglacial
samples were two orders of magnitude greater when
compared with those recovered from supraglacial samples.
A similar trend was observed for ascomycetous yeasts. The
ratio shifted in favour of ascomycetous yeasts in particular
when the a,, of the media was lowered with NaCl (Fig. 2).
In subglacial ice, the highest mean values recorded for
ascomycetous yeasts (with a maximum around
10* CFU L' Fig. 2) were obtained on media with 5%
NaCl and 20% glucose (>300 CFU L™"). On the remaining
media, with few exceptions, the mean counts remained
below 10> CFU L™ (Fig. 2).

In subglacial ice, D. hansenii and P. guillermondii were
the dominant species (Table 3). They primarily occurred in
Kongsvegen samples (Fig. 3), while the two dominant
basidiomycetous species Cryptococcus liquefaciens and
Rhodotorula mucilaginosa [10] prevailed in samples
originating from austre Lovénbreen and Breggerbreen
glaciers (Fig. 3). In Broggerbreen glacier, no ascomycetous
yeasts were obtained, probably due to its almost entirely
cold base. The highest CFU values for D. hansenii were
obtained on media with 20% glucose and 5% NaCl (up to

50% glucose added. The abundance data were log-transformed by
taking log (CFU L™ '+1), and mean+SD were calculated

10* CFU L"), whereas the P. guilliermondii numbers were
approximately half (up to 7x10° CFU L") on the medium
with 10% NaCl added, at 24°C (Table 3). The other
ascomycetous yeast species appeared less consistently and
with lower counts. C. parapsilosis occurred only in the
Conwaybreen glacier, while the C. pseudorugosa-like
species was detected only in the Kongsvegen glacier
(Table 3 and Fig. 3). Although P guilliermondii was
recovered in high counts from the subglacial ice, surpris-
ingly, glacier meltwater contained only D. hansenii (up to
8x10° CFU L™).

Sea ice bordering the fjord was sampled in the melt
season of June 2001, when its surface was melting, and it
was covered in brine ponds. The CFU of the ascomycetous
yeasts isolated from sea ice did not exceed 84 CFU L'
(Table 3) on media with an a, of ~1.0. Of note, the
numbers for basidiomycetous yeasts (mainly due to
Cryptococcus albidus and R. mucilaginosa) were one order
of magnitude greater (up to 2x10° CFU L') when
compared with their counts obtained in seawater (up to
400 CFU LY. Ascomycetous yeasts were represented
exclusively by P guilliermondii, whilst the diversity of
basidiomycetous yeasts was considerably higher (data not
shown).

In samples of fjord seawater, no ascomycetous yeasts
were detected on the enumeration media (a,>0.946),
although on selective media with lowered a,, their counts
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Table 3 Occurrence of ascomycetous yeast species from Arctic coastal environments, with maximum CFU L' obtained on different media

Snow/ice Sea
in the ice
tidal zone

Yeast Seawater

glacial

Subsurface

Subglacial

Austre Conwaybreen  Kongsvegen

Loveenbreen

Hemiascomycetes
Saccharomycetales

Debaryomyces/

Lodderomyces

clade

Candida 10%
parapsilosis
Debaryomyces

hansenii

125 200¢ 352

48, 160°
45,1207 1305 6.7x10%;  45%  84b
400%; 500° 3.3x

10°®

D. maramus
Pichia
guilliermondii

200¢; 500° 10°"
4x10™ ¢
Metschnikowia
clade
Metschnikowia 56°
bicuspidata
M. zobellii 170*
Candida galli-like  10°

Candida
pseudorugosa-
like
Archiascomycetes
Protomycetales
Protomyces 103"
inouyei

167% 730°

2x10%; 2.5x10%; 3x10° *
4 8.1x10% 1 10% F e

1008; 110% 150;
400°; 5007
570% 5.3x10%°

333°; 400°

20%;100%; 200%; 420%; 3x10°" f;
7x10%8

10%; 408; 400%; 750;10%¢

*DRBC
®DG18
°MEA10NaCl
IMY35G
®MEAS5NaCl
MY20G
EMY10-12
"MEA
MY50G
IMEA15NaCl

were in the range of 5-30 CFU L', with occasional
increases up to 500 CFU L™' on the medium with 5%
NaCl at 10°C (Fig. 2 and Table 3). As in sea ice and in
seawater, P. guilliermondii was present in highest numbers
(500 CFU L"), primarily on the medium with 5% to 10%
NaCl added. However, D. hansenii, D. maramus, C. galli-
like and M. bicuspidata were also isolated from seawater
at higher incubation temperatures (24°C), although spo-
radically and with the last two showing counts below
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60 CFU L' (Table 3). The diversity and counts of the
basidiomycetous yeasts isolated from seawater were lower
than in sea ice, and generally did not exceed 60 CFU L™,
with the exception of R. mucilaginosa (400 CFU L™").
When the mixture of snow/ice in the tidal zone bordering
the fjord was sampled, the counts of ascomycetous yeasts
occasionally increased to 6.7x10> CFU L' (Table 3). In
these ecological niches, C. parapsilosis, D. hansenii, P
guilliermondii and M. zobellii were found (Table 3).
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Figure 3 Principal component
analysis of yeast species (/
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Discussion

Most studies on yeasts have focused on industrially,
agriculturally and medically important species. The com-
plexity of most natural ecosystems in temperate regions
poses difficulties in studying the relationship between biotic
and abiotic parameters. Studies of less complex microbial
communities in polar regions that are very sensitive to
human influence and climatic change may thus fill
important gaps in our knowledge. To date, it has been
recognized that yeasts dominate in the polar desert soils
[69, 71], yeast-like fungi in Antarctic cryptoendolithic
communities [33] and together with mainly 3 Proteobac-
teria, in the subglacial environments of Arctic polythermal
glaciers [10, 31]. For decades, these studies have revealed
the almost exclusive dominance of basidiomycetous yeasts
in the polar environment [1, 10, 28, 44, 54, 70, 72].
Whether as desert soil, permafrost or different ice forms,
the Arctic and Antarctic environments are mainly defined
by their degree of moisture, extreme temperatures and
salinities. These are also the major physico-chemical factors
that influence fungal growth on preserved food, with water
availability probably being the single most important
environmental factor affecting growth in both cases. Only
a handful of food-borne yeast species of ascomycetous
affinity have so far been recognized for their ability to grow

0.2

on low a,, substrates. The main halo/osmotolerant food-
borne yeasts [4, 19, 48, 62] belong to the genera
Debaryomyces (D. hansenii), Issatchenkia (Issatchenkia
orientalis), Pichia (Pichia anomala, P. guillermondii, Pichia
fermentans var. fermentans, Pichia ohmeri and Pichia
sorbitophila), Rhodotorula (Rhodotorula glutinis) and Zygo-
saccharomyces (Zygosaccharomyces bailii, Zygosaccharo-
myces bisporus and Zygosaccharomyces rouxii). Among
these listed genera, only Rhodotorula is not an ascomycete.
Its widespread occurrence in natural environments, such as
the soil, the phylloplane [42], hypersaline waters [9] and
Arctic glaciers [10], is well recorded. In contrast, to the best
of our knowledge, ascomycetous yeasts have hardly ever
been isolated from extremely cold polar regions. Candida
sp., D. hansenii and Torulaspora delbrueckii were reported
from Greenland ice core sections [49, 51, 69, 71], and D.
hansenii and P. guilliermondii from cryopegs [35] and D.
hansenii from Antarctic soil [6]. From other cold habitats,
Candida santamariae [6] was recorded from the Mediterra-
nean glacier Calderone, and Candida famata together with
the new species Wickerhamomyces patagonicus were found
in Patagonian glacial meltwater [22, 23]. Endolythic black
yeasts have been isolated primarily from Antarctic cold
environments [64], while different varieties of the black
yeast Aureobasidium pullulans have been isolated as well
from subglacial ice and glacial melt-waters in Svalbard [75].
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Other sporadic isolates originate primarily from the soil
and seawater and belong to the genera Candida, Clavispora,
Debaryomyces, Dipodascus, Issatchenkia, Nadsonia, Sac-
charomyces, Schizoblastosporion, Sporopachydermia and
Sympodiomyces [7, 69, 71]. It is possible that this deficit
has been a result of inappropriate selective conditions used
to recover the yeasts present in those extreme ecosystems.

Coastal Arctic environments with their particularly diverse
types of ice represent potential ecological habitats for xero/
halotolerant ascomycetous yeasts. As freezing leads to
cellular dehydration due to reduced water absorption, we
used selective media with an a, below 0.95 for their
isolation. On media with added NaCl, the ratio between
ascomycetous and basidiomycetous yeasts increased above
50% (Fig. 2). However, on media with an a,, above 0.95,
basidiomycetous yeasts prevailed (Fig. 2), as reported in
other studies; they constituted ~85% of all identified strains
from subglacial and sea ice samples, and up to 60% in
seawater samples. Although basidiomycetous yeasts are
generally recognized as being more nutritionally versatile
and tolerant to low temperatures than ascomycetous yeasts
[61], these results also reflect the biased approach of most
isolation procedures.

The biodiversity of the basidiomycetous yeasts at the
genus level was similar to what has been previously
reported from cold regions [35, 49, 51, 67, 69]; however,
differences were seen at the species level: C. liguefaciens
and R. mucilaginosa together represented more than 90% of
all of the subglacial basidiomycetous yeasts [10]. Together
with the dominant ascomycetous yeasts D. hansenii and P,
guillermondii, C. liquefaciens and R. mucilaginosa can
probably be considered autochthonous subglacial species.
Sampling of ice from a glacier cave resulted in the isolation
of a rare species, Protomyces inoueyi. The genus Proto-
myces may include up to 60 species [59], and as it is poorly
studied and so far only six strains are available in culture
collections, our finding is of considerable interest for future
ecological investigations.

D. hansenii, with its anamorphic state C. famata, is
known as a salt- and cold-tolerant species, and it is usually
isolated from materials of plant and animal (including
clinical) origin, and from soil and air, in temperate climates.
The species is ubiquitous in the oceans of the world [29];
however, it can also be occasionally isolated from hyper-
saline water in solar salterns [9]. It is a common spoilage
yeast of frozen food, brine-preserved food and other low a,,
products [4, 19]. Despite this wide distribution, reports of
its occurrence in polar regions are scarce. The presence of
D. hansenii has been recorded in Antarctic soils, moss and
littoral mats and mats under ice [2, 55], overcooled brine
cryopegs in permafrost [35], polar waters [7, 49, 51, 69]
and ice from Antarctic glaciers [25]. In all cases, the
isolates were present at very low densities.
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P. guilliermondii was the second most frequent ascomy-
cetous yeasts species in the subglacial ice. It was always
found in association with D. hansenii, both forming a
distinct phylogenetic group [47]. P. guilliermondii is also
widely distributed in nature, as strains of this species are
routinely isolated from exudates of various trees, and from
insects [18, 65], soil, plants [11], the atmosphere and sea
water [26], and it was reported as the most frequently
occurring species in the Adriatic salterns [9]. Moreover, P.
guilliermondii is among the yeasts that are most commonly
related to human disease [46]. Although it is also known as
a food-spoilage yeast of processed and refrigerated food
[27], in the polar regions, P. guilliermondii has only been
reported from permafrost cryopegs [35]. C. parapsilosis,
which was isolated from the subglacial ice of a single
glacier, is also a food-borne halotolerant yeast [16, 63].
Again, it has been frequently isolated from clinical speci-
mens [46], and it has, somewhat surprisingly, been isolated
from solar salterns and from the Dead Sea [9]. This species
has been isolated from the ice tunnel samples, collected at
the Amundsen-Scott IGY South Pole Station [44].

When we compare the distribution of xerotolerance and
opportunistic pathogenicity, both uncommon amongst
fungi, we can surprisingly observe a total overlap at the
ordinal level in the fungal tree of life. Growth at decreased
water activity or opportunistic pathogenicity is in most
cases limited to a few species or a single genus of an order.
Focusing on individual species, we notice, however, that
species exhibiting xerotolerance have never or extremely
rarely been encountered in medical mycology [21].

Thus, at the species level, xerotolerance and pathoge-
nicity seem to be mutually exclusive. It is thus noteworthy,
that R. mucilaginosa, Trichosporon mucoides [10], C.
parapsilosis and P. guilliermondii, all amongst dominant
yeast species isolated from the subglacial environment,
populate as well hypersaline environments, but can also
cause human infections. It seems that only in these yeasts,
cellular mechanisms put in action by xerotolerance are also
promotive for pathogenicity. Several genera of fungi, as
they establish themselves in the mammal host, change from
a longitudinal to a more invasive yeast form. Change into a
more isodiametric shape occurs also as an immediate
response to an increase in osmolarity. Additionally, extra-
cellular glyocoproteins, characteristic for the listed yeasts,
are known to be associated with the ability of binding
water, but they have also been proven to be a major
virulence factor [21]. Another group of fungi showing a
similar dual behaviour are black yeasts. These melanized
polymorphic fungi can be isolated from habitats on the
edge of life, such as bare rock, mosses, the deep sea,
salterns and nuclear power plants, but are also from brains
of healthy humans, particularly genera belonging to
Chaetothyriales [5].
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Viable microorganisms entrapped in subglacial ice can
be released during summer glacial melts, or after the
calving of icebergs into the ocean [49]. The meltwater of
the Kongsvegen glacier almost exclusively contained in
high counts (up to 8x10° CFU L™") D. hansenii, a species
otherwise characteristic of trophic waters [17]. Seawater in
the vicinity of the glacier still contained 200 CFU L™,
decreasing at the exit of Kongsfjorden into the open sea, to
40 CFU L', The related D. maramus was isolated from
seawater with low frequency, suggesting an exogenous
origin, whilst M. bicuspidata and M. zobellii, two known
autochthonous aquatic species [46, 52, 68], were also
present in the fjord seawater in very low numbers, however
probably due to nearing the limit of their realized niche.
The halotolerant species M. bicuspidata [46] has been
isolated from hypersaline waters [9] and the Antarctic
Ocean [29]. Therefore, its presence on seawater bordering
snow/ice is not surprising.

It is generally recognized that the seawater in the polar
regions is dominated by basidiomycetous yeasts [29]. During
the present study, R. mucilaginosa, a known ubiquitous
species, a previously undescribed species of the genus
Cystofilobasidium [10], Cryptococcus victoriae and Filoba-
sidium uniguttulatum were isolated. They probably all
originate from the subglacial environment [10], or soil
[53], and apart from R. mucilaginosa, they have never been
reported from aquatic environments.

During the freezing of seawater, yeasts can become
entrapped in the sea ice, an extreme environment that is
characterized by temperatures ranging from —1°C to —50°C,
and with brine channels with salinities of up to 15% NaCl
[8]. The only report on the presence of fungi in sea ice was
based on the detection of characteristic fungal sequences of
the small subunit of the rRNA gene in DNA extracted from
Antarctic and Arctic sea ice [8]. To our knowledge, the
present report is the first on the isolation of cultivatable
yeasts from sea ice. The majority of basidiomycetous
species fell into the non-pigmented Filobasidium/C. albidus
taxa of the Tremellales [32], while the urediniomycetous
yeasts were represented only by R. mucilaginosa. Besides
basidiomycetous yeasts, P. guilliermondii was the only
ascomycetous species detected, although with lower fre-
quency than the basidiomycetous species. Further inves-
tigations of yeast biodiversity in sea ice are needed to
complement this preliminary data.

Overall, the diversity of ascomycetous yeasts in different
types of ice sampled, from sea ice to glacial ice, was very
limited, although the abundance was higher than previously
reported for any other natural habitat, in particular for D.
hansenii and P. guilliermondii (up to 10* CFU L™").

It seems that the occurrence of yeasts in polar and other
extreme natural environments has been largely underesti-
mated, although these micro-eukaryotes can take up and

transform nutrients very efficiently, and thus serve as a
carbon sink and participate in the short food webs present.
Surprisingly, the deserts, glaciers and salterns may result in
similar environmental and evolutionary pressure on micro-
organisms. Results of this study favour the hypothesis that
fungal adaptation to low a,, can be related to low temper-
atures stress. Freezing, drying and hypersaline stress lead to
cellular dehydration, and can therefore activate common
responses [37]. Cold-, salt- and drought-tolerant fungi may
therefore belong to a limited group of extremophilic species
that share more features and inhabit more extreme environ-
ments than we have imagined so far.
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