
ORIGINAL PAPER

Characterization of yeast and filamentous fungi isolated
from cryoconite holes of Svalbard, Arctic

Purnima Singh • Shiv M. Singh

Received: 7 June 2011 / Revised: 1 September 2011 / Accepted: 2 September 2011 / Published online: 27 September 2011

� Springer-Verlag 2011

Abstract Cryoconite holes have biogeochemical, ecolog-

ical and biotechnological importance. This communication

presents results on culturable psychrophilic yeast and fila-

mentous fungi from cryoconite holes at Midre Lovénbreen

glacier. The identification of these microbes was achieved

through conventional and DNA sequencing techniques.

Effect of temperature, salt and media on growth of the cul-

tures was studied. Measurements on the bioavailability of

nutrients and trace metals were made through different

methods including ICPMS (Inductively Coupled Plasma

Mass Spectrometry). Colony forming unit (CFU) per gram of

sediment sample was calculated to be about 7 9 103

–1.4 9 104 and 4 9 103–1.2 9 104 of yeast and filamentous

fungi, respectively. Based on morphology and sequence data,

these were identified as Cryptococcus gilvescens, Mrakia sp.,

Rhodotorula sp., Phialophora alba and Articulospora te-

tracladia. Amongst these, Phialophora alba, Cryptococcus

gilvescens and Mrakia sp. zhenx-1 are reported for the first

time from Svalbard Arctic, while Rhodotorula sp. (95% gene

similarity) is a new species, yet to be described. Rhodotorula

sp. expressed high amylase, while Cryptococcus gilvescens

showed high lipase activity. Mrakia sp. showed phosphate

solubilization between 4 and 15�C, which is a first record.

Chemical analysis revealed the presence of organic carbon,

nitrogen and phosphorus in substantial amounts in the sedi-

ments. Filamentous fungi and yeast in the cryoconite holes

drive the process of organic macromolecule degradation

through cold-adapted enzyme secretion, thereby assisting in

nutrient cycling in these subglacial environments. Further,

these cold-adapted enzymes may provide an opportunity for

the prospect of biotechnology in Arctic. This is the first report

on mycological investigation into cryoconite holes from

Midre Lovénbreen glacier.
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Introduction

Cryoconite holes are variously shaped, organically rich,

water filled depressions that are distributed over the gla-

ciers and sea ice. They are formed when particulates

present on the surface of the glacier are warmed by solar

radiation and melt into the underlying ice (Christner et al.

2003). They contain a soft, dark coloured granular material,

mostly consisting both organic and inorganic matters. The

organic matter mainly includes algae, cyanobacteria, bac-

teria, fungi and rotifers, while the inorganic matter is a

mixture of minerals and trace elements. During the polar

summers, photosynthesis by algae and cyanobacteria

within the holes provides environment for further coloni-

zation and succession of complex communities. Cryoconite

holes due to their importance in biogeochemistry and

ecology form a thrust area of research for biologists and

glaciologists (Wharton et al. 1985; Takeuchi et al. 2001;

Hodson et al. 2007; Stibal et al. 2009).

Evidence of colonization of Arctic glaciers by psychro-

philic microbes has been recorded (Skidmore et al. 2000,

2005; Mindl et al. 2007). In a recent study, Butinar et al.

(2007) isolated yeast from basal ice layers of high Arctic

glacier of the Svalbard archipelago. However, studies on
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microbial ecology of cryoconite holes are limited (Säwström

et al. 2002, 2007; Anesio et al. 2007, 2009; Hodson et al.

2008). Cyanobacteria and algae of cryoconite holes have

been investigated by Mueller et al. (2001) and Kastovska

et al. (2005). Interactions between bacterial diversity,

microbial activity and supraglacial hydrology of cryoconite

holes in Svalbard have been studied by Edwards et al. (2011).

Studies on the occurrence of filamentous fungi in supraglacial

cryoconite holes and their characterization for extracellular

enzymes remain undescribed so far. In this communication,

the results of a study on the isolation, identification and

characterization of culturable yeasts and filamentous fungi

from supraglacial Arctic cryoconite holes are presented.

Materials and methods

Sampling site

Midre Lovénbreen is a well-known polythermal valley

glacier that is located in Ny-Ålesund (78�550N, 11�560E) on

the west coast of Spitsbergen, Svalbard (Arctic) (Fig. 1a). It

is a well-researched glacier and has a mass balance record

since late 1960 s (Hagen et al. 2003). The mean temperature

of the region in the coldest month (February) is -14�C,

while it is ?5�C in the warmest month (July). Like many

other glaciers, melting of this glacier also occurs due to

incident radiation, leaving the snow cover less than 10% of

the glacier surface at the end of summer. This facilitates the

formation of cryoconite holes all over the snow-free glacier

surface. Cryoconite holes represent about 6% of the glacier

surface with an average of about 12 holes/m2 (Säwström

et al. 2002). Typically, the holes are about 8–30 cm deep

and 5–50 cm in diameter and contain debris of about

0.1–1,000 g (Säwström et al. 2002; Hodson et al. 2007).

The temperature of water in the cryoconite hole was

between 0.2–1.9�C and pH 7.1–8.6 (measured using

Thermo Orion 4Star, USA). Kastovska et al. (2005), how-

ever, has recorded the pH of cryoconite holes as 4.7. The

organic matter in the holes is loose, rounded and brownish-

black in colour (Fig. 1c, d).

Sampling methods

For the present study, four sampling sites were selected

over the glacier at different altitudes, during the Indian

Arctic Expedition 2009. The sampling locations were

designated as G1, G2, G3 and G4 (Fig. 1b) and ranged

from an altitude of 273 m (G1) to 164 m (G4). Samples

were collected from cryoconite holes using a sterile syringe

with a tube, placed in sterile ampules (Himedia) and stored

at low temperature (-20�C) until analyses.

Fig. 1 a A large-scale outline

map, to indicate the regional

context of study sites in the

Arctic, Ny-Ålesund on the coast

of Spitsbergen, b Sampling

locations (filled circle) over

Midre Lovénbreen glacier,

c, d Cryoconite holes
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Sediment analysis

The cryoconite sediments were air dried and crushed gently

using a wooden pestle and mortar. Organic carbon content

was determined by wet digestion method (Walkley and

Black 1934), available/mineralizable N by the method of

Subbiah and Asija (1956) using VAP 30 distillation

apparatus (Gerhardt), available P following Bray and Kurtz

(1945) by extracting NaHCO3 and estimating spectropho-

tometrically. For elemental analyses, the cryoconite sedi-

ments were oven dried at 40�C, digested in HNO3 and HCl,

and 0.5 g of sample was digested in a Teflon vessel at

180�C in Milestone make ‘Ethos’ advanced microwave

digestion system. Elements were determined through

ICPMS (inductively coupled plasma mass spectrometry,

Thermo Scientific ICPMS-X series II) using Merck certi-

PUR ICP multi-element standard solution XXI for MS. All

reagents used were suprapure Merck.

Isolation of yeast and filamentous fungi

One gram (wet weight) of cryoconite sediment was pro-

cessed following the serial dilution method (Waksman

1916) and plated on six different media viz.YPD agar

(yeast extract, 5 g/l; mycological peptone, 5 g/l; dextrose,

10 g/l; pH 6.5; agar, 20 g/l; chloramphenicol, 100 mg/l),

MYP agar (malt extract, 7 g/l; yeast extract, 0.5 g/l;

soytone, 2.5 g/l; agar ,15 g/l; pH 4; chloramphenicol,

100 mg/l), MEA (malt extract agar), PDA (potato dextrose

agar), SDA (Sabouraud dextrose agar) and PCA (potato

carrot agar) (Himedia, Mumbai), by pour plate as well as

spread plate techniques. Viable counts of yeasts and fila-

mentous fungi were measured according to Turchetti et al.

(2008), using Rose Bengal agar (RB) ? tetracycline. Plates

were incubated in triplicates at 5, 10, 15, 20 and 25�C for

2–4 weeks. Plates were periodically examined, emerging

yeast and filamentous fungal colonies counted, purified and

stored at 4�C in MYP agar or PDA agar slants, respec-

tively. Morphological, physiological and biochemical

properties of the yeast isolates were determined as described

by Yarrow (1998). All assimilation tests were performed

twice, and results were scored after 1 and 3 weeks. Mor-

phology of yeast cells and morphotaxonomic characters of

filamentous fungi (Fig. 2a–e) were studied using OLYM-

PUS BX51 and IX71 microscopes (Japan). Extracellular

enzymatic activity for lipase, protease, amylase, pectinase,

catalase and cellulase was determined according to

established procedures (Hankin and Anagnostakis 1975;

Buzzini and Martini 2002). Suspensions of yeast cells

(100 cells/ml) grown for 24–48 h or filamentous fungal

Fig. 2 a Phialophora alba conidia and conidiophores, b Articulospora tetracladia conidia and conidiophores, c Cryptococcus gilvescens
budding cells, d Rhodotorula sp. budding cells and Chlamydospores, e Mrakia sp. budding cells. Scale bar = 100 lm
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spores (106 spores/ml) were used to inoculate the surface

of agar plates using a multipoint inoculation device.

Enzymatic activity was checked after 20 days of incuba-

tion at 4, 10, 15 and 20�C. The activity zones were

qualitatively assessed as ? (0.6–0.8 cm diam.) and

?? (1–1.2 cm diam.). Urease activity was tested on

YNBG (6.7 g/l yeast nitrogen base, 20 g/l glucose), con-

taining 1 g/l urea solution (pH 5.5). Change in colour from

orange to pink was considered positive.

Identification of yeast and filamentous fungi

Identification of yeast was achieved by polyphasic

approach, combining conventional and molecular tech-

niques. Initial identification was carried out based on

morphological characteristics and physiological tests

according to Yarrow (1998). Fungal cultures were identi-

fied on the basis of morphotaxonomy with the help of

standard literature (Ellis 1971, 1976; Barnett 1960; Barron

1977; Carmichael et al. 1980; Kirk et al. 2008). Strains

with identical morphological and physiological character-

istics were grouped together, and a representative strain of

each group was subjected to sequence analysis of D1/D2

region of the rDNA gene. BLAST search was carried out

with all fungal sequences available in the NCBI database

(http://www.ncbi.nlm.nih.gov/BLAST/). Pure cultures

were deposited at the National Fungal Culture Collection

of India (NFCCI-WDCM 932) Pune, India.

DNA extraction and rRNA gene sequence analysis

Total DNA extraction was performed according to Libkind

et al. (2003) with modifications. Two loopful of cultures

grown on MYP agar were suspended in eppendorf tubes

containing 500 ll of lysis buffer [20 mM Tris, 250 mM

NaCl, 50 mM EDTA, 0.3% SDS, pH 8] and 200 ll of

425–600 mm glass beads. The content was vortexed for

3 min, incubated for 1 h at 65�C, re-vortexed for 3 min and

centrifuged for 30 min at 52009g. The supernatants were

collected and diluted. For PCR amplification, 5 ml of

diluted sample was used. The leftover supernatants were

preserved at -20�C. PCR amplification of the DNA was

done using ITS5 (50-CGC AGT AAA AGT CGT AAC

AAG G-30) and LR6 (50-CGC CAG TTC TGC TTA CC-30)
primers as described by Libkind et al. (2003). Sequencing

of the D1/D2 region of the 26S ribosomal subunit was

performed directly from purified PCR products using ABI

Sequencer.

Growth characteristics of yeast and filamentous fungi

An experiment was carried out to assess the influence of

temperature on growth of the isolated strains. In order to

determine minimum and maximum growth temperatures,

all the 83 isolates were tested for the ability to grow at

different temperatures (5, 10, 15, 20, 25 and 30�C) on MYP

agar, YPD agar, PDA for yeast and PDA, MEA, SDA and

PCA for filamentous fungi. The plates were inoculated with

a suspension of yeast cells grown for 24–48 h and well

sporulated cultures of filamentous fungi. Growth was

monitored visually for 20 days on a daily basis. Salt toler-

ance in the isolates was measured by growing the cultures at

various concentrations of salt ranging from 1 to 5 M.

Statistical analysis

In order to compare fungal diversity within the four localities

following software’s were used: Shannon-Wiener Diversity

Index/Shannon Entropy Calculator (http://www.changbio

science.com/genetics/shannon.html), Online Calculation

(http://www2.biology.ualberta.ca/jbrzusto/rarefact.php) and

Past software (Hammer et al. 2001).

Results

The average water content in the cryoconite sediments was

found to be between 67.16–79.01%, and organic carbon

content was between 1.07 and 1.86% per dry sediment.

Certain key trace nutrients such as nitrogen, phosphate,

calcium and magnesium were detected in the samples in

varying amounts. The details of physical and chemical

characteristics of cryoconite sediments are presented in

Table 1.

A total of 43 yeast and 40 filamentous fungal strains,

with viable counts ranging between 7 9 103–1.4 9 104

and 4 9 103–1.2 9 104, respectively, were isolated and

purified from the four cryoconite sediment samples (G1,

G2, G3 and G4) (Table 2). Phialophora alba occurred in

all four studied sampling sites. Simpson’s and Shannon’s

diversity index (H0) showed the diversity of G-4 to be the

highest and that of G-1 to be the lowest as compared to the

rest of sampling points (Table 3). Based on morphological,

physiological and biochemical characteristics, the isolates

were categorized into five groups (three yeast and two

filamentous fungi). BLAST analysis based on sequence

data of D1/D2 domain of 26S rDNA helped to identify the

nearest phylogenetic neighbours (99% similarity in their

D1/D2 sequence) (Table 4). Based on phylogenetic

neighbours, the representative strains were identified as

Cryptococcus gilvescens (99% AF181547.1), Mrakia sp.

zhenx-1 (99% EU680778.1), Rhodotorula sp. (95%

FN400942.1), Phialophora alba (99% AB100618.1) and

Articulospora tetracladia (100% EU998921.1) (Figs. 3, 4).

Identification of isolates based on ITS/D1/D2 region of 28S

rDNA sequences similarity (%) obtained in this study is
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shown in Table 4. Strains differed from the closest related

type strain by two or fewer nucleotides in the D1/D2 region

and were considered to be the same species. Among the

identified representative strains, three are presumably new

species, viz. Rhodotorula sp. (CCP-II) showed 20 nucleo-

tide substitutions compared to closest neighbour

Rhodotorula sp. (FN400942.1), Mrakia sp. (CCP-III-WY)

showed 3 nucleotide substitutions when compared to the

closest sequence Mrakia sp. (EU680778.1) which has not

yet been validly described. Isolate CCP-I showed the

closest identity to Phialophora alba (AB 100618.1) with 3

nucleotide substitution.

Table 1 Physical and chemical properties of cryconite sediments collected from Midre Lovénbreen glacier, Ny-Ålesund, Arctic

Locality No. G-1 G-2 G-3 G-4

GPS Location and

elevation

7852.815 N 1202.404 E

273 m a.s.l.

7853.006 N 1202.610 E

242 m a.s.l.

7853.197 N 1202.940 E

205 m a.s.l.

7853.670 N 1150.770 E

164 m a.s.l.

Temperature (�C) 0.8 0.8 1 1.9

pH 8.6 8.6 8.5 7.1

Organic carbon % 1.07 1.86 1.77 1.32

NO3–N (ppm) 44.13 44.83 44.48 50.43

Mineralizable N (ppm) 270.67 284.12 327.27 308.22

P (ppm) 436 348 349 392

Ca (ppm) 510 560 560 460

Mg (ppm) 9,930 9,680 10,055 9,430

Mn (ppm) 320.39 362.09 373.89 380.79

Fe (ppm) 28,182.89 30,440 32,412.89 31,492.89

Cu (ppm) 38.99 42.83 43.98 40.06

Zn (ppm) 155.47 142.07 150.97 132.67

Li (ppm) 30.68 33.23 32.83 32.89

Be (ppm) 1.96 2.16 2.44 2.07

Al (ppm) 38,599.75 42,629.75 41,759.75 42,869.75

V (ppm) 79.99 90.45 84.23 87.84

Cr (ppm) 52.37 58.76 60.68 59.57

Co (ppm) 15.68 16.65 17.86 16.74

Ni (ppm) 38.56 68.56 42.17 40.89

Ga (ppm) 19.49 21.03 19.07 24.1

As (ppm) 14.22 13.73 12.05 11.01

Se (ppb) 2,557 2,943 2,346 1,866

Rb (ppm) 86.43 92.67 92.72 91.36

Sr (ppm) 32.09 28.27 27.16 26.45

Cd (ppb) 65.04 84.75 1,919.55 48.04

In (ppb) 97.29 120.19 73.03 58.73

Cs (ppb) 6.03 6.45 6.5 6.42

Pb (ppm) 73.87 85.07 57.17 49.86

Bi (ppb) 1,031.85 1,224.85 777.75 548.35

U (ppb) 2,823.45 2,882.45 2,895.45 2,672.45

Table 2 Fungal count (CFU/g) in cryoconite sediments, from Midre Lovénbreen glacier, Ny-Ålesund, Arctic

Locality no. Mycelial fungi Yeast No. of isolates Isolate code

CFU No. of isolates CFU Total no. of isolates

G-1 4 9 103 04 1.1 9 104 11 15 CCP-I, CCPOY

G-2 1.2 9 104 12 1.4 9 104 13 25 CCP-I, CCPWY, CCP-II

G-3 1.2 9 104 12 1.2 9 104 12 24 CCP-I, CCPII, CCPWY

G-4 1.2 9 104 12 7 9 103 07 19 CCP-I, CCP-WY, CCP-V, CCP-OY
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The extracellular enzymatic activity of the strains is

listed in Table 5. Almost all tested strains showed at least

one extracellular enzyme activity. Lipase activity (hydro-

lysis of tributyrin/Tween-80) was the most widely

expressed extracellular enzyme among the cultures tested.

Almost all strains showed the ability to hydrolyse at least

one of the two lipophilic substrates, regardless of the

temperature at which it was tested. Mrakia sp. (CCP-III-

WY) was the only isolate that exhibited phosphate solu-

bilizing ability at 4 and 10�C. Rhodotorula sp. (CCP-II)

expressed good amylase activity at 10 and 15�C. All yeast

strains expressed catalase activity at 10�C. Extra cellular

pectinase activity was seen in Mrakia sp. (CCP-III-WY),

while extracellular cellulase activity was seen only in

Phialophora alba (CCP-I), at 15�C.

Effect of temperature variation on growth of cultures

showed that all filamentous fungal strains were able to

grow at temperatures below 20�C but not at or above 25�C.

Growth rate of cultures at 20�C was slow as compared to

the lower temperatures. The yeast strains grew luxuriantly

at 10 and 15�C but did not grow above 20�C. The optimum

Table 3 Diversity indices for the isolates from cryconite sediments

from Midre Lovénbreen glacier Ny-Ålesund, Svalbard, Arctic

G-1 G-2 G-3 G-4

Distinct Taxa 2 3 3 4

Individuals 15 25 24 19

Shannon_H 0.5799 1.051 1.04 1.312

Simpson_1-D 0.3911 0.6336 0.625 0.7091

Table 4 Identification of isolates based on Morphotaxonomical and ITS/D1/D2 region of 28SrDNA sequences similarity (%)

Isolate code Identification by Morphotaxonomical/18SrDNA gene sequences similarity (%)

*CCP-I Phialophora alba J.F.H. Beyma 99% AB100618.1 Phialophora alba, strain: IFM 51363

*CCP-III-OY Cryptococcus gilvescens Chernov & Babeva 99% AF18157.1 Cryptococcus gilvescens

*CCP-III-WY Mrakia sp. 99% EU680778.1 Mrakia sp. zhenx-1

**CCP-II Rhodotorula sp. 95% FN400942.1 Rhodotorula sp. KBP 3844

CCP-V Articulospora tetracladia Ingold 100% EU998921.1 Articulospora tetracladia strain CCM-F-113

* New to the Svalbard; ** New to the science

Fig. 3 Phylogenetic tree

constructed according to

maximum parsimony method

using D1/D2 domain of 26S

rRNA gene sequence showing

relationship of Cryptococcus,

Mrakia and Rhodotorula yeast

strains from Arctic. Candida sp.

was used as out group.

Bootstrap value for 1,000

replication is given in the

branch nodes. The figures in

parenthesis refer to the

accession numbers of the D1/D2

domin of the 26 S rRNA gene of

the various yeasts obtained from

GeneBank
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temperature for growth of Cryptococcus gilvescens (dry

biomass wt. 1.2 g/l) and Rhodotorula sp. (dry bio mass wt.

2.3 g/l) was 15�C while that of Mrakia sp. (dry bio mass

wt.1.5 g/l) was 10�C, after 30 days of incubation in YMP

broth. The effect of growth medium and temperatures are

shown in Fig. 5. The optimum temperature for growth of

filamentous fungi Phialophora alba was 20�C (colony

diam. 3.0 mm) while that of Articulospora tetracladia was

15�C (colony diam. 3.5 mm) on PCA medium. Of the four

different media tested all showed good growth, but the

luxuriant growth and sporulation were observed on potato

carrot agar medium. Salt tolerance studies showed that the

cultures showed varying response. Mrakia sp. was the

highest salt-tolerant culture (3.5 M), while Phialophora

alba (1 M) was the least tolerant (Table 5).

Discussion

Although microbial populations of the supra and subglacial

habitats of Midre Lovénbreen glacier have been studied

in the past (Kastovska et al. 2005; Hodson et al. 2008;

Säwström et al. 2002, 2007), mycological investigation

into the cryoconite holes have not been carried out so far.

The viable cell count made in the present study showed that

the cryoconite holes at higher latitudes (G1) support more

yeast species than fungi. The number decreased as one

move down the glacier. At the lowermost point (G4),

filamentous fungi were more abundant than the yeast. This

could be likely because the temperature at higher altitudes

is lower than the downstream of the glacier and yeast rather

than filamentous fungi prefer lower temperatures. This is in

agreement with Gostinĉar et al. (2006) and Butinar et al.

(2007) who described the evolution of yeast and yeast-like

fungal populations in the basal Arctic ice.

Taxonomic studies based on morphology and sequence

data showed the presence of Cryptococcus gilvescens,

Mrakia sp., Rhodotorula sp., Phialophora alba and Artic-

ulospora tetracladia from the cryoconite sediments. Spe-

cies of C. gilvescens, Mrakia sp. and Rhodotorula sp. have

been reported previously from glacier sediments of Alpine

region (Turchetti et al. 2008). Taxonomic identification

based on sequence data was following the study by Fell

et al. (2000), who suggested that strains that differed from

the closest related type strain by two or fewer nucleotides

in the D1/D2 region are the same species. Simpson’s and

Shannon’s diversity index (H0) showed that the diversity at

higher altitudes of the glacier was less and increased

downstream as observed at G-4 (Table 3).

Fig. 4 Phylogenetic tree constructed according to maximum parsi-

mony method using D1/D2 domain of 26S rRNA gene sequence

showing relationship in filamentous fungi Phialophora and Articu-
lospora strains from Arctic. Acrophialophora nainana was used as

out group. Bootstrap value for 1,000 replication is given in the branch

nodes. The figures in parenthesis refer to the accession numbers of the

D1/D2 domain of the 26 S rRNA gene of the various strains obtained

from GeneBank

Fig. 5 Growth of filamentous

fungi at different temperature on

different media after 30 days.

(SDA, Sabouraud dextrose agar;

CMA, corn carrot agar; PCA,

potato carrot agar; PDA, potato

dextrose agar; CCP-I,

Phialophora alba; CCP-II,

Rhodotorula sp.; CCP-III,

Cryptococcus gilvescens and

Mrakia sp.; CCP-V,

Articulospora tetracladia)
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Chemical analysis of cryoconite sediments revealed the

presence of organic carbon, nitrogen and phosphorus in

substantial amounts that may support the growth and

activity in the sediments. Similar nutrient presence was

observed in the subglacial sediments by Sharp et al. (1999),

Foght et al. (2004) and Turchetti et al. (2008). From the

soil data and from the observations related to fungal

diversity, it is evident that fungi prefer to grow and pro-

liferate in organic soils as compared to ahumic soils.

Similar observations have also been made by Stonehouse

(1989).

Presence of heterotrophic organisms like filamentous

fungi and yeasts in the cryoconite holes drives the process

of degradation of organic macromolecules through the

secretion of extracellular hydrolytic cold-adapted enzymes

and thus assists in nutrient cycling in subglacial environ-

ments. Evidence of cold-adaptation in the cryoconite iso-

lates is evident from the fact that these isolates do not

survive above 20�C (Table 4). Exhibition of cold-adapted

extracellular enzymatic activity further confirms this

observation.

Though cold-active enzymes such as amylases, cata-

lases, cellulases, invertase, lactase, lipases, pectinases and

proteases produced by Arctic fungal strains find potential

applications in food, medicine and detergent industries, as

of now only catalase (Fiedurek et al. 2003) and invertase

(Skowronek et al. 2003) have been recorded from Spits-

bergen fungi. Extreme habitats as cryoconites holes are,

therefore, unique for further exploration to understand the

molecular adaptations of these microbes and their bio-

technological potentials.
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