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Abstract The diversity and physiological characteristics

of culturable bacteria associated with lichens from different

habitats of the Arctic and Antarctica were investigated. The

68 retrieved isolates could be grouped on the basis of their

16S rRNA gene sequences into 26 phylotypes affiliated with

the phyla Actinobacteria, Bacteroidetes, Deinococcus-

Thermus, and Firmicutes and with the classes Alphaprote-

obacteria, Betaproteobacteria, and Gammaproteobacteria.

Isolates belonging to the Alphaproteobacteria were the most

abundant, followed by those belonging to Actinobacteria,

Betaproteobacteria, Gammaproteobacteria, Bacteroidetes,

Firmicutes, and Deinococcus-Thermus. Phylogenetic ana-

lysis showed that approximately 21 % of the total isolates

represented a potentially novel species or genus (B97 %

sequence similarity). Strains belonging to the genera

Sphingomonas, Frondihabitans, Hymenobacter, and Burk-

holderia were recovered from lichen samples from both

geographic locations, implying common and important

bacterial functions within lichens. Extracellular protease

activities were detected in six isolates, affiliated with

Burkholderia, Frondihabitans, Hymenobacter, Pseudomo-

nas, and Rhodanobacter. Extracellular lipase activities were

detected in 37 isolates of the genera Burkholderia, Deino-

coccus, Frondihabitans, Pseudomonas, Rhodanobacter,

Sphingomonas, and Subtercola. This is the first report on the

culturable bacterial diversity present within lichens from

Arctic and Antarctica and the isolates described herein are

valuable resources to decode the functional and ecological

roles of bacteria within lichens. In addition, the low simi-

larity (B97 %) of the recovered isolates to known species

and their production of cold-active enzymes together sug-

gest that lichens are noteworthy sources of novel bacterial

strains for use in biotechnological applications.

Keywords Lichens � Endophytes � Cultivation � Polar

areas � Cold-adapted enzymes

Introduction

Lichens are a symbiotic microsystem between fungi and

photosynthetic algae or cyanobacteria (Kappen 2000).

Most lichens are extremely tolerant to desiccation, low

temperature surviving for months to years in a state of

cryptobiosis, and UV radiation, because many of their

diverse secondary metabolites act as UV filters (Grube and

Berg 2009). Although the mechanisms by which lichens

tolerate extreme stress have been poorly investigated, it is

generally assumed that it relies on the physiological inte-

gration of the symbionts (Selbmann et al. 2010). As a

successful life strategy for survival under extreme or

unfavorable conditions, lichen symbiosis may partially

explain the wide distribution of lichens in all terrestrial

ecosystems of the planet, including extreme environments

such as polar and alpine areas as well as deserts, and their

ability to colonize a wide range of substrates within these

habitats (Kappen 2000).

Lichens also provide stable microenvironments for

bacterial colonization and the presence of lichen-associated

bacteria as an additional and integral component of lichen

symbiosis has been accordingly proposed (Selbmann et al.
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2010; Bates et al. 2011). In previous studies, high bacterial

diversity and abundance in lichens were revealed by cul-

ture-dependent or culture-independent approaches,

although the bacterial phylogenetic groups that predomi-

nated differed according to the applied methods or lichen

specimens used (Cardinale et al. 2006, 2008; Grube and

Berg 2009; Selbmann et al. 2010; Bates et al. 2011).

Several putative functional roles of bacteria in lichens,

such as nitrogen fixation, defense against lichen pathogens

and feeders, degradation of lichen thalli to facilitate bio-

mass mobilization, and growth-promoting effects by the

production of hormones, have been suggested (Grube and

Berg 2009). However, the functional roles of lichen-asso-

ciated bacteria are still largely unknown.

Microbial strains have been isolated from polar areas

with harsh environments, characterized by low nutrient

concentrations, low temperatures, extreme variability in

day length, and strong solar UV radiation exposure.

Because of their adaptive properties, these strains are

valuable resources in ecological studies and in biotech-

nology applications (Lee et al. 2012). Among the distinct

habitats of polar areas for microbial residence, lichens, as

stable habitats for bacterial colonization, have not been

studied, in contrast to sea ice, permafrost, oceanic water,

and lakes. Since endophytes are considered to be highly

promising, but as yet barely exploited microbial resources

(Wang and Dai 2011), the discovery of novel bacterial

strains from lichens would similarly be of great interest.

Thus, in this study, we present the taxonomic affiliations of

bacterial isolates recovered from Antarctic and Arctic

lichens to gain insights into the nature of the culturable

bacterial diversity within these extreme environments. In

addition, the physiological characteristics of the isolates

were investigated. Our results provide further evidence that

lichens from polar areas provide microniches for novel and

psychrophilic bacterial strains with potential applications

in biotechnology processes.

Materials and methods

Sample collection and sampling sites

Three samples, Usnea sp., Cladonia borealis, and Psoroma

sp., were collected from King George Island, Antarctica,

and six samples, Stereocaulon sp., Cladonia borealis,

Umbilicaria sp., Cetraria sp., Cladonia sp., and Ochrole-

chia sp., from Svalbard Archipelago, in the Arctic Ocean,

all in 2011 (Table 1 and Fig. S1). A chisel was used to

obtain the samples, which were transported at room tem-

perature for 2–3 days to the laboratory in Korea, where

they were preserved at 4 �C until use.

Isolation of bacterial strains

Washing method for isolation of putative endophytic bac-

teria from Antarctic and Artic lichens was different. Ant-

arctic lichens were isolated by immersing the specimens in

1 ml of sterile distilled water in Petri dishes for 1 min and

repeating this step four times (Liba et al. 2006). For Arctic

lichens, the specimens were washed for 10 min in 1 ml of

0.85 % NaCl by vortexing in a Multi-EP tube vortexer

(FinePCR, Gunpo, Korea) followed by centrifugation at

10,000 rpm (Eppendorf, USA) for 5 min, discarding the

supernatant. The process was repeated four times. After the

final wash, the samples were crushed in a TissuLyzer II

containing steel beads (Qiagen, Germany) twice for 2 min.

One hundred microliters of the final suspension was then

spread on R2A (BD, Sparks, MD) solid media for oligo-

trophic bacteria isolation, ISP 4 (BD) solid media for iso-

lation of Actinobacterial strains, and MY (BD) solid media

for fungi and bacteria together. The plates were incubated

at 4 �C for 10–48 days until fungal growth did not disturb

bacterial growth. After the incubation, bacterial colonies

from the agar plates were picked on the basis of their

morphology and subcultured in fresh agar medium three or

Table 1 Lichens used in this study, sampling sites, and number of bacterial isolates recovered from each lichen

Sample information Sampling information Isolation

Sample no. Sample IDa Scientific name Latitude Longitude Locality Bacterial isolates (n)

LYM100206-16 A Usnea sp. 62�14.0630S 58�46.9210W Antarctic 5

LYM100206-36 B Cladonia borealis 62�13.5630S 58�47.0140W Antarctic 10

LYM100206-39 C Psoroma sp. 62�13.5630S 58�47.0140W Antarctic 26

KEH100713-04 D Stereocaulon sp. 78�54.7380N 11�57.2780E Arctic 7

KEH100713-07 E Cladonia borealis 78�54.7260N 11�57.1670E Arctic 7

KEH100713-08 F Umbilicaria sp. 78�54.7200N 11�57.0860E Arctic 4

KEH100713-11 G Cetraria sp. 78�54.7330N 11�57.7840E Arctic 1

KEH100717-01 H Cladonia sp. 78�54.6610N 11�56.6950E Arctic 3

KEH100717-06 I Ochrolechia sp. 78�54.6840N 11�56.9270E Arctic 5

a Sample ID was designated from A to I
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more times, until pure isolates were obtained. Pure cultures

of the bacterial isolates were deposited in the Polar and

Alpine Microbial Collection of the Korea Polar Research

Institute (PAMC, Lee et al. 2012).

Physiological characterization

Cell suspensions were prepared by adding a half-full loop

(5 mm diameter) of cells from the agar plates to 200 ll of

0.85 % NaCl with vigorous shaking using a vortex mixer.

Two hundred microlitre of the suspension was then trans-

ferred to 96-well plates for replica plating. The optimal

growth temperature and the production of extracellular

proteases and lipases were determined according to the

methods of Lee et al. (2012). For the former, cell suspen-

sions were replica plated with a 96-pin replicator

(VP-408B, V&P Scientific, San Diego, CA) and then

incubated for 7 days at 4, 10, 15, 20, 25, 30, or 37 �C.

Growth was evaluated by scoring the size and turbidity of

the colonies, as described by Lee et al. (2012). Protease and

lipase secretion was examined by replica plating of the cell

suspensions onto 0.19 R2A plates supplemented with 1 %

skim milk (BD) or 1 % tributyrate (Sigma, St. Louis, MO),

respectively. Most of the isolates grew well during 7 days

incubation. Thus, the plates were incubated for 7 days at 4,

10, and 20 �C, respectively. Enzyme secretion was scored

based on the ratio of colony size to the width of the clear

zone surrounding the colony.

Identification of bacterial isolates

Bacterial strains were identified based on sequence simi-

larities and phylogenetic analyses of their 16S rRNA gene

sequences. The 16S rRNA gene was PCR-amplified from a

single colony of pure cultures with two universal primers,

27F; 50-AGA GTT TGA TCM TGG CTC AG-30 and

1492R; 50-GGT TAC CTT GTT ACG ACT T-30, as

described by Lane (1991). PCR was carried out using the

method described by Lee et al. (2012). The PCR products

were purified using the LaboPass PCR purification kit

(Cosmogenetech, Seoul, Korea) and sequenced with the

same primers used for amplification. The sequence of the

16S rRNA gene was compared with that of type strains

available in the EzTaxon-e database (Kim et al. 2012) to

find closely related species and to choose reference

sequences for the phylogenetic analyses. Phylogenetic trees

were reconstructed by the neighbor-joining method (Saitou

and Nei 1987) based on the distance matrix generated

according to the Kimura’s two-parameter model (Kimura

1980) and using phydit version 3.2 (http://plaza.snu.ac.kr/

*jchun/phydit/). The confidence level of the tree topology

was evaluated by bootstrap analysis using 1,000 sequence

Table 2 Distribution of bacterial isolates according to lichen

Phylum or class Species namea Bacterial

isolates (n)

Sample

IDb

Actinobacteria Frondihabitans sp. 3 A, B, D

Frondihabitans

sucicola

6 A, B, E

Microbacteriaceae

sp. [1]

1 C

Microbacteriaceae

sp. [2]

3 D

Nakamurella

panacisegetis

1 C

Streptomyces

anulatus

1 C

Subtercola boreus 2 D, E

Bacteroidetes Hymenobacter sp.

[1]

3 C

Hymenobacter sp.

[2]

1 D

Deinococcus-Thermus Deinococcus sp. 1 A

Firmicutes Paenibacillus sp. 2 C

Alphaproteobacteria Acetobacteraceae

sp.

2 B

Aurantimonas sp. 1 A

Methyloferula sp. 1 C

Sphingomonas

glacialis

1 I

Sphingomonas

paucimobilis

3 B

Sphingomonas sp.

[1]

1 A

Sphingomonas sp.

[2]

2 C

Sphingomonas sp.

[3]

5 F, G, I

Sphingomonas sp.

[4]

2 B

Betaproteobacteria Burkholderia

sordidicola

15 C, D, E,

F, H, I

Gammaproteobacteria Pseudomonas sp. 1 F

Psychrobacter sp. 1 B

Rhodanobacter sp.

[1]

1 C

Rhodanobacter sp.

[2]

6 C

Rhodanobacter sp.

[3]

2 C

a Species name was determined when the isolate formed a mono-

phyletic group with reference species and had a 98.5 % or higher

similarity
b Sample represents the lichens from which the bacterial strains were

isolated. Sample ID was coded as follows: A: Usnea sp., B: Cladonia

borealis, C: Psoroma sp., D: Stereocaulon sp., E: Cladonia borealis,

F: Umbilicaria sp., G: Cetraria sp., H: Cladonia sp., and I: Och-

rolechia sp. Specimens A–C were collected from King George Island,

Antarctica, and D–I from Svalbard Archipelago, in the Arctic Ocean
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replications. The species affiliation of a bacterial isolate

was determined when the isolate formed a monophyletic

group with the reference species and the sequence simi-

larity was 98.5 % or higher. The sequences were deposited

NCBI GenBank under the accession numbers KJ606780–

KJ606847.

Results

Identification of the isolates

Sixty-eight bacterial isolates, affiliated with 26 phylotypes

of Actinobacteria, Bacteroidetes, Deinococcus-Thermus,

Firmicutes, Alphaproteobacteria, Betaproteobacteria, and

Gammaproteobacteria, were recovered from nine lichen

samples (Table 2 and Fig. 1). The largest number of iso-

lates and the most diverse genera/families were recovered

from Psoroma sp. collected from Antarctica (26 and 9,

respectively; Tables 1 and 2). The largest group in terms of

the number of genera recovered was the phylum Actino-

bacteria, with five genera/families of bacteria, followed by

Alphaproteobacteria (4) and Gammaproteobacteria (3).

Isolates belonging to Alphaproteobacteria (26.5 %) were

the most abundant, followed by Actinobacteria (25.0 %),

Betaproteobacteria (22.1 %), Gammaproteobacteria

(16.2 %), Bacteroidetes (5.9 %), Firmicutes (2.9 %), and

Deinococcus-Thermus (1.5 %) (Table 2). Forty-four iso-

lates were assigned to the genera Aurantimonas (1), Methy-

loferula (1), Sphingomonas (14), Burkholderia (15),

Pseudomonas (1), Psychrobacter (1), and Rhodanobacter

(9), and the family Acetobacteraceae (2) of Proteobacteria.

Seventeen isolates belonged to the phylum Actinobacteria,

represented by the genera Frondihabitans (9), Nakamurella

(1), Streptomyces (1), and Subtercola (2), and by the family

Microbacteriaceae (4). There were four isolates from the

phylum Bacteroidetes, which was represented by the genus

Hymenobacter. From the genus Paenibacillus of Firmicutes,

two isolates were obtained and from the genus Deinococcus

of Deinococcus-Thermus one isolate. The overall similarity

of the bacterial isolates to the known type strains ranged from

93.7 % to 100 % (Table 3). Fourteen isolates with B 97 %

similarity to 16S rRNA gene sequences of known strains

belonged to the genera Hymenobacter, Paenibacillus, Aur-

antimonas, Methyloferula, and Sphingomonas or to the

families Acetobacteraceae and Microbacteriaceae, indicat-

ing the existence of many candidate novel species.

Bacterial isolates affiliated with Frondihabitans, Hyme-

nobacter, Sphingomonas, and Burkholderia were obtained

from lichen samples from both the Arctic and Antarctica,

while strains of other genera were isolated from lichen

samples only from one or the other location (Table 2). Iso-

lates of Burkholderia were recovered from six of the nine

lichen samples, the exceptions being Cetraria sp. from the

Arctic and Usnea sp. and Cladonia borealis from Antarctica.

Sphingomonas isolates were likewise isolated from six

lichen samples, the exceptions in this case being Stereoca-

ulon sp., Cladonia borealis, and Cladonia sp. from the

Arctic. These results demonstrate the bi-polar distribution of

the bacterial isolates within lichens. Isolates of Frondihab-

itans were commonly recovered from Cladonia borealis

regardless of the lichen’s geographic origin (Table 3).

Physiological characteristics

The growth temperature range of the 58 isolates and their

production of extracellular proteases or lipases were

determined. Most of the isolates (64.7 %) produced yellow,

lemon, orange, pink, or red pigments recognizable with the

unaided eye (Table 3). As the temperature increased from

4 �C to 20 �C, the number of strains able to grow increased

from 22 to 56. Most of the isolates grew well between

10 �C and 20 �C but no strains grew at 37 �C (Fig. 2).

Extracellular protease activities were detected in six

isolates, affiliated with Microbacteriaceae, Hymenobacter,

Burkholderia, Pseudomonas, and Rhodanobacter (Table 3

and Fig. S2a). Three isolates were isolated from the Arctic

lichens Stereocaulon sp. and Umbilicaria sp. and three

from the Antarctic lichen Psoroma sp. Among them,

Pseudomonas sp. PAMC 26590 had extracellular protease

activity at 4 �C. Three isolates had proteolytic activity at

10 �C and five isolates at 20 �C (Table 3 and Fig. S2a).

In contrast to the few extracellular protease producers,

37 isolates showed extracellular lipase activities, 22 iso-

lated from Arctic lichens and 15 from Antarctic lichens

(Table 3). The isolates were mostly affiliated with Burk-

holderia (40.5 %), Sphingomonas (27.0 %), and Frondi-

habitans (18.9 %) but also with Pseudomonas,

Rhodanobacter, Deinococcus, and Subtercola (Table 3 and

Fig. S3). None of the isolates exhibited lytic activity at

4 �C while 29 and 37 isolates showed extracellular lipase

activity at 10 �C and 20 �C, respectively. High extracel-

lular lipase activity (score C3) was determined in 26 iso-

lates (Table 3 and Fig. S2a).

Discussion

In this study, diverse bacterial isolates affiliated with

Actinobacteria, Bacteroidetes, Deinococcus-Thermus, Fir-

micutes, Alphaproteobacteria, Betaproteobacteria, and

Gammaproteobacteria were recovered. The same distinct

bacterial lineages were retrieved from previous studies of

bacterial diversity in lichens (González et al. 2005; Liba

et al. 2006; Cardinale et al. 2008; Bates et al. 2011),

indicating the existence of several ubiquitous taxa across
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lichens. Especially, the predominance of alphaproteobac-

terial bacteria in the lichens has been well known regard-

less of the geographical origin of lichens. However, in

previous studies that applied cultivation methods for bac-

terial community analysis in lichens, the alphaproteobac-

terial groups were poorly represented in the culturable

fraction (Cardinale et al. 2006; Selbmann et al. 2010;

Printzen et al. 2012) whereas bacterial strains belonging to

the Alphaproteobacteria were predominant in our samples.

Our findings are consistent with previous reports in which

molecular techniques such as pyrosequencing and FISH

analysis were used (Cardinale et al. 2008; Bates et al.

2011), in spite of the limitations of traditional culture-

based methods. In addition, many putative novel isolates

with B97 % similarity to 16S rRNA gene sequences of

known strains were recovered from our samples. Thus,

relatively simple cultivation methods can be used to isolate

as-yet-undescribed taxa. These culturable isolates will

likely expand our knowledge of previously unknown

functions and physiologies of bacterial Operational Taxo-

nomic Units (OTUs) detected by molecular techniques.

Some members of the Alphaproteobacteria are known by

their common participation in symbiotic relationships in

lichens (Cardinale et al. 2008; Hodkinson and Lutzoni 2009;

Bates et al. 2011). In addition, nitrogenases are known to be

ubiquitous in alphaproteobacterial bacteria indicating their

participation in the nitrogen fixing (Grube and Berg 2009).

Among the alphaproteobacterial isolates obtained in this

study, 77.8 % belonged to the genus Sphingomonas. They

were isolated from a variety lichens collected from the

Arctic and Antarctica and included 10 strains with extra-

cellular lipase activity. The genus Sphingomonas comprises

plant-associated bacteria, some of which may promote plant

growth and reduce plant diseases (Kim et al. 1998). The

ability of Sphingomonas strains to degrade organic matter or

xenobiotic substances and to fix nitrogen has been described

(Ederer et al. 1997; Copley 2000; Asker et al. 2007; Videira

et al. 2009). That many of the Sphingomonas strains

recovered in this study are extracellular lipase producers and

were isolated from diverse lichen specimens suggests their

involvement in nutrient availability within a lichen, by

contributing to the hydrolysis of major organic compounds.

Colonization by heterotrophic bacteria that produce

enzymes enabling macromolecular degradation may be of

great advantage for lichens exposed to severely restricted

nutrient supplies (Liba et al. 2006).

Besides Sphingomonas, bacterial taxa of Frondihabitans,

Hymenobacter, and Burkholderia were recovered across

lichen samples from both the Arctic and Antarctica, and

most of them produced extracellular lipases. The exception

was strains of Hymenobacter. Members of this genus form

pink to red-pigmented colonies and these pigments may

confer resistance to UV radiation by acting as an UV shieldT
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absorbing maximum in the UV region (Fujii et al. 2010;

Peeters et al. 2011; Singh and Gabani 2011). This property is

particularly beneficial to lichens in polar areas, which are

subjected to intense UV radiation. Strains of Burkholderia

are common colonizers of temperate lichens and are well

known as plant-associated bacteria that fix nitrogen and

promote plant growth (Balandreau et al. 2001; Estrada-De

Los Santos et al. 2001; Reis et al. 2004; Sessitsch et al. 2005;

Selbmann et al. 2010). These known characteristics partially

explain the wide distribution of these bacteria in lichens.

Furthermore, the occurrence of related strains in lichens that

are geographically distinct but nonetheless thrive in cold

environments suggests similar strategies against freezing or

low temperatures (Sheng et al. 2011).

In contrast to those strains with a wide distribution,

strains of the genera Nakamurella, Streptomyces, Deino-

coccus, Paenibacillus, Aurantimonas Methyloferula,

Psychrobacter, Pseudomonas, and Rhodanobacter and of

the family Acetobacteraceae showed lichen-species-spe-

cific colonization, a phenomenon previously reported using

molecular approaches (Cardinale et al. 2008; Grube and

Berg 2009; Bates et al. 2011). Given the limitations of

traditional cultivation methods, we could not elucidate the

lichen species-specificity of lichen-associated bacteria. We

can reasonably propose, however, that lichen-forming

fungi produce diverse secondary metabolites that provide a

selective environment, which in turn determines the phyl-

otypes of the bacterial partners so as to promote survival.

Endophytes secrete extracellular enzymes that contrib-

ute to their colonization and growth (Wang and Dai 2011).

In this study, bacterial isolates of the genera Burkholderia,

Deinococcus, Frondihabitans, Pseudomonas, Rhodanob-

acter, Sphingomonas, and Subtercola produced extracel-

lular proteases and/or lipases. Cold-active enzymes with

high specific activities at low and moderate temperatures

are extremely useful in a broad range of industrial, agri-

cultural, and medical applications (Lee et al. 2012). Thus,

in addition to their ecologically important roles in lichens,

bacterial strains from polar lichens, including those with

low similarity (B97 %), that are able to synthesize and

secrete cold-active enzymes are of biotechnological and

commercial interest, as valuable sources of extracellular

enzymes active at low temperatures.

The culturable fraction of bacteria by no means repre-

sents the complete bacterial diversity. However, as a first

study of the culturable bacteria from Arctic and Antarctic

lichens, the strains obtained in this study, all of them

belonging to previously known major lineages (Actino-

bacteria, Bacteroidetes, Deinococcus-Thermus, Firmi-

cutes, Alphaproteobacteria, and Betaproteobacteria), are

also of interest in attempts to determine the functional and

ecological roles of bacteria that colonize in lichens.

Acknowledgments This research was supported by the Korea Polar

Research Institute (Grants PE11050, PE14020, and PE14080).

References

Asker D, Beppu T, Ueda K (2007) Sphingomonas astaxanthinifaciens

sp. nov., a novel astaxanthin-producing bacterium of the family

Sphingomonadaceae isolated from Misasa, Tottori, Japan. FEMS

Microbiol Lett 273:140–148

Balandreau J, Viallard V, Cournoyer B, Coenye T, Laevens S,

Vandamme P (2001) Burkholderia cepacia genomovar III is a

common plant-associated bacterium. Appl Environ Microbiol

67:982–985

Bates ST, Cropsey GWG, Caporaso JG, Knight R, Fierer N (2011)

Bacterial communities associated with the lichen symbiosis.

Appl Environ Microbiol 77:1309–1314

Cardinale M, Puglia AM, Grube M (2006) Molecular analysis of

lichen-associated bacterial communities. FEMS Microbiol Ecol

57:484–495

Cardinale M, Vieira de Castro J, Müller H, Berg G, Grube M (2008)

In situ analysis of the bacterial community associated with the

reindeer lichen Cladonia arbuscula reveals predominance of

Alphaproteobacteria. FEMS Microbiol Ecol 66:63–71

Copley SD (2000) Evolution of a metabolic pathway for degradation

of a toxic xenobiotic: the patchwork approach. Trends Biochem

Sci 25:261–265

Ederer MM, Crawford RL, Herwig RP, Orser CS (1997) PCP

degradation is mediated by closely related strains of the genus

Sphingomonas. Mol Ecol 6:39–49

Estrada-De Los Santos P, Bustillos-Cristales RO, Caballero-Mellado

J (2001) Burkholderia, a genus rich in plant-associated nitrogen

fixers with wide environmental and geographic distribution.

Appl Environ Microbiol 67:2790–2798

Fujii M, Takano Y, Kojima H, Hoshino T, Tanak R, Fukui M (2010)

Microbial community structure, pigment composition, and

nitrogen source of red snow in Antarctica. Microb Ecol

59:466–475
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