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Abstract

A previously uncultured cyanobacterium, strain KNUA009, was axenically

isolated from a meltwater stream on Barton Peninsula, King George Island,

South Shetland Islands, Antarctica. Molecular evidences showed that the

isolate belongs to groups of globally distributed cryosphere cyanobacterial

clones and this new isolate represents the first laboratory culture to be assigned

to these groups. Strain KNUA009 was able to thrive at low temperatures

ranging between 58C and 208C, but did not survive at temperatures of 258C
and above. As the isolate morphologically resembled Oscillatoria species, it is

suggested that this cyanobacterium may represent a new species clade with

cold resistance within the genus Oscillatoria.

Cyanobacteria are distributed in a wide variety of envi-

ronmental niches playing an indispensable role in global

carbon and nitrogen cycles. Due to their remarkable

tolerance to a great range of environmental conditions,

cyanobacteria are abundant in almost every conceiv-

able environment, including polar and alpine habitats

(Whitton & Potts 2000; Vincent 2007). It is therefore not

surprising that cyanobacterial accumulations have been

routinely observed in the cryosphere as the dominant

phototrophs contributing a major component of the

total ecosystem biomass (Vincent 1988; Broady 1996;

Wynn-Williams 1996). This dominance is probably ac-

counted for their high tolerance for the extreme condi-

tions such as freeze�thaw cycles, UV radiation and large

variations in nutrients.

Accordingly, high-altitude and high-latitude cyanobac-

teria are of special interest and several studies have

focused on the cyanobacterial diversity of microbial mats

in polar lakes and ponds based on both morphological

and molecular approaches (Tang et al. 1997; Nadeau

et al. 2001; Taton et al. 2006). Even though recent

culture-independent molecular techniques have success-

fully been applied for assessing cyanobacterial diversity

in the Antarctic ecosystems (Taton et al. 2003; Wood

et al. 2008), the isolation and characterization of cyano-

bacterial strains still remain extremely important for

many fields of research. Furthermore, the numbers of

Antarctic cyanobacterial strains in culture collections and

molecular data in public databases available are still very

limited. Hence, polyphasic studies of culturable Antarctic

cyanobacteria may allow for a better understanding

of cyanobacterial diversity and physiology as well as

enabling the biotechnological potential of these organ-

isms to be exploited.

In this study, we have obtained an axenic culture of

globally distributed but previously uncultured cyanobac-

terium from a temporal meltwater from King George

Island, South Shetland Islands, West Antarctica.

Materials and methods

Sample collection and cyanobacterial isolation

Cyanobacterial mat samples were collected from a shal-

low ephemeral freshwater near King Sejong Station

(628 13?S�588 47?W) located on Barton Peninsula,

King George Island, West Antarctica, in January 2010.
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Aliquots (1 ml) of mat samples were inoculated into

100 ml BG-11 medium (Rippka et al. 1979) containing

250 mg cycloheximide ml�1 (Sigma, St. Louis, MO, USA)

and incubated at 158C with cool fluorescent light

(approximately 70 mmole m�2 sec�1) in a light:dark

cycle (16:8 h) until growth was apparent. Well-grown

cyanobacterial cultures (1.5 ml) were centrifuged and

streaked onto BG-11 agar. Emerging cyanobacterial fila-

ments were then aseptically transferred to fresh BG-11

plates to separate cyanobacteria from contaminating

bacteria. Cyanobacterial filaments were then streaked

onto R2A and LB agar plates (Becton, Dickinson and Co.,

Sparks, MD, USA) and incubated for 14 days in the dark

to check the axenic status of the culture. These steps

were repeated until a pure culture of the cyanobacterium

was obtained and the resulting pure culture was named

as KNUA009 and the isolate was deposited at the Korean

Collection for Type Cultures under the accession number

KCTC AG40019.

Morphological and molecular identification

Strain KNUA009 was grown in BG-11 medium for 10

days at 158C. Live cells were harvested and suspended in a

drop of immersion oil and inspected at 1000� magnifica-

tion on a Zeiss light microscope equipped with differen-

tial interference contrast optics (Carl Zeiss, Standort

Göttingen, Vertrieb, Germany). Bergey’s manual of systema-

tic bacteriology (Castenholz 2001) was used for taxonomic

description and morphotypic identification. For 16S rRNA

gene sequence analysis, DNA was extracted by using

DNeasy plant mini kit (Qiagen, Hilden, Germany) and

polymerase chain reaction (PCR) conditions and the

primer sets, CYA106F, CYA781R(a) and CYA781R(b),

were used as described by Nübel et al. (1997). Due to

the highly conserved nature of the 16S rRNA gene, two

other genetic markers, the ribosomal 16S�23S intergenic

spacer (ITS) region and region RuBisCO (ribulose-1,5-

bisphosphate carboxylase/oxygenase) rbcLX, were em-

ployed. The ribosomal 16S�23S ITS region was evaluated

using primers, 16S1407F and 23S30R (Taton et al. 2003).

Region RuBisCO rbcLX was also amplified with primers,

CW and CX, described by Rudi et al. (1998). Phylogenetic

analysis was performed using the software package

MEGA version 4.0 (Tamura et al. 2007) using the

neighbour-joining method (Saitou & Nei 1987) with

1000 bootstrap replicates (Felsenstein 1985).

Physiological tests

A 10-day-old seed culture of strain KNUA009 (1 ml) was

inoculated into BG-11 medium in triplicate and incubated

for 20 days. Survival and growth of KNUA009 were

examined at 5�308C (at intervals of 58C) to identify the

optimum growth temperature of the culture. Acidity

tolerance tests were performed at 158C ranging from

pH 2.0 to 13.0 (at intervals of pH 1.0 unit). A carbon

utilization test was carried out using glucose, sucrose,

fructose, ribose, sodium acetate, glycerol and glycolic acid

as described by Lambert & Stevens (1986) and Miura &

Yokota (2006). The cell biomass was separated from the

bottom of the flask and thoroughly mixed by pipetting

and samples taken from each time point were homo-

genized by sonification for 15 s on an ultrasonic cell

disruptor (Model 550, Fisher Scientific, Pittsburgh, PA,

USA). Cyanobacterial density was determined by measur-

ing the turbidity of a culture at 750 nm on an Optimizer

2120UV spectrophotometer (Mecasys, Daejeon, South

Korea).

Chemotaxonomic characterization

Fatty acid methyl esters were extracted from strain

KNUA009 according to the standard protocol by Sasser

Table 1 Results from BLAST searches using 16S rRNA gene, intergenic spacer (ITS) and rbcLX sequences of strain KNUA009.

Marker gene Accession number Length (bp) Closest match (GenBank accession number) Overlap (%)

Sequence

similarity (%)

16S rRNA HQ201392 662

Cyanobacterium enrichment culture clone 5_10_5.3.5_H04-T7

(JQ310327)a

100 100

Cyanobacterium enrichment culture clone 5_10_5.4.8_D05-T7

(JQ310310)a

100 100

Cyanobacterium cCLA-4 (HQ230226)b 100 90

ITS HQ201393 670
Uncultured Antarctic cyanobacterium clone N184-8 (EU032395)c 100 99

Leptolyngbya sp. GSE-PSE30-01B (HM018675)d 65 87

rbcLX HQ201394 939 Uncultured bacterium clone ORU13 (X57359) 28 84

aIsolated from a freshwater sample, Byers Peninsula, Antarctica (Kleinteich et al. 2012).
bThe closest cultured relative of strain KNUA009 based on 16S rRNA gene sequence data isolated from Char Lake, Ellesmere Island, Canada (Harding et al. 2011).
cIsolated from a surface soil sample, Miers Valley, East Antarctica.
dThe closest cultured organism for strain KNUA009 based on ITS sequence data.
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(1990) and the fatty acid composition was determined by

GC/MS (Jeol JMS700 mass spectrometer equipped with

an Agilent 6890N GC, Agilent Technologies, Palo Alto,

CA, USA) at Daegu Center, Korean Basic Science

Institute. Peak identification and compound assignment

were performed based on the electron impact mass

Fig. 1 The phylogenetic relationship of strain KNUA009 and its closely related species inferred from partial 16S rRNA gene sequence data. The type

species of the genus Oscillatoria, Oscillatoria princeps Gomont NIVA CYA 150 (Suda et al. 2002) and four reference strains representing Oscillatoria

(Castenholz 2001), Oscillatoria sancta PCC7515 (Cluster 1), Oscillatoria nigro-viridis PCC7112 (Cluster 2), Oscillatoria acuminata PCC6304 (Cluster 3)

and Oscillatoria formosa PCC 6407 (Cluster 4) were included in the tree. Oscillatoria agardhii Gomont 1892 (Cluster 5) was excluded since it is now

assigned to the genus Planktothrix as Planktothrix agardhii (Anagnostidis & Komárek 1988). Chloroflexus aurantiacus J-10-fl was used as outgroup.

Bootstrap values are shown at each node. The scale bar represents a 1% difference in nucleotide sequences. Isolation source: aWard Hunt Lake,

Nunavut, Canada; bIceland; cByers Peninsula, Antarctica; dFildes Peninsula, Antarctica; eThe Kuytun Glacier 51, Tianshan Mountains, China; fMarkham

Ice Shelf, Canada; gOnyx River, Wright Valley, Victoria Land, East Antarctica; hThe Annapurna Range, Nepal; iLlong, the Pyrenees, Spain; jSupraglacial

stream water, Antarctica; kBogota River, Colombia; lWesterhoefer Creek, Harz Mountains, Germany; mYellowstone Lake, Sedge Bay, USA.
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spectrum. The National Institute of Standards and Tech-

nology mass spectral libraries were used as reference

databases. The DNA G�C content of the isolate was

determined by the high performance liquid chromato-

graphy method as described by Shin et al. (1996) at the

Korean Culture Center of Microorganisms.

Results

Phylogenetic position determined by genetic

markers

Molecular identification results are summarized in

Table 1. Based on 16S rRNA gene sequence data, strain

KNUA009 was most closely related to Antarctic cyano-

bacterial clones (JQ310327 & JQ310310) derived from

Byers Peninsula with a sequence homology of 100%. The

isolate also clustered with environmental clones from

various extreme cryosphere around the world (Fig. 1). Its

closest cultured organism was cyanobacterium cCLA-4

(HQ230226) with a sequence homology of only 90%

(Table 1, Fig. 1). The 16S�23S ITS sequence analysis also

showed that the closest sequence match for strain

KNUA009 was an uncultured Antarctic cyanobacterial

clone N184-8 (EU032395) recovered from a surface soil

sample in Miers Valley with a sequence homology of 99%.

It was also clustered together with other environmental

clones obtained from either surface soil in Miers Valley or

cyanobacterial mat in Lake Miers (Fig. 2). Leptolyngbya sp.

GSE-PSE30-01B (HM018675) was the closest cultured

relative for strain KNUA009, but the sequence homology

was only 86%. Molecular characterization based on rbcLX

region sequence comparison showed that uncultured

bacterium clone ORU13 (X57359) was the closest match

for strain KNUA009, but the query coverage was only

28%. This may be due to the lack of sequence data in

GenBank for Antarctic cyanobacterial rbcLX genes, so

no identification could be made with this data.

Morphology of strain KNUA009

Strain KNUA009 was filamentous with straight and flexi-

ble trichomes composed of disc-shaped vegetative cells

(Fig. 3). Cells were about 3 mm in width and �20 mm up

to approximately �500 mm in length, exhibiting gliding

motility. Its terminal cells were dome-shaped and the

Fig. 2 The phylogenetic relationship of strain KNUA009 and its closely related species were inferred from ITS sequence data. The scale bar represents

a 1% difference in nucleotide sequences. Isolation source: aMeirsValley, Antarctica (Wood et al. 2008); bQiyi Glacier, the Qilian Mountains, China.

Fig. 3 Light microscope images of Oscillatoria sp. KNUA009.
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cross-walls were clearly visible. No akinetes and hetero-

cytes were observed. Its colour ranged from brown to

olive and densely aggregated trichomes readily formed

macroscopically visible mats.

Physiological characteristics of strain KNUA009

As shown in Fig. 4a, strain KNUA009 grew in a

temperature range of 5�208C whilst its optimal growth

temperature was 158C. However, this cyanobacterium

could not survive at 258C and above. Growth pH ranges

were between pH 4.0 and 11.0 whereas optimal growth

was attained at pH 7.0 (Fig. 4b). Since no alterna-

tive carbon sources tested here were utilized by strain

KNUA009, this cyanobacterium appeared to be an obli-

gate photoautotroph. The isolate did not show any

growth in nitrogen-free BG-11 medium under its optimal

growth conditions. Summarized characteristics for the

strain are given in Table 2.

Chemosystematic markers

The major fatty acids of the isolate were C16:0 (34.69

0.4%), C16:1v5c (24.990.7%), C18:3v3c (17.890.8%)

and C18:2v7c (15.590.8%). In addition, C18:1v9c (5.29

0.7%), C18:0 (1.290.2%) and C16:1 (0.890.1%; double

bond position unknown) were also detected. The G�C

content of the genomic DNA of strain KNUA009 was 47.5

mol % which is within the mean DNA base composition

(40�50 mol % G�C) of the genus Oscillatoria deposited

Fig. 4 Growth curves of strain KNUA009 grown under (a) various temperatures and (b) pH ranges. Error bars indicate standard deviation.
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at the Pasteur Culture Collection of Cyanobacteria

(Castenholz 2001).

Discussion

In this research, we have successfully isolated a pure

culture of a cryosphere cyanobacterium, Oscillatoria sp.

KNUA009, and its identity was analysed at morpho-

logical, molecular, physiological and chemotaxonomic

levels. Due to its morphological resemblance to Oscilla-

toria species (Komárek & Golubić 2004) and some of

the chemotaxonomic evidences such as the DNA G�C

mol % (Castenholz 2001) and polyunsaturated fatty acid

contents (type 2, Kenyon et al. 1972; Li et al. 1998; Suda

et al. 2002), it is suggested that this cyanobacterium

belongs to members of the genus Oscillatoria. Never-

theless, the molecular evidences revealed that strain

KNUA009 was still distant from the five reference strains

representing the genus Oscillatoria (sequence similarities

B90%), while it was clustered together with the

unknown groups of cyanobacterial clones (sequence

similarities�99%), which were globally found in high-

altitude and high-latitude areas (Fig. 1). The presence

of these uncultured psychrophilic and/or psychrotol-

erant cyanobacteria in the extreme environments has

recently been identified only by culture-independent

approaches such as 16S rRNA gene clone library screen-

ing or automated ribosomal ITS analysis fingerprinting

(Wood et al. 2008; Xiang et al. 2009; Jungblut et al. 2010;

Schmidt et al. 2011; Zeglin et al. 2011; Kleinteich et al.

2012).

Therefore, strain KNUA009 represents the first labora-

tory culture to be assigned to a group of uncultured

cyanobacteria residing in the cryosphere. It is assumed

that strain KNUA009 may have gained protection from

the continuous light exposure, including harmful UV

radiation, in Antarctica by forming highly layered and

brown-pigmented mats since cyanobacteria generally

protect themselves from excess irradiance by mat or

crust formation. Our results also demonstrate the genetic

similarities of these photosynthetic microorganisms re-

siding in the cold biosphere all around the world and

they agree with the previous hypothesis postulated by

Castenholz (1992) that indigenous polar cyanobacteria

are likely to be rare. Hence, this phylogenetically novel

cyanobacterium may be a representative of a new species

group with cold resistance within the genus Oscillatoria

and it may serve as an excellent candidate for the future

genetic, phylogenetic and physiological studies focusing

on adaptations to the extreme conditions. It should also

be noted that one of the major fatty acids produced by

strain KNUA009 was a-linolenic acid (C18:3 v3) which is

a nutritionally important v3 fatty acid.
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