Arch Microbiol (2009) 191:785-790
DOI 10.1007/s00203-009-0503-x

ORIGINAL PAPER

Cold-active halophilic bacteria from the ice-sealed Lake Vida,

Antarctica

Lindsay J. Mondino - Marie Asao *
Michael T. Madigan

Received: 5 May 2009 /Revised: 30 June 2009/ Accepted: 10 August 2009 / Published online: 16 September 2009

© Springer-Verlag 2009

Abstract Lake Vida is a large, permanently ice-covered
lake in the Victoria Valley of the McMurdo Dry Valleys,
Antarctica and is unique among Dry Valley lakes because
it is ice-sealed, with an ice-cover of nearly 19 m. Enrich-
ment cultures of melt-water from Lake Vida 15.9 m ice
yielded five pure cultures of aerobic, heterotrophic bacte-
ria. Of these, one strain grew at —8°C and the four others at
—4°C. All isolates were either halotolerant or halophilic,
with two strains capable of growth at 15% NaCl. Phylo-
genetic analysis revealed the Lake Vida isolates to be
Gammaproteobacteria, related to species of Psychrobacter
and Marinobacter. This is the first report of pure cultures of
bacteria from Lake Vida, and the isolates displayed a
phenotype consistent with life in a cold hypersaline
environment.

Keywords Antarctica - Lake Vida - Psychrophiles -
Psychrobacter - Marinobacter
Introduction

The McMurdo Dry Valleys are one of the few ice-free
regions in Antarctica. As polar deserts, the Dry Valleys
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experience high winds and extremely cold average air
temperatures (Spigel and Priscu 1998; Gordon et al. 2000).
Several lakes have formed in the Dry Valleys from glacial
erosion and are some of Earth’s southernmost biologic
oases (Matsumoto 1993; Priscu et al. 1998). Dry Valley
lakes are unique in many ways, in particular their con-
stantly cold temperatures, permanent ice-cover, absence of
wind mixing, and lack of higher organisms. The water
columns of Dry Valley lakes are therefore extremely stable
and the ecosystems entirely microbial (Fountain et al.
1999; Priscu et al. 1999).

Although Dry Valley lakes are geographically relatively
close to one another, their limnology differs dramatically.
In this regard, Lakes Fryxell, Hoare, and Bonney, the major
lakes in the Taylor Valley, each have a unique geochem-
istry and have been the best studied of all Antarctic lakes
(Priscu 1998). Ice-covers on Taylor Valley lakes typically
range from 3-7 m thick and the lakes vary in salinity from
completely freshwater (Lake Hoare) through weakly saline
(Lake Fryxell) to hypersaline (Lake Bonney) (Spigel and
Priscu 1998). The dominant bacterial nutrient cycling
activities also differ among Taylor Valley lakes. For
example, the water column of Lake Fryxell supports bac-
terial sulfur cycling (Sattley and Madigan 2006), while the
water column of Lake Bonney lacks significant inorganic
sulfur but instead supports vigorous nitrogen-cycling
(Spigel and Priscu 1998; Ward and Priscu 1997).

In contrast to Taylor Valley lakes, Lake Vida, a large
(6.8 km?) lake in the Victoria Valley where the average
temperature is about 10°C colder than in the Taylor Valley,
is ice-sealed (that is, essentially free of liquid water), with
an ice-cover 19 m thick (Doran et al. 2003). At a depth of
about 16 m Lake Vida ice becomes a slush of Na, Mg and
Ca salts with a temperature of —11.6°C; beneath this, the
slush transits to a brine pocket at the bottom of the lake
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(Doran et al. 2003, 2008). Biogeochemical research on
Lake Vida ice core samples indicates that both heterotro-
phic and phototrophic microbial processes occur (Doran
et al. 2003, 2008), and molecular diversity studies have
shown that several bacterial taxa are present (Mosier et al.
2006).

Although it is clear that Lake Vida ice contains bacteria,
no isolates have yet been described. The present work
addresses this issue through the isolation and character-
ization of five strains of heterotrophic bacteria from Lake
Vida deep ice. The organisms obtained display physio-
logical properties consistent with life in a constantly cold
and salty environment (Deming 2009) and thus are likely
derived from populations indigenous to this unusual polar
lake.

Materials and methods
Sampling, enrichment, and isolation

In December of 2005 a small sample of Lake Vida 15.9 m
ice was kindly supplied to MTM by Dr. Chris Fritsen,
Desert Research Institute, Reno, NV (USA). The sample
was maintained at 4°C in darkness for 5 months before
enrichment cultures were established. For enrichments, 1-
ml samples were added to 125-ml flasks containing 25 ml
of medium R2A (Reasoner and Geldreich 1985) supple-
mented with 5 or 10% (w/v) NaCl and the flasks incubated
aerobically without shaking at 4, 10 or 18°C. After
1 month, enrichments were streaked onto plates of the
same medium and incubated at enrichment temperatures
until isolated colonies appeared (ca. three weeks). In
addition to plating primary liquid enrichments, dilutions of
primary enrichments were made into 5 ml of 5% (w/v) or
10% NaCl-R2A medium in 17-ml screw-cap test tubes and
the tubes incubated at the original enrichment temperatures
for 1 month. Axenic cultures were subsequently obtained
by plating.

Temperature and salt relationships

To determine the salt response of each strain, 3-ml aliquots
of liquid medium R2A containing varying concentrations
of NaCl were prepared in 10-ml screw-cap tubes. Triplicate
tubes were inoculated and incubated at the enrichment
temperature and growth was monitored turbidimetrically as
ODgeo- To determine the cardinal temperatures for growth,
liquid media were prepared in 10-ml screw-cap tubes
containing 3 ml of medium prepared at optimal salinity.
Triplicate tubes were inoculated and incubated at —8 to
+32°C (cultures did not freeze at subzero temperatures
because of the salinity of the medium), and growth was
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monitored turbidimetrically as ODggo. Temperatures below
ambient were obtained using Precision Scientific cooling
boxes (Fisher Scientific, St. Louis, MO) with a thermom-
eter placed near the culture tubes.

Molecular methods

Genomic DNA was extracted with a PureGene Genomic
DNA Purification Kit (Gentra Systems, Minneapolis, MN).
To amplify 16S rRNA genes, universal 16S rRNA bacterial
PCR primers were used as previously described (Sattley
and Madigan 2006). Prior to sequencing, all PCR products
were purified using the GeneClean Turbo Kit (MP Bio-
medicals, Solon, OH). Automated DNA sequencing was
performed at the Genome Sequencing Center, Washington
University, St. Louis, MO. DNA sequence data were
manually aligned with closely related 16S rRNA sequences
obtained from a BLAST search using Se-Al v2.0 (http:/
tree.bio.ed.ac.uk/software/seal/). The phylogenetic tree was
generated using the programs DNADIST (F84 algorithm:
transition-transversion ratio 2.0, empirical base frequen-
cies) and NEIGHBOR implemented in the PHYLIP version
3.68 (Felsenstein 1989). The program SEQBOOT was used
in resampling for bootstrap analysis.

Results
Enrichment and isolation

Our major objective was to probe a sample of Lake Vida
ice for aerobic heterotrophic bacteria using low tempera-
tures and various salinities as enrichment variables, char-
acterize the phylogeny of the isolates obtained, and assess
their growth as a function of salt and temperature. Medium
R2A was selected as a basal medium for all experiments
because it contains relatively low levels of nutrients typical
of icy environments (Deming 2009) and has been shown
effective for the isolation of bacteria from nutrient-limited
waters, including Antarctic melt-waters and subglacial ice
(Christner et al. 2001; Reasoner and Geldreich 1985).
Liquid enrichment cultures established from Lake Vida
ice at 4, 10, or 18°C became turbid within 1 month, and
plating yielded isolated colonies in approximately three
weeks. The 4°C plates contained three distinct colony types:
large and small opaque colonies, and very small translucent
colonies. These colonies yielded strains LV40, LV414 and
LV411, respectively. Dilutions of primary liquid enrich-
ments into fresh liquid medium and subsequent growth
before plating yielded the other two Lake Vida isolates.
Following growth of a 10~ dilution of a 10% NaCl R2A
(10°C) primary enrichment in the same medium, a single
colony type was obtained and was the source of strain


http://tree.bio.ed.ac.uk/software/seal/
http://tree.bio.ed.ac.uk/software/seal/

Arch Microbiol (2009) 191:785-790 787
Table 1 Summary of enrichment conditions and properties of Lake Vida isolates
Strain Enrichment Enrichment Morphology/cell Temp range Temp Salinity ~ Salinity ~ Cold/salt
temp (°C)  salinity size (um)/(motility)  (°C) optimum range optimum  phenotype
(% NaCl) (°C) (% NaCl) (% NaCl)
Psychrobacter relatives®
LV181 18 10 Rod, 0.6 x 1.0 (+) —4to+25 8 2-13 10 Psychrotolerant/
halophilic
LV40 4 5 Coccus, 0.8-0.9 (=) —8to +18 0-8° 0-10 5 Psychrophilic/
halotolerant
LVv414 4 5 Coccus, 0.5-0.6 (=) —4to+15 8 2-10 5-10° Psychrophilic/
halophilic
Marinobacter relatives®
LVI10S 10 10 Rod, 0.8 x 1.1 (+) —4to+25 14 2-15 10 Psychrotolerant/
halophilic
LV411 4 5 Rod, 0.3 x 1.1 (+) —4to +20 4-8° 2-15 2-5° Psychrophilic/

halophilic

Medium R2A and aerobic incubations used in all cases. Temperature experiments done at optimal salinity for each strain

? See Fig. 1

® Mean growth yields in triplicate cultures incubated for a defined time period were virtually the same at all temperatures or salinities shown as a

range (Fig. 2 inset)

LVI10S. A 1077 dilution of the 10% NaCl R2A (18°C)
enrichment and subsequent growth and plating yielded
shiny transparent colonies that were the source of strain
LV181. A summary of enrichment conditions and basic
properties of the Lake Vida ice isolates is given in Table 1.

Morphology and phylogeny of the Lake Vida ice
isolates

Microscopic observation of cells of each isolate revealed
them to be either rods or cocci; the rods were motile, while
the cocci were not (Table 1). The Gram reaction as
assessed by both staining and by KOH treatment showed
all strains to be gram-negative bacteria.

Based on SSU rRNA gene sequences, all Lake Vida
isolates were species of Gammaproteobacteria, either of
the genera Psychrobacter or Marinobacter (Fig. 1). The
closest relatives of strain LV181 were three Psychrobacter
species: Psychrobacter luti, isolated from the South Shet-
land Islands in the sub-Antarctic zone (Bozal et al. 2003),
Psychrobacter glacincola, a halotolerant, psychrophilic
bacterium from Antarctic sea ice (Bowman et al. 1997a, b),
and Psychrobacter okhotkensis, a psychrotolerant bacte-
rium isolated from the Okhotsk Sea in Japan (Yumoto et al.
2003). The closest relative to Lake Vida strains LV40 and
LV414 was the species Psychrobacter namhaensis, a
halotolerant cold-active organism from the Korean South
Sea (Yoon et al. 2005). By contrast, strains LV10S and
LV411 were Marinobacter species and clustered together
tightly on the tree (Fig. 1). The closest cultured relative of
these Lake Vida isolates was Marinobacter maritimus, a

psychrotolerant bacterium isolated from subantarctic sea-
water (Shivaji et al. 2005).

Temperature and salt relationships of the Lake Vida
isolates

To determine whether the Lake Vida strains were psy-
chrotolerant (growing optimally above 20°C but capable of
growth at 0°C) or truly psychrophilic (growing optimally at
15°C or lower and incapable of growth above 20°C)
(Cowan et al. 2007; Deming 2009), growth experiments at
various temperatures were conducted. The results showed
that examples of both phenotypes had emerged from the
enrichments. Three of the five Lake Vida ice isolates were
psychrophilic sensu stricto, while two were psychrotoler-
ant, but all five strains showed growth temperature optima
below 20°C and could grow at temperatures below 0°C
(Table 1). Although the psychrotolerant strains grew at
25°C, they did not grow at temperatures above this. All
psychrophilic isolates were obtained from enrichments
established at 4°C, while both psychrotolerant strains
emerged from higher enrichment temperatures (Table 1).

Strain LV40 was the most cold active of all isolates,
growing slowly at —8°C and incapable of growth above
18°C (Table 1; Fig. 2). The doubling time of strain LV40
at 4°C was about 36 h, while that at —4°C was about
8 days; at —8°C the doubling time of this strain was
approximately 10 days (Fig. 2). Strain LV40 also showed
the lowest growth temperature optima of all strains iso-
lated, with quite similar growth rates occurring at tem-
peratures from O to 8°C (Table 1; Fig. 2 inset).
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Fig. 1 Phylogeny of Lake Vida

Escherichia coli

isolates based on comparative
SSU ribosomal RNA sequences.
The tree was generated from
alignments of 1,077 nucleotides.
Numbers at nodes indicate
bootstrap values >50% from
1,000 replications. Further
properties of each isolate are
given in Table 1
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Fig. 2 Growth of Lake Vida strain LV40 at —8, —4, and +4°C in
medium R2A containing 5% NaCl. Turbidity values (ODggp) are the
mean of triplicate cultures at each temperature. Inset Growth of strain
LV40 as a function of temperature. Cultures were grown for 17 days
at the temperatures indicated and the cell yields compared. Values are
the average of triplicate cultures at each temperature

Salinity requirements and tolerances varied among the
Lake Vida isolates. Except for strain LV40, all strains were
halophilic; that is, they had an absolute salt requirement for
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growth (Table 1). The upper salinity limit for growth of the
halophilic Lake Vida strains was between 10 and 15%
NaCl, and all strains showed salinity optima for growth
between 5 and 10% NaCl (Table 1). Notably, even strain
LV40, which could be transferred repeatedly in media
lacking salt and was therefore halotolerant instead of hal-
ophilic, still grew optimally in hypersaline media
(Table 1).

Discussion

Our work is the first to describe pure cultures of bacteria
from Lake Vida ice. Our major conclusions are that all
isolates grew best under cold and saline conditions, con-
sistent with the properties of their habitat (Doran et al.
2003, 2008), and that their phylogeny is predictive of a
cold-active and halotolerant phenotype.

Our experiments could not reproduce in situ temperature
conditions of Lake Vida ice precisely, as we were unable to
reliably obtain temperatures below —8°C. But it is dis-
tinctly possible that our strain LV40 can grow below —8°C,
and if so, this would approach the in situ temperature of
Lake Vida brine ice. Supporting this contention is the fact
that a Siberian permafrost Psychrobacter species, P. cryo-
halolentis, related to P. glacincola grew at —10°C
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(Bakermans et al. 2006) and an Alaskan sea-ice Psychro-
monas species, P ingrahamii, at —12°C (Auman et al.
2006). Strain LV40 is closely related to P. glacincola
(Fig. 1) and Psychrobacter and Psychromonas are fairly
closely related Gammaproteobacteria. In addition, an
uncharacterized Psychrobacter species has been shown to
metabolize down to at least —15°C (Christner 2002) Thus,
it is clear that at least some representatives of the Psych-
robacter/Psychromonas cluster can grow at the prevailing
temperatures of Lake Vida ice, and strain LV40 may well
be a new example in this regard.

Salinity tolerance of our isolates is another issue, how-
ever. In pure cultures, the upper salinity limit for growth of
the Lake Vida strains ranged from 10 to 15% NaCl. Even
the latter value is significantly lower than the salinity of the
Lake Vida ice from which the isolates were enriched
(>20% total salinity, Doran et al. 2003). However, it
should be noted that in addition to NaCl as major salt, the
briny Lake Vida ice contains significant levels of Mg2+
K", and SO427 (Doran et al. 2003). Thus, it is possible that
specific salt mixtures could be found that support growth of
Lake Vida bacteria at total salinities higher than those that
support growth using NaCl alone.

All of the Lake Vida isolates were relatives of the
genera Psychrobacter or Marinobacter; these bacteria are
common in marine and polar-regions (Bowman et al.
1997a, b; Bozal et al. 2003; Tindall 2004; Yoon et al.
2005; Zhang et al. 2008). Classic characteristics of species
of these genera include cold and salt tolerance (Bowman
2008; Gauthier et al. 1992; Yoon et al. 2003; Zhang et al.
2008), a combination of phenotypes that should be ideal
for life in the briny Lake Vida ice. Phylotypes related to
several Marinobacter species and other Gammaproteo-
bacteria were detected in molecular diversity studies of an
ice core from Lake Vida, in particular from the deeper ice
such as was used for enrichment purposes here (Mosier
et al. 2006). Curiously, however, no phylotypes closely
related to the Psychrobacter cluster that included our
strains LVI181, LV 40, and LV414 (Fig. 1) emerged
from these community-sampling experiments (Mosier
et al. 2006).

From the foregoing, we predict that the Lake Vida iso-
lates obtained in this study are derived from indigenous
bacterial populations that reproduce in this unusual polar
lake rather than simply being transients blown in from the
nearby hills. Assuming this is true, in situ growth rates of
these organisms are likely to be extremely low, not only
because of the low temperature and high salinity of Lake
Vida ice, but also because only traces of dissolved organic
carbon are present in the ice (Doran et al. 2003). Thus,
doubling times for bacteria inhabiting Lake Vida ice could
be on the order of months, or even years. Our isolates serve
as a starting point for the study of bacterial life in ice-

sealed lakes and their combination of salt and cold toler-
ance helps further stretch our definition of the physio-
chemical limits to life on Earth, and possibly on other, even
colder planets.
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