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An extraction system has been constructed that melts ice from
the interior of ice cores and collects the resulting water aseptically.
Using this system, bacteria entrapped in ice cores from different
geographic locations, that range in age from 5 to 20,000 years old,
have been isolated and characterized. Ice cores from the Guliya ice
cap on the Tibetan Plateau (China) contained the highest number
of colony-forming units per milliliter (~180 c¢fu mI—%) and represen-
tatives of many different bacterial species. Much lower numbers of
bacteria (>20 cfu ml~1) were recovered from Sajama (Bolivia) ice
cores, although in general such nonpolar ice cores contained more
culturable bacteria than samples of polar ice, presumably due to
the closer proximity of major biological ecosystems. More bacteria
were recovered from Late Holocene ice from the Taylor Dome re-
gion than from ice of the same age from the Antarctic peninsula
or from Greenland. Bacterial isolates were identified, in terms of
their closest phylogenetic relatives, by determining small-subunit
ribosomal RNA-encoding DNA sequences (16S rDNAs), and most
were related to spore-forming Bacillus and Actinomycetes species,
or to nonsporulating Gram positive bacteria. The numbers of recov-
erable bacteria did not correlate directly with the age of the ice, indi-
cating that most bacteria were deposited episodically in snowflakes
and/or attached to larger particles of inorganic and organic debris.
By identifying the features that facilitate microbial survival within
terrestrial ice, extrapolations to the likelihood of microorganisms
surviving frozen in water ice on Mars, Europa, or within comets
will be improved.  © 2000 Academic Press
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INTRODUCTION

Life is thought to have originated on Eart billion years

Early in its history, Mars had an atmosphere that generated
substantial greenhouse effect, sufficiently warming the planet t.
allow the presence of liquid water. As the atmosphere of Mar:
dissipated due to insufficient planetary mass, the temperatul
dropped, freezing all water on the surface. However, liquid wa:
ter may have persisted on the surface of Mars fot yéars
(Pollack et al. 1987), a length of time sufficient for the evo-
lution of microbial life on Earth. If life evolved similarly on
Mars before global freezing, then microorganisms may still ex-
ist in the subsurface, or possibly closer to the surface in the
polar regions. Microorganisms survive on Earth for extendec
periods frozen in soils (Gilichinskgt al. 1993, Shiet al. 1997),

in perennial lake ice (Olsoet al. 1998, Paerl and Priscu 1998,
Priscuet al. 1998, Takacs and Priscu 1998), and in Antarctic
rock (Nienow and Friedmann 1993), but only a few studies
have focused on microorganisms trapped directly in glacial ice
(Abyzovet al. 1982, Abyzov 1993, Dancet al. 1997). No at-
tempts have been made to relate these microorganisms to tl
local geography or climate conditions during depaosition, nor
have such isolates been systematically investigated for feature
consistent with increased survival during freezing and persis
tence while frozen. To address these issues, we are inves
gating bacteria in ice cores retrieved and archived by the pe
leoclimate reconstruction program at the Byrd Polar Researc
Center (BPRC) at Ohio State University. The BPRC collects ice
cores of different ages, from both poles and from high-altitude
low-latitude glaciers to establish past global and regional cli-
mate changes. These ice cores are, however, also available
a resource to determine the longevity and composition of mi:
crobial populations in ice collected from a variety of different
ecological sources, deposited at known times and under define

ago, at a time when Mars had a comparable planetary engitvironmental conditions. Here we report the initial results ob-
ronment (McKay and Stoker 1989, Brack and Pillinger 1998jained from ice cores that ranged from 5 to 20,000 years in ag
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Dye2 Summit known endospore-forming species. To evaluate the amount c

o g Guli
(lefaml)  Qcfuml) o o ™) DNA present after ethanol treatments, the cut surfaces of fou

ice cores were swabbed, and the material collected on the swal

was resuspended by vigorous shaking in 1 ml of sterile water
DNA was extracted (Moret al. 1994) from the resuspended
material and amplified by the polymerase chain reaction (PCR
e using universal 16S rDNA primers (see below). This amplifica-
0 tion failed to generate PCR products, consistent with the amour
of DNA remaining on the cut, ethanol-treated ice-core surface:
Sajama — being below that detectable by standard PCR procedures.
(0-17 cfuml™)
Dyerplateau'; ; Recovery, Growth, and Identification
O cfuml’) _ I I
) _ To minimize the possibility for contamination, all post-
Siple Station

sampling manipulations were undertaken within an UV-steril-
Taylor Dome ized laminar flow hood, pipettes and work surfaces were cleane
(10 ofu mI™) using a sodium hypochlorite (2400 ppm) solution, and all ma-
. N . ._terials were autoclaved twice. Melt water (100-250 ml) was
FIG. 1. Location of sampling sites with the number of ?Olo-ny-formmgr(iltered and the 0.2em pore-size filter was then vortexed in 5
units (cfu) per milliliter isolated from ice cores from that region indicated i : .
parentheses. ml of phosphate buffered saline to resuspend filter-trapped cell
Aliquots of this suspension were used to inoculate a variety o
. different agar-solidified media held in Petri dishes that were in-
thgtwere collected from Greenland, China, Peru, and AntarctiGaied and incubated aerobically at 10 and@%or extended
(Fig. 1). periods of time. Higher numbers of colonies were routinely ob-
served on media containing low levels of nutrients, such as R2A
Actinomyceteisolation agar, and nutrient agar diluted 100-fold
below the manufacturers’ recommended concentrations, tha
on nutrient-rich tryptic soy or tryptose blood agar plates (Difco,
Ice core exteriors are likely to be contaminated during drillingSA). Apparently, aged cells need time to synthesize enzyme
and subsequent handling, and therefore an autoclavable storepair cell damage accumulated during long periods of ex
pling system was constructed to melt and collect water only froposure to environmental irradiation and to detoxify metabolic
the interior of cores (Fig. 2). Cross-sectional cuts, made withbgproducts, such as hydrogen peroxide, superoxide, and fre
dust-free bandsaw used exclusively for this purpose, removeradicals (Doddet al. 1997) before they can grow. Colonies often
few millimeters of ice from the end of an ice core exposing prexppeared only after 30 to 60 days of incubation at2%r after
viously unhandled ice and providing an uniform, flat surface for 100 days of incubation at 1@, although many of the isolates
disinfection by 2 minutes exposure to 95% ethanol. Disinfectighat formed these colonies then subsequently formed colonie
by exposure to ultraviolet (UV) light irradiation and to sodiunwithin 2 to 3 days when subcultured on the same growth mediun
hypochlorite was also considered. However, ethanol treatman®5 C. It seems possible that when plated on low nutrient me-
had the advantages that the ethanol remained liquieR@C, dia, damaged cells have sufficient time for cell repair before
ice cores did not fracture even when soaked for longer timestiating growth, whereas cells plated on rich nutrient media
in ethanol to dissolve away potentially contaminated ice, ardtempt to grow before they have effectively repaired all the
the ethanol was easily diluted subsequently to nontoxic concextcumulated cell damage.
trations. In reconstruction experimerfi&rratia marcesen=lls Bacterial isolates were categorized in terms of colony mor-
were swabbed onto the cut surface and onto the saw blade usqthimlogy, growth temperature optima, ability to grow on different
cut the ice core, bub. marcesensvas not then isolated from themedia, and provisionally identified by determining 16S rDNA
core, after the ethanol treatment, by the culture procedures useduences that corresponded to regions between nucleotides 5
in this study. Based on these results, the ethanol treatment \aad 1492 of thé&scherichia colil6S rDNA sequence. Many of
effective in killing S. marcesensells on the ice core surface butthe isolates formed highly pigmented colonies, consistent witf
this treatment would not be expected to kill bacterial endospoitbe presence of pigments providing protection from solarirradia-
or to destroy nucleic acids. Therefore, to monitor the samplinign during atmospheric transport and on the surface of a glacie
procedure, the cut surface of each ice core was swabbed alftéerestingly, some isolates with identical 16S rDNA sequence:s
the ethanol treatment and before melting, and these swabs werened colonies with different morphologies and pigments.
used to inoculate cultures. To date, on only one occasion has 8ased on having a 16S rDNA sequenc@5% identical to that
culture been generated from an ethanol treated ice-core surfaden established species, glacial ice isolates have been assignr
and this was identified as a close relativeBaitillus subtilis a to the bacterial generarthrobacter AureobacteriumBacillus

RESULTS

Sampling Technology and Controls for Contamination
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FIG.2. Ice-core sampler. (A) The complete unit with an ice core inserted perpendicularly into the ice-melting unit. All components of the systenzede stel
by autoclaving and then assembled inside a laminar flow hood housedd& & walk-in freezer. (B) Moveable separation flanges facilitate melting half or quarte
core sections and allow duplicate samples to be collected from parallel regions through the same core. (C) An ethanol-treated cut core sadaceaat
with the funnel-shaped sampling head which is heated by circulating water and melted upward through the ice. The water generated is collethedudjrectl
a hole in the center of the melting head and pumped into an external sterile container. (D) The sampling head after movement through a core and rem
cylindrical section of the core interior.

Bradyrhizobium Brevibacterium Cellulomonas Clavibacter lationships to either endospore-formiBacilli, spore-forming
Flavobacterium Frankia, Friedmanniella Methylobacterium Actinomycetesor nonsporulating Gram positive species. Seven
Microbacterium Micrococcus Micromonospora Mycobacte- of the nine isolates investigated from Antarctic ice cores have
rium, Nocardia Nocardioides Paenibacillus Planococcus 16S rDNA sequences that are less than 90% identical to thos
Propioniferax SphingomonasStaphylococcysand Stenotro- of known Acinetobacter Bacillus Bosea Nocardioides and
phomonagTable I). The majority have close phylogenetic reSphingomonaspecies, whereas 5- and 200-year-old Guliya ice
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TABLE |
Bacterial Isolates from Glacial Ice Cores

Isolaté Core origin and ade Isolaté Core origin and ade
Acinetobacter calcoaceticus TD1.8K® Frankiasp. str. AVN175 SB100
Acinetobacter radioresistens G5, SB156 Friedmanniella antarctica SB12K
Arthrobacter agilis G5, G200 Methylobacteriunsp. str. GK101 TD1.8K
Arthrobacter bakeri G5 Microbacterium aurum G200
Arthrobacter globiformis G200 Microbacterium lacticum SB12K
Aureobacterium liguefaciens G5 Micrococcus lylae SB20K
Aureobacterium testaceum SB12K Micromonospora purpurea G200
Bacillus firmus G200 Mycobacteria komossnese SB12K
Bacillus globisporus SB100 Norcardia corynebacteroides SB12K
Bacillus licheniformis SB100 Norcardioides jensenii SP150
Bacillus pseudomegaterium SB10¢ Norcardioides plantarum SB12K
Bacillus sporothermodurans G200 Paenibacillus amylolyticus G5
Bacillus subtilis G5, G200, SP150 Paenibacillus lautus G200, SB156
Bacillus thuringiensis G5, SB100, SB12K Paenibacillus polymyxa G5
Bacillussp.10 G200, SB100, SB150 Planococcus kocuri SB150
Bosea thiooxidans TD1.8K°® Propioniferax innocua G200
Bradyrhizobium japonicum TD1.8K Sphingomonas capsulata TD1.8K°®
Brevibacterium acetylicum SB12K Sphingomonas paucimobilis TD1.8K°®
Cellulomonas hominis SB12K Sphingomonasp. str. A175 SP150
Cellulomonas turbata G200 Staphylococcus aureus G5
Clavibacter michiganensis G5, G200, SB12K Staphylococcus hominis SB12K
Flavobacterium okeanokoites G5 Stenotrophomonas africae G5

2The bacterial species listed are the nearest known phylogenetic neighbor to the isolate based on similarities of partial 16S rDNA
sequences (Maidadt al. 1999), established by using the ShowDistance function of the beta version PAUP 4.0.

b G designates ice from Guliya (China), SB ice from Sajama (Bolivia), and TD and SP ice from Taylor Dome and Siple (Antartica).
The numbers following the location designation are the age of the ice in years, or 1000s (K) of years.

¢lsolates with<95% rDNA sequence similarity to the phylogenetic neighbor listed.

isolates had 16S rDNA sequences that are almost identicainaglacial ice from the Canadian high Arctic after enrichment
those ofB. subtilis Arthrobacter agilis andClavibacter michi- for coliform bacteria, and even lower numbersl(cfu mi?t)
ganensisAn isolate closely related ©©. michiganensisvas also were reported in earlier surveys of polar ice (Abyzbal. 1982,
obtained from 12,000-year-old Sajama ice samples. Fungi wetardfieldet al. 1992). It is important to note that variations in
also cultured from ice samples from all geographical locatiorenowfall and compression with age mean that 1-ml aliquots o
but their identification has not yet been undertaken. water generated by melting different cores, or different regions
of the same core, do not necessarily represent the same peri
of microbial deposition.

Ice cores of different ages from Greenland, China, Peru, and
Antarctica (Fig. 1) were sampled to survey the abundance aﬂg
range of different bacterial species that could be isolated as
colonies on agar-solidified media. Colonies were not obtainedTo measure the numbers of microorganisms present in glacic
from 150-year-old ice from the Antarctic Peninsula or fronice without culturing, DNA released from cells collected by fil-
1500-year-old ice from the Sajama ice cap (Bolivia), whereamtion of 750- to 1000-ml aliquots of water from 150-year-old
~180 cfu mi! were recovered from 200-year-old ice from thd®yer Plateau ice, 200-year-old Guliya and Dye 2 ice, and 1500
Guliya ice cap (China). Low but similar numbers of colonyand 12,000-year-old Sajama ice (Fig. 1) was probed by slot blo
forming units &20 mi-1) were recovered from both modernhybridization. The cells were lysed by hot detergent treatmen
and 12,000- to 20,000-year-old ice from Sajama, indicating thetd physical disruption using a bead-beater, and the nucleic acic
the age had little effect on the number of recoverable bacteriargleased and similarly released from 100-fold serial dilutions of
ice from this region. Late Holocene (1800 years old) polar i@n E. coli culture, were denatured, transferred, and fixed ontc
from Taylor Dome (Antarctica) similarly containedonilOcfu nylon membranes. Following hybridization using a universal
mi~2, but this was nevertheless a number higher than that ciBS rDNA probe (1510-1492)y [3?P]-ATP end-labeled, sig-
tured from ice of the same age from the Antarctic Peninsula wals were obtained only from the 200-year-old Guliya sample
from Greenland (Summit and Dye 2). Similarly, low numberand from theE. coli control samples. Based on tke coli stan-
of isolates (1-5 cfu mit) were reported by Dancet al.(1997) dard, the Guliya ice contained10* cells mi~1. Consistent with

Geographical and Chronological Variation

cleic Acid Quantitation
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the positive hybridization signal, the highest numbers of coloniesganisms and some larger particles of putative biological origir
(~180 mit) were also obtained from the Guliya ice, but thigFig. 3), but very little inorganic debris whereas there were mucl
number of isolates apparently was onl§% of the cells present. large quantities of apparently inorganic granules, in addition tc
pollen grains, diatoms, and bacteria with a range of differen
morphologies in the material filtered from similar volumes of
water from Guliya and Sajama ice. Dust particles were also vis

Scanning electron microscopy of material filtered freth L ible macroscopically in these nonpolar glacial ices, typically in
of water from Taylor Dome ice revealed the presence of micrtayers apparently representing the annual deposition of particle

Electron Microscopy of Particulates Filtered from Melted Ice

1 um

FIG.3. Microorganisms and particulates filtered from glacial ice cores visualized by scanning electron microscopy. (A) Particles trapped in (1)}4800-ye
ice from Taylor Dome, Antarctica; (2) 12,000-year-old ice from Sajama, Bolivia; and (3) 200-year-old ice from Guliya, China. (B) (1) Coccal g@jdilanand
(3) rod-shaped bacteria in 1800-year-old ice from Taylor Dome. (C) (1) Diatom from 12,000-year-old ice from Sajama, and (2) pollen grain froroRDzgea
from Guliya.
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from nearby biological ecosystems. Many of the larger parti- The numbers of recoverable bacteria at different positions ir
cles trapped in these dust layers would have also transporigel cores reflect the prevalent climate, wind direction, and in-
attached microorganisms into the ice cores, and as insects hdivedual events that occurred at the time of deposition. There
also been found frozen in these ice cores, experiments analogeuso consistent, monotonous decrease in the number of re
to those that have isolated bacteria from the digestive tractscolverable bacteria with increasing age of the ice. For example
insects entombed in amber (Cano and Boruki 1995) should aSajama ice deposited12,000 years ago under cool, wet climate

be possible with ice-core materials. conditions (Thompsoat al. 1998) contained more recoverable
bacteria than modern ice, deposited at the same location durir
CONCLUSIONS a warmer, dryer period. Wet climate conditions increase vege

tation density and productivity, increasing the concentration of

Bacteria revived from ice-core samples are likely to have elarge airborne particles, such as pollen (leual. 1998), that
dured desiccation, solar irradiation, freezing, a period of frozéransport microorganisms, and such conditions also decrea:s
dormancy, and thawing. It is therefore not surprising that a lardesiccation rates. Not surprisingly, the highest numbers of bac
number of the isolates recovered belong to bacterial groups ttexta were always isolated from sections of ice cores that wert
form spores, structures known to confer resistance to such emnsibly contaminated with macroscopic debris that presumably
ronmental abuse. Many also have thick cell walls and polysaecansported and protected bacteria. Although most of the bac
charide capsules that help overcome the stresses associatedteith so far isolated are closely related to species found ubiqui
water loss, namely increased intracellular solutes, decreasedlkly in environmental samples from around the world, some
size, and a weakened cell membrane, and physical cell ruptare related to an isolate, strain.34-P, from Antarctic sea ice, 0
caused by freezing and thawing (Fogg 1998). The high frequertoyspecies oBacillus Mycobacteria Micrococcus Brevibac-
of pigment production is also consistent with the need to absdgsium PlanococcugArthrobacter Clavibacter andFriedman-
solar irradiation to prevent lethal DNA damage. Even thougtiellathat were isolated previously from Siberian permafrost anc
the surviving cells may have resistant structures and protecttuadra soil, the Canadian high Arctic, Dry Valley rock and saill,
pigments, during extended periods of inactivity, they would stitir sea ice (Siebert and Hirsch 1988, Gosink and Staley 199~
have incurred some radiation and chemical damage. The &@wwmanet al. 1997, Schumanet al. 1997, Shiet al. 1997,
servation that long periods of incubation were often necessatiyouet al. 1997, Junget al. 1998). The consistent isolation of
to obtain colonies is consistent with such aged cells needirgjated microbes from such geographically diverse frozen envi
time, before beginning growth, to repair this accumulated cethnments suggests that these species may indeed have featu
damage. that confer resistance to freezing and extended survival unde

Ice samples from nonpolar, low-latitude, high-altitude glaciefsozen conditions.
inthe Andes and Himalayas generally contained a larger numbei he poles of Mars are covered by ice caps with some physice
of colony-forming units and greater variety of bacterial specidsatures similar to those ofterrestrial ice sheets (Bzicdl 1986,
than that of polar ice samples, as predicted by their closer pra3ifford et al.2000), and although temperatures exceed the fros
imity to major biological ecosystems. An ice core from Taylopoint and water ice is unstable at lower latitudes, ice may still
Dome, located at the head of the Taylor Valley in the dry vabe present in the nonpolar regions kilometers below the surfac
ley complex of Antarctica, was an exception that contained(8quyres and Carr 1986). Dust particles from the surface, ele
relatively large number of recoverable bacteria (10 cfal vated into the atmosphere by wind, serve as condensation nucl
Despite the dry, cold conditions, microbiological surveys of thi®r carbon dioxide and water which is precipitated, perhaps see
region have documented the abundant presence of cryptosorally, in the polar regions (Clifforet al. 2000). The presence
dolithic lichen, associations of fungi and bacteria that togethef alternating clean and dusty layers within the polar ice could
inhabit pores in the dominating sandstone (Boyd 1967, Camemafiect changes in the levels of atmospheric dust, or may resu
1971). In this region, with 24 hours of daylight during summefrom the sublimation of frozen volatiles during periods of high
rock grains are warmed on the surfaces of the frozen lakes ardiquity. Although organic molecules are likely to be destroyed
melt into the ice. Pockets of liquid water are created on the sy the high levels of UV irradiation and peroxides photochemi-
face and within the ice which contain sufficient nutrients to sugally generated in the martian soil, biochemical traces of life or
port the growth of microbial communities (Olsent al. 1998, even viable microorganisms may well be protected from suct
Paerl and Priscu 1998, Priset al. 1998, Takacs and Priscudestruction if deposited within polar perennial ice or far be-
1998), many of which are then frozen and trapped completdfw the planet’s surface. During high obliquity, increases in the
within the ice during the nonsummer months. This Antarctiemperature and atmospheric pressure at the northern pole
dry valley ecosystem, namely microorganisms growing withiklars (McKay and Stoker 1989) may result in discharges of lig-
protective rocks, being transported within rock grains onto iaed water that could create environments with ecological niche:
surfaces and subsequently being entombed and preserved fraerilar to those inhabited by microorganisms in terrestrial po-
within the ice, seems also a plausible scenario for microbial lifer and glacial regions. Periodic effluxes of hydrothermal heat
on Mars. might also move microorganisms from below to the martian
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surface. The annual partial melting of the ice caps might thererties of water in the Earth cryolithosphere and its role in exobiolgigin
provide conditions compatible with active life or at least pro- Life Evol. Biospher@3, 65-75.

vide water in which these microorganisms may be preserved Wink, J. J.,and J. T. Staley 1995. Biodiversity of gas vacuolate bacteria fror
subsequent freezing (McKay and Stoker 1989, Cliffetcal. Antarctic sea ice and watekppl. Environ. Microbiol 61, 3486—3489.

2000). Documenting and understanding the survival of terrddardfield, M., H. G. Jones, R. Letarte, and P. Simard 1992. Seasonal fluctuatic

. . . . L . . patterns of microflora on the Agassiz ice cap, Ellesmere Island, Canadia
trial microorganisms in glacial ice provides an experimentally » . ... \vusk-0x39 119-123

tractable.analog thqt.can be usgd to evaluate tr_le I|keI|.hood of Mirge, K., 3.3. Gosink, H. G. Hoppe, and J. T. Staley 18@Brobacter Brachy-

croorganisms surviving frozen in extraterrestrial environments pacterium andPlanococcussolates identified from Antarctic sea ice brine.

Characterization of the structures and metabolism of species th@tescription ofPlannococcus memeekingp. nov.System. Appl. Microbiol.

are most frequently isolated from ice cores may well provide im-21, 306-314.

portant clues to lifestyles that might be encountered on MakdH, K., Z. Yao, and L. G. Thompson 1998. A pollen record of Holocene climate

Europa, or within comets. cgznges from the Dunde ice cap, Qinghai-Tibetan Platgéaalogy26, 135—
138.

Maidak, B. L., and 13 colleagues 1999. A new version of the RDP (Ribosoma
ACKNOWLEDGMENTS Database ProjectNucleic Acids Re®7, 171-173.

hank | d henbach . ith d hMcKay, C. P, and C. R. Stoker 1989. The early environment and its evolutior
Wet an A. D_' Wolfe and L. Achen ac for as';s'lstan(_:e with PAUP and p Y"on Mars: Implications for lifeRev. Geophy27, 189-214.

logenetic analysis, A. Yousef for help with the disinfection procedures, and S. M.1. 3. B. Herrick M. C. Silva. W. C. Ghi dE. L Mad 1994

Clifford for providing prepublication details of the structure and formation olylore, A errl_c o va, e |or§e, and k. L. ! adsen A
the martian polar caps. This research was supported by the LEXEn initiatiVeQuantltatNe cell lysis of indigenous microorganisms and rapid extraction of

of the National Science Foundation, Grant OPP-9714206. This is contributior{n'cmb'"JlI DNA from sedimentéppl. Environ. Microbiol 60, 1572-1580.

1153 of the Byrd Polar Research Center. Nienow, J. A, and E. |. Friedmann 1993. Terrestrial lithophytic (rock) com-
munities. InAntarctic Microbiology(E. |. Friedmann, Ed.), pp. 343-412.
Wiley—Liss, New York.

Olson, J. B., T. F. Steppe, R. W. Litaker, and H. W. Paerl 1998fiking

Ab S. S. 1993, Mi ) in the A ic iceAmtarctic Microbi microbial consortia associated with the ice cover of Lake Bonney, Antarctica
yzov, S. S. . Microorganisms in the Antarctic iceAlmtarctic Microbi- Microb. Ecol.36, 231-238.

ology(E. I. Friedmann, Ed.), pp. 265-295. Wiley—Liss, New York. . ) . . .
9y ). PP 4 Paerl, H. W., and J. C. Priscu 1998. Microbial phototrophic, heterotrophic, anc

Abyzov, S. S., V. Y. Llpenkqv, N. E Bobin, and B. B. Kud_rygshov 1982. M!' diazotrophic activities associated with aggregates in the permanent ice cov
croflora of central Antarctic glacier and methods for sterile ice-core sampllngOf Lake Bonney, AntarcticaVlicrob. Ecol.36, 221230

for microbiological analysesiol. Bull. Acad. Sci. USSR, 304-349. . . .
B b A M M.V B b Nichol qT APollack, J. B., J. F. Kasting, S. M. Richardson, and K. Poliakoff 1987. The cast
owman, J. P., S. A. McCammon, M. V. Brown, D. S. Nichols, and T. A. for a wet, warm climate on early Markarus 71, 203-224.

McMeekin 1997. Diversity and association of psychrophilic bacteria iE" 3. C. C.H. Fri E E Ad 3. . Gi i H.W. Paerl. C. F
Antarctic sea iceAppl. Environ. Microbiol 63, 3068-3078. riscu, J. C., C. H. Fritsen, E. E. Adams, S. J. Glovannoni, H. W. Paerl, C.

d | d physiol ¢ soil mi . . | McKay, P. T. Doran, D. A. Gordon, B. D. Lanoil, and J. L. Pinckney 1998.
Boyd, W. L. 1967. Ecology and physiology of soil microorganisms in polar Perennial Antarctic lake ice: An oasis for life in a polar desgcience280,

regions. INSymposium on Pacific—Antarctic Sciences, Proceedim265— 2095-2098

275.
Brack A. and C. T. Pili 1998, Lif Mars: Chemical del Schumann, P., H. Prauser, F. A. Rainey, E. Stackebrandt, and P. Hirsch 199
rack, A, and=. . FIinger - Life on Mars: Chemical arguments and clueS o 4mannjella antarcticaggen. nov., sp. nov., and LL-diaminopimelic acid-

from martian meteoritextremophiles, 313-319. containing actinomycete from antarctic sandstdne.J. Syst. Bacteriol7,
Budd, W. F., D. Jenssen, J. H. . Leach, |. N. Smith, and U. Radok 1986. The nortp78_283.
polar ice cap of Mars as a steady-state systotarforschungs6, 43-63. Shi, T., R. H. Reeves, D. A. Gilichinsky, and E. I. Friedmann 1997. Characteri-

Cameron, R. E. 1971. Antarctic soil microbial and ecological investigations. Inzation of viable bacteria from Siberian permafrost by 16S rDNA sequencing
Research in Antarcticel. O. Quam and H. D. Porter, Eds.), Vol. 93, pp. 137—  Microb. Ecol.33, 169-179.

REFERENCES

190. ) ) ) o ) Siebert, J., and P. Hirsch 1988. Characterization of 15 selected coccal bacter

Cano, R.J., and M. K. Boruki 1995. Revival and identification of bacterial sporesjsp|ated from antarctic rock and soil samples from the McMurdo—Dry Valleys
in 25- to 40-million-year-old Dominican ambecience268 1060-1064. (South Victoria Land)Polar Biol. 9, 37—44.

Clifford, S. M., and 52 colleagues 2000. The state and future of Mars polgguyres, S. W., and M. H. Carr 1986. Geomorphic evidence for the distributior
science and exploratiofcarus 144, 210-242. of ground ice on MarsScience231, 249-252.

Dancer, S. J., P. Shears, and D. J. Platt 1997. Isolation and characterizafigacs, C. D.,and J. C. Priscu 1998. Bacterioplankton dynamics in the McMurd
of coliforms from glacial ice and water in Canada's High Arctic. Appl. Dry Valley Lakes, Antarctica: Production and biomass loss over four seasons
Microbiol. 82, 597-609. Microb. Ecol.36, 239-250.

Dodd, C. E. R., R. L. Sharman, S. F. Bloomfield, I. R. Booth, and G. S. Athompson, L. G., and 11 colleagues 1998. A 25,000 year tropical climate histor
B. Stewart 1997. Inimical processes: Bacterial self-destruction and sub-lethafrom Bolivian ice coresScience282, 1858—-1864.
injury. Trends Food _SC" Technd, 238_?41' ) Zhou, J., M. E. Davey, J. B. Figueras, E. Rivkina, D. Gilichinsky, and
Fogg, G. E. 1998The Biology of Polar Habitatxford Univ. Press, New York. 3. M. Tiedje 1997. Phylogenetic diversity of a bacterial community deter-
Gilichinsky, D. A., V. S. Soina, and M. A. Petrova 1993. Cryoprotective prop- mined from Siberian tundra soil DNAicrobiol. 143 3913-3919.



	INTRODUCTION
	FIG. 1.

	RESULTS
	FIG. 2.
	TABLE I
	FIG. 3.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

