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Prospects for life in the subglacial Lake Vostok
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The objective was to estimate the genuine microbial content of ice samples from refrozen water (accretion ice)
from the subglacial Lake Vostok (Antarctica) buried beneath the 4-km thick East Antarctic ice sheet as well as sur-
face snow nearby Vostok station. The lake ice samples were extracted by heavy deep ice drilling from 3764 m below
the surface reaching the depth 3769.3 m by February 2012 (lake entering). High pressure, an ultra low carbon and
chemical content, isolation, complete darkness and the probable excess of oxygen in water for millions of years
characterize this extreme environment. A decontamination protocol was first applied to samples selected for the
absence of cracks to remove the outer part contaminated by handling and drilling fluid. Preliminary indications
showed the accretion ice samples to be almost gas free with the very low impurity content. Flow cytometry showed
the very low unevenly distributed biomass in both accretion (0-19 cells per ml) and glacier (0-24 cells per ml) ice
and surface snow (0-0.02 cells per ml) as well while repeated microscopic observations were unsuccessful meaning
that the whole Central East Antarctic ice sheet seems to be microbial cell-free.

We used strategies of Ancient DNA research that include establishing contaminant databases and criteria to
validate the amplification results. To date, positive results that passed the artifacts and contaminant databases have
been obtained for a few bacterial phylotypes only in accretion ice samples featured by some bedrock sediments.
Amongst them are the chemolithoautotrophic thermophile Hydrogenophilus thermoluteolus of beta-Proteobacteria,
the actinobacterium rather related (95%) to llumatobacter luminis and one unclassified phylotype distantly related
(92%) to soil-inhabiting uncultured bacteria. Combined with geochemical and geophysical considerations, our
results suggest the presence of a deep biosphere, possibly thriving within some active faults of the bedrock encircl-
ing the subglacial lake, where the temperature can be as high as 50 °C and in situ hydrogen is probably present.
Our approach indicates that the search for life in the subglacial Lake Vostok is constrained by a high probability of
forward-contamination. Our strategy includes strict decontamination procedures, thorough tracking of contami-
nants at each step of the analysis and validation of the results along with geophysical and ecological considerations

for the lake setting. This may serve to establish a guideline protocol for studying extraterrestrial ice samples.

The subglacial Lake Vostok is the largest, deepest, and
most studied lake among 386 subglacial water features
inventoried until now through airborne radio-echo sound-
ing and satellite altimetry surveys [24]. It is located beneath
the Russian Vostok Antarctic research station, and it was
entered February 5, 2012 at the depth 3769.3 m but has not
yet been sampled. The refrozen lake water, or accretion, ice
collected by deep drilling and used as a proxy for the lake
water has proved to be exceptionally clean, though much
diluted, leading to controversial biological and chemical
analyses. Nevertheless, the likely indigenous DNA finger-
print of a chemolithoautotrophic thermophile seems to fit
with the lake’s extreme environment.

Subglacial lakes are water bodies formed at the base
of the 3—4 km thick Antarctic ice sheet due to the geo-
thermal heat flux, which melts basal ice layers. The melt
water accumulates in bedrock troughs with long residence

times [5], and may be periodically discharged through a
subglacial hydrologic network [26], depending on geolog-
ical and bedrock relief settings.

The subglacial Lake Vostok was discovered by radi-
oechosounding in the late 1960s [18]. It was mapped in
detail by radar-altimetry in the 1990s [23] and defined as
a lake after seismic ground studies in 1996 [12]. It is the
largest and deepest subglacial lake located beneath Vostok
station (78 S, 106 E, elev. 3488 m, ~1,300 km from the
coast, mean surface annual temperature —55.1 °C) under
the ~3,750—4,200 m thick and rather ancient [19] central
East Antarctic ice sheet. The subglacial Lake Vostok is
the best-studied water feature in Antarctica [20]. It is
crescent shaped and extends northward from Vostok sta-
tion for more than 275 km in a deep trough and has a sur-
face area of ~15,000 km?2, similar to that of Lake Ontario
in North America. It is 65 km wide and ~400 m deep on

-92-



S.A. Bulat et al.

average with a volume of ~6,100 km? [1]. There are two
rather separate basins, one with a trough as deep as
1,650 m in the southern region [2, 15, 25]. Lake Vostok is
a tectonically controlled subglacial lake with minor
recently recorded tectonic activity [25]. The lake has
likely been isolated from the surface for about 14 million
years, the time of the major East Antarctica glaciation [6].
The overlaying glacier flows at ~2 m/year across the
lake. From South (Vostok region) to North, the ice thick-
ness increases from 3,750 to 4,200 m because of the
deepening bedrock trough. This imposes a tilted interface
between the lacustrine water and the overlying ice. As the
melting point changes with pressure, the base of the gla-
cier melts on the thick side (Northern region) supplying
the lake. Water also refreezes in the upper layers of the
lake in the Southern region, and the so-called accretion
ice is exported by the glacier’s movement out of the lake.
This leads to replacement of the lake water every
~40—80 ka [5, 20]. The subglacial lake environment is
characterized by high pressure (~400 bars) and in-situ
temperatures close to the freezing point of water
(—2.6 °C). Energy resources are seriously limited as there
is complete darkness and an ultra-low dissolved organic
carbon content (DOC < 13 mkg C/L [21], S. Preunkert,
pers. comm.). The lake water is likely highly saturated
with air, particularly molecular oxygen, released over long
periods of time from the continuous ice melting
(~800 mg/L [1]) (upper limit 700 and 1300 mg/L for dis-
solved O, concentration) [14, 17, respectively]. The accre-
tion ice is also enriched in radiogenic “He originating
from the bedrock and degassed through deep faults [20].
The accretion ice is composed of two distinct layers:
the uppermost ice (from 3,539 to 3,608 m) containing mil-
limeter size mica-clay inclusions (accretion ice I) (Fig.)
and the deeper ice (below 3,608 m), which is transparent
and very clean (accretion ice II). Various groups have stud-
ied the biological content of accretion ice samples. The

nature of the samples, the integrity of microbes, the possi-
bility of contamination from the drilling and recovery pro-
cess, introduction of non-indigenous materials, and the
sparse microbial populations all suggest that caution should
be taken when interpreting the results. Not unexpectedly,
these limitations have led to differing opinions and, in
some cases, contradictory results [7, 9, 22]. For example,
measured microbial populations in ice range from thou-
sands of cells per ml (up to 36000 [3, 9, 22]) to only a few
(1—10) cells/ymL [7, 8]. Such a large variation (three orders
of magnitude) may be caused by differences in methodolo-
gy used to decontaminate, retrieve, and process the sam-
ples, and some microbes may originate from external con-
tamination during ice coring with drilling fluids [4].

From the most recent studies, for which chemical and
biological contamination is better documented and con-
trolled, the Lake Vostok ice appears very clean and much
diluted with respect to chemical and biological content
and the lake water (at least the upper layer which seems to
be enriched with glacier melt water due to insufficient
mixing [1]) appears almost entirely lifeless. Only a few
bacterial phylotypes were identified in accretion ice,
which were not related to contamination [7]. The confi-
dently recorded DNA fingerprint of the chemolithoauto-
trophic thermophile Hydrogenophilus thermoluteolus sug-
gests the presence of a deep biosphere within the bed-
rock [25], while the expected high oxygen stress of the
water may be very restrictive for biology [7].

Stringent decontamination procedures have to be
applied in order to remove the outer part of the ice core con-
taminated by heavy drilling operations with a kerosene-based
drilling fluid. The protocol consists of scraping off the outer
surface, washing off the kerosene with special solutions fol-
lowed by ozone treatment, and a series of washes with ultra-
pure low-DOC content water in certified clean room condi-
tions. The chemical composition of the ice has to first meet
the reference profiles imposed by clean working condi-

3608 m deep Vostok mono-crystalline accre-
tion ice segment containing the biggest miner-
al inclusion called «Big Kamina». Magnified
images of the inclusion are given as inserts to
the left (with size denoted in mm) as well as to
the right on a picture. Artificial (due to tem-
perature change during ice transportation)
cracks can be seen inside the ice crystal
CerMeHT MOHOKPUCTAJUTMIECKOTO JIbIa KepHa
Bocroxk ¢ riryounsr 3608 M, conepskariuii Hau-
Oosiblliee U3 U3BECTHBIX MUHEPATbHBIX BKITIO-
YeHWI W TIOTyJrBIIIee HaMeHoBaHUe «bob-
mas KamuHa». YBennueHHoe n3o0paxkeHue
BKJIIOUEHUSI TSI Pa3HBIX PEKUMOB ChEMKU
MPUBEJIEHO Ha BCTaBKax clieBa (C yKa3aHUeM
pa3mepa B MM) U crpaBa. B cermeHTe nbna
BUIHBI TPEUTUHBI MCKYCCTBEHHOTO TIPOUCXO-
SKIEHYsT (HeMpaBWIIbHAsT TPAHCITOPTUPOBKA)

3608 m
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tions. Microscopic observations, flow cytofluorometry
assays, and culturing trials were implemented to assay the
biomass. Finally, DNA-based techniques including very
sensitive DNA amplifications were applied. To validate the
DNA results, a contaminant library was established [7].

Referring to Bulat et al.’s 2009 data [8], cell concentra-
tions would not exceed 19—24 cells/mL in both accretion
and glacial ice, respectively, values comparable to those
found in other works [11]. The chemical content is very low
in accretion ice II (less than 100 mg/L for total ions) sug-
gesting the lake is poorly saline (< 0.1%o0 taking into
account ion partitioning during freezing) while sulfate salts
(gypsum) and carbonates are likely present (up to 1 mg/mL)
within the mineral inclusions in accretion ice I [10]. Dis-
solved organic carbon (DOC) is present in less than
10 mkg C/L (S. Preunkert, pers. comm.) imposing ultrao-
ligotrophic conditions. The accretion ice has the total gas
volume content two to three orders of magnitude lower
than the glacier ice [1], imposing anaerobic conditions. No
light is available for photosynthesis. The overall environ-
mental conditions in the lake and accreted ice would
restrict any possible biota to chemoautotrophs. Possible
redox couples seem to be limited to hydrogen and/or sul-
fides as electron donors and sulfates and oxygen (in sedi-
ment inclusions) as electron acceptors. The carbon dioxide
or carbonate from sediments could serve as a carbon source.
Therefore, if life is present, one may expect to discover
anaerobic chemoautotrophic piezophilic psychrophiles in
accretion ice as a special habitat and the same forms, but
with high oxygen tolerance in the lake water which is likely
supersaturated with oxygen.

In particular, sequencing of 16s rRNA genes, con-
strained by numerous contaminant controls and criteria,
showed that the accretion ice is essentially free of microbial
DNA. The only ice containing mica-clay inclusions (accre-
tion type I) (see Fig.) allowed the detection of few bacterial
phylotypes all passing contaminant controls but not fitting
groups expecting to discover. These phylotypes included
the well-known chemolithoautotrophic thermophile
Hydrogenophilus thermoluteolus (3-Proteobacteria) |7, 13]
along with unclassified uncultured bacterium of OP11
Candidate Division (91% similarity with closest relative)
and unknown bacterium related (95% similarity) to lake-
river sediment-inhabiting llumatobacter fluminis (Acti-
nobacteria) [16] (Table). The niche for the thermophile was
suggested to be within deep faults of the bedrock encircling
the lake (Fig. 3 in [7]), where the environmental conditions
of warm, anoxic, CO,—rich sediments along with probable
hydrogen emission due to water radiolysis would support
this type of organism. Sporadic seismotectonic activity [25]
might have flushed out some material from the veins into
the lake and the accretion ice I [7, 20]. The lake water as a
liquid has not yet been sampled for study but the results
could be surprising, i.e. it could be sterile or contain unusu-
al «oxygenophilic» life forms.

Microbial cell concentrations and bacterial phylotypes (v2-v3-
v4-v5 region of 16S rRNA genes) detected at high confidence in
Vostok ice core

Similarity with closest
Ieetvre | Sample. m Cells sequence in GenBank,
P pic, perml | phylotype (amplicon length in
bp, GenBank acc. no.), %
Snow 4.0-43 |0-0.02" Contaminants [7]
122 1.9
2005 24
2054 324" .
. " No PCR signal
Glacier 3471 1-4
3489 0
3504 1-5"
3519 0—1°
3547 0 Contaminants [7]
3548
99%, Hydrogenophilus
3561 49 thermoluteolus
(504 bp, DQ422863)
100%, Hydrogenophilus
i 3607 ND* thermoluteolus
Accretion I (430 bp, AF532060)
3607-re 1 No PCR signal
+ 192%, Uncultured bacterium’*
3608 0-19 (410 bp, AF532061)
3608BK-re ND* 95% Ilumatobacter fluminis
(see Figure) (526 bp, NR_041633)
5G2-3608 Contaminants [7]
3613
3621 No PCR signal
0 signal
3622 0.6 &
3635 4.7
. 5G2-3646 0 Contaminants [7]
Accretion 11
3650 3.1 No PCR signal
3650 4777+ Not analyzed
3659 12
5G2-3714 0 No PCR signal
5G2-3764 0

*Range values for several segments; 2°ND — not determined;
¥Unclassified phylotype; *"Untreated ice surface.

Since the subglacial Lake Vostok may be viewed as the
only extremely clean giant aquatic system on the Earth, it
provides a unique test area for searching for life on icy worlds
such as Jupiter’s moon Europa or Saturn’s moon Enceladus.
Confirmation of life living in Lake Vostok would strengthen
the prospect for the possible presence of life on icy moons
and planets. Exploration of Antarctic subglacial lakes is
entering an active phase. Three major Subglacial Antarctic
Environments (SAE) programs are now funded and sched-
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uled: Subglacial Lake Vostok (Russia), Subglacial Lake Ells-
worth (UK), and the Whillans Ice Stream Subglacial Access

Research Drilling (WISSARD, USA). Drilling opera-
tions at the Vostok station reached the depth of 3769 m
(5G-2 borehole) at which the entering the lake have been
occurred at the first time February 05, 2012. The lake
water rose several hundred meters up into the borehole,
got frozen and this ‘fast’ frozen lake water ice remains to
be drilled within 2 years before to enter the lake 2™ time.

Regarding abundance and diversity of living forms in
individual lakes, because these lakes have differing origins
and geological histories, the limnological conditions, the
age, the source of founder microbes, the time of isolation,
the populations of extant microbes, if they exist, may vary
from location to location. Thus, the findings in Lake
Vostok will not necessarily be typical of other lakes and ice
stream sediments. The subglacial Lake Vostok could be a
unique reservoir of genetic material evolving in cold dark-
ness under high oxygen stress isolated from other biota for
the last 14 million years, and might contain organisms with
distinctive adaptations. However, it is worth to notice that
preliminary results of flow cytofluorometry and DNA stud-
ies of the lake water frozen on a drill bit (along with the
drill fluid) during (at the period of) the Lake Vostok enter-
ing have revealed 167 cells per ml coming up with 4 bacte-
rial phylotypes. Amongst them 3 phylotypes were encoun-
tered in our contaminant library [7] while remaining one
minor actinobacterial phylotype of Microbacterium sp suc-
cessfully passing the contaminant library is nevertheless
proved to be originating from the drill fluid (aliphatic
hydrocarbons) source. Does it mean the upper lake water
horizon is lifeless (no ingenious cell populations) the far-
ther investigations will show.
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ITepcneKTHBBI MOUCKA JKHA3HA
B NO/1JIEIHUKOBOM 03epe BocTok

Lenps uccnenoBaHuss — oOHAPYKUTh MO OTIEYAT-
kam JTHK MukpoopraHusMbl B 3aMep3lieii Boae (KOH-
KEJISLLMOHHOM JIbIlY) OJIEAHUKOBOTO 03epa BocTrok,
IMOrpeOEHHOTO IO 4-KUJIOMETPOBBIM JICAHUKOBBIM

mutoM B LleHTpanpHoit AHTapKTHae. OOpa31Ibl 03Ep-
HOTO JIbJIa TIOJIYYCHBI B pe3yIbTaTe IIIy0OKOoro oype-
HUS BO Jabay (rnybuHa 3769,3 m). Beicokoe naBieHue,
HHU3KOe ComepXaHUWEe XUMUUYECKUX MOHOB U Opra-
HUYECKOTO yTJepoma, M30SIMusI, IToIHAasI TeMHOTA
1 BEPOSITHBIM M30BITOK KUCIOPOIa Ha MPOTIXKECHUU
MUJIJIMOHOB JIET XapaKTepU3yIOT 3TO SKCTpEeMaIbHOE
mo cBolicTBaM o3¢po. CrenuaabHBI TeKOHTaAMU-
HAIIMOHHBIM MPOTOKOJ OB MPpUMEHEH K oOpasimam
03€pHOTO JibJa 0e3 KaKUX-1u00 TpeIuH A5 yaa-
JICHWsI BHEITHEW YacTU KEpHa JIbIa, 3aTrPSI3HEHHOTO
KaK JIIOAbMU, TaK U IIPOMBIBOUHON XKUAKOCTHIO. [1pu
NpeaBapUTEIbHbBIX UCCIEIOBAHUAX JAHHOTO Jibla
YCTaHOBJIEHO MTOYTH ITOJTHOE OTCYTCTBHUE KaKOTO-TN00
3arps;3HeHu . [IpoTouHas TUTOMIYOPOMETPHUS TOKA-
3aj1a OYeHb HU3KYIO0 HEPaBHOMEPHO pacIpeaeIEHHYIO
bmomaccy, Torma Kak MUKPOCKOIMMYECKUE HAOII0-
IEeHUS oKa3aJiuch Oe3ycneumHbIMu. B cBoeil paboThl
MBI clenoBaiu npaBusiaM pabotsl ¢ dpeBneit JJTHK,
KOTOpHBIe BKJIOYAIOT B ce0s co3maHue COOCTBEHHBIX
0a3 KOHTAMHUHAHTOB W BBIPAOOTKY KPUTEPUECB IS
Bepudukauuu pesyiabratoB ammaudpukanuu JHK.
Jo HacTosIIero BpeMeHN HaXOIKH, KOTOPBIE TIPEOI0-
Jenn Bce apTedaKTH M MPOIIJIU TECT Ha CpaBHE-
HHe ¢ OMOJIMOTEKOT KOHTAMHUHAHTOB, OTHOCSTCS K
TpéM buroTuIiaM (BUAaM) OaKTepHil, BRISIBICHHBIX
JIUIIL B 00pa3iiax 03épHOTO JIbIa ¢ MUHEPAJIbHBIMA
BKIIOUYeHUSIMU (TUI ). DTO — XeMoauToaBTOTpO(d-
HBIT TepModun Hydrogenophilus thermoluteolus n nBa
HeUJAeHTUGUINPOBAHHBIX GUIOTUIIA. B coBOKyII-
HOCTH C TEOXMUMUYECKUMU U TeODU3NICCKUMU TIPeI-
IMOJIOKCHUSMHU TTOJYUeHHBIC Pe3yIbTaThl YKAa3bIBAIOT
Ha cyIIecTBOBaHUe OMOcdephl, BEIXKMUBAKOIIEH B Ty~
OOKUMX aKTUBHBIX pa3jioMaxX B OKPYKCHUH IMOIJICTHU-
KOBOTO 03epa, rae TeMIiieparypa MoxeT ObITh 50 °C n
BOIOPOII, BEPOSATHO, IIPUCYTCTBYET.

B memom HaII mogXxoa CBUASTEABCTBYET, UTO IIOMCK
KW3HU B IMOAJETHUKOBOM 03epe BOCTOK 0CIOXKHEH
BBICOKOM BEpPOSTHOCTBIO 3aTPSA3HECHUS IyKEePOIHOM
MuKpodaopoit. CTpaTerus momcka mpeaycMaTpu-
BaeT CTPOrMe NeKOHTAMUHAIMOHHBIC MPOIEeTyPHl U
TIIATEeJbHOE «OTCJEXMBAaHUE» KOHTAMUHAHTOB Ha
KaXIOUW CTYIICHHU UCCJICIOBAHMUS C YUIETOM Teodu-
3MYECKUX U DKOJOTMUYCCKUX OCOOEHHOCTE! o3epa.
DTO MOXET ITOMOYb B BRIPAaOOTKE HAIlpaBJICHUU IpU
MMOCJICAYIOMEeM OMOJIOTUUYECKOM M3YUYEeHUU 00Opas-
II0OB BOIBI KaK ITOIJIeIHUKOBOro o3epa BocTok, Tak
U OIPYTUX TMOMJICAHBIX BOZOEMOB, BEPOSITHO CYIIE-
CTBYIOIIMX Ha JICASHBIX IIJIaHeTaX M JIyHaX Hallnei
CoONHEYHOM CUCTEMEL.
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