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The permanent ice cover of Lake Vida (Antarctica) encapsulates an
extreme cryogenic brine ecosystem (—13 °C; salinity, 200). This
aphotic ecosystem is anoxic and consists of a slightly acidic (pH
6.2) sodium chloride-dominated brine. Expeditions in 2005 and
2010 were conducted to investigate the biogeochemistry of Lake
Vida's brine system. A phylogenetically diverse and metabolically
active Bacteria dominated microbial assemblage was observed in
the brine. These bacteria live under very high levels of reduced
metals, ammonia, molecular hydrogen (H,), and dissolved organic
carbon, as well as high concentrations of oxidized species of nitro-
gen (i.e., supersaturated nitrous oxide and ~1 mmol-L~" nitrate)
and sulfur (as sulfate). The existence of this system, with active
biota, and a suite of reduced as well as oxidized compounds, is
unusual given the millennial scale of its isolation from external
sources of energy. The geochemistry of the brine suggests that
abiotic brine-rock reactions may occur in this system and that the
rich sources of dissolved electron acceptors prevent sulfate reduc-
tion and methanogenesis from being energetically favorable. The
discovery of this ecosystem and the in situ biotic and abiotic pro-
cesses occurring at low temperature provides a tractable system to
study habitability of isolated terrestrial cryoenvironments (e.g.,
permafrost cryopegs and subglacial ecosystems), and is a potential
analog for habitats on other icy worlds where water-rock reactions
may cooccur with saline deposits and subsurface oceans.
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he observation of microbes surviving and growing in a variety of

icy systems on Earth has expanded our understanding of how life
pervades, functions, and persists under challenging conditions (e.g.,
refs. 1-3). Studies of the physical characteristics, the geochemical
properties, and microbes in ice (triple point junctions, brine chan-
nels, gas bubbles) have also changed our perceptions of the
environments that may contain traces of, or even sustain, life
beyond Earth [e.g., Mars (4), Europa (5), and Enceladus (6)].
Solute depression of ice crystal formation or solar radiation
melting of water ice are key processes that provide liquid water—
the key solvent that makes life possible—within icy systems.
Microbial communities in these conditions are often sustained
by a supply of energy that ultimately derives from photosynthesis
(present or past). The understanding of ecosystems based on
energy sources other than the Sun comes mainly from realms
where hydrothermal processes have provided reduced compounds
necessary to fuel chemosynthetically driven ecosystems. Methane
derived from thermogenic or biogenic sources can also support
microbial communities in deep sea (7) and high arctic cold saline
seeps (8). More recently, discoveries of life and associated pro-
cesses in deep terrestrial subsurface ecosystems (9) provide com-
pelling evidence of subsurface life that in some cases is fueled
by nonphotosynthetic processes. Our knowledge of geochemical
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and microbial processes in aphotic icy environments remains mostly
unknown, however, especially at subzero temperatures.

Lake Vida is located in Victoria Valley, the northern most of the
McMurdo Dry Valleys of East Antarctica (Fig. S1). Initial studies
of Lake Vida’s thick ice cover described a —11.6 °C, wet, saline
(estimated 245, practical salinity scale) ice at 15.8 m (10). This
brine has been isolated by the thick lake ice cover and underlying
800-970 m of permafrost (11, 12), prohibiting input of ground
water or of annual glacial melt and associated nutrients. '*C-dating
of organic matter sampled at 12 m in the lake ice cover suggests
that the brine has been isolated for more than 2,800 y (10). The
Lake Vida brine represents a cryoecosystem that is a suitable,
accessible analog for glacial and subglacial systems, including
soils, sediments, wetlands, and lakes underlying the Antarctic ice
sheet, some of which may harbor saline waters at depth (13), and
for the icy worlds of our solar system. The goal of the present study
is to examine the inorganic and organic geochemistry as well as the
biology of the brine and determine the capacity of this sealed,
aphotic cryoecosystem for harboring and sustaining microbial life.

Results and Discussion

During coring of the lake ice in 2005, brine infiltrated the
borehole 16.0 m below the surface of the ice. The brine then rose
in the borehole to 10.5 m below the ice surface (14), indicating
that the thick ice cover of the lake is at least partially grounded.
The brine consistently returned to the same level in the borehole
following sample collections with submersible pumping, indi-
cating connection with an extensive brine network in the lake ice.
In 2010, the brine hydrologic system behaved similarly. During
this second expedition, we retrieved a 27-m ice-core that was
interlaced with layers of sediments and briny ice below 21 m. The
bottom depth of the lake is currently unknown, although ice was
present at the bottom of the core, suggesting that the lake bottom
may be > 27-m deep. A second ice-core to 20 m was retrieved at
the same location and brine was collected as in 2005 for geo-
chemical and microbiological analysis (14).
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Brine Geochemistry. Lake Vida brine (LVBr) is anoxic, slightly
acidic (pH 6.2), and turns from light yellow to dark orange upon
exposure to the atmosphere as a result of ferric iron precipi-
tation. NaCl is the dominant salt (salinity of 176200 based on
refractive index; ion concentrations) (Table 1 and Table S1) with
a water activity of 0.87, which limits life in LVBr to moderately
halophilic organisms (15). LVBr geochemistry was very similar in
2005 and 2010, revealing that the distinctive composition of the
brine is quite stable with respect to time (Table 1 and Table
S1). LVBr has high levels of reduced and oxidized forms of in-
organic nitrogen (ammonia, 3,600-3,885 pmol~L’1; nitrate, 904—
1,120 pmol~L‘1; nitrite, 23.7-27.8 pmol~L_1; ranges provided
cover data for both 2005 and 2010 samples). High levels of in-
organic nitrogen ions in the system are presumably derived from
initial atmospheric precipitation on dry valley soils (16). Sub-
sequent glacial processes and weathering cycles likely resulted in
the introduction of these N salts into Lake Vida during earlier
ice-free stages of the lake. Dissolved inorganic carbon (DIC)
levels are also high (61.2-72.3 mmol-L™") relative to lakes and
oceans but similar to levels reported from the Taylor Valley,
where the Blood Falls surface outflow of deep subsurface brine
presents under Taylor Glacier as it enters the west end of Lake
Bonney (17) (Fig. S1 and Table S1).

LVBr also contains high levels of dissolved gasses. Nitrous
oxide is supersaturated (58.8-86.6 pmol-L™', 2005 and 2010,
respectively) and stands above all values reported in other lakes
of the dry valleys (Table S1) (18). A substantial amount of H,
(10.5 pmol-L™") was detected in 2010 LVBr, the source of which
is discussed below. Additionally, the carbon dioxide levels were
also high (8.9 mmol-L™"), in line with the high DIC levels.

Stable isotope data provide insight into the origins of dissolved
species and may reflect the extent of microbial activity. The 5'*C-
DIC values ranged between 1.44%o0 and 2.68%o, suggesting a
predominantly inorganic origin, although lack of pre-encapsu-
lation data and unknown rates of internal DIC to dissolved or-
ganic carbon (DOC) cycling limits interpretation of these values.
Although sulfate levels are higher than those of other dry valley
lakes (58-66 mmol-L™") (Table S1), no other sulfur intermediates
(e.g., S,03) or sulfides (mono- or polysulfide in particulate or
dissolved forms) were detected. The sulfate §°*S value, indis-
tinguishable from that of modern seawater (Table 1) (19), reveals
that sulfate did not undergo any significant microbial processing
(e.g., no significant bacterial sulfate reduction or sulfur dispro-
portionation that would have imparted kinetic isotope effects).
The isotopic compositions of NO3~, NH,*, and N, (6"°N =
0.3%o0) are all consistent with an atmospheric origin (Table 1)
(20). The bulk 8'°N and site preference values for N,O (Table 1)
are consistent with an origin from microbial denitrification or an
inorganic origin. An inorganic origin by chemodenitrification is
likely, because soils surrounding nearby Don Juan Pond have
been shown to produce N,O by this process with similar but
variable 8'°N and site preference values of —45.4%o to —34.5%0
and —45.2%o to 4.1%o, respectively (21). The 8°H of H, in the
brine is similar to expected values for production from radiolysis
and microbial hydrogenase activity (—692%o and —793%o, re-
spectively) based on the isotopic composition of the water (Table
1) and fractionation factors for these processes (22, 23). Microbial
H, consumption has been shown to catalyze nonproductive H,-
water exchange and drive the 8%H of H, toward isotopic equi-
librium with water on a monthly time scale (24). The expected "H
value for H, in equilibrium with Lake Vida water at —13.4 °C is
—850%o0 (25), which indicates isotopic disequilibrium. Isotopic
equilibrium between H, and water is expected, however, to take
between 1,000 and 10,000 y (22), perhaps longer at the tempera-
ture of Lake Vida. Consequently, we conclude that H, in Lake
Vida likely has an inorganic origin, radiolysis or serpentinization,
and that microbial H, consumption and the passage of time have
not been sufficient for the H, in Lake Vida to reach isotopic
equilibrium. Thus, the isotopic composition of DIC, sulfate, N,O,
and H, provide little to no indication of alteration by microbial
processes and are largely consistent with inorganic origins.
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Table 1. Geochemical characteristics of Lake Vida brine
collected in 2005

Parameter Value

Physical and major ions

Temp (°C) —-13.4
pH 6.2
Salinity (psu) 188.0
Ca?* (mmol-L™") 30.1 + 1.2
Cl™ (mmol-L™") 3,318 + 112
F~ (mmol-L™") 1.5+ 0.1
K* (mmol-L™") 82.8 + 2.8
Mg>* (mmol-L~") 664.9 + 22.5
Na* (mmol-L™") 1,914 + 60
504% (mmol-L™") 58.4 + 2.3
Gasses (umol-L™")
N,O 58.8
co, 8,860 + 190
H, 1,0.47 + 0.02*
MeSH 0.2
DMS 0.1
DMSO 25.0
H,S ND
CH,4 <1.0
Oxygen Anoxic
Carbon and nutrients
DIC (mmol-L™") 61.2 + 0.6
DOC (mmol-L™") 482 + 9.7
NH, "N (pmol-L™") 3,885.2 + 43.0
NO,™-N (umol-L~") 23.7 + 1.0
NO5;~-N (umol-L™") 904.4 + 30.0
PO4~-P (umol-L™") 5.0+ 0.2
Metals (umol-L™")
Al 10.2 + 10.8
As 09 + 0.1
Ba 0.5 + 0.03
cd ND
Cr 0.8 +04
Cu 0.5 + 0.04
Fe 307.9 + 22.6
Mn 81.9 + 3.7
Mo 0.4 +0.12
Ni 1.3+0.3
Pb 09 +04
Sr 4475 + 17.8
u 0.6 + 0.04
Zn 10.4 + 8.0
Stable isotopes
DIC 8"3C %o 2.7 £ 0.1
DOC §"3C %o -14.6 - -19.5
5042 53S %o 20.3 + 0.1*
NO5~ 8"°N %o -7.9 + 0.2*
NO5~ §'%0 %o 31.7 + 0.3*
NH4* 8"°N %o -4.8 +0.1*
N> 8N %o -0.3 + 0.3*
N,O "N %o -22.2 + 0.1*
N,O 580 %o 2.97 + 0.1*
N,O SP -3.64 + 0.3*
H, 8%H %o —704 + 12*
H,0 82H %o —240 + 20*
H,0 §'80 %o —-36.7 + 2.3*

The accompanying data collected in 2010 in addition to results of addi-
tional analyses can be found in Tables S1 and S2. Site preference (SP) is the
difference in the 5'°N values between the central and outer N atoms in N,O
reported in per mil units.

*Data collected in 2010.
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LVBr contains very high concentrations of iron (256-308 pmol-L ")
that are similar for the total and dissolved fractions (passing
< 0.2-pm filter), suggesting that the majority of elements are in
the dissolved state (Table S1). The metals, iron in particular, most
likely originate from weathering of the pyroxene-rich dolerites
dominating the landscape around Lake Vida (discussed below)
(Figs. S2 and S3).

The DOC (48.3-64.7 mmol-L™" C) levels were very high in LVBr,
in which carbohydrates comprised a s1gn1ﬁcant fraction (~7%) of the
2010 LVBr DOC (9.56 +0.81 mmol-L™! C; n = 6). Small amounts of
low molecular weight organic compounds (0—50 nmol-L~" CHy, and
2.7 nmol-L™" and 5.2 nmol-L™! ethane and ethene, respectively)
support potential for biological carbon processing in the system.
Fluorescence spectroscopy of dissolved organic material (DOM)
fractions reveal that the DOM is microbially derived: the level of
the fluorescence index values of 1.73-1.79 are at the upper end of
the full range in potential fluorescence index values from 1.2 to
1.8, corresponding to predominantly microbial sources com-
pared with sources that include plant degradation products. These
values are similar to those for DOM in other microbe-dominated
Antarctic lakes (Table S2) (e.g., ref. 26). The 8"°C of the high
molecular weight DOC fractions (~50% of the DOC) averaged
—15.0%0 (>1 kDa), —18.6%o0 (fulvic acid, LV-FA), and —17.4%o
(transphilic acid, LV-TPIA), and are consistent with autotrophic
production (Table S2). The >1-kDa fraction has radiocarbon ages
2,955 + 15 and 3,585 + 20 y BP, somewhat older than the algal
mat in the ice 12.8 m below the surface of 2,800 y BP (10),
confirming the millennial scale of the age of encapsulation of the
brine. The radiocarbon ages of the potentially more microbially
recalcitrant DOM fractions are older, with LV-FA and LV-TPIA
fractions (10% and ~8% of the DOM respectively) having sim-
ilar radiocarbon ages at ~4,000 “Cy BP suggesting that the > 1-
kDa fraction may include a greater proportion of younger DOM
produced in the brine (Table S2).

Microbial Abundance, Activity, and Diversity. Microscopic observa-
tion using fluorescent nucleic acid targeted stains (DAPI and
SYBRGold) revealed stained particles in the size class of typical
aquatic bacteria (>0 2 to 1.0-pm diameter) at a cell density of
0.1-0.6 x 10° mL™ and a second class of particles (< 0.2-um
diameter) that are almost two orders-of-magnitude more abun-
dant (~49-60 x 10° mL~ ) Scanning electron micrographs
showed doublets of particles in both size classes (potentially di-
viding cells) and many cell clusters (two or more) connected with
strands of an uncharacterized extrapolymeric substance (EPS),
particularly for the small-size class (Fig. 1). EPS production, a
cellular response to low water activity and temperature (27),
could be a significant contributor to the accumulated DOC
(the carbohydrate fraction in particular) in LVBr, where DOC
concentrations are 20-fold greater than in the bottom waters of
other lakes of the dry valleys.

Assays for *H-leucine incorporation indicate that the bacterial
assemblage synthesizes proteins under anoxic conditions at —12

e v o

2.00um

LVBr1ASml 10.0kV 13.0mm x20.0k SE(U) 2/1/06 )

Fig. 1. Lake Vida brine micrograph. Scanning electron micrograph with
~1.0-mm diameter cell, and small particles (~0.2 um in diameter). Note that
the pore size of the 25-mm diameter membrane is 0.2 pm; and that 5 mL of
brine was filtered onto the membrane.

to —13.4 °C (for the 2005 and 2010 experiments, respectively)
(Table 2) at very low rates. Protein synthesis is enhanced three-
to fivefold at 0 °C, and slightly depressed—yet still significantly
above killed controls—in the presence of an aerobic headspace
(at 0 and —12 or —13.4 °C).

Small subunit (SSU) rRNA gene surveys conducted with the
2005 LVBr revealed the presence of 32 unique sequences (of 154
total; 0.01 distance) distributed across eight bacterial phyla
(Proteobacteria, Lentisphaera, Firmicutes, Spirochaeta, Bacter-
oidetes, Verrucomicrobia, TM7, and Actinobacteria) (Fig. 2).
Several phyla were not previously observed in high salinity sys-
tems (e.g., the Epsilonproteobacteria, Verrucomicrobia, TM7, and
the deep-branching Lentisphaera group) (28). In addition, sur-
veys of complementary SSU rRNA (crRNA) led to the detection
of rRNA, from which biological activity can be inferred for 8 of
these 32 LVBr sequences (Figs. S4 and S5). Psychrobacter sp. and
Marinobacter sp. affiliated Gammaproteobacterial SSU rRNA gene
sequences dominate the environmental gDNA-derived SSU rRNA
gene clone library (39%) and crRNA results (Fig. 2, and Figs. S5
and S6). Several strains of these two Gammaproteobacteria spe-
cies were cultivated under aerobic isolation and anaerobic en-
richment (N, atm) in our laboratory as well as under aerobic
isolation in a separate laboratory (Fig. S5) (29). Similarly,
Epsilonproteobacteria, which form the second-most abundant
subgroup detected in the Proteobacteria phylum (16%), also have
strong crRNA signals in the denaturing gradient gel-electro-
phoresis profile (Fig. S4). Environmental representatives of this
class, best known from deep sea habitats, grow heterotrophically,
chemolithoheterotrophically, and chemolithoautotrophically us-
ing both Calvin-Benson cycle and reductive tricarboxylic acid
(TCA) cycle-based CO, fixation coupled to sulfur oxidation (30).
The closest cultivated relative (i.e., Sulfurovum sp.; 95% sequence

Table 2. 3H-leucine incorporation (into protein as DPM; averages + SD) was determined for

LVBr sampled in 2005 (LVBR; 0 and —12°C) and 2010 (LVH2b; 0 and —13.5°C)

Year Experiment N,, 0 °C Air, 0 °C N, =12 and —13.5 °C Air, =12 °C

2005 LVBR1 30 d 2,262 + 227** 1,513 + 209** 502 + 23** 338 £ 111
LVBR2 10 d 987 + 102* 664 + 33 NA NA
LVBR3 10 d 577 + 23** 533 + 55** 132 + 25%* 147 + 24**

2010 LVH2b 6 d 105 + 41* NA 13+ 15 NA
LVH2b 11 d 358 + 73* NA 111 £ 57* NA
LVH2b 16 d 429 + 127* NA 187 + 62* NA

Experimental duration (d) is listed following experiment designation, and experimental conditions including
incubation atmosphere and temperature are listed in the columns.

**P < 0.01, *P < 0.05Mann-Whitney U test.

“NA" indicates these experiments were not conducted. Killed control values (overall average of 266 + 94 dpm
for 2005 LVBR and 190 + 67 for the 2010 LVH2b) were subtracted from the values reported (n = 4-6).
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52 €GQ167305.1; LVBr10cD04 (24)

O AJ241008.1; marine sediment clone Sva0500
AB294943.1; submarine hot spring clone pltb-vmat-33
AY390428.1; Lentisphaera araneosa

-X90515.1; Veerrucomicrobium spinosum

¢ GQ167324.1; LVBR10aC07 (1)

NRO043701.1; Rubritalea marina

100
DQ833400.1 Sphaerochaeta sp. str. TQ1

9
100 [060167322.1; LVBr10bB02 (10)

100 10 DQ15847.1; Antarctic lake water clone WLB13-222

_1"0[[0 GQ167333.1; LVBr10aF06 (1)
EF467640.1; Cryobacterium psychrophilum

X80841.1; Tissierella praeacuta
v DQ378266.2; oil-polluted soil clone m50_Pitesti
4 GQ167330.1; LVBr10aA04 (1)
A EU196331.1; Arctic spring bacterium NP25
¢ GQ167317.1; LVBr10cB02 (14)
99, A EF420223.1; oil sands tailings pond clone 12-17A
100 [l ¢ GQ167332.1; LVBr10aFo5 (1)
X76161.1; Clostridium aminobutyricum
AF491333.1; Fusibacter sp. str. SA1

61

90 |- A EF420224.1; oil sands tailings pond clone 22-3C
70 ' € GQ167327.1; LVBr10aG04 (1)
100 € GQ167309.1; LVBr10aH06 (1)

AB255061.1; Uncultured bacterium clone IC-33
4 GQ167336.1; LVBr10cH06 (1)

AP009179.1; Sulfurovum sp. str. NBC37-1
97 - ¢ GQ167323.1; LVBr10bB06 (1)
190 Lo AJ241014.1; marine sediment clone Sva0632
AF118453.1; Desulforhopalus singaporensis
¢ GQ167308.1; LVBr10cC08 (1)

™ AY575776.1; Thiomicrospira sp. str. ADO3

56 1 ¢ GQ167313.1; LVBr10cG07 (20)
100 I EU908286.1; Psychrobacter sp. str. LV40

69 M DQO15770.1; Antarctic lake water clone ELB25-091
99 100+ EU908281.1; Marinobacter sp. str. LV10S
4GQ167306.1; LVBr10cE12 (19)
100 | r M@ DQO15679.1 Antarctic lake water clone ELB25-092
68 | ® GQ167307.1; LVBr10cA0S (20)
B NZAAXY01000002.1 Marinobacter sp. str. ELB17
100 19 GQ167334.1; LVBr10cFo5 (1)
100 S DQ521568.1: Lake Vida 15.9 mice clone ANTLVSHOB
L AJ575266.1; Cyclobacterium marinum
100 -9 GQ167318.1; LVBr10cE09 (1)
AB362265.1; Rikenellaceae str. JAM-BA0501
100 - #GQ167331.1; LVBr10aF03 (1)
AF521195.1; Brumimicrobium glaciale
00 DQ015861.1; Antarctic lake water clone WLB16-196
4GQ167328.1; LVBR10aH12 (1)
AY167315.1 Cytophaga marinoflava
100, ¢ GQ167321.1; LVBr10aA11 (2)
190 "lm DQO15779.1; Antarctic lake water clone ELB25-009
EF486353.1; Salegentibacter salinus
4 GQ167329.1; LVBr10aF11 (3)
2 r O DQ521536.1 Lake Vida 15.9 m ice clone ANTLV7C07
AJ440991.1; Gillisia limnaea
4 GQ167335.1; LVBr10cA11 (1)
4 GQ167312.1; LVBr10cFo1 (3)

100

69

95

100

86T & GQ167311.1; LVBr10cDO2 (1)
8710 DQ5521523.1; Lake Vida 4.8 m ice clone ANTLV2F09
711 DQ6777863.1; Flavobacterium sp. BF02 S2

AY676200.1; Haloquadra walsbyi

—
0.02

identity) of the LVBr Epsilonproteobacteria also uses H; as an en-
ergy source (31). We also detected a unique, abundant group (15%)
of SSU rRNA gene sequences with no close cultivated relatives and
branching deeply within the Lentfisphaera phylum (Fig. 2). The
presence of diverse members of the Firmicutes (11% of the SSU
rRNA gene library), which can grow by fermentation, was supported
by detection of low numbers of germinable endospores (800 spores/
L™ out of a total of 200,000 spores/L™"). Another fermentation-
capable group, free-living pleiomorphic spirochaetes isolated from
anaerobic environments and enrichment cultures (32), are the
closest relatives (97% sequence identity) of LVBr Sphaerochaeta
sp. SSU rRNA gene sequences (7% of the SSU rRNA gene li-
brary). The Bacteroidetes-associated SSU rRNA gene sequences
(9% of the SSU rRNA gene library) harbored the greatest
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DQ302117.1; Uncultured Verrrucomicrobium clone A.damicornis36 -

@ AY570633.1; biodegraded Canadian oil reservoir clone PL-581
<© DQ521526.1; Lake Vida 4.8 m ice clone ANTLV2G05

EU283583.1; Uncultured candidate division TM7 bacterium clone A896

EF019876.1; Uncultured bacterium clone Elev_16S_1238 -~

86 (¢ GQ167319.1; LVBr10cA08 (24)
10300 < DQ521540.1; Lake Vida15.9 m ice clone ANTLV7F08
FM179878.1; marine sediment clone Tomm05_1274_3_Bac137

100 Lw DQB77851.1; Blood Falls subglacial outflow clone BF99_C55

¥ DQ677862.1; Blood Falls subglacial outflow clone BF99_C166

'V DQ677875.1; Blood Falls subglacial outflow clone BF04_CF-1a

Lentisphaera

Verrucomicrobia

:I Spirochaeta

Actinobacteria

Firmicutes

Candidate
Division TM7

Proteobacteria

Fig. 2. The evolutionary relationships of
LVBr (#) bacterial SSU rRNA gene sequences,
related environmental clones, and cultured
isolates were inferred using minimum evo-
lution, and distances computed using maxi-
mum composite likelihood. The number of
LVBr sequences with distance <0.01 are
shown following the clone identifier in pa-
rentheses. Symbols designate libraries used
in comparative analyses (Lake Vida Ice, LVI O;
East Lobe Lake Bonney, ELB, m; West Lobe
Lake Bonney, WLB, [J; Oil sands tailings
pond, OSTP, A; Gypsum Hill and Color Peak,
GH/CP, /\, oil-contaminated soil, PIT, V/;
Canadian biodegraded oil reservoir, PL, @;
Svalbard sediments SVA, O; Blood Falls, BF,
V) (see Fig. S6 for principle components
analysis). There were a total of 1,020 posi-
tions in the final dataset; 1,000 bootstrap
trees were calculated and the consensus tree
is shown.

PPN 1 IR [ DRI |

Bacteroidetes

diversity and were related in several cases to sequences detected in
other Antarctic studies (33-35). PCR surveys to detect eukaryal
and archaeal SSU rRNA genes from genomic DNA were negative.
The lack of detection of an archaeal signal is noteworthy because
many comparable cold briny habitats contain significant, diverse
archaeal populations (e.g., refs. 36 and 37). LVBr contains such
high levels of resources (inorganic and organic) that methanogens,
nearly always found in nutrient depleted systems, are not expected
to be significant constituents of the assemblage. Consistent with
this finding, methane was not detected in 2005 LVBr, and trace
levels (50 nM) were detected in 2010 (Table 1 and Table S1).
The LVBr microbial assemblage is distinct from those of other
saline lakes of the McMurdo Dry Valleys, such as Lake Bonney (33)
and other Antarctic lakes of the Vestfold Hills (36), as indicated by

Murray et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208607109/-/DCSupplemental/pnas.201208607SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208607109/-/DCSupplemental/pnas.201208607SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1208607109

L T

/

1\

=y

principle components analysis (Fig. S64 and Table S3). The LVBr
microbial assemblage is most similar to that inhabiting the subglacial
brine of Blood Falls and, as expected, the deeper portion of the
Lake Vida ice cover (35) (Fig. S6), where representatives of the
Marinobacter genus, known to have denitrifying capabilities, are
dominant. Phylogenetically, the LVBr assemblage can be distin-
guished from those of the Lake Vida ice samples and Blood Falls
brine because it contains several exclusive phylotygpes, including
asizeable Epsilonproteobacteria group (P =6.9010"") and a cluster
of Lentisphaera-related sequences (P = 6.05 1077). Additionally,
the LVBr assemblage harbors Spirochaetes and many Clostridium-
related sequences unlike those of the Blood Falls brine and Lake
Vida ice cover. These unique organisms and their associated
metabolisms (e.g., H, utilization, EPS production, and fermentation)
may hold clues to the functional ecology of the brine ecosystem.

Brine Geobiology and Ecosystem Function. The abundance and di-
verse redox states of compounds found in LVBr raise the question
of resource supply and sustenance if the ecosystem is truly en-
capsulated. Could the life we observe be dependent on the organic
inventory accumulated in the lake water before encapsulation? By
scaling reaction rates for different types of biodegradable organic
matter (e.g., ref. 38) to low temperatures in the brine, the time-
scales for exponential decay of an initial organic inventory in
Lake Vida are on the order of several hundred to a few thousand
years. Thus, given the timing of biodegradation and the millennial
scale of the age of the sealed system, ~3,000 *C y at a maximum
based on DOC '“C-dating presented here, we would expect that
LVBr should be in the final stage of decomposition, and the mi-
crobial processes would likely be dominated by methanogenesis,
or a mixture of sulfate reduction, H,-generating fermentation, and
methanogenesis. In contrast, we observed in LVBr a complex
geochemistry with enormous amounts of dissolved metals, inorganic
and organic carbon, N,O, and H,, as well as large amounts of
both reduced and oxidized forms of dissolved nitrogen, together
with a microbial assemblage that is potentially capable of metab-
olisms ranging from denitrification to chemolithoautotrophy and
fermentation, and if present, only very low levels of methano-
genesis, as inferred from detection of SSU rRNA genes and SSU
rRNA. Thus, the geochemistry and microbial complement of
LVBr are more indicative of (i) an ecosystem that receives an
influx of energy, other than sunlight, but without a significant in-
flux of mass, or (ii) a system that is severely limited by tempera-
ture, some limiting (micro)nutrients, or a combination of the two.
Next, we considered the LVBr system itself. The carbon in-
ventories are high but do not appear to be significantly modified by
the microbial processes. Support for this inference is provided by
DIC and biomass production, which when converted to a rate of
respiration, indicates that the §*C-DIC value would have only
shifted by 0.002%o0 in response to 2,800 y of respiration (assuming
that respiration is equal to production, the leucine incorporation rate
was converted to biomass production; e.g., 3.1 107 gC-L™.d~" using
vales of 1.5 kg C/mol and 10 fg C/cell) (39). This production rate
results in a generation time averaging 120 y, which slightly exceeds
the predicted value for maintenance metabolism at the LVBr tem-
perature (40). Therefore, it is plausible that low heterotrophic
metabolic rates could be supported by autochthonous resources.
Alternatives to the decomposition and metabolic scenarios
may exist but are currently poorly understood. For example,
a recent study of Blood Falls subglacial brines (17) proposed
a coupled sulfate-iron (III) reduction cycle that occurs catalyti-
cally to oxidize organic matter and regenerate sulfate because of
low DOC concentrations (> 100 times lower than in LVBr). This
possible path may explain the absence of sulfides in LVBr, but is
clearly discordant with the high concentration of DOC, and the
lack of sulfur intermediates observed. Another study conducted
with soils near the hypersaline (>600), ice-free Don Juan Pond
of a neighboring dry valley, demonstrated that abiotic rock-brine
reactions, akin to serpentinization, produce copious amounts of
H, and N,O via coupling of oxidation of Fe**-rich minerals of
dolerite, with reduction of nitrite and nitrate to nitrous oxide
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(21). Although Don Juan Pond does not support life because of
low water activity, there are several parallels between the abiotic
reaction proposed and LVBr geochemistry. There are two major
sills of the Ferrar dolerite in Victoria Valley (41) that could
contribute iron-rich minerals to the LVBr cryoecosystem (Figs. S2
and S3) as a result of weathering and erosion during succes-
sive glacial periods, leaving dolerite clasts over most of the Victoria
Valley floor (Fig. S3) (41). The high levels of dissolved nitrogen
species, N,O and H, are also consistent with abiotic production.
One implication of abiotic H; production is that it could provide
energy to this closed system to facilitate metabolism, either auto-
trophically or as a supplement to heterotrophic metabolism. The
lack of isotopic equilibrium between the H; and the water argues for
little biological contribution to H,, but cannot discount biological
H, production completely. Similarly, H, can be used by many
organisms as an energy source (42), several groups of which were
detected by 16S rRNA gene-sequence analysis (i.e., members of the
Firmicutes and Bacteroidetes phyla). Additionally, active and dis-
tinctive components of the LVBr microbial assemblage, such as
Thiovulgaceae-associated Epsilonproteobacteria, are able to use the
H, lithoautotrophically or lithoheterotrophically (30). Both DNA
and crRNA data indicate that these organisms are well represented,
active, and unique to Lake Vida in comparison with other Antarctic
lakes, although whether they are using Hj is currently not known.

Conclusions. Lake Vida is an ice-bound system that was presumably
isolated with solar-derived organic carbon and coincident microbial
life and that has survived for millennia since isolation. The high
levels of electron acceptors (i.e., NO;™) and a slow rate of me-
tabolism, near maintenance level, prevent biogeochemical pro-
cesses within the encapsulated system from depleting energetic
reserves and from going down the redox couple ladder toward
sulfate reduction and methanogenesis. The high levels of dis-
solved and gaseous nitrogen compounds, Fe and H,, suggest that
serpentinization-like reactions may also occur in LVBr. With the
LVBr H, levels as high as they are, regardless of their source
(abiotic or biogenic production), this H, could at least supply
readily utilizable energy to combat depurination and racemization
processes in this harsh ecosystem (42). LVBr microbial life is
reasonably diverse, maintains cellular rRNA, and retains the
ability to synthesize proteins at very low levels. We contend that
metabolism in this encapsulated brine ecosystem may last for
a prolonged period, well in excess of its ~2,800 y of existence.

Materials and Methods

Field Sampling Campaign. Expeditions to Lake Vida resulted in successful
extraction of ice cores (16.5 m in 2005, 20 and 27 m in 2010) and collections of
brine that entered the borehole at a depth of ~16 m (see Table S1 for station
coordinates). We followed a carefully designed sampling approach in both
field campaigns to ensure clean access (14). We collected LVBr from within
the borehole using sterilized submersible pumps (SS Monsoon, Waterra) and
sterile polytetrafluoroethylene tubing (14) at a depth of 16 m in 2005 and
18.5 m in 2010 (from the 20-m borehole).

Geochemical Analyses. LVBr was pumped directly into bottles in a glove bag
(N, atmosphere) and stored at —10 °C under anoxic conditions for geo-
chemical analyses in both 2005 and 2010. Oxygen measurements were
conducted using a Winkler titration in 2005 and by gas chromatography in
2010, neither approach detected oxygen in the brine. lon constituents were
determined using a Dionex DX-120 chromatograph (43); in addition for the
2010 brine, sulfate and nitrate were samples were passed through a 0.2-ym
filter and Ag-filter to remove chloride from the brine. Details of DIC and DOC
determinations are presented in S/ Materials and Methods. Inorganic nutrients
were determined on a Latchet Autoanalyzer at the Desert Research Institute
following standard practices. Analysis for sulfur intermediates (5°, 5,052~, and
$0327) and sulfides are described in S/ Materials and Methods.

Elemental determinations of LVBr were by high-resolution inductively
coupled plasma mass spectrometry (Thermo-Finnigan Element 2). The 2005
elemental analysis were operationally defined as “total-recoverable” as per
Environmental Protection Agency Method 200.8 (Rev 5.4). The 2010 deter-
minations included the analyses of “total” (acid digestion) and “dissolved”
(< 0.2-um diameter) fractions (SI Materials and Methods).
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N,O concentrations were measured (headspace technique) for 2005 LVBr
with a portable Photo-Acoustic Infrared Trace Gas Analyzer, (Europa Scien-
tific). Details of the N,O and N, determination method and mass spectrometry
for 2010 LVBr are presented in S/ Materials and Methods. Methylthiol (MeSH)
and dimethylsulfide (DMS) in the 2005 LVBr were measured (headspace
technique) using an SRI 310 gas chromatograph with a sulfur specific FPD
detector. Attempts to quantify CH,; (headspace technique) using this ap-
proach were negative for the 2005 LVBr. The approach for CH, quantifica-
tion, in addition to other low molecular-weight organic compounds, in 2010
LVBr is described in SI Materials and Methods. The concentration and isotopic
fractionation of H, dissolved in the 2010 LVBr samples was determined using
headspace equilibration and mass spectrometry (S/ Materials and Methods).

Microbial Analyses. Bacterial cells were observed in glutaraldehyde-preserved
(0.1% volivol) brine thatwas stained with either DAPlor SYBRGOLD (Invitrogen)
and then filtered onto both 0.2- and 0.02-um pore-size polycarbonate and
aluminum oxide membrane filters (Whatman Anodisc), respectively, followed
by epifluorescent microscopic detection and enumeration. Endospore viability
assays based on dipicolinic acid triggered terbium ion (Tb*) luminescence was
used to enumerate the germinable and total concentrations of endospores in
LVBr (44). Cell preparations on 0.2-um pore-size polycarbonate filters also were
also visualized using scanning electron microscopy using a cold field emission
Hitachi S-4700-I1 Scanning Electron Microscope.

Leucine incorporation was evaluated by incubating 5 mL of brine (five bi-
ological replicates with two technical replicates for each sample) with 3H-labled
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leucine (20-nM final concentration) followed by cold TCA extraction [5% (vol/
vol) final concentration] and microcentrifugation (45). TCA and formalin [5%
(vol/vol) final concentration] or TCA and autoclaved brine were used to pro-
vide killed controls for the 2005 and 2010 experiments, respectively. The 2005
samples were incubated at 0 °C and —12 °C for 10-30 d with nitrogen or
ambient air as the headspace in three separate experiments. The 2010
samples were incubated at 0 °C and —13.5 °C for 6, 11, and 16 d with ni-
trogen headspace. Attempts to measure levels of *H-thymidine, 3H-acetate
and '“C-bicarbonate into cellular macromolecules were not significantly
different from killed controls (S/ Materials and Methods). Cultivation details
and molecular analysis details are presented in SI Materials and Methods.
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S| Materials and Methods

Dissolved Inorganic Carbon Determinations. Dissolved inorganic
carbon (DIC) concentration for the 2005 Lake Vida brine (LVBr)
was determined by infrared gas chromatography on acid-sparged
samples following calibration with bicarbonate standards. DIC
stable carbon isotope samples for 2005 LVBr were acidified with
phosphoric acid (15 mol-L™") and the liberated CO, was cryo-
genically separated on a vacuum extraction line, with DIC con-
centrations measured via digital manometer. Samples were
analyzed on a dual inlet Thermo Finnigan Delta Plus XL mass
spectrometer. Samples for DIC concentration and isotope analyses
collected in 2010 were analyzed using a method closely following
that of Salata et al. (1). In this approach, 100 uL of LVBr were
injected into evacuated 10-mL serum vials containing 100 pL of
concentrated H;PO,4 (~100%). After > 24 h of equilibration, vials
were brought to atmospheric pressure with pure N, and 150 pL of
the headspace was analyzed using a TraceGas System interfaced to
an Isoprime mass spectrometer. Values are reported in & notation
relative to Vienna Pee Dee Belemnite (VPDB). The mass spec-
trometer has an analytical precision of 0.1%o. No mineral phase
fractionation factors were applied. C-isotope values are reported
with respect to the international standard, VPDB.

Inorganic Nitrogen and Sulfur Analyses. In addition to dissolved
nutrient determinations described in the main text for samples
collected in both expeditions, we determined oxidized intermediates
of sulfur and isotopic compositions of N and O (from nitrate), N
from ammonium, and S for the LVBr samples collected in 2010.
The isotopic composition of nitrate was determined by steam dis-
tillation and microbial reduction method (2). The isotopic com-
position of ammonium was analyzed using the acidified disk
method described by Holmes et al. (3). N and O isotope values
determined using an Elementar Isoprime are reported with re-
spect to the international standards Air and Vienna Standard
Mean Ocean Water (VSMOW)), respectively.

Sulfur intermediate analyses were performed on samples pre-
served in a gas-tight glass syringe that was flash-frozen and kept at
—78 °C wrapped in foil until analysis on a Dionex Ion Chro-
matograph System (IC-2000) and were separated using an IonPac
AS17-C column with KI eluent to separate different sulfur species.

To determine sulfide levels, samples were measured using CdCl,
precipitation and sulfur (5°*S) isotope values measured on a Fin-
nigan Mat 252. Specifically, LVBr was loaded into 60-mL syringes
with 10 mL of 1.5 M CdCl, solution to precipitate any free sulfide
as cadmium-sulfide (CdS). LVBr syringe samples were first fil-
tered onto 0.4-um glass fiber filters to trap any precipitated CdS
and any particulates in the brine. Sulfate was recovered from the
LVBr filtrate by bringing the brine sample to pH ~3 and adding
an excess of 0.2 M Ba(NO;), solution to precipitate dissolved
sulfate as BaSO,. The BaSO, was rinsed and centrifuged mul-
tiple times with ultrapure water to remove chlorine, and then
dried overnight at 80 °C before isotopic analysis. The filtered
residue from LVBr samples was first reacted with hot 6N HCl for
3 hin a N,-purged flask, following methods of Briichert and Pratt
(4). Flowing N, carried evolved H,S, from monosulfide decom-
position, through a buffer solution (0.1 M citrate solution adjusted
to pH 4) into a 0.1 M AgNOj; solution where it was precipitated as
Ag,S. The Ag,S precipitate was then filtered, rinsed, and dried
onto a baked 0.22-pm quartz-fiber filter that was saved for isotopic
analyses. Finally, the remaining acid-insoluble residue was reacted
with mixture of ~40 mL of 12 N HCl and ~40 mL of 1.0 M chro-
mous chloride (CrCl,e6H,0) in a Ny-purged extraction flask and
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evolved H,S from any polysulfides was precipitated as Ag,S
(see description above). No measurable sulfide was recovered
from either the mono- or polysulfide extractions in any of the
LVBr samples.

Sulfur (8**S) isotope values were measured (on a Vienna-
Canyon Diablo Troilite scale) using a Carlo Erba Elemental
Analyzer (EA1110) coupled to a Finnigan Mat 252 isotope ratio
mass spectrometer via a ConFlo II split interface in the Stable
Isotope Research Facility at Indiana University. Analytical repro-
ducibility was better than +0.13%o0 (1 o) for standards and du-
plicate samples.

Elemental Analysis. All sample and standard preparation was
performed under class 100 clean-room conditions using trace
metal clean techniques. The 2005 LVBr samples were acidified to
pH < 2 with ultra-pure nitric acid (HNO;), stored for > 2 wk,
and diluted to a salinity of < 1%o with 1% HNOj (prepared
with > 18 mQ ultrapure water) before analysis. Isobaric inter-
ferences were resolved using multiple resolution settings (nomi-
nally m/Am ~400, 4,000, and 10,000). The instrumental response
was quantified, after normalization to an indium internal
standard, using external standards (NIST traceable). Multiple
method blanks and test standards (Environmental Protection
Agency drinking water Quality Assurance Protocol solutions)
were analyzed for quality control purposes. Brine samples col-
lected in 2010 were analyzed for total and dissolved (<0.2 pm,
Steriltech silver membrane) elements. Triplicate total samples
were prepared by nitric and hydrofluoric acid digestion using
a block heater and microwave digestion. Both total and dissolved
samples were diluted with 1% HNO; spiked with an indium
internal standard. These samples were analyzed by high-resolu-
tion inductively coupled plasma mass spectrometry at the Uni-
versity of Tasmania under similar conditions to the 2005 samples
with the exception that the guard electrode was deactivated to
minimize isobaric interferences on some isotopes (e.g., “>Mo'°O
on '!'Cd; following ref. 5). Quantitation of these samples was
also by external calibration with NIST traceable standards (Gai-
thersburg, MD). The method accuracy was verified through the
analysis of the NIST 1640 “Trace Elements in Natural Water”
standard reference material. Samples analyzed by the “total re-
coverable” acid digestion and dissolved analytical methods were
comparable. This result is likely because of the high fractional
solubility of elements in the brine samples.

Volatile Hydrocarbon and Dissolved Gas (N,O and H,) Analyses. The
procedures for analysis of the 2010 LVBr samples included
analyses to detect a broader spectrum of gases than for the 2005
samples (including hydrogen) in addition to a different approach
for N,O determinations. A custom-designed gas chromatograph
with FID/TCD detectors (analyses conducted at Microseeps)
was used in determinations of CO,, CH,, C;Hg, and C,Hy. The
detection sensitivity of CO, was 0.11 mM and for hydrocarbons
detected (CHy4, C;Hg, and C,Hy) were 6.2, 0.83, and 0.89 nmol-L 7,
The levels of C3H8, C3H6, C2H2, CO, C4H10 (iSO and Il-fOI'IIlS)
were below detection limits (0.05 pg/L™" for all, except 0.5 pg/L™"
for C;H, and 1.0 mg/L™" for CO).

The N,O concentration was determined based on the m/z 44
ion beam intensity produced within a mass spectrometer during
isotopic analysis (Elementar Isoprime). Before introduction on
to the mass spectrometer, N,O was purified using a Trace Gas
system (Elementar) that involved quantitatively stripping of N,O
from 100 mL of LVBr under He flow, water, and CO, removal
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using chemical scrubbers (magnesium perchlorate and Carbo-
sorb, respectively), then the gas was chromatographically sepa-
rated on a Porapak Q column (6, 7).

For the H, and N, determinations ~150 mL of LVBr was
introduced to evacuated glass bottles (300 mL) and equilibrated
for 8 h at room temperature (8). Water was then removed by
vacuum and sample gases introduced to an evacuated 3-mL gas
sampling loop interfaced to a mass spectrometer (Elementar
Isoprime) with magnesium perchlorate in-line for water vapor
removal. H, and N; was then chromatographically purified using
a molecular sieve 5 A column under He flow and concentration
determined from the m/z 2 ion beam intensity for the H,; con-
centrations were not determined for the N, (9). The stable iso-
tope values for N, and H; are in reference to air and VSMOW,
respectively.

Dissolved Organic Carbon Methods. DOC in LVBr was quantified
using high temperature oxidation on a Shimadzu Total Organic
Carbon (TOC) analyzer with a nonpurgeable organic carbon
(NPOC) method (10). Carbohydrate concentration of the 2010
brine averaged over six replicates was measured after Dubois et al.
(11) using pullulan (a soluble linear glucose polysaccharide; Sigma)
as the standard.

To characterize various fractions of DOC, LVBr was serially
diluted to the point in which the last two samples were below the
chloride interference threshold (12) based on anion chemistry
data. Average values for the last two samples were reported.
Fractions of dissolved organic carbon (DOC) were then isolated
and characterized by acidifying two 1-L samples of LVBr to pH
~2, diluting the LVBr (factor of 40) followed by a two-step fil-
tration procedure. Diluted brine was partitioned into four fractions
on XAD-8 and XAD-4 resins (13), separating fulvic (FA) and
transphilic acid (TPIA) fractions, respectively followed by tan-
gential flow ultra-filtration (TFUF; 1-kDa membrane) of the
column effluent to concentrate the > 1 kDa fraction, which also
results in a low molecular weight, permeate fraction (TFUF
permeate). The FA, TPIA, and > 1 kDa fractions were analyzed
with fluorescence spectroscopy and freeze-dried for downstream
analysis (14). 513C-DOC and radiocarbon (**C) ages of the six
Lake Vida DOM fractions were prepared at the University of
Colorado at Boulder’s radiocarbon laboratory (NSRL) and an-
alyzed by accelerator mass spectrometry (AMS) at the University
of Arizona AMS facility according to Stuiver and Polach (15).

Additional Microbial Activity Assays. Additional measures of het-
erotrophic bacterial growth were attempted via an evaluation of
thymidine and acetate incorporation and respiration at 0 and
—12 °C with an ambient atmosphere headspace [incubating with
20 nM *H-labeled thymidine for 54.5 h, extraction with cold 5%
tricarboxylic acid (TCA), and filtering (16) and 10 mM C-la-
beled acetate for 65.5 h, extraction with cold 5% TCA, and fil-
tering] in 2005. Although thymidine incorporation and acetate
values were higher than formalin-killed controls, the difference
was not significant (Mann—-Whitney test). Similarly, acetate res-
piration values were not different from formalin-killed controls.
Thymidine incorporation assays conducted with the 2010 LVBr
samples were run in parallel with the leucine incubations (17)
under N; atm at 0 and —13.5 °C for 6-16 d, and again, significant
levels of incorporation indicating DNA biosynthesis were not
detected.

Microbial Cultivation. LVBr was transferred from anoxic bottles at
the Desert Research Institute under an N, atmosphere to an
ambient atmosphere, where it was used to inoculate various media
under aerobic or anoxic and cold (0-3 °C) conditions. Halophilic
broth (HB) and R2A (a freshwater heterotrophic media) did not
produce evident growth after one month, whereas standard Ma-
rine Broth (DIFCO) yielded growing mixed cultures. Isolates were
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obtained by directly plating brine on Marine Agar (DIFCO) and
incubating at 0-3 °C. Colonies (appearing after 2 wk) were iso-
lated through subsequent streaking (3x per colony). DNA was
extracted from isolates following standard procedures (18), the
small subunit (SSU) rRNA gene was PCR-amplified using bac-
terial primers (27F and 1492R), purified (Qiaquick; Qiagen), and
sequenced at the Nevada Genomics Center, Reno, NV. Repre-
sentatives were archived in 10% glycerol.

Anaerobic enrichment media stock (10 mL per tube) was
prepared using a hungate station in which LVBr was diluted
deionized water (50% LVBr), degassed, and sterilized, and the
headspace was filled with N, (19). Fifteen millimolar malt extract
(final concentration) or 0.2% Casein extract (ICN Biomedicals)
and 0.01 mL of Wollin’s Vitamin Solution (American Type Cul-
ture Collection) were injected into sealed Balch tubes just before
inoculation. This media was inoculated with 1.1 mL anoxic brine
and incubated in the absence of light at —2 °C or 10 °C for 9 mo.
SSU rRNA gene sequences (Enrichment-D2, B11, C3, C6, C10,
and C12) were obtained from a clone library (method described
below) derived from DNA harvested from organisms grown with
the 15 mM malt extract. SSU rRNA gene sequence derived from
—2 °C Enrichment-E3 was obtained from organisms grown in
enrichment culture with 0.02% Casein at 10 °C. DNA was ex-
tracted (DNeasy Blood and Tissue kit; Qiagen) from 2-mL en-
richment culture aliquots that were concentrated to 30 pL
(Vivaspin; Sartorius).

Molecular Analyses. Cells were harvested in the field in 2005 by
filtering brine through 0.2-mm Sterivex filters (Millipore), then
filters were stored frozen in either sucrose-Tris-EDTA buffer (500
mmol L"), 40 mmol L™, and 0.73 mol L™, respectively) until
DNA extraction or RNAlater (Ambion, Inc.) for RNA. The
results presented here were conducted with nucleic acids ex-
tracted from the 2005 LVBr following ref. 20. DNA was initially
surveyed by PCR for amplification of the three domains of life.
The primers used included: Archaea using Arch20F (20), 109F
(21), and 958R (22); Bacteria using 27F and 1391R (23); and
Eukarya using EuklA and 1520R (24). A strong band in the
bacterial amplification was detected, but no archaeal or eukaryal
signals were observed. The bacterial SSU rRNA gene library was
constructed using the the products of eight PCR reactions am-
plified with Bact27F and Univ1391R (25 cycles each) that were
pooled then ligated into the PCR4TOPO vector (Invitrogen) and
transformed into Escherichia coli cells in LB with 100 mg/mL™
ampicilin and kanamycin. Purified DNA (Millipore) with inserts
of the correct size were sequenced bidirectionally on an AB 3100
automated sequencer (Applied Biosystems). Sequences were as-
sembled using Sequencher (GeneCodes). Sequences were checked
for chimeras using three on-line tools Bellepheron (25) (http://
greengenes.lbl.gov/cgi-bin/nph-bel3_interface.cgi), CheckChimera
(26), and pintail (www.bioinformatics-toolkit.org/Web-Pintail/).

Comparative phylogenetic analyses were performed with SSU
rRNA gene sequence datasets from polar lakes and streams,
brines, sea ice, and other sites with sequences in common to the
LVBr community. Analyses presented here include 15 datasets
where nearly full-length SSU rRNA gene sequences were available
(Table S3). Datasets were downloaded from GenBank and aligned
using the nearest alignment space termination alignment tool (27).
Distance matrices were generated individually for each library,
and DOTUR (28) was run to generate nonredundant datasets for
each library with all sequences represented at a distance of 0.01.
Overlapping regions between all libraries (460 sequences) pro-
vided an alignment with a minimum of 1,188 base pairs. Neighbor-
joining trees using pair-wise deletion were calculated in MEGA
(v4) (29). UniFrac (30) was used to calculate statistical com-
parisons among the libraries.

The evolutionary history of LVBr nearly full-length SSU rRNA
gene sequences was inferred using the minimum evolution method
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(31) and 1,000 bootstrapped trees. Evolutionary distances were
computed using the maximum composite likelihood method (32)
and are in units of the number of base substitutions per site, the
complete deletion option was used. There were a total of 1,020
positions in the final dataset. Neighbor-joining analysis (29) was
used to generate the phylogenetic tree to characterize related-
ness between crDNA and culture sequences, using MEGA4
based on 209 aligned positions, in which 1,000 bootstrap values
were calculated.

Four libraries with nearly full-length sequences and published
evenness data [LVBr, Lake Vida ice cover at 4.8 and 159 m
(LVI_4_8, LVI_15_9) and the surface outflow of Blood Falls
brine] were compared using weighted abundances to further
investigate specific associations between these environments with
similar microbial communities (and physical proximity). Neigh-
bor-joining trees were calculated using complete deletion (144
unique sequences of 546 redundant sequences were compared
with 1,255 bases) (30).
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RNAlater (Ambion) was added to brine samples filtered through
either 0.2-mm or 47-mm Supor or Sterivex filters (Millipore), then
stored at 4 °C overnight, frozen at —20 °C. RNA was extracted
using a Totally RNA kit (Ambion) following the manufacturer’s
instructions. Total RNA extracts were subjected to two rounds of
DNase (Ambion) followed by purification with phenol:chloro-
form following standard procedures. PCR-denaturing gradient gel
electrophoresis (DGGE) was used to compare reverse-transcribed
SSU rRNA (crRNA) and SSU rRNA gene profiles (33) in which
crRNA was first reverse-transcribed with superscript III using
a 1:1 mixture of hexamers (300 ng/uL™) and Univi391R. Nega-
tive control PCR reactions were run with total RNA to check for
DNA contamination in the RNA. One microliter of the
crRNA product was used in PCR with GC-clamped primers
GC358F and 517R (10 pmol each). A crRNA clone library was
also prepared with the same cDNA (1 pL) using primers 358F-
1391R to amplify the crRNA, which was then cloned into TOPO
PCR4 vector (Invitrogen) following standard conditions. Se-
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Fig. S1. (A) Map of Antarctica showing the location of the McMurdo Dry Valleys. (B) National Aeronautics and Space Administration’s (NASA) Earth Ob-
servatory, Landsat 7 satellite image of a part of McMurdo Dry Valleys showing the location of Lake Vida (Vi) and Lake Vanda (Va), Fryxell (F), Hoare (H), Bonney
(B), and Blood Falls (BF). The filled circle at the center of Lake Vida indicates the location of the borehole. The white rectangle indicates the area covered by the
geologic map (Fig. S3). The location of sampling in 2005 and 2010 is indicated by a dot.
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Fig. S2. Geological description of Lake Vida basin and Victoria Valley. (A) View of the southern and southwestern shores of Lake Vida showing two large
Ferrar dolerite sills (darker layers) cross cutting granite of the Orestes Pluton. The lake is 349 m above sea level; the marked summit is ~1,450 m high. The arrow
points to the dark dolerite-dominated Bull Drift. (B) View of the southern shore of Lake Vida showing two large Ferrar dolerite sills (darker layers) crosscutting
granite (lighter in color). The marked summit is Mt. Cerberus (1,766 m). The arrow points to the camp site in the center of the lake. (C) View toward the
northeastern shore of Lake Vida. The darker layers are made of Ferrar dolerite the lighter layers are granite. The marked summit is above 1,200 m. The white
arrow points to aeolian sand deposits dominated by Fe.Mg silicates and Ca.Fe.Mg silicates (pyroxenes). The black arrow points to camp in the center of Lake
Vida. The rocks at the forefront are granite ventifacts.
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Glacier ice Ferrar Dolerite group (Jurassic)

Fine to medium sand forming - Undifferentiated Granite Harbour Intrusives
barchan and whaleback dunes dominated by Orestes Pluton (PC-Ordovician)
Alpine glacier drift, deltaic deposits, -

sanidurics. 4nd Ross Sea drift Hobbs Formation (Precambrian)

Vida drift and Packard drift - Salmon Marble Formation (Precambrian)
Bull drift in Bull Pass [ ] Lake Vida ice core and brine collection site
Bull drift in Victoria Valley @ Dry Valley Drilling Project borehole 6 (DVDP6)

Fig. $3. Simplified geological map of the Victoria Valley around Lake Vida adapted from Turnbull et al. (1). The location of the area covered by this map is
shown in Fig. S1. Adapted with permission from the Institute of Geological and Nuclear Science.

1. Turnbull IM, Allibone AH, Forsyth PJ, Heron DW (1994) Geology of the Bull Pass- St Johns Range area, southern Victoria Land, Antarctica, 1/50000. Institute of Geological & Nuclear
Sciences Geological Map 14 (Institute of Geological & Nuclear Sciences Limited, Lower Hutt, New Zealand), 1 sheet and 52 pp.
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Fig. S4. PCR-DGGE analysis of Lake Vida DNA, reverse-transcribed RNA (crRNA), and cloned bacterial SSU rRNA gene sequences. The crRNA, an indicator of
biologically active organisms, was PCR-amplified with the same primers as for the DNA (lane 5). Selected cloned SSU rRNA genes from Lake Vida brine were
included in the analysis to assign identities to comigrating bands, (identified with symbols: lane 1 clone LVBR10cG04, an uncultivated Lentisphaera-related
bacterium (same as LVBR10aD09, GQ167314.1); lane 2 clone LVBR10cE03, related to uncultivated Marinobacter clone ELB25-092, DQ015769.1, # (same
as LVBR10aG09 GQ167320.1, and LVBR10cA05, GQ167307.1); lane 3 clone LVBR10cF06, a Sphaerochaeta-related strain, ~ (same as LVBR10bB02, GQ167322.1);
lane 11 clone LVBR10cD03, an uncultivated Psychrobacter-related bacterium, * (same as LVBR10cG07 GQ167313.1); lane 12 clone LVBR10cA08 (GQ167319.1), an
uncultivated epsilonproteobacterium, >; and lane 13 clone LVBR10cA04, related to an uncultivated flavobacterium, < (same as LVBR10cFO1, GQ167312.1). DNA
extracted from four brine samples was analyzed in independent lanes (6, 8-10). As a negative control for the RT-PCR, RNA that was not reverse-transcribed was
amplified in the same manner as the other reactions to verify that amplification in the RT-PCR product was from ¢cDNA and not contaminating DNA (lane 4).
Lane 7 is empty. Bands excised and sequenced along with nearest neighboring sequence are indicated with letters: “a,” LVBR2ERNA-4, an uncultivated Sul-
furovum-related epsilonproteobacterium, GQ167343; “b,” LVBR2B-2, uncultured Psychroflexus bacterium, GQ167344.1.
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Fig. S5. Neighbor-joining phylogenetic tree of Lake Vida SSU rRNA and rRNA gene sequences derived from cultivated isolates, anaerobic enrichments, cloned
crRNA, cloned DGGE bands (Fig. S4), and cloned rRNA gene sequences. Symbols indicate source of the sequence. The Marinobacter and Psychrobacter genera
both were well-represented in cultivation-based, crRNA and PCR-amplification approaches suggesting that they are active in LVBr. An asterisk indicates se-

quence with comigrating crRNA-derived DGGE band.
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Fig. S6. LVBr microbial diversity and comparisons to other environmental SSU rRNA gene libraries. (A) Principle components analysis of 15 environmental SSU
rRNA bacterial clone libraries based on sequence composition (richness, not evenness) of each library. Designations of libraries are as follows: Lake Vida Brine,
LVBr; Lake Vida Ice, LVI; East and West Lobe Lake Bonney, ELB and WLB, respectively; oil sands tailings pond, OSTP; Romanian oil-contaminated soil, PIT;
Canadian biodegraded oil reservoir, PL; Svalbard marine sediments, SVA; Blood Falls glacial outflow, BF; Arctic cold springs Color Peak, CP and Gypsum Hill, GH;
ARC-1 and ANT-1, Arctic sea ice Antarctic sea ice, respectively; ANT-P, seawater of Arthur Harbor (Antarctica); ACE-S, BURT-S, and ORG-S, sediments of Ace,
Burton, and Organic lakes, respectively (Vestfold Hills, Antarctica); ABBB, BBBB, DBBB, and UBBB are Mediterranean deep anoxic brines of L'Atalante, Bannock,
Discovery, and Urania basins, respectively (see Table S3 for accompanying sample and library data). The first and second principle components explain 10.53%
and 8.04% of the variance, respectively. (B) Closely related libraries (BF, LVBr, and LVI surface at 4.8 m and deep ice at 15.9 m) were clustered with weighted
abundances (evenness), branches were normalized to account for different rates and compared using the jackknife statistic. Values at the nodes are per-
centages of 1,000 iterations.
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Table S2. Characterization of LVBr dissolved organic material fractions

DOM fraction % Carbon Fl 5'3C-DOC %0 'C Fraction modern  '#C Fraction modern error  '“C age (y BP)  '*C age error (y BP)
Filtered water 1 — 1.78 — — — — —
Filtered water 2 — 1.79 — — — — —
LV-FA 1 9.3 1.56 -17.7 0.6226 +0.0011 3,805 +15
LV-FA 2 10 1.59 -19.5 0.6021 +0.0012 4,075 +20
LV-TPIA 1 7.4 1.79 -17.9 0.6118 +0.0012 3,945 +20
LVTPIA 2 7.9 1.84 -16.8 0.5964 +0.0011 4,150 +20
LV > 1 kDa 1 48.6 1.46 -15.3 0.6922 +0.0013 2,955 +15
LV > 1 kDa 2 54.2 1.58 -14.6 0.6399 +0.0015 3,585 +20
TFUF permeate 1 24.4 1.78 — — — — —
TFUF permeate 2 25.8 1.75 — — — — —
Neutrals 3-6.5 — — — — — —

Initial determinations were conducted with 0.45 pm filtered brine before column chromatography and TFUF. DOC was partitioned into FA, and TPIA
fractions, followed by TFUF of the column effluent which yielded a > 1 kDa retentate fraction and a < 1 kDa permeate fraction. SUVA,s, is the carbon
normalized UV absorbance at 254 nm, which is an indicator of aromaticity. The percent carbon of each fraction was determined by mass balance using
dissolved organic materials (DOM) concentrations and fraction volumes. The fluorescence index (Fl) is the ratio of the emission intensities at 470 nm and 520 nm
when excited at 370 nm and is an indicator of DOM origin. *C data were derived using the prepared DOM fractions.
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Table S3. List of studies used for rRNAgene library comparisons

No. of
Library  No. of sequence clones Salinity/
Source Location designation OTUs in library conductivity Temp °C H’ S Chaol S Ace Coverage % Source
Anoxic brine Lake Vida, Victoria LVBR 32 155 188 psu -13.4 287 82 112 NA Present
Valley study
Lake water East Lake Bonney, ELB-16 14 95 1S/m 6 2.7 32 40 NA 1
column Taylor Valley
Lake water East Lake Bonney, ELB-19 20 114 10 S/m 55 26 38 40 NA 1
column Taylor Valley
Lake water East Lake Bonney, ELB-25 4 144 11 S/m 4 2.0 27 20 NA 1
column Taylor Valley
Lake water West Lake Bonney, WLB-13 9 28 1S/m 3 2.1 15 24 NA 1
column Taylor Valley
Lake water West Lake Bonney, WLB-16 16 57 8 S/m 0 2.4 104 52 NA 1
column Taylor Valley
Glacier ice Blood Falls, Taylor BF 16 81 NA NA 1.75 30 27 NA 2
Valley
Lake ice Lake Vida, Victoria  LVI-4-8 62 135 NA -25 NA 133 NA 63 3
Valley
Lake ice Lake Vida, Victoria  LVI-15_9 34 181 NA -11.6 NA 48 NA 83 3
Valley
Lake sediment Organic Lake, ORG-S 11 NA 21 psu -6--8 1.01 32 NA 91 4
Vestfold Hills
Lake sediment Burton Lake, BUR-S 51 NA 43 psu -1.8 NA NA NA NA 5
Vestfold Hills
Lake sediment Ace Lake, ACE-S 37 NA 35 psu 25 NA NA NA NA 5
Vestfold Hills
Sea ice Arctic sea ice ARK-I_1 40 106 NA NA 1.09 NA NA 74 6
Sea ice Antarctic sea ice, ANT-I 16 103 NA NA 0.84 NA NA 85 6
Weddell Sea
Marine sediment Svalbard SVA 68 353 NA 3 NA NA NA 72 7
Spring water Gypsum Hill, GH 46 155 7.9 psu 6.3 3.17 71 NA 84 8
Canadian Arctic
Spring water Color Peak, CcP 30 174 15.5 psu 57 2.16 50 NA 91 8
Canadian Arctic
Oil sand tailings Canadian arctic OSTP 42 NA NA NA NA NA NA NA —
pond
Biodegraded oil Canadian arctic PL 53 NA 3 psu 20 NA NA NA NA 9
reservoir
Oil contaminated Romania PIT 99 NA NA NA NA NA NA NA —
soil
Deep anoxic L'Atalante Basin, ABBB 41 NA 358 psu 13.9 3.26 NA NA NA 10
brine Mediterreanean
Deep anoxic Bannok Basin, BBBB 43 NA 322 psu 147 3.2 NA NA NA 10
brine Mediterranean
Deep anoxic Discovery Basin, DBBB 49 NA 470 psu 145 35 NA NA NA 10
brine Mediterreanean
Deep anoxic Urania Basin, UBBB 17 NA 237 psu 16.7 217 NA NA NA 10
brine Mediterranean
Seawater Arthur Harbor, ANT-P 52 NA 33.5 psu -1 N/A NA NA NA 1

Antarctic
Peninsula

Select environmental and diversity-related parameters are shown. NA, not analyzed. GenBank accession numbers for studies not published include OSTP:

EF420191.1-EF420233.1; EU517535.1-EU517561.1. and PIT: DQ366084.1-DQ378273.1.
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