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ABSTRACT

Cryopegs are sub-surface hypersaline brines at sub-zero temperatures within permafrost; their global extent and
distribution are unknown. The permafrost barrier to surface and groundwater advection maintains these brines as
semi-isolated systems over geological time. A cryopeg 7 m below ground near Barrow, Alaska, was sampled for geochemical
and microbiological analysis. Sub-surface brines (in situ temperature of –6 ◦C, salinity of 115 ppt), and an associated
sediment-infused ice wedge (melt salinity of 0.04 ppt) were sampled using sterile technique. Major ionic concentrations in
the brine corresponded more closely to other (Siberian) cryopegs than to Standard seawater or the ice wedge. Ionic ratios
and stable isotope analysis of water conformed to a marine or brackish origin with subsequent Rayleigh fractionation. The
brine contained ∼1000× more bacteria than surrounding ice, relatively high viral numbers suggestive of infection and
reproduction, and an unusually high ratio of particulate to dissolved extracellular polysaccharide substances. A viral
metagenome indicated a high frequency of temperate viruses and limited viral diversity compared to surface
environments, with closest similarity to low water activity environments. Interpretations of the results underscore the
isolation of these underexplored microbial ecosystems from past and present oceans.
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INTRODUCTION

Cryopegs are brine lenses within permafrost, and their liquid
state ismaintained at sub-zero temperatures by high concentra-
tions of solutes. Reports on the existence of cryopegs are sparse.
While their discovery has been serendipitous, ground pene-
trating radar suggests that they are a common feature of per-
mafrost systems, often found immediately above the permafrost
base (Tolstikhin and Tolstikhin 1974; van Everdingen 1976). Only
three such systems, all in Eastern Siberia, have been charac-

terized for their microbial constituents (Gilichinsky et al. 2003;
Pecheritsyna et al. 2007; Fig. 1). The Lake Yakutskoye and Kolym-
skaya cryopegs were found at depths of 8–28 m below ground
surface and were 0.5–1.5 m thick and 3–5 m wide (Gilichin-
sky et al. 2003); the Varandei Peninsula cryopegs were identified
from shallow boreholes ≤9 m below ground surface (their ex-
tent was not reported; Pecheritsyna et al. 2007). All of these sites
are located within close proximity (<5 km) of the continental
coast.
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Figure 1. Location of Siberian cryopegs that have been investigated as microbial
habitats and the Alaskan cryopeg of this study.

Based on local geology and aqueous chemistry, the formation
of previously described Siberian cryopegs was attributed to the
concentration of marine sediment pore waters after sub-aerial
exposure and freezing in response to sea level drop ∼100 Ka ago;
terrigenous deposition followed (at ∼26 Ka), and the freezing of
this material isolated the concentrated marine brines from the
atmosphere and meteoric water (Gilichinsky et al. 2003). Geo-
chemical analyses demonstrated that the brines were anoxic,
with elevated salinities of 170–300 g L–1, circumneutral pH and
ion concentrations exceeding modern seawater concentrations
twofold (K+, SO4

2−) to 5-fold (Cl−, Ca2+, Mg2+, Na+; Gilichinsky
et al. 2003; Pecheritsyna et al. 2007).

Pioneering work on the microbiology of Siberian cryopegs
led to culture-based identification of numerous microbial
metabolisms including aerobic and anaerobic heterotrophs,
sulfate reducers, acetogens and methanogens (Gilichinsky et
al. 2003, 2005); community activity based on uptake of 14C-
glucose in samples incubated at –15 ◦C (Gilichinsky et al.
2003); and isolation and characterization of new psychrophilic
species of Clostridium and Psychrobacter, and new psychrotoler-
ant species ofDesulfovibrio (Shcherbakova et al., 2004, 2005, 2009;
Pecheritsyna et al. 2007, 2012) and of nitrogen-fixing Celerinatan-
timonas (Shcherbakova et al. 2013). Due to extremes of tempera-
ture and salinity, and confinement from surface processes, these
brines have been considered analog environments for contem-
porary or transient extraterrestrial microbial habitats, particu-
larly on Mars (Gilichinsky et al. 2003). The total density of bac-
teria inhabiting Siberian cryopegs has been reported rarely; in
one case, propidium iodide staining yielded 107 microorgan-
isms ml–1 (Gilichinsky et al. 2005), a value that exceeds densi-
ties typically observed in seawater by an order of magnitude
but falls in the range of those observed in the brines of sea ice
(Deming 2010; Boetius et al. 2015). A defining characteristic of
sea-ice brine is its elevated content of extracellular polysaccha-
ride substances (EPS; Krembs, Eicken and Deming 2011), which
serve numerous functions for the microbial inhabitants, includ-
ing cyroprotection, osmoprotection and possibly viral defense

(Marx, Carpenter and Deming 2009; Colangelo-Lillis and Deming
2013). The presence of EPS in cryopegs has not been examined.

Numerous other hypersaline aqueous microbial habitats
have been geochemically and microbiologically characterized,
including some outside of the cryosphere, such as hypersaline
lakes (Ward et al. 2000), salterns and crystallizer ponds (Antón
et al. 2000), as well as cold sites (here defined as <4 ◦C; Deming
2010), including deep ocean brine pools (van der Wielen et al.
2005), polar hypersaline lakes and springs (Siegel et al. 1979;
Rankin et al. 1996; Perreault et al. 2007) and the brines of sea ice
(Deming 2010; Thomas, Papadimitriou and Michel 2010). These
environments are categorized as thalassohaline or athalassoha-
line based on their genesis and resultant ionic composition: tha-
lassohaline are of marine origin, athalassohaline originate from
freshwater sources. Despite the widespread occurrence of these
hypersaline aqueous systems across latitudes, their dissimilar-
ity from cryopegs stems from their rate of interaction with at-
mosphere, ground water, light and surface processes. A notable
hypersaline ecosystemwith some degree of isolation from these
influences, making it more comparable to cryopegs, is Lake Vida
of the Antarctic Dry Valleys. Athalassohaline Lake Vida is frozen
throughout the year, with an ice cover tens ofmeters thick,while
maintaining a network of brines at –13.5 ◦C and 6-fold seawa-
ter salinity. The lake houses a diverse community of microor-
ganisms thought to be supported by free energy-releasing redox
couples associated with interactions between brine and iron-
rich sediment (Murray et al. 2012). Qualitativemicroscopic obser-
vations suggest that EPSmay play a role in the activities of some
of these microorganisms (Murray et al. 2012). Lake Vida brine is
anoxic, and water recovered from the lake turns from light yel-
low to dark orange upon exposure to the atmosphere as a result
of ferric iron oxidation and precipitation. Based on carbon dat-
ing of organicmaterial preserved in the overlying ice, the system
is thought to have been isolated on the scale of thousands of
years. Exhibiting even longer isolation from the atmosphere are
the brines below Taylor Glacier, the source of Blood Falls in the
Dry Valleys of Antarctica. These brines appear to house marine-
derived sulfur-metabolizing communities that have been iso-
lated for over a million years (Mikucki et al. 2009). The mi-
crobial communities of both Lake Vida and Blood Falls differ
from Siberian cryopegs in their considerably lower abundances:
1 – 6 × 105 DAPI-stainedmicroorganismsml–1 in Lake Vida (Mur-
ray et al. 2012) and 6 × 104 ml–1 in Blood Falls (Mikucki et al. 2009).
Due to their isolation and the logistical hurdles to exploration
and experimentation, few of the processes that drive microbial
ecology have been explored in these systems.

The impact of viruses on marine microbial communities has
received considerable attention, from their abundance and ge-
netic diversity to their roles in controlling microbial popula-
tions and mediating lateral gene transfer (Rohwer and Thurber
2009). While viruses have been found in every habitat investi-
gated for their presence, including sub-zero hypersaline envi-
ronments (Deming 2010), their role in such extreme environ-
ments are less well explored. High concentrations of viruses
have been reported for both warm and cold hypersaline ecosys-
tems (Rodriguez-Brito et al. 2010; Collins and Deming 2011;
Santos et al. 2012), with the highest densities reported from
salterns (>1010 ml−1; Santos et al. 2012) andwinter sea-ice brines
(>109 ml−1; Collins and Deming 2011). Evidence of viral produc-
tion andmicrobial growthhas been obtained at the low tempera-
tures (down to−12 ◦C) and high salinities (up to 160 ppt) found in
such brines (Wells and Deming 2006c). Whether these high viral
concentrations reflect slower decay rates (as shown under win-
ter sea-ice brine conditions; Wells and Deming 2006c), greater
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burst sizes, or a high incidence of non-lethal viral replication
(e.g. chronic infection) remain open questions. High concentra-
tions of virus-sized particles (<200 nm) have been detected in
Lake Vida, though full attribution to viruses is uncertain and vi-
ral diversity and activity remain unexplored (Murray et al. 2012).
The presence of viruses in other Antarctic lakes, with seasonal
or no ice cover, has been reported (DeMaere et al. 2013); in ex-
ceptional cases, elements of viral infection dynamics have been
described (Laybourn-Parry, Marshall and Madan 2007; Yau et al.
2011). In each case, the study of viruses from these environ-
ments has expanded our understanding of viral diversity in form
and ecological impact; the viral content of cryopeg brines has not
been reported.

Sub-terranean, ice-associated microbial habitats are difficult
environments to study. Interactions between rock and brine
and their role in providing energy to, or selection pressures
on, the microbes within remain underexplored. Investigating
these environments and processes is relevant to understanding
the global diversity of microbial metabolisms, the persistence
of communities in the absence of photoautotrophy, including
potential metabolic synergies between organisms utilizing the
metabolic output of a neighbor, and the search for biosigna-
tures in extreme or extraterrestrial environments. In this initial
study of a cryopeg near Barrow, Alaska, we sought through op-
portunistic sampling to expand knowledge of cryopegs beyond
the Siberian systems by evaluating the origin andmicrobial hab-
itability of this Alaskan cryopeg, including EPS content, the viral
community and potential activity in this cold, dark and hyper-
saline environment.

MATERIALS AND METHODS
Site description

The cryopeg system sampled was accessed via the Barrow Per-
mafrost Tunnel (coordinates: 71.2944 oN, 156.7153 oW; Fig. 1),
which was excavated in the 1960s by the US Army Cold Regions
Research and Engineering Laboratory (CRREL; Brown 1965). The
tunnel’s vertical access shaft descends 6 m through two inter-
secting ice wedges to reach a horizontal excavation, running
East–West that is 2 m high, 1.5 m wide and 10 m long (Fig. 2;
Fig. S1 a—c, Supporting Information). Cryopeg brines, initially
detected in 2004 reside ∼1.3 m below its floor (Yoshikawa et al.
2004). The surrounding ice wedges, indicative of sustained sub-
freezing temperatures since formation, have been carbon-dated
to 14 Ka ago (Meyer et al. 2010), suggesting a potential minimum
age for the cryopeg brines. This is the first description of the
character of these or any other cryopeg brines outside of Siberia,
though the surrounding ice wedges, including isotopic composi-
tion of water and entrained organic carbon, have been described
(Meyer et al. 2010).

Sampling

Cryopeg brines were collected from below the floor of the per-
mafrost tunnel over a period of six days in August 2009. Brines
were recovered by hand pump, using sterilized tubing and vac-
uum flasks, through two 2 cm wide polyvinylchloride pipes ex-
tending from the tunnel floor into the brine below (Fig. 2). One
of these pipes (see CB1 in Fig. 2 and image (d) in Fig. S1, Sup-
porting Information) had been installed previously and was un-
capped for sampling purposes; the second pipe was installed on
the fourth day of sampling into a pre-existing hole (see CB3 in
Fig. 2) that contained ice to 5 cm below the floor of the tunnel
upon initial investigation. A third hole was drilled to 1.5 m us-

Figure 2. Schematic of the Barrow Permafrost Tunnel and access to the cryopeg
brine reservoir. The tunnel was entered through the new access shaft (the old
one was filled with debris). Three cryopeg brine holes already existed: CB1, a

capped PVC pipe, 2 cm wide, 1.3 m deep, sampled for brine; CB2, 10 cm wide,
depth unknown, filled with orange-colored ice, not sampled; and CB3, partially
ice-filled, newly fitted with PVC pipe 2 cm wide, 1.0 m deep, sampled for brine.

New IA hole was 5 cmwide, 2 m deep and yielded no brine. Ice wedge core (IWC)
hole was 12 cm diameter, 1.3 m depth. Cross-hatched boxes at base of CB1-3
represent pools of cryopeg brine, not drawn to scale.

ing an ice auger (see IA in Fig. 2) during this sampling campaign
to evaluate spatial distribution of the brine. Sterile techniques
and materials (e.g. ethanol washing of fiber glass corer barrel
and brass/steel corer head) were used to the greatest extent
possible in the process. Brine temperature and pH were mea-
sured at the time of collection with a handheld infrared
temperature probe and pH paper. Brines were transferred to
sterile polypropylene bottles and transported in temperature-
equilibrated, insulated coolers, within 15min, to the BarrowArc-
tic Research Center (BARC) laboratory. Sub-samples of cryopeg
brine were fixed to final concentration of 2% formaldehyde for
bacterial and viral counts. Brine samples were kept at –1 ◦C for
transport to Seattle, WA.

On the fifth of six sampling days, a single ice wedge core, 135
cm long, was collected using an 8.5 cm inner diameter CRREL-
style core barrel; temperature at the base of the core was mea-
sured upon collection (Fig. S1c, Supporting Information). The
core was transported within the core barrel to the BARC cold
room (–10 ◦C), where it was removed (Fig. S1h, Supporting Infor-
mation) and cut into thirteen 10 cm and one 5 cm sections us-
ing an ethanol-sterilized handsaw. These sections were placed
into sterile plastic sleeves and transported frozen to Seattle,WA.
Sub-samples for further analyses were melted in a 2 ◦C cold lab-
oratory. As for brine samples, melted ice sub-samples were fixed
in formaldehyde to determine bacterial and viral abundance.
Unfixed samples were processed for other analyses.

Salinity and major ions

Salinity of the brine and melted ice core sections was deter-
mined from conductivity measurements using a handheld YSI-
30 conductivity meter. Geochemical analysis of major ions was
completed at the Cold Regions Research and Engineering Lab-
oratory (CRREL) Alaska Geochemistry Laboratory, using meth-
ods described by Douglas et al. (2012). Cation and anion concen-
trations of filtered samples of brine (diluted by three orders of
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magnitude) and melted ice from each individual core section
were determined with a Dionex ICS-3000 ion chromatograph
with an AS-19 anion column and CS-12 cation column (Dionex
Corporation Sunnyvale, California). Details on injection vol-
umes, flow rates and use of eluents are provided by Douglas
et al. (2012). Calibration with anion and cation laboratory stan-
dards in repeat analysis resulted in a calculated precision of 5%
for the measurements. Peaks were identified using Chromeleon
software (Dionex, Sunnyvale, California) and were verified
visually.

Stable isotopes

Stable isotope measurements of the brine and ice core samples
were made at the Alaska Stable Isotope Facility of theWater and
Environmental Research Center, University of Alaska Fairbanks.
A thermal conversion elemental analyzer (TC/EA) attached via
a Conflo III to a Thermo delta XP isotope ratio mass spectrom-
eter (IRMS) was used to measure δD and δ18O values of sam-
ples against Vienna Standard Mean Ocean Water (VSMOW) at
a precision better than 1.5 � (δD) and 0.2 � (δ18O). To eval-
uate deviations from atmospheric Rayleigh fractionation, deu-
terium excess (DE) was calculated as DE = δ2H – 8 · δ18O, follow-
ing Dansgaard (1964). Triplicate measurements were made from
each section of the ice core and (separately) on brine recovered
from CB1 and CB3 (Fig. 2).

Particulate measurements

The concentration of suspended particulate matter (SPM) was
determined following filtration of known sample volumes
through 42.5 mm, pre-combusted, pre-weighed GF/C filters. Fil-
ters were rinsed with 10 ml of 1% sodium formate to remove
salts, dried at 60 ◦C for 24 h and reweighed to calculate the total
dry weight of SPM (Williams 1985). Single measurements were
made from each section of the ice core. Concentrations of par-
ticulate organic carbon (POC) and particulate nitrogen (PN) were
quantified using a Leeman Labs Model CEC440 Elemental Ana-
lyzer after removing inorganic carbon from the pre-combusted
filters by fuming with HCl (as in Kellogg and Deming 2009). Par-
ticulate (>0.4 μm) and dissolved (<0.4 μm) extracellular polysac-
charide substances (pEPS and dEPS, respectively) weremeasured
using the phenol sulfuric acid method of Dubois et al. (1956), fol-
lowing Ewert et al. (2013) without their dialysis step. Results were
quantified as glucose equivalents (glucose was used to gener-
ate the standard curve against which measurements were cal-
ibrated), and converted to carbon using a conversion factor of
0.75 (following Engel and Passow 2001, as in Krembs et al. 2002).
Duplicate measurements of POC, PN and pEPS and dEPS were
made for each section of the ice core, and separately for brine
recovered from CB1 and from CB3 (Fig. 2).

Bacterial and viral abundance

The abundance of total bacteria (here used to indicate members
of the domains Bacteria and Archaea) and virus-like particles
(VLP) for both cryopeg brines and melted ice sections were de-
termined by epifluorescence microscopy on the formaldehyde-
fixed samples. For bacteria, samples were filtered through
0.2 μm pore-size, black polycarbonate filters and stained with
DAPI, following Ewert et al. (2013). For viral enumeration, sam-
ples were filtered through 0.02 μm pore-size anodiscs and
stained with SYBR Green I, following Noble and Fuhrmann
(1998). Individual slideswere prepared for bacterial enumeration
from each section of the ice core and duplicates were prepared
for brines from CB1 and CB3 (Fig 2.). Due to amanufacturing ces-

sation on 0.02 μm pore-size anodisc filters, ice core VLP concen-
trationwas determined from duplicate VLP slides prepared from
a single section (100–110 cm depth below permafrost tunnel).
Duplicate VLP slides were prepared for brines from CB1 and CB3.
To confirm identity of fluorescing VLP as viruses, these parti-
cles were adsorbed to carbon-stabilized, formvar-coated copper
grids, uranyl acetate stained and examined using a PJEOL JEM
1200EXII (Ted Pella Inc., Redding, CA, USA) transmission electron
microscope at 100 kV acceleration voltage.

Viral metagenome

The viral fraction for metagenomic analysis was collected by
0.2 μm filtration of 500 ml of cryopeg brine from CB1 (Fig. 2),
and stored at –4◦C until further processing. The filtrate was first
purified by polyethylene glycol precipitation (10% wt/vol, cen-
trifugation 13 000 g, 60 min), then incubated with chloroform to
disrupt any residual cells (0.7X vol, 15 min), followed by DNase
I to degrade free DNA (120 min, 37◦C). Viral DNA was extracted
using a MinElute Virus Spin Kit (QIAGEN cat. 57704). Extracted
DNA was sheared, primer ligated (Duhaime et al. 2012) and sent
to the Broad Institute for 454 Titanium pyrosequencing (454 Life
Sciences, Branford, CT) as part of the Gordon and Betty Moore
Marine Microbiology Initiative (Henn et al. 2010). Bioinformatic
analyses were performed with software tools provided by MG-
RAST (Meyer et al. 2008) and MetaVir (Roux et al. 2011). Sequence
data are deposited at NCBI Genbank under SRA no. SRX042535.

RESULTS
On site observations

The temperature of ambient air within the permafrost tunnel
was recorded as –3.8 ◦C; the floor of the tunnel was –5.0 ◦C. The
cryopeg brines and the bottom of the ice core (135 cm below the
tunnel floor) were recorded as –6.0 ◦C. Cryopeg brine from CB1
(Fig 2.) was nearly colorless upon extraction, but acquired a de-
gree of orange coloration shortly after collection, which intensi-
fied with storage (Fig. S1g, Supporting Information). Brine from
CB3 was darker, and brown in color, apparently as a result of
higher sediment load; no change in color was observed follow-
ing its collection. Consolidated ices inside pre-existing holes CB2
and CB3 (Fig. 2) were also orange in color (Fig. S1d and e, Sup-
porting Information), as were several small patches (<100 cm2)
of hoar-frost ice observed on the ceiling of the tunnel approx-
imately above the sampling pipe for CB1 (Fig. 2; Fig. S1f, Sup-
porting Information). The extent of these orange ice crystals did
not change over our sampling period. Brine volumes collected
from the existing pipe (accessing CB1; Fig. 2; Fig. S1d, Supporting
Information) at near daily-intervals over six days were: 600, 50,
5, no attempt, 150 and 0 ml. Brine volumes collected from the
newly installed pipe (accessing CB3; Fig. 2) over the last three
days were: 50, 300 and 20 ml. At each sampling, the maximum
volume was removed, indicating recharge between most sam-
plings. Brines from CB1 and CB3 were collected from 1.3 and
1.0 m below the permafrost tunnel floor, respectively (Fig. 2).
No liquid brine was encountered in either the newly drilled hole
(IA; Fig. 2) or while coring the ice wedge (IWC; Fig 2.). Brine pH
was between 7 and 7.5. The volume of the brine reservoir is un-
known, though our sampling efforts suggested numerous low
volume (<1 L mobile liquid) pockets of loosely connected brine.

Salinity and major ions

Brine salinity, calculated from conductivity measurements, was
115 ppt for brine recovered from both CB1 and CB3. Salinity of

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/92/5/fiw
053/2470053 by guest on 18 April 2024



Colangelo-Lillis et al. 5

the melted ice core sections averaged 0.04 ± 0.01 ppt with no
apparent trend in conductivity with depth (data not shown).
Chloride, sodium,magnesium, sulfate, calcium, ammoniumand
potassium accounted for the majority of ions in the cryopeg
brine (listed here in order of abundance; Table 1). Considering
these dominant ions andusingGrant’s (2004) equation,water ac-
tivity (aw), of these brines was 0.93, which falls within the range
for microbial activity and growth (Grant 2004).

Stable isotopes

Oxygen isotope values tended to increase with depth in the ice
wedge core, ranging from –27.7� to –23.2�, but the highest δ18O

values of –21.0� to –21.4� were obtained from the brine (Fig. 3).
DE values for the ice sections ranged between 4.1� and 11.7�
and also tended to increasewith depth, while DE values of –0.8�
and –4.0� for the brine were significantly lower (unpaired t-test,
P = 0.0001; Fig. 3).

Particulate matter variables

Concentrations of all measured particulate variables were no-
tably higher in the cryopeg brines than in the ice wedge core. To-
tal SPM averaged only 0.30 ± 0.16 mg ml–1 ice melt (Fig. 4a). SPM
was not quantified in the cryopeg brines (to conserve volume
for other purposes) but, based on observations while filtering

Table 1. Comparative concentrations (mM) of major ions in cryopeg brines, Standard seawater and the Barrow ice wedge (na indicates data not
available).

Cryopeg brines

Ion Lake Yakutskoyea Cape Chukotskya Varandei Peninsulab Barrow Standard seawater Barrow ice wedgec

Ammonium na na na 38.1 ∗d 0.1 (0.1)
Bromide na na na 2.7 0.8 0.0 (0.0)
Calcium 30 40 8.9 52.4 10.3 0.3 (0.0)
Chloride 2630 1940 111 1930 546 0.8 (0.1)
Fluoride na na na 3.3 68 0.1 (0.1)
Magnesium 310 195 28.5 357 52.8 0.2 (0.1)
Nitrate na na na 0 ∗ 0.0 (0.0)
Nitrite na na na 0.1 ∗ 0.0 (0.0)
Phosphate na na na 0.4 ∗ 0.0 (0.0)
Potassium 20 10 6.2 23.5 10.2 0.1 (0.0)
Sodium 2000 1520 99.5 1680 469 0.7 (0.1)
Sulfate 35 31.5 23.8 64.4 28 0.1 (0.0)

aData from Gilichinski et al. 2003, bData from Pecheritsyna et al. 2007, cMean (±S.D.) values for measurements on 13 ice core sections, dMicrobially cycled ions that vary
over orders of magnitude spatially and temporally in the ocean.

Figure 3. Depth profiles of oxygen isotope measurements (a) and calculated DE (b) for the cryopeg brines and ice wedge core sections. Standard deviations for triplicate

measurements of brine (open symbols) and ice sections (closed symbols) were <0.2� for δ18O and <2� for δ2H.
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Figure 4. Depth profiles of particulate parameters for the cryopeg brines and ice wedge core sections. Measurements on cryopeg brines (open symbols) and ice sections
(closed symbols) are shown for (a) SPM, (b) POC (circles) and PN (triangles), (c) POC:PN ratio, (d) EPS in particulate (pEPS, circles) and dissolved (dEPS, triangles) form

and (e) abundance of bacteria (circles) and viruses (triangles).

comparable volumes of brine and ice melt for other purposes,
was at least several-fold greater. Filteredmaterial fromCB1 brine
was bright orange in color and appeared viscous without visible
structure (a cohesive, pliable mass on the filter) in contrast to
SPM from the ice sections, which was brown and appeared to
be composed of sediment grains and decomposing plant matter
(Fig. S2, Supporting Information). Cryopeg POC was 42 and 89
μg ml–1 (CB1 and CB3, respectively), 10—20-fold greater than the
mean concentration in the ice sections (4.5 ± 2.7 μg ml–1), while
PN was 5.9 and 10.7 μg ml–1 in the brines, 20—35-fold the mean
concentration in the ice (0.31 ± 0.18 μg ml–1; Fig. 4b). The C:N
ratios of 7.2 and 8.4 in the brines were lower than any ratio mea-
sured in the ice save one, where the average ratio was 13.8 ± 3.5.
An even greater contrast between the brine and ice samples was
found for particulate and dissolved forms of EPS: brine pEPS was
between 30 and 42 (CB1), and between 30 and 89 μg Cml–1 (CB3),
compared to 0.4–1.3 μg Cml–1 ice melt, and brine dEPS was 7.6 ±
2.4 (CB1) and 9.1 ± 0.2 μg C ml–1 (CB3), compared to 0.3–1.0 μg C
ml–1 in ice melt (Fig. 4d). Given the very low salinities of the ice
wedge samples, EPS was not scaled to brine volume as is done
for sea ice with its higher brine content (Krembs et al. 2002).

Bacterial and viral abundance

DAPI-stained fluorescing bacteria in cryopeg brine outnumbered
those in the ice sections by nearly three orders of magnitude: 5.7
± 0.3 × 106 cells ml–1 (n = 2 technical replicates) versus 8.5 ± 3.9
× 103 cells ml–1 (n = 13; Fig. 4e). The abundance of VLP in the
brine was also much higher than in the ice wedge: 5.7 ± 0.5 ×
107 ml–1 (n = 2 technical replicates), versus 1.8 ± 0.3 × 105 ml–1

(n = 2 technical replicates from ice wedge core section 100–110
cm), making the virus–bacteria ratio in the two environments
markedly different: 10 and 1.4 in brine and ice, respectively. Enu-
meration of both VLP and bacteria from CB3 was confounded by

high background fluorescence. Epifluorescent images of cryopeg
brines captured bacteria reproducing (dividing cells), while no
such events were seen in ice core sections. TEM images of 0.2
μm filtered brine confirmed the identity of fluorescing particles
below that size threshold as bacteriophage, in particular those
identifiable as Siphoviridae (Fig. 5). Although specificmethods to
identify protists were not employed, no protists were observed
microscopically (similarly to winter sea ice; Deming 2010).

Viral metagenome

Sequencing of the viral metagenome (virome) yielded 227 899
sequences, with an average read length of 363 bp and 45% GC
content. Comparative rarefaction curves between the cryopeg
virome and similar environmental virome datasets (hypersaline,
marine sediment, freshwater, seawater; equally sampled to
50 000 sequences) showed the cryopeg virome to approach sat-
uration of unique sequences at a lower number of reads (Fig. 6).
From a BLASTx comparison with the NCBI Refseq database of
complete viral genome protein sequences (2014.09.10 release)
for taxonomic composition, 31% of the Barrow cryopeg virome
sequences presented a significant hit (BLAST bitscore threshold
of 50). Of these hits, taxonomic composition was nearly entirely
(95%) dsDNA viruses, and these were dominated by Caudovi-
rales (85% of viral proteins; Fig. S3, Supporting Information). No-
tably, when compared to 113 other viromes from other aquatic
or extreme environments, including marine sediments (n = 12),
freshwater (n = 31), seawater (n = 60) and hypersaline, desert, or
thermophilic settings (n = 16) (Metavir database; http://metavir-
meb.univ-bpclermont.fr/), the cryopeg brine viromehad ahigher
percentage (30%) of homologous sequences (to Refseq) than
all but two of the viromes queried (mean of 10 ± 8%, n =
111; Table S1, Supporting Information). More than 40% of iden-
tified reads in the cryopeg virome had greatest similarity to
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Figure 5.Microscopic images of bacteria and viruses in cryopeg brine. Bacteria were stained with DAPI and observed by epifluorescencemicroscopy using a Zeiss LP420
emission filter; scale bar is 20 μm (a). Viruses were confirmed by transmission electron microscopy, as exemplified by this Siphoviridae bacteriophage; scale bar is

200 nm (b).

13 viruses of phylogenetically disparate hosts, including
Bulkholderia phages (AH2, BcepNazgul and BcepC6B at 10%, 5%
and 2%, respectively), Loktanella phage pCB2051-A (4%), deep-
sea thermophilic phage D6E (4%), Providencia phage Redjac (3%),
Enterobacter phage Enc34 (3%), Pseudomonas phage YuA (2%),
Clostridium phage phi3626 (2%), Pseudomonas phage B3 (2%),
Salmonella phage FSL SP-088 (2%), Bacillus phage PBC1 (2%) and
Nitrincola phage 1M3-16 (2%; Table S2, Supporting Information).
Ten of these 13 viruses are either temperate (identified as
prophage experimentally), likely temperate, (presence of known
integrase and repressor genes) or possibly temperate (viral genes
originating from these viruses found in microbial genomes). Se-
quences with greatest homology to microbial genes were phy-
logenetically most similar to members of the phyla Gammapro-
teobacteria, Clostridia and Alphaproteobacteria, and dispropor-
tionately to the genera Clostridium (17%), Marinobacter (5%) and
Bacillus (4%). Sequences ascribed to microorganisms may be due
to incomplete representation of viral genes in databases used for
comparison, unidentified prophages annotated as microbial in
origin, or microbial host genes incorporated into viral genomes
(any microbes <0.2 in size and still present in the cryopeg brine
filtrate would have been lysed and the released DNA degraded
by procedures used prior to extracting the viral DNA). The cry-
opeg viral genes with annotated function that were present
in greatest abundance coded for coat proteins, portal proteins,
terminases and integrases (collectively 15%; Table S3, Support-
ing Information). Interrogation of the cryopeg virome for viral
marker genes (AVS, G20, GP23, MCP, PhoH, PolB, PolB2, PsbA,
RdRP, Rep, T7gp17, TerL and VP1) yielded homologous sequences
to only two of these 13 genes: PhoH (2 sequences) and TerL
(332 sequences). Paired-comparison of similarity (Bray–Curtis
dissimilarity indices) between the cryopeg virome sequences
and 50 other environmental viromes (curated from the larger
set of 113 to avoid hyper-redundancy in some environments)
demonstrated its unique composition, among all of the viromes,
and closest similarity to desert and hypersaline environments
(Fig. S4, Supporting Information).

DISCUSSION
Seawater origin of Alaskan cryopeg brine

Several lines of evidence indicate that the cryopeg brines
near Barrow are thalassohaline. The first line is based on the

similarity of major ions in the cryopeg brine to those in Yakut-
skoye Lake and Cape Chukotsky cryopeg brines, suggestive of
similar source and formation processes, and on the substantial
dissimilarity to ion concentrations in the ice wedge core (Ta-
ble 1). The mass ratio of SO4

2– to Cl– for the Barrow cryopeg
brine was 0.09, which represents a significant depletion of sul-
fate relative to Standard seawater (0.14; Millero et al. 2008), but
is higher than the ratio for Siberian cryopeg brines (0.04) shown
to be of marine origin (Gilichinsky et al. 2003; Table 1). Depletion
in sulfate relative to seawater has been reported for sea ice and
brine (Meese 1989; Maus et al. 2011). Cooling of brine below the
precipitation point of mirabilite (NaSO4

� 10 H2O) at roughly –8
◦C (Marion and Kargel 2008) results in sulfate removal and po-
tential fractionation through immobilization of the precipitate.
This cooling effect is in line with observed brine temperatures in
Yakutskoye Lake and Cape Chukotsky cryopegs that fall below
the mirabilite precipitation point. Some higher sulfate fractions
for data from Barrow may be indicative of fractionation during
colder periods in the thermal history of the brines. Brines from
the Varandei peninsula are much less saline, with a SO4

2–:Cl–

ratio of 0.55, and have likely undergone a complex evolution
that precludes direct comparison with the other ion data sets
(Table 1).

The second line of evidence for a marine origin derives from
stable isotope analyses. Compared to the cryopeg brine δ18O val-
ues (–21.0� and –21.4�), Barrow sea ice δ18O values are much
higher, ranging between –2� and 1�, while overlying snow
values typically range between –18� and –30� (Eicken et al.
2004, 2012; Meyer et al. 2010). Based on low δ18O values, Meyer
et al. (2010) concluded that icewedges in permafrost near Barrow
were of meteoric and non-marine origin, deposited at a time of
lower air temperatures and greater distance tomoisture sources,
with some potential changes due to subsequent fractionation
and interaction with soil minerals in melt–freeze cycles. How-
ever, low δ18O values alone do not preclude marine origin. Ice
growing from water or brine due to fractionation would have a
δ18O higher than the source liquid by typically 1 to 2.5 � (de-
pending on ice growth rate; Eicken 1998). Our hypothesis of dif-
ferent source waters and freezing paths for the brine and ice
wedge is supported by the relative proportion of 2H and 18O in
the samples. The fractionation of atmospheric precipitation re-
sults in a linear relationship between δ2H and δ18O (meteoric wa-
ter line, MWL); condensation/freezing processes that differ from
Rayleigh fractionation in the atmosphere do not fall on theMWL
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Figure 6. Comparative rarefaction curves for Barrow cryopeg brine and 100 other environmental viromes. These viromes are listed in Table S1 (Supporting Information),
and metadata are available at MetaVir2.0 (http://metavir-meb.univ-bpclermont.fr/).

(Craig 1961). DE shows the deviation of our samples from the
MWL (Fig. 3): the cryopeg brine values fall outside those for the
ice wedge core indicating a separate fractionation history. This
discrepancy in DE values between the brine and ice core indi-
cates that a significant part of the brine is derived from seawater
that fractionated as it migrated and evolved over time through
sequential freezing. However, as demonstrated in a modeling
study, corroborated by field data (Eicken 1998), Rayleigh fraction-
ation in a semi-enclosed system such as sea ice can generate
brine δ18O compositions that fall well below those of standard
seawater, with values of –10 � and lower. Such sequential frac-

tionation of the source water subjected to low temperatures is
in line with observed depletion of sulfate relative to chloride in
the cryopeg brine.

Third, sequence analysis of the cryopeg brine virome sup-
ports a seawater origin. A high proportion (5%) of all of the genes
identified in the virome was most similar to genes identified
from Marinobacter (e-value cutoff 10–5). Marinobacter is a genus
of Proteobacteria isolated exclusively from seawater andmarine
and estuarine sediments, and 16S rRNA genes most similar to
those of Marinobacter have been found in deep sea and coastal
sediments, hypersaline mats, hydrothermal vents and sea ice

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/92/5/fiw
053/2470053 by guest on 18 April 2024

http://metavir-meb.univ-bpclermont.fr/


Colangelo-Lillis et al. 9

(Duran 2010). The most likely sources of these genes in the
cryopeg virome are viruses ofMarinobacter hosts, organisms that
would have entrained with the original source water of marine
origin.

Overall, the regional geologic history also supports the sce-
nario of a marine origin for sediments of the Barrow penin-
sula. Following the marine transgression during the last inter-
glacial, with a coastal lagoon covering the area of the sampling
site (Brigham-Grette and Hopkins 1995), sediments were grad-
ually exposed. During this period, mixing of marine and mete-
oric waters was likely, but sampling in the region suggests that
gradual closure of a coastal lagoon (Brown 1969) with production
of brines in situ was equally plausible. Each of these processes,
individually or in combination, would result in sequential cool-
ing and potential migration of the sub-freezing brines. Mixing
of meteoric and marine source waters, e.g. during the ice wedge
formation episodes dated to roughly 14 Ka ago by Meyer et al.
(2010), adds to the combination of geochemical, isotopic and
gene-based findings that support a marine origin for the Barrow
cryopeg system.

Cryopeg brine as an EPS-rich microbial habitat

EPS produced in sea ice is attributed primarily to ice algae
(Krembs et al. 2002; Underwood et al. 2013); in upper zones of
dark winter sea ice, however, where diatoms are excluded phys-
ically or are inactive, EPS production has been attributed to bac-
teria (Collins, Carpenter and Deming 2008). For both ice algae
and bacteria, EPS serve as cryoprotectant and osmoprotectant,
enhancing tolerance of freeze–thaw conditions and high salt
concentrations (Krembs et al. 2002, Krembs, Eicken and Deming
2011; Liu et al. 2013). No diatoms were detected microscopically
in this cryopeg brine, nor is their presence anticipated given the
absence of light over geological time; the EPS detected in the
brine is thus assumed to be of bacterial origin. A caveat is that
fungi have been cultured from Siberian cryopegs originally at
sub-zero temperatures (–2◦C) and high salinity (10%; Kochkina
et al. 2007), though they have not been shown to be active under
in situ conditions nor to produce EPS. Aswe did not evaluate their
presence, a fungal contribution to the measured EPS cannot be
excluded.

The Barrow cryopeg brines harbor EPS concentrations within
the ranges found in other sub-zero brines for which comparable
data are available; i.e. brines associated with sea ice (Table 2).
The dominance of pEPS over dEPS (77–80% versus 9–23% of to-
tal EPS) in cryopeg brine, however, is opposite that found in bot-
tom sea ice brines, where dEPS dominates and pEPS accounts for
only 17–42% of the total EPS (Krembs, Eicken and Deming 2011).
In brine-wetted snow on the surface of sea ice, pEPS concentra-
tions are low (0.1–0.2 μg C ml–1) and account for an even smaller
percentage (6%) of the total (Ewert et al. 2013), similar to that
found in Arctic winter sea ice (Table 2). Briny frost flowers on the
bare surface of new sea ice have the lowest percentages of pEPS
(1–7%; Barber et al. 2014). These differences persist despite the
various brines having similar salinity, temperature and bacterial
concentration; for example, upper winter sea ice brine at 158 ppt
and –12 ◦C with 7.2 × 106 bacteria ml–1 contained 5.6 mg pEPS C
L–1 (Ewert et al. 2013), while Barrow cryopeg brine at 115 ppt and
–6 ◦C with 5.7 × 106 bacteria ml–1 (CB1) contained 30–42 mg pEPS
C L–1. These differences in concentration and relative fractions
of pEPS and dEPS between cryopeg and sea ice-associated brines
indicate differences in the production and degradation of EPS.

In terms of EPS production, the particulate C:N ratios of 7.2–
8.4 found in the cryopeg brine are consistent with an active

microbial community (as also evidenced microscopically; see
below), producing nitrogen-containing pEPS (Mancuso Nichols
et al. 2004). In contrast, the higher ratios in the ice wedge
core (8.0–16.1; Fig. 4c) reflect more recalcitrant organic material
present only at low levels in this ice, where bacterial abundances
were also very low. The cryopeg C:N ratios are comparable to
those from the most biologically active zones in sea ice (e.g. 7.2–
8.7; Krembs, Eicken and Deming 2011), yet a differential degra-
dation of the EPS is apparent. The pattern of a high percent-
age of dEPS in brines exposed to sunlight and a low percentage
in the permanently dark cryopeg brines suggests the involve-
ment of UV-B driven photolysis in degrading EPS (Bowman and
Deming 2010) and the absence of this forcing in cryopegs. The
microbial benefits that would accrue from high amounts of pEPS
in the cryopeg include not only cryoprotection and osmoprotec-
tion (Krembs et al. 2002; Liu et al. 2013) but also physical (viscous)
support for the metabolic exchanges and symbioses that char-
acterize anoxic environments (Decho 1990; Boetius et al. 2000;
Wrede et al. 2013) and possible protection against viral infection
(see below). The much lower amounts of dEPS in the cryopeg
brine can be explained by bacterial metabolism of dEPS as they
become available.

To deduce pEPS and dEPS processes from a snapshot of data,
we considered published rates and conversion factors to esti-
mate turnover times for both size classes of EPS. For pEPS pro-
duction, we used the rate of pEPS accumulation in sea ice at
a comparable cryopeg temperature (35 ng C ml–1 d–1 at –5 ◦C;
Krembs et al. 2002), the available rate of bacterial pEPS produc-
tion in seawater (2.04 fg C cell–1 d–1, albeit at 20 ◦C; Stodereg-
ger and Herndl 1998) and the carbon:pEPS conversion factor
(0.75; Engel and Passow 2001) used by Krembs et al. (2002). The
maximal pEPS production rate calculated for the bacterial pop-
ulation size in our cryopeg samples was 12 ng C ml–1 d–1. As-
suming steady state, this pool of pEPS would turn over in 46
years. Production of dEPS by bacterial communities has not been
quantified, but a rate of 60 fg C cell–1 d–1 was measured at 2◦C
for the model marine psychrophile Colwellia psychrerythrea 34H
(Ewert 2013). Applying this rate to the cryopeg bacterial commu-
nity yielded 354 ng C ml–1 d–1, indicating turnover of the dEPS
pool in 2.4 years. This order of magnitude difference between
the residence times of pEPS and dEPS in the cryopeg brine is
consistent with the use of pEPS for protection against various
stressors (and the absence of photolysis as a breakdown mech-
anism) and the consumption of dEPS for metabolism. An alter-
native explanation for unusually high ratios of pEPS to dEPS in
the brine would invoke the re-charge process that occurred be-
tween sampling events; however, any selective retention of EPS
in permafrost during brine seepagewould have favored pEPS, re-
sulting in a higher fraction of dEPS in the brine (as observed in
brine seeping from sea ice into overlying snow; Ewert et al. 2013),
when the opposite was observed.

Another role for EPS is to complex heavy metals, especially
in microbial biofilms (Guibaud et al. 2005), and to sequester met-
als in general (Mancuso Nichols, Guezennec and Bowman 2005).
Cadmium and lead were 60- and 200-fold greater in the Barrow
cryopeg brines than in seawater (K. Yoshikawa, pers. comm.),
suggesting this additional benefit of EPS to the cryopegmicrobial
community. Given the lack of color and relative transparency of
cryopeg brine upon collection, and the color change to orange
upon exposure to air (Figs S1 and S2, Supporting Information)
indicating iron oxidation, the cryopeg brine must have also con-
tained reduced forms of iron and thus be anoxic in situ. The
color of brines exuding from Blood Falls in Antarctica displays
similarly due to the presence of hydrated iron oxides and silt
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(Keys 1979).While the orange particulates filtered from the brine
(Fig. S2, Supporting Information) were not analyzed chemically,
their appearance is consistent with oxidized iron embedded in
a mass of pEPS. The detection of Marinobacter genes in the cry-
opeg virome (see above) may also be relevant, as this genus in-
cludes anaerobic Fe-oxidizing chemoautotrophs (Edwards et al.
2003). The high abundance and likely source and utility of differ-
ent size classes of EPS in cryopeg brines expand the importance
of EPS in protecting and sustaining microbial communities in
sub-zero hypersaline habitats, from sunlit oxygenated sea ice
environments to dark anoxic cryopeg brines.

Viral evidence for an active microbial community

The ratio of virus-like particles (VLP) to bacteria found in the
cryopeg brine (Canfield et al. 2013) matches the ratio most fre-
quently reported from seawater and commonly interpreted as
evidence for an active microbial community (Wommack and
Colwell 2000). This ratio has been shown to be significantly re-
lated to bacterial turnover in samples from deep Mediterranean
sediments (Danovaro, Manini and Dell’Anno 2002), wherein bac-
terial hosts are regularly infected and lysed. We considered po-
tential viral dynamics in the cryopeg brine based on data from
this study and the literature, particularly from work on viral dy-
namics at conditions as close as possible to cryopeg brines. Us-
ing the viral burst size (55 virions per host cell) and latent period
(5 h) determined at –1 ◦C and 35 ppt byWells and Deming (2006a)
and the viral decay rate (1% d–1) determined at –12 ◦C and 160
ppt (Wells and Deming 2006b), we calculated that 0.04% of bac-
teria in the brinemust be infected tomaintain the detected viral
population at steady state. To maintain the measured bacterial
population size, the bacterial growth rate must be 7.5 × 10–5 h–1

and the contact rate between viruses and bacteria must be 7.5 ×
10–5 contacts cell–1 h–1, assuming 100% of contacts result in suc-
cessful infection and lysis. Using the contact frequency equation
of Murray and Jackson (1992; see Table 3), and the least-squares
best-fit equation for brine viscosity at low temperature and high
salinity (Collins and Deming 2011), the modeled contact rate is
7.7 × 104 contacts cm–3 h–1, or 0.13 contacts cell–1 h–1, four or-
ders of magnitude greater than calculated for the steady-state
scenario. This result suggests that the largemajority of modeled
contact events are by non-infective viruses, are between viruses
and non-hosts, or result in lysogeny not host lysis. It further sug-
gests that cell adsorption is a more important mechanism for
viral inactivation in this extreme environment than viral decay,
given that virions will contact a bacterium before decaying.

Calculated contact rates rely on a number of assumptions,
but the rates lead to testable hypotheses. Of particular interest
is the likelihood thatmany viral infections in sub-zero brines are
of a non-lytic nature (Boetius et al. 2015); a correlation between
lysogenic replication and increasing salinity was demonstrated
several decades ago (Wais andDaniels 1985). The cryopeg virome
indicates that a substantial fraction of viruses in the cryopeg
brine are capable of lysogenic replication. A high frequency of
temperate phage increases the potential for lateral gene trans-
fer, which could explain the detection of Marinobacter genes in
the cryopeg virome. DeMaere et al. (2013) noted high levels of in-
tergenera gene exchange between haloarchea under cold high-
salinity conditions of an Antarctic lake, which they proposed as
conditions especially suited for lateral gene transfer.

The disproportionate presence of pEPS in the cryopeg brines
may also provide a defense against viral infection. Its pres-
ence would influence viral diffusivity (Table 3) and reduce the
contact rate between virions and potential hosts. Given the cor-
relation between number of VLP we observed and number of in-
fective virions in a model system under temperature and salin-
ity conditions similar to this cryopeg (Wells and Deming 2006a),
the majority of cryopeg virions may be infective, increasing the
benefits of a viral defense mechanism. Although viruses have
been found in every environment examined for their presence,
surprisingly few sub-zero hypersaline environments have been
evaluated for this basic and influential component of microbial
ecosystems (Table 2).

Microbial refuges in the face of global-scale surface
alteration

Isolated from surface processes that would normally result in
seasonal temperature and salinity fluctuations, driven by wind,
current or atmospheric conditions (Ewert and Deming 2013),
and in mixing through percolation and perfusion with extra-
neous liquid, the sub-surface temperature and salinity regime
of cryopeg environments is expected to be more stable than
cold and hypersaline surface environments (Table 2). Microbial
habitats with stable physical and chemical conditions are less
biologically resistant to perturbation and less conducive to driv-
ing biological innovation and diversity (Girvan et al. 2005); they
are instead expected to preserve life, even when environmental
conditions appear to be extreme.

The modeled size of water films in ice wedges and per-
mafrost (<10 nm for the temperature range discussed here;
Anderson 1967; Dash, Rempel andWettlaufer 2006) greatly limit

Table 3. Equations, variables and values used to calculate virus-bacteria contact rates.

Equations and variables Definition Value Units

J = 2 π dc Dv V B Virus–bacteria contact rate equation 2.2 × 101 cm−3 s−1

Dv = k T / 3 π μ dv Viral diffusivity equation 2.4 × 10−10 cm2 s−1

μ = (10.2 − 0.00132S − 0.0835T + 0.000177T2)−1 Brine viscosity equation 2.7 × 100 g cm−1 s−1

dc Diameter of average cell 5.0 × 10−5 cm
Dv Viral diffusivity 2.4 × 10−10 cm2 s−1

V Virus concentration 5.7 × 107 cm−3

B Bacteria concentration 5.7 × 106 cm−3

k Boltzmann constant 1.4 × 10−16 g cm2 K−1 s−2

T Temperature 2.7 × 102 K
μ Brine viscosity 2.7 × 100 g cm−1 s−1

dv Diameter of average virus 6.0 × 10−6 cm
S Salinity 1.2 × 102 ppt
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or prevent diffusion of viruses and cells between the cryopeg
brine system and surrounding permafrost. Considering this
effective physical isolation, and in the absence of microbial
genomic characterization, we propose (like others, referenced
earlier for work on Siberian cryopegs) that the bacterial inhab-
itants of Barrow cryopegs are primarily ancestors to marine or-
ganisms selected to adapt to a radically different environment
as the brine was isolated from the ocean, and then from light
and the atmosphere. The isolation effect is reflected in the lim-
ited diversity of the cryopeg virome relative to other contempo-
rary habitats regularly exposed to environmental fluctuations.
How long such an isolated system can persist is dependent on
the geochemical processes that supply chemolithoautotrophs
with metabolic substrates and the rates of activity and growth
by the heterotrophic community. Although our work does not
constrain these processes or rates, it has revealed the presence
of similar aqueous chemistry to other cryopeg brines and the
brines of Lake Vida and Blood Falls, which support a variety of
autotrophs andheterotrophs via endogenous and allochthonous
organic carbon, and sulfur and iron oxidation (Gilichinsky et al.
2003, 2005; Mikucki and Priscu 2007; Murray et al. 2012). While
cryopegs have been isolated for tens to hundreds of thousands
of years, the Antarctic Blood Falls reservoir brine has been in-
habited for over one million years since its physical isolation.
Cryopeg systems offer an alternative Arctic window into an-
cient marine microbial communities and more accessible sites
for exploring community change in response to possible future
changes in energy and nutrient sources with climate warming.

Sub-surface environments like cryopegs may serve as micro-
bial refugia during large-scale shifts in Earth’s surface temper-
ature or atmospheric chemistry, as in Snowball Earth episodes
(Hoffman 1998) or periods of oceanic and atmospheric oxida-
tion or reduction (Canfield et al. 2013). Similar isolation events
may have occurred on the surface of Mars as its water and at-
mosphere were lost (Pollack et al. 1987), driving any surface life
to extinction or sub-terranean existence (Ehlmann et al. 2011).
Such sub-surface environments are targets for future efforts to
find extraterrestrial biosignatures (McKay et al. 2013). Further in-
vestigating the genomics and geochemistry of terrestrial analog
systems may inform this search for sub-surface microbial life
elsewhere.

CONCLUSIONS

The Barrow Permafrost Tunnel cryopeg system appears to be of
different origin and in strong compositional andmicrobiological
contrast with its neighboring ice wedge. Analyses of ions, stable
isotopes and viral genes indicate a separate, marine origin for
the cryopeg brines. Further work is required to evaluate the age
and evolution of these brines, thought to originate from sequen-
tial enclosure and isolation of coastal or estuarine water bod-
ies. The cryopeg brines contain relatively high concentrations
of viruses and EPS explained by the presence of active bacteria.
The limited viral diversity points to the stability of the cryopeg
and its isolation from surface environments. The high ratio of
pEPS to dEPS likely reflects the protective benefits of pEPS to mi-
crobial inhabitants of this extreme environment, regardless of
physiology, and the heterotrophic consumption of dEPS.

Enclosed sub-zero hypersaline environments are uncommon
and rarely reported in the literature. This study, by providing a
snapshot of processes occurring within a cryopeg, establishes a
foundation for exploring anaerobic metabolisms under extreme
conditions and viral–bacterial dynamics in a subterranean en-

vironment of marine origin that differs from the oceanic realm.
This cryopeg system may also serve as a useful analog environ-
ment for anoxic refugia for life from even more extreme con-
ditions during Earth history, or on other planets and moons
in the solar system, and offer a unique window into evolu-
tionary processes in such an isolated habitat. The Barrow cry-
opegs and similar systems have an unknown future: while we
document this system as ancient and isolated, the Arctic is un-
dergoing rapid and substantial change. As the potential for sur-
face freshwater invasion into sub-surface permafrost layers in-
creases with climate change, this cryopeg system will be less
isolated from surface and atmospheric processes. Further explo-
ration is warranted to learn what we can from this and similarly
shallow cryopegs before their inhabitants merge with or are dis-
placed by overlying contemporary microbial communities.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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