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Bacterial genome replication at subzero
temperatures in permafrost
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Microbial metabolic activity occurs at subzero temperatures in permafrost, an environment
representing B25% of the global soil organic matter. Although much of the observed subzero
microbial activity may be due to basal metabolism or macromolecular repair, there is also ample
evidence for cellular growth. Unfortunately, most metabolic measurements or culture-based
laboratory experiments cannot elucidate the specific microorganisms responsible for metabolic
activities in native permafrost, nor, can bulk approaches determine whether different members of the
microbial community modulate their responses as a function of changing subzero temperatures.
Here, we report on the use of stable isotope probing with 13C-acetate to demonstrate bacterial
genome replication in Alaskan permafrost at temperatures of 0 to � 20 1C. We found that the majority
(80%) of operational taxonomic units detected in permafrost microcosms were active and could
synthesize 13C-labeled DNA when supplemented with 13C-acetate at temperatures of 0 to � 20 1C
during a 6-month incubation. The data indicated that some members of the bacterial community
were active across all of the experimental temperatures, whereas many others only synthesized DNA
within a narrow subzero temperature range. Phylogenetic analysis of 13C-labeled 16S rRNA genes
revealed that the subzero active bacteria were members of the Acidobacteria, Actinobacteria,
Chloroflexi, Gemmatimonadetes and Proteobacteria phyla and were distantly related to currently
cultivated psychrophiles. These results imply that small subzero temperature changes may lead to
changes in the active microbial community, which could have consequences for biogeochemical
cycling in permanently frozen systems.
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Introduction

Arctic and boreal environments cover over 20% of
the terrestrial surface, and the northern circumpolar
permafrost region contains B25% of the world’s
total soil organic material (Tarnocai et al., 2009).
Increased warming in polar environments is
expected to convert these permafrosts into wetlands
or thermokarsts, promoting microbial remineraliza-
tion of stored organic matter as thawing occurs
(Schuur et al., 2008). However, many studies dating
back to the 1960s (Michener and Elliott, 1964;
Larkin and Stokes, 1968) have clearly indicated that

microbial life continues below the freezing point,
with the first indication of subzero activity in situ
coming from Antarctic studies of the cryptoendolithic
lichens (Kappen, 1993 (Review)).

Advances in research of subzero microbiology
over the past two decades have shown unambigu-
ously that subzero activity occurs. Examples
include, but are not limited to the following:
measurements of hydrolytic enzyme activity
(Gilichinsky et al., 1992); incorporation of isotopic
labels/bromodeoxyuridine into macromolecules/
metabolites (Carpenter et al., 2000; Rivkina et al.,
2000; Christner 2002; Junge et al., 2006; McMahon
et al., 2009; Drotz et al., 2010); respiratory evolution
of gases (for example, 14CO2) (Gilichinsky et al.,
2003; Panikov et al., 2006; Steven et al., 2007;
Lacelle et al., 2011); and 14CO2 incorporation into
cells (Panikov and Sizova, 2007; Panikov, 2010
(Review)). Unfortunately, these bulk approaches
cannot elucidate which specific microorganisms
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are growing in subzero environments (for example,
native permafrost) or whether different members of
the microbial community modulate their responses
as a function of changing subzero temperatures.

In the current study, we utilized a stable isotope
probing (SIP) approach to discern the active bacteria
in permafrost (beyond basal metabolism) while in
the frozen state. Prior research in Arctic systems has
used SIP to monitor active methanotrophs with
13CH4, but the studies were performed at higher
incubation temperatures ranging from 4 to 25 1C
(Martineau et al., 2010; Liebner et al., 2011; He et al.,
2012). Here, we used the SIP method to elucidate
how specific members of the bacterial community
responded to various subzero incubation tempera-
tures ranging from 0 to � 20 1C. SIP was used as it is
predicated on the incorporation of 13C carbon by
active microorganisms into DNA and the physical
separation from the 12C DNA in a cesium chloride
density gradient (Radajewski et al., 2000). Therefore,
SIP will not detect bacterial cells which are carrying
out basal metabolism nor will it provide a signal if
the bacteria are performing DNA excision/repair
(which usually involves synthesis of 12 bp frag-
ments after damaged base pair removal). Our results
indicate that a broad range of permafrost bacteria
were able to synthesize DNA between 0 and � 20 1C,
many of which were only active within a narrow
subzero temperature limit. Phylogenetic analysis of
16S rRNA gene clone libraries revealed that the
subzero active bacteria were members of the Acid-
obacteria, Actinobacteria, Chloroflexi, Gemmatimo-
nadetes and the Proteobacteria phyla and were
distantly related to currently cultivated psychro-
philes. A better understanding of the temperature
boundary conditions where Arctic-soil microbial
communities can be active should improve efforts to
estimate global carbon biogeochemistry, greenhouse
gas emission and potential impact on atmospheric
radiative balance in high-latitude environments.

Materials and methods

Permafrost SIP microcosms
Permafrost cores were collected B10 m from the
shore of Smith Lake, Fairbanks, Alaska in June 2009.
The landscape was characterized by shrub and small
trees. The permafrost samples were taken using a
two-man portable, gas-powered, coring machine
with a drilling inside diameter of 7.5 cm. The thaw
depth was about 20 cm at the time of drilling, the
active layer of thickness was about 65 cm and the
permafrost temperature at a depth of about 1.0 m
was B� 4 to � 5 1C. Before drilling, the thawed
layer was removed and the drilling started from the
frozen surface downwards by more than 1.0 m. After
collection, the samples were cooled to � 80 1C and
shipped to Rutgers University within 24 h, where
they arrived frozen, and were stored at � 80 1C
before the SIP experiments.

Subsamples from the interior of the core
(to minimize contamination), B30 cm below the
base of the active layer, were homogenized using
sterilized tools while frozen in a � 20 1C walk-in
chamber and distributed in 1 g fractions into 2 ml
microcentrifuge tubes. The individual microcosms
were randomly selected and amended once with
300 mM (50 ml total volume) of either 12C-acetate
(controls, n¼ 12) or 13C-acetate (experimental/SIP,
n¼ 24). The homogenized soils were briefly
(o3 min) placed at 4 1C and vortexed to uniformly
distribute the acetate, then immediately transferred
to incubators set to either 0 1C, � 3 1C, � 6 1C, � 9 1C,
� 12 1C or � 20 1C for the duration of the experi-
ment. A single control and duplicate experimental
incubations for each treatment were halted after 30
and 180 days by flash freezing in liquid nitrogen and
samples were stored at � 80 1C until processed.

Bacterial community and SIP analysis
Total genomic DNA was purified using a modified
phenol/chloroform protocol (Sakano and Kerkhof,
1998) for subsamples of untreated permafrost (main-
tained at � 80 1C), as well as for all SIP microcosm
samples incubated at the subzero temperatures.
Briefly, five freeze-thaws were followed by a
15 min lysozyme treatment. Samples were then
vortexed for B15 s with a 1:4 volume of a potassium
acetate/acetic acid solution (60% 5 M potassium
acetate, 11.5% glacial acetic acid, 28.5% H2O) to
suppress the co-purification of humic compounds.
This was immediately followed by a 2� phenol/
chloroform extraction. Purified DNA (200–300 ng)
was then subjected to cesium chloride (CsCl)
isopycnal centrifugation (225 000 g for 48 h) with
100 ng of archaeal (Halobacterium salinarum)
13C-carrier DNA, which has been shown to reduce
the amount of 13C-incorporation necessary for signal
detection in an SIP experiment (Gallagher et al.,
2005). This carrier/SIP approach yields a 12C (top)
band and a 13C (bottom) band for all microcosm
incubations, representing the resident (12C) and the
active (13C) bacterial community, respectively
(Figure 1). These 12C and 13C-DNA bands were
collected by pipette, rather than fractionating the
entire gradient. This approach has been shown to
reduce contamination and ensure clean 12C-control
amplifications (Padmanabhan et al., 2003; Gallagher
et al., 2005; Kerkhof et al., 2011). This does not imply
that 12C DNA contamination is not present throughout
the gradient. Rather, the lack of detectable amplicon in
the 13C-carrier bands of our 12C-control incubations
demonstrated that any contamination by 12C bacterial
DNA was below our PCR detection limits.

Because reduced metabolic rates under subzero
temperature conditions can limit our ability to
directly measure growth and the production of
biomolecules, all samples were subjected to a two-
step PCR 16S rRNA gene amplification (that is,
two consecutive PCR reactions). Equal volumes of
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genomic DNA (5 ml) from either the top (12C) or
bottom (13C) bands were added to individual PCR
reaction mixtures (50 ml total reaction volume) to
allow for the comparison of amplification strength
across all treatments and controls. Reaction mix-
tures contained 20 pmol of the universal bacterial
primers 27 Forward (50-AGAGTTTGATCCTGGCT
CAG-30; labeled with the fluorochrome 60-FAM (60-
carboxyfluorescein)) and 1100 Reverse (50-AGGGTT
GCGCTCGTTG-30) per reaction. The PCR amplifica-
tion parameters were as follows: 94 1C for 5 min and
then 94 1C for 30 s, 57 1C for 30 s and 72 1C for 50 s for
25 cycles with a final extension at 72 1C for 7 min
using an Applied Biosystems (Foster City, CA, USA)
2720 thermocycler. A small volume of this first
round of amplification product (2 ml) was used as a
template for the second round of PCR using identical
amplification parameters. During the second amplifi-
cation, aliquots were collected at different cycle
numbers (16, 18, 20, 22, 25 and 30 cycles) to determine
the lowest cycle number, where either the top or
bottom bands yielded a PCR product detected by gel
electrophoresis. All 13C-acetate amendments had
amplicons at 16 cycles in the carrier band, whereas
12C DNA contamination in the carrier was only
apparent in some samples at X20 cycles. Equal
masses of fluorescent PCR product (20 ng) amplified
at 16 cycles for all microcosms were digested with Mnl
I in 20ml reactions for 6 h at 37 1C. For 12C-acetate
controls, the largest volume at 16 cycles used for the
13C-acetate treatments (that is, 5ml) was digested. The
digests were precipitated and resuspended in 19.7ml
of deionized formamide with 0.3ml of ROX 500
standard and analyzed on an ABI 310 Genetic analyzer
with peak detection/quantification using Genescan
software (Applied Biosystems). A peak detection limit
was calculated as 2� the average 12C-control bottom-
band peak area (Supplementary Table S1). This
represented 0.2% of the total average bottom band

profile areas of the 13C-amended microcosm samples.
Therefore, all peaks that fell below 0.2% of the
respective total profile area were excluded from
further analysis.

To unambiguously demonstrate 13C-DNA synthesis,
the SIP experiments had to meet the following criteria:
(a) all 13C-carrier bands (bottom) resulted in little or no
amplification/terminal-restriction fragment length
polymorphism (TRFLP) signal after incubation with
12C-acetate and (b) the profiles from the 13C-carrier
bands incubated with 13C-acetate had to demonstrate
either enrichment or suppression of specific TRFLP
peaks with respect to their 12C top-band counterparts to
rule out contamination. All samples from the 1 month
incubations yielded a PCR product from the 12C top
bands, whereas the 13C bottom bands yielded either no
amplicon or comparable product for both the 12C and
13C-acetate amendments at 20þ cycles of the second
step of PCR. However, after 6 months, all treatments
amended with 13C-acetate (with the exception of
one of the � 6 1C biological replicates) yielded PCR
products from the 13C-carrier band after 16 cycles
of the second step of PCR, whereas all 12C-control
treatments did not produce amplicons in the 13C-carrier
band under identical conditions (Supplementary
Figures S1A–F). To analyze for the enrichment or
suppression of different operational taxonomic units
(OTUs) we constructed a single composite profile
from the replicates and displayed the resident
(12C band) and the active (13C band) fingerprints
above and below the x axis, respectively, for
each temperature incubation using Grapher (Golden
Software Inc., Golden, CO, USA; Supplementary
Figures S2A–C).

Data analysis
To include all peaks (X detection limit) from all
replicates within a treatment, each set of duplicate

Control
12C acetate

12C DNA

13C DNA
+ carrier

Carrier
only

12C DNA

Experimental
13C acetate

Substrate Addition Extract DNA CsCl Separation 2-step PCR TRFLP

Figure 1 Schematic of SIP/carrier method and TRFLP analysis. Separation of 12C and 13C-DNA in a cesium gradient allows for the
fingerprinting of the resident members (blue profile) and active members (red profile) of the bacterial community. The 13C experimental
treatment (top path) yields amplification in the carrier band (red peaks), whereas the 12C-control incubations (bottom path) have no PCR/
TRFLP signal in the carrier band (red flat-line).
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profiles (for example, 01 replicates A and B, � 31
replicates A and B and so on; see Supplementary
Figures S1A–F) was first normalized to the highest
total community profile area within the pair to
compensate for between-run instrument variation.
The replicate TRFLP peak areas were then averaged
and percent contribution to the overall community
profile area was calculated. For assessing the
temperature grouping of 13C peaks, the TRFLP peak
area data were exported into Excel (Microsoft) and
each OTU was categorized according to the
presence/absence at all incubation temperatures.

To test whether the observed grouping of OTUs
by temperature regime resulted from the analytical/
detection level artifacts and the binning approach,
we reanalyzed the community profiles utilizing
sequentially increasing criteria for peak exclusion.
That is, the categorizing/sorting analysis was per-
formed iteratively, excluding peaks that represented
less than 0%, 0.2%, 0.5%, 1.0%, 2.0%, 4.0%
or 8.0% of the total profile area, respectively
(Supplementary Figure S3). Using this approach,
highly similar temperature groupings were
observed, suggesting that both large and small peaks
in the active community profiles demonstrate a
distinct temperature pattern.

Clone library generation
Cloning from the 13C-DNA fraction of the � 9 1C and
� 20 1C incubations utilized a TOPO TA cloning kit
(Invitrogen, Grand Island, NY, USA). Individual
colonies from the libraries (240 clones per tempera-
ture treatment) were individually screened by
TRFLP to identify partial 16S rRNA genes corre-
sponding to specific TRFLP peaks in the active
permafrost-community fingerprints as previously
described (Gallagher et al., 2005; Kerkhof et al.,
2011). Plasmid preps of recombinant clones corre-
sponding to specific TRFLP peaks were performed
using Zyppy Plasmid Miniprep Kits (Zymo, Irvine,
CA, USA), and sequenced by the Sanger method
(Genewiz, South Plainfield, NJ, USA). Phylogenetic
reconstruction began with B1100 bp of the perma-
frost clonal sequences, sequences demonstrating the
closest BLAST match (Genbank, NCBI, Bethesda,
MD, USA), some known psychrophilic bacteria
and representatives of the major bacterial phyla
(Supplementary Table S2). A maximum likelihood
tree was reconstructed from 784 unambiguously
aligned bases and 91 taxa from Genbank or identi-
fied in our SIP study using Geneious Pro (Babcock
et al., 2007; Drummond et al., 2009).

Results

After 1 and 6 months, independent replicate micro-
cosms from each treatment were destructively
sampled and analyzed. After 1 month of incubation,
none of the permafrost microcosms unambiguously

demonstrated 13C-acetate incorporation (that is, no
amplification in 13C bands regardless of treatment or
amplification in bottom bands in both 12C and 13C
amendments atX20 cycle during the second PCR
step; see methods). However, after 6 months of
incubation, the 13C-DNA synthesis signal was clear
and there were no carrier band amplification in 12C
controls (for example, Figure 2; for all profiles see
Supplementary Figure S1). Overall, 152 different
OTUs were detected in the active 13C fractions of the
independent microcosms, indicating that a broad
range of bacteria were synthesizing DNA at subzero
temperatures. Across all subzero temperature
treatments, 67% (± 5%) of the 13C peaks were also
observed in the 12C fraction. The remaining
33% (±5%) of the 13C peaks were not detectable
in the resident, top-band community profile
(Supplementary Figure S2). This suggests that these
bacteria were present in the resident community but
were below our PCR/TRFLP detection limit until
stimulated as a result of acetate addition and/or
incubation temperature.

The various 13C-TRFLP peaks (Figure 3, y axis)
could be categorized into five groups when
expressed as a relative percentage of the overall
active community profile (color) plotted against
incubation temperatures (Figure 3, x axis). Group 1
consisted of OTUs that synthesized 13C-DNA at 0 to
� 6 1C and accounted for 14% of all the 13C-labeled
TRFLP peaks detected in the study at the various
incubation temperatures. Group 2 represented 9% of
the 13C-OTUs and only displayed activity at � 6
and/or � 9 1C. The third group of active microorgan-
isms synthesized DNA at temperatures from � 9 to
� 20 1C and made up 13% of the total 13C-OTUs.
A fourth group of active OTUs (15% of all
13C-TRFLP peaks) were observed continuously
across the entire range of experimental temperatures
(0 to � 20 1C). Examples of peaks that occurred in
either a narrow temperature range or across
all incubation temperatures are readily visualized
by examining magnified portions of the raw
13C-profiles (Supplementary Figure S4). Finally, a
fifth group of OTUs, representing the largest set of
TRFLP peaks in the 13C-profiles (49% of all active
OTUs), demonstrated a discontinuous distribution
over the incubation temperatures. Many of these
continuously/discontinuously distributed 13C-TRFLP
peaks likely represent multiple bacterial species with
different temperature preferences that are not
resolved using our TRFLP approach (see below).
The 152 active OTUs detected in this analysis at any
given incubation temperature represented 80% of the
OTUs observed in untreated permafrost samples
stored at � 80 1C (Supplementary Figure S5), suggest-
ing that the majority of the Arctic permafrost
community is capable of metabolizing acetate (or a
product of cross-feeding) at subzero temperatures.

To identify the active bacteria in permafrost and
assign phylogenetic affiliation to TRFLP peaks,
16S rRNA gene clone libraries were constructed
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from the 13C-DNA fraction of the � 9 1C and � 20 1C
treatments. Each clone was screened by TRFLP and
sequenced as described previously. This approach
allows for the matching of nearly full-length 16S

rRNA genes (1100 bp) with the corresponding peaks
from the 13C-TRFLP profiles (Figures 3 and 4,
colored circles). Thirty-eight distinct OTUs
were identified among 480 clones (240 per

13C – Amended
Experimental - B

-20 °C – 12C top band

-20 °C – 13C bottom band
13C – Amended

Experimental - B

12C –Amended
Control

-20 °C – 12C top band

-20 °C – 13C bottom band
12C –Amended

Control

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

TRF Number

12,000

24,000

36,000

48,000

60,000

P
ea

k 
A

re
a 

U
n

it
s

25,000

20,000

15,000

10,000

5,000

0

-20-top

-20-bottom

Figure 2 Representative control and experimental SIP profiles from the �20 1C permafrost incubations. (a) Control 12C-acetate
treatment demonstrating the resident (blue) and active (red) community fingerprints. (b) Experimental 13C-acetate treatment with
resident (blue) and active (red) profiles. (c) Composite profiles from the replicate 13C- treatments with the resident profiles (blue line/
above axis) and the active profiles (red line/below axis). Specific TRFs that are suppressed (dashed arrows) or enriched (solid arrows) are
indicated.
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temperature treatment), and a phylogenetic tree was
reconstructed using maximum likelihood methods
on 784 unambiguously aligned bases of 91 taxa
(Figure 4). Many of the active permafrost clones
represent deeply branching 16S rRNA phylotypes,
distantly related to cultivated psychrophilic strains
exhibiting growth at subzero temperatures and to
16S rRNA gene sequences of uncultured bacteria
from similar habitats (Supplementary Table S2). The
active OTUs were members of diverse phyla,
including the Acidobacteria, Actinobacteria,
Chloroflexi, Gemmatimonadetes and the Proteobac-
teria and predominantly represented by the discon-
tinuous terminal restriction fragments (Group 5). In
some instances, a Group 5 terminal restriction
fragment was represented by two different taxa
identified within the clone libraries (for example,
terminal restriction fragment 75, 200 and 219),
supporting the notion of multiple 16S rRNA genes
corresponding to a single terminal restriction frag-
ment peak. Interestingly, none of the clones were
affiliated with Firmicutes (for example, Bacillus,
Exiguobacterium and Clostridium), which are routi-
nely detected in surveys of permafrost biodiversity
(Shi et al., 1997; Gilichinsky et al., 2008). This may
be the result of the use of 13C-acetate to discern
activity. Alternatively, because spore-forming bac-
teria may remain in a dormant, non-metabolically
active state in subzero environments (Bakermans
and Nealson, 2004; Johnson et al., 2007), it is not
surprising that Gramþ bacteria would not be
detected by the clonal libraries derived from the
13C-DNA.

Discussion

Many recent studies on permafrost bacterial growth
and metabolism have focused on temperatures at or
above 0 1C, assuming that metabolic activity pre-
dominantly occurs when permafrost soils have
thawed (Martineau et al., 2010; Liebner et al.,
2011; Mackelprang et al., 2011; He et al., 2012;
Nicholson et al., 2013). However, the concept that
bacterial activity in frozen soils can also have a
major role in biogeochemical cycles is changing
(Bergholz et al., 2009; McMahon et al., 2009;
Vishnivetskaya et al., 2009; Mykytczuk et al., 2012;
Tveit et al., 2013). Here, we have demonstrated
bacterial growth on 13C-acetate at temperatures
down to � 20 1C. Our findings of subzero DNA
synthesis after 6 months are in agreement with
earlier reports indicating microbial growth/metabo-
lism in permafrost within 100–160 days at similar
temperature (Rivkina et al., 2000), growth of bacter-
ial isolates at � 5 to � 15 1C (Bakermans and
Nealson, 2004; Mykytczuk et al., 2012, 2013) and
acetate incorporation into bacterial lipids in perma-
frost down to � 20 1C (Rivkina et al., 2000).
Furthermore, the active bacterial phyla observed in
this SIP study (Acidobacteria, Actinobacteria,

Chloroflexi, Gemmatimonadetes and many Alpha-
proteobacteria) have also been shown to produce
ribo-tags and mRNA in a metatranscriptome study of
the active layer of a Svalbard fen (Tveit et al., 2013).
Although comparable results regarding doubling
times/temperatures/active microbial phyla have
been observed in prior studies, it was surprising to
find that certain microorganisms appeared to only
synthesize DNA at � 9 to � 20 1C but not above
� 6 1C. One possible mechanism to account for the
differential temperature response in our experimen-
tal microcosms is the change in solute concentra-
tions in the remaining liquid water surrounding
the soil particles that occur with decreasing
temperatures. Increases in both the production
of extracellular polymeric substances (acting as
cryoprotectants) and in bacterial abundance under
similar subzero temperature conditions have been
observed in brine channels from sea ice and frost
flowers (Krembs et al., 2002; Collins et al., 2008;
Meiners et al., 2008; Bowman and Deming 2010;
Krembs et al., 2011). This hypothesis is further
supported by recent evidence that permafrost iso-
lates have thermohaline-dependent responses for
both polysaccharide and fatty acid composition
(Ponder et al., 2005) as well as for gene expression
patterns (Mykytczuk et al., 2013). Alternatively, the
activity of hypo-psychrophilic bacteria may repre-
sent a shift in competition for resources, where
opportunistic psychrophiles that are adept at garner-
ing nearly all the organic carbon at near freezing
temperatures are inactive below � 6 1C. This would
allow different members of the psychrophilic com-
munity to now incorporate the 13C-labeled carbon
and replicate their genomes. Regardless of the
underlying mechanisms for the observed growth
only between � 9 and � 20 1C, further studies are
needed to replicate and confirm our observations in
permafrost.

Interestingly, SIP bacterial genome replication
below � 6 1C was observed in 22% of the 13C-labeled
OTUs detected in this study. If many of the
continuously/discontinuously distributed TRFs
represent multiple microorganisms (as our phyloge-
netic analysis suggests) with each OTU active in the
same narrow subzero temperature range, the number
of bacterial phylotypes capable of growth exclu-
sively below � 6 1C could be higher. Recently,
a metagenomic study of thawed permafrost suggests
that small changes in temperature above freezing
can have a profound influence on the metabolic
diversity of a permafrost bacterial community
(Mackelprang et al., 2011). In this report, we present
evidence that a comparable temperature shift in
permafrost while in the frozen state (for example,
from � 10 to � 5 1C) may also have the potential to
stimulate different bacterial communities that may
have divergent metabolic capabilities. These results
indicate that it will also be important for future work
to determine whether changes in subzero tempera-
tures similarly influence the activity of methanogenic
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Figure 4 Maximum likelihood phylogenetic tree reconstruction of 16S rRNA genes from the 13C-DNA fraction from the � 9 and �20 1C
incubations with cultivated psychroactive strains, uncultured phylotypes and other representative species (784 unambiguously aligned bases and
91 taxa). The 13C-labeled TRFs from this study and their respective temperature grouping are indicated by colored circles (see also Figure 3). Source
habitat information and GenBank accession numbers of ALL taxa included in the tree construction are presented in Supplementary Table S2.
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archaea. Unfortunately, the use of archael carrier in
our SIP experiments precludes the ability to detect
both bacterial and methanogenic 13C-DNA within the
same samples.

Combined, these data imply that small tempera-
ture changes could have consequences for the
degradation of buried organic carbon in perma-
nently frozen systems, similar to those experiencing
thaw (Graham et al., 2011; Mackelprang et al., 2011).
As the permafrost of today is becoming the active
layer of tomorrow, a better understanding of micro-
bial activity while these soils are frozen is clearly
necessary. This finding is important as many
global-scale land-surface models do not adequately
consider the extent of microbial mineralization
processes in seasonally frozen soils. Specifically,
Schwalm et al. (2010) assessed 22 biosphere models
to simulate monthly CO2 exchange in North America
and found that output mismatches were greatest in
tundra/wetland ecosystems in winter and spring
compared with forests/temperate regions in summer
and fall. The authors concluded that ‘loss of model
skill was linked to insufficient characterization of cold
temperature sensitivity of metabolic processes....’.
Addressing this critical knowledge gap in subzero
activity should improve quantitative models (for
example, CO2/CH4 production as a function of subzero
temperatures) and predictive understanding of terres-
trial ecosystems at high latitudes.

In conclusion, we have demonstrated that some
members of the permafrost bacterial community
utilize 13C-acetate over a relatively narrow subzero
temperature range, whereas others appear to be
active over a broad frozen temperature regime.
Regardless of the mechanism accounting for this
observed subzero activity, this class of ‘hypo-
psychrophiles’ denotes a novel component of the
permafrost bacterial community. If � 20 1C repre-
sents a temperature close to the lower temperature
limits of life in permafrost, one would expect to
observe a large reduction in the number of active
community members with a decrease in incubation
temperature. However, our SIP data does not
demonstrate a significant reduction in active OTUs
at colder temperatures (Supplementary Figure S6).
Collectively, this implies that DNA synthesis could
occur at temperatures much lower than � 20 1C,
where evidence of respiration or metabolic activity
has also been observed (Junge et al., 2006; Panikov
et al., 2006; Lacelle et al., 2011).

Finally, our experimental results represent a
response to acetate addition, for one permafrost
community at a single location and depth with an
estimated age of 4.5–5 Kya (Waldrop et al., 2010).
Furthermore, our laboratory incubations were done
at static temperatures and do not represent the
natural progression of temperature change that
would be occurring in Arctic environments over
the course of years or decades. Questions remain as
to whether similar microbial activity patterns are
wide spread within permafrost soils, with access to

a multitude of natural carbon sources, and how
microbial activity might vary with permafrost age.
Ultimately, these data support prior findings
of biological processes in frozen polar soils and also
substantiates the notion that life is currently
possible on colder planets (Tsapin and McDonald,
2004), such as Mars, where surficial soils will likely
be in a permanently frozen state.
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