'.) Check for updates

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

JGR Biogeosciences

RESEARCH ARTICLE
10.1029/2020JG006052

Key Points:

« Microbial life in Antarctic surface
soils can be severely restricted by
constant exposure to cold, dry, salty
conditions

« Certain fungi may be better
adapted than bacteria or archaea to
some of the most challenging soil
environments on Earth

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

N. B. Dragone and N. Fierer,
nidr7164@colorado.edu;
Noah.fierer@colorado.edu

Citation:

Dragone, N. B,, Diaz, M. A., Hogg, I.
D., Lyons, W. B., Jackson, W. A., Wall,
D. H,, et al. (2021). Exploring the
boundaries of microbial habitability in
soil. Journal of Geophysical Research:
Biogeosciences, 126, €2020JG006052.
https://doi.org/10.1029/2020JG006052

Received 3 SEP 2020
Accepted 20 MAY 2021

© 2021. American Geophysical Union.
All Rights Reserved.

Exploring the Boundaries of Microbial Habitability in
Soil

Nicholas B. Dragone'” (0, Melisa A. Diaz**, Ian D. Hogg™®, W. Berry Lyons® ©,
W. Andrew Jackson’, Diana H. Wall® ©, Byron J. Adams’, and Noah Fierer"”

"Department of Ecology and Evolutionary Biology, University of Colorado Boulder, Boulder, CO, USA, *Cooperative
Institute for Research in Environmental Science, Boulder, CO, USA, *School of Earth Sciences and Byrd Polar and
Climate Research Center, The Ohio State University, Lubbock, OH, USA, *Department of Geology and Geophysics and
Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution, Falmouth, MA, USA, *Canadian High
Arctic Research Station, Polar Knowledge Canada, Cambridge Bay, Nunavut, Canada, School of Science, University

of Waikato, Hamilton, New Zealand, 7Department of Civil, Environmental, and Construction Engineering, Texas Tech
University, Lubbock, TX, USA, 8Department of Biology and School of Global Environmental Sustainability, Colorado
State University, Fort Collins, CO, USA, gDepartment of Biology, Evolutionary Ecology Laboratories, and Monte L. Bean
Museum, Brigham Young University, Provo, UT, USA

Abstract Microbes are widely assumed to be capable of colonizing even the most challenging
terrestrial surface environments on Earth given enough time. We would not expect to find surface soils
uninhabited by microbes as soils typically harbor diverse microbial communities and viable microbes have
been detected in soils exposed to even the most inhospitable conditions. However, if uninhabited soils do
exist, we might expect to find them in Antarctica. We analyzed 204 ice-free soils collected from across a
remote valley in the Transantarctic Mountains (84-85°S, 174-177°W) and were able to identify a potential
limit of microbial habitability. While most of the soils we tested contained diverse microbial communities,
with fungi being particularly ubiquitous, microbes could not be detected in many of the driest, higher
elevation soils—results that were confirmed using cultivation-dependent, cultivation-independent,

and metabolic assays. While we cannot confirm that this subset of soils is completely sterile and devoid

of microbial life, our results suggest that microbial life is severely restricted in the coldest, driest, and
saltiest Antarctic soils. Constant exposure to these conditions for thousands of years has limited microbial
communities so that their presence and activity is below detectable limits using a variety of standard
methods. Such soils are unlikely to be unique to the studied region with this work supporting previous
hypotheses that microbial habitability is constrained by near-continuous exposure to cold, dry, and salty
conditions, establishing the environmental conditions that limit microbial life in terrestrial surface soils.

Plain Language Summary Microorganisms are the most ubiquitous forms of life on Earth
and can be found in even the most challenging environments. As a result, it is often assumed that
microbes have come to inhabit every terrestrial surface on Earth. Previous work has hinted that soil
environments, without any detectable microorganisms or microbial activity, might exist in Antarctica.
To explore this potential limit of habitability, we used a range of approaches, including culturing, DNA
sequencing, and metabolic assays to explore patterns of microbial communities in Antarctic surface
soils. By testing >200 soils collected across the Shackleton Glacier region, we sought to confirm whether
microbial life in Antarctic surface soils is effectively undetectable under certain conditions. While we
detected diverse microbial communities in many soils, we could not detect microbes in ~20% of the
collected samples. Our results suggest that microbial habitability is limited by the unique combination
of cold, dry, salty conditions experienced at inland, higher elevation sites throughout the Transantarctic
Mountain. Additionally, the prevalence of fungi at many of the most challenging sites suggests that fungi
may be better adapted to some of the most challenging soil environments on Earth than bacteria and
archaea.

1. Introduction

Microorganisms are nearly ubiquitous on Earth and can routinely be found in environments that include
sediments of the deepest ocean trenches (Pathom-aree et al., 2006), highly acidic geothermal systems
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(Hynek et al., 2018), and subsurface aquifers >1 km below the Earth's surface (Sahl et al., 2008). Viable mi-
crobes have been detected in even the most inhospitable environments (Merino et al., 2019) and it is widely
assumed that all environments on Earth should contain detectable microorganisms (Cockell et al., 2012).
This assumption is likely incorrect. Lava flows and lava lakes, e.g., are inhospitable to all microbial life but
only remain so for relatively short periods of time until temperatures have cooled sufficiently to permit
microbial colonization (Cockell, 2013; Cockell et al., 2012). Few of Earth's stable terrestrial surface envi-
ronments are expected to experience conditions challenging enough to restrict microbial habitability to the
point where organism cannot be detected.

In particular, we would expect that it is very unlikely to find surface soils without detectable microorganisms.
Soils typically harbor diverse microbial communities of bacteria, fungi, and archaea (Fierer, 2017). This
holds true even for some of the most challenging soil environments found on Earth (Goordial et al., 2016;
Schmidt et al., 2018). For example, even soils in the driest regions of the Atacama Desert contain active
microbial communities despite these sites receiving ~2 cm of precipitation annually (Schmidt et al., 2018).
Soil microbes are impressively adept at tolerating “extreme” conditions, including very high or very low
temperatures, high levels of UV radiation, high salt concentrations, very low or high pH levels, and even a
near-complete absence of liquid water (Fierer, 2017; Merino et al., 2019; Morozkina et al., 2010; Schmidt
et al., 2018). This wide range of microbial tolerances to challenging environmental conditions suggests that,
given sufficient time, all surface soils on Earth should harbor active microbial life.

Do surface soils exist where microbial life cannot be detected? If so, Antarctica would be the most likely
location to find them. While we know that some Antarctic soils can harbor diverse and metabolically active
microbial communities (Cary et al., 2010; Ji et al., 2017), other soils harbor some of the lowest recorded
levels of microbial biomass on Earth (Goordial et al., 2016). Many ice-free surface soils in Antarctica are
thought to have been exposed for millions of years and have remained largely unchanged over that time
(Denton et al., 1989). These soils have generally been unaffected by direct anthropogenic impacts (Bargag-
li, 2005) and are often very isolated (Archer et al., 2019; Bockheim, 1997). Even if microbes can be dispersed
to remote soil patches via aeolian transport (Archer et al., 2019), they often face a unique combination
of cold temperatures, extremely low soil water potentials, and high salt concentrations that restrict the
activity and survival of all but a few specifically adapted taxa (Goordial et al., 2016; Merino et al., 2019). It
seems likely that some isolated Antarctic soils may harbor few, if any, living microorganisms due to these
constraints.

To explore the limits of microbial habitability in terrestrial soil environments, we sampled Antarctic surface
soils from 10 distinct features along the Shackleton Glacier in the Transantarctic Mountains (84-85°S, 174-
177°W). We used a suite of microbiological approaches, including cultivation-dependent, cultivation-inde-
pendent, and metabolic assays, to answer two questions: Are there soils in Antarctica with no detectable
signs of microbial life? and, if so, what environmental conditions might be restricting the activity of micro-
organisms in these inland soils to the point where they cannot be detected using conventional methods?

2. Materials and Methods
2.1. Sample Collection

Soil samples were collected from the Shackleton Glacier region from December 2017 to January 2018. A
total of 204 soils were collected from 10 different features running the length of the valley. These features
represent a range of elevations (150-2,221 m) across a 120 km north-south distance spanning from the Ross
Ice Shelf to the Polar Plateau (Figure 1). Between 14 and 26 soil samples were collected along elevation-
al transects located on each of 10 features to maximize variation in soil characteristics and soil exposure
times (amount of time at the surface and uncovered by glacial ice) at each feature. Soils (0-5-cm depth)
were collected in sterile polyethylene bags using hand trowels that were sterilized with ethanol before each
collection. Approximately 2-5 kg of soil was collected from each location and, after thorough homogeni-
zation, a 50-100 g subsample was used for downstream microbial analyses (Diaz et al., 2021). GPS coor-
dinates, photographs of the soil surface, elevation, and other metadata were collected at the time of soil
sample collection. Frozen immediately after collection and were kept frozen at —20 °C during transport,

DRAGONE ET AL.

20f 16



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences

10.1029/2020JG006052

Shackleton Glacier Region

=

Scale 1:2500,000

800

600

Richness
S
o
o

200

Roberts Massif Schroeder Hill

800

600

Richness
S
o
o

—

Augustana Valley

Y

«f%; vl

Sampling Locations

o

T

T

| O Roberts Massif
1 © schroeder Hill |, 800
’ Bennett Platform
O Augustana Valley 600
i O Heekin Valley

Bennett Platform

Heekin Valley

Taylor Nunatak

T ==

Richness
B
o
o

O Thanksgiving Valley|
- | . Mount Franke

O Nilsen Peak

. Mount Speed

T

200

e

Mount Franke Nilsen Peak

Thanksgiving Valley

Mount Speed

o

Relative abundance

1.00-2 — —

0.75- I

0.50-

0.25-

o0 e -

Roberts Massif Schroeder Hill

Augustana Valley

1.00 _ L] !
0.75 |
0.50-
0.25-
=
L I E—

0.00 -

Relative abundance

Bennett Platform
1.00 _ 1 T T T v o ¢
0.75- I

0.50 -

0.25 - m I

Heekin Valley Taylor Nunatak

Relative abundance

000~
Thanksgiving Valley

Bacterial Phyla

. Acidobacteria

. Actinobacteria

. Bacteriodetes

. Chloroflexi

. Cyanobacteria

. Deinococcus-Thermus
Firmicutes

. Gemmatimonadetes

. Other
Proteobacteria

Verrucomicrobia

. Fungal DNA detected
. No fungal DNA detected

DRAGONE ET AL.

30f 16



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006052

with temperature monitored throughout the duration of transport to ensure that the samples never thawed.
The soil samples remained frozen until being processed at the University of Colorado in Boulder, Colorado,
USA.

2.2. DNA Extractions

DNA was extracted from all of the collected samples in a laminar flow hood. After mixing 1 g of each soil
in 1 mL of sterile PCR-grade water, DNA was extracted from a 500 uL aliquot of the soil slurry using the
Qiagen DNeasyw Powersoil” HTP 96 Kit (Qiagen, Germantown, MD, USA) following the manufacturer’s
recommendations. A total of six extraction blanks (2 per 96-well plate) were included to test for any possible
contamination introduced during DNA extraction.

2.3. Cultivation-Independent Microbial Analyses via Marker Gene Sequencing

The DNA aliquots extracted from each of the 204 soils and the six extraction blanks were PCR-amplified us-
ing a primer pair that targets the hypervariable V4 region of the archeal and bacterial 16S rRNA gene (515F:
5’-GTGCCAGCMGCCGCGGTAA-3’ and 806-R: 5'-GGACTACHVGGGTWTCTAAT-3'). These primers are
identical to those used by the Earth Microbiome Project and are routinely used to assess both archeal and
bacterial diversity in a wide range of environments (Walters et al., 2016). To assess the fungal communities
that may be found in these soils, we also conducted a separate set of PCR amplifications using a primer pair
(ITS1-F: 5'-CTTGGTCATTTAGAGGAAGTAA-3’ and ITS2-R: 5-GCTGCGTTCTTCATCGATGC-3’) that
target the internal transcribed spacer of the fungal ribosomal RNA (rRNA) operon (Bellemain et al., 2010).
Three no-template PCR blanks (1 per 96-well plate) were run for each set of amplifications. Both primer
sets included the appropriate Illumina adapters and unique 12-bp barcode sequences to permit multiplexed
sequencing (Caporaso et al., 2012). PCR was performed using GoTaq Hot Start PCR Master Mix (Promega,
Madison, WI, USA) in 25 uL reaction volumes. The reaction mixture included 10.5 yuL master mix, 12.5 pL
sterile PCR-grade water, 1 uL primers (0.5 each F and R), and 1 pL template DNA. Cycling parameters for
both primer sets consisted of an initial denaturation step at 94 °C for 3 min, followed by 35 cycles of de-
naturation at 94 °C (45 s), annealing at 50 °C (60 s), extension at 70 °C (90 s), and a final extension step at
72 °C for 10 min. Both sets of amplified products were cleaned and normalized to equimolar concentrations
using SequalPrep™ Normalization Plates (Thermo Fisher Scientific, Carlsbad, CA, USA) with the 16S and
ITS rRNA gene amplicons sequenced on separate Illumina MiSeq runs (Illumina, San Diego, CA, USA)
using the V2 2 X 150 bp and 2 X 250 bp paired-end Illumina sequencing kits (for the 16S rRNA gene and
ITS amplicons, respectively). All raw sequences can be found in the NCBI Sequence Read Archive, Project
Accession No. PRINA699250.

16S rRNA gene sequences were processed using the DADA?2 pipeline (Callahan et al., 2016). Sequences were
quality filtered and clustered into exact sequence variants (ESVs). Taxonomic information was assigned to
ESVs using a naive Bayesian classifier method (Wang et al., 2007), which takes the set of ESVs generated
and compares them to a training set of reference sequences from the 16S rRNA bacterial and archeal SILVA
database (Quast et al., 2012; Yilmaz et al., 2014). A minimum bootstrapping threshold required to return
a taxonomic classification of 50% similarity was used for analysis. ESVs associated with chloroplast, mito-
chondria, eukaryotes, and those unassigned to the phylum level (477 ESVs) were removed prior to down-
stream analyses. Extraction blanks yielded an average of 420 reads (0-1,831 reads) and these reads came
from 14 phylotypes from 11 families Rubrobacteriaceae, Sphingomonadaceae, Sulfruspirillaceae, Xanthobac-
teraceae, Burkholderiaceae, Sporolactobacillus, Clostridiaceae, Bacillaceae, Planococcaceae, Deinococcaceae,

Figure 1. Richness and composition of the soil bacterial communities across the Shackleton Glacier region. (a) A map of the Shackleton Glacier region (Lat:
84-85°S, Long: 174-177°W) with the locations of the 10 features where samples were collected indicated by the colored dots. (b) The richness of the bacterial
communities (number of bacterial phylotypes detected per sample) from each of the 10 sampled features. Box and whisker plots indicate the distribution of
bacterial richness levels (number of phylotypes per sample) across all samples from each individual feature. (c) Relative abundances of the dominant bacterial
phyla from the 204 surface soil samples analyzed. Samples are grouped by feature and organized top to bottom from high elevation to low elevation (higher
elevation sites are further south). Samples with no amplifiable bacterial DNA are represented by gray bars. More detailed taxonomic information about the
bacterial communities identified in each sample can be found in Data Set S1.The presence/absence of amplifiable fungal DNA is indicated by the red and black
boxes over each bar. For more information about the fungal communities identified in each sample see Figure S1, Data Set S2.
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Enterobacteriaceae, some of which have been classified as bacterial taxa commonly associated with reagent
contamination (Salter et al., 2014). These 14 ESVs found in the extraction blanks represented 100% of the
reads from these blanks, while these 14 ESVs only accounted for 0.31% of the reads from all extracted soil
samples on average. No-template PCR blanks yielded 311 reads on average (126-586) and ESVs associat-
ed with these reads were common in other samples (including taxa within the families: Blastocatellace-
ae, Soilrubrobacteriaceae, Clostridiaceae, Paenibacillaceae, Chitinophagaceae, and Rubrobacteriaceae) and
these taxa are not typical reagent contaminants (Salter et al., 2014), but are instead most likely derived
from the soil samples and represent “tag switching” events (Schnell et al., 2015). For this reason, we used
586 reads per sample as a threshold for determining that we could reliably detect prokaryotic DNA using
this DNA sequencing approach. All soils with <586 reads were considered to have no detectable PCR-am-
plifiable prokaryotic 16S rRNA genes. Across the 153 samples that had a sufficient number of bacterial or
archeal 16S rRNA gene reads for downstream analyses, the mean number of reads per sample was 25,912
(629-58,150) while the mean number of reads in the 51 samples that did not meet the threshold determined
from the analysis of the “blank” samples was only 125 reads per sample.

Fungal ITS sequences were also processed using the DADA?2 pipeline (Callahan et al., 2016). Sequences
were quality filtered and clustered into exact sequence variants (ESV). Taxonomic information was assigned
to ESVs using the same naive Bayesian classifier method described previously (Wang et al., 2007) but with
the UNITE database (Nilsson et al., 2019). A minimum bootstrapping threshold required to return a tax-
onomic classification was set at 85% similarity (Abarenkov et al., 2010; Nilsson et al., 2019). All six of the
extraction blanks and 3 no-template PCR controls had zero reads after processing. We used all ESVs that
could be classified to at least a fungal phylum for our analysis. After this filtering, 143 of the 204 samples
had no remaining ITS reads. These 143 samples with no identifiable fungal ITS sequences were considered
to have no amplifiable fungal DNA. The remaining 61 samples had a mean of 5,886 reads per sample and
were considered to have a sufficient number of fungal ITS reads for downstream analyses.

2.4. Quantitative PCR

We measured 16S rRNA gene copy number and ITS gene copy number using the same primers and DNA
extracts used for sequencing. Reaction conditions and details followed methods described by Carini
et al. (2016). Each of the 204 soil samples, along with corresponding DNA extraction blank, were run for
both gene regions and no-template controls were included for each gene region (16 for 16S rRNA, 18 for
ITS). Standard curves were calculated using purified genomic DNA from Escherichia coli for 16S rRNA copy
number and Aspergillus fumigatus for ITS copy number. Ct values from the negative controls were used to
identify a limit of DNA detection for each gene region. For 16S rRNA, samples with a Ct value greater than
31 were considered below detection limits. For ITS, samples with a Ct value greater than 35 were considered
below detection limits. Calculated copy number measurements for each sample are reported as number of
A. fumigatus or E. coli genome equivalents X g soil ™.

2.5. DNA Extraction and PCR Inhibition Test

From the cultivation independent ITS and 16S rRNA gene sequencing analyses described above, we iden-
tified ~20% of samples (40 out of the 204 individual soils) that had no amplifiable DNA from the targeted
bacteria, archaea, or fungal marker genes. To confirm that the PCR amplification of microbial DNA from
these 40 samples was not simply a product of DNA extraction problems or PCR inhibition, we performed
an inhibition test. For this test, we used two 250 mg subsamples of three soils that did not PCR amplify and
one soil that successfully amplified. Following the methods described by Warren-Rhodes et al. (2019), one
subsample of each of the four soils was extracted after adding a 50 L suspension of E. coli in trypticase soy
broth at a concentration of 10’ CFU. The other subsample was extracted with no addition of E. coli, with
the DNA extractions on all samples conducted as described above. Extracted DNA was amplified using
the 16S rRNA gene-targeting primers, reagents, and PCR conditions described above. The concentrations
of both the extracted gDNA and amplified product from each soil sample replicate were measured with a
Molecular Devices SpectraMax M2 microplate reader (Molecular Devices, LLC, San Jose, CA, USA) using
an Invitrogen Quant-iT™ Picogreen™ dsDNA Assay Kit (Thermo Fisher Scientific, Carlsbad, CA, USA).
Amplified products were also visualized on a 2% agarose gel. No signs of inhibition were detected, i.e., the
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DNA from all subsamples amended with E. coli cells were successfully PCR-amplified (Figure S4). Thus, we
can conclude that our failure to recover 16S and ITS rRNA gene reads from these 44 samples was not likely
aresult of PCR inhibition, but rather any microbial DNA in these samples was simply not detectable using
our cultivation-independent sequencing approach.

2.6. Cultivation-Dependent Analyses

As an added test of the presence of microbial cells, we attempted to cultivate microbes from a subset of
35 soil samples (Supplementary Table S2). These 35 soils were selected to represent the range of environ-
mental gradients encompassed by the larger data set and included samples from all 10 features within the
Shackleton Glacier region, including soils with detectable microbial communities and those with microbial
communities below detection limits (as determined by the cultivation-independent sequencing). These 35
soil samples were plated on 17 different types of media (Table S1) (Atlas, 1993; Egan et al., 2015; Pulschen
et al., 2017; Reasoner & Geldreich, 1985; Singh et al., 2016; Tahon & Willems, 2017) to capture a broad diver-
sity of microbial taxa that could be living in these soils. One gram of each soil sample was homogenized with
1 mL of water and 60 uL of the resulting soil slurry was pipetted onto each of the 58 cm? plates and spread
across the plates using flame sterilized cell spreaders. “Blank” plates inoculated with only 60 uL sterile wa-
ter were prepared for each media type and handled in an identical manner to the 595 plates inoculated with
the soil slurries. One “positive control” soil sample was collected from a lawn on the University of Colorado
Boulder's main campus and was plated on all media types using the same techniques. The TSA 24 plates,
the PH, and PA plates were all left to incubate at 24°C while the rest of the plates were incubated at 4°C. All
plates, besides the PA and PH plates, were left to incubate in the dark. Plated samples, and the uninoculated
control plates, remained under these conditions for 8 weeks. Photos of the plates were taken each week.
Every distinct colony on each of the 629 petri plates was counted weekly from these photos and microbial
cell numbers (CFU X g soil ) were calculated from these colony counts. The reported total cell numbers are
the cumulative number of colonies that grew on each plate over the 8-weeks incubation period. At the end
of the 8-weeks incubation, those plates that had no visible colonies (307 of 629 plates) were incubated for an
additional month. No colonies grew on any of the blank plates over the 3-month incubation.

2.7. *C Glucose Metabolism Assay

To further verify whether there were, indeed, some soil samples with no detectable microbes and to comple-
ment the cultivation-independent and dependent approaches described above, we conducted a *C-glucose
metabolic assay with the subset of 35 soil samples described above. We used "*C-glucose as a substrate be-
cause glucose should be readily catabolized by most heterotrophic microbes. Two 1 g replicate subsamples
of each of the 35 soils were placed in sterile glass tubes. Three soil samples (including the one used in the
culturing experiment) collected from the University of Colorado Boulder's main campus were prepared in
the same way as the Shackleton Glacier samples to serve as “positive” controls. One of the replicate sub-
samples from each of the 38 soil samples, plus 6 soil-free blank tubes, was autoclaved on a gravity cycle with
a 60-min sterilization and a 30-min drying cycle so we could assess metabolic activity in paired autoclaved
versus unautoclaved subsamples of each soil. A 250 uL solution *C-glucose (99 atom% U-'">C, Cambridge
Isotope Laboratories, Tewksbury, MA, USA) dissolved in H,O was pipetted directly into each soil, an addi-
tion of ~250 ug glucose C per gram soil. This amount of glucose added to the soils is comparable to the glu-
cose amendments used in other comparable soil metabolic assays (Bastida et al., 2013; Derrien et al., 2014).
A2 mL cryotube containing 1 mL of 1N sodium hydroxide solution was placed in each tube before all tubes
were sealed with an airtight cap. We prepared a total of 76 soil incubations (35 Antarctic soils + 3 Colorado
soils with and without soil autoclaving) and six blanks (three tubes with NaOH traps without soil or glucose,
and three tubes without NaOH traps without soil but with glucose). All tubes were incubated for 1 month
at 4°C after which an aliquot of the NaOH trap from each tube was transferred to preevacuated glass vials
filled with helium gas. The NaOH traps were acidified with 1 mL of concentrated phosphoric acid to re-
lease CO, into the evacuated headspace. The quantity and isotopic composition of the released *CO, were
determined using a ThermoFisher Scientific Gasbench II (Thermo Fisher Scientific, Waltham, MA, USA)
coupled to a Delta V Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Data
from the mass spectrometer was processed using the R package “isoprocessCUBES.” Sample readings were
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corrected using the IAEA reference standard NBS18 (Crowley, 2010). The delta '*C values were converted to
fraction of *C per mil, expressed as %o, using the international standards of V-PDB (Vienna Pee Dee Bele-
mnite, Coplen et al., 2006). Positive glucose mineralization was detected in all measurements, including in
control blanks who had an average reading of 1.095 %o °C x g soil™". Samples were identified as harboring
active microbes based on comparisons between the replicate unautoclaved and autoclaved samples and pos-
itive controls. Significance was calculated using Kruskal-Wallis tests as implemented in R with differences
between groups determined by a Nemenyi test calculated using the kruskalmc function in the R package
“pgirmess.”

2.8. ATP Assay

To further confirm the results of the *C glucose metabolism assay, we conducted an ATP assay with the
same subset of 35 soils to test for any bacterial activity. One-gram subsamples of each of the soils were
placed in sterile 2 mL microcentrifuge tubes. Tubes were homogenized into a soil slurry with 1 mL of
PBS. Three 100 uL aliquots of each homogenized soil slurry (35 Antarctic soils + 3 Colorado soils) were
pipetted into black, 96-well Costar Assay plates (Corning Inc., Corning, NY, USA) and ATP production was
analyzed using the Promega BacTiter-Glo™ Microbial Cell Viability Assay (Promega, Madison, WI, USA)
following the manufacturer's instructions. This assay has been used in other studies to detect low levels
of bacterial activity on simulated Martian environments (Schuerger et al., 2008). Luminescence readings
were performed using a Biotek Synergy™ HT Plate Reader (Biotek Instruments, Inc., Winooski, VT, USA).
Six reagent “blanks” (three wells containing just the sterile PCR-grade water used to make the soil slurries,
three wells with water and glucose), and six blank wells were measured using the same methods. After this
“baseline” reading, a 250 uL filter-sterilized solution of glucose dissolved in H,0 was added to each of the
soil slurries, an addition of ~250 ug glucose C per gram soil. Soils were mixed and were then left to incubate
at 4°C. After a 24-h incubation, the soil slurries were measured again following the previously described
methods, with the same reagent blanks and blank wells.

ATP concentrations were calculated from luminescence readings based on a standard curve (R* = 0.99)
generated from a 10-fold serial dilution (10™'°~10"* mols) of a Tris-buffered ATP standard (Thermo Fisher
Scientific, Hampton, NH, USA). Based on this standard curve, we determine that we were effectively able to
detect ATP concentrations >10""° mol ATP x g soil™".

2.9. Soil Geochemical Analyses

To determine soil water content, 50 g of soil was put into aluminum weigh dishes and dried at 105°C for
24 h. % H,0 was determined by the difference between the dried and initial weights of the soils. Since stud-
ies have shown that organic matter can and does degrade at this temperature, the water content analysis was
done on a separate aliquot of samples.

Soils were leached at a 1:5, soil to DI water ratio and filtered through 0.45 um nucleopore filters. Anions
were analyzed using a Dionex ICS-2100 ion chromatograph and an AS-DV automated sampler. Cations were
analyzed by optical emission spectrum on a PerkinElmer Optima 8300 inductively coupled plasma mass
spectrometer (ICP-OES) (Diaz et al., 2021). Relative soil exposure ages were estimated using perchlorate
concentrations in 1:5 soil to water leaches and annual fluxes from the McMurdo Dry Valleys, Antarctica.
Fluxes are estimated to range from 1 to 4 ug m™> yr™" and average 2 ug m™>yr™". Perchlorate salts are highly
soluble in water and the primary source is wet and dry atmospheric deposition (Jackson et al., 2015, 2016).
Therefore, surface soil concentrations can be used to calculate a rough estimate of the amount of time
which has passed since the soil was last inundated or wetted.

2.10. Statistical Analyses

We performed a random forest analysis to determine if any of the measured environmental and geochemi-
cal variables could be used to predict whether a soil would have no detectable microorganisms or detectable
microorganisms. The factors used in our models were chosen from a total of 37 different measurements.
Highly correlated variables, edaphic factors, and variables that were not measured on at least 80% of the
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204 samples were not included in the analysis. The final variables used for analysis included elevation, the
concentration of certain water-soluble salts (NOs~, CI~, ClO5~, ClO,") leached at a 1:5 soil: water ratio, and
a sum of total salt, total anions, and total cations calculated from these leached results. Cation and anion
concentrations were log transformed before analysis. To determine what environmental variables might
best predict which soils would have detectable microorganisms, we used the R package “rfPermute” and
performed a random forest analysis with 100 trees and three variables tried at each split to identify the most
important predictors. As we were unable to perform all of our habitability tests on our full data set of 204
samples, the random forest model was based on whether we could detect microbial DNA in each sample us-
ing the cultivation-independent marker gene sequencing approach (i.e., whether we could detect bacterial,
archeal, or fungal sequences).

3. Results
3.1. Microbial Communities of the Shackleton Glacier Region

The 204 individual soils collected for this study represent a broad range of ice-free sites found across the
Shackleton Glacier region. Sites ranged in elevation from ~150 to 2,221 m above sea level (m.a.s.]) and most
soils are likely to have been exposed for prolonged periods of time, with the approximate time since last
wetting (estimated from ClO,~ concentrations, Jackson et al., 2015, 2016) ranging from <10 years to >2 mil-
lion years (mean: ~20,000 years). Not surprisingly given the absence of plants in this region, the meas-
ured soil organic carbon concentrations were low, from ~3 to 60 mg X g soil™! (mean = 13 mg X g soil ™),
and most of the collected soils have high soluble salt concentrations (Diaz et al., 2021). As expected,
the soils contained almost no water at the time of collection (0.001-0.11 g H,O X g dry soil™}, mean of
0.02 g H,O X g dry soil™). In general, soils located further inland at higher elevations were drier, saltier, and
contained less organic carbon (Diaz et al., 2021). These soil characteristics are not unique to the Shackleton
Glacier region as ice-free soils found in other regions of Antarctica have comparable edaphic characteristics
(Bockheim, 1997; Magalhies et al., 2012).

Of the 204 soil samples analyzed, 80% of the samples yielded sufficient amounts of PCR-amplifiable DNA
to characterize the bacterial and/or fungal taxa found in these soils using cultivation-independent marker
gene sequencing. As expected, the number of taxa identified per soil sample (microbial richness) was low
with a mean of 205 bacterial phylotypes (2-729 exact sequence variants, ESVs) and only 5.5 fungal phylo-
types (1-45 ESVs) detected per sample. In general, the soils from higher elevation features farther away
from the Ross Ice Shelf had less diverse fungal and bacterial communities (Figures 1 and S1, Data Sets S1
and S2).

The bacterial phyla with the highest relative abundances across all soils were: Bacteroidetes, Proteobacteria,
Actinobacteria, and Acidobacteria, with the dominant taxa members of the families Solirubrobacteraceae,
Blastocatellaceae, Chitinophagaceae, and Rubrobacteriaceae (Figure 1c, Data Set S1). The composition of the
bacterial communities in these soils is consistent with results obtained using similar cultivation-independ-
ent analyses of other Antarctic soils, including those found in the McMurdo Dry Valley region (Aislabie
et al., 2013; Cary et al., 2010; Lambrechts et al., 2019). The fungal communities in these soils were dom-
inated by members of the Ascomycota and Basidiomycota phyla, including members of the families Her-
potrichiellaceae, Trapeliaceae, Verrucariaceae, Filobasidiaceae, Mortierellaceae, Stereocaulaceae (Figure S1,
Data Set S2). While there have been relatively few comparable studies of fungi in Antarctic soils, the dom-
inant taxa identified are generally similar to those found in other Antarctic soils (Baeza et al., 2017; Rosa
et al., 2019). Archeal sequences associated with the phyla Thaumarchaeota, family Nitrososphaeraceae,
were detected in 60 samples, but these archeal sequences made up a maximum of 1.5% of all the 16S rRNA
gene reads per sample (mean = 0.08% of reads per sample, Data Set S1).

We found that ~20% of the soils (40 out of 204 soils) had no amplifiable microbial DNA as determined by
our cultivation-independent sequencing approach (see methods for more details). This is an unusual result
for a culture-independent analysis of soil as the microbial communities found in a wide range of soils across
the globe have been successfully characterized using similar techniques (Delgado-Baquerizo et al., 2018),
and we have shown that the soils themselves do not appear to be inhibiting DNA extraction or PCR ampli-
fication (Figure S4). We recognize that these results do not confirm that these soils are completely sterile
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and we acknowledge that we could have further optimized our methods to try to detect microbial DNA (e.g.,
extracting DNA from larger sample volumes, testing a range of different extraction kits and PCR protocols).
Instead, we note that while all of these soils have very low biomass, 20% of the soils failed to yield detect-
able amounts of amplifiable bacterial, archeal, or fungal DNA using techniques that are routinely used
to successfully characterize microbial communities in soils from different regions of Antarctica (Goordial
et al., 2016; Lambrechts et al., 2019; Smith et al., 2006).

To complement the amplicon sequencing effort, we also conducted quantitative PCR (qPCR) assays to
measure concentrations of bacterial and fungal DNA in each of the 204 soil samples. The qPCR results
(Data Set S4) confirm the sequencing-based results presented in Figure 1c in that those samples found to
have no detectable microbial DNA via sequencing were nearly always the same samples found to have no
detectable microbial DNA via qPCR (Data Set S4). Specifically, bacterial DNA concentrations varied from
107" to 10* genome equivalents X g soil™" across the 204 samples, with 40 of the 50 samples found to have no
detectable bacterial DNA via amplicon sequencing also having no detectable bacterial DNA as determined
from the qPCR assays. In general, there were more samples that had gPCR DNA concentrations below de-
tectable limits, but had detectable DNA as determined by amplicon sequencing, than vice versa. For fungi,
measured fungal DNA concentrations varied from 107" to 10° genome x g soil™", but 96 of the 143 samples
found to have no detectable fungal DNA via amplicon sequencing also had fungal DNA concentrations near
or below the level of qPCR detection.

3.2. Habitability Tests

To test whether we can detect microbial life and activity in soils where microbial DNA was near or be-
low detectable levels (using cultivation-independent sequencing), we analyzed a subset of 35 samples with
culture-based methods, metabolic assays to detect 13C-glucose mineralization, and ATP quantification (in
soils amended with and without glucose). This subset of 35 samples included both soils with and without
microbial DNA (as determined by the cultivation-independent sequencing and qPCR, Figures 1, 2, and S3,
Data Set S4) with these soils collected from transects on each of the 10 features and spanning a range of
edaphic properties (Table S2).

The 35 soil samples were plated on 17 different types of solid culture media. All media targeted aerobic mi-
croorganisms (both heterotrophs and autotrophs), as obligate anaerobes are unlikely to be present in these
extremely dry surface soils. This cultivation effort supports the results from the cultivation-independent
analyses (Figure 2b). Of the 35 samples tested; four samples did not grow any colonies on any of the differ-
ent media types after three months. In general, those samples which did not yield any detectable microbial
DNA also failed to yield any colonies, even when using such a broad range of aerobic media and relatively
long incubation times. We acknowledge that our cultivation-based survey will not have captured all taxa
potentially living in these samples as alternative cultivation strategies could always be employed, but the
extensive cultivation-based analyses broadly agree with our cultivation-independent analyses in demon-
strating that microbes are undetectable in an appreciable subset of the soil samples.

Of those soils (29 out of 35) which yielded visible bacterial or fungal colonies after 8 weeks, estimated cell
numbers were highly variable, ranging from <20 to >130,000 CFU x g soil ' (Figure 2c, Data Set S3). Even
the soil with the highest cultivable cell numbers had values that were 50 times smaller than the “positive
control” soil collected from a lawn in Colorado (7.4 x 10° CFU X g soil™"). These results are not surpris-
ing as we would expect ice-free Antarctic soils to have relatively low cultivable cell numbers (Lambrechts
et al., 2019). However, it is worth noting that, while bacterial isolates dominated the culture collection, we
were also able to culture and isolate viable fungi from 14 of these soils including some soils from which no
bacteria could be cultured (Figure 2b). These results extend the cultivation-independent fungal analyses
and the qPCR results highlighted above in demonstrating that even viable fungi are often present and that
bacteria are not the sole members of these Antarctic soil microbial communities. This prevalence of fungi in
soils from higher elevation sites is consistent with the culture-independent results (Figures 1b and S2, Data
Set S4) and suggests that certain fungi may in fact be better adapted than bacteria or archaea to some of the
most challenging soil environments on Earth.
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To further assess microbial activity, we performed an assay to detect microbial activity in these soils based
on the catabolic mineralization of *C-labeled glucose added to soils (Figure 2c, Data Set S3). We found that
the 32 of the 35 samples tested had '*C-CO, values that were significantly higher than their autoclaved repli-
cates and the corresponding control blanks. Three of the 35 samples had nonautoclaved *C-CO, values that
were indistinguishable from their paired autoclaved replicates or from the soil-free blanks. This suggests
that we were unable to detect glucose mineralization resulting from microbial activity in these three soil
samples (Table S3). This same subset of soils also had no culturable bacteria or fungi (Figure 2b), confirm-
ing that microbial cells were not detectable using the methods employed.

As a final test for microbial activity, we measured soil ATP concentrations both with and without glucose
amendments (Figure 2d, Data Set S3). In theory, ATP assays should be able to detect very low levels of mi-
crobial activity that might not be detectable using other methods (Cowan et al., 2002; Schuerger et al., 2008).
We found that 21 of 35 of the soils had measurable ATP concentrations with the addition of the PBS buffer
only, while 23 of 35 had measurable ATP activity after amendment with glucose and incubated for 24 h.
ATP production increased after glucose amendment in nearly all of the samples that had measurable ATP
in the corresponding unamended soil. All reagent blanks and blank wells were below ATP detection limits
of 107> mol ATP X g soil™". ATP concentrations in 12 of the 35 samples were below detection both with and
without glucose amendment. These results suggest that there was no measurable microbial ATP in these
soils, further evidence for a lack of actual or potential microbial activity in a subset of the samples collected.

Together these five distinct methods (cultivation-independent marker gene sequencing, qPCR, the exten-
sive cultivation effort, the whole-soil *C-glucose metabolic assay, and the ATP assays, Figure 2) yielded
similar results. We were unable to detect microorganisms or microbial activity in a subset of the samples
(3 of 35) regardless of the methods employed: no colonies grew on any aerobic media type, no microbial
metabolic activity was detected, and we could not detect any measurable ATP production. Although mi-
croscopy-based cell counting can be used to quantify microbial cell numbers in higher biomass soils, we
did not use such an approach here given the problems associated with distinguishing between cells and soil
particles in these soil types (Klauth et al., 2004; Li et al., 2004).

We recognize that our tests do not prove the absence of living microbes and that there are always more strat-
egies that could be employed. However, our use of multiple distinct methods suggests that any microbial life
that may exist in these soils is below the limit of detection using methods that are routinely used in other
low biomass microbial systems (Caporaso et al., 2012; Delgado-Baquerizo et al., 2018; Dineen et al., 2010;
Hynek et al., 2018; Schmidt et al., 2018; Thompson et al., 2017; Vimercati et al., 2019). These soils may
contain low levels of microbial biomass that we were unable to detect with these analytical approaches,
which is why we do not conclude that the soils are sterile. Rather we emphasize that our results show that
microbial life is restricted in certain soils to the point where we cannot detect microbes using the methods
employed.

3.3. Why Might Microbial Life be Restricted in Certain Soils?

We next sought to identify patterns in microbial habitability and determine what soil or site characteristics
differentiated those soils that had no detectable microorganisms from those in the same region that had
detectable microorganisms. As previously mentioned, we were unable to perform all of our habitability

Figure 2. The four tests used to detect microorganisms and/or microbial activity in soils. (a) The number of bacterial 16S rRNA reads that were classified

to at least the phylum level of resolution for the subset of samples (n = 35) used to verify the results of the culture-independent sequencing. Samples with a
read number less than the threshold determined to identify and reliably detect prokaryotic DNA (see Section 2) have been omitted. For all panels, samples are
arranged on the x-axis by elevation (higher elevation features on the left). (b) The log transformed total colony counts (Log(CFU X g soil ™)) of microorganisms
(both bacteria and fungi) grown from each of the 35 samples. The reported total cell numbers are the cumulative number of colonies that grew on each plate
over the 3-month incubation period. Samples with no bar had no growth, i.e., no colonies detected. (c) The '*C %o released as CO, from the glucose-amended
soils as calculated from the unautoclaved replicates of each of the 35 samples. The dashed red line indicates the *C %, measured in the blank samples. Three
samples (RM3-7, SH1-5, SH1-6) had "*C %o from their unautoclaved replicates that were not significantly different from the values calculated from either
their autoclaved replicated or the blank tubes and were below detection limits. Sample TN3-5, indicated by a star, was not successfully measured. (d) ATP
concentrations measured from the soils. Blue boxes were baseline readings performed on the soils before any glucose was added and before any incubation.
Red boxes are from paired soil subsamples amended with glucose and incubated for 24 h. Samples that are blank indicate that the ATP readings were below

detection limits.
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Figure 3. The best predictors of the habitability of a soil are elevation and chlorate concentration based on the random
forest model. The distribution of samples with or without microbial DNA detected across the Shackleton Glacier region
in relationship to elevation (panel a) and soil chlorate concentrations (panel b). Y values show frequency density of
each group with n = 204 for elevation and n = 169 for chlorate. The area under each curve is equal to 1. Concentrations
of chlorate ions (ug X kg soil™*) have been log transformed. Dashed lines indicate the mean value for each group. To
see the distribution of all other variables tested in the random forest model and the model results, see Figure S5 and

Table S4.

tests on our full data set of 204 samples. Thus, our random forest model was based on the results from the
cultivation-independent marker gene sequencing, with those samples that yielded no archeal, bacterial, or
fungal reads considered to represent soils with the potential to have no detectable microbial DNA. We found
that elevation and soil chlorate concentrations were the best predictors of whether microbes could be de-
tected in a soil (Figures 3 and S5, Table S4). Soils from lower elevations were more likely to have detectable
microorganisms (37% of soils from sites >1,190 m.a.s.l had detectable microbial DNA while only 3% of soils
from sites <1,190 m.a.s.l. had detectable DNA) and soils with lower chlorate concentrations were more like-
ly to have detectable microbial DNA (soils with no detectable DNA or detectable DNA had average chlorate
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concentrations of 1,675 + 2,595 and 161 + 1,273 ug x kg_l, respectively). Soils with no detectable microbial
DNA also had higher median total salt and perchlorate concentrations (Figure S5), but these differences
were not significant (Table S4).

Elevation and chlorate concentrations may be the best predictors of whether a soil contains detectable
microorganisms, but it is unlikely that these factors, singly or in combination, are solely responsible for
restricting microbial life in these soils. We know, e.g., that there are soils at much higher elevations that
have active microbial communities (Schmidt et al., 2018; Vimercati et al., 2019) and microorganisms have
been found in soils with higher concentrations of deposited chlorate in the Atacama Desert and in the
McMurdo Dry Valleys (Coates & Achenbach, 2004; Rao et al., 2010). A more parsimonious explanation is
that these variables are indicative of a suite of environmental properties that together restrict microbial life.
Elevation likely correlates with a number of variables that increase in magnitude further inland and higher
in elevation in the Shackleton Glacier region that may reduce microbial habitability: higher UV radiation,
lower temperatures, lower water availability, and increased soluble salt concentrations (Diaz et al., 2021).
The accumulation of high concentrations of chlorate salts, on the other hand, may influence habitability
due to its toxic properties but this seems unlikely due to the fact that we observed soils with detectable and
undetectable microbial communities in close proximity across this region (Figure 1). Instead, high con-
centrations of chlorate, a highly soluble molecule, may indicate that these soils seldom, if ever, have had
sufficient amounts of liquid water to sustain active microbial communities (Rao et al., 2010).

There is not likely a single environmental factor that restricts microbial life in Antarctic soils. Instead, it is
likely that the constant exposure to deposited salts, low temperatures, and extremely low water potentials
over thousands of years have created surface environmental conditions that repress the effective coloniza-
tion, activity, and establishment of those microbes that may reach these sites via aeolian transport (Archer
et al., 2019). The impact of these constraints likely changes constantly, due to transient fluctuations in
temperature, water availability, and salt concentrations. Clearly microbial activity in challenging soil envi-
ronments is not ubiquitously distributed and local, landscape-level differences in environmental conditions
can impose limits on microbial habitability in certain Antarctic soils.

4. Discussion

Our finding that some ice-free soils in the Shackleton Glacier region of Antarctica contain not detecta-
ble microbial life using standard methods is significant. These soils were neither recently formed, nor did
they come from completely isolated areas. Instead, these soils are likely very old, and some were found on
features in reasonably close proximity (within 50 m) to soils that contained detectable microbial life. This
distinction is noteworthy as young soils may not have had a sufficient amount of time to accumulate micro-
bial biomass. Instead it appears that a unique set of environmental conditions, those associated with higher
elevation sites further inland and a near complete lack of liquid water over time, create conditions unfa-
vorable to microorganisms. Soils typically contain large numbers of active microorganisms (often >1,000 kg
of microbial biomass carbon per hectare, Fierer, 2017) and even dry polar desert soils from the McMurdo
Dry Valleys tend to have detectable, diverse, and active microbial communities (Cary et al., 2010; Goordial
et al., 2016). To find soils with such restricted microbial habitability is unexpected.

Ice-free soils are not unique to the Shackleton Glacier region. More than 45,000 km? of ice-free terrestrial
surfaces can be found in Antarctica >5 km from the coast (Brooks et al., 2019). The environmental and
geochemical characteristics acting on these inland, high elevation, ice-free soils are similar to those we
observed in the Shackleton Glacier region (Bockheim, 1997; Magalhaes et al., 2012) which suggests that the
patterns in habitability we observed may be common elsewhere in Antarctica. This possibility is supported
by the research of Goordial et al. (2016), whose work on soils in the University Valley also suggests that the
unique combination of conditions found in Antarctica can severely limit microbial activity and survival. A
similar constraint on habitability may also exist at higher elevation sites in the Altiplano of South America
(Schmidt et al., 2018), but the absence of detectable microbial life in these soils remains hypothetical. Re-
gardless, soils with such restricted microbial biomass and activity are likely very rare outside of Antarctica,
as other ultra-arid regions, like the Atacama and Namib Deserts, harbor detectable microbial communities
(Bull & Asenjo, 2013; Schmidt et al., 2018).
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We hypothesize that the microbial life in even the most challenging soils may not remain below detectable
limits for long. Antarctic terrestrial systems have changed very little since the Last Glacial Maximum due to
relatively stable climatic conditions (Thompson & Solomon, 2002; Turner et al., 2014). Increases in temper-
ature, precipitation, and moisture availability are predicted to accelerate at high elevations in coming years
due to ongoing climate change (Turner et al., 2014). These anticipated environmental changes would likely
expand the range of habitable soil environments in Antarctica (Le Roux & McGeoch, 2008) and decrease the
likelihood of finding soils with no detectable microbial life in the future.

5. Conclusions

The existence of Antarctic soils lacking detectable microbial life is significant to the study of terrestrial
biology and astrobiology. We are not suggesting that we have found “lifeless” or “sterile” soils, nor have we
identified the low temperature threshold for life (many locations on Earth maintain lower temperatures
than the Shackleton Glacier region and contain active microorganisms, Merino et al., 2019). However, our
inability to detect microbes in certain soils suggests that microbial activity and survival in Antarctic may be
restricted by exposure to extremely cold, dry, and salty conditions. This hypothesis is supported by previous
work performed elsewhere in Antarctica (Goordial et al., 2016) and is a different type of “limit to life” than
what might be found in a hot, acidic environment (Belilla et al., 2019; Merino et al., 2019). Acknowledging
that certain Antarctic soils may be more or less habitable will allow us to better understand the adaptations
that allow organisms to survive and remain active in these unique, challenging environments and predict
what other soils on Earth may be similarly restrictive to life. Finally, understanding patterns of terrestrial
habitability on our planet will set the groundwork to better predict where microbes might, or might not, be
found on other planets.
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All data used in this study are publicly available in the main text or the supplementary material with the
raw sequence data from the cultivation-independent marker gene sequencing publicly available in the
NCBI Sequence Read Archive; Project Accession No. PRINA699250. The supplemental data tables are
publicly available on Figshare (https://doi.org/10.6084/m9.figshare.14597535.v1, https://doi.org/10.6084/
m9.figshare.14597571.v1, https://doi.org/10.6084/m9.figshare.14597523.v2, https://doi.org/10.6084/m9.
figshare.14597526.v1).

References

Abarenkov, K., Henrik Nilsson, R., Larsson, K. H., Alexander, 1. J., Eberhardt, U., Erland, S., et al. (2010). The UNITE data-
base for molecular identification of fungi—Recent updates and future perspectives. New Phytologist, 186, 281-285. https://doi.
org/10.1111/j.1469-8137.2009.03160.x

Aislabie, J. M., Lau, A., Dsouza, M., Shepherd, C., Rhodes, P., & Turner, S. J. (2013). Bacterial composition of soils of the Lake Wellman
area, Darwin Mountains, Antarctica. Extremophiles, 17, 775-786. https://doi.org/10.1007/s00792-013-0560-6

Archer, S. D. J., Lee, K. C., Caruso, T., Maki, T., Lee, C. K., Cary, S. C., et al. (2019). Airborne microbial transport limitation to isolated
Antarctic soil habitats. Nature Microbiology, 4, 925-932. https://doi.org/10.1038/s41564-019-0370-4

Atlas, R. M. (1993). Handbook of microbiological media. CRC Press.

Baeza, M., Barahona, S., Alcaino, J., & Cifuentes, V. (2017). Amplicon-metagenomic analysis of fungi from Antarctic terrestrial habitats.
Frontiers in Microbiology, 8, 2235. https://doi.org/10.3389/fmicb.2017.02235

Bargagli, R. (2005). Climate change, anthropogenic impact and environmental research in Antarctica: A synthesis and perspectives. In R.
Bargagli (Ed.), Antarctic ecosystems: Environmental contamination, climate change, and human impact (1st ed., pp. 291-313). Springer.

Bastida, F., Torrez, 1. F., Hernandez, T., Bombach, P., Richnow, H. H., & Garcia, C. (2013). Can the labile carbon contribute to carbon im-
mobilization in semiarid soils? Priming effects and microbial community dynamics. Soil Biology and Biochemistry, 57, 892-902. https://
doi.org/10.1016/j.50ilbi0.2012.10.037

Belilla, J., Moreira, D., Jardillier, L., Reboul, G., Benzerara, K., Lopez-Garcia, J. M., et al. (2019). Hyperdiverse archaea near life limits at the
polyextreme geothermal Dallol area. Nature Ecology Evolution, 3, 1552-1561. https://doi.org/10.1038/s41559-019-1005-0

Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P., & Kauserud, H. (2010). ITS as an environmental DNA barcode for fungi:
An in silico approach reveals potential PCR biases. BMC Microbiology, 10, 189. https://doi.org/10.1186/1471-2180-10-189

Bockheim, J. G. (1997). Properties and classification of cold desert soils from Antarctica. Soil Science Society of America Journal, 61,
224-231. https://doi.org/10.2136/sssaj1997.03615995006100010031x

Brooks, S. T., Tejedo, P., & O'Neill, T. A. (2019). Insights on the environmental impacts associated with visible disturbance of ice-free
ground in Antarctica. Antarctic Science, 311, 304-314. https://doi.org/10.1017/S0954102019000440

Bull, A. T., & Asenjo, J. A. (2013). Microbiology of hyper-arid environments: Recent insights from the Atacama Desert, Chile. Antoine van
Leeuwenhoek, 103, 1173-1179. https://doi.org/10.1007/s10482-013-9911-7

DRAGONE ET AL.

14 of 16


https://doi.org/10.6084/m9.figshare.14597535.v1
https://doi.org/10.6084/m9.figshare.14597571.v1
https://doi.org/10.6084/m9.figshare.14597571.v1
https://doi.org/10.6084/m9.figshare.14597523.v2
https://doi.org/10.6084/m9.figshare.14597526.v1
https://doi.org/10.6084/m9.figshare.14597526.v1
https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1007/s00792-013-0560-6
https://doi.org/10.1038/s41564-019-0370-4
https://doi.org/10.3389/fmicb.2017.02235
https://doi.org/10.1016/j.soilbio.2012.10.037
https://doi.org/10.1016/j.soilbio.2012.10.037
https://doi.org/10.1038/s41559-019-1005-0
https://doi.org/10.1186/1471-2180-10-189
https://doi.org/10.2136/sssaj1997.03615995006100010031x
https://doi.org/10.1017/S0954102019000440
https://doi.org/10.1007/s10482-013-9911-7

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006052

Callahan, B. J.,, McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P. (2016). DADA2: High-resolution sample infer-
ence from illumina amplicon data. Nature Methods, 13, 581-583. https://doi.org/10.1038/nmeth.3869

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N., et al. (2012). Ultra-high-throughput microbial commu-
nity analysis on the illumina HiSeq and MiSeq platforms. ISME Journal, 6, 1621-1624. https://doi.org/10.1038/isme;j.2012.8

Carini, P., Marsden, P.J., Leff, J. W,, Morgan, E. E., Strickland, M. S., & Fierer, N. (2016). Relic DNA is abundant in soil and obscures esti-
mates of soil microbial diversity. Nature Microbiology, 2, 16242. https://doi.org/10.1038/nmicrobiol.2016.242

Cary, S. C., McDonald, I. R., Barrett, J. E., & Cowan, D. A. (2010). On the rocks: The microbiology of Antarctic dry valley soils. Nature
Reviews Microbiology, 8, 129-138. https://doi.org/10.1038/nrmicro2281

Coates, J. D., & Achenbach, L. A. (2004). Microbial perchlorate reduction: Rocket-fueled metabolism. Nature Reviews Microbiology, 2,
569-580. https://doi.org/10.1038/nrmicro926

Cockell, C. S. (2013). Types of habitats in the universe. International Journal of Astrobiology, 13, 158-164. https://doi.org/10.1017/
S1473550413000451

Cockell, C. S., Balme, M., Bridges, J. C., Davila, A., & Schwenzer, S. P. (2012). Uninhabited habitats on Mars. Icarus, 217, 184-193. https://
doi.org/10.1016/j.icarus.2011.10.025

Coplen, T. B., Brand, W. A., Gehre, M., Groning, M., Meijer, H. A. J., Toman, B., & Verkouteren, R. M. (2006). New guidelines for 8¢
measurements. Analytical Chemistry, 78, 2439-2441. https://doi.org/10.1021/ac052027¢

Cowan, D. A., Russell, N. J.,, Mamais, A., & Sheppard, D. M. (2002). Antarctic dry valley mineral soils contain unexpectedly high levels of
microbial biomass. Extremophiles, 6, 431-436. https://doi.org/10.1007/s00792-002-0276-5

Crowley, S. F. (2010). Mineralogical and chemical composition of international carbon and oxygen isotope calibration material NBS 19,
and reference materials NBS 18, IAEA-CO-1 and IAEA-CO-8. Geostandards and Geoanalytical Research, 34, 193-206. https://doi.
org/10.1111/j.1751-908X.2010.00037.x

Delgado-Baquerizo, M., Olviero, A. M., Brewer, T. E., Benavente-Gonzalez, A., Eldridge, D. J., Bardgett, R. D., et al. (2018). A global atlas
of the dominant bacteria found in soil. Science, 359, 320-325. https://doi.org/10.1126/science.aap9516

Denton, H. G., Bockheim, J. G., Wilson, S. C., Leide, J. E., & Andersen, B. G. (1989). Late quaternary ice-surface fluctuations of Beardmore
Glacier, Transantarctic Mountains. Quaternary Research, 31, 183-209. https://doi.org/10.1016/0033-5894(89)90005-7

Derrien, D., Plain, C., Courty, P., Gelhaye, L., Moerdijk-Poortvliet, T. C. W., Thomas, F., et al. (2014). Does the addition of labile substrate
destabilize old soil organic matter? Soil Biology and Biochemistry, 76, 149-160. https://doi.org/10.1016/j.s0ilbio.2014.04.030

Diaz, M. A., Gardner, C. B., Welch, S. A., Jackson, W. A., Adams, B. J., Wall, D. H., et al. (2021). Geochemical zones and environmen-
tal gradients for soils from the Central Transantarctic Mountains, Antarctica. Biogeosciences, 18, 1629-1644. https://doi.org/10.5194/
bg-18-1629-20210.5194/bg-18-1629-2021

Dineen, S. M., Aranda, R., IV, Anders, D. L., & Robertson, J. M. (2010). An evaluation of commercial DNA extraction Kits for the isolation
of bacterial spore DNA from soil. Journal of Applied Microbiology, 109, 1886-1896. https://doi.org/10.1111/j.1365-2672.2010.04816.x

Egan, S., Kjelleberg, S., & Holmstrom, C. (2015). Pseudoalteromonas ulvae sp. nov., a bacterium with antifouling activities isolat-
ed from the surface of a marine alga. International Journal of Systematic and Evolutionary Microbiology, 51, 1499-1504. https://doi.
0rg/10.1099/00207713-51-4-1499

Fierer, N. (2017). Embracing the unknown: Disentangling the complexities of the soil microbiome. Nature Reviews Microbiology, 15, 579-
590. https://doi.org/10.1038/nrmicro.2017.87

Goordial, J., Davila, A., Lacelle, D., Pollard, W., Marinova, M. M., Greer, C. W,, et al. (2016). Nearing the cold-arid limits of microbial life in
permafrost of an upper dry valley, Antarctica. ISME Journal, 10, 1613-1624. https://doi.org/10.1038/isme;j.2015.239

Hynek, B. M., Rogers, K. L., Antunovich, M., Avard, G., & Alvarado, G. E. (2018). Lack of microbial diversity in an extreme mars analog
setting: Poas volcano, Costa Rica. Astrobiology, 18, 923-933. https://doi.org/10.1089/ast.2017.1719

Jackson, W. A., Bohlke, J. K., Andraski, B. J., Fahlquist, L., Bexfield, L., Eckardt, F. D., et al. (2015). Global patterns and environmental
controls of perchlorate and nitrate co-occurrence in arid and semi-arid environments. Geochimica et Cosmochimica Acta, 164, 502-522.
https://doi.org/10.1016/j.gca.2015.05.016

Jackson, W. A., Davila, A. F., Bohlke, J. K., Sturchio, N. C., Sevanthi, R., Estrada, N., et al. (2016). Deposition, accumulation, and alteration
of CI7, NO;~, ClO,™ and ClO;™ salts in a hyper-arid polar environment: Mass balance and isotopic constraints. Geochimica et Cosmo-
chimica Acta, 182, 197-215. https://doi.org/10.1016/j.gca.2016.03.012

Ji, M., Greening, C., Vanwonterghem, L, Cary, C. R., Bay, S. K., Steen, J. A., et al. (2017). Atmospheric trace gasses support primary produc-
tion in Antarctic desert surface soil. Nature, 552, 400-403. https://doi.org/10.1038/nature25014

Klauth, P., Wilhelm, R., Klumpp, E., Poschen, L., & Groeneweg, J. (2004). Enumeration of soil bacteria with the green fluorescent
nucleic acid dye Sytox green in the presence of soil particles. Journal of Microbial Methods, 59, 189-198. https://doi.org/10.1016/j.
mimet.2004.07.004

Lambrechts, S., Willems, A., & Tahon, G. (2019). Uncovering the uncultivated majority in Antarctic soils: Toward a synergistic approach.
Frontiers in Microbiology, 10, 242. https://doi.org/10.3389/fmicb.2019.00242

Le Roux, P. C., & McGeoch, M. A. (2008). Rapid range expansion and community reorganization in response to warming. Global Change
Biology, 14, 2950-2962. https://doi.org/10.1111/j.1365-2486.2008.01687.x

Li, Y., Dick, W. A., & Tuovinen, O. H. (2004). Fluorescence microscopy for visualization of soil microorganisms—A review. Biology and
Fertility of Soils, 39, 301-311. https://doi.org/10.1007/s00374-004-0722-x

Magalhdes, C., Stevens, M. I, Cary, S. C., Ball, B. A., Storey, B. C., Wall, D. H., et al. (2012). At limits of life: Multidisciplinary insights
reveal environmental constraints on biotic diversity in continental Antarctica. PLoS One, 7, e44578. https://doi.org/10.1371/journal.
pone.0044578

Merino, N., Aronson, H. S., Bojanova, D. P., Feyhl-Buska, J., Wong, M. L., Zhang, S., & Giovannelli, D. (2019). Living at the extremes: Ex-
tremophiles and the limits of life in a planetary context. Frontiers in Microbiology, 10, 780. https://doi.org/10.1128/ AEM.01133-0710.3389/
fmicb.2019.00780

Morozkina, E. V., Slutskaya, E. S., Fedorova, T. V., Tugay, T. I., Golubeva, L. I., & Koroleva, O. V. (2010). Extremophilic microorganisms:
Biochemical adaptation and biotechnological application (review). Applied Biochemical Microbiology, 46, 5-20. https://doi.org/10.1134/
S0003683810010011

Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., Schigel, D., et al. (2019). The UNITE database for
molecular identification of fungi: Handling dark taxa and parallel taxonomic classifications. Nucleic Acids Research, 47, D259-D264.
https://doi.org/10.1093/nar/gky1022

Pathom-aree, W., Stach, J. E. M., Ward, A. C., Horikoshi, K., Bull, A. T., & Goodfellow, M. (2006). Diversity of actinomycetes isolated from
challenger deep sediment (10,898 m) from the Mariana Trench. Extremophiles, 10, 181-189. https://doi.org/10.1007/s00792-005-0482-z

DRAGONE ET AL.

150f 16


https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/nmicrobiol.2016.242
https://doi.org/10.1038/nrmicro2281
https://doi.org/10.1038/nrmicro926
https://doi.org/10.1017/S1473550413000451
https://doi.org/10.1017/S1473550413000451
https://doi.org/10.1016/j.icarus.2011.10.025
https://doi.org/10.1016/j.icarus.2011.10.025
https://doi.org/10.1021/ac052027c
https://doi.org/10.1007/s00792-002-0276-5
https://doi.org/10.1111/j.1751-908X.2010.00037.x
https://doi.org/10.1111/j.1751-908X.2010.00037.x
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1016/0033-5894(89)90005-7
https://doi.org/10.1016/j.soilbio.2014.04.030
https://doi.org/10.5194/bg-18-1629-20210.5194/bg-18-1629-2021
https://doi.org/10.5194/bg-18-1629-20210.5194/bg-18-1629-2021
https://doi.org/10.1111/j.1365-2672.2010.04816.x
https://doi.org/10.1099/00207713-51-4-1499
https://doi.org/10.1099/00207713-51-4-1499
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/ismej.2015.239
https://doi.org/10.1089/ast.2017.1719
https://doi.org/10.1016/j.gca.2015.05.016
https://doi.org/10.1016/j.gca.2016.03.012
https://doi.org/10.1038/nature25014
https://doi.org/10.1016/j.mimet.2004.07.004
https://doi.org/10.1016/j.mimet.2004.07.004
https://doi.org/10.3389/fmicb.2019.00242
https://doi.org/10.1111/j.1365-2486.2008.01687.x
https://doi.org/10.1007/s00374-004-0722-x
https://doi.org/10.1371/journal.pone.0044578
https://doi.org/10.1371/journal.pone.0044578
https://doi.org/10.1128/AEM.01133-0710.3389/fmicb.2019.00780
https://doi.org/10.1128/AEM.01133-0710.3389/fmicb.2019.00780
https://doi.org/10.1134/S0003683810010011
https://doi.org/10.1134/S0003683810010011
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1007/s00792-005-0482-z

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006052

Pulschen, A. A., Bendia, A. G., Fricker, A. D., Pellizari, V. H., Galante, D., & Rodrigues, F. (2017). Isolation of uncultured bacteria from
Antarctica using long incubation periods and low nutritional media. Frontiers in Microbiology, 8, 1346. https://doi.org/10.3389/
fmicb.2017.01346

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: Im-
proved data processing and web-based tools. Nucleic Acids Research, 41, D590-D596. https://doi.org/10.1093/nar/gks1219

Rao, B., Hatzinger, P. B., Bohlke, J. K., Sturchio, N. C., Andraski, B. J., Eckardt, F. D., & Jackson, W. A. (2010). Natural chlorate in the en-
vironment: Application of a New IC-ESI/MS/MS method with a CI **05™ internal standard. Environmental Science and Technology, 44,
8429-8434. https://doi.org/10.1021/es1024228

Reasoner, D. J., & Geldreich, E. E. (1985). A new medium for the enumeration and subculture of bacteria from potable water. Applied and
Environmental Microbiology, 49, 1-7. https://doi.org/10.1128/ AEM.49.1.1-7.1985

Rosa, L. H., Zani, C. L., Cantrell, C. L., Duke, S. O., Van Dijck, P., Desideri, A., & Rosa, C. A. (2019). Fungi present in soils of Antarctica. In
L. Rosa (Ed.), Fungi of Antarctica (pp. 43-68). NY: Springer International Publishing.

Sahl, J. W., Schmidt, R., Swanner, E. D., Mandernack, K. W., Templeton, A. S., Kieft, T. L., et al. (2008). Subsurface microbial diversity in
deep-granitic-fracture water in Colorado. Applied and Environmental Microbiology, 74, 143-152. https://doi.org/10.1128/ AEM.01133-07

Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O., Moffatt, M. F., et al. (2014). Reagent and laboratory contamination can
critically impact sequence-based microbiome analyses. BMC Biology, 12, 87. https://doi.org/10.1186/s12915-014-0087-z

Schmidt, S. K., Gendron, E. M. S., Vincent, K., Solon, A. J., Sommers, P., Schubert, Z. R., et al. (2018). Life at extreme elevations on Atacama
volcanoes: The closest thing to Mars on Earth? Antonie Van Leeuwenhoek International Journal of General and Molecular Microbiology,
111, 1389-1401. https://doi.org/10.1007/s10482-018-1066-0

Schnell, I. B., Bohmann, K., & Gilbert, M. T. P. (2015). Tag jumps illuminated—Reducing sequence to sample misidentifications in me-
tabarcoding studies. Molecular Ecology Resources, 15,1289-1303. https://doi.org/10.1111/1755-0998.12402

Schuerger, A. C., Fajardo-Cavazos, P., Clausen, C. A., Moores, J. E., Smith, P. H., & Nicholson, W. L. (2008). Slow degradation of ATP in
simulated Martian environments suggests long residence times for the biosignature molecule on spacecraft surfaces. Icarus, 1, 86-100.
https://doi.org/10.1016/j.icarus.2007.10.010

Singh, P., Singh, S. M., & Roy, U. (2016). Taxonomic characterization and the bio-potential of bacteria isolated from glacier ice cores in the
High Arctic. Journal of Basic Microbiology, 56, 275-285. https://doi.org/10.1002/jobm.201500298

Smith, J. J., Tow, L. A., Stafford, W., Cary, C., & Cowan, D. A. (2006). Bacterial diversity in three different Antarctic cold desert mineral soils.
Microbial Ecology, 51, 413-421. https://doi.org/10.1007/s00248-006-9022-3

Tahon, G., & Willems, A. (2017). Isolation and characterization of aerobic anoxygenic phototrophs from exposed soils from the Ser Ron-
dane Mountains, East Antarctica. Systematic and Applied Microbiology, 40, 357-369. https://doi.org/10.1016/j.syapm.2017.05.007

Thompson, D. W. J., & Solomon, S. (2002). Interpretation of recent Southern Hemisphere climate change. Science, 296, 277-899. https://
doi.org/10.1126/science.1069270

Thompson, L., Sanders, J. G., McDonald, D., Amir, A., Landau, J., Locey, K. J., et al. (2017). A communal catalogue reveals Earth's multi-
scale microbial diversity. Nature, 551, 457-463. https://doi.org/10.1038/nature24621

Turner, J., Barrand, N. E., Bracegirdle, T. J., Convey, P. D., Hodgson, A., Jarvis, M., et al. (2014). Antarctic climate change and the environ-
ment: An update. Polar Record, 50, 237-259. https://doi.org/10.1017/S0032247413000296

Vimerecati, L., Darcy, J. L., & Schmidst, S. K. (2019). The disappearing periglacial ecosystem atop Mt. Kilimanjaro supports both cosmopoli-
tan and endemic microbial communities. Science Reports, 9, 10676. https://doi.org/10.1038/s41598-019-46521-0

Walters, W., Hyde, E. R., Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada, A., et al. (2016). Improved bacterial 16S rRNA Gene (V4
and V4-5) and fungal internal transcribed spacer marker gene primers for microbial community surveys. mSystems, 1, €00009. https://
doi.org/10.1128/mSystems.00009-15

‘Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Applied and Environmental Microbiology, 73, 5261-5267. https://doi.org/10.1128/ AEM.00062-07

Warren-Rhodes, K. A., Lee, K. C., Archer, S. D. J., Cabrol, N., Ng-Boyle, L., Wettergreen, D., et al. (2019). Subsurface microbial habitats in
an extreme desert Mars-analog environment. Frontiers in Microbiology, 10, 69. https://doi.org/10.3389/fmicb.2019.00069

Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014). The SILVA and “All-species Living Tree Project (LTP)”
taxonomic frameworks. Nucleic Acids Research, 42, D643-D648. https://doi.org/10.1093/nar/gkt1209

DRAGONE ET AL.

16 of 16


https://doi.org/10.3389/fmicb.2017.01346
https://doi.org/10.3389/fmicb.2017.01346
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1021/es1024228
https://doi.org/10.1128/AEM.49.1.1-7.1985
https://doi.org/10.1128/AEM.01133-07
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1007/s10482-018-1066-0
https://doi.org/10.1111/1755-0998.12402
https://doi.org/10.1016/j.icarus.2007.10.010
https://doi.org/10.1002/jobm.201500298
https://doi.org/10.1007/s00248-006-9022-3
https://doi.org/10.1016/j.syapm.2017.05.007
https://doi.org/10.1126/science.1069270
https://doi.org/10.1126/science.1069270
https://doi.org/10.1038/nature24621
https://doi.org/10.1017/S0032247413000296
https://doi.org/10.1038/s41598-019-46521-0
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.3389/fmicb.2019.00069
https://doi.org/10.1093/nar/gkt1209

	Exploring the Boundaries of Microbial Habitability in Soil
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Sample Collection
	2.2. DNA Extractions
	2.3. Cultivation-Independent Microbial Analyses via Marker Gene Sequencing
	2.4. Quantitative PCR
	2.5. DNA Extraction and PCR Inhibition Test
	2.6. Cultivation-Dependent Analyses
	2.7. 
        13C Glucose Metabolism Assay
	2.8. ATP Assay
	2.9. Soil Geochemical Analyses
	2.10. Statistical Analyses

	3. Results
	3.1. Microbial Communities of the Shackleton Glacier Region
	3.2. Habitability Tests
	3.3. Why Might Microbial Life be Restricted in Certain Soils?

	4. Discussion
	5. Conclusions
	Data Availability Statement
	References


