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Abstract

Dryness is one of the main environmental challenges to microbial survival. Understanding the threshold of mi-
crobial tolerance to extreme dryness is relevant to better constrain the environmental limits of life on Earth and
critically evaluate long-term habitability models of Mars. Biomolecular proxies for microbial adaptation and growth
were measured in Mars-like hyperarid surface soils in the Atacama Desert that experience only a few millimeters of
precipitation per decade, and in biologically active soils a few hundred kilometers away that experience two- to
fivefold more precipitation. Diversity and abundance of lipids and other biomolecules decreased with increasing
dryness. Cyclopropane fatty acids (CFAs), which are indicative of adaptive response to environmental stress and
growth in bacteria, were only detected in the wetter surface soils. The ratio of trans to cis isomers of an unsaturated
fatty acid, another bacterial stress indicator, decreased with increasingly dry conditions. Aspartic acid racemization
ratios increased from 0.01 in the wetter soils to 0.1 in the driest soils, which is indicative of racemization rates
comparable to de novo biosynthesis over long timescales (*10,000 years). The content and integrity of stress
proteins profiled by immunoassays were additional indicators that biomass in the driest soils is not recycled at
significant levels. Together, our results point to minimal or no in situ microbial growth in the driest surface soils of
the Atacama, and any metabolic activity is likely to be basal for cellular repair and maintenance only. Our data add
to a growing body of evidence that the driest Atacama surface soils represent a threshold for long-term habitability
(i.e., growth and reproduction). These results place constraints on the potential for extant life on the surface of Mars,
which is 100–1000 times drier than the driest regions in the Atacama. Key Words: Atacama Desert—Dryness—
Growth—Habitability—Biomarker—Mars. Astrobiology 18, 955–966.

1. Introduction

Mars has been an extreme desert for most of its geo-
logic history (e.g., Carr and Head, 2010). Therefore, a

better understanding of the environmental limits of microbial
tolerance to extreme dryness is relevant to long-term habit-
ability models of Mars (Davila and Schulze-Makuch, 2016)

and the search for evidence of life on the planet. This issue is
particularly relevant after recent reports of possible transient
liquid water activity on the surface of Mars (Martı́n-Torres
et al., 2015; Ojha et al., 2015).

Surface soils in the driest region in the Atacama Desert in
northern Chile are some of the most Mars like on Earth
(Navarro-González et al., 2003). Desiccation and chemical
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stress in these hyperarid soils have resulted in some of the
lowest levels of biomass observed in any terrestrial surface
environment (Navarro-González et al., 2003; Ewing et al.,
2008; Crits-Christoph et al., 2013). The metabolic potential of
these surface soils provides a reference point with which to
assess the potential for metabolic activity in soils on Mars.

Past investigations in the Atacama have largely focused
on determining whether extant microorganisms are present
in hyperarid soils, with variable success (Navarro-González
et al., 2003; Connon et al., 2007; Lester et al., 2007; Crits-
Christoph et al., 2013; Azua-Bustos et al., 2015). Early
studies in the hyperarid Yungay region failed to detect DNA
or culturable microorganisms from the driest soils (Navarro-
González et al., 2003), but follow-up studies demonstrated
that viable microorganisms are in fact present (Connon
et al., 2007; Lester et al., 2007; Crits-Christoph et al., 2013;
Azua-Bustos et al., 2015). The question that has not yet
been addressed is whether soil microorganisms are still ca-
pable of in situ growth and adaptation.

In the Atacama, the presence of viable cells or DNA is not
necessarily evidence of biological activity or growth, be-
cause microorganisms could have been transported from
other regions remaining in a state of stasis (Lester et al.,
2007) or preserved from an early, wetter epoch in Ataca-
ma’s history (Wilhelm et al., 2017). Laboratory incubation
experiments, similar to those performed by the Viking
Landers on Mars, showed no biological response in surface
soils from the Yungay area, even after incubation for several
days (Navarro-González et al., 2003). More recent labora-
tory incubations showed low levels of acetate mineralization
in soils from the same area, but only after 7 days of incu-

bation (Crits-Christoph et al., 2013), suggesting that actual
growth would require rainfall levels significantly higher
than the historical average (Davis et al., 2010). In situ
proxies of short-term metabolic activity (i.e., hours to days)
such as adenosine triphosphate (ATP) and RNA assays have
been difficult to implement in this region because periods of
active metabolism, such as rain events, are expected to be
stochastic and short, often interspaced by 10 years or more
(McKay et al., 2003). These proxies are also not necessarily
indicative of adaptation and growth, since they could also
reflect basal metabolism for cell maintenance and repair.

Instead, we followed an alternative strategy by conducting
a survey of biomolecular proxies indicative of cell adaptation
and growth that would record metabolic activity over long
timescales (i.e., decades to millennia). Our hypothesis was
that if desiccation-tolerant strains in the surface soils were
capable of in situ adaptation and/or growth, this would be
reflected in the composition of their cell membranes (lipid
markers of stress) and in their protein makeup (stress proteins
and amino acid racemization ratios). Because these biomo-
lecular proxies are more recalcitrant in the environment than
ATP or RNA, for example, particularly under the extreme
dryness of the Atacama (Wilhelm et al., 2017), they serve as
long-term indicators of metabolic processes.

We compared the relative abundance and integrity of these
biomolecular proxies in surface soils from three of the driest
locations in the Atacama (<<2 mm precipitation/year) with
locations c.a. 300 km to the south (approximately 5–10 mm
precipitation/year) with sparse vegetation and hypolithic col-
onization, which represented biological positive controls
(Fig. 1). We focused on surface soils only (0–5 cm), because

FIG. 1. Images of sampling locations in the Atacama Desert. (A) The ‘‘biological control’’ site for our study, Chañaral, that
receives*10 mm of precipitation annually. Plants (white arrows), <10% hypolithic colonization of stones, and lichens are present
at this location. (B) One of the three hyperarid locations from our study, Yungay, receives <<2 mm of precipitation annually.
Plants and lichens are absent from this region, and <0.1% of stones show hypolithic colonization (Warren-Rhodes et al., 2006).
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these are the most Mars-like in terms of dryness, oxidants, and
ultraviolet (UV) radiation (McKay et al., 2003; Navarro-
González et al., 2003; Cockell et al., 2008). Lipid markers of
stress and stress proteins were detected in samples from the
biological control sites, but lipid markers of stress were absent
in the three driest locations and stress proteins were present at
much lower abundance, some with apparent compromised
structural integrity. Our results suggest that microorganisms in
the driest surface soils in the Atacama Desert are not capable of
growth and adaptation, even over long periods of time, and that
any spurts of metabolic activity during sporadic rain events are
likely only sufficient for cell maintenance and repair.

2. Methods

2.1. Field site description

Mean annual precipitation at selected sample sites decreases
from about 10 to <<2 mm/year (Navarro-González et al., 2003).
While the totality of our sample sites is considered hyperarid
based on the United Nations Environmental Program (UNEP)
Aridity Index (AI) definition (AI <0.05), AI values decline by
an order of magnitude from 0.01 to 0.001 over the latitudes
studied (Davila and Schulze-Makuch, 2016). Samples were
collected from similar geological terrains that were locally
identifiable alluvial fan surfaces (minimum exposure ages in
excess of 2 My), and had been previously sampled and studied for
their microbiology and soil proprieties (Fig. 2) (e.g., Ewing et al.,
2006; Warren-Rhodes et al., 2006; Crits-Christoph et al., 2013).
From south to north these sites included our positive ‘‘biolog-
ical control’’ sites, Chañaral (26�9¢50.34†S, 70�17¢6.30†W) and
Altamira (25�41¢6.84†S, 70�16¢30.96†W), intermediate site
Aguas Calientes (25�14¢38.50†S, 69�51¢42.40†W), and extreme
hyperarid sites Mina Julia (24�53¢37.74†S, 69� 53¢55.38†W),
Yungay (24�6¢5.16†S, 70�1¢5.04†W), and Maria Elena
(22�16¢5.82†S, 69�43¢18.48†W).

Only surface soils (0–5 cm) from each site were analyzed
because they are the most Mars like. Surface soils dry the
fastest after a rain event (Davis et al., 2010) and thus present
the greatest desiccation challenge. In addition, microor-
ganisms in these surface soils must face high levels of ra-
diation (Cockell et al., 2008), large temperature fluctuations
(McKay et al., 2003), and the chemical attack of soil and
atmospheric oxidants (Georgiou et al., 2015). The water
activity in surface soils in this hyperarid region is well be-
low the threshold for microbial growth during an average
diurnal cycle (Connon et al., 2007).

Rubrobacterales, Actinomycetales, Acidimicrobiales, a
number of families from the Thermoleophilia, and an extremely
low abundance of Firmicutes were previously reported in sur-
face soils from Chañaral to Yungay, with the lowest levels of
diversity observed in the driest hyperarid soils (Crits-Christoph
et al., 2013). In addition, the hyperarid region of the Atacama is
characterized by a general lack of habitation by plants, lichens,
archaea, and hypolithic communities (Navarro-González et al.,
2003; Warren-Rhodes et al., 2006), with cell counts estimated
to be between 10 and 10,000 cells per gram of soil (Navarro-
González et al., 2003; Crits-Christoph et al., 2013).

2.2. Sample collection

Samples were collected for laboratory analyses in Sep-
tember 2014. In addition, immunoassays (see section 2.6)

were performed on-site in the Atacama in February 2017 on
samples collected at selected sites. Due to the extremely low
inventory of biomass in Atacama soils (Ewing et al., 2006),
samples were collected by scientists wearing full-body,
sterile, clean-room suits (<1 colony forming unit per 10,000
garments), masks, glasses, and gloves to minimize the in-
troduction of anthropogenic biological contaminants (Mea-
dow et al., 2015) during sampling.

FIG. 2. Map and aridity at study locations. (A) Map of the
region of interest in the Atacama Desert with sites of soil lo-
cations analyzed marked with stars. Sites were chosen along a
previously studied north to south aridity gradient (Navarro-
González et al., 2003; Warren-Rhodes et al., 2006; Ewing
et al., 2008; Crits-Christoph et al., 2013). (B) Annual precipi-
tation measurements in millimeters are written at approximate
latitudinal locations. Red color indicates ‘‘extreme hyperarid’’
region experiencing <<2 mm precipitation per year, or decadal
rain events (McKay et al., 2003). Orange and yellow colors
indicate hyperarid regions that receive 5–10 mm of precipita-
tion annually, respectively. Based on figures from Navarro-
González et al. (2003) and Warren-Rhodes et al. (2006). (C) AI
values for soil sites (taken from Davila and Schulze-Makuch,
2016). AI is defined as the ratio of mean annual precipitation to
potential evapotranspiration. Based on the AI scale, hyperar-
idity is defined AI <0.05. Based on this definition, the entire
region of interest is considered hyperarid. Dryness increases
along a south to north transect. AI, aridity index.
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Soil samples were excavated between 0 and 5 cm depth at
each site over a surface area of *30 by 30 cm. A solvent-
cleaned spoon was used to scoop samples into three 8 oz glass
jars (holding *300 g of soil each) that had been heated to
500�C for more than 8 h to combust all traces of organic ma-
terial. Each sample was collected with a different spoon to
minimize cross contamination. Samples were kept frozen
during transport (<16 h) and then stored at -20�C until analysis.

2.3. Lipid extractions and analysis

Glass jars containing samples were removed from the
-20�C freezer and kept for 30 min to 1 h at room tempera-
ture to prevent condensation of moisture onto the soil. Soils
were not lyophilized to reduce the exposure time to the
laboratory environment and minimize contamination risk;
this step was not considered critical given the extremely low
water content in the soils (Wilhelm et al., 2017). Pre-
liminary samples that were lyophilized to estimate water
content in soil showed only 1.4% reduction in mass due to
water loss.

Hundreds of grams of soil were removed from the glass
jars and then homogeneously powdered with a ceramic
mortar and pestle that had been previously solvent rinsed
and combusted (550�C, 12 h). Soil mass was scaled based
on previously measured lipid abundances in these soils
(Wilhelm et al., 2017), to ensure detection of lipids of low
relative abundance such as C17 cyclopropane fatty acids
(CFAs; 88.8 g of Chañaral soil to 221.7 g of biomass-lean
Yungay soil).

Soil samples were extracted by using a modified Bligh
and Dyer (1959) protocol ( Jahnke et al., 1992). The pro-
tocol was modified primarily to minimize transfer steps and
contamination and loss of biomass during extraction (Wilhelm
et al., 2017). Three extractions were performed on powdered
sample: 40 mL of high-performance liquid chromatography
(HPLC)-grade water, 100 mL of pesticide-grade methanol,
and 50 mL of pesticide grade-methylene chloride (DCM).
After the addition of solvents, the resultant slurry was soni-
cated, stirred, and left to settle until solvent became mostly
clear, at which point it was poured into a new previously
combusted flask.

Solvent extracts were then added to a solvent-washed
Teflon separatory funnel with 180 mL of extract and 47 mL
of DCM and inverted two times to mix. Water (47 mL) was
then added to drive the methanol into the aqueous phase,
and the mixture was gravimetrically separated. The DCM
layer was slowly drained into a new flask; the methanol and
water phase discarded. The resulting extract was evaporated
under a stream of N2 and transferred into smaller previously
combusted vials until *100mL remained. Care was taken to
minimize the number of containers used in the evaporation
process and to thoroughly rinse and sonicate the sides of all
vessels after draining to recover any lipid left behind. This
evaporation process concentrated the extract by roughly
three orders of magnitude.

Thirty percent of the total lipid extract (TLE) was used
for analysis by gas chromatography/mass spectrometry (GC-
MS). The TLE was derivatized via a medium acid hydro-
lysis using commercial methanolic HCl 0.5 N (LC08137B;
Supelco) following the Kates (1986) procedure, which adds
a methyl group to the carboxyl moiety of any free fatty acids

present (Wilhelm et al., 2017), and also transesterifies com-
plex lipids (membrane-bound fatty acids, such as phospho-
lipids and glycolipids) to generate fatty acid methyl esters
(FAME). This acid methanolysis treatment generates a ‘‘total’’
solvent-extractable fatty acid pool present as FAME. An un-
saturated C22:1 FAME standard (40mL of a 25 ng/mL standard;
Sigma-Aldrich) was then added to the TLE for a mass of 25 ng
per 1mL injection into the GC-MS.

The final volume of 30% of the derivatized TLE in DCM
was 40 mL, which contained 30% of the derivatized TLE.
One-fortieth of this volume was then injected into the GC-
MS. GC-MS of lipids was performed on an Agilent 7890B
GC-5977A MSD system equipped with an Agilent DB-5MS
column (60 m · 250mm · 0.25 mm; Agilent) with high-purity
helium as carrier gas at 1 mL/min. The inlet temperature was
280�C. Initial oven temperature was 50�C, ramped to 120�C
at 10�C/min, then increased from 120�C to 320�C at 4�C/
min, and held at this temperature for 5 min. The MS source
temperature was 280�C. Our instrument is capable of de-
tecting 1 pg of a C23 FAME standard using the same 60 m
DB-5MS column and heating protocol used in analysis.

2.4. Monounsaturated fatty acid double-bond position
and cyclopropane fatty acid determination

Because it is difficult to distinguish unsaturated fatty acids
from CFAs due to similar elution and mass spectral patterns,
the unsaturated fatty acids were derivatized by using dimethyl
disulfide (DMDS) to determine the double-bond positions
(Yamamoto et al., 1991), as well as chromatographically
separate these compounds from the CFA. The FAME fraction
(30% of the TLE) was added to a reaction vial, treated with
300 mL DMDS and 4 mg iodine, and heated to 35�C for
30 min and cooled. One milliliter of hexane-diethyl ether
(1:1) was added to this mixture and then it was titrated with
10% aqueous Na2S2O3. The FAME-DMDS adducts, as well
as unreacted saturated FAME and CFA, were extracted with
hexane:dichloromethane (4:1, v:v) and concentrated to a final
volume of 20 mL. One of twenty microliters of this final
volume was injected on the GC-MS using the previously
described chromatographic conditions. Mono- and diun-
saturated FAMEs form DMDS adducts with distinct spectra
that elute at later points in the chromatogram, whereas CFAs
are unaffected by this treatment and remain at the same
elution time as in the previous FAME chromatogram.
FAMEs are described using the nomenclature ‘‘number of
carbons:number of unsaturations,’’ followed by double-bond
locations referenced from the delta (D), or carboxylic, end of
the molecule.

2.5. Bound amino acid extraction and analysis

Only previously unopened jars of soil samples were used for
amino acid analyses. All extraction steps were done in a Lab-
conco B2 biosafety cabinet that intakes air and passes it through
an High Efficiency Particular Arrestance (HEPA) filtration sys-
tem, substantially lowering the risk of contaminating biomass-
poor samples. The interior filtered environment of this biosafety
cabinet is certified as a Class 100 clean room. Scientists wore
clean-room suit sleeves while working with the samples inside
the biosafety cabinet to further reduce the risk of anthropogenic
contamination of samples. Samples were first ground in a unique
mortar and pestle that was previously heated to 550�C for 12 h.
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An acid hydrolysis extraction protocol was utilized to liberate
bound amino acids (i.e., proteins, humic complexes, peptides)
from soils. It is estimated that in typical soils, 99.5% of amino
acids are in a bound (polymeric) form and the remainder are
‘‘free’’ (Stevenson, 1982). These proportions, estimations of
the concentration of amino acids relative to other biomarker
classes already measured in Yungay soils (Wilhelm et al.,
2017), and instrument detection limits were taken into ac-
count to determine the approximate mass of soil required for
extraction. A total of 2.5 mL of 6 M HCl in amino acid-free
H2O (Sigma-Aldrich) was added to *3 g of ground soil in
heat-cleaned (550�C for 12 h) glass reaction vials. Vials were
then sealed and heated for 24 h at 100�C (Bada et al., 1999),
filtered through combusted silica filters to remove solid par-
ticles, and dried on a rotary evaporator.

In preparation for chiral analysis by GC-MS, each sample
was acidified and desalted with a column of ion exchanging
resin: AG 50W-X4, 100–200. After drying, the carboxyl and
amine moieties on the amino acids were derivatized with a
mixture of (+)-2-butanol/acetyl chloride to form (+)butyl
esters (on carboxyl groups) and a mixture of trifluoroacetic
anhydride (TFAA)/ethyl acetate to add trifluoroacetyl groups
to amino nitrogens, the resulting compounds are ‘‘(+)butyl/
TFA’’ derivatives. After complete drying, each sample was
brought to a final volume of 40 mL with ethyl acetate; this
represented 30% of the derivatized amino-acid extract. One
microliter of each was injected into a GC-MS. This GC-MS
was an Agilent 6890N GC coupled to a 5975 MS (Agilent).
The GC oven was equipped with an Agilent DB-17MS col-
umn (60 m · 0.250 mm · 0.25 mm, with helium as carrier
gas at 1 mL/min). The inlet temperature was 230�C; initial
oven temperature was 35�C; oven was ramped to 70�C at
3�C/min and held 30 min, temperature then increased to
90�C at 2�C/min, then increased to 230�C at 3�C/min, and
held for 60 min; MS source temperature was 280�C. In this
configuration, the GC-MS is capable of detecting low fem-
tomole quantities of amino acids. Laboratory blanks were
found to be free of amino acids.

2.6. Immunoassay antibody microarrays: printing life
detector chip and fluorescent sandwich immunoassay

The life detector chip (LDChip) is an antibody microarray-
based biosensor (Rivas et al., 2008; Parro et al., 2011, 2016)
that contains more than 200 antibodies with broad speci-
ficities produced against biological polymers, including
lipo/exo-polysaccharides; bacterial strains belonging to
main taxonomic groups (alpha-, beta-, gamma-, delta-
Proteobacteria; Cyanobacteria, Actinobacteria, Firmicutes,
Bacteroidetes); and archaea, among others (Rivas et al., 2008;
Parro et al., 2011, 2016). We used the LDChip to analyze
samples from the biological control sites, as well as Yungay,
Mina Julia, and Aguas Calientes. Samples were analyzed in
the field a few hours after collection.

The immunoglobulin (IgG) fraction of each antibody
(after protein A affinity purification) was printed on epoxy-
activated glass slides (Arrayit) using a MicroGrid II TAS
arrayer (Biorobotics, Genomic Solutions) as reported pre-
viously (Rivas et al., 2008; Parro et al., 2011). For the
fluorescent multiplex sandwich immunoassay, all protein
A-purified antibodies were fluorescently labeled with Alexa
647 fluorochrome (Molecular Probes) following vendor

recommendations, checked, titrated and used as described
(Rivas et al., 2008; Blanco et al., 2017).

2.6.1. Sample preparation and immunoassays with
LDChip. Up to 0.5 g of soil samples were suspended in
2 mL of TBSTRR buffer (0.4 M Tris-HCl pH 8, 0.3 M NaCl,
0.1% Tween 20) and sonicated using a manual and portable
ultrasonicator (Dr. Hielscher 50 W DRH-UP50H sonicator;
Hielscher Ultrasonics, Berlin, Germany) for 3 · 1-min cy-
cles, with 30-s pauses on ice. Then, samples were filtered
through 5mm nitrocellulose filters to remove sand and
coarse material. The filtrates were used as a multianalyte-
containing sample for the fluorescent sandwich microarray
immunoassays (FSMI) as described in previous works
(Parro et al., 2011, 2016; Blanco et al., 2017).

2.6.2. LDChip image processing and quantification. The
LDChip microarray images were analyzed and quantified by
GenePix Pro Software (Molecular Devices, Sunnyvale,
CA). The local background (B) as quantified by GenePix
software was subtracted. Then, the final fluorescence in-
tensity A of each antibody spot was calculated following the
equation: A = (F635 - B) sample - (F635 - B) blank, where
F635 is the median of the fluorescence of all the spot pixels
at 635 nm, either from the sample or the blank assay (only
buffer instead of sample), as previously reported (Rivas
et al., 2008; Parro et al., 2011). An additional 2.5 times the
average of A was applied as cutoff value to all spots of the
array to minimize false positives.

3. Results

3.1. Lipids and amino acids

The abundance and diversity of free and membrane-
bound fatty acids analyzed as FAME generally decreased
with decreasing AI values (Figs. 3 and 4). The number of
unique fatty acids detected decreased from 138 in the
Chañaral surface soils to <50 in Yungay and Maria Elena
soils (Fig. 4). These FAMEs included chain lengths between
C12 and C30 and the alkyl chains included terminal and
midchain methyl branches, mono- and polyunsaturated
bonds, and, sometimes, a second carboxyl function. The
lowest total abundance of normal, straight-chain saturated
fatty acids (SFAs) measured was in Yungay and Maria
Elena soils (Fig. 3). Yungay soils had 0.089 mg of n-C12:0 to
n-C30:0 SFAs per gram of soil. Chañaral and Altamira soils
contained 0.4 and 1.5 mg/g soil, respectively (4.6–17.2 times
more normal that SFAs than Yungay soils).

The C17 CFAs were only detected in Chañaral and Altamira
soils at abundances of 0.05 and 0.12mg/g soil, respectively
(Fig. 5), with a ratio of CFAs to SFAs of 0.12 in Chañaral and
0.07 in Altamira. CFAs were not detected in Mina Julia,
Yungay, and Maria Elena soils. Assuming a similar ratio of
CFAs to SFAs (*0.1) at the driest sites, the expected abun-
dance of CFA in Yungay would still have been well above the
detection limit of the instrument (<1 pg C17 CFA per gram
of soil), especially given the increased mass of soil extracted
from the drier surface soils analyzed. Therefore, the absence
of CFA in Yungay cannot be readily attributed to signal
dilution due to lower biomass.

Yungay soils contained the fewest distinct monounsatu-
rated fatty acids, with only two detected in soils collected at
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the ‘‘Yungay North’’ site. Altamira and Chañaral had much
higher monounsaturated fatty acid content, exhibiting sim-
ilar diversity to each other (Table 1). Only the n-C16:1D9 and
n-C18:1D9 monounsaturated fatty acids were detected in all
samples analyzed (Table 1). Both cis and trans 16:1D9 were
detected at all sites, and this unsaturated fatty acid was the
only one to have detectable cis and trans isomers. All ratios
of trans to cis n-C16:1D9 were £0.01, but the ratio decreased
with increasing dryness (Fig. 6). The highest trans/cis value
measured was in Chañaral soils at 0.012, and the lowest
value was 0.003 in Maria Elena soils.

The d/l ratios of hydrolyzed aspartic acid increased
fivefold with decreasing aridity (Fig. 7), indicating that
greater racemization had occurred at drier sites. Specifically,

FIG. 3. Total concentration of normal fatty acids in Ata-
cama soils with increasing dryness. The total concentration
of normal, saturated fatty acid methyl esters n-C12:0 to n-
C30:0 contained in soils in nanograms of FAME per gram of
soil. Values indicate the total amount of common membrane
lipids of living, dormant, and possibly dead organisms
(Wilhelm et al., 2017). FAME, fatty acid methyl ester.

FIG. 4. Total number of unique fatty acids in Atacama
soils with increasing dryness. A positive linear correlation is
found between the total number of unique fatty acids and AI.
The number of unique fatty acids in soils decreases approx-
imately three times with an order of magnitude decline in AI
value. Fatty acids containing 12–30 carbons, including nor-
mal and saturated, dicarboxylic, branched, multibranched,
and mono and polyunsaturated fatty acids, are included in this
total number, and can be used as a proxy for diversity of
organisms contained within the soil.

FIG. 5. Cyclopropane fatty acid abundance in Atacama soils
with increasing dryness. CFAs were only detected in Altamira
and Chañaral soils. Values of 0 at the drier sites indicate that
CFAs were not detected. The presence of these lipids typically
indicates bacterial modulation of membrane conditions under
stressful conditions and formed predominately during the
stationary phase of growth. CFAs, cyclopropane fatty acids.

Table 1. Normal Monounsaturated Fatty Acid

and Bond Position Detected in Atacama

Aridity Transect Samples

Chañaral Altamira
Mina
Julia

Yungay
North

Yungay
South

Maria
Elena

n-C14:1D7 x
n-C15:1D4 x
n-C15:1D7 x x x x
n-C15:1D9 x x x x x
n-C15:1D9 x
n-C16:1D9 x x x x x x
n-C16:1D11 x x x
n-C17:1D9 x x x x x
n-C17:1D11 x x x x
n-C18:1D9 x x x x x x
n-C18:1D11 x x x x x
n-C18:1D13 x x
n-C19:1D9 x x x x
n-C19:1D11 x
n-C20:1D11 x x x
n-C22:1D13 x x x
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Chañaral soils were found to have d/l ratios of 0.02, versus
0.10 in Yungay soils.

3.2. LDChip immunoassay

Total immunoassay fluorescence decreased from Chañaral
to Yungay by a factor of 24 (Fig. 8). A large fraction (>75%)

of the antibody spots showed positive fluorescence in Cha-
ñaral soils, indicating the presence of abundant polymeric
biological material. By contrast, only 7% (18/242) were
positive in Yungay, Mina Julia, and Aguas Calientes soils,
mainly corresponding to antibodies, proteins, and peptides,
and Cyanobacteria from the Synechocystis genus.

Seven peptides were detected of 73 tested in all surface
soils analyzed (Fig. 5), including dehydrin (DhnA), water
stress hypersensitive response (WshR), high-temperature
(HtpG), poly(3-hydroxyalkanoate) polymerase subunit (PhaC),
iron stress-induced chlorophyll-binding (IsiA), and superox-
ide dismutase (SodA and SodF). The immunoassay signal for
these peptides decreased by up to an order of magnitude
toward the driest sites. As the aridity decreased, the num-
ber of antibodies recognizing microbial markers increased,
particularly those corresponding to Gram-positive bacteria
(Firmicutes and Actinobacteria).

4. Discussion

Our study was designed to determine whether surface
soils (0–5 cm) in the driest parts of the Atacama Desert can
still support microbial growth and adaptation. The distinc-
tion is important because research in other extreme, oligo-
trophic environments has shown that metabolic processes
can fall into three main groupings: (1) growth; (2) mainte-
nance of functions without growth; and (3) survival, in
which cells can repair macromolecular damage but are
probably largely dormant (Morita, 1998; Price and Sowers,
2004). While the definition of habitability can imply an
environment capable of supporting metabolic activity al-
lowing for survival, maintenance, or growth (i.e., instanta-
neous habitability), growth and reproduction are required for
the long-term persistence of a community (Cockell et al.,
2016).

We focused on the surface soils because they are the most
Mars like in terms of dryness, UV radiation, and oxidant

FIG. 6. Ratio of trans/cis confirmation of the double bond of
unsaturated fatty acid n-C16:1D9 in Atacama soils with increasing
dryness. The unsaturated fatty acid n-C16:1D9 was the only un-
saturated fatty acid detected in all Atacama samples in which
both cis and trans isomers of the double bond on C9 were present.
The ratio of trans to cis for n-C16:1D9 was found to decrease with
increasing dryness. Bacteria modulate membrane fluidity in re-
sponse to environmental stressors by converting the cis isomer to
trans. Although we might expect this ratio to decrease with
increasing dryness, the opposite is observed, potentially indi-
cating that microorganisms contained in the driest soils along the
transect are not able to enter a growth phase and/or signal dilution
via input of biomass from external sources is occurring.

FIG. 7. d/l ratio of aspartic acid in Atacama soils with
increasing dryness. d/l ratios of aspartic acid from hydro-
lyzed proteins, peptides, and humic complexes contained in
soils are found to increase with increasing dryness. In-
creased racemization indicates that older organic material is
contained in drier soils.

FIG. 8. LDChip total fluorescence in Atacama soils with
increasing dryness. The total LDChip antibody microarray
florescence, the sum of florescence of 242 spots (3 per as-
sayed sample) after corrected by the background, and the
blank chip. Fluorescence was found to significantly decrease
with increasing dryness. The LDChip was designed to en-
able identification of the main phylogenetic groups of bac-
teria, many universal proteins and peptides used in different
types of metabolisms. LDChip, life detector chip.
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chemistry (McKay et al., 2003; Navarro-González et al.,
2003; Cockell et al., 2008; Georgiou et al., 2015). In ad-
dition, organisms in the soils are exposed to large temper-
ature and relative humidity (RH) fluctuations, often in
excess of 40�C and 70%, respectively (McKay et al., 2003).
Deeper soils are not affected by UV radiation, the oxidant
flux is lower, and temperature and RH fluctuations are less
extreme, making them less relevant for long-term martian
habitability.

Our initial assumption was that metabolic activity and
growth of microorganisms over time would be reflected in
the composition of their lipid membranes, particularly in the
presence of lipid indicators of stress as microorganisms face
extreme environmental conditions. For example, many
bacteria transform unsaturated membrane fatty acids into
CFAs when exposed to oxidants, starvation, and desiccation
(Marr and Ingraham, 1962; Guckert et al., 1986; Grogan
and Cronan, 1997; Annous et al., 1999; Chen and Gänzle,
2016). CFAs are crucial for enhancing the stability of bac-
terial membranes under environmental stress, decreasing
membrane permeability against toxic compounds (Poger
and Mark, 2015), and aiding in bacteria revival after freeze-
drying (Muñoz-Rojas et al., 2006). The formation of CFAs
in Escherichia coli is a postsynthetic modification of the
phospholipid bilayer that occurs predominantly as cultures
enter the stationary phase of growth (Wang and Cronan,
1994; Hartig et al., 2005), and therefore, they are expected
to be present if conditions are stressful but still compatible
with metabolic rates conducive to growth and reproduction,
rather than just cellular maintenance and survival. Another
bacterial lipid marker of stress is the ratio of trans to cis
unsaturated fatty acid isomers. The conversion of cis un-
saturated fatty acids to trans is an emergency action used by
bacteria to modulate membrane fluidity in response to en-
vironmental stressors (Guckert et al., 1986; Okuyama et al.,
1991; Heipieper et al., 1995, 1996, 2003; Loffeld and Ke-
weloh, 1996).

CFAs were detected at the biological positive control sites
Chañaral and Altamira (53–128 pg CFA/g soil), but were not
detected in the three hyperarid surface soils (Fig. 5), a result
that is consistent with previous reports of the absence of this
type of compound in Yungay soils (Connon et al., 2007). In
addition, the trans/cis ratio of the fatty acid n-C16:1D9 de-
creased from the biologic control sites to the hyperarid sites
(Fig. 6), contrary to what would be expected from bacterial
communities adapting to increasingly dry conditions and
oxidative stress, or starving microorganisms (Hartig et al.,
2005). One possible explanation for the disappearance of
CFAs toward the driest sites is that the signal was too low
due to low biomass. However, cell concentrations in Yun-
gay soils (*103 cells/g) are only 5–10 times lower than cell
concentrations at the biological positive control sites (Crits-
Christoph et al., 2013) and the total SFA content of Yungay
surface soils is only 4.6–17.2 times lower at the biological
positive control sites (Fig. 3). Thus, a relative abundance of
CFAs in cell membranes similar to the biological positive
control sites ought to generate a signal well above the limit
of detection of our technique (£1 pg CFA/g soil, see the
Methods section). There are no known microbial mecha-
nisms to reverse the cyclopropanation of phospholipid fatty
acids within the membrane (Zhang and Rock, 2008), and the
cyclopropane functionality is stable (Zhang and Rock,

2008). Therefore, once formed, these recalcitrant com-
pounds ought to accumulate over time given the low carbon
cycling rates (Ewing et al., 2008) and the excellent preser-
vation conditions for lipid biomarkers (especially fatty ac-
ids) over timescales of tens of thousands to millions of years
in these hyperarid soils (Wilhelm et al., 2017). We argue
instead that the observed trends in stress lipid indicators
reflect the long-term metabolic state of organisms in the
surface soils, rather than biomass abundance.

In laboratory settings, increases in the ratio of trans/cis
unsaturated fatty acids and the synthesis of CFAs are both
observable after a week to 1 month of exposure to a stressor
(Guckert et al., 1986), and their synthesis rates are partic-
ularly dependent on growth phase, with higher rates of CFA
production during the transition from exponential to sta-
tionary growth (Hartig et al., 2005), and higher rates of
trans unsaturated fatty acid production during the transition
from a growth phase to a starvation state (Hartig et al.,
2005). In situ soil incubation experiments in the Yungay
region have shown that abiotic chemistry dominates over
biotic chemistry over short timescales (Navarro-González
et al., 2003), and longer term laboratory incubations re-
vealed metabolic activity only after 7 days (Crits-Christoph
et al., 2013). However, surface soils at the driest sites typ-
ically dry up within hours to a few days after an average rain
event (Davis et al., 2010). Therefore, the absence or lower
relative abundances of lipid stress indicators in the driest
surface soils relative to the biological positive control soils
suggest that the microorganisms contained in them are not
hydrated long enough, or are too starved, to enter a growth
phase and modify their membranes.

The low relative abundance of trans fatty acids in the
driest sites could also be due to external inputs of biomass,
such as atmospheric deposition, outweighing in situ pro-
duction (i.e., signal dilution). Signal dilution via input of
biomass from external sources is supported by immuno-
profiles of soil samples, which revealed the presence of
peptides indicative of proteins that are either synthesized by
plants or have a close homologue synthesized by plants.
These include the following: DhnA, a dehydrin protein
found in plants under desiccation stress; HR, a homologue
of the detected WshR protein used by plants in defense
against bacterial pathogens (Wright and Beattie, 2004); and
HtpG, a heat shock protein found in E. coli (Spence and
Georgopoulos, 1989) that is 42% identical to the hsp90
protein found in some plants (Krishna and Gloor, 2001).
Given the lack of native plants in the three driest locations
(although in the Yungay region there were a few trees
planted by humans c.a. 10 km away from our sampling site),
it is likely that one or more of these peptides were not
synthesized in the soils, but were instead generated else-
where and deposited via aeolian processes.

We also detected peptides indicative of cyanobacterial
proteins (i.e., IsiA, SodA, SodF, and HtpG proteins) (Shir-
key et al., 2000; Hossain and Nakamoto, 2002, 2003; Chen
and Bibby, 2005; Wilson et al., 2007), which is at odds with
the absence of detectable cyanobacterial DNA in Yungay
(Lester et al., 2007; Crits-Christoph et al., 2013) and Maria
Elena (Azua-Bustos et al., 2015) soils, and also points to
external sources or relic biomass from a past wetter period.
A few of the peptides that were detected in the hyperarid
soils appeared to lack structural integrity based on the lack
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of signal from the several epitopes targeted in the same pro-
tein (e.g., in contrast with the biological control sites where
multiple portions of the same proteins were always detected
suggesting that the proteins/peptides were intact). These pro-
teins include PhaC, nitrogenase molybdenum-iron protein
alpha chain (NifD), and nitrogenase iron (NifH). A lack of
protein integrity in the driest surface soils indicates that the
rate of destruction is greater than the rate of production and/or
deposition of intact proteins.

Finally, the d/l ratio of aspartic acid in the driest soils
(d/l = 0.1–0.13) compared to the Chañaral site (d/l = 0.02)
(Fig. 7) was also indicative of diminishing rates of biomass
turnover. Aspartic acid has one of the highest rates of ra-
cemization (Poinar et al., 1996), which makes it a useful
‘‘clock’’ for dating biomass that is a few thousands to tens of
thousands of years old. Using a previously reported ex-
pression for calculating the ‘‘dry’’ sample age based on d/l

ratios of aspartic acid in the Atacama (Skelley et al., 2007),
our measured ratio returned a ‘‘dry’’ age of *14,000 years
in Yungay, within the range of previous estimates (103–105

years) in the same area (Skelley et al., 2007). Since the d/l

ratio likely reflects a mixing of two components (new bio-
mass and relic biomass), the derived age must be taken as an
approximation rather than a precise value. However, the
measured d/l ratio is consistent with our interpretation of
limited metabolic recycling of organic matter over long
periods of time.

Taken together, the absence of CFAs in cells at the driest
sites; the association of some of the detected stress peptides/
proteins with plants or cyanobacteria known to be absent in
the hyperarid soils; the lack of structural integrity of some of
the proteins; and the higher d/l ratio of aspartic acid com-
pared to the biological control are all consistent with signal
suppression (lack of growth) and/or signal dilution from
external sources, and confirm previous studies that sug-
gested that the sparse microbial population in the driest

surface soils in the Atacama is primarily derived from at-
mospheric inputs (Connon et al., 2007; Lester et al., 2007),
and atmospheric deposition dominates the input of organics
into the soils (Ewing et al., 2008).

In the driest region of one of the driest deserts on Earth,
water availability is too low to allow for significant growth
in the surface soil microbial population. This presents a
unique set of trends in biomarker content of soils, distin-
guishing it from others, only slightly wetter surface soils
within the desert (Fig. 9). These features include (1) a lack
of colonization by plants and lichens, (2) a lack of lipids that
indicate membrane modulation in response to deleterious
environmental conditions (such as CFAs and trans/cis ratios
of unsaturated fatty acids) (Figs. 5 and 6), (3) significant
racemization of amino acids contained in surface soils
(Fig. 7), (4) a relatively low abundance and diversity of
biomass/Total Organic Carbon (TOC) (Figs. 3, 4, and 8)
(Ewing et al., 2008; Crits-Christoph et al., 2013), and (5) a
<1% colonization of stones by hypolithic organisms (Warren-
Rhodes et al., 2006). These biomarker characteristics would
be worth exploring in other hyperarid terrestrial regions that
experience similarly low levels of water activities, such as the
University Valley portion of the McMurdo Dry Valleys in
Antarctica (Goordial et al., 2016), where water availability to
organisms is limited by cold temperatures.

4.1. Implications for Mars habitability, preservation
and detectability of molecular biomarkers

Our data suggest that microbial growth is negligible or
completely absent in the driest Atacama soils, and that most
of the biomass in these soils is likely derived from degraded
remains of a soil community left over from a previous
wetter epoch and/or the accumulation of atmospheric de-
position. Given the longevity and duration of hyperarid
conditions in the Atacama Desert (Clarke, 2006), these

FIG. 9. Conceptual figure showing differences in biomarker content of surface soils under increasingly dry conditions in
hyperarid environments. Key differences are observed in soil biomarker content along the Atacama’s aridity transect,
including lipids, amino acid racemization, and peptides (this article), and hypolithic colonization (Warren-Rhodes et al.,
2006) that suggests that there is minimal or no in situ microbial growth in the driest surface soils of the Atacama.
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results add to a mounting body of evidence that the surface
soils in the driest parts of the desert define the dry limit of
adaptation and growth on Earth (Navarro-González et al.,
2003; Ewing et al., 2006; Warren-Rhodes et al., 2006). We
cannot rule out that basal levels of metabolic activity occur
after sporadic rain events, sufficient for cell maintenance and
survival, but in the absence of external sources of biomass,
such basal levels of metabolic activity would be insufficient
for the long-term persistence of the soil population.

The martian environment is 100–1000 times drier than the
driest parts of the Atacama (Davila and Schulze-Makuch,
2016). In addition, Mars is significantly more hostile to life
due to colder temperatures (with larger temperature fluctu-
ations), greater fluxes of UV radiation, and soil oxidants.
Therefore, surface soils in the driest parts of the Atacama
Desert might be considered a best-case biologic scenario for
Mars. If the small, decadal rain events in the extreme hy-
perarid region of the Atacama are not enough to sustain soil
organisms over long timescales, then stochastic and sparse
liquid water activity in martian soils (e.g., Martı́n-Torres
et al., 2015) is also likely insufficient to sustain cell growth.
Hence, any biological signal in martian soils would likely
have originated from nonsoil sources (i.e., McKay et al.,
1992; Davila et al., 2010; Davila and Schulze-Makuch,
2016), or would likely represent relic biomass from a past,
wetter period.

If sufficiently protected from radiation and other degrada-
tive processes, this biological signal might still be preserved
over long periods of time due to the extreme dryness (Wil-
helm et al., 2017) in the structure and composition of organic
molecules such as amino acids (i.e., homochirality), lipids
(i.e., even-over-odd chain length preferences), or complex
biological polymers (Summons et al., 2008). Fatty acid
concentrations in martian soils, equivalent to those in Yungay
(20 fmol/g–120 pmol/g), would be theoretically detectable by
the Sample Analysis at Mars (SAM) GC-MS aboard the Mars
Science Laboratory (limit of detection for benzene and hex-
ane in the picomole range) (Mahaffy et al., 2012).

5. Conclusions

Our novel use of an array of long-term biochemical
markers of metabolic activity such as lipids, amino acids,
and peptides in hyperarid Atacama surface soils reveals that
metabolic activity in the driest soils is, at best, insufficient to
sustain cell growth, only maintenance and survival. Lipid
and peptide data point to biomolecules not currently being
synthesized in situ, and perhaps transported from more ac-
tive regions in the Atacama and deposited in extreme hy-
perarid soils. Amino acid racemization data suggest that this
biological material is then left to slowly degrade over time-
scales of tens of thousands of years in surface soils. Despite
the nonhabitability of the driest Atacama surface soils under
the current climatic conditions, clearly biogenic biomarkers
and biomolecular trends are well preserved. Our results have
implications for long-term habitability models of Mars.
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Navarro-González, R., Rainey, F.A., Molina, P., Bagaley, D.R.,
Hollen, B.J., de la Rosa, J., Small, A.M., Quinn, R.C.,
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AI¼ aridity index
ATP¼ adenosine triphosphate
CFA¼ cyclopropane fatty acid

CG-MS¼ gas chromatography/mass spectrometry
DCM¼methylene chloride

DMDS¼ dimethyl disulfide
FAME¼ fatty acid methyl ester

LDChip¼ life detector chip
RH¼ relative humidity

SFAs¼ saturated fatty acids
TLE¼ total lipid extract
UV¼ ultraviolet

WshR¼water stress hypersensitive response
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