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Abstract

Efforts in searching for microbial life in the driest part of Atacama Desert, Chile, re-
vealed a small number of lithic habitats that can be considered as environmental
refuges for life. In this study, we describe for the first time chasmoendolithic colo-
nization of fissures and cracks of rhyolite-gypsum and calcite rocks collected in the
hyper-arid zone of the desert. The use of high-throughput sequencing revealed that
the Atacama rock communities comprised a few dominant phylotypes and a number of
less abundant taxa representing the majority of the total community diversity. The chas-
moendolithic communities were dominated by Chroococcidiopsis species cyanobacte-
ria and supported a number of novel heterotrophic bacteria. Micro-climate data and
geomorphic analysis of the mineral substrates suggested higher water availability in
the calcite rocks in the form of enhanced water retention in the complex network of
cracks and fissures of these rocks as well as increased occurrence of liquid water in
the form of dewfall. These characteristics were associated with a diverse community
of phototrophic and heterotrophic bacteria in the calcite chasmoendolithic ecosystem.
This study is another example of the diversity of adaptive strategies at the limit for life
and illustrates that rock colonization is controlled by a complex set of factors.

1 Introduction

Under low moisture, thermal, and high solar radiation stress conditions, lithobiontic
ecological niches found in deserts are considered environmental refuges for life (Fried-
mann, 1982; Pointing et al., 2009; Cary et al., 2010). Lithobiontic microorganisms can
grow on the surface of rocks (epilithic), on the underside (hypolithic), and inside rocks
(endolithic). The endolithic habitat can be subdivided into: (i) the cryptoendolithic habi-
tat, consisting of natural pore spaces within the rock that are usually indirectly con-
nected to the rock surface; (ii) the chasmoendolithic habitat, which are the fissures and
cracks connected to the rock surface; (iii) the euendolithic habitat, which consists of
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channels and grooves formed in the rock by the metabolic activity of microorganisms
(Golubic et al., 1981); and (iv) the recently defined hypoendolithic habitat comprising
the pore spaces located on the underside of the rock that makes contact with the un-
derlying soil (Wierzchos et al., 2011). In extremely arid deserts, microorganisms are
mostly found inside translucent rocks, forming phototrophic-based endolithic commu-
nities with primary producers supporting a diversity of heterotrophic microorganisms
(Walker and Pace, 2007a; Nienow, 2009). Endolithic habitats are known to provide mi-
croorganisms with a stable substrate, protection from intense solar radiation, tempera-
ture fluctuations, wind, and desiccation, while allowing penetration of photosynthetically
active radiation (PAR) for use by phototrophs (Friedmann and Ocampo-Friedmann,
1984; Walker and Pace, 2007a; Phoenix et al., 2006; Omelon, 2008; Nienow, 2009;
Herrera et al., 2009). In contrast, surface soils under the same extreme environmen-
tal conditions do not support stable and functional microbial communities due to their
physical instability, high porosity, low nutrient content, and non-translucent properties
(Pointing et al., 2009; Cary et al., 2010; Navarro-Gonzalez et al., 2003; Drees et al.,
2006; Maier et al., 2003; Lester et al., 2007; Connon et al., 2007; Glavin et al., 2004).
The Atacama Desert, stretching 600 miles between the Pacific Coast of Northern
Chile and the Andes mountains, is one of the oldest and driest deserts in the world.
Sedimentary records indicates long periods of semi-arid to hyper-arid climates from
the Jurassic (150 million year ago) to the present day, with extremely arid conditions
arising in the Miocene (15 Ma) (McKay et al., 2003; Dunai et al., 2005; Clarke, 2006;
Hartley and Chong, 2002; Hartley et al., 2005). Its extreme aridity is the result of a con-
stant climate regime produced by the Pacific Anticyclone, the Humboldt Current — an
upwelling, cold current along the west coast of South America, and the rain shadow
effect from the Andean Cordillera to the East (Hartley and Chong, 2002; Clarke, 2006).
Between parallels 22° S and 26° S lies the hyper-arid zone of the Atacama, one of the
places with the lowest pluviometric activity in the world (Dunai et al., 2005; Houston and
Hartley, 2003; Miller, 1976); it has been defined as “the most barren region imaginable”
(McKay et al., 2003). In the hyper-arid zone, only the deliquescence of ancient halite
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crusts of evaporitic origin have been shown to provide sufficient moisture to sustain
photosynthetic activity (Wierzchos et al., 2006a, 2012b; de los Rios et al., 2010; Davila
et al., 2008). Varnish on rocks’ surfaces contained scarce quantities of cryptoendolithic
bacteria (Kuhlman et al., 2008), whereas epilithic lichens (Wierzchos et al., 2011), en-
dolithic cyanobacteria (Wierzchos et al., 2011; Dong et al., 2007), and endolithic algae
and fungi (Wierzchos et al., 2011) were only found within evaporitic gypsum crusts
in zones with higher air relative humidity. Recently, cryptoendolithic habitats for pho-
totrophic cyanobacteria have been reported in volcanic ignimbrite rocks (Wierzchos
et al., 2012a). Quartz substrates are also colonized by hypoendolithic microorganisms
in other areas where fog and dew, rather than rain, constitute the main source of liquid
water (Azua-Bustos et al., 2011; Warren-Rhodes et al., 2006). Despite a great interest
for endolithic communities, only a few large-scale molecular analyses of those habitats
have been carried out (Pointing et al., 2009; Walker and Pace, 2007b).

Here, we describe the chasmoendolithic (fissures and cracks connected to the rock
surface) photosynthetic microbial communities associated with heterotrophic bacteria
in two rock substrates from the Preandean Depression in the Atacama Desert: a vol-
canic rhyolite covered by gypsum crust, collected in the proximity of the Tilocalar vol-
cano, and a carbonate sedimentary rock from the Valle de la Luna formation. This
study used a multiphasic approach that combined remote sensing techniques, geo-
logical analyses, cutting-edge microscopy investigations, and high throughput culture-
independent molecular methods to fully characterize the microbial communities inhab-
iting these novel chasmoendolithic habitats and to identify potential factors driving their
colonization.

2 Materials and methods

The following is the summary of methods used in this study. More detailed information
is provided in Supporting Information.
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2.1 Sampling and site characterization

Rhyolite rocks of volcanic origin were collected in 2010 in the Lomas de Tilocalar area
and calcite rocks were collected in 2010 and 2011 near the Valle de la Luna area
(Fig. S1). Microclimate data was collected in situ from January 2010 to January 2012
using an Onset HOBO® Weather Station Data Logger (H21-001) as previously de-
scribed (Wierzchos et al., 2012b). Microclimate data for Valle de la Luna were extracted
from historical records for the village of San Pedro de Atacama located 5km east of
our sampling site.

2.2 Mineralogy analyses

The mineralogical composition of the Tilo and Luna rocks (ten samples for each site)
was identified by X-ray powder diffraction. Quantitative determinations of major and
minor elements of rhyolite and calcite rocks were carried out by X-ray fluorescence
spectrometry. Chemical composition using X-ray fluorescence analysis was calculated
with the Na,O + K0 (wt %) versus SiO, (Wt %) diagram (Total Alkali Silica, TAS) (Lebas
et al., 1986). Petrography studies were conducted on thin sections (30 um-thick) of
rhyolite and calcite rocks.

2.3 Microscopy analyses

Colonized rock samples were processed for scanning electron microscopy in backscat-
tered electron mode (SEM-BSE) observation and/or energy dispersive X-ray spec-
troscopy (EDS) microanalysis according to a method introduced by (Wierzchos and
Ascaso, 1994). SEM-SE observations were carried out with small chips of rocks main-
tained in 100 % relative humidity overnight before use. Fluorescence microscopy was
performed on small chips of Luna rocks as previously described (Wierzchos et al.,
2011). Transmission electron microscopy was carried out with rocks moistened with
distilled water overnight before fixation.
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2.4 DNA extraction, PCR-amplification, and pyrosequencing of barcoded 16S
rRNA genes

Total genomic DNA was extracted from rock powder using the PowerSoil DNA Iso-
lation kit (MoBio Laboratories Inc., Solana Beach, CA) following the manufacturer’s
instructions. DNA was amplified using the barcoded universal primers 27F and 338R
for the V1-V2 hypervariable region. Amplicons from at least 3 amplification reactions
were pooled together, purified, and sequenced by 454 pyrosequencing using a Roche
GS-FLX sequencing system (Roche-454 Life Sciences, Branford, CT).

2.5 Processing of pyrosequencing data and statistical analysis

Sequence processing and analysis was performed with CloVR-16S, which contains
a series of tools for sequence analysis assembled into automated pipelines (Angiuoli
etal., 2011) and Mothur (Schloss et al., 2009). To enable accurate estimates of species
richness and diversity between samples (Lozupone et al., 2011), random subsets of
all datasets simulating the same sequencing effort as for the Luna 1 sample (2622
sequences) were produced and re-analysed (Gilbert et al., 2009). Multiple alignments
were built with reference to selected GenBank sequences using the Align tool in Green-
genes (DeSantis et al., 2006) and blast analyses were carried out with the Blast tool in
Greengenes (DeSantis et al., 2006).

All sequences were deposited at the National Center for Biotechnology Informa-
tion Sequence Read Archive under accession numbers SRA052674, SRA052676, and
SRA052675.
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3 Results
3.1 Microclimate data

The area between the west slope of the Central Andes and the east slope of the Coastal
Cordillera, where our sampling sites were located (Fig. S1), exhibits a pronounced rain
shadow effect, resulting in scarce precipitation between 15° and 27°S (Houston and
Hartley, 2003). We measured micro-environmental parameters during two years in the
Tilocalar area and our data confirmed the occurrence of rare precipitations, a lack
of fog, and the absence of moisture (dewfall) on rock surfaces, except during rainfall
events (Table S1). Hyper-aridity is not only the result of a lack of rainfall precipitation
(P), itis also related to potential evapotranspiration (PET: mean annual potential evapo-
transpiration); a P/PET ratio (known as Aridity Index) of less than 0.05 is used to define
the world’s hyper-arid zones (Houston and Hartley, 2003). Taking into account the PET
value of 2920 mmyr’1 from the nearby Salar de Atacama Basin (Houston, 2006) and
rainfall precipitation values (P) from Table S1, we calculated aridity indexes of ~ 0.0085
and ~ 0.0095 for Tilocalar and Valle de la Luna, respectively. These values indicated
that the aridity in our sampling area was ~ 5 times higher than the aridity threshold for
hyper-arid zones. More importantly, the comparable evapotranspiration values, due to
their close geographic location, suggest that moisture conditions for the Tilo and Luna
chasmoendolithic habitats were relatively similar (Table S1).

The photosynthetically active radiation (PAR) values were always very high for both
sites with maximum between 2300 and 2600 umol s~'m™2. The maximum temperature
was recorded between 41 and 45°C, which is slightly higher than temperatures re-
ported in other parts of the Atacama hyper-arid zone (Wierzchos et al., 2011, 2012b).

The annual average relative humidity (RH) in the area of Tilocalar was exceptionally
low during the entire year (16.1 %; Table S1), with mean seasonal values of 7 % and
10.8 % in winter and spring of 2010, respectively. This is significantly below the mean
annual RH reported for some of the driest parts of the desert, such as Yungay (mean
annual value of 34.75 %) (Wierzchos et al., 2012b). The rise of RH to 95 % in Tilocalar
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was only observed during short rain events that occurred in 10 different episodes from
January 2010 to January 2012, yielding 49 mm of rainfall for the two years, and sepa-
rated by large periods of time. Electrical conductivity sensors in the field indicated that
almost all the moisture deposition events were directly related to rainfall episodes, sug-
gesting that the moistening of the rhyolite rock surface was the result of precipitations
rather than water condensation (dew formation). Recorded average annual values of
RH for San Pedro de Atacama, located 5km east of Valle de la Luna (40.5%; Ta-
ble S1), was remarkably higher than in Tilocalar, potentially enhancing dew formation
on the calcite rock surfaces in Valle de la Luna. This might be due to the proximity of
Salar de Atacama’s small ponds.

3.2 Physical and chemical characterization of chasmoendolithic microbial
habitats

According to X-ray diffraction analyses, samples from a rhyolitic volcanic boulder col-
lected in Tilocalar were composed of quartz (tridymite and cristobalite), biotite, plagio-
clase (andesine), and microcline. In this paper we will refer to these rhyolithic rocks as
the “Tilo” rocks. The X-ray fluorescence analysis confirmed the rhyolithic composition of
the rocks with 3.92 % Na,0O, 4.44 % K,0, and 70.69 % SiO, respectively. These rocks
presented cracks and pores filled with gypsum and areas where the rhyolite surface
was covered with gypsum efflorescence (Fig. 1a, b) forming blisters and a crust 2-5mm
thick. Because we also found gypsum crystals inside pores and spaces deep inside the
rocks, where we did not find microbial cells, it is likely that the origin of the gypsum de-
posits is associated with hydrothermal alteration, water-magma reactions, volcanic flu-
ids or phreatic waters (Ohba and Nakagawa, 2002) rather than bio-mineralization. Fur-
thermore, gypsum bio-mineralization has been described in environments with abun-
dant liquid water (Petrash et al., 2012) but never in hyper-arid environments. Detailed
examination of the rhyolite rock surfaces revealed microbial colonization within the gyp-
sum surface crust and at the contact zone between the gypsum crust and the rhyolite
rock surface (Fig. 1a). The endolithic colonization was visible as a narrow 0.2—1 mm
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thin, pale green layer (Fig. 1a). The rocks micromorphology, examined by scanning
electron microscopy in backscattered electron mode (SEM-BSE), showed fissures and
cracks inside the rhyolite with some fissures also filled with gypsum, as confirmed by
energy dispersive X-ray spectroscopy (EDS) elements distribution maps (Fig. 1b). Fur-
ther analyses (SEM-BSE-EDS) revealed the distribution of gypsum (yellow spots of Ca
and S belonging to CaSO, - 2H,0) inside the rhyolite fissures and pores (Fig. 1b), and
on the surface crust covering the rhyolite.

Microbial cell aggregates detected by SEM-BSE were not numerous but were uni-
formly distributed across the contact zone between mineral grains (Fig. 1b—e). Cell-
forming aggregates with morphology similar to cyanobacteria of the Chroococcales
were tightly packed in the rock’s fissures among gypsum crystals (Fig. 1c¢). Morpho-
logically similar cyanobacterial cells were also found in fissure and crack spaces with
gypsum crystals and cristobalite (Fig. 1d) as well as gypsum and plagioclase (Fig. 1e).
Observations of the microbial colonization from the same areas with fluorescence mi-
croscopy revealed the autofluorescence of cyanobacterial cells (Fig. 1f). Both SEM-
BSE and fluorescence microscopy documented the similar morphology between the
cyanobacterial cells and those of the Chroococcidiopsis genus (Fig. 1f). A schematic
diagram of the rhyolite microbial colonization is showed in Fig. 3a.

Rock samples from Valle de la Luna were composed of laminated calcite layers with
a thickness of several centimeters (Fig. 2a). The calcite composition of these layers
was confirmed by X-ray diffraction analysis, with some of the layers interspaced with
limestone. In this paper we will refer to these calcite rock layers as “Luna” rocks. Pet-
rography study showed sparitic and microsparitic crystals of calcite, forming undulated
sheets (data not shown). The bottom and top of these layers (clear brown color in the
field, Fig. 2a) were composed of ooids and some detritical grains of quartz cemented
by sparitic calcite crystals, forming hardened layers. This hardened cover, up to 5mm
thick, formed an impermeable layer in which pores and fissures of the original rock
were infilled with secondary calcite. This calcite had most probably precipitated from
outward migration in solution. Many of the calcite layers showed fragmentation in the
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form of irregular narrow cracks that extended perpendicular or parallel to the rock sur-
face (Fig. 2a, b). This type of weathering has been attributed primarily to repeated
expansion and contraction induced by extreme diurnal rock temperature variations.
However, concomitant action of other mechanisms such as wetting/drying, salt crystal-
lization/solution, salt hydration/dehydration, and freeze/thaw cycles before breakdown
can also produce the same type of weathering (Smith, 1988). Detailed studies of the
surface of calcite layers frequently show the presence of micro-scale weathering fea-
tures, defined as microrills or “rillensteine” (Fig. 3c), and forming small and short sinu-
ous channels (normally < 1 mm wide and deep) and flutelike features (Smith, 1988).
An abundant microbial colonization of cracks and fissures, in the form of green and
green-yellow spots, was almost always found upon fracturing the rocks with a ham-
mer (Fig. 2a). The rock colonization was close to the surface and as deep as 20—
30 mm (Fig. 2a). Dense cellular aggregates were found in a well-developed network of
cracks and fissures within the calcite layers (Fig. 2b, c). A higher magnification view of
these microbial aggregates revealed the presence of cells with morphology similar to
cyanobacteria from the Chroococcales order (Cy) and a relatively large amount of het-
erotrophic bacterial cells (Fig. 2d). The 3-D reconstruction of fluorescence microscopy
images displayed the intense autofluorescence of phototrophic cells (red) associated
with SYBR Green-stained heterotrophic bacterial cells (green signal in Fig. 2e). The
close association between phototrophs and heterotrophs can also be observed using
SEM (Fig. 2f). The abundance of biological material within the Luna rocks permitted
their isolation and observation with transmission electron microscopy (TEM), which was
not possible with the Tilo rocks. Single baeocyte of cyanobacteria from the Chroococ-
cales order were visualized, revealing ultrastructural elements such as cellular granules
and thylakoid intracytoplasmic photosynthetic membranes (Fig. S2a). Our microscopic
observations confirmed the similar morphology between the observed cyanobacteria
cells and members of the Chroococcidiopsis genus (Fig. S2a—c). The TEM images
showed cyanobacterial cells surrounded by electron dense structures forming several
concentric sheaths and abundant extracellular material (Fig. S2b, c). Several areas of
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this dense biofilm also revealed heterotrophic bacteria embedded within the extracel-
lular material attached to the cyanobacterial cells (Fig. S2c, d). A schematic diagram
of the calcite microbial colonization is showed in Fig. 3b.

3.3 Molecular characterization of rock microbial communities

The endolithic communities of Tilo and Luna rocks were characterized by high-
throughput sequencing of barcoded 16S rRNA gene sequences. We performed DNA
extractions from two Luna rocks (Luna 1 and Luna 2), collected within 50 m of each
other, and from one Tilo sample consisting of several rock fragments collected over
a1m? area (Tilo). Amplicons pooled from triplicate 16S rRNA gene amplifications were
sequence by pyrosequencing. We obtained a total of 17032 high quality sequences
reads from three dataset with 2622, 3715 and 10695 reads for Luna 1, Luna 2, and
Tilo, respectively. To remove biases from sequencing efforts, each sample was ran-
domly sub-sampled to obtain datasets equivalent to those from the sample with the
lowest sequence read count (Luna Rock 1: 2622 sequence reads) as recommended
by Lozupone et al. (2011). Operational taxonomic units (OTUs) assignment at the 95 %
sequence similarity level was performed with CloVR-16S on the sub-sampled dataset
(Angiuoli et al., 2011). We validated our analysis of B-diversity (communities compar-
ison) by calculating pairwise UniFrac metrics for our 3 datasets (Luna 1 and 2, and
Tilo) (Lozupone et al., 2006). We applied the UniFrac significance test to our pairwise
comparisons and the reported p-values indicated that the two replicate samples from
Valle de la Luna (Luna 1 and 2) shared significantly similar lineages (p-values corrected
for multiple comparison using the Bonferroni correction = 1), whereas, the sample from
Tilocalar (Tilo) was significantly different from the two samples from Valle de la Luna
(p-values were <0.04 and < 0.01 for the two comparisons, respectively). Non-metric
multidimensional scaling of Theta-YC distances, based on relative abundance of OTUs,
also showed a clear clustering of the two Luna communities away from the Tilo com-
munity (Schloss et al., 2009; Yue and Clayton, 2006); analysis of molecular variance
on the distances was highly significant with a p-value < 0.001 (Schloss et al., 2009).
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Of the 382 OTUs (95 % sequence similarity level) obtained for the Luna and Tilo
rocks, ~50 % were represented by a single sequence (singletons) and only 30 OTUs
were shared between the Tilo and Luna communities; in contrast, 88 OTUs were
shared between the two Luna rocks (Fig. S3). More than 93 % of OTUs could be clas-
sified at the phylum level (using the RDP Classifier trained using the Greengenes ref-
erence database) and 89 % and 76 % of the Tilo and Luna rocks, respectively, at the
family level, indicating a number of as-of-yet uncharacterized lineages (Fig. 4a). Good’s
coverage is an estimator of sampling completeness and calculates the probability that
a randomly selected amplicon sequence from a sample has already been sequenced.
At the 95 % similarity level, we had 98 % coverage for the Luna rocks and 96 % for the
Tilo rocks (Table 1).

Both rock communities were dominated by a few highly abundant OTUs (those con-
taining > 1 % of total sequences) that represented ~ 79 % of the sequences (22 OTUs
for Luna Rocks and 6 OTUs for Tilo Rocks). The most abundant OTUs in the Tilo com-
munities were members of the phylum Cyanobacteria and the class Gammaproteobac-
teria, whereas those in the Luna community belonged to the phyla Cyanobacteria, Acti-
nobacteria, Proteobacteria, Deinococcus-Thermus, Bacteroidetes, and Gemmatimon-
adetes (Fig. 4a). The remaining sequences (~ 21 %) comprised 93 singletons in the
Tilo community but only 56 in the Luna communities (Fig. S4). It was intriguing to find
a large number of OTUs in the Tilo community that belonged to the Burkholderiaceae
family (Fig. 4a). However, Burkholderia are ubiquitous, they are found in soil, ground
water, and they have been previously detected in rock varnish communities from the
Atacama Desert (Kuhlman et al., 2008). In all, 8 to 11 phyla (phyla with more than one
representative OTU), out of the ~ 75 known bacterial phyla (Ley et al., 2006), were rep-
resented in the rock communities. No Archaea was found in any of the samples despite
multiple attempts at PCR amplification using specific archaeal primers (4Fa and 338R,
Lane, 1991) with and without nested primers (data not shown).

The most abundant shared OTUs between the two communities belonged to the
phyla Cyanobacteria and Actinobacteria, as well as the class Alphaproteobacteria
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(Fig. 4). Diversity estimates (a combination of the richness and evenness of a commu-
nity), as reported by the Shannon and Simpson indexes (Table 1), showed greater di-
versity for the Luna than the Tilo community, irrespective of a similar richness between
the communities. This is likely the result of the large number of singletons found in the
Tilo community resulting in a greatly uneven phylotype distribution (Fig. S4). Measure-
ments of B-diversity, using the UniFrac ¢-test (Lozupone et al., 2006) and non-metric
multidimensional scaling of Theta-YC distances (Schloss et al., 2009) as described
above, indicated that overall composition of the two communities differed significantly
from each other.

While both communities were dominated by oxygenic photosynthetic cyanobacte-
ria, phototrophs represented 71 % of the total bacterial taxa in the Tilo rocks but only
50 % in the Luna rocks (Fig. 4). In the Tilo rock community, the majority of cyanobacte-
ria were assigned to the genus Chroococcidiopsis (97 %) (Pleurocapsales order) and
only one phylotype was assigned to the Nostocales (Fig. 4b). The Luna cyanobacterial
community also displayed a large number of Chroococcidiopsis phylotypes (49 %) but
it was more diverse, with sequences related to members of the Nostocales and Oscilla-
toriales (Fig. 4b; Table S2). Blast analysis of sequences representative of phototrophs
from the Tilo and Luna communities showed that they were most closely related to
environmental sequences from endolithic and hypolithic habitats from extreme deserts
around the world (Table S2).

4 Discussion

4.1 Microclimatic and physical differences in the chasmoendolithic microbial
colonization of rhyolite-gypsum and calcite rocks

Efforts in searching for microbial life in the hyper-arid zone of the Atacama Desert re-
cently revealed a small number of lithic habitats colonized by phototrophy-based com-
munities (Dong et al., 2007; Warren-Rhodes et al., 2007; Azua-Bustos et al., 2011;
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de los Rios et al., 2010; Wierzchos et al., 2006a, 2011, 2012a; Kuhiman et al., 2008).
Most of these habitats were cryptoendolithic and a small number were hypoendolithic.
Here, we describe novel chasmoendolithic microbial ecosystems within calcite rocks
and within the mineral phase between volcanic rhyolite and gypsum crust in two geo-
graphic locations of the Atacama Desert subjected to similar hyper-arid environmental
conditions.

Distribution of the chasmoendolithic colonization in the Atacama rocks was sig-
nificantly different between the two rock substrates we compared. Colonization in
the rhyolite rock was localized in direct contact or in close proximity to the gypsum
(CaS0,-2H,0) mineral phase; cyanobacterial cells were uniformly distributed within
the rock fissures among gypsum crystals, the plagioclase and cristobalite minerals,
and their combination (e.g. fissure among gypsum and cristobalite). In contrast, colo-
nization of the Valle de la Luna rock was found along networks of deep cracks and fis-
sures of almost pure calcite (CaCQO;). Differences in mineralogy and porosity between
basaltic glasses and obsidian rocks colonized by endolithic bacteria were suggested
as potential factors influencing microbial community structure and composition (Cock-
ell et al., 2011). Similarly, the fine-grained gypsum crusts of the Atacama and Mojave
Deserts harbored abundant colonization of heterotrophic bacteria whereas very few
were found in the fibrous gypsum from the Jordan Desert (Dong et al., 2007). It is
therefore likely that the physical and chemical properties of the substrates influence
the bioreceptivity of the Tilo and Luna rocks.

The effectiveness of gypsum in attenuating UV light has been reported in several
studies suggesting that in the Tilo rock, gypsum provides protection against harmful
UV radiation. Amaral et al. (2007) reported transmission of less than 20 % of UV light
through a 0.5 mm-thick gypsum layer and significant attenuation of UV radiation was
shown with Arctic and Antarctic gypsum crusts of ~ 1 mm thick (Cockell et al., 2010;
Hughes and Lawley, 2003). A similar mechanism of light scattering was suggested to
explain the UV protective effect of both gypsum and calcite (Cockell and Raven, 2004;
Cockell et al., 2008). While UV is almost completely attenuated by a 1.2 mm thick layer
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of gypsum (0.005 % of UVB and 0.05 % of UVA remaining), the decline in visible light
transmission occurs at a much lower rate (PAR transmission remaining ~ 1 %), pro-
viding sufficient photosynthetically active radiation for phototrophs (Hughes and Law-
ley, 2003; Amaral et al., 2007). Light penetration studies in dolomite [CaMg(CO3),]
from Switzerland reported up to 5 % of light surface intensity still present at 2 to 3mm
within the rock, providing a perpendicular incidence (Horath et al., 2006). In limestone
(CaCO,) of the Niagara Escarpment, phototrophic colonization of the rock extended
between 0.9 and 3.5mm deep (Matthes et al., 2001), where only a fraction of the sur-
face light was detectable, suggesting that light attenuation patterns might limit the depth
distribution of algae and cyanobacteria within the rock (Matthes et al., 2001; Horath and
Bachofen, 2009). We showed that chasmoendolithic phototrophs from the calcite rock
of Valle de la Luna colonized a network of fissures 20 to 30 mm deep without forming
a clear inner boundary within the rock. This colonization pattern might suggest that fis-
sures increase the amount of light available within the rock, allowing chasmoendolithic
phototrophs to penetrate deeper inside the rock. Water-filled fissures below the rock
surface have even been suggested to act as optic glass fibers, conducting light inward
and deeper inside the rock (Danin, 1999). Schematics of chasmoendolithic microbial
ecosystems in semi-translucent calcite and in gypsum crust associated with rhyolite
(Fig. 3) illustrate the remarkable properties of both rock substrates for limiting expo-
sure to UV radiation, and potential photo-inhibition, while providing enough light for
photosynthesis.

One factor that might relate to the more diverse community observed in the cal-
cite chasmoendoliths is physical stability of this substrate. Calcite shows very low
solubility rates (O.O159I'1; Kgp = 4.8 x 10'9) when compared to gypsum (2.4g|'1;
Kgp =3.14 x 107°). Gypsum saturated water solution has a specific conductance value
of 2.2dSm™" compared to only 0.03dS m~' for a saturated solution in equilibrium
with calcite, resulting in @ much higher osmotic pressure for the aqueous solution in
the rhyolite-gypsum substrate than in the calcite rock. Corbel (Corbel, 1971) deduced
that solution rates of limestone from arid Western Algeria were equivalent to surface
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lowering of 0.08 mm 1000 yr‘1. In contrast, the higher solubility rate of gypsum crystals
would decrease substrate stability and might deeply affect the diversity and survival of
microorganisms within this substrate.

Assuming similar micro-climatic conditions for Tilocalar and Valle de la Luna sites,
we speculate that occurrence of dew will be more likely on the calcite rock because its
thermal conductivity (TC) of 3.25 to 3.90Wm 'K is twenty times higher than that of
gypsum (TC of 0.17Wm™' K’1). This is important, because it is commonly accepted
that dewfall can be a substantial source of moisture in many of the world’s deserts
(Budel et al., 2008; Kappen et al., 1979; Kidron, 1999, 2000). Microrills features, at-
tributed to calcite dissolution induced by the presence of thin films of water from dew,
have been reported for limestones from the southeast desert in Morocco (Smith, 1988;
Laudermilk and Woodford, 1932). According to the solution rates of limestone reported
by Corbel (1971), the 1 mm-deep microrills we observed in Valle de la Luna would re-
quire ~ 12500 yr to be shaped by moisture events, strongly supporting the persistence
of climatic conditions over long periods of time in this region. Dewfall episodes were
also indicated as important factors involved in the formation of microkarstic features
in deserts (Smith, 1988) that were found associated with endolithic and epilithic algae
responsible for algal boring, plucking and etching (Smith et al., 2000). The high thermal
conductivity of calcite, higher air RH values, and the characteristic microkarstic features
found on the calcite layer surfaces strongly suggest that dewfall might be a common
and important source of liquid water for the chasmoendolithic community inhabiting the
calcite rock of Valle de la Luna, greatly increases water availability in this ecosystem.

The colonization zone in the Tilo rock was located beneath a 2—5 mm thick layer of
gypsum covering the poorly porous rhyolite rock. In this chasmoendolithic habitat, water
evaporation rates after scarce rainfalls would be relatively high. In contrast, the Luna
rock fissures were abundant, narrow and deep (up to 20-30 mm), perpendicular and
also parallel to the rock surface, forming a complex labyrinth-like network. Liquid water
storage and its retention would be high in this type of fissures and cracks network,
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suggesting higher water availability in the calcite rock, possibly affecting the microbial
diversity we observed in the chasmoendoliths of the Luna rock.

4.2 Microbial composition in rocks from the hyper-arid zone of the Atacama

We used high-throughput sequencing for an in-depth characterization of microbial com-
munities inhabiting rock formations in the hyper arid zone of the Atacama Desert. This
area is particularly inhospitable and colonized rocks in Tilocalar (rhyolite covered by
gypsum crust) and Valle de la Luna (calcite) were extremely scarce. While two inde-
pendent rock samples from Valle de la Luna were analyzed, because of the paucity
of colonized rocks in Tilocalar, and the small size of the colonized zone in each rock,
we pooled material from several rocks collected over 1 m? into one sample for DNA
extraction for this site. Statistical analysis of microbial community composition showed
low intra-site variation for Valle de la Luna and a significant difference between the
Valle de la Luna and Tilocalar sites. Our data also showed that the Tilo and Luna rock
communities follow an environmental community model consisting of a few dominant
phylotypes and a number of less abundant taxa that constituted the majority of the total
community diversity (Sogin et al., 2006).

Analysis of the microbial communities inhabiting the rhyolite-gypsum and calcite
rocks uncovered substantial bacterial diversity, abundant novel phylotypes, and sig-
nificant differences in community structure and composition between the two types of
substrates. The absence of amplicons when using archaeal-specific primers and our
detailed observations with several microscopy techniques (SEM-BSE, SEM-SE, TEM,
and FE) strongly suggest that these communities were uniquely bacterial. The calcite
rock community was characterized by a higher diversity than that of the rhyolite-gypsum
rock, as calculated by diversity estimators. While both communities were dominated
by cyanobacteria of the Chroococcidiopsis genus that are typically found in endolithic
(de los Rios et al., 2010; Wierzchos et al., 2006b, 2012a; Pointing et al., 2009; Dong
et al., 2007; Wong et al., 2010) and hypolithic habitats (Warren-Rhodes et al., 2006;
Azua-Bustos et al., 2011) of extremely cold and hot deserts, phototrophs in the Luna
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rock were more diverse, including members of the Nostocales and Oscillatoriales fam-
ilies. Associated with phototrophs, endolithic communities also harbor heterotrophic
microorganisms, which are mostly consumers and derive their energy from the prod-
ucts of photosynthesis (Friedmann and Ocampo-Friedmann, 1984). Remarkably, the
associated heterotrophs of the Atacama chasmoendolithic communities also differed
with rock types. Heterotrophic bacteria represented a larger fraction of the community
in the Luna rock and were found embedded in extracellular matrix. The most common
phylotypes in the Luna community, in addition to cyanobacteria, belong to phyla that
are commonly found in endolithic habitats (Dong et al., 2007; de la Torre et al., 2003;
Walker and Pace, 2007b; Pointing et al., 2009; Wong et al., 2010), in contrast, the Tilo
community was mostly dominated by cyanobacteria.

5 Conclusions

This study reports for the first time on chasmoendolithic microbial communities in lithic
substrates of the hyper-arid zone of the Atacama Desert. We describe here relatively
simple microbial communities inhabiting the cracks and fissures of calcite and rhyolite-
gypsum rocks. These communities were dominated by desiccation-tolerant cyanobac-
teria associated with microorganisms found in other endolithic habitats worldwide, sup-
porting the hypothesis put forward by Walker and Pace (2007a) of a global meta-
community uniquely adapted to the endolithic habitat. Under the extreme environmen-
tal conditions of the Atacama Desert, we suggest that these chasmoendolithic habitats
protect microbial communities from UV and excessive PAR radiation and supply in-
creased moisture, thus providing environmental refuges — or islands of life — in the
desert. While the rock mineralogy, as a nutrient source, and physical stability of the
substrate are important factors, water availability appeared to be essential in shaping
these endolithic microbial communities. In Valle de la Luna, the occurrence of liquid
water in the form of scarce precipitations and potential dewfalls, and the increased wa-
ter retention facilitated by the pervasive network of cracks and fissures in the rock, were
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associated with a significantly more diverse microbial ecosystem. Although it is difficult
to tease out the specific environmental factor(s) responsible for the more diverse com-
munity we observed in the calcite rock of Valle de la Luna, microbial diversity in this
extreme ecological niche is most likely shaped by a combination of these factors.

The patterns of chasmoendolithic colonization we observed within different lithic sub-
strates provided insights into the adaptive strategies of life in extreme environments.
Our findings set the stage for the reconstruction of historical patterns of colonization in
desert areas and for predicting future changes in microbial habitats in deserts affected
by climate change. These observations are particularly relevant to the search for life on
Mars, since they provide a continuum in the spectrum of possible habitats available to
life on the surface of the planet as conditions changed from relatively wet to extremely
cold and dry.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/9/15603/2012/
bgd-9-15603-2012-supplement.pdf.
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Table 1. Observed richness, diversity indexes, and sequence coverage for the Tilo and Luna
rocks based on 16S rRNA gene sequence assignments with a 95 % sequence similarity thresh-
old.

Samples OTUs? Shannon index? Inverse Simpson index? Good’s Coverage
Observed richness  Estimated diversity Estimated diversity %

Tilo 173 2.2 3.75 96

Luna 1 175 3.8 26.14 98

Luna 2 152 3.6 21.40 98

Abbreviation: OTU, operational taxonomic units;
®analysis using datasets of equal size (2622 sequence reads), subsampled from for all Tilo and Luna rock samples
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Fig. 1. Cross-sections of Tilo rhyolite rocks and their microbial colonization. (a) In field macro-
scopic view of rhyolite (R) revealing green spots of chasmoendolithic microorganisms (black
arrows) beneath gypsum (Gy) deposits. (b) SEM-BSE low magnification image of transversal
section showing gypsum deposit (Gy) covering rhyolite (R) rock. Gypsum deposit composition
and gypsum occurrence within fissures (white arrows) and pore (open arrow) were detected
by superpositioned image (yellow spots) of Ca and S (belonging to CaSO, -2H,0) and ob-
tained by EDS elemental distribution map. Green dots show places where chasmoendolithic
microorganism cells where detected and arrowheads indicate position of the cells showed in
following (c—e) SEM-BSE detailed images. (¢) SEM-BSE image of cyanobacteria cell aggre-
gates within fissures among gypsum (Gy) crystals. (d) SEM-BSE image of cyanobacteria cells
within fissures among cristobalite (Cr) matrix. () SEM-BSE image of cyanobacteria cells within
fissures between gypsum (Gy) and plagioclase (P) crystals. (f) Fluorescence microscopy im-
age of cyanobacteria (red autofluorescence) cell aggregates isolated from rock; some of the
cells reveal autofluorescent concentric thylakoids-like structures (white arrows). Blue signal is
autofluorescence of dead cells or their relics and extracellular polymeric substances.
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Fig. 2. Cross-sections of Luna calcite rocks and their microbial colonization. (a) In field macro-
scopic view of calcite fissure wall revealing green spots of chasmoendolithic microorganisms
(black arrows) beneath the rock surface. Note the presence of a hardened surface layer (white
arrow) with microrills. (b) SEM-BSE low magnification image of transversal section showing the
fissure and crack network within calcite rock; white arrows shows places where aggregates of
chasmoendolithic microorganism cells where detected and the arrowhead indicates the position
of the cells showed in (¢) and (d). (¢) SEM-BSE image of cyanobacteria cell aggregates within
a thick fissure. (d) Detailed SEM-BSE image from square area in (¢) of cyanobacteria cells (Cy)
associated with heterotrophic bacteria cells (arrows). (e) In situ fluorescence microscopy image
(3-D reconstruction) of SYBR Green | stained chasmoendolithic microorganisms within the cal-
cite rock obtained by SIM technique showing an undisturbed aggregate of cyanobacteria (red
autofluorescence) and associated heterotrophic bacteria (green SBI signal); arrowheads point
to lateral projections of the image. (f) SEM-SE image of external morphology of cyanobacteria
cells with associated heterotrophic bacteria (arrows).
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Fig. 3. Properties of substrates colonized by chasmoendolithic microbial communities. (a) _
Schematic representation of colonization between gypsum deposits and rhyolite rock from Tilo- o
calar area, and (b) within the network of crack and fissures of calcite rock from Valle de la Luna. 3
Drawings are on different scales; chasmoendolithic colonization in rhyolite/gypsum phase oc-  §; _
curs up to 5mm deep whereas in calcite rock colonization was found up to 30 mm deep. (c) g- _
Surface of calcite bed from Valle de la Luna showing microrill (rillensteine) weathering features. '30
Insert image shows a detailed view of these calcite dissolution structures; note the irregularly i
fractured limestone hardened layer. @ (<9 2
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Fig. 4. Atacama rock community structure based on environmental 16S rRNA gene sequences
from the Tilo and Luna rocks. (a) Relative abundance of major bacterial families (> 50 counts
summed across all samples); “other” are unidentified families; boxes are cyanobacterial fami-
lies. (b) Relative abundance of Cyanobacteria OTUs (> 5 % cut off); boxes are common OTUs.
Taxonomic assignments according to Table S1: green colors are Pleurocapsales (Chroococ-
cidiopsis), blue colors are Nostocales, red color is Oscillatoriales, and purple color is “others”
(taxa represented by < 1 %). Analysis based on equally sized datasets (2622 sequence reads),
randomly sub-sampled from Tilo and Luna Rock datasets.
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