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Abstract In this paper, we report the presence of sedi-
mentary microbial ecosystems in wetlands of the Salar de
Atacama. These laminated systems, which bind, trap and
precipitate mineral include: microbial mats at Laguna Te-
benquiche and Laguna La Brava, gypsum domes at Te-
benquiche and carbonate microbialites at La Brava.
Microbial diversity and key biogeochemical characteristics
of both lakes (La Brava and Tebenquiche) and their various
microbial ecosystems (non-lithifying mats, flat and domal
microbialites) were determined. The composition and
abundance of minerals ranged from trapped and bound
halite in organic-rich non-lithifying mats to aragonite-
dominated lithified flat microbialites and gypsum in
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lithified domal structures. Pyrosequencing of the V4 region
of the 16s rDNA gene showed that Proteobacteria com-
prised a major phylum in all of the microbial ecosystems
studied, with a marked lower abundance in the non-lithi-
fying mats. A higher proportion of Bacteroidetes was
present in Tebenquiche sediments compared to La Brava
samples. The concentration of pigments, particularly that
of Chlorophyll a, was higher in the Tebenquiche than in La
Brava. Pigments typically associated with anoxygenic
phototrophic bacteria were present in lower amounts.
Organic-rich, non-lithifying microbial mats frequently
formed snake-like, bulbous structures due to gas accumu-
lation underneath the mat. We hypothesize that the lithified
microbialites might have developed from these snake-like
microbial mats following mineral precipitation in the sur-
face layer, producing domes with endoevaporitic commu-
nities in Tebenquiche and carbonate platforms in La Brava.
Whereas the potential role of microbes in carbonate plat-
forms is well established, the contribution of endoevapor-
itic microbes to formation of gypsum domes needs further
investigation.

Keywords Hypersaline lakes - Microbial mats -
Microbialites - Atacama

Introduction

Over the past decades, the role of microorganisms in geo-
logical processes, particularly in microbially induced min-
eral precipitation (also referred to as organomineralization)
has gained much attention in sedimentological and geomi-
crobiological literature (Reid et al. 2000; Dupraz et al.
2004, 2009; Dupraz and Visscher 2005; Glunk et al. 2011).
From the Eoarchaean (4-3.6 Gy bp), microbes have played
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a crucial role in the geochemical processes that form our
planet’s sedimentary record (Knoll and Golubic 1992;
Gerdes 2007; Dupraz et al. 2009): in laminated organose-
dimentary structures or microbial mats, they stabilize sed-
iments (Paterson 1994), mediate mineral precipitation or
dissolution (Visscher and Stolz 2005), impact microfabric
(Dupraz et al. 2009), influence the mineral composition and
morphology (Braissant et al. 2004) and are capable of
shaping the macrostructure of buildups (Burne and Moore
1987; Reid et al. 2000). In the organomineralization pro-
cess, where microbes alter the geochemistry of their
immediate microenvironment through metabolic activities
and induce or influence mineral precipitation (Dupraz et al.
2009), mineral fabrics can be altered (Beveridge 1981;
Cody and Cody 1989; Gerdes et al. 1994; Ludwig 2004;
Douglas 2005; Ali-Bik et al. 2011). Furthermore, microor-
ganisms typically have anionic cell surfaces that act as
effective nucleating agents for mineral precipitation by
scavenging metal ions from their environment (Beveridge
1981; Douglas 2005; Dupraz and Visscher 2005). Exo-
polymeric substances (EPS), produced by a variety of mat
organisms (Decho 2000; Gallagher et al. 2010) consist of an
organic matrix with anionic functional groups capable of
binding metal ions like Ca®* (Braissant et al. 2007). When
microbes degrade EPS, Ca®* is liberated and carbonate
minerals precipitate (Dupraz and Visscher 2005; Glunk
et al. 2011). This organomineralization process can result in
the lithification of microbial mats, thereby forming modern
microbialites (Dupraz et al. 2009). In contrast to the
organic-rich, non-lithifying mats that consist largely of
biomass with sporadically bound and trapped particle
inclusions, microbialites are organosedimentary deposits
that have accreted as a result of benthic microbial trapping
and binding of sediment and, in addition, also mineral
precipitation (Burne and Moore 1987). The microbialites in
this study are actively forming at the surface, undergoing
early diagenesis at the subsurface, and are therefore referred
to as modern microbialites (Dupraz et al. 2011). Evidence
from abundant fossil microbialites in the rock record sug-
gests that microorganisms have engaged in organominer-
alization for most of Earth’s history (Riding 2011).

Most investigations of microbial-induced organominer-
alization focus on carbonates: calcite and/or aragonite (Arp
et al. 1999a, b; Reid et al. 2000, 2003; Reitner et al. 2005;
Jahnert and Collins 2013), magnesium calcite including
dolomite (Vasconcelos and McKenzie 1997; Glunk et al.
2011) and magnesite (Thompson and Ferris 1990; Sanz
Montero and Rodriguez Aranda 2008). Microbial mats
associated with halite and gypsum crusts are commonly
referred to as endoevaporitic mats (Rothschild et al. 1994).
They form through physicochemical mineral precipitation
due to evaporation producing crusts and “stromatolite-
like” domal structures (Babel 2004; Stivaletta et al. 2010).
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These laminated microbial endolithic domal structures are
often referred to as endoevaporites (Rothschild et al. 1994;
Spear et al. 2003; Canfield et al. 2004; Sahl et al. 2008).
The exact role of microbes in the formation of these gyp-
sum domes is not well established. Some of the physical
properties of gypsum, such as translucency and hygros-
copy, are favorable for the development of endoevaporitic
microbial mats (Rothschild et al. 1994; Oren et al. 1995;
Stivaletta and Barbieri 2009). Despite the abundance of
extant and extinct ecosystems where microbes are associ-
ated with gypsum (Babel 2004; Oren et al. 1995; Vogel
et al. 2009), few studies have focused on the role of
microorganisms in CaSO, precipitation.

One of the Earth’s largest evaporitic basins, Salar de
Atacama, located in the Chilean central Andes, is com-
prised of a large number of closed basins in which salares
form. These salares are saline lakes (locally referred to as
“lagunas™) at the edge of which evaporitic crusts form
(Stoertz and Ericksen 1974; Risacher et al. 2003).

In this study, we compare two lagunas in Salar de At-
acama in which a variety of non-lithifying microbial mats
and microbialites, including calcium carbonate platforms
and endoevaporitic gypsum domes, form. We provide a
description of these ecosystems, including the setting,
the composition of their mineral phase and the microbial
diversity.

Materials and methods
Site description

The Salar de Atacama depression is a distinct geomor-
phologic structure in northern Chile (Risacher et al. 2003)
and is the oldest and the largest evaporitic basin in that
country. It is a tectonic intramontane basin filled with
Tertiary to Quaternary clastic and evaporitic sediments of
continental origin. The Salar’s hydrogeological setting is
quite complex, receiving both surface and groundwater
inputs predominantly from the east (Bevacqua 1992). The
main water input is through leaching and direct contribu-
tions of Tertiary and Quaternary volcanic material. In the
lowest region of Atacama basin, groundwater surfaces,
forming a series of lakes include: Laguna de Piedra,
Laguna Tebenquiche, Chaxas, Burro Muerto and La Brava
(Alonso and Risacher 1996). The environmental conditions
of these lakes are characterized by (1) high solar radiation
due to a lower barometric pressure at high altitude, and
consequently decreased absorption of solar radiation
(Cabrera and Pizarro 1994), (2) extreme diel temperature
fluctuations typical of desert environments, (3) net evapo-
ration producing hypersaline water and (4) high arsenic
concentrations in the water due to volcanic events (Lara
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et al. 2012). All these conditions contribute to an envi-
ronment that selects for microbial extremophiles.

Previous microbiological studies in Salar de Atacama
have focused on the diversity (Dorador et al. 2009) and
aresenic resistance (Lara et al. 2012) of water and sedi-
ments in Laguna Tebenquiche, Burro Muerto, and Chaxas.
To date, no geomicrobial investigations that include
diversity studies of the endoevaporitic gypsum domes in La
Brava and Tebenquiche have been published.

The Salar de Atacama comprises two main units: a core
and a marginal zone. The core (1,100 km? and 900 m
thick) consists of a porous halide (90 %) impregnated with
a sodium chloride brine rich in lithium (Li), potassium (K),
magnesium (Mg) and boron (B) occupying the interstices
of the halide. The marginal zone of the Salar consists of
thin saline sediments that are rich in sulfates, especially
gypsum (Bevacqua 1992; Alonso and Risacher 1996).
There are two types of brines in the Salar de Atacama: type
Na—Ca—(Mg)-Cl (“calcium” brines) and other types of
Na—-(Mg)-SO4—Cl1 (“sulfate” brines) (Alonso and Risacher
1996). Tebenquiche is located closer to the core and La
Brava is in the marginal zone.

Sample site and sample collection

A variety of microbial mats associated with and water
samples from the respective sites were collected during two
field campaigns in March and November of 2012. Teben-
quiche samples included non-lithifying microbial mats
(TM) and gypsum domes (TD) and La Brava samples
included non-lithifying mats (BM) and microbialites
(BMI). At the time of sampling, the microbial mats (TM,
BM) were submersed in few cm of water and TD and BMI
were found at 15-30 cm depth in the lake.

Samples were taken in triplicate from each sampling
site: 2 cm? with an arbitrarily depth of 3 cm, which
included several mat layers and at least the upper three
layers (green, purple and dark) of the domes (TD) and
microbialites (BMI). The triplicate samples were homog-
enized and aliquots were used for analyses of DNA,
photopigments, organic matter content and mineralogy. For
scanning electron microscopy (SEM) determination, sam-
ples were fixed over night at 4 °C in a Karnovsky fixative
comprising formaldehyde (8 % v/v), glutaraldehyde (16 %
v/v) and phosphate buffer (pH 7).

Samples for SEM and mineralogy of the mats and the
microbialites as well as for water chemistry were stored in
the dark at 4 °C and processed within 1-2 weeks. Samples
for DNA extraction were frozen in liquid nitrogen, stored
in the dark and further processed within a week. Micro-
electrode profiles were measured in situ during the
November campaign (see below). Water samples were
analyzed in situ for temperature and pH, and in the

laboratory for dissolved oxygen, salinity, conductivity,
chlorophyll, total P, NO3, NO>, dissolved Si, Ca, Mg and
major ions (K, SOF and Na™), according to the meth-
odology described by Eaton et al. (2005). NHJ, ortho-
phosphates and Total Organic Nitrogen (NOT) were
analyzed using a Merck Nova 60Spectrocuant instru-
ment. Loss on Ignition (LOI) analysis was used to deter-
mine the organic matter content (%OM) of sediment
samples. The difference in weight of 5 g of sample before
and after heating for 2 h at 450 °C was determined in order
to calculate the amount of the OM. All analyses were
carried out in triplicate.

Photosynthetically active radiation (PAR; 400-700 nm)
was measured using a LiCor LI 250A light meter with a
LiCor LI190 quantum sensor (LiCor Biosciences, Lincoln,
NE, USA) and UV A-B (280—400 nm) measurements were
made with a Solar Light CO. PMA 2100 radiometer (Solar
Light Company, Inc., Glenside, PA, USA).

Microelectrode measurements

Oxygen and sulfide concentrations in mats and microbia-
lites were determined in situ at both La Brava (BM and
BMI) and Laguna Tebenquiche sites (TM and TD). Mea-
surements were taken during the middle of the day (light
intensity of PAR was 1,850-2,550 puE m 2 s_l). Clark-
type oxygen and amperometric sulfide needle electrodes
both with built-in guard cathode and reference electrodes
were connected to a portable picoammeter (Unisense PA
2000, Arhus, Denmark). The sensors were deployed in
200-250 pm depth increments using a manual microma-
nipulator (National Aperture, New Hampshire). Three to
five replicate profiles covering the upper 10-15 mm of
each mat were measured and profiles constructed using
calibration curves determined before and after the mea-
surements. Microbial mats and microbialites display slight
variations in sedimentary features (e.g., thickness of the
mineral crust, depth and thickness of the cyanobacterial
layer, etc.) and therefore representative profiles were cho-
sen for publication. The average depth of O, penetra-
tion and standard deviation of replicate profiles was
calculated and similarly, the average concentration at the
0, maximum and its corresponding standard deviation was
also determined. The oxygen concentration was corrected
for salinity and temperature (Sherwood et al. 1991) and
values determined for an atmospheric pressure of 1 bar.
Corrections for altitude were made using p = pg.e~ (/M)
For h = 2,300 m, which is the approximate altitude of the
Salar de Atacama, using a scale height Ay of the Earth’s
atmosphere of ca. 7,000 m, an atmospheric pressure pq at
sea level of 1 bar, the air pressure p is 0.719 bar. The
needles were able to penetrate the submersed halide and
gypsum crusts of up to 8-10 mm in thickness. Light
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measurements of PAR were made throughout the duration
of the measurements as described above.

Mineralogical analysis using XRD and SEM-EDAX

Mineral composition of the non-lithifying mats, gypsum
domes and microbialites was obtained by X-ray diffraction
(XRD) analyses, which were carried out on finely ground
sample material (<20 pm), measured with a PANalytical
X'Pert PRO diffractometer, with Cu lamp (kx = 1.5403 A)
operated at 40 mA and 40 kV at the Centro de Investi-
gaciones Geoldgicas (La Plata, Argentina).

Light and scanning electron microscopy

Macro- and micro-scale observations were made using an
Olympus SZX12 stereoscope and an Olympus BX60
microscope with a C-2000Z digital camera, respectively.
For scanning electron microscopy (SEM), samples were
fixed overnight at 4 °C in a Karnovsky’s fixative comprised
of formaldehyde (8 % v/v), glutaraldehyde (16 % v/v),
and phosphate buffer (pH 7). The samples were washed
three times with phosphate buffer and CaCl, for 10 min
and fixed with 2 % v/v osmium tetroxide overnight. The
samples were washed twice with ethanol 30 % v/v during
10 min, dried at critical point and sputtered with gold.
Specimens were observed under vacuum using a Zeiss
Supra 55VP (Carl Zeiss NTS GmbH, Germany) scanning
electron microscope. Elemental analyses were done using
energy dispersive X-ray spectroscopy (EDAX) using an
INCA Penta FET-X3 EDS detector (Oxford, UK) and
spectra were analyzed using the INCA Energy software
interface.

Pigment identification by HPLC

Pigment analysis was done by high-performance liquid
chromatography (HPLC) (Borrego and Garcia-Gil 1994).
Samples (1.5 g of mats, lithified domes or microbialites)
were frozen in liquid nitrogen, ground in a mortar and
subsequently freeze-dried. Equal subsamples (0.2 g) of
these freeze-dried samples were mixed with 2 ml of 100 %
methanol and dark incubated overnight at —20 °C. Meth-
anol extracts were centrifuged at 8,000 g for 10 min at
4 °C and the supernatants were filtered through 0.2-um
pore-diameter syringe filters before the HPLC analysis.
HPLC analysis was performed to determine the numbers
and abundances of unique pigments. The HPLC system
consisted of 2 pumps (Waters, model 510), a syringe
loading injector (Rheodyne 7125) fitted with 200 pl loop
(Rheodyne 7025), and a on-line detection by diode array-
based spectroscopy between 250 and 800 nm (Waters 996)
coupled to a computer equipped with the Empower 2007
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Chromatography Manager software (Waters-Millipore),
allowing for the detection of pigments spectra. The column
used was 100 x 4.6 mm Kinetex C-18 (3 pum silica parti-
cle size) protected by an Ultra In-Line Krudkatcher filter
(Phenomenex).

Pigments were identified by comparing the peak reten-
tion times and the corresponding absorption spectra against
standards available in the laboratory or, when not available,
against data in the LipidBank database (http://www.lipid
bank.jp). Pigment abundance was quantified based on the
peak areas in the chromatograms measured at an absorp-
tion wavelength of 435 nm. Peak delimitation and area
integration were carried out automatically by the instru-
ment’s software. Due to the lack of standards for most of
the pigments that were detected, their peak areas were
normalized to the highest area of known peak(s). Since all
samples were collected and analyzed in the same way, the
relative pigment abundances can be compared directly in
all samples. In addition, Chlorophyll a, Beta-carotene,
Lycopene, Diatoxanthin, Lutein, Canthaxanthin and Asta-
xanthin were identified and quantified using standards from
DHI, Denmark. This was done only in the Tebenquiche
samples as none of these pigments were detected in the La
Brava samples.

DNA extraction

Total genomic DNA was obtained from subsamples taken
as described above. Initial attempts using 0.2 g of material
treated with the Power Biofilm DNA Isolation Kit (MO
BIO Laboratories, inc.) were not successful for the mi-
crobialite (hard) samples. Thus, the method described by
Lopez-Lopez et al. (2010) was used for all samples with
minor modifications. In brief, we started with 10 g of
material, and cells were separated from minerals and
exopolymeric organic matrix by repeated washing in
phosphate-buffered saline (PBS) with gentle shaking for
2 h, recovered by centrifugation and stored at —20 °C until
extraction. For DNA extraction, cells were resuspended in
2 ml extraction buffer [100 mM Tris—HCI pH 8, 20 mM
EDTA, 14 M NaCl, 2 % CTAB (hexadecyltrimethyl-
ammonium bromide 99 %)] and lysed in two steps. First,
three freeze—thaw cycles of 15 min were carried out. Then,
treatments with proteinase K, lysozyme and SDS 10 %
were used to ensure complete lysis. DNA was purified from
lysates with phenol:chloroform:isoamylalcohol 25:24:1
and ethanol precipitated.

PCR and pyrosequencing
The V4 hypervariable region of the Bacterial 16s rRNA

gene was amplified using the Ribosomal Database Project
(RDP)-suggested universal primers (http://pyro.cme.msu.
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edu/pyro/help.jsp) that contain the Roche 454 sequencing
A and B adaptors and a 10 nucleotide “multiple identifier”
(MID). Five independent PCRs were performed to reduce
bias. The PCR mixture (final volume 25 pl) contained
2.5 pl FastStart High Fidelity 10x Reaction Buffer (Roche
Applied Science, Mannheim, Germany), 20 ng of template
DNA, 0.4 uM of each primer, and 1.25 U FastStart High
Fidelity Enzyme Blend (Roche Applied Science), and
0.2 mM dNTPs. The PCR conditions were 95 °C for 5 min
for initial denaturalization, followed by 95 °C for 45 s,
57 °C for 45 s, 72 °C for 60 s in 30 cycles, and a final
elongation step at 72 °C for 4 min. Two negative control
reactions containing all components except for the template
were performed. The five reactions’ products were pooled
and purified using AMPure beads XP. Quantification of the
purified PCR product was performed using the Quant-IT
Pico Green dsDNA Kit (Invitrogen Molecular Probes Inc,
Oregon, USA).

Purified PCR product was sequenced on a Genome
Sequencer FLX (Roche Applied Science) using Titanium
Chemistry according to the manufacturer’s instructions.
Analyses were performed at INDEAR (Argentina) gen-
ome sequencing facility. 11,139 filtered sequences with an
average length of 248 bp were obtained from four sam-
ples used in this study. Filter parameters were set to reject
reads that had mean quality score <25, maximum
homopolymer run >6, number of primer mismatches >0,
and read length <200 bp or >1,000 bp. Sequences were
deposited as FASTAQ in the NCBI Sequence Read
Archive (SRA) under the following accession number
SRA061755.

Taxonomy-based and alpha diversity analysis

Diversity of the microbial community was assessed by
analyzing the sequences of the V4 hyper variable region of
Bacterial 16s rRNA using the QIIME software package
v.1.5.0 (Caporaso et al. 2010). Sequences were clustered
into OTUs using UCLUST at the 97 % similarity level
using the most abundant sequence as the representative
sequence for each OTU. A table was compiled of the
number of sequences per OTU. Each representative OTU
sequence was characterized taxonomically with the RDP
classifier using the Ribosomal Database Project (RDP)
database included in QIIME v1.5.0 software using a
bootstrap confidence of 50 %. Other public datasets
including Socompa stromatolite, SRP007748 (Farias et al.
2013), Atacama hyper-arid soils, SRA030747 (Neilson
et al. 2012), Yellowstone stromatolites (http://inside.mines.
edu/ ~jspear/resources.html) (Pepe-Ranney et al. 2012),
Highborne Cay stromatolites, Bahamas (GenBank acces-
sion numbers FJ911975-FJ912833) (Baumgartner et al.
2009a), Highborne Cay thrombolites, SRX030166

(Mobberley et al. 2012), and a Guerrero Negro microbial
mat, (GenBank accession numbers DQ329539-DQ331020
and DQ397339-DQ397511) (Ley et al. 2006) were ana-
lyzed using same procedures for comparative analysis.

OTU tables were subsampled using 10 replicates for
each sampling effort at increasing intervals of 350
sequences and alpha diversity indices were calculated on
each subsample of the rarefaction curve and on the com-
plete OTU table (including all sequences) using QIIME.
Alpha diversity metrics calculated included observed spe-
cies, CHAOI, Shannon, Simpson, Equitability and Domi-
nance indices.

Samples from this work were compared with the pub-
licly accessible datasets listed above. For this comparison,
an UPGMA tree was constructed in QIIME, based on Bray
Curtis distances between samples measured from the rel-
ative abundances at the phylum level.

Results
Physicochemical characteristics

Water temperature in Tebenquiche reached 21.5 °C in
March and 31.0 °C in November, and correspondingly,
24.6 and 30.1 °C in La Brava (Table 1). Based on pH
measurements (7.4-8.6 and 7.8-8.2 for Tebenquiche and
La Brava, respectively), both systems can be classified as
moderately alkaline (Hounslow 1995). Saline and hyper-
saline conditions were determined (38-150 g/L brine).
Relative ions concentration were similar in both systems
chloride > sodium > sulfate > potassium > magne-

sium > calcium. Incident UVA-B radiation measured in
both environments showed that maximal UV-AB reached
57.9 W m~ 2 at noon in La Brava, while in Tebenquiche the
maximal UV-AB reached 53.4 W m™2 at noon.

Distribution and macromorphology of microbial mats,
domes and microbialites

Tebenquiche and La Brava lakes display a characteristic
salinity gradient that results from ground and/or superficial
water input and evaporation (Risacher et al. 2003). Along
the salinity gradients, different microbial ecosystems
developed: organic-rich, non-lithifying microbial mats
were found along the shoreline at low salinity (62 g/L) at
Tebenquiche and, with increasing salinity (116 g/L), the
amount of mineral precipitation and hence lithification
increased as well. At La Brava, the opposite situation was
observed: mats were present near the shore at a higher
salinity (119 g/L) and microbialites (i.e., intermediate and
fully lithified, hard mats; Fig. 2) were found submerged in
the lake where a lower salinity (72 g/L) prevailed. The
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Table 1 Physicochemical parameters measured in the water column
of Laguna Brava and Laguna Tebenquiche, Salar de Atacama

Units La Brava Tebenquiche
Temperature °C 24.6 21.5
pH - 7.9 8.6
Physico-chemical
Dissolved oxygen mg/L 3.75 2.20
Salinity g/L 70.8 102.0
Conductivity mS/cm 107.3 138.7
Chlorophyll a mg/L - 2.875
Total Phosphorus mg/L 1.70 1.41
Orthophosphate mg/L 2.49 0.74
Ammonium mg/L 0.24 -
Nutrients
Total organic nitrogen mg/L 0.92 0.513
Nitrate mg/L - 2.6
Nitrite mg/L - 0.0002
Dissolved Silica mg/L 32 96
Calcium mg/L 812 1,164
Magnesium mg/L 2,568 2,705
Major ions
Potassium mg/L 6,072 5,121
Sulfate mg/L 565 20,388
Sodium mg/L 17,810 40,640
Chloride mg/L 43,057 64,290
Hardness mg/L 12,603 14,042
Organic matter %o - 7.5
Total organic carbon mg/L - 44.5
Other environmental parameters
Total sulfur mg/L - <0.2
Dissolved sulfur mg/L - 6,876
Arsenic mg/L - 2.3

increasing mineral incorporation in mats was confirmed by
the increased mechanical resistance during deployment of
microelectrodes. In the submerged zone at high salinity,
extensive areas of hard domes thrive (Fig. 1b, c). The soft
microbial mats have a variety of macroscopic morpholo-
gies including small domes, and cerebroid, snake and
globular morphologies (Fig. 2a—e) (compare with Dupraz
et al. 2009; Glunk et al. 2011; Jahnert and Collins 2011). In
some areas, bulbous mats accumulate gas at the subsurface
as seen in cross section of Fig. 2b. The submerged non-
lithified mats have a typical pink appearance (Fig. 2a, d),
however, when exposed to the air, a white evaporitic crust
covers the surface (Fig. 2b). At the highest observed
salinity (117 g/L), a hard domal structure forms (Fig. 1b):
this area of higher salinity (conductivity) supports forma-
tion of domal structures (Figs. 1b, ¢, 2g, h). In La Brava,
the microbialites grow upward until they reach the water/
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air interface when they continue to spread laterally and
form platforms (Figs. 1c, 2i). These microbialites display a
typical sequence of (from top to bottom) white, green,
purple and dark colored layers.

Mineralogy XRD-EDAX-SEM and organic matter
determination

XRD analyses revealed that Tebenquiche microbial mats
comprised predominantly halite (42 %) with minor con-
tributions of calcite (22 %), gypsum (22 %) and aragonite
(12 %), and the domal evaporitic systems from Teben-
quiche consisted entirely of gypsum; (Fig. 3a, b). In La
Brava, the mineralogical analyses of the microbial mats
revealed halite (82 %) as the major and aragonite (13 %)
and calcite (7 %) as minor components (Fig. 3c). La Brava
microbialites consisted exclusively of aragonite (CaCOj3)
(Fig. 3d).

Scanning electron microscopy revealed that both mats
and domes contained microbes that were associated with
minerals: cyanobacteria, diatoms, and other microorgan-
isms were part of the lithified structures. SEM and EDAX
confirmed the mineralogical results obtained by XRD (See
above; Fig. 3): both La Brava and Tebenquiche microbial
mats contained aragonite minerals (Fig. 4b), the domes in
Tebenquiche comprised of gypsum only (Fig. 4e) and La
Brava’s microbialites contained aragonite (Fig. 4g).
Cyanobacterial morphologies were found in mats and
domes (Fig. 4a, d). Bacteria associated with aragonite or
gypsum minerals were also observed (Fig. 4b, e). Diatoms
were present in all samples (Fig. 4c, f).

XRD revealed that the elemental composition of the
lithified layers was dominated by Si, and O in lithified
organic part with minor contributions of Mg, Na and P
(Fig. 4f, 1) or S and Ca in gypsum domes (Fig. 4j) and the
silica in diatoms frustules (Fig. 4h).

Organic matter content of the different mat systems
showed a higher content in soft (non-lithifying) mats
(34 &+ 8.7 and 32 £ 11.3 % C for Brava and Tebenquiche,
respectively) than in lithified counterparts (19 &= 5 % C in
gypsum evaporites of Tebenquiche and 16 + 6.8 % C in
aragonitic microbialites in Brava).

Oxygen and sulfide profiles

Depth profiles showed typical subsurface O, maxima in all
mat types that result from oxygenic photosynthesis
(Fig. 5). Replicate profiles (not shown) displayed similar
patterns, with slight differences in depth and magnitude of
the oxygen peak (e.g., in Tebenquiche mats, the average
depth of the O, peak was 1.79 mm with a standard devi-
ation of 0.24, and a corresponding O, concentration aver-
age of 149 uM with a standard deviation of 20.7; in La



Extremophiles (2014) 18:311-329

317

a

68°30'0"W 68°15'0"W 68°0'0"W 67°45'0"W
] ] ]
| L1
» Tebinquiche Lake
S
o
o~
"‘.
2 0 1500 3000
o Meters
&
”
o
S J’\V/
&
(2]
o
=
. /
o~
0 1.500 , 3000
%) 0 10 20 S Veters
5 == ST T
s |
B_1_02_rev1

Fig. 1 a Location of the study area, which consists of a system of several lakes. The two lakes of this study are outlined in the two respective
inserts. b Overview of Laguna Tebenquiche. ¢ Overview of Laguna La Brava

Brava microbialites, average depth of the O, maximum
was at 2.72 mm, standard deviation 0.33, with a corre-
sponding average concentration of 225 puM, and standard
deviation of 24.7). Due to differences in salinity and tem-
perature in La Brava and Tebenquiche (i.e., resulting in
different amounts of dissolved gas at saturation in both
systems), a direct comparison of O, concentrations is not
possible. Therefore, we use % of O, saturation below when
comparing maximum O, concentrations in La Brava and
Tebenquiche systems. The maximum values of oxygen
saturation ranged from a peak value of ca. 130-150 % O,
in the La Brava microbial mat and the Tebenquiche dome

(underneath a gypsum crust of 5.5 mm thickness) to

>200 % in the Tebenquiche (intermediate) mat and the La
Brava microbialites (which had a carbonate crust of
1-2 mm). The mats with the lowest O, peak (Tebenquiche
hard, La Brava soft mats) had little or no free sulfide at
depth, whereas the mats with the highest O, peaks (Te-
benquiche microbial mats and La Brava microbialites)

displayed
(Fig. 5).

Pigments analyses

sulfide concentrations >100 uM at

depth

Although the samples from Tebenquiche and La Brava had
pigments in common, their pigment compositions mark-
edly differed (Fig. 6; Table 2). The identity of the domi-
nant pigments differed between the two sites (Table 2):
Laguna Tebenquiche showed a higher amount of chloro-
phyll (Fig. 7c) and also higher diversity of pigments than
Laguna Brava. For example, Lycopene, Chl a, Bchl e,
Diadinoxanthin [and two unidentified pigments eluting at
20.73 and 23.37 min] were relatively abundant in Teben-
quiche but not detected in La Brava. In contrast, La Brava
samples were dominated by Echinenone, which was very
minor in Tebenquiche mats and not detected in Teben-
quiche domes. The diversity of pigments in the Teben-
quiche mats was much higher than either in Tebenquiche
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Fig. 2 Macroscopic images of mats and gypsum domes: a Microbial
mats of Laguna Tebenquiche. b Cross section of a bulbous mat of
Laguna Tebenquiche. ¢ Cross section of dome (TD) and bulbous
microbial mat (TM) of Laguna Tebenquiche. d Microbial mats of La
Brava, showing the typical cauliflower and snake-like patterns.

domes or in mats and microbialites from La Brava (Fig. 7).
Lycopene derivatives and Fucoxanthin were common in all
samples. Pigments such as Aloxanthin, Echinenone, Bac-
teriochlorophyll-c and a few unidentified pigments were
common and relatively abundant in Tebenquiche mats and
La Brava mats but were not detected in Tebenquiche
domes and La Brava microbialites (Table 2).

Bacterial diversity

The bacterial 16S pyrotag sequences were classified at a
similarity level of 0.97. At this level, richness and diver-
sity metrics were statistically similar for most samples
with the exception of TD (Table 3). In all of the samples,
the collectors’ curves did not reach an asymptote, sug-
gesting that more OTUs are expected with a deeper
sequencing effort (data not shown). The Tebenquiche
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e Mineral crust overlaying an emerged microbial mat at La Brava.
f Cross section of a microbial mat of La Brava. g Dome-shaped,
submerged microbialites of La Brava. h Flattened domes of Laguna
Tebenquiche. i Vertical view of La Brava microbialites

gypsum domes (TD) formed a notable exception to the
trend found for all the microbial mats and microbialite
samples. In these samples, the number of observed OTUs
was much lower, and correspondingly, the CHAOI1 esti-
mator of TD was also the lowest of the group. The
diversity indices Dominance and Equitability show a
similar pattern: the Dominance index, which suggests a
higher representation of a limited number of OTUs, is the
highest for TD and the Equitability index, which points to
an uneven distribution among the taxa, is the highest for
the TD sample. All other samples displayed similar low
Dominance and high Equitability indices.

This dominance/equitability difference between TD and
the rest of the samples is also clear when comparing the
phyla that are present in all of the samples (Fig. 7). The
gypsum dome appears less diverse than unlithified micro-
bial mat samples at this level, with a lower number of phyla
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Fig. 3 XRD spectra showing mineral composition of the mats and microbialites: a Tebenquiche microbial mats and b Tebenquiche domes. ¢ La
Brava microbial mats and d La Brava microbialites. Abundance of major minerals listed in table below the spectra

accounting for the majority of the sequences. In both
TM and TD, Bacteroidetes were dominant, followed by
Proteobacteria. These two groups (phyla) account for more
than 90 % of the sequences in TD, which concurs with the
low values of the diversity estimators discussed above. In
comparison, these two phyla only account for 60 % in TM.

The lowest diversity of all the samples studied was
found in TD, which was dominated by Bacteroidetes
(49.1 %) and Proteobacteria (43.3 %) with the Alpha-
Proteobacterial Rhodospirillales constituting the major
fraction (37.2 % of total sequences). Moreover, within the
two most abundant phyla, sequences showed very low
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Fig. 4 Scanning Electron Microscopy (SEM; a—e, g, h) images and
Energy Dispersive X-Ray analysis (EDAX; f, i, j) of studied
microbial ecosystems: a Cyanobacteria overlaying diatom frustules
in Tebenquiche microbial mats. b Aragonite minerals associated with
bacteria in Tebenquiche microbial mats. ¢ Diatoms from a Teben-
quiche dome.d Cyanobacteria (arrow) from a Tebenquiche dome.

diversity: 99 % of the sequences classified as Bacteroidetes
were affiliated with the Sphingobacteria class, Sphingo-
bacteriales order, Rhodothermaceae family, and 86 % of
the proteobacterial sequences were affiliated with the Al-
phaproteobacteria class. TM was also dominated by Bac-
teroidetes (38.9 %) and Proteobacteria (20.8 %), the latter
with major contribution of the classes Alpha- and Delta-
proteobacteria (5.7 and 7.5 % of total sequences, respec-
tively). The Spirochaete phylum (8.7 %) was also well
represented in the TM sample.

The dominant phylum in BMI comprised of Proteo-
bacteria (41.8 %), with sequences distributed among the
following classes and orders: Alphaproteobacteria with
Rhodospirillales (7.6 %), Gammaproteobacteria with
Chromatiales (10.5 %), and Deltaproteobacteria with Syn-
trophobacter and Desulfovibrionales (6 and 2.2 %,
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e Bacteria on a gypsum crystal in a Tebenquiche dome. f EDAX of
the diatom-dominated area (c¢) showing silica predominance. g Ara-
gonite in a mat from La Brava. h-i Phosphate crystal covering
microbial cells j EDAX from the gypsum crystal (e) showing
abundance of sulfur and calcium

respectively). Other abundant phyla in BMI were Ver-
rucomicrobia (11.8 %) and unclassified Bacteria (7.6 %).
At BM Proteobacteria (22.3 %) was the most abundant
phylum but not as abundant as in BMI. Within the BM
Proteobacteria, classes and orders, respectively, of the
Alphaproteobacteria with Rhodospirillales (7.5 %), and
Deltaproteobacteria with Syntrophobacter (5.5 %) con-
tributed the most. Thermi with Deinococcales (11.8 %),
unclassified Bacteria (12.1 %) and Spirochaetes (10.4 %)
were also abundant in BM. Comparison of the La Brava
samples show that in BM eight phyla have >5 % of the
total amount of sequences, while BMI only have four phyla
with >5 % of the total sequences.

A noteworthy feature of all samples analyzed is that a
significant number of sequences are marked as unclassified,
stressing the singularity of these environments.
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Discussion gypsum domes and carbonate microbialites) in Laguna

In this study is the first report of the presence of sedi-
mentary microbial ecosystems (i.e., microbial mats,

Tebenquiche and La Brava. The dominant mineral in the
microbial ecosystems of La Brava was aragonite, whereas
in Tebenquiche, this was gypsum. Tebenquiche’s calcium
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Fig. 6 Chromatogram of the methanol extract from microbial mats,
microbialites and gypsum domes of Laguna Tebenquiche (a) and
Laguna Brava (b) at 435 nm. The chromatograms of mat samples are

sulfate brine is expected to generate mainly gypsum in
agreement with Andean brines and wetlands like Atacama
and Puquios (e.g., Salar de Llamara and Laguna de
Piedra; Demergasso et al. 2003; Stivaletta et al. 2011). In
contrast, La Brava’s calcium carbonate brine, typical for
the marginal zone of the Salar, could possibly support
carbonate precipitation, and the elevated Mg concentration
in this brine would favor precipitation of aragonite over
calcite (see below). The lower salinity in La Brava com-
pared to Tebenquiche could explain the precipitation of
carbonates. More likely, the combination of the chemical
composition of the brine and the high microbial activity in
La Brava’s sediments (Fig. 5) point to a possible micro-
bially induced organomineralization, forming the CaCOj;
deposits (due to specific binding of Ca to EPS; Dupraz
et al. 2009). This scenario is speculative, since an annual
flow and water chemistry was not assessed in this study.
Ongoing studies will help clarifying possible mechanisms
of mineralization.

In Tebenquiche, the transition from non-lithifying mats
(TM) to microbialite domes (TD) is coupled to an increase
in salinity of the specific site water. The opposite scenario
was found probably due to the input of ground water
(Risacher et al. 2003) in La Brava, where the salinity of the
overlying water decreased from BM to BMI. With
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represented by black lines and those of microbialites and the domes
samples by grey lines. (¢) Pigment concentrations in mat and dome
samples of Laguna Tebenquiche (ND not detected)

increasing salinity, carbonates precipitate first, followed by
sulfates and finally halite (Usiglio 1849). At low Mg con-
centrations, calcite precipitation is favored over that of
aragonite (Fliigel 2004). As a result, mineral precipitation
in Salar de Atacama is not necessarily correlated with
salinity, but with the actual chemical composition of the
site water. Furthermore, the EPS, which is a major com-
ponent of the mats, has been shown to tightly bind cations
like Ca?* and to a lesser extent Mg®" (Decho 2000; Dupraz
and Visscher 2005; Braissant et al. 2007, 2009). The spe-
cific binding capacity of the EPS may differ with different
mat communities and varies with depth due to microbial
activity (Braissant et al. 2009), both of which processes
change the pore water chemistry of the mat. It is therefore
conceivable that if the Ca-binding capacity is high, halite
precipitation is not preceded by aragonite (or calcite) and/
or gypsum precipitation. Alternatively, the removal of DIC
(inorganic carbon) by carbon-fixing autotrophs could lower
the carbonate concentration and as a result, lower the sat-
uration index of calcium carbonate. This scenario would
apply to a young (active) mat that is subject to evaporation.
Finally, an alternative and a more plausible scenario for the
presence of halite in the non-lithifying mat is the binding
and trapping of this mineral. The trapping and binding
capacity of sediment particles by organic-rich mats, which
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microbialite samples from Mat Dome  Mat Microbialite
Tebenquiche and La Brava
2.85 28 390—-(450)—(580) - - 0204  0.142
3.47 17 330-410-550-610-670 0365 - - -
3.55 15 Zeaxanthin 0.090 - - -
3.89 18 397—(465)—(500)-660 0.090 - - -
4.21 19 Echinenone 0.057 - 1.000  0.296
4.88 20 (400)-410-615 0.000 - - -
6.21 Diatoxanthin 0.142 - - -
7.03 Lycopene 0.073 0.048 - -
7.78 21 325-(350)-410-615-660  0.057 - 0012 -
7.90 4 435-465—(517) 0.170 - 0.057 -
8.83 22 Derivative of Lycopene 0.036  0.008 0.222  0.022
9.99 5 Aloxanthin 0.044  0.015 0.109
10.49 16b Bacteriochlorophyll ¢ 0.062 - 0.110 -
10.54 25 430476 0.081 - 0.107 -
11.52 26 Fucoxanthin 0.056  0.007 0350 0.124
12.52 23 435-675 0.015 - - -
12.84 6 Astaxanthin 0.081 - - -
14.48 7 420-470 0.030 - - -
15.36 27 (390)-415-655 0.074 - - -
16.30 8 310-380-430-685 0.028 - - -
18.58 Bacteriochlorophyll d 0.021 - - -
20.73 10 407-650 0.031 0.029 - -
21.68 11 Chlorophyll a 0.264  0.516 - -
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Peak areas are provided as an 24.26 13 Bacteriochlorophyll e 0.106  0.090 - -
indicator of relative pigmemt 26.45 24 Diadinoxanthin 0.009  0.008 - -
quantities; - indicates that no 32.43 14 B-carotene 0.084  0.029 _ _

peak was observed

are characterized by copious amounts of EPS, has been
well established (e.g., Dupraz and Visscher 2005; Dupraz
et al. 2011).

Carbonate precipitation in mats involves an “alkalinity
engine,” (microbial community metabolism that generates
carbonate alkalinity) and the presence of organic exo-
polymeric substances (EPS), which is not only important as
a Ca-binding matrix but also as the site of mineral nucle-
ation and growth. For example, oxygenic and anoxygenic
photosynthesis and sulfate reduction promote carbonate
precipitation, and aerobic respiration and sulfide oxidation
support dissolution (Visscher et al. 1998; Dupraz and
Visscher 2005). CaCOs crystals were present in microbial
mats (Figs. 3b, 5) likely in close proximity to active sulfate
reduction (e.g., the Deltaproteobacterial orders: Desulf-
ovibrionales and Syntrophobacter), which could account
for carbonate precipitation.

The microbial ecosystems found in the two lakes in the
Atacama desert fall into three categories: non-lithifying
mats found in La Brava (BM) and Tebenquiche (TM),

lithifying platforms, or microbialites in La Brava made up
of aragonite (BMI) and lithifying endoevaporitic systems
in Tebenquiche that form domal structures that consist of
gypsum (TD). This classification allows for comparisons
with respect to Eubacterial diversity at two levels: between
lakes (La Brava vs Tebenquiche) and between mat eco-
systems non-lithifying mats vs. lithified (i.e., gypsum
domes and aragonitic microbialites). It should be noted that
this study did not include Archaeal diversity, and therefore,
the results and conclusions present only a partial view of
the systems that were investigated in this study.

All diversity metrics (Table 3) indicated that TM, BM
and BMI displayed higher abundance, diversity and equi-
tability than the TD. Previous results from microbial mats
in salterns of Guerrero Negro, Mexico, also showed a vast
biological complexity of these benthic ecosystems sug-
gesting that positive feedback mechanisms exist between
chemical complexity and biological diversity (Ley et al.
2006). In fact, the diversity in both environments of our
study differs vastly when compared at the phylum level:
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Fig. 7 Phylum-level abundance
based on 16S rRNA sequence
classification. Vertical bars
reflect the percentage of 16S
rRNA sequences assigned to
each phylum using QIIME
(Caporaso et al. 2010).
Proteobacteria represent one of
the major groups, particularly in
the La Brava samples.
Bacteroidetes are dominant in
the Tebenquiche samples.
Sequences that could not be
assigned to any phylum (with a
confidence threshold of 80 %)
are labeled as “Unclassified”.
Approximately 15 phyla
(depending on the sample) with
contents <1 % are grouped as
“Minor phyla”
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Table 3 Diversity metrics for the sampled environments, using 16S rDNA V4 region sequences clustered at similarity level of 0.97 and
normalized to 1500 sequences per sample

Ecosystem OTUs  CHAOI1

at 97 % similarity

Dominance

Equitability

Observed OTU

Shannon biodiversity ~Simpson index

index

Tebenquiche mat 592 (504/725)
242 (186/350)
527 (462/625)
614 (520/754)

710 (592/885)

Tebenquiche dome
Brava mat
Brava microbialite

Socompa (a)

0.037 (0.036/0.037)
0.162 (0.149/0.175)
0.031 (0.028/0.033)
0.032 (0.030/0.034)
0.023 (0.021/0.025)

0.795 (0.794/0.796)
0.580 (0.566/0.592)
0.815 (0.809/0.823)
0.787 (0.780/0.794)
0.805 (0.793/0.814)

335 (331/337)
129 (119/139)
337 (325/348)
331 (321/343)
348 (328/368)

6.668 (6.650/6.683)
4.065 (3.960/4.176)
6.841 (6.777/6.914)
6.591 (6.510/6.673)
6.797 (6.685/6.922)

0.963 (0.963/0.964)
0.838 (0.825/0.851)
0.969 (0.967/0.972)
0.984 (0.975/0.977)
0.977 (0.975/0.977)

Confidence intervals at 95 % are shown in parenthesis. Data from Socompa stromatolite (SRA accession number SRA061755, (Farias et al.

2013)) are shown for comparison

Thermi (Deinococci), Verrucomicrobia (Spartobacteria)
presented relatively high abundance in carbonate systems
(i.e., La Brava), but were virtually absent in the gypsum
domes (Tebenquiche). In contrast, Bacteroidetes were
dominant in Tebenquiche’s endoevaporites and underrep-
resented in the carbonate deposits of La Brava. Similar
results were observed in other Andean microbialite sys-
tems: in Socompa stromatolites, which form through
microbial aragonite precipitation, Deinococci were rela-
tively well represented (7 %), but Bacteroidetes were
almost undetected (1 %) (Farias et al. 2013).

As mentioned above, Deinococcus-Thermus was much
more abundant in La Brava than in Tebenquiche (BM 18 %
and BMI 4 %, and <1 % in TM and TD). A possible
explanation for this observation is that in mats (BM) and
the aragonite microbialites (BMI), the bacterial communi-
ties are more exposed to UV than in gypsum domes: UV is
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quenched by the gypsum crust and exposure to endo-
evaporitic communities minimized. The gypsum domes are
a refuge for the endoevaporitic communities by offering
protection against excessive radiation as well as desicca-
tion (Oren et al. 1995). High abundance of Deinococcus
was also reported in several high-altitude microbial sys-
tems found in Obsidian Pool siliceous mats at 2,400 m asl
in Yellowstone NP, and in the pink upper layer of Socompa
stromatolites at 3,600 m asl in the Argentinean Andes
(Farias et al. 2013). The carotenoid deinoxanthin of Dei-
nococcus would give Socompa microbialites and BM their
pink appearance. This phylum is generally a minor con-
tributor to diversity in low-altitude microbialites (Baum-
gartner et al. 2009a, b; Mobberley et al. 2012). Based on
these observations, we hypothesize that Deinococcus pro-
liferates at high altitude, which provides a selective
advantage to outcompete other microorganisms in a high-UV
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irradiance, anoxic and organic-rich environment (i.e., the
mat surface), and that their pigmentation provides protec-
tion from UV light for the other members of the mat
community.

In contrast to Deinococcus, the phylum Bacteroidetes
dominated Tebenquiche gypsum domes (49 % of total
sequences) and microbial mats (39 % of total sequences),
but was virtually absent in the La Brava systems (6 % in
BM and 4 % in BMI). This phylogenetic group is com-
monly observed in aquatic environments and sediments,
including fresh and marine waters (Bowman et al. 2000;
Kirchman 2002; Humayoun et al. 2003). Bacteroidetes are
a dominant phylum in hypersaline systems, including
microbial mats (Ley et al. 2006; Green et al. 2008) and
microbialites (Baumgartner et al. 2009b; Visscher et al.
2010). Similarly, Bacteroidetes were a dominant group in
both water and sediment samples of high-altitude hyper-
saline lakes from the Andes and the Tibetan Plateau

|__Proteobacteria 18% | |

(Demergasso et al. 2004, 2008, 2010; Dorador 2007; Jiang
et al. 2007). In a shallow, hypersaline lake in Eleuthera,
Bahamas, non-lithifying and lithifying mats along a tran-
sect generally showed a 6-10 times higher contribution of
Bacteroidetes in the lithifying systems (Baumgartner et al.
2009b). This trend of increased contribution to total
diversity in lithifying systems is similar to our observation
for Tebenquiche mats and endoevaporites. A predominance
of Bacteroidetes was also reported in (endo)evaporitic
gypsum domes from the Llamara lagoon in Salar de Pu-
quios (unpublished). It appears that Bacteroidetes increase
their presence with increasing salinity and possibly are also
associated with gypsum (endo)evaporites but not with
calcium carbonate microbialites.

Spartobacteria, a subphylum of Verrucomicrobia, were
well represented in mainly in BMI (13 %) but also were
present in mats (6 % BM-3 % TM). This bacterial group
is typically found in soil or associated with nematodes
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Fig. 8 Phylum-level abundance based on 16S rRNA sequence
classification using QIIME (Caporaso et al. 2010). Sequences that
could not be assigned to any phylum (with a confidence threshold of
80 %) are depicted as “Unclassified”. Approximately 15 phyla
(depending on the sample) with contents <2 % are grouped as “Minor
phyla”. Different mats and microbialites of this study (Laguna
Tebenquiche: TD, Tebenquiche dome; TM, Tebenquiche mat) and
Laguna Brava (BMI Brava microbialite, BM Brava mat. SRA061755,
this study) were compared to other microbial mat and microbialite
systems: Socompa stromatolite (Socompa. SRA accession number
SRP007748; Farias et al. 2013), Atacama hyper-arid soils (At2728
and At4514. SRA030747; Neilson et al. 2012), Yellowstone stromat-
olites (YsCDM exposed stromatolite, YsSMF submerged stromatolite)

Pepe-Ranney et al. 2012), Highborne Cay stromatolites, Bahamas
(BS-MT1. BS-MT2. BS-MT3. GenBank accession numbers
FJ911975-FJ912833; Baumgartner et al. 2009a), Highborne Cay
thrombolites, Bahamas (BT-Black. BT-Pink. BT-Button. BT-Beige.
SRX030166; Mobberley et al. 2012), and the Guerrero Negro
microbial mat, Mexico (GueNeg. GenBank accession numbers
DQ329539 to DQ331020 and DQ397339 to DQ397511; Ley et al.
2006). The analyses were done on subsampled datasets containing
224 sequences (corresponding to Bahamas stromatolite samples, the
smallest dataset). Similarities of the compared microbial mat
communities were derived from the Bray Curtis metric calculated at
phylum level. Similar results were obtained using 980 sequences and
omitting Bahamas stromatolite samples from the analysis
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which are commonly found in mats (Baumgartner et al.
2009a, b; Ley et al. 2006), but were also abundant around
fumaroles at Socompa, (Costello et al. 2009) an active
volcano (6,051 m asl) near our field site and in alkaline,
mesophilic microbial mats in Romania (Coman et al.
2013).

Despite some marked differences, Tebenquiche and La
Brava diversities are more similar to each other than to
other microbial mat and microbialites including those
found in open marine, hypersaline and hydrothermal
environments (Fig. 8), with the exception of the nearby
Socompa stromatolites. It is not surprising that the extreme
physicochemical and geochemical conditions characteristic
for the High Altitude Andean ecosystems would support
the growth of similar microbial phyla, which differ from
phyla found in stromatolites and thrombolites at sea level
(Baumgartner et al. 2009a; Mobberley et al. 2012, Farias
et al. 2013). Further comparison shows that the Teben-
quiche and La Brava microbialites diversities are more
similar to that of the aragonitic open marine Bahamian
stromatolites and thrombolites (Reid et al. 2000; Myshrall
et al. 2010) than to that of the hypersaline, siliciclastic mats
of Guerrero Negro, Mexico (Ley et al. 2006). This suggests
that a correlation between mineral composition and
diversity might exist or, alternatively, that the salinity
controlling which mineral precipitates determines the
microbial diversity of a given system.

Gypsum domes are found in association with
(endo)evaporites comprised of diverse communities that
include diatoms, cyanobacteria and purple sulfur bacteria
arranged along opposing gradients of light and hydrogen
sulfide. EPS produced by various microorganisms, notably
cyanobacteria, could act as site for selenite (a variety of
gypsum) nucleation, forming the nucleation site for gyp-
sum precipitation similar to that observed for carbonate
precipitation (Fig. 3e, g, h). SRB are capable of dissolving
gypsum when using sulfate for respiration (Ollivier et al.
1994) and sulfide-oxidizers (chemolithotrophic and
phototrophic) can precipitate gypsum (Kelly and Harrison
1989; Petrash et al. 2012). Petrash et al. 2012 proposed a
six-step formation mechanism of CaCO;- and CaSOy-
containing thrombolites in Venezuela. According to their
model, either gypsum or calcium carbonate will be the
predominant mineral product, depending on the composi-
tion of the microbial community and the water chemistry
(e.g., [Mg”] concentration). Layered (i.e., microbial mat)
communities exist within gypsum crusts at numerous
locations: France (Caumette 1993; Caumette et al. 1994),
Italy (Margheri et al. 1987), Egypt (Taher et al. 1995; Ali-
Bik et al. 2011), Israel (Oren et al. 2009), Mexico (Spear
et al. 2003; Vogel et al. 2010), Venezuela (Petrash et al.
2010) and at various other hypersaline sites (Rothschild
et al. 1994; Airs and Keely 2003). Furthermore, gypsum-

@ Springer

containing microbialites frequently occur in the fossil
record (Peryt 1996; Peryt et al. 2004), and possibly exist on
Mars (Gendrin et al. 2005; Vogel et al. 2009).
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