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Abstract The Central Andes in northern Chile contains a
large number of closed basins whose central depression is
occupied by saline lakes and salt crusts (salars). One of these
basins is Salar de Llamara (850 m a.s.l.), where large domed
structures of seemingly evaporitic origin forming domes can
be found. In this work, we performed a detailed microbial
characterization of these domes. Mineralogical studies re-
vealed gypsum (CaSO4) as a major component. Microbial
communities associated to these structures were analysed by
454 16S rDNA amplicon sequencing and compared between
winter and summer seasons. Bacteroidetes Proteobacteria
and Planctomycetes remained as the main phylogenetic
groups, an increased diversity was found in winter. Compar-
ison of the upper air-exposed part and the lower water-
submerged part of the domes in both seasons showed little
variation in the upper zone, showing a predominance of
Chromatiales (Gammaproteobacteria), Rhodospirillales
(Alphaproteobacter ia ) , and Sphingobacter ia les
(Bacteroidetes). However, the submerged part showed
marked differences between seasons, being dominated by
Proteobacteria (Alpha and Gamma) and Verrucomicrobia in
summer, but with more diverse phyla found in winter. Even
though not abundant by sequence, Cyanobacteria were visu-
ally identified by scanning electronmicroscopy (SEM), which

also revealed the presence of diatoms. Photosynthetic pig-
ments were detected by high-performance liquid chromatog-
raphy, being more diverse on the upper photosynthetic layer.
Finally, the system was compared with other endoevaporite,
mats microbialite and Stromatolites microbial ecosystems,
showing higher similitude with evaporitic ecosystems from
Atacama and Guerrero Negro. This environment is of special
interest for extremophile studies because microbial life de-
velops associated to minerals in the driest desert all over the
world. Nevertheless, it is endangered by mining activity asso-
ciated to copper and lithium extraction; thus, its environmental
protection preservation is strongly encouraged.

Introduction

Evaporites typically consist of chloride, sulphate and potassi-
um containing minerals [1]. Precipitation and evaporation are
proposed as the main processes in the formation of modern
extant continental evaporites which are found on all continents
[2] and originate from the evaporation of saline water in the
shallow areas of saline lakes. Between 5.96 and 5.33 million
years ago in Earth’s history, extensive evaporitic gypsum
deposits were formed during the Messinian salinity crisis
[3]. The recently discovered deposits of hydrated salt minerals
on Mars, which include sulphates and chlorides, would be
linked to similar geologic events [4, 5]. One of Earth’s largest
modern evaporitic regions is located in the Chilean central
Andes. This area in the northern part of Chile is comprised of a
large number of closed basins in which salares form, which
are a combination of evaporitic crusts and saline lakes or
playa-lakes (locally referred to as “lagunas”) [1, 6]. One of
these basins is Salar de Llamara, one of the salt deposits that
rank among the salt flats of the Central Depression of Atacama
Desert of northern Chile [7] (Fig. 1a).
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In recent years, different microbial ecosystems related
to mineral have been reported in shores of high salinity
lakes associated with evaporitic systems at Andean’s Al-
tiplano. They include mats, microbialites and gypsum
domes with endoevaporitic communities. They were
found associated with microbialites at Laguna Socompa,
Laguna Negra and Brava, and endoevaporites at Laguna
de Piedra and Tebenquiche [8–10]. Stivaletta et al.’s [10]
studies at Salar de Atacama lakes reported microbial di-
versity in gypsum domes at Laguna de Piedra. In those
studies, gypsum crusts showed that under extreme desic-
cation and ambient UV flux, the evaporitic deposits can
create favourable endolithic microniches for the develop-
ment of microorganisms. Recent studies performed by our
group have reported gypsum-dominated microbial mats
and domes forming at the shore of Laguna Tebenquiche
and calcium carbonate-containing mats and microbialites
forming at the shore of Laguna La Brava, both placed at
Salar de Atacama [11].

In Salar de Llamara of the Atacama Desert [12] (Fig. 1a),
there is a shallowwetland dominated bymicrobial ecosystems
formed by dome-shaped bioherms, which present a stratified
distribution of microbial communities. Figure 1 shows the
“domes” as found in the lake (Fig. 1b–c) and in a cross section
(Fig. 1d). Partially submerged domes generate (at least) two
kinds of microbial niches, where different conditions, prevail
in opposite seasons (Table 1). In the air-exposed surface, there
is not only light and O2 availability but also more exposure to
UV radiation and less humidity. In the water-submerged por-
tion, the opposite situation is found: not only more humidity,
minor incidence of UV radiation, and increased nutrient avail-
ability but also less O2 and light, as observed in other evapo-
ritic systems [13–15]. During summer, ion concentrations
increase and O2 pressure decreases. Herein, as a first ap-
proach, we determine the nature of these domes by providing
a detailed description of their mineralogy and microbial di-
versity. We want to know if gypsum is a good shelter from the
extreme conditions of brine and the desert, allowing microbial
communities to occupy the air-exposed and submerged parts
of the domes. In addition, we compared this diversity in
opposite seasons during the year. As an external control, we
described the microbial communities in the sulphated crust
surrounding the wetland.

Materials and Methods

Site Description

Salar de Llamara is located in the Tarapacá Region in northern
Chile (21°23′ S, 69°37′ W), 10 km north of Quillagua and
850 m a.s.l., between two mountain ranges: Cordillera de la
Costa to the west and Precordillera andina to the east [16]

(Fig. 1a). These wetlands are included in the Pampa de
Tamarugo protected area since 2013.

There is an indirect contribution of water from the coastal
fog called Camanchaca, and the Bolivian winter rarely can
affect the salt flats directly. In the austral summer and winter,
the maximal temperatures reach 35 and 10 °C, respectively [7].

The wetland analysed on this work is the main wetland of a
system near the northern border of Salar de Llamara, locally
called puquios. The environmental conditions are character-
ized by (1) high solar radiation, (2) extreme diel temperature
fluctuations typical of desert environments, and (3) net evap-
oration producing hypersaline water [1].

Sample Site and Collection

Microbial communities inhabiting the domes and water sam-
ples were collected from the main Llamara wetland during
two field campaigns in January and July 2012. Samples
included a gypsum dome in both seasons and a salar crust as
an external control (only taken in winter). In addition, sub-
merged and exposed parts of the dome were sampled at both
seasons. Llamara endoevaporitic dome diversity was studied
at two levels. First, total diversity was compared among
summer (LL-s) and winter (LL-w) samples, and also with
diversity associated to the salt crust (SC) surrounding the
lagoon as an external control. Next, differences between top
and bottom layers in both seasons were analysed.

All samples were collected in triplicate in different parts of
the top or bottom side of the dome and mixed before process-
ing. Top and bottom samples came from the same dome. As the
summer dome was completely altered to obtain the sample,
winter samples came from adjacent domes. Top and bottom
sample presented a similar characteristic (thickness, colours,
morphology, etc.) in both seasons. Samples for scanning elec-
tron microscopy (SEM), lithogeochemistry and water for
chemistry analyses were stored in the dark at 4 °C and proc-
essed within 1 week. Samples for DNA extraction were frozen
in liquid nitrogen, stored in the dark at −20 °C and processed
within a week. Conductivity, temperature, pH, dissolved O2

and total dissolved solutes were measured in situ in both
campaigns. For temperature, pH and conductivity, a multipa-
rameter probe HANNA HI 9828 was used. Nutrient ions and
general chemical analyses were performed in the Centro de
Ecología Aplicada (CEA) chemical IRAM certified laboratory
following standard procedures [17]. UV measurements were
made with a Solar Light Company, Inc. Model PMA 2100
radiometer with a PMA2107 (280–400 nm) detector.

Mineralogical Analysis by XRD

X-ray diffraction (XRD) analyses were carried out on finely
ground sample material (<20 μm), measured with a
PANalytical X’Pert PRO diffractometer, with Cu lamp (kα=
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1.5403 Å) operated at 40 mÅ and 40 kV at the Centro de
Investigaciones Geológicas (La Plata, Argentina). The sam-
ples were measured from 2° to 40° 2θ, with a scan speed of
0.04°/s and a time per step of 0.50 s.

Light and Scanning Electron Microscopy

Macro- and micro-scale observations were made using an
Olympus SZX12 stereoscope and an Olympus BX60 micro-
scope with a C-2000Z digital camera respectively. For SEM,
samples were first fixed over night at 4 °C in Karnovsky's
fixative, comprising of formaldehyde (8 % v/v), glutaralde-
hyde (16 % v/v) and phosphate-buffered saline (PBS; 0.2 M,
pH 7.4); the fixed samples were washed three times with
phosphate buffer for 10 min. Later, they were fixed with
2 % v/v osmium tetroxide overnight. Finally, after washing
twice with ethanol (30 % v/v) for 10 min, the samples were
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. Ele-
mental analyses were done using energy dispersive X-ray
spectroscopy (EDAX) using INCA Penta FET-X3 EDS de-
tector (Oxford, UK), and spectra were analysed using the
INCA Energy software interface.

Pigment Identification by HPLC

Pigments were analysed by high performance liquid chroma-
tography (HPLC) [18]. Samples of mats were frozen in liquid
nitrogen and subsequently freeze-dried. Subsamples (0.2 g) of
freeze-dried and ground mats were mixed with 2 ml of 100 %
methanol and dark incubated over night at −20 °C. Methanol
extracts were centrifuged at 8,000×g for 10min at 4 °C, and the
supernatants were filtered through 0.2 μm pore-diameter sy-
ringe filters before the HPLC analysis. The HPLC system
consisted of two pumps (Waters, model 510), a syringe loading
injector (Rheodyne 7125) fitted with 200 μl loop (Rheodyne
7025), and a photodiode array detector (Waters 996) coupled to
a computer equippedwith the Empower 2007Chromatography
Manager software (Waters-Millipore). The column used was
100×4.6 mmKinetex C-18 (3 μm silica particle size) protected
by an Ultra In-Linen Krudkatcher filter (Phenomenex). Pig-
ments were identified by comparing the peak retention times
and the corresponding absorption spectra against standards
available in the laboratory or, when not available, against data
in the LipidBank database (www.lipidbank.jp). Identification
of chlorophyll a, beta carotene, lycopene, diatoxanthin and
fucoxanthin was done using standards from DHI, Denmark.

DNA Extraction

Total genomic DNAwas isolated using the method described
by Lopez-Lopez [19] with the following modifications: 10 g

of samples was incubated in 50-ml tubes with 15 ml of 4×
PBS with gentle shaking for 2 h to detach cells fromminerals.
The cell suspension was centrifuged for 1 min at 2,500 rpm
and 4 °C to precipitate debris, and the supernatant was col-
lected in a fresh 50-ml (falcon) tube. The cell detachment step
was repeated twice (or until a 45 ml supernatant was obtain-
ed). Cells were recovered from the supernatant by 10 min
centrifugation at 10,000 rpm and 4 °C. The pellet was stored at
−20 °C until DNA extraction.

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.edu/pyro/
help.jsp) that contain the Roche 454 sequencing A and B
adaptors and a ten nucleotide “multiple identifier” (MID).
Five independent PCRs were performed to reduce bias. The
PCR mixture (final volume, 25 μl) contained 2.5 μl FastStart
High Fidelity 10X Reaction Buffer (Roche Applied Science,
Mannheim, Germany), 20 ng of template DNA, 0.4 μM of
each primer, 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. Quantifi-
cation 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 aGenome Sequenc-
er FLX (Roche Applied Science) using Titanium Chemistry
according to the manufacturer’s instructions. Analyses were
performed at INDEAR (Argentina) genome sequencing facility.

With an average length of 248 bp, 25,486 filtered sequences
were obtained from seven samples used in this study. Filter
parameters were set to reject reads that had mean quality score
<25, maximum homopolymer run >6, number of primer mis-
matches >0 and read length <200 bp or >1,000 bp. Sequences
were deposited as FASTQ in theNCBI Sequence ReadArchive
(SRA) under the accession number SRP028184.

Taxonomy-Based Diversity Analysis

Diversity of the microbial community was assessed by
analysing the sequences of the V4 hyper variable region of
Bacterial 16S rRNA using the QIIME software package
v.1.7.0 [20]. Sequences were clustered into OTUs using
UCLUSTat the 97 % similarity level using the most abundant
sequence as the representative sequence for each OTU. Each
representat ive OTU sequence was character ized
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taxonomically with the RDP classifier using the Ribosomal
Database Project (RDP) database included in QIIME v1.7.0
software using a bootstrap confidence of 80 %.

OTU tables were subsampled using ten replicates for each
sampling effort at increasing intervals of 100 sequences, and
alpha diversity indexes were calculated on each subsample of
the rarefaction curve and on the complete OTU table (includ-
ing all sequences) using QIIME. Alpha diversity metrics
calculated included Observed species (OTU number),
CHAO1 (estimates the species richness), Shannon (the infor-
mation entropy of the observed OTU abundances, accounting
for both richness and evenness), Equitability (Shannon index

corrected for # species, pure evenness), Dominance (calculat-
ed as the sum of the squares of the frequencies of each OTU)
and Simpson (1-Dominance) indices.

Results

General Physicochemical Setting

We analysed the main wetland of the Llamara wetland system
(Fig. 1a). Landmarks of the site are the hard mineral crust
precipitates forming domal structures (Fig. 1b). In both

A B
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D

Fig. 1 a Location map of studied area. b General view of Llamara main pool with domes in summer (January 2012). c Dome detail. d Cross section of
the dome. e Mineralogy determined by X-ray analysis
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summer and winter, water level was similar (around 50 cm
deep). These structures do not present general morphology
variations (size, shape, colour, exposed or submerged area) in
between summer and winter. Water temperature at the mo-
ment of sampling reached 18.5 °C in summer and 20.5 °C in
winter. Based on pH measurements (7.88 and 8) for summer
and winter respectively, the wetland can be classified as mod-
erately alkaline [21]. Most physicochemical parameters in
water showed moderate variation between seasons (Table 1).
Conductivity values are higher (53 %) in summer, compared
to winter, and as a result of the increased salinity, in summer,
dissolved oxygen duplicates winter’s. In that way, ion and
phosphorus concentrations are roughly two-fold higher in
summer. Other parameters like alkalinity, hardness and organ-
ic matter showed small changes. Remarkably, sulphate con-
centrations are similar in both seasons, and calcium is slightly
higher on winter, being the only ion increasing its

concentration in this season. Relative ion concentrations were
slightly different in both seasons chloride>sodium>sul-
phate>potassium>magnesium>calcium for summer and
chloride>sodium>sulphate>calcium>potassium>magne-
sium for winter. Dissolved silica is abundant among nutrients,
and while most of the nutrients decrease their concentrations
in winter, nitrate is a unique exception which increases in
winter. UV incidence measured showed that maximal UV-
AB reached 69.5 W/m2 at noon during summer.

Microbial Ecosystem

We analysed the microbial ecosystems from domal structures
found in the wetland. The most prominent structures can be
seen above water level; however, they are also found under-
water (Fig. 1b, c). Sizes vary reaching up to 1.5 m in diameter
and 50 cm in height. A top view is shown on Fig. 1c. The
domes have depth horizons with different coloration from top
to bottom: white, green and brown (Fig. 5). XRD and SEM
analyses revealed that Llamara domal evaporitic systems not
only were comprised predominant ly by gypsum
(CaSO4·2H2O; Figs. 1e and 2c) but also contain organic
components like cells, (Fig. 2e, g–i), extracellular polymeric
substances (EPS) (Fig. 2d, e, g–i), etc. In fact, organic matter
is around 8 to 10 % of the total system. Scanning electron
microscopy demonstrated that gypsum is associated with
Cyanobacteria (Fig. 2a, b, e), diatoms (Fig. 2b, f, g), hetero-
trophic bacteria (Fig. 2h) and “mineralized structures”
(Fig. 2i). We cannot asseverate the origin of mineralized
structures. However, they are widely distributed in SEM im-
ages from microbialites and endoevaporites in Andean wet-
lands [9, 11]. Association of EPS matrix with diatoms and
gypsum can be observed in Fig. 2d.

Pigment Analyses

Pigments were analysed to get an overview of microbial
diversity associated to these gypsum domes. This was done
only for summer samples. Higher diversity of pigments was
found in the top layer compared to the bottom. In that way, 15
pigments were detected in both layers; marked in circles, it can
be observed that the four pigments were found only in the top
layer and the only one found exclusively in the bottom layer
(Fig. 3). A list of identified pigments is reported in Table 2.
The photosynthetic pigments chlorophyll (Chl)-a and bacteri-
ochlorophyll (BChl) BChl-e and BChl-c, which are character-
istic for oxygenic and anoxygenic phototrophs, respectively,
were identified. In addition, widespread pigments like β-
carotene, lycopene, fucoxanthin, etc., were found together
with pigments associated to specific groups of diatoms like
Diatoxanthin (Bacillariophyta), protists like Alloxanthin
(Cryptophyta) or cyanobacter ia l ike Astaxant in
(Cyanophyceae).

Table 1 Physicochemical parameters measured on Llamara main wet-
land in summer and winter seasons

Parameter Unit Summer Winter

Conductivity mS/cm 177 115

Dissolved Oxygen mg/L 3.45 7.9

pH – 7.88 8

Salinity g/L OFL 76

Temperature C 18.6 20.5

Hardness mg/L 6,701 5,143

Total alkalinity mgCaCO3/L 263 200

Chlorophyll mg/L 1.5 0.4

Total phosphorus μg/L 4,400 1,870

Orthophosphate (P-PO4−) μg/L 2,630 1,840

Total organic carbon mg/L 13.1 –

Dissolved silica (SiO2) mg/L 103 49

Nitrate (N-NO3
−) μg/L <46 733

Nitrite (N-NO2
−) μg/L 1.0 0.5

Total organic nitrogen μg/L 358 280

Organic matter % 4.2 3.9

Calcium mg/L 796 1,149

Sodium mg/L 58,005 33,540

Magnesium mg/L 1,145 552

Potassium mg/L 2,021 926

Chloride mg/L 86,693 41,738

Dissolved sulphur mg/L 6,917 –

Sulphate mg/L 17,605 17,368

Total sulphide mg/L < 0.2

Dissolved arsenic mg/L 5.0 4.7

Total arsenic mg/L 9.1 6

Total iron mg/L 0.468 0.19

Total boron mg/L 85 52
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Biodiversity

Richness and diversity metrics computed statistically dif-
ferent results for most samples, as shown in Table 3.
Whole samples from Llamara in winter had higher diver-
sity and equitability and less dominance than in summer
and SC samples. During winter, bottom layer was more
diverse and presented more observed species than top
layer. During summer, the opposite situation was found:
top layer was more diverse and presented higher

equitability and less dominance. Thus, top layers present-
ed similar richness and diversity metrics during both
seasons, and bottom layers were largely more diverse
and presented higher equitability and less dominance dur-
ing winter comparing summer.

Alpha and Gamma Proteobacteria were dominant in
Llamara summer and winter samples (37 % LL-w, 33 % LL-
s) followed by Bacteroidetes (25 % LL-w and LL-s).
Planctomycetes were in third place of abundance (8 % LL-w,
17 % LL-s). In contrast, Bacteroidetes were the most abundant

A B C
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FED

Fig. 2 SEM images from studied microbial ecosystems different recog-
nized structures are marked with an arrow: a Cyanobacteria in a general
view at low magnification. b Empty diatom frustules. c Gypsum crystals
(selenite). d Exopolysaccharides (EPS) covering empty diatom frustules.

e Filamentous Cyanobacteria associated with gypsum. f Diatom hotspot
showing a group covered by EPS on the left. g Bacteria with EPS
secretions interacting with diatom frustules. h Bacteria covered by amor-
phous gypsum. i Mineralized layer
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in salar crust (40 %) followed by Proteobacteria (29 %) and
Planctomycetes (8 %). Verrucomicrobia, Firmicutes and other
unwell described groups like OP8, and OP1 (LL-w) or ZB2
(LL-s) were also well represented (Fig. 4).

Upper (air-exposed) and bottom (water-submerged) sam-
ples were compared among all the layers and seasons.
Proteobacteria were predominant in all the samples: both
layers during in both seasons (Fig. 5). Bacteroidetes

Table 2 Diversity metrics for the
sampled environments, using 16S
rDNAV4 region sequences clus-
tered at similarity level of 0.97
and normalized to 1,300 se-
quences per sample

Peaks Retention time

(min)

Pigment identification Top Bottom Related microorganisms that
produce this kind of pigment

1 4.608 Fucoxantin X X Brown algae

2 6.208 Diatoxantin X Diatoms

3 7.025 Licopen X X

4 7.9 435-465-(517) X

5 9.992 Aloxantin X

6 12.835 Astaxantin X X

7 14.483 420-470 X

8 16.3 310-380-430-685 X

9 18.583 Bacteriochlorophyll e X

10 20.725 407-650 X

11 21.683 Chlorophyll a X X Cyanobacteria

12 23.366 410-650 X X

13 24.258 Bacteriochlorophyll c X X

14 32.426 B-carotene X X

15 3.546 Zeaxantine X

24 26.45 Diadinoxantine Diatoms

Fig. 3 Chromatogram of the methanol extract from summer layer samples at 447 nm. Top layers and bottom layers. Pigments exclusively found in each
layer are marked in circles
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predominance was also detected in all samples but showed a
lower presence in the bottom layer during summer while a
higher presence of Verrucomicrobia (22 % Spartobacteria)
was detected. In the top (air-exposed layer), a predominance
of Alpha and Gamma Proteobacteria was detected in both
seasons (40 % summer–42 % winter). However, a higher
predominance of Gamma Proteobacteria was found during
winter. Bacteroidetes (Sphyngobium) were also predominant
with similar percentages in both seasons (30 %).
Planctomycetes were also abundant (13 % summer and 6 %
winter) together with group OD1 and Verrucomicrobia
(Spartobacteria). As in other high Andean microbial ecosys-
tems, percentages of detectedCyanobacteriawere low (2% in
both seasons).

In the bottom layer, substantial differences were found
between samples collected in winter and summer (Fig. 5):
while Proteobacteria were predominant in summer (56 %),
they diminished in winter (26 %); in contrast, Bacteroidetes
were underrepresented in summer (4 %) and were predomi-
nant in winter (22 %). As mentioned before, Verrucomicrobia

(Spartobacteria) became very abundant only in the summer
bottom layer (24 % summer–1 % winter). Minority groups
were more abundant during winter enlarging the biodiversity
(Planctomycetes, OP8, OP1, OD1, Lentisphaerae,
Firmicutes, Gemmatimonadetes, NKB19 and Spirochaetas,
etc.).

Total samples diversity found in Llamara were compared
other Microbial ecosystems, like mats and microbialites in
Tebenquiche and La Brava lakes in Atacama, Chile [9],
thrombolites at Highborne Cay, Bahamas [43], and mats and
endoevaporites at Guerrero Negro, Mexico [13, 27]. This
comparison clustered the samples in roughly three groups
(Fig. 6). In the first group, the samples from Llamara (this
s tudy) grouped together, a long Guerrero Negro
endoevaporites and a sample from a gypsum dome in
Tebenquiche, more distantly related. The second group in-
cluded on one side, mat and microbialites from La Brava
and the Socompa stromatolite, and on another side
Tebenquiche and Guerrero Negro mats. Finally, the Bahamas
thrombolites were included in the third group.

Fig. 4 3D vertical bars with
phylum-level abundance,
including proteobacterial classes
for whole samples based on 16S
rRNA sequence classification
Sequences that could not be
assigned to any phylum (with a
confidence threshold of 80 %) are
depicted as “other”. Phyla with
contents less than 1 % are
grouped as “minor phyla”.
Samples are labelled LL_w
evaporite winter sample, LL_su
evaporite summer sample, SC
Salar crust sample

Table 3 Pigment distribution in top and bottom layers from summer samples

Description Seqs/sample CHAO1 Dominance Equitability Observed species Shannon

Winter Llamara total 1,300.0 501.533 0.016 0.854 312.700 7.057

Salar crust 1,300.0 281.960 0.088 0.735 145.800 5.284

Summer Llamara total 1,300.0 274.791 0.023 0.838 198.000 6.391

Layers Winter Llamara top layer 1,300.0 336.245 0.024 0.822 224.000 6.535

Winter Llamara bottom layer 1,300.0 434.112 0.019 0.841 270.850 6.668

Summer Llamara top layer 1,300.0 360.835 0.026 0.813 212.500 6.288

Summer Llamara bottom layer 1,300.0 282.641 0.070 0.704 166.300 5.193
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Discussion

The desert climate, together with brines chemistry, defines
extreme environmental conditions. Microbial life adapts to
this situation by inhabiting gypsum evaporites where UV is
quenched by the selenite crystal, and where gypsum is highly
hygroscopic, creating a wet UV-protected microenvironments
with high access to O2 and light [11, 22, 23]. The accessibility
to light and O2 creates a stratified system very similar to that
found in microbialites and microbial mats. In this report, the
bacterial diversity of associated to Llamara gypsum domes,
established by different methodologies, reveals a profuse de-
velopment of microbial divers i ty dominated by
Proteobacteria (Alpha and Gamma), Bacteroidetes and
Planctomycetes. At this level, the diversity distribution is
maintained in both seasons and does not differ in general from
SC diversity.

Previous reports have explored Llamara microbial diversity
of water and microbial mats. Those were done by pigment
determinations, as an indirect evidence of the presence of
bacteria like Chromatium in microbial mats, or DGGE ap-
proaches, determining the predominance of CBF group and
Proteobacteria in the brine [24, 8]. Our results, obtained with
enhanced techniques, like DNA pyrosequencing, in micro-
ecosystems, are in concurrence with that described above in
brines and microbial mats, in the sense that Bacteroidetes and
Proteobacteria dominate the system in both seasons and in the
salar crust external control. However, our analyses also dem-
onstrated that Planctomycetes is well represented in Llamara
domes, whileVerrucomicrobia becomes abundant only during
summer in the bottom layer. Proteobacteria and Bacteroidetes
dominated the microbial diversity in other studied microbial

ecosystems associated to Andean wetlands, as Tebenquiche,
La Brava and Socompa [9, 11]. In that sense, anoxygenic
photosynthesis seems to be significant in carbon uptake in
Llamara as well as in the other Andean microbialite ecosys-
tems mentioned above. This is sustained not only by the good
representation of anoxygenic photosynthesizers in the diver-
sity, included in the alpha and gamma Proteobacteria, but
also by their pigments BChl-e and BChl-c presence in both
layers [9, 11]. In addition, in all the studied Andean ecosys-
tems, Cyanobacteria were detected with low abundance com-
pared to other microbialite systems like Cuatro Cienegas,
Shark Bay and Highborne Cay, Bahamas [13, 25, 26]. The
underrepresentation of Cyanobacteria in this work might be
related to our DNA extraction methodology, but similar ob-
servations have been reported in other studies of similar
environments [24, 27]. Preliminary analyses of Llamara
metagenome have confirmed that carbon monoxide dehydro-
genase metabolism for carbon fixation is predominant over
RuBisCO metabolism in Llamara, supporting the idea that
other groups different to Cyanobacteria would be involved
in carbon fixation (ongoing manuscript).

There is a coincidence in the higher abundance of pigments
and diversity metrics in the top layer compared to the bottom
layer. In spite of UV radiation, being in the top presents more
advantages than being in the bottom, and general diversity
maintains quite similar in the top in both seasons. UV would
be quenched by the selenite crystals in gypsum crust, and
exposure in microbial communities would be minimized. In
addition, gypsum is highly hygroscopic, creating a wet, UV-
protected microenvironment with high access to O2 and light
[22]. In contrast, being in the bottom seems to be more
complicated, since conditions during summer and winter are
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Fig. 5 Horizontal bars reflecting phylum-level abundance on different
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contents less than 1% are grouped as “minor phyla”. On the left, a vertical
profile of an evaporite is shown, illustrating the sampled layers
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less stable: conductivity and O2 availability changes are
reflected in the differences in diversity (Fig. 5).

Comparing the diversity of both areas of the evaporite, it
was observed that some phylogenetic groups change their
predominance in summer and winter, which could be ex-
plained by the difference in physicochemical parameters reg-
istered for the water in both seasons. For example,
Planctomycetes that represent 14 % in the upper layer in
summer becomes abundant in the submerged layer in winter
(12 %), and the opposite situation would occur with Gamma
Proteobacteria.

Layered communities within gypsum crusts have been
documented from saltern ponds at different geographic loca-
tions: France [28, 29], Italy [30], Egypt [31, 32], Israel [33],
Chile [10] and from other hypersaline evaporitic systems [13,
15, 34, 35]. In Chilean Atacama desert, Stivaletta et al. [10]
describe these domes at Laguna de Piedra as evaporites with
“microbial diversity associated as an endolithic lifestyle that
should therefore be preferential in evaporite environments,
where the precipitating salts may have advantageous physical
properties, such as light colour and hygroscopy”. In addition
the influence of microbial communities in the genesis of these
gypsum domes is still not as well established as, for example,
in microbialites that precipitate carbonates. There are notice-
able differences in microbial communities between these two
types of settings, i.e., carbonate precipitating mats and
evaporite-related communities. This can be observed in

Fig. 6, where the first group of communities includes samples
from Llamara (this study: SC, LL_w and LL_su), the Guer-
rero Negro endoevaporite [13] and Tebenquiche Lake domal
structures [11], while the second group includes carbonate
precipitating environments, such as Socompa Lake [9], La
Brava microbialites and mats [11], and Tebenquiche [11]
and Guerrero Negro microbial mats [27]. The third group in
Fig. 6 are the thrombolites from Highborne Cay, Bahamas
[43]. Even though the three groups include hypersaline envi-
ronments, water availability would likely be lower in evapo-
ritic systems, thus shaping the diversity. Physicochemical
properties, including the presence of calcium, sulphates and
carbonates, among others, would also influence the diversity
and select for organisms capable to take advantage of those
particular extreme conditions and perhaps shape the environ-
ment to better withstand those conditions. Chemical precipi-
tation and evaporation are well accepted as the predominant
processes in the gypsum domes genesis [32, 35]. However,
microbial activity would also influence its formation. The role
of microorganisms in biomineralization process would likely
be by shaping the rock texture and crystal morphology as well
as mineral degradation [36–42]. Deeper geochemical studies
are needed to determine if this would be the case in Llamara
endoevaporite systems.

In this paper, we established the first description of an
almost under described environment. Although the microbial
diversity associated to gypsum is undisputed, this is still a
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Tebenquiche dome (TD), Tebenquiche mat (TM) and Laguna La Brava
microbialite (BMI), La Brava mat (BM) (SRA accession number
SRP017289) [11], Socompa stromatolite (Socompa. SRP007748) [9],

Highborne Cay thrombolites, Bahamas (BT-Black. BT-Pink. BT-Button.
BT-Beige. SRX030166) [43], Guerrero Negro microbial mat, Mexico for
two samplings (GN mat, GenBank accession numbers DQ329539 to
DQ331020 and DQ397339 to DQ397511) [27], and Guerrero Negro
endoevaporite (GenBank accession numbers EF105550 to EF106721)
[13]. Comparative analyses were done on subsampled datasets containing
735 sequences (corresponding to Guerrero Negro evaporite samples, the
smallest dataset). Similarities were derived from the Bray Curtis metric
calculated at phylum level
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general description and the role of this microbial activity in the
formation of the dome requires deeper studies. In view of the
fact that gypsum has been detected in the Gale crater in Mars
exploration, indicating that mineral-rich water was present
anytime in the red planet, the present study of gypsum evap-
orites associated with microbial life adds interests to the
already established astrobiologically relevant Atacama desert.
Furthermore, the studied environment is subject to the influ-
ence of strong mining activity associated to copper and lithi-
um extraction. We hope that this study will provide a stimulus
and basis for the efforts to preserve these unique ecosystems.
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