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Chapter 11

Complete Characterization of Stratified
Ecosystems of the Salar de Llamara
(Atacama Desert)

Maria Cecilia Rasuk, Manuel Contreras Leiva, Daniel Kurth,
and Maria Eugenia Farias

11.1 Background

Based on the aridity index of 0.05, the Atacama Desert is considered a hyperarid
area with extremely dry conditions (Wierzchos et al. 2012). Because of its aridity
and UV incidence, it is largely compared to Mars, and it is also at the dry limit of
microbial life (Navarro-Gonzalez et al. 2003). In addition, it is the Earth’s largest
modern evaporitic regions, which comprises a large number of salt flats, with a
combination of evaporitic crusts and saline lakes or playa-lakes (locally referred to
as “lagunas”) (Stoertz and Ericksen 1974; Risacher et al. 2003). The Salar de
Llamara is located in the north of the Atacama Desert (Fig. 11.1a). This is one of the
aridest parts of the desert span toward northern Chile, and it is situated between the
rain shadows of the Andes Mountains and the Coastal Cordillera (Michalski et al.
2004). Llamara 1 (L1) and Llamara 2 (L.2) are two shallow wetlands at an approxi-
mately 500 m distance, containing two kinds of complex and diverse stratified
microbial communities, microbial mats (Demergasso et al. 2003; Rasuk et al. 2016),
and evaporitic domes (Rasuk et al. 2014, ongoing publication) (Fig. 11.1).

The occurrence of microbial life associated with these desert environments opens
up new perspectives regarding how communities adapt to and tolerate extreme envi-
ronmental conditions and increases our understanding of microbial ecology and
evolution. Thus, the present book chapter comprises all the available information
about the stratified microbial ecosystems located in the Salar de Llamara.
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Fig. 11.1 (a) Red square shows the location of the Salar de Llamara. (b) Location of the two water
bodies L1 and L2 (marked with red), and the holes with mats (marked with yellow). (¢) Photograph
showing L1 lagoon. (d) Photograph showing the domes inside L2 lagoon. (e) Photograph of domes
inside L1. (f) Photograph of the holes with microbial mats

11.2 Physicochemical Parameters in the Water
from the Salar the Llamara

Physicochemical parameters in the Salar the Llamara were determined in different
field campaigns (Table 11.1) (Rasuk et al. 2014, 2016, ongoing publication).
Overall, similar values were obtained, and these measurements showed that the
water is characterized by being moderately alkaline, having pH around 8, and a
temperature between 25-30 °C. The conductivity, which is given by the charged
ions dissolved in the water, is high, making these lakes hypersaline. In this sense,
concentrations of the major ions were elevated in the three samples, presenting in
the following order, chloride > sodium > sulfate > potassium > magnesium > cal-
cium, except in the holes where calcium > magnesium. It is also important to high-
light that nutrients including total organic nitrogen, organic matter, and phosphorus
concentrations have low values in all cases; although, in L2 total phosphorous and
orthophosphate had the highest values, 13.8 and 12.6 mg/L, respectively.
Additionally, dissolved oxygen was markedly lower in L2 (0.7 mg/L) and in the
hole waters (LL1 0.7 and LL2 1.8 mg/L) compared with L1 where the values
reached 7.9 mg/L.

High arsenic content was detected in these water samples, reaching 24.6 mg/L in
L2, as seems to be a feature of the Andean lakes. In fact, the major quantities of
arsenic around the world were registered in those lakes (Farias et al. 2013; Rasuk
et al. 2014, 2016; Rascovan et al. 2016; Ordoiez et al. 2018).
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Table 11.1 Physicochemical parameters from water in L1 (summer and winter), L2, and the two

holes sampled

Parameter Unit Llamara 1 Llamara 2 ‘ Hole LL1 ‘ Hole LL2
Summer | Winter | Summer
Conductivity mS/cm 177 267 191 152 143
Dissolved oxygen mg/L 3.45 7.9 0.7 0.7 1.8
pH - 7.88 8 8 7.6 7.6
Salinity g/ - 76 70 - -
Temperature °C 18.6 20.5 28.6 36.5 274
Chlorophyll pg/L 1.5 0.4 1.5 - -
Total alkalinity mgCaCO,/L | 263 200 9010 159 191
Hardness mg/L 6701 5143 15,967 4213 3855
Total phosphorus mg/L 4.4 1.9 13.8 4.2 0.8
Orthophosphate (P-PO,) | mg/L 2.6 1.8 12.6 0.4 0.8
Dissolved silica (SiO,) | mg/L 103 49 85 98 94
Nitrate (N-NO;) mg/L <0.05 0.7 0.04 0.1 0.1
Nitrite (N-NO,) mg/L <0.1 <0.1 <0.1 <0.1 <0.1
Total organic nitrogen mg/L 0.4 0.3 0.6 0.3 0.9
Organic matter % 4.2 3.9 32 33 2.1
Calcium mg/L 796 1149 | 657 1088 1054
Sodium mg/L 58,005 |33,540 | 53,690 20,990 17,330
Magnesium mg/L 1145 552 3480 364 297
Potassium mg/L 2021 926 5138 668 552
Chloride mg/L 86,693 | 41,738 | 85,888 31,586 25,467
Dissolved sulfur mg/L 6917 - 7144 5119 4033
Sulfate mg/L 17,605 | 17,368 | 18,395 13,540 9780
Total sulfide mg/L <0.2 <0.2 <0.2 - -
Dissolved arsenic mg/L 5.0 4.7 — — -
Total arsenic mg/L 9.1 6 24.6 2 1.2
Total iron mg/L 0.468 0.19 0.18 - -
Total boron mg/L 85 52 163 - -

11.3 Unravelling the Microbial World Harboring Stratified
Ecosystems in the Salar de Llamara

Two kinds of stratified microbial ecosystems were reported in the Salar de Llamara,
microbial mats and evaporites.

11.3.1 Microbial Mats

Microbial mats are laminated structures, which are controlled by environmental fac-
tors such as light, temperature, salinity, dissolved oxygen, and the presence of sul-
fides. These laminations have different colorations as a result of the development of
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photosynthetic bacteria that contain photosynthetic pigments and, therefore, differ-
ent patterns of available light. The presence of these mats is restricted to extreme
environments that include coastal marine environments and hypersaline environ-
ments (Bauld 1984; Van Gemerden 1993), thermal springs (Castenholz 1984;
Jorgensen and Nelson 1988), and alkaline lakes (Brock 1978). Microbial mats are
considered the modern counterparts of the ancient laminated microbialites, and
studying them gives interesting insights about ancient microbial life.

Up to now, four studies about the mats of the laguna Llamara were conducted:

Demergasso et al. (2003) analyzed the bacterial community of microbial mats at
different sampling sites of the Salar de Llamara through microscopic and spectro-
photometric techniques. They reported four heterogeneous samples along the sam-
pling site, where the lamination of mats was different during winter and summer.
Three kinds of stratification were detected. The first one was characterized by only
one green layer, the second had a green and an orange layer, and the last had an
additional layer with purple color. The orange layer was characterized by diatoms,
the green by cyanobacteria, and the purple by anoxygenic phototrophic bacteria
similar to cells of the genera Chromatium and Thiocapsa. Additionally, abundant
non-photosynthetic microorganisms were detected in the mats, including unidenti-
fied cocci and bacilli. It is also important to highlight that sulfate-reducing bacteria
were also present in all the sampled mats and the black layer above them was attrib-
uted to the oxidation of the sulfide generated by their metabolism.

This lamination was more developed in winter than summer, as evidenced by
increased pigment and protein content, and attributed to the higher water level in
winter. In addition, the pigments from the mat samples were spectrophotometrically
analyzed, revealing that chlorophyll a and bacteriochlorophyll a, were the most
abundant pigments. Chlorophyll a was predominant in the green layer, whereas
bacteriochlorophyll a in the purple layer.

High-throughput sequencing methods enable detailed, semiquantitative analysis
of entire communities in large sample sets. In addition, they provide ecological
information that extends far beyond that provided by previous methods in terms of
detail and magnitude. In this sense, Rasuk et al. (2016) analyzed the microbial
diversity of the microbial mats using high-throughput sequencing technology and
correlated it with the physicochemical parameters from water columns. They com-
pared the samples from Llamara with sediment from other lagoons from the
Atacama Desert. In this work, two kinds of mat were recognized, which were situ-
ated within holes next to L1 (Fig. 11.1b, f). One of the holes had a white suspension
named LL1. In a second hole, a mat with a different appearance is noticed, with
purple spots on an ocher background, this was called LL2.

In the two samples analyzed, Proteobacteria, Bacteroidetes, Spirochaetes, and
sequences that could not be assigned to any taxa were the most prevalent phyla.
Proteobacteria and Spirochaetes were the most abundantin LL 1, while Bacteroidetes
and Caldithrix, unique to LL2, were predominant in this sample. The
Rhodothermaceae family was the major member of the Bacteroidetes found in both
samples. It was widely detected in microbial ecosystems of Atacama Desert and
other regions of the Andean Puna (Demergasso et al. 2004; Dorador et al. 2009,
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2013; Farias et al. 2013; Rasuk et al. 2014; Fernandez et al. 2016; Toneatti et al.
2017; Kurth et al. 2017). Members of this family such as the genus Salinibacter sp.
are characterized as requiring high salt concentrations for their growth (Anton et al.
2002; Makhdoumi-Kakhki et al. 2012). Finally, the small proportion of sequences
affiliated with Cyanobacteria not only in these mat samples but also in similar geo-
graphically different samples indicate that they might not play an essential role
related to carbon fixation in these extreme environments.

When they compared the diversity coupled with the physicochemical parameters
between the mats and sediment samples, a higher diversity in sediment than in mat
was found. They attributed this feature to the water conditions such as higher DO
and more organic matter and phosphorous in the water where sediments were taken.
Also, a lower conductivity was found in water with sediment samples. Finally, in the
mat samples, they found to a more specific level, a community compounded by
extremophiles, especially halophilic organisms, showing how environmental condi-
tions influence the microbial composition of an ecosystem.

A more recent article (Saghai et al. 2017) studied microbial mat fragments col-
lected along 30 cm of a pond from the Salar de Llamara. Those fragments were
obtained along strong physicochemical gradients (depth, salinity, oxygen, and tem-
perature), and the structure of archaea, bacteria, and protist communities applying
16S/18S rRNA metabarcoding approaches was also characterized. They found that
the mats were highly diverse, with a number of OTUs comparable to the most diverse
environment types (soil or sediments), they included known eukaryotic and prokary-
otic taxa as well as many novel lineages. Bacterial candidate divisions were more
abundant in deeper layers (almost 50% of sequences), and Archaea represented up to
40% of sequences in some mat layers. Mats situated in the oxic zone were mostly
composed of relatively well characterized bacterial phyla, including Bacteroidetes,
Cyanobacteria, Proteobacteria, and Verrucomicrobia. The fact that these research-
ers found, in general, the same major phyla as the works mentioned above should be
highlighted. Below the chemocline defining an oxic/anoxic and salinity transition,
bacterial candidate divisions and archaea accounted for up to 75% of the sequences.
Molecular phylogenetic analyses revealed six novel deeply divergent archaeal groups.

Cyanobacteria and Alphaproteobacteria, which are potential phototrophic
groups were represented by 5-10% of the sequences and located in surface layers.
On the other hand, potential anoxygenic phototrophs, mainly Rhodobacterales and
Rhodospirillales, were detected in significant proportions in the middle zone.

Candidate divisions were particularly abundant in the two deeper mats, where
the majority was Aminicenantes (former OP8), Parcubacteria (former OD1), and
TAO06. Also, a few OTUs from Candidate divisions were abundant and affiliated
with Latescibacteria (former WS3), Saccharibacyeria (TM7), and Gracilibacteria
(BD1-5). They also detected halophilic and halotolerant microbial eukaryotes,
found among a variety of taxa, including especially Stramenopiles (e.g.,
Bacillariophyta, Bicosoecida, and Chrysophyceae), Alveolata (e.g., Ciliophora),
and Fungi, being more abundant and diverse in the oxic zone mats.

Although located a few centimeters away, each studied mat fragment developed
under a set of specific abiotic factors, with oxygen values dropping to zero and
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salinity and temperature values increased from the surface to the bottom of the
pond. All these differences in environmental parameters correlated with the differ-
ent structure of the prokaryotic communities.

The same mats were analyzed by WGS sequencing in the latest work (Gutiérrez-
Preciado et al. 2018). This allowed further insight into the biogeochemical pro-
cesses potentially taking place in the mats. The authors proposed a space-for-time
substitution modeling for these mats, thus simulating the transition from early Earth
conditions in the deeper mats to current oxygenic conditions in the upper mats.

Inferences from the taxonomic composition were confirmed by gene abundances.
Anoxygenic photosynthesis, represented by Chloroflexi, Chlorobi, and
AlphalGammaproteobacteria lineages, was more abundant than oxygenic photo-
synthesis, which could be related to Cyanobacteria and eukaryotic algae.
Surprisingly, this occurred both in oxic and anoxic layers. These organisms are
likely in charge of primary production in these mats. Photosynthesis genes decreased
with depth, and in the lower mats, which bear increased diversity and rare phyla,
primary production might be supplemented by other autotrophic metabolisms.

Carbon fixation pathways showed an inversion from the deepest, anoxic mats up
to the upper oxygen-exposed mats. Ancient anoxygenic pathways, such as dicar-
boxylate/hydrobutyrate, 3-hydroxiproprionate/4-hydrobutyrate and, most impor-
tantly, Wood-Ljungdahl increased their abundance with depth, while the
Calvin—Benson cycle markers had reduced abundance in the deeper layers.

11.3.2 Evaporitic Domes

Evaporites are widespread in arid locations in the world. Due to the inhospitable
conditions in the desert (aridity, UV radiation, brine chemistry, and oligotrophic
conditions), microbial life has been induced to search out the microhabitats most
suitable for life (Albarracin et al. 2015) such as gypsum or halite pores.

Microorganisms form aggregates occupying the pore spaces inside halite, where
microbial interactions occur. In this exceptional, salty, porous habitat, microbial
consortia with a community structure probably acclimated to the environmental
conditions occupy special microhabitats with physical and chemical properties that
promote their survival (de Los Rios et al. 2010). On the other hand, inside gypsum
pores UV radiation is quenched by the selenite crystal, and it is highly hygroscopic,
creating a wet UV-protected microenvironment with high access to O, and light
(Oren et al. 1995; Stivaletta et al. 2010; Farias et al. 2014). These features create a
stratified system very similar to that found in microbialites and microbial mats.
Thus, in hyperarid deserts, microbial life is essentially present in the form of micro-
organisms that take refuge in such endolithic habitats (Wierzchos et al. 2012). This
kind of lifestyle is represented in the Salar de Llamara with microbial communities
stratified into evaporitic structures having domal shapes.

de Los Rios et al. (2010) characterized microbial communities inside halite evap-
orites from different parts of the Atacama Desert (Yungay, Salar de Llamara, and
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Salar Grande) using denaturing gradient gel electrophoresis (DGGE) and micros-
copy. Their analysis revealed that the endolithic communities harboring evaporitic
halite rocks are made up predominantly of cyanobacteria, along with heterotrophic
bacteria (uncultured Bacteroidetes bacterium clone from sediments of hypersaline
lakes) and archaea (uncultured unidentified archaea).

11.4 Diversity of the Evaporitic Gypsum Domes Along
of the Stations in Llamara 1

In Salar de Llamara, there are two shallow wetlands dominated by microbial eco-
systems formed by dome-shaped bioherms, which presented a stratified distribution
of microbial communities in color sections. Some of these domal structures are
partially submerged defining an air-exposed surface and the embedded section, cre-
ating (at least) two microbial niches.

Rasuk et al. (2014) performed, for the first time, a detailed description of the
microbial diversity of a dome from L1 along the stations using enhanced techniques
of DNA sequencing and supported this information with the analysis of the pig-
ments using high-performance liquid chromatography (HPLC). They also utilized
SEM to view the dome sample and determined its mineralogical nature with X-ray
diffraction.

The main mineral found in these domes was gypsum. Regarding biodiversity, the
communities associated with these structures were analyzed by amplicon sequenc-
ing and compared between winter and summer seasons. In general, sequences
related to Bacteroidetes and Proteobacteria (mainly Alfa and Gammaproteobacteria)
remained as the main phylogenetic groups, and the diversity duplicated in winter
(determined using Chao index, 502 in winter vs 275 in summer). The comparison of
the upper (air-exposed) and bottom section (water-submerged) between the seasons
showed slight variation. The upper region was dominated by Chromatiales
(Gammaproteobacteria), Rhodospirillales (Alphaproteobacteria), both of them
characterized by having anoxygenic photosynthesizers. Also, Sphingobacteriales
(Bacteroidetes), which have halophile members such as Salinibacter sp., were sig-
nificant. They have been found in microbial communities harboring salt waters and
were also found in ecosystems from the Atacama Desert (Baati et al. 2008; Dorador
et al. 2009, 2013; Schneider et al. 2013; Simachew et al. 2016; Toneatti et al. 2017).
However, the submerged part showed marked differences between seasons, being
dominated in summer by Alpha and Gammaproteobacteria and a good representa-
tion of Verrucomicrobia, but winter showed a remarkable difference being more
diverse (evidenced by Chao index 435 vs 282 in summer). Even though scarce
by sequence, Cyanobacteria were visually identified by SEM, which also
revealed the presence of diatoms. Photosynthetic pigments related to anoxygenic
bacteria, bacteriochlorophyll e, and ¢, together with a good representation of
sequences related to Alfa and Gammaproteobacteria and a very low proportion of
Cyanobacteria were found. These findings suggest that a phylognetical group other
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than Cyanobacteria seems to be significantly involved in carbon uptake in the
Llamara domes. This was also found in the other Andean microbialite ecosystems
such as Brava and Tebenquiche lakes (Fernandez et al. 2016; Farias et al. 2017).
Moreover, widespread pigments such as -carotene, lycopene, and fucoxanthin, as
well as pigments related to specific groups of microorganism such as diatoxanthin
(associated with diatoms) and astaxanthin (associated with Cyanobacteria) were
also detected. All of them were consistent with the diversity obtained by sequenc-
ing. They proposed that the higher abundance of pigments and diversity metrics in
the top layer compared to the bottom is because the upper section of the dome pres-
ents advantages over the bottom. UV would be quenched by the selenite crystals in
gypsum crust and exposure in microbial communities would be minimized. In addi-
tion, gypsum is highly hygroscopic, creating a wet, UV protected microenviron-
ment with high access to O, and light (Oren et al. 1995). In contrast, in the bottom
layer, since conditions during summer and winter are less stable, conductivity and
O, availability changes are reflected in the differences in diversity.

Although conductivity, salinity, and phosphorous were higher in summer,
whereas dissolved oxygen was higher in winter (Table 11.1), it was found that there
were not considerable changes in the temperature, depth, and pH of the water.

11.5 Characterization of the Evaporitic Gypsum Domes
in Llamara 2

A detailed characterization of an evaporitic dome and the physicochemical parameters
of the water from L2 were performed by Rasuk et al. (ongoing publication). Domes
were similar to those found in Llamara 1 and also composed of gypsum. The study of
the microbial diversity aimed to analyze the different colored horizons, and this was
addressed using a combination of techniques, including amplicon sequencing of the
16S rRNA metagenomics analysis, pigment determination, and electron microscopy.

The major proportion of sequences belonged to the Bacteria domain, and just a
few sequences were assigned to Archaea and Eukarya domains. Regarding phylum
level, the results achieved by both approaches were consistent. In this sense,
Proteobacteria, Bacteroidetes, and Firmicutes were the prevalent phyla, and rare
phyla represented by unclassified bacteria and candidate phyla were also significant.
On the other hand, a small amount of cyanobacterial sequences were found. The
distribution of the community along the layers showed a pronounced diversity in the
upper section (Fig. 11.2a), Proteobacteria (Alpha and Deltaproteobacteria) being
the major component in it; in agreement with the results obtained by Rasuk et al.
(2014). This also correlated with pigment analysis, where diversity was maximal in
the upper photosynthetic layers. As the major member of Alphaproteobacteria, the
family Rhodobacteraceae was detected (18%) in the middle section, followed by
Rhodospirillaceae (11%), which was distributed in the three sections of the dome
and more abundant in the middle. Another interesting finding was that the functional
analysis demonstrated that anoxygenic photosynthesis was more represented
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Fig. 11.2 (a) (Left) Bacterial diversity represented by percentages of sequences of phylum on the
top, middle, and bottom layers in the gypsum dome. (Right) Bars showing the number of reads by
the analyzed functional genes and their affiliation. (Adapted from Rasuk et al. ongoing
publication)

than the oxygenic and mainly by Alphaproteobacteria (Rhodobacteraceae and
Rhodospirillaceae). Sulfur oxidation genes were affiliated with the same taxa
(Fig. 11.2b), suggesting that sulfur oxidation could be coupled with anoxygenic pho-
tosynthesis. Rhodobacteraceae and Rhodospirillaceae are purple non-sulfur bacteria
(PNS) that generally use electrons from molecular hydrogen for photosynthesis, and
they were thought not to use hydrogen sulfide as an electron donor while growing
photoautotrophically. However, some PNS have been found using sulfide or organic
compounds at lower concentrations than purple sulfur bacteria (Madigan et al. 2003).

An unexpected result found in this work was that sulfate-reduction appears to be
mainly done by Deltaproteobacteria, even in the upper layers of the dome, since a
high abundance not only of 16S rRNA genes was found but also the majority of
genes related to this metabolism were affiliated with them. This result has also been
found in the oxic zones of hypersaline microbial mats in Guerrero Negro, Solar
Lake, Kiritimati Atoll, the Bahamas, and Shark Bay and in microbial ecosystems in
the Salar de Atacama (Canfield and Des Marais 1991; Teske et al. 1998; Dupraz
et al. 2004; Glunk et al. 2011; Arp et al. 2012; Pages et al. 2014; Farias et al. 2017).

On the other hand, the bottom layers were characterized by rare phyla, repre-
sented by sequences that could not be affiliated with any phyla (unclassified bacte-
ria) and candidate phyla such as Hyd24-12, OP1, OP3, OD1, and SAR406. However,
Firmicutes, Proteobacteria, and Lentisphaerae were also present.
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Moreover, a large amount of genes related to alternative pathways of carbon fixa-
tion, such as the ancient reductive acetyl CoA, were revealed. Since the carbon
monoxide dehydrogenase/acetyl-CoA synthase (key enzyme of the pathway) was
even more represented than RubisCO from the classic Calvin—-Benson cycle, the
identified reductive acetyl-CoA pathway sequences were affiliated mainly with the
sulfate-reducing Deltaproteobacteria, which are obligate anaerobic hydrogen oxi-
dizers (Rasuk et al. ongoing publication).

This study gave a good representation of the taxonomic diversity and metabolic
potentials thought to be currently used at Llamara. It might be unlikely that primary
production is supported solely by Cyanobacteria, given their scarcity, and from this
analysis anoxygenic photosynthesizers and Deltaproteobacteria could be signifi-
cant contributors. This supports the hypothesis presented before that in these envi-
ronments many of the dominating metabolisms were likely present during early
earth, when conditions of the primitive land were hostile and scarce in nutrients
(especially organic compounds).

11.6 Conclusion

This chapter presented the available studies about biodiversity in one of the driest
and most irradiated environments on Earth, the Salar de Llamara. This oligotrophic
system has an unexpected diversity, where oxygenic photosynthesis is not the main
primary metabolism. Here, other dynamics are at work. An elevated number of
genes associated with anoxygenic photosynthesis coupled with a large number of
genes related to alternative carbon fixation pathways were observed. These results
support the hypothesis that these poly-extreme environments would be a good
model for early Earth conditions and open a universe of possibilities to elucidate
these ancient metabolic pathways that provide critical information about early life
in extreme environments.
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