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Abstract
Arsenic (As) is a metalloid present in the earth’s crust and widely distributed in the environment. Due to its high concentrations in
the Andean valleys and its chemical similarity with phosphorus (P), its biological role in Andean Microbial Ecosystems (AMEs)
has begun to be studied. The AMEs are home to extremophilic microbial communities that form microbial mats, evaporites, and
microbialites inhabiting Andean lakes, puquios, or salt flats. In this work, we characterize the biological role of As and the effect
of phosphate in AMEs from the Laguna Tebenquiche (Atacama Desert, Chile). Using micro X-ray fluorescence, the distribution
of As in microbial mat samples was mapped. Taxonomic and inferred functional profiles were obtained from enriched cultures of
microbial mats incubated under As stress and different phosphate conditions. Additionally, representativemicroorganisms highly
resistant to As and able to grow under low phosphate concentration were isolated and studied physiologically. Finally, the
genomes of the isolated Salicola sp. andHalorubrum sp. were sequenced to analyze genes related to both phosphate metabolism
and As resistance. The results revealed As as a key component of the microbial mat ecosystem: (i) As was distributed across all
sections of the microbial mat and represented a significant weight percentage of the mat (0.17 %) in comparison with P (0.40%);
(ii) Low phosphate concentration drastically changed the microbial community in microbial mat samples incubated under high
salinity and high As concentrations; (iii) Archaea and Bacteria isolated from the microbial mat were highly resistant to arsenate
(up to 500 mM), even under low phosphate concentration; (iv) The genomes of the two isolates were predicted to contain key
genes in As metabolism (aioAB and arsC/acr3) and the genes predicted to encode the phosphate-specific transport operon
(pstSCAB-phoU) are next to the arsC gene, suggesting a functional relationship between these two elements.
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Introduction

Low oxygen pressure, high UV radiation, constant volcanic
eruptions, high thermal fluctuation, and extreme aridity,

among other conditions, make the Atacama Desert one of
the most extreme environments in the world [1–5].
Hyperaridity is one of the main characteristics differentiating
the Atacama Desert from other extreme environments. The
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characteristic dryness of the region is attributed to its subtrop-
ical location, where the climate has remained unchanged for
more than 150 million years [5–7]. Because of this, the
Atacama Desert is the oldest continuously arid desert on the
planet Earth. However, the Atacama Desert also hosts many
Andean lakes, which have been characterized mostly by alka-
line pH, high salinity, and high concentrations of metals and
metalloids from volcanic activity, specifically arsenic (As)
[8–11]. In Andean lakes, different kinds of extremophilic mi-
crobial communities, denoted as Andean Microbial
Ecosystems (AMEs), have been discovered and characterized
in recent years [10, 12–17]. The physicochemical characteris-
tics of current Andean lakes make them excellent natural lab-
oratories for the investigation of AMEs’ adaptation to high As
concentrations under different phosphate concentrations.

Since As is an extremely deleterious element for cells, mi-
croorganisms have evolved specific mechanisms to cope with
its toxicity, such as extracellular As precipitation, chelation,
intracellular sequestration, active extrusion, or biochemical
transformation (by redox processes or methylation) [18].
Nonetheless, some microorganisms can use this metalloid as
an energy source [19, 20] and play a role in its biogeochemical
cycle [21]. For instance, the microbial mats of Laguna Brava,
also located in the Salar de Atacama, can incorporate As into
exopolysaccharides (EPS), having a direct impact on As mobil-
ity and therefore on the As cycle in the lake [22]. In Laguna
Diamante, located in the crater of the Galán volcano
(Argentina), up to 300 mg/L of As were detected in summer
[16]. On the volcanic rocks present in the lake, biofilms com-
posed of 94% by archaeal family Halobacteriaceae have been
described [20]. Metagenomic studies revealed that genes relat-
ed to As metabolism were abundant and diverse in these
biofilms and also in Halorubrum sp., especially those related
to the use of As as a source of energy i.e. aioAB and arrAB [16,
20]. The presence of these genes suggested that microorgan-
isms present in the biofilms could have the ability to metabolize
As in order to obtain energy. Furthermore, Halorubrum DM2
sp. isolated from these biofilm samples was shown to increase
its growth rate in the presence of As and to have a higher level
of aio and arr gene expression in the presence of As [19].

One of the most relevant characteristics of As and its rela-
tionship with biological systems is the chemical similarity
with the element phosphorus (P). These are considered chem-
ical analogs since they share characteristics such as atomic
radii and identical states of electronegativity and oxidation
[23]. In their most prevalent oxidized forms, arsenate
(AsO4

3-) and phosphate (PO4
3-), both species are negatively

charged at physiological pH. In fact, both molecules have
similar speciation at the respective pH and similar pKa values
[23–26]. Based on these similarities, As can enter the cells
through phosphate transporters (Pst and Pit) and display its
harmful effects on different cellular mechanisms and compo-
nents [27, 28]. Understanding the relationship between As and

P would help us comprehend the beginning of life at 4 billion
years ago, where primordial biochemical processes started
[29, 30]. It is presumed that As may have had a key role as a
substrate for an ancestral arsenite oxidase enzyme in As-based
metabolisms [31–33] and been associated with the precipita-
tion of carbonates by biological activity in fossil stromatolites
2.7 billion years ago [29], a geological period during which
phosphate would not have been available for metabolic activ-
ity [34, 35]. Phosphate is geochemically scarce and difficult to
access, because it is complexed to rocks and minerals. Its use
requires enzymatic mechanics that is hypothesized not to have
been present in early metabolisms [36].

Most studies have focused on As resistance and metabolism
in AMEs andmicrobial isolates [10, 19, 37–40]. However, little
is known about the influence of phosphate concentration on the
biological effect of As. In order to address this question, we
investigated the microbial mats present in Laguna Tebenquiche
in the Atacama Desert. This lake is located in the center of the
Salar de Atacama and is one of the largest water bodies present
in the area. Although the As concentration in the water column
is lower than in other lakes (0.053 mM), it is 4.8 times higher
than the total P concentration (0.011 mM) in situ [10, 41], a
characteristic that does not occur in other Andean lakes
(LagunaDiamante, Laguna La Brava, Laguna Socompa) where
the P concentration is always bigger than the As concentration
[41]. This makes the microbial mats inhabiting Laguna
Tebenquiche—composed mainly of Proteobacteria and
Bacteroidetes [41]—an optimum model to study the metabo-
lism related to As under low phosphate concentrations.

Previously, we outlined the hypothesis that phosphate concen-
tration could have an effect on the presence of genes related toAs
metabolism and thus on the microbial diversity of an ecosystem
[41]. Here, we report a study of the biological role of As in the
Laguna Tebenquiche microbial mat, asking whether low P con-
centration affects As metabolism, and if a relationship between
As and P can be detected in this extremophile ecosystem. We
determined the distribution of As in the microbial mat.
Additionally, we aimed to reveal which taxa from the microbial
mat were better adapted to tolerate As when phosphate concen-
tration is low, and to what degree isolated microorganisms were
resistant to As when grown with only trace phosphate concen-
trations. Finally, we aimed to identify the key genes related to As
metabolism in the isolates and whether they are linked to
phosphate-related genes.

Methods

Sampling Site

Laguna Tebenquiche is located in Antofagasta, Chile, near the
central area of the Salar de Atacama (S 23° 08′ 18.5″ W 68°
14′ 49.9″), and it is one of the largest water bodies in this
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system [10]. Organisms in this lake are subjected to stress
conditions such as high UV radiation, high thermal oscillation
(day-night), high salinity, and presence of heavy metals due to
volcanic activity, among others [10, 42, 43]. The organic-rich
microbial mat [10] inhabiting this lake was submersed in ca. 5
to 15 cm of water and was very gelatinous, containing only a
few trapped mineral particles. In November 2016, microbial
mat was collected in sterile environmental sampling bottles. A
part of the sample was directly frozen and later used for the μ-
XRF (see below). Another part of the mat was used to obtain
enrichment cultures and isolates. For this last purpose, the
subsamples were stored at 4 °C and processed a week later
in the laboratory, as described below.

Elemental Mapping with μ-X-ray Fluorescence

A microbial mat slice of 10-mm thickness was obtained using a
Leica CM 1900 Cryostat at Max Planck Institute for Marine
Microbiology (Fig. 1). Elemental mapping of the slice was per-
formed on a M4 Tornado system (Bruker Nano Analytics)
equipped with a micro-focused Rh source (50 kV, 600 μA) with
a poly-capillary optic (20-μm spot size). Measurements were
conducted under vacuum (19.9 mbar), with a pixel size of 50
μm, a scan time of 30 ms per pixel and 2 scans per pixel. The
analyzed area of the mat section had a size of 4.0 × 10.3 mm2

(16,480 pixels). Data were initially processed and visualizedwith
M4 Tornado Software version 1.3. The xy-matrices of individual
elements were afterward imported into Matlab (R2016b) and
plotted together with a high-resolution picture of the mat slice
by referencing three teaching points.

Enrichment Cultures and Isolation of Halophilic
Strains from Laguna Tebenquiche Microbial Mats

Enrichment cultures were obtained in 250-mL Erlenmeyer
flasks with 60 mL of chemically defined medium (CDM)

[44] supplemented with sodium arsenate dibasic heptahydrate
25 mM (Na2HAsO4·7H2O) and inoculated with 5 g of a mi-
crobial mat from the Laguna Tebenquiche. To analyze which
taxa are selected in low phosphate concentration, CDMmedi-
um was modified from its original composition using 0 and
1 mM of K2HPO4 as the unique added source of phosphate.
The salinity of the Laguna Tebenquiche varies between 1 and
30% (w/v) depending on the time of year (due to the cycles of
evaporation and precipitation) and also depending on the area
of the lake [15]. Based on this, both phosphate conditions
were repeated using CDM medium supplemented with 15%
and 25% NaCl to emulate the high salinity (NaCl) of Laguna
Tebenquiche. The summary of all different conditions is
shown in Table S1.

To enrich for and isolate halophiles able to grow at low P
and high As concentrations, flasks containing 2 g of microbial
mat and 20 mL of CDM with 20% NaCl, 25 mM As(V), and
no added of phosphate were incubated at 37 °C for 7 days with
stirring at 120 rpm. In order to avoid pH variations because of
As presence or microbial growth, the CDM was buffered at
pH 7.5 with 5 mM Tris-HCl. The enrichments were streaked
onto plates with CDMmedium supplemented with 20% NaCl
containing 25 mM As(V) without phosphate addition. After 5
days of incubation of plates at 37 °C, two types of colonies
were observed that differed mainly in color. The two well-
isolated colonies were restreaked several times at enrichment
temperatures to ensure axenic cultures.

Growth Curves and Minimum Inhibitory
Concentration

Standard growth curves were constructed in CDM liquid me-
dium supplemented with 20% NaCl by using 0 and 1 mM of
K2HPO4 and different As(V) concentrations: 25, 50, and 100
mM.

Fig. 1 Micro X-ray fluorescence
(μXRF) elemental maps showing
relative abundances of As, P, Na+
Cl, S, and Fe together with a
photographic image of the ana-
lyzed slice of the microbial mat
from Laguna Tebenquiche
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The minimum inhibitory concentration (MIC) assays were
performed by using solutions containing 500 mM As(V) pre-
pared in 300 μl CDM medium (500 mM was the maximum
concentration tested). Serial dilutions were set in 96-well mi-
croplates and inoculated with 5 μL of microbial cultures
(archaeon and bacterium) grown up to OD600∼0.05.
Microplates were incubated at 37 °C and microbial growth
was assessed after 72 h. For the analysis of the results,
OD600 readings of each well were made using the negative
control (culture medium without inoculation) as a blank,
where any reading with a difference ≤ 5% with the blank
was considered growth inhibition. Isolates grew even in the
highest concentration of arsenate; therefore, no MIC was ob-
tained. No precipitates were observed in the culture supple-
mented with 500 mM of arsenate and the pH did not vary.

High-Throughput DNA Sequencing

To generate taxonomic profiles of the enrichment cultures,
total DNA was obtained from 2 mL of microbial enrichments
after 7, 15, and 30 days of growth. The supernatant of each
sample was separated by centrifugation at 10,000g. The pellet
was used for DNA extraction using the FastDNA SPINKit for
Soil (MP Biomedicals, Inc.) according to the manufacturer’s
protocol. The DNA was sent to Macrogen, Inc. (Seoul,
Republic of Korea) where amplicons of the region V3-V4
for 16S rRNA genes were generated with primers Bakt-341F
and Bakt-805R [45]. Amplicon libraries were sequenced
using the Illumina MiSeq platform at Macrogen. The total
numbers of raw data are shown in Table S1.

To sequence the microbial isolates (16S rRNA gene and
whole genome), total DNA was obtained from the isolated
strains grown in CDM medium in the exponential phase.
The extraction of the genomic DNA was performed using
the FastDNA SPIN kit (MP Biomedicals, Inc.) following the
protocol supplied by the manufacturer.

In order to identify the genus of the isolates, the partial 16S
rRNA gene was amplified by PCR using two pairs of primers.
To identify archaea, the F344 (5′-ACG GGG YGC AGC
AGG CGC GA-3′) and R915 (5′-GTG CTC CCC CGC
CAA TTC CT-3′) were used [19, 46]. Samples were dena-
tured at 94 °C for 4 min, and amplification reactions were
performed in 30 cycles: denaturation (1 min, 94 °C), primer
annealing (1 min, 60 °C), extension (1 min, 72 °C), and a final
extension step of 5 min at 72 °C. To identify bacteria, the F27
(5′-AGA GTT TGA TC(A/C) TGG CTC AG-3′) and R1492
(5′-TACGG(C/T) TAC CTTGTT ACGACTT-3′) were used
[47]. The reaction starts with denaturation at 94 °C for 3 min,
and amplification was carried out in 30 cycles: denaturation
(45 sec, 94 °C), primer annealing (30 sec, 55 °C) and exten-
sion (90 sec, 72 °C), with a final extension step of 10min at 72
°C. For both pairs of primers, the PCR reaction was carried out
in a thermocycler T1 thermoblock (Biometra). The reactions

were performed in 50 μL volumes containing 10 μL of 5×
buffer, 200 μM each of dNTPs, 250 nmol of each primer
(Genbiotech), and 2 U Taq DNA polymerase (Invitrogen)
brought to a final volume of 50 μL with Milli-Q water. The
PCR products were analyzed in 1% (w/v) agarose gel and
stained with SYBR Safe (Invitrogen™). To carry out the
clone sequencing, the chain termination method of Sanger,
by the DNA analyzer 23ABI Prism 3730XL in Macrogen
(Korea), was done. The resulting DNA sequences were com-
pared with the data accessible through NCBI (National Centre
for Biotechnology Information) using BLASTn [48].

Whole-genome shotgun sequencing was also done for the
two strains isolated from Laguna Tebenquiche (named TLS-6
and TLS-7). Total DNA was obtained as described previously
and libraries were prepared as in the Illumina TruSeq protocol.
DNA sequencing was carried out in an Illumina MiSeq ma-
chine with a 2 × 250 bp layout. Sequence data have been
deposited in NCBI under BioProject PRJNA643293.

16S rRNA Amplicon Processing

Raw sequences were analyzed as in DADA2 under default
settings [49]. The taxonomic assignments were made through
the SILVA database (version 132) [50]. Raw data have been
deposited in NCBI under BioProject PRJNA643280.

The quality profiles of the forward and reverse sequences
were inspected, and these were fil tered with the
“filterAndTrim” function. The number of sequences that were
retained after each step in the DADA2 pipeline is detailed in
the Table S2. The sequences belonging to bacteria and archaea
were separated to analyze the similarity between them under
different conditions. More detailed information about the pro-
cessing of the sequences through DADA2 is found in the
supplementary material (Table S2). Finally, the remaining se-
quences were used for taxonomy assignments with the
Phyloseq package [51].

Functional Prediction and Visualization

Functional potential prediction of the microbial community
was carried out using the PICRUSt2 algorithm [52, 53]. For
the analysis, an OTU table (otu_table) together with a table
with all the sequences (colnames (otu_table)) was extracted
from the phyloseq object. Both tables were used as input files
for metagenomic prediction by means of the PICRUSt2 pipe-
line (picrust_pipeline.py). From the output files generated by
PICRUSt2, the normalized table with the number of copies of
the 16S rRNA gene was used for functional metagenome pre-
diction according to the Kyoto Encyclopedia of Gene and
Genomes (KEGG). The visualization of functional prediction
data was performed using the graphic/statistical software
STAMP (statistical analysis of taxonomic and functional pro-
files) version 2.1.3 [54].
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The investigated genes related to As metabolism were
those belonging to arsRDABC operon, which confer high
levels of As resistance in a range of bacterial species [18]. In
addition, acr3 has been identified as a widely distributed ar-
senite efflux pump in AMEs [37, 55]). Additionally, the
aioAB genes and arrAB genes, coding for arsenite oxidase
and respiratory arsenate reductase, respectively, were also in-
vestigated. Finally, the genes related to phosphate metabolism
were also investigated, specifically the pstSCAB-phoU genes
and phoB/phoR genes belonging to the Pho regulon.

Statistical Analysis

The alpha diversity indices (observed, Chao1, Shannon, and
Simpson) for each sample were calculated using the phyloseq
package version 1.30.0 [51] in the R version 3.6.3 software
[56]. Community and environmental distances were com-
pared by non-metric multidimensional scaling (NMDS),
based on Bray-Curtis distance measurements by means of
the ordinate function of the phyloseq package using a ntaxa
= 696. Importance was determined at the 95% confidence
interval (p = 0.05).

Results

Elemental Mapping of the Microbial Mat

Organic-rich and non-lithifying microbial mats from the hy-
persaline Laguna Tebenquiche have a dome-like macroscopic
morphology where the typical layers are formed [10].
Elemental mapping using μ-XRF spectroscopy revealed the
presence of As in a 10-mm-thick slice of a microbial mat from
Laguna Tebenquiche (Fig. 1). As was present along the mi-
crobial mat, with an abundance, expressed as weight percent-
age (0.17%), comparable to elements with known biological
roles like Fe (1.45%) and P (0.40%) and other micronutrients
like Cu (0.05%) and Mn (0.44%) (Table S3). The highest
concentration of As (drawn in Fig. 1) was observed in the
upper half, coinciding remarkably with the dark green layer
of the microbial mat (Fig. 1). On the other hand, the highest
concentration of P was detected also in the upper-middle sec-
tion of the mat. However, a clear separation between areas of
maximum abundances of both elements was observed.
Neither As nor P was detected in the top edge of the mat
(Fig. 1). Both Na and Cl were abundantly present throughout
the section, a result consistent with the high concentration of
NaCl in the lake (Fig. 1). Fe was detected in localized areas
mainly in the middle of the mat and also on the top and bottom
edges, while S was evenly distributed throughout the section
(Fig 1).

Microbial Biodiversity of the Microbial Mat
Enrichment Cultures

Microbial composition of the enrichment cultures obtained
from the microbial mat from Laguna Tebenquiche was inves-
tigated using 16S rRNA amplicon sequencing. Between
85,000 and 145,000 raw reads were obtained (per condition)
from the microbial mat sample enriched under As stress and
different P and NaCl concentrations (Table S2). The NaCl
concentration produced significant changes in alpha diversity
in all the conditions tested (Fig. 2); the number of observed
species (observed), the abundance of unique or rare individ-
uals (Chao1), the dominance (Simpson), and richness and
abundance (Shannon) strongly increased at 25% NaCl (Fig.
2). On the other hand, mat samples incubated without added
phosphate showed slight increases in the observed and Chao1
indices in both 15% and 25% NaCl. But in terms of both
Simpson and Shannon indices, the samples without phosphate
addition and 25% NaCl have higher values (Fig. 2). The non-
metric multidimensional scaling (NMDS) based on the Bray-
Curtis differences between the microbial compositions and the
different culture conditions revealed that in 25% NaCl, the
samples did not differ significantly based on the incubation
period, but the concentration of phosphate resulted in a small
difference between the samples (Fig. S1). On the other hand,
in 15%NaCl the samples were separated according to both the
phosphate concentration and incubation time (Fig. S1).

In accordance with the alpha diversity results, NaCl con-
centration was a key parameter in determining the species
apparently selected under each condition. At 15% NaCl, 16S
sequences associated with Bacteroidetes and Proteobacteria
are the most abundant after 30 days of incubation (Fig. 3a).
The phosphate concentration did not substantially affect the
microbial composition in 15% NaCl at the phylum level, and
the presence of Euryarchaeota 16S sequences was found at
very low levels (Fig. 3a).

On the other hand, in 25% NaCl, the relative abundance of
Euryarchaeota 16S sequences was much higher and increased
over time (Fig. 3a). At this NaCl concentration, the phosphate
presence notably affected the community composition, since
without phosphate on day 30, the microbial diversity deter-
mined by the relative abundance of 16S sequences was mainly
composed of Euryarchaeota (ca. 50%) and Bacteroidetes (ca.
37.5%), while in the presence of 1 mMphosphate at the end of
the incubation, Euryarchaeota (ca. 40%) and Proteobacteria
(ca. 40%) were the main phyla present (Fig. 3a).

At the genus level, in 15% NaCl, changes in microbial
diversity were observed between day 7 and day 15 under both
phosphate conditions (Fig. 3b). The relative abundance of
Sediminimonas increased from ca. 20−35% to more than
50%, turning into the predominant genus independently of
the presence of phosphate during incubation. At 15% NaCl,
in presence of 1 mM phosphate, the Idiomarina, Halomonas,
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and Halorubrum genera, which were abundant members of
the community on day 7, were not detected at days 15 and 30.
At the end of incubation, the microbial community was com-
posed mainly of Sediminimonas , Sal isaeta , and
Psychroflexus. The same occurred without the phosphate ad-
dition in culture medium with 15% NaCl, where Salinibacter
and Halomonas radically decreased their abundance in the
samples on days 15 and 30 of incubation, leaving the enrich-
ment culture dominated by Sediminimonas, Salisaeta, and
Psychroflexus.

Also, at 25% NaCl, a gradual change in the relative abun-
dance of the different genera was observed over time in the
presence or absence of phosphate (Fig. 3b). When 1 mM
phosphate was added to the culture medium, the microbial
diversity on day 7, composed mainly of Salicola (75%
approx.) and Halorubrum (15% approx.) genera, changed
over the incubation period, with Halorubrum relative abun-
dance reaching ca. 37.5% at day 30. At this time point, the
relative abundance of Salicola decreased to only about 40%.
In the absence of phosphate, a similar behavior of
Halorubrum was observed. Additionally, the relative abun-
dance of the dominant bacterial genus Salinibacter decreased
to ca. 37.5 % over time (Fig. 3b).

The data of the functional analysis obtained by PICRUSt2,
and statistical analyses by STAMP, revealed significant dif-
ferences between the samples treated with 15% and 25%NaCl
(Fig. 4). At a lower salinity (15 % NaCl), the acr3, arsC1,
arsC2, phoB, and phoR genes were predicted to be more
abundant when compared to 25% NaCl. In contrast, in sam-
ples incubated with 25% NaCl, genes belonging to the
pstSCAB-phoU operon and arsAwere predicted inmore abun-
dant percentages. Phosphate concentration only affected the

prediction of gene abundance in the samples treated with 25%
NaCl: the arsC1 and pstS genes were more abundant within
1 mM phosphate present in the medium, while arsC2 were
predicted to be more abundant when no phosphate was added
(Fig. S2). The aioAB genes and arrAB genes were not detect-
ed in significant abundances in any condition. The analyzed
genes did not show significant differences between the eval-
uated days.

Experiments with Halorubrum sp. and Salicola sp.
Isolates

The microbial mat from Laguna Tebenquiche was incubat-
ed for 7 days in CDM culture medium supplemented with
20% NaCl, 25 mM arsenate, and no addition of phosphate.
Then, the enrichments were streaked onto CDM medium
agar plates (see “Methods” section). After 5 days of incu-
bation on plates, two isolates were obtained with 20%
NaCl, 25 mM arsenate, and no phosphate addition to the
culture medium. The isolates had distinct pigmentation,
one being red and the other one whitish. 16s rRNA gene
sequencing showed that the red-pigmented isolate
corresponded to Halorubrum sp. (strain TLS-6), while
the whitish isolate corresponded to Salicola sp. (strain
TLS-7). These two genera were also detected as the dom-
inant species in our 25% NaCl enrichments (Fig. 3). Thus,
these isolates represent a successful isolation of endemic
microorganisms of AMEs in the Laguna Tebenquiche.

The isolated strains were physiologically characterized,
and both showed aerobic metabolism and the capacity to grow
in the presence of high arsenate concentration even under no
added inorganic phosphate conditions (3 μM according to

Fig. 2 Observed, Chao1,
Shannon, and Simpson alpha
diversity measures of selective
cultures under different
incubation conditions
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ICP-MS quantification, Fig. S3). The low phosphate condi-
tions strongly decreased the growth of both isolates, but in
Halorubrum sp. TLS-6 increasing the arsenate concentration
showed a positive effect on growth under this condition (Fig.

S3). A similar arsenotrophic behavior for the strain
Halorubrum sp. DM2 isolated from Laguna Diamante was
previously reported [19]. The same effect was not observed
with the bacterial isolate Salicola sp. TLS-7.

Fig. 3 Microbial mat biodiversity
in culture media supplemented
with 15% and 25% NaCl.
Samples (no phosphate added and
phosphate 1 mM) were incubated
for 30 days and aliquots were
taken at 7, 15, and 30 days and
were used for DNA extraction.
The taxonomic level graphed was
phylum (a) and genus (b)

Fig. 4 PICRUSt 2 function
analysis. Predicted functional
subsystems at KEEG Orthology
(KO) databasewith a significantly
different (p < 0.05) between 15
and 25% NaCl concentration
samples using t test (equal vari-
ance) as a statistical test in the
STAMP software
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Maximum growth rates for both isolates were observed at
1 mM phosphate and could tolerate high As concentration. No
effect of As on the growth rate was observed (Fig. S3). In
addition, neither isolate was completely growth-inhibited
even in a medium supplemented with 500 mM As(V) (data
not shown) (a higher concentration of As(V) in CDMmedium
was not possible to solubilize).

The analysis of the genomes of the TLS-6 and TLS-7
strains showed that all genes belonging to the specific
phosphate transport system Pst are predicted to be pres-
ent (Fig. 5). In the case of Halorubrum sp. TLS-6, the
pstSCAB-phoU operon was complete; in addition, it also
contained the gene for arsenate reductase arsC2. This is
different from Salicola sp. TLS-7 pstSCAB genes, which
are together without phoU. In Salicola sp. TLS-7, the
phoU gene was close to the phoR and phoB genes of
the Pho regulon (Fig. 5). Regarding the As-related genes,
aioAB was not identified in Haloarchaea, but candidate
ars and acr genes (arsC2, arsA, arsD, arsR, and acr3),
which give resistance to the metalloid, were (Fig 4).
Salicola sp. TLS-7 possesses candidate aioAB genes,
which would allow obtaining energy by arsenite oxida-
tion [18], as well as a candidate arsH organoarsenic ox-
idase gene, which confers As resistance in other species
[18, 58].

Discussion

The presence of As across the microbial mat hints at a flow of
As-rich water throughout the whole biomineral; the fact that
As was clearly accumulated in discrete layers (Fig. 1) strongly
suggests an active metabolic cycle related to As, which is
consistent with the results obtained with the isolated microor-
ganisms from the microbial mat. The biological role of As has
been studied previously in other microbial ecosystems (in
both lithifying and non-lithifying types) [19, 20, 31, 33, 59,
60] and even goes back to Archean ecosystems, where the use
of As(III) for energy obtaining through photosynthesis has
been proposed [29]. Recently, it was shown that arsenotrophic
microbial mats from Laguna La Brava (also located in the
Atacama Desert) are inhabited by populations of microorgan-
isms that in energy terms preferably use arsenate reduction
over sulfate reduction, making this ecosystem an excellent
analog for primitive life [61]. The interaction of As with mi-
crobial ecosystems has been mainly studied in environments
with a high As concentration such as Mono Lake and Searles
Lake (0.2−3.0 mM) [33], Laguna Diamante (4.6 mM) [16,
20], and Laguna La Brava (0.8−1.5 mM) [12, 22, 61].
Although the As concentration in Laguna Tebenquiche is low-
er than in the lakes mentioned above (0.053 mM), we hypoth-
esized that the metabolisms related to As in microbial

Fig. 5 Genomic organization of the genes related to both As and phosphate metabolism inHalorubrum sp. TLS-6 and in Salicola sp. TLS-7. Genes are
scaled to their relative amino-acid sequence sizes. The gene map was created using the R package genoplotR [57]
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ecosystems already described could also be present in the
Laguna Tebenquiche. Moreover, the concentration of phos-
phate in the water column is even lower than that of As (0.011
mM), making it an ideal ecosystem to study the effect of low
phosphate concentration on As metabolism, since the absence
of sufficient phosphate could favor a higher As uptake by the
microorganisms. As in, we have performed studies on whole
mat sections; a next step might be to look layer by layer
metagenomics studies to determine the abundance of func-
tional genes related to As metabolism within the microbial
communities.

Salinity is a key factor for understanding the biological role
of As in extremophiles microbial communities [42, 59, 62]
and has been studied in saline environments at different pH
ranges [42, 63–65]. The salinity of Laguna Tebenquiche un-
dergoes high changes both in space and time, ranging between
1 and 30% (w/v) [15]. These differences in the water column
salinity have been associated with changes in microbial com-
munity composition [15]. Previous studies demonstrated a
predominance of Bacteroidetes and Proteobacteria phyla,
and particularly a high abundance of Salinibacter was found
in the saltiest part of the lake [15]. Our results are in accor-
dance with this, since the main factor that led to a change in
microbial diversity of enriched cultures was the NaCl concen-
tration (Fig. 3a). Just as in the natural environment,
Salinibacter is the dominant genus in the saltiest condition
(25% NaCl), but only when phosphate was not added (Fig.
3b). Proteobacteria and Bacteroidetes were also the dominant
phyla present in the samples with 15% NaCl (Fig. 3a).
Proteobacteria were mostly represented by the genus
Sediminimonas (alpha-Proteobacteria) which has been previ-
ously reported in salt mines and saline soils [66, 67], and to a
lesser extent Idiomarina (Gammaproteobacteria). Both genera
have been described as being part of lithifying and non-
lithifying hypersaline microbial mats [55, 68], and
Idiomarina was also reported to contain copies of the arsC
gene [55, 69].

Our results do not suggest that phosphate concentration
affects microbial diversity in 15% NaCl (Fig. 2; Fig. 3),
whereas it seems to have an effect on 25% NaCl, a condition
where the relative abundance of archaea in the culture in-
creased over time, reaching more than 35% (Fig. 3). The pres-
ence of phosphate (in 25% NaCl) favored the abundance of
Proteobacteria, while without the addition of phosphate to the
medium, Bacteroidetes were favored, specifically the genus
Salinibacter (Fig. 3b). Salinibacter is an extremely halophilic
bacterium that has been studied for having archaeal-like prop-
erties [70–72]. These studies have concluded that although
phylogenetically Salinibacter belongs to Bacteroidetes, phys-
iologically it behaves like an archaeon and they also common-
ly share habitats. It is presumed that different sets of genes
have been shared by lateral transfer from archaea to
Salinibacter [70, 71, 73], impacting the physiology of the

bacterium and its adaptation to stress conditions such as high
salinity and high UV radiation, among others [70]. It is there-
fore interesting that in our 25% NaCl incubation, the enriched
culture of the microbial mat was strongly dominated by
Halorubrum and Salinibacter (Fig. 3b). However, this was
only observed when phosphate was not added to the culture
medium, suggesting that under low phosphate concentration
archaea are better adapted to those conditions. In the presence
of phosphate (under 25% NaCl), the genus Salicola exhibited
the highest relative abundance. Salicola is a halophilic bacte-
rium that, together with Salinibacter, usually dominates ex-
tremely saline water bodies that are around halite saturation
[74].

In addition to the switch from Proteobacteria to
Bacteroidetes that occurred in 25% NaCl depending on phos-
phate concentration, the most striking observation in high sa-
linity incubations was the presence of Euryarchaeota, specif-
ically Halorubrum, a widely distributed halophilic archaeon
in AMEs (Fig. 3). Its relative abundance increased over incu-
bation time in both phosphate conditions (in 25% NaCl) and
although it was little affected by the phosphate concentration,
Halorubrum was more abundant when no phosphate was
added (Fig. 3a).

From the taxonomic diversity, PICRUSt2 results revealed
that the NaCl concentration was the main parameter responsi-
ble for the observed differences in predicted gene abundance.
This is in agreement since the prediction of genes is made
from 16S sequences, and the NaCl concentration was the main
parameter influencing changes in predicted microbial diversi-
ty (Fig. 3). The pstSCAB-phoU operon genes were predicted
to be more abundant in the 25% NaCl condition—where there
would be a strong dominance of archaea—suggesting that the
genes for phosphate transport and homeostasis would be more
widespread in archaea living under As stress. The genes of the
pstSCAB operon in many cases sit together with the phoU
gene that codes for an essential protein in P homeostasis,
acting on the Pho regulon especially at high phosphate con-
centrations [75–77]. Previous metagenomic studies have sug-
gested that the red biofilm that inhabits the Laguna Diamante,
characterized by strong dominance of archaea (94%) [20] and
high As concentrations (up to 347 mg/L in summer) [16], has
a high abundance of putative pstSCAB-phoU operon genes
compared to other AMEs [41]. On the other hand, incubation
time did not significantly influence predicted gene abundance,
whereas phosphate concentration influenced the abundance
prediction of a few genes—arsC1, arsC2, and pstS—but only
when the NaCl concentration was 25% (Fig. S2). arsC1 and
pstS were predicted to be more abundant in the presence of
phosphate while the arsC2 would be more abundant without
phosphate. arsC1 and arsC2 code for arsenate reductases re-
lated to the mycothiol-dependent class and thioredoxin
reductase-dependent class, respectively [78]. These results
could indicate that in low phosphate concentration where
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Halorubrum and Salinibacter would be more abundant (Fig.
3b), the arsC2 gene prediction is prevalent. In contrast, under
1 mM phosphate the arsC1 gene would be more abundant,
suggesting that it could be part of the Salicola genome. Our
analysis of the Salicola sp. TLS-7 strain genome confirmed
the presence of the arsC1 gene (Fig. 5). These predictions
present new hypotheses to further test with more powerful
methods such as metagenomics and metatranscriptomics.

The physical proximity between the genes related to As
metabolism and the pstSCAB-phoU operon that we ob-
served in our genomes (Fig. 5) has been previously de-
scribed [79]. These genomic regions where aioAB genes
are clustered together with other genes related to As re-
sistance and phosphate metabolism have been named “ar-
senic islands” [18, 79]. Here, we have shown the genome
analysis of two endemic microorganisms (Halorubrum
and Salicola) inhabiting microbial mat from Laguna
Tebenquiche. The genome of the Salicola isolate repre-
sents the first whole genome published of this genus. The
Salicola sp. TLS-7 genome includes As resistance genes
and for obtaining energy from As transformations
(aioAB); although candidate genes for the Pst-PhoU sys-
tem were also present, they were not found in the same
genomic context. In contrast, in Halorubrum sp. TLS-6
the arsC2 gene was found together with the Pst-PhoU
transport system and additionally, it contained a second
copy of phoU, which was located next to the acr3 gene,
suggesting a more specific relationship. Although the
phosphate-arsenic relationship has been studied at the
physiological level, in the genomic context, it is still un-
known and suggests cooperation so that cells can obtain
the small amount of phosphate that they need in the con-
text of high As concentration [41, 79, 80].

Our results describe the phosphate-As interactions with the
microbial mat that inhabit the Laguna Tebenquiche. Here, As
is present not only in the water column but is distributed
throughout the microbial mat in an environment where the
phosphate concentration is not very high (0.011 mM [41];
Fig. 1). We saw that changing phosphate concentration dras-
tically altered the taxonomic composition of the enriched cul-
tures under 25% NaCl, conditions in which archaea played a
preponderant role (Fig. 3). Under 25% NaCl (a condition with
high relative abundance of archaea), the genes of the Pst sys-
temwere predicted to bemore abundant than under 15%NaCl
(Fig. 4). Finally, in the Halorubrum sp. TLS-6 isolate, the
genes of the Pst system were found next to the arsenate reduc-
tase gene (arsC2) and the phoU gene together with the acr3
transporter (Fig. 5). All these results suggest a tight phosphate-
arsenic relationship in the hypersaline microbial mat from
Laguna Tebenquiche.
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