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ARTICLE INFO ABSTRACT
Keywords: High-altitude Andean wetlands of the Atacama Desert (Chile), including the Salar de Huasco salt
Arsenic biomineralization, Halomonas spp. flat, are unusual environments characterized by a great variability of physical-chemical condi-

High-altitude Andean
Salar de Huasco

Salt flat

Selenium nanoparticles

tions, often combined with a high concentration of heavy metals, including arsenic (As) and
semimetals, such as selenium (Se). Microorganisms present in these environments evolved
adaptative strategies to cope with environmental stresses, with biotechnological potentials. The
present work investigated the natural bacterial community composition in sediments collected
from the Salar de Huasco salt flat, by high-throughput Illumina sequencing, and to isolate bac-
terial strains able to remove As and biosynthesize Se nanoparticles (SeNPs). Dominant taxonomic
groups (abundance >1%) were affiliated to Proteobacteria (mainly consisting in Delta- and Alfa-
Gamma-proteobacteria) Bacteriodetes, Firmicutes, Acidobacteria, Spirochaetes, Deinococcus-Thermus,
Gemmatimonadetes and Verrucomicrobia. Halomonas boliviensis strain H-10 was able to both bio-
mineralize As and biosynthesise SeNPs; therefore, the characteristics of H. boliviensis strain H-10
could be used for biotechnological purposes, including As bioremediation from water and bio-
production of SeNPs.

1. Introduction

The Salar de Huasco is a high-altitude (3800 m a.s.l.) salt flat, located in the Andean plateau of the Atacama Desert (northern Chile)
with an area of approximately 15,858 ha, which includes a complex system of water sources, such as streams, shallow permanent
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brackish lagoons, ephemeral hypersaline ponds and freshwater springs (Dorador et al., 2010, 2020). Since 1996 it has been classified as
a high-altitude wetland according to the Ramsar convention (Eissler et al. 2020). The Salar de Huasco salt flat exhibits the typical
environmental conditions of high-altitude Andean Lakes, which are extremely unusual and fragile environments, characterized by
important spatial and temporal variability in salinity (from freshwater to salt-saturated water), large daily thermal amplitude (from
—10 to +25 °C), whose average annual temperature is <5 °C, low atmospheric pressure, the highest solar radiations registered in the
world (over 1000 Wm’z), and high concentrations of heavy metals and metalloids (Albarracin et al., 2016, Hernandez et al., 2016;
Molina et al., 2016). Arsenic (As), selenium (Se) and other metalloids, originating from the dissolution of minerals in the Andean
mountains, are often present in lakes and salt flats of the Atacama Desert, whose toxicity depends on their concentration and speci-
ation. High concentrations of As in surface and groundwater, often exceeding the limits of As in drinking water (10 ug/L) (WHO, 2001;
USEPA, 2001), pose serious problems for human health, ranging from skin lesions to cancer of the brain, liver, kidney, and stomach
(Sharma and Sohn, 2009). Since 1970, drinking waters supplied to large cities of the Atacama Region (such as Antofagasta) are
processed by conventional treatments to remove As, including coagulation, filtration, lime softening, activated alumina adsorption,
ion exchange, reverse osmosis, electrodialysis reversal and nanofiltration (Herrera et al., 2021, Nicomel et al., 2015; Nidheesh and
Singh, 2017; Luong et al., 2018). However, chronic arsenicism affects nearly 50,000 people, mainly among the rural populations of
northern Chile, who drink water from small waterfalls and rivers with As content even higher than 1000 ug/L (Yanez et al., 2005,
2015). The highest concentration of Se(IV), a toxic form of Se, dissolved in the saline waters of the Atacama Desert was reported as
2.65 mg/L (MOP, 2009). When Se combines with other substances in the environment, including drinking water or its accumulation in
plants, and if consumed in amounts exceeding acceptable levels it constitutes a risk of Se poisoning (ATSDR, 2023). On the other hand,
Se?, the form in which Se is present in nanoparticles, represents a low-risk form of Se (ATSDR, 2023).

Conventional treatments for water remediation are both expensive and usually generate toxic by-products with negative impacts on
ecosystems (Herrera et al., 2021). Therefore, there is growing interest in biology-based approaches to find environmentally safe
strategies to remove heavy metals and toxic compounds from waters (Campos et al., 2011).

Microorganisms exhibiting multiple adaptative mechanisms, or poly-extremophiles, are ideal candidates to experimentally
addressing questions either to extend our knowledge on the resistance strategies under extreme conditions, and to prospect their use
for bioremediation purposes (Zammuto et al., 2018; Merino et al., 2019). Previous investigations reported that Salar de Huasco
supports very high microbial diversity, as well as it occurs in many other extreme environments in Atacama Desert (Aguilar et al.,
2016; Dorador et al., 2013). Phylogenetic analyses indicated the presence in the Salar de Huasco of dominant bacterial phylotypes
referred to Proteobacteria, Cyanobacteria, Bacteroidetes, Verrucomicrobia, Firmicutes, and Thaumarchaeota and Euryarchaeota as domi-
nant archaea (Dorador et al., 2008a;2008b, 2009, 2013). As other salt flats in the Atacama Desert, Salar de Huasco harbours a rich
biodiversity of halophiles, i.e., microorganisms capable to grow in the presence of high salt concentrations, dominated by archaeal
Halobacteriales and halotolerant bacteria especially in winter (under scarce water availability) (Dorador et al., 2013).

Most of the halophilic bacteria isolated from Salar de Huasco are able to produce compatible solutes to counteract osmotic pressure
and at the same time to protect cells from other stresses, such as dehydration, heat, freezing, UV radiation and the presence of heavy
metals at high concentrations (Lebre et al., 2017; Pérez et al. 2017). The adaptations to osmotic stress of the photoheterotrophic
Rhodobacter sp., including proteins involved in the synthesis and transport of key osmoprotectants (i.e, glycine betaine and inositol)
could provide also protection against UV radiation (Pérez et al. 2017;2018). The new halotolerant Exiguobacterium sp. strain SH31 was
reported to encode a wide repertoire of proteins required to respond to heavy metal stress by Cd, Cu, Hg, Te, Cr and As (Castro-Severyn
et al., 2017; Remonsellez et al., 2018). Therefore, the Salar de Huasco can be considered as a source of microorganisms to study the
response mechanisms to a wide range of stresses, which could have potential use in bioremediation (Orellana et al., 2018).

Several novel bacterial strains have been isolated from different matrices (superficial waters, sediments, microbial mats and
microbialites) of the Salar de Huasco, suggesting that this environment represent a hotspot of diversity with biotechnological potential
(Thiel et al., 2010; Farias et al., 2013). Among these bacteria, two novel haloalkaline tolerant Actinobacteria, isolated from arid soil
samples of the Salar de Huasco, recently classified as Streptomyces huasconensis and Streptomyces altiplanensi, are able to produce
specialized metabolites of valuable pharmaceutical interest (Mitchell and Ferris, 2006; Cortés-Albayay et al., 2019). Among Alphap-
roteobacteria, Rhodobacter Rb3 strain, an aerobic anoxigenic phototroph, has been reported to possess multiple-adaptation mechanisms
to stress-inducing factors, potentially explaining its success in a poly-extreme ecosystem, such as the Salar de Huasco (Pérez et al.
2018).

As and Se can be transformed by bacteria through dissimilatory processes into less toxic forms for cells and their close environment
(Stolz et al., 2002; Dhanjal et al., 2014). As biomineralization, based on microbially induced calcite precipitation (MICP) (Wei et al.,
2015) is a process which occurs naturally in almost every environment on Earth (Castro-Alonso et al., 2019). Bacterial-induced
production of carbonate minerals have been often reported in Cyanobacteria (Jansson and Northern, 2010), sulphate-reducing bac-
teria (Warthmann et al., 2000), Myxococcus (Gonzalez-Munoz et al., 2010) and Pseudomonas (Jha et al., 2009). Concurrently with urea
hydrolysis or sulphate reduction, many bacteria can co-precipitate CaCO3 and minerals, resulting in the subsequent deposition of
mineral particles in the environment (Muynck et al., 2010). The ability of calcite to trap toxic elements may provide a new in situ
remediation method for decontaminating natural systems with high metal concentrations, and therefore, could represent an
eco-friendly alternative to traditional techniques to remove As from waters (Achal et al., 2012).

Se in its elemental form (Se?) is non-toxic, while the selenite oxyanions (SeO%’) are soluble in water and toxic to organisms due to
their oxidant activity, that can interfere with fundamental cellular functions. Bacteria have evolved different mechanisms to reduce
selenite to (Se®) under different conditions, with the consequent formation of nanoparticles (SeNPs) with different morphologies, both
inside and outside the microbial cell. In particular, the formation of extracellular and intracellular metal nanoparticles has been
described as a feature of some bacteria belonging to members of Proteobacteria, Firmicutes and Deferribacteriales, and it is considered as
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a cellular detoxification mechanism (Eswayah et al., 2019; Xu et al., 2020). The Se bioreduction mechanism could be used for
remediating sites and treating wastewaters contaminated with Se oxyanions (Otsuka and Yamashita, 2020; Fadaei and
Mohammadian-Hafshejani, 2023). The natural ability to produce nanoparticles has attracted increasing interest in the recent devel-
opment of nanotechnology. These nanomaterials find potential applications in the electronic field, in procedures for bioremediation of
heavy metals, as well as for their antioxidant and antimicrobial properties and also biomedical applications (Natan and Banin, 2017;
Baptista et al., 2018 Muzammil et al., 2018; Singh et al., 2018; Yu et al., 2012).

The aims of the present work were to investigate the composition of the natural bacterial community present in sediments collected
from the Salar de Huasco salt flat, using the next generation sequencing technique (16 S rRNA Illumina sequencing), and to isolate
bacterial strains able to precipitate calcite to immobilize, by co-precipitation, As and concurrently to biosynthesize SeNPs. For these
purposes, the strains isolated from the Salar de Huasco salt flat were firstly screened for the production of urease, a key indicator of
calcite precipitation, and then their tolerance to heavy metals evaluated. One strain was demonstrated, using atomic absorption
spectrometry, to be capable to remove As from the culture medium and, by electron microscopy, to immobilise it in CaCO3 crystals
and; furthermore, also using electron microscopy, that the same strain was capable to biosynthesise SeNPs.

2. Materials and methods
2.1. Study site and sample collection

Sediment samples were collected from five fixed stations at the Salar de Huasco salt flat (20° 17 18" S / 68° 53’ 14’ W), located in
the Atacama Desert, Chile, at approximately 4000 m above sea level. Sediment samples (100 g), in triplicate, were collected from the
surface up to a depth of 10 cm, using sterile polycarbonate tubes (core). All the samples were refrigerated at 4 °C and then transported
to the Environmental Microbiology Laboratory, Department of Microbiology, Faculty of Biological Sciences, Universidad de Con-
cepcion, Concepcion, Chile, for further processing.

The pH and temperature were measured in situ using a multi-parameter tester (H[98195, Hanna Instruments, Woonsocket, Rhode
Island, USA). Concentrations of As, Cd, Cu, Pb, Zn and Se were quantified using an atomic absorption spectrophotometry AAnalyst 800
equipment (PerkinElmer, Ueberlingen, Germany), according to Leon et al. (2018).

2.2. Bacterial community composition

Total DNA from each homogenized sediment sample was extracted using the E.Z.N.A. DNA/RNA Isolation Kit (Omega Bio-Tek, Inc.
Norcross, GA, USA) according to the protocol provided by the manufacturer. DNA extracts were then purified using the PowerClean
Pro DNA Clean-up kit (MoBio, Vancouver, Canada) following the manufacturer’s instructions. Quality and concentration of DNA were
checked by UV/Vis spectroscopy (NanoDrop ND-1000, Peq- lab, Erlangen, Germany).

DNA samples were sequenced at the Greehey Children’s Cancer Research Institute (Greehey CCRI) Next Generation Sequencing
(NGS) facility, at the University of Texas Health Science Center at San Antonio (San Antonio, Texas, USA). Sequencing was done using
the Illumina MiSeq technology with pair end reads, targeting the V1-V2 region of 16 S rRNA gene of Bacteria (primers 27 f 5’- AGA GTT
TGA TCM TGG CTC AG-3’ and 355r 5~ GCT GCC TCC CGT AGG AGT-3’).

Bioinformatic analyses, such as pre-processing of the sequencing data, included quality check, removal of duplicates, alignhments to
SILVA database, denoising, and chimera removal, were performed using the Mothur software, v.1.33.3 (www.mothur.org). Also,
Mothur software was used for distances calculation and clustering of the sequences into OTUs with a distance of 0.03.

For taxonomic assignment, we used the RDP classifier version 2.7 (https://rdp.cme.msu.edu) and the SILVA database (https://
www.arb-silva.de/) with a threshold of 0.8. For statistical analysis we used R statistical software version 3.1.0 (https://www.r-
project.org).

2.3. Bacterial isolation and screening (urease test) for calcifying ability

Homogenised sediment (1 g) was added to flasks containing 250 mL of Chemically Defined Medium (CDM) Broth at pH 8.0
(Battaglia-Brunet et al., 2002). Flasks were incubated at 25 °C, with shaking (150 rpm), for 48 h in darkness under aerobic conditions.
Then, suitable aliquots from the flasks were inoculated onto CDM agar plates and the plates were incubated at 25 °C for 48 h (Campos
etal., 2011) in the darkness. Colonies were picked and purified by streaking onto CDM agar plates incubated under the same previous
conditions.

To check the production of urease, a key indicator of calcite precipitation, each isolate was transferred to plates containing urea
agar base (Christensen Agar, Thermo Scientific, MA, USA) (Achal et al., 2010). After incubation at 25 °C for 48 h, colonies producing
urease (colour change of the medium) were selected.

2.4. Tolerance to Arsenic and Selenium

The tolerance levels of the calcifying (urease positive) isolated strains to heavy metals were determined by the agar dilution
technique. The strains were seeded on R2A agar (Thermo Scientific, MA, USA) plates supplemented with concentrations ranging from
0.5 to 1000 mM of NaAsO2 (As'™), Na2HAsO4 7H20 (As"), NaySeOs (Se'"), CuCl, (Cu'h), NiCly (Nih), or CdCl, (CdY). Each plate was
inoculated with cell suspensions from fresh precultures, incubated on CDM agar, adjusted to a final density of approximately 107 CFU
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mL~! and incubated for 24 h at 25 °C, in the darkness, under aerobic conditions. R2A plates seeded with each bacterial isolate but
without heavy metals were used as control.

2.5. Identification of the calcifying strains

The calcifying metal tolerant isolates were identified by PCR amplification of their 16 S rRNA gene. Total DNA of strains was
obtained using the UltraClean Microbial DNA Isolation Kit (Thermo Scientific, MA, USA), following the manufacturer’s instructions.
PCR was performed using the 16 S rDNA bacterial universal primers GM3 (AGAGTTTGATCMTG GC) and GM4 (TACCTTGTTAC-
GACTT) (Herrera et al., 2021). PCR amplification followed the procedure described by Campos et al. (2011). Sequencing was done on
the amplified fragments using the Dyenamic ET terminator cycle sequencing kit (GE Healthcare Bio-Sciences Corp., Piscataway, NJ,
USA) in a 3100 Avant Genetic Analyzer (Thermo Scientific, MA, USA) according to the manufacturer’s instructions. Strains were
identified on the basis of sequences stored in the GenBank database using the Basic Local Alignment Search Tool (BLAST) program
(Herrera et al., 2021). In addition, for phylogenetic reconstruction, 16S-related sequences were aligned using the MAFFT algorithm
(v7.490 version). The parameters used were local-pair, adjust-direction, reorder and maxiterate 100. The alignment obtained was then
refined using the Gblocks software, before building the phylogenetic tree by means of the PhyML (v.3.0) algorithm, using a tree search
NNIs approach and initial tree as BIONJ, with a nucleotide substitution model set as General Time Reverse (GTR), with a Discrete
Gamma Model and Proportion of invariant.

2.6. Bacterial growth kinetic

Bacterial strain was inoculated (~10% CFU mL™1) into flasks containing CDM broth supplemented with 2% urea and 25 mM CaCly
(CDM-Urea broth) plus 0.5 mM As(III) or 0.5 mM As(V) or in the absence of As as control, and incubated at 25 °C under aerobic
conditions and agitation (120 RPM). Aliquots were obtained at intervals ranging from 0 to 60 h. The aliquots were transferred to CDM
agar supplemented with 2% urea and 25 mM CaCl, (CDM-Urea agar) and the plates incubated for 24-48 h at 25 °C under aerobic
conditions. Growth was determined recording the number of CFU counted for each time of sampling (Herrera et al., 2021). The growth
curves were analysed in accordance with the mathematical modelling of Gompertz. Graphs and models were made using GraphPad
Prism version 5.0 (GraphPad software, San Diego, California, USA).

2.7. Arsenic removal by MICP

A batch system was performed in flasks containing 100 mL of CDM-Urea broth, 200 uL of an overnight culture (equivalent to 107
CFU mL™1) of selected strain, supplemented with 0.5 mM As(V) or without As, or without bacterial cells, as control, incubated at 25 °C
for 48 h under aerobic conditions (Herrera et al., 2021). The total As removal was evaluated in the cell-free supernatant, as described
by Yanez at al. (2015), using atomic absorption spectrometry (AAS). In addition, CaCO3 crystals were visualized and analysed by
Scanning Electronic Microscopy (SEM), according to Campos et al. (2011). In addition, CaCOj5 crystals were visualized by Transmission
Electron Microscopy (TEM), according to Torres et al. (2012).

2.8. Biosynthesis of Selenium nanoparticles (SeNPs)

To verify the capacity of the selected calcifying strain to produce SeNPs, it was firstly necessary to verify the ability of the strain to
convert selenite into Se(®). The selected strain was grown in R2A broth supplemented with 1 mM sodium selenite (Sigma-Aldrich. St.
Louis, MO, USA). The selenite supplemented R2A broth medium (9 mL) was inoculated with 20 pL of an overnight culture of the strain
and incubated at 25 °C under aerobic conditions. The appearance of red colour in the culture indicated the presence of Se(® (Klo-
nowska et al., 2005). As negative control, the strain was cultured in the absence of selenite. Samples from bacterial culture were
aseptically withdrawn and processed for SEM-EDS and TEM.

2.9. Electron microscopy and energy dispersive spectroscopy

For SEM-EDS analyses, the samples were harvested and washed with distilled water. Washed cells were collected by centrifugation,
at 3000 g for 10 min, and further processed as described by Campos et al. (2011). The samples were visualized under a JEOL SEM,
Model JSM 6380LV (JEOL, Tokyo, Japan), equipped for Energy Dispersive Spectroscopy (EDS). TEM samples were prepared centri-
fuging the samples at 3000 g for 10 min, harvested cells were washed with isotonic saline solution and then with distilled water. The
pellet was re-suspended in distilled water to prepare a suspension. One drop of this suspension was placed on a copper electron mi-
croscope grid pre-coated with a carbon film, air-dried overnight and observed using a JEOL JSM 1200EX-II TEM (JEOL, Tokyo, Japan),
according to Torres et al. (2012).

2.10. Statistical analysis
Data was evaluated by means of one-way ANOVA using the GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA).

p values equal to or less than 0.05 were considered as significant. Diversity indices was carried out using the R software version 3.1.0.
using the ‘diverse’ packages.
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3. Results
3.1. Characteristics of the sediment samples

The temperature and pH, measured on the superficial sediments of the Salar de Huasco salt flat, were in average 12 °C and 7.0,
respectively. The concentrations of the chemical elements were: As: 440 mg/kg, Se: 110 mg/kg, Cd: 67 mg/kg, Cu: 350 mg/kg, Pb:
90 mg/kg, and Zn: 120 mg/kg of sediment.

3.2. Bacterial community diversity

Sequencing data of bacterial 16 S rRNA universal V1-V2 region and diversity indices (Shannon diversity index and non-parametric
Chaol and ACE richness estimators) are reported in Table S1. A total of 450,220 sequences were retrieved and after a quality check,
using the SILVA database and removing chimeras, 447,928 (99.5%) high quality sequences remained. The accession number to the
metagenomic sequences is SUB14162480.

3.3. Composition of the bacterial community

The metagenomic analysis of OTUs retrieved from the superficial sediment of the Salar de Huasco salt flat showed the presence of
11 different bacterial phyla. The dominant taxonomic groups (abundance >1%) were affiliated to Proteobacteria (38.5%), Bacteriodetes
(34.6%), Firmicutes (5.8%), Acidobacteria (5.8%), Spirochaetes (3.8%), Deinococcus-Thermus (1.9%), Gemmatimonadetes (1.9%) and
Verrucomicrobia (1.9%) (Fig. 1). Within Proteobacteria, the most abundant class was Deltaproteobacteria (17.33%), followed by
Alphaproteobacteria (11.5%), Epsilonproteobacteria (3.8%), Gammaproteobacteria (3.8%) and Betaproteobacteria (1.9%) (Table S2).

3.4. Identification of calcifying and non-calcifying bacterial strains recovered from the sediment and their tolerance to heavy metals and
selenium

Isolates from sediments of the Salar de Huasco salt flat and their phylogenetic affiliation, tolerance to heavy metals and Se, and
urease production are reported in Table 1. Isolates were affiliated with three different genera and four species, in particular: Dietzia
maris (H-3R), Marinobacter excellens (H-8, HF-15, HF-16B, HF-10), Halomonas boliviensis (H-3, H-6, H-10 and H-10R) and Hal-
omonas neptunia (H-9R) (Table 1). Three from the 10 strains were resistant to 128 mM As(III) (Dietzia maris H3R, Halomonas
boliviensis H10 and Halomonas boliviensis H10R) and Se tolerance, the highest level was shown by H. boliviensis H3 strain (Table 1).
Three strains produced urease during 48 h at 25 °C under aerobic conditions (Table 1). Moreover, all bacterial isolates were able to
grow at 25 °C on R2A medium plus urea supplemented with As(III), As(V), Cu (I) or Se (IV) (tested in the presence of 0.5-1000 mM of

100%
Verrucomicrobia
90%
_ Unclasssified Bacteria
80% Spirochaetes
u Gammaproteo bacteria N
70% S
Epsilonproteo bacteria §
Q
60% ¥ Deltaproteobacteria >--§
V
—_-~
u Betaproteo bacteria N
50% A
Alp haproteoba cteria
40% B Gemmatimo nadetes
30% W Fimicutes
B Deinococcus-Thermu's
20% - .
® Bacteroidetes
10% W Actinobacteria

0%

Fig. 1. Relative abundance of sequences (expressed as percentage) assigned to bacterial phylogenetic groups present in the superficial sediment of
the Salar de Huasco salt flat, Atacama Desert, Chile.
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each heavy metal), to evaluate the tolerance of the isolated bacterial strains to these chemical elements. In addition, all the strains were
able to grow in the presence of f 0.5-20% (W/V) NaCl (data not shown).

Strain H-10 was phylogenetically affiliated, with a 99% similarity, to H. boliviensis (Figure S1). This strain was able to grow at the
highest concentrations of As(IIl), and As(V) and Se(IV) (Table 1) tolerated among the strains capable to hydrolyse urea (as shown when
cultured in urea agar base medium). Therefore, given these characteristics, the strain H. boliviensis H-10 was selected for the following
assays, including biomineralization of As and biosynthesis of Se nanoparticles.

3.5. Growth kinetics of the H. boliviensis H-10 in the presence of As(IlI) and As(V)

In order to determine the effect of As(III) and (As(V) on the growth kinetics of the H. boliviensis H-10, its growth was studied in the
presence of 0.5 mM As(III) or As(V) or in the absence of As, and the results were analysed using the Gompertz growth model (Fig. 2).
The model demonstrated that after 60 h of incubation, the H. boliviensis H-10 cultured in the presence of As(V) showed a similar growth
than the control, exhibiting growth rates (um) of 0.068 and 0.061 h™!, respectively (p>0.05). The Gompertz model also showed that in
the presence of As(IIl) the growth rate (um) was 0.055 h’l, showing less growth than the control (p>0.05).

3.6. Arsenic biomineralization by microbially induced calcite precipitation (MICP)

The removal of As, by means of microbiologically induced biomineralization, using H. boliviensis H-10 was evaluated by atomic
absorption spectrometry (AAS). H. boliviensis H-10 removed 94% of the total As present in the CDM-Urea medium, measured in a cell-
free supernatant sample, after 48 h of incubation at 25 °C (Fig. 3).

SEM observations of H. boliviensis H-10 cultured in CDM-Urea broth either in the presence or absence of As for 48 h at 25 °C under
aerobic condition allowed to detect the presence of a precipitate (crystals) around bacterial cells (Fig. 4A and 4B). The SEM-EDS
analyses of the precipitate when the strain was cultured in the absence of As allowed to detect the presence of CaCO3 (40.36%),
SiO2 (51.97%), Albite (0.83%), Al20O3 (1.70%) and SiO» (4.73%). No peak for As was detected under this culture conditions (Fig. 4C).
The SEM-EDS analysis of the precipitate when the strain was cultured in the presence of As showed the presence mainly of CaCO3
(41.9%), SiO; (44.50%) and As (10.23%). In lesser percentages, Albite (1.04%), Al;03 (2.03%) and Ag (0.35%) were also detected.
SEM-EDS detected the presence of As peaks only in the sample from the culture incubated in the presence of As (Fig. 4D), indicating
that the biomineralization of As was mediated by the bacterial strain subject of the study.

In addition, TEM and TEM-SAED analyses of the H. boliviensis H-10 strain cultured for 48 h at 25 °C in CDM-Urea medium sup-
plemented with 0.5 mM As(V) were done (Fig. 5). Fig. 5 shows TEM and TEM-SAED images confirming the bioproduction of CaCO3
sub-micrometric crystals (<1 p) nucleation obtained, having a poli-rhombohedral morphology. Particularly, Fig. 5C shows, by TEM-
SAED, the structure of the calcite crystal after biomineralization by H. boliviensis H-10 strain.

3.7. Biosynthesis of Se nanoparticles by H. boliviensis H-10 strain

After culturing H. boliviensis H-10 strain for 24 h at 25 °C under aerobic conditions in R2A medium supplemented with 0.5 mM Se
(IV), the reduction of Se(IV) to Se(®) by the bacterial strain was detected by the red-coloured precipitate in the culture resulting from
the reduction of selenite and/or selenate into red Se(®) precipitate, the form having biological activity. Red precipitate was not
observed in the cultures of E. coli K-12, used as negative control (data not shown).

The production of nanoparticles by H. boliviensis H-10 was observed by TEM after culturing the bacterium in the presence of Se(IV)
but not when cultured in the absence of Se (negative control, Fig. 6A). TEM images of the bacterium cultured in medium plus 0.5 mM
selenite showed the accumulation of intracellular and extracellular spherical nanoparticles (Fig. 6B and 6C). The size of the nano-
particles varied from nearly 80 to nearly 300 nm. SEM analysis showed the presence of bacillary bacteria in the negative control
(absence of Se in the culture medium) and experimental cultures (presence of Se in the culture medium), but nanoparticles were only
present in the experimental cultures (Fig. 7A and 7B). SEM-EDS confirmed the absence of nanoparticles and of Se peaks in the negative
control (Fig. 7C) but their presence in the culture supplemented with 0.5 mM selenite. The detection of Se peaks is indicative that

Table 1
Identification, production of urease and tolerance to Arsenic and Selenium (mM) of the bacterial strains isolated from sediments of the Salar de
Huasco salt flat, Atacama Desert, Chile.

Strain Closest relative % similarity ~ Accession Number ~ Urease Test ~ As (I  As(V)T  Se (V)T Ni(DT cdan®™ cu@’
H3 Halomonas boliviensis 99% KC178891 + 16 724 128 0.5 0 2
H6 Halomonas boliviensis 99% NR029080 - 8 362 128 1 16 4
H8 Marinobacter excellens 98% KJ004408 - 4 362 128 0 0 1
H10 Halomonas boliviensis 99% MZ604313 + 128 256 128 0.5 0 2
H3R Dietzia maris 99% MK318606 - 128 256 32 0 16 4
HO9R Halomonas neptunia 97% MKO070060 - 16 128 128 1 4 1
H10R Halomonas boliviensis 99% KC178891 + 128 256 32 0 1 1
HF15 Marinobacter excellens 93% KJ004408 - 64 128 128 0 32 2
HF16B Marinobacter excellens 98% KJ004408 - 16 128 128 2 4 8
HF10 Marinobacter excellens 97% KJ004408 - 32 32 128 4 1 0.5
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Fig. 2. Growth kinetics of H. boliviensis H-10 strain as evaluated in the presence of 0.5 mM As(III) or As(V) or in the absence of As, assessed by the
plate count technique. Kinetics was adjusted using the Gompertz growth model.
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Fig. 3. Arsenic removal by H. boliviensis H-10 strain in CDM-Urea broth supplemented with 0.5 mM As(V). An abiotic control (lacking the bacterial
strain) was also included. Incubation was carried out at 25 °C.

nanoparticles were composed of Se (Fig. 7D). Other peaks revealed by SEM-EDS corresponded to Na and Cl, components of the culture
medium or saline solution with which the samples were washed. Also, C and O peaks associated with the cellular exudate were
detected.

4. Discussion

In natural poly-extreme environments, such as the high-altitude Andean Salar de Huasco (northern Chile) salt flat, the average
abundance of heavy metals is generally higher in sediments and soil than in the water column. Microorganisms have the ability to
adapt and have evolved, developing a wide variety of mechanisms to counteract environmental stresses and heavy metals. In natural
habitats, heavy metals concentration depends on the physico-chemical properties and the microbial community of the environment
(Coker, 2016). As revealed in our study using Illumina high-throughput sequencing, the bacterial community of the sediment from the
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Fig. 4. Scanning electron microscopy (SEM) (micrographs at left) and SEM-energy dispersive spectroscopy (SEM-EDS) (images at right) of
H. boliviensis H-10 strain cultured for 48 h at 25 °C under aerobic conditions in CDM-Urea broth supplemented with 0.5 mM As(V) or in the absence
of As showing the CaCOs crystals obtained. A) H. boliviensis H-10 strain cultured in the absence of As (control); B) H. boliviensis H-10 strain cultured
in the presence of 0.5 mM As(V); C) SEM-EDS of a culture incubated in the absence of As (control) D) SEM-EDS of a culture incubated in the presence
of 0.5 mM As showing the presence of As peaks. Yellow arrows show the EDS analysed spot.

Fig. 5. Transmission electron microscopy (TEM) and TEM selected area electron diffraction pattern (TEM-SAED) showing the presence of CaCO3
crystals obtained after culturing H. boliviensis H-10 strain for 48 h at 25 °C under aerobiotic conditions in CDM-Urea broth supplemented with
0.5 mM As(V). A) TEM micrograph showing CaCO3 nucleation and the shape of calcite crystals; B) TEM micrograph showing poli-rhombohedral
calcite crystals; C) TEM-SAED of calcite crystals.

Salar de Huasco salt-flat was composed of few dominant phyla, referred to Proteobacteria (mainly represented by Delta- and Alpha-
proteobacterial subclasses) and Bacteroidetes. These findings confirmed previous investigations performed in water samples of the high
Andean plateau (Aguilar et al., 2016; Eissler et al., 2020).

Microorganisms can metabolize metal ions and obtain energy through oxidation and reduction process by dissolving or precipi-
tating them. In the present study, strains able to tolerate heavy metals (As, Cu, Ni, Cr, Cd) and Se were mainly ascribed to halotolerant
members of the Gammaproteobacteria group, affiliated to Halomonas and Marinobacter genera, and Actinobacteria. Castro-Severyn et al.
(2020) isolated, from the Salar de Huasco, Exiguobacterium strains; with different As tolerance levels. In addition, Pseudomonas
arsenicoxydans and Pseudomonas migulae were isolated from As-rich sediments of the Camarones river, Atacama Desert and they
showed high tolerance to As (Campos et al., 2011; Herrera et al., 2021). H. boliviensis was described as a new species in 2004 by
Quillaguaman et al. (2004), on the basis of two isolates obtained from the soil around Laguna Colorada (Bolivia) lagoon. This lagoon is
a hypersaline shallow lake located at 4300 m a.s.l. in the southwest of the Bolivian altiplano, close to the border with Chile. The
original description of H. boliviensis reports it as an alkalitolerant and moderate halophile bacterium (Quillaguaman et al., 2004).
Garcia (2017) evaluated the production of bioplastic, particularly PHA, from cereal mash by H. boliviensis.
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Fig. 6. TEM images of H. boliviensis H-10 strain cultured in CDM medium for 24 h at 28 °C. A) Negative control, cultured in the absence of Se; B) and
C) Biogenic nanoparticles produced by a culture in the presence of 0.5 mM selenite. Arrows indicate selenium nanoparticles. (Scale bar: A) 0.5 pm;
B) 1 pm; C) 0.5 pm).
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Fig. 7. H. boliviensis H-10 cultured for 24 h at 25 °C under aerobic conditions in CDM medium supplemented with 0.0 mM or 0.5 mM selenite.
Scanning electron microscopy (SEM) images at left and SEM-energy dispersive spectroscopy (SEM-EDS) analysis images at right. A) SEM micrograph
of H. boliviensis H-10 cultured in CDM medium in the absence of Se (negative control); B) SEM micrograph of a similar culture but supplemented
with 0.5 mM Se. C) SEM-EDS of the indicated area of micrograph A. D) SEM-EDS of the indicated area of micrograph B.

H. boliviensis strain H-10 was able to grow in the presence of high concentrations of As and Se. Due to its ability to meditate the
precipitation of calcite, entrapping As and sequestering this heavy metal from the environment, strain H-10 could be considered as a
promising candidate in bioremediation of As. Moreover, this strain is also able to biosynthesize SeNPs, which have biotechnological
potential. It is reasonable to assume that strain H. boliviensis H-10, being able to hydrolyse urea, increase the alkalinity of the culture
medium, and consequently favours the co-precipitation of As together with CaCOs, the heavy metal substituting some Ca ions. The
negative charge and the functional groups of the cell-wall could facilitate the adsorption of As (Mitchell and Ferris, 2006).

The incorporation of heavy metals into calcite is an essentially competitive co-precipitation reaction, in which suitable divalent
cations, such as As, are incorporated into the calcite lattice, forming carbonate minerals with very low solubility (Hammes et al.,
2003a; Colwell et al., 2005). Hammes et al. (2003b) used bacterially mediated CaCOj3 precipitation to remediate Ca(II)-rich industrial
wastewater. Calcium rich wastewater often results from the processing of bones, production of citric acid, paper recycling, and landfill
leachates. The addition of urea into a reactor system containing a sludge, allowed to remove over 80% of the Ca(Il) present in the
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system, bioprecipitating CaCOs. Fujita et al. (2004) used Bacillus pasteurii for the precipitation of CaCOj3 in a chemistry based simulated
groundwater of the Snake River Aquifer (southern Idaho, USA). The study showed that the CaCO3 produced by B. pasteurii incorporated
995 into the calcite crystal matrix due to the high CaCO3 precipitation rates, consequence of bacterial urea hydrolysis. Altas et al.
(2011) described the use of a biocatalytic calcification reactor containing a waste ureolytic mixed culture as a Cr(VI) sorbent from an
aqueous solution. Achal et al. (2012) described an environmental As resistant bacterial strain, identified as S. ginsengisoli, able to
co-precipitate calcite and As from contaminated soil. In addition, Li et al. (2013) isolated Bacillus spp and Sporosarcina spp strains, from
nursery garden soil from Tsinghua University, Beijing, China, able to transform heavy metal ions by depositing as mineral crystals,
which may play a role in removal of heavy metals in wastewater and soils.

Over the last two decades there has been considerable interest in the microbiological transformation of Se oxyanions, as selenate
(SeO%’) and selenite (SeO%’), into volatile forms of Se, such as dimethyl selenide (DMSe) and dimethyl diselenide (DMDSe), or
insoluble forms, such as elemental Se (Maltman and Yurkov, 2018). In particular, the reduction of Se oxyanions to SeNPs has been
regarded as a detoxification mechanism, with potential to be considered as a bioremediation because, due to its insoluble nature,
elemental Se is less toxic and biologically unavailable (Torres et al., 2012). This mechanism has been reported in bacteria such as
Pantoea agglomerans, Sulfurospirillum barnesii, Bacillus selenitireducens, Rhodococcus aetherivorans, Bacillus spp., Klebsiella pneumoniae,
Selenihalanaerobacter shriftii and Rhodospirillum rubrum, among others (Escobar-Ramirez et al., 2021). Many of these bacteria are
known to possess excellent Se resistance and to be capable to biosynthesize SeNPs under anaerobic or aerobic conditions; therefore,
they have been considered as a biological resource to produce SeNPs (Kessi et al., 1999; Oremland et al., 2004; Fesharaki et al., 2010; Li
etal., 2014; Shakibaie et al., 2015; Presentato et al., 2018). The transformation of selenite to insoluble Se(°) is catalysed by nonspecific
selenite reductases and the extracellular and intracellular formation of SeNPs has been discussed by various authors (Kessi et al., 1999;
Kessi and Hanselmann, 2004; Ridley et al., 2006). Some authors suggested that the SeNPs found outside cells are released by cell lysis
(Xu et al., 2018b; Wang et al., 2020), whereas others suggested that a membrane efflux pump rapidly expels the nanoparticles (Dhanjal
and Cameotra, 2010; Pang et al., 2019). Kessi et al. (1999) speculated that a vesicular mechanism of Se excretion occurs in R. rubrum.
However, there is not enough experimental evidence in support of either vesicular secretion or cell lysis as the mechanisms responsible
for the release of intracellularly produced SeNPs.

SeNPs are important not only for their technological applications, anticancer, antioxidant, antimicrobial, and anti-biofilm prop-
ertieswhich include taking advantage of their semiconductor and photoelectric properties and their X-ray-sensing properties (Dhanjal
and Cameotra, 2010; Hosnedlova et al., 2018) but also for their biological activity. In this respect, SeNPs interact with functional
groups of proteins (C-N, COO-, C=0, NH) favouring their adsorption (Zhang et al., 2004) and SeNPs have been shown to increase the
activity of enzymes such as glutathione peroxidase and thioredoxin reductase, both reducing agents of oxidative stress (Zhang et al.,
2005), reason to include SeNPs in the diet of several production animals. SeNPs have a better performance than Na;SeO3 when used as
a diet supplement in rainbow trout (Yanez-Lemus et al., 2022). On the other hand, Xu et al. (2018a) also demonstrated that SeNPs
showed a better performance than NaySeO3 when they evaluated several physiological parameters in human cell lines. Additionally,
hollow spherical SeNPs have been demonstrated to reduce the risk of Se toxicity (Gao et al., 2002; Wang et al., 2007).

5. Conclusion

The ability of the bacterium H. boliviensis strain H-10 to concurrently biomineralize As, co-precipitating it with calcite, and to
biosynthesise SeNPs, is here reported for the first time when cultured under aerobic conditions at 25 °C. Our results provide the
evidence that H. boliviensis strain H-10 can be used to bioremediate both toxic As and Se in one step. Moreover, Se can be recovered in
the form of Se’ nanoparticles, which can be used for other purposes.
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