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Abstract

Halophilic microorganisms are a valuable resource for the bioremediation of saline envi-
ronments contaminated with heavy metals. This study investigated the microbiota that
could be cultured in the hypersaline Laguna Rosa in Torrevieja, Alicante, Spain, by com-
bining an analysis of microbial diversity with an evaluation of tolerance to heavy metals.
Water and sediment samples were collected from contrasting microenvironments (salinity
1–40%; pH 7.1–8.1) and subjected to enrichment and selective isolation strategies, yielding
79 isolates: 48 recovered from enrichment cultures and 31 from metal-supplemented me-
dia. These isolates represent all three domains of life: Archaea, Bacteria and Eukarya. The
dominant taxa included Halorubrum sp., Haloferax sp., Halomonas sp., Marinobacter sp. and
Dunaliella sp., as well as cyanobacteria such as Sodalinema sp. and Synechococcus sp. Toler-
ance assays revealed that haloarchaea exhibited high resistance to lithium, while several
bacterial isolates tolerated chromium and arsenite. Dunaliella sp. showed the broadest
overall metal tolerance among the photosynthetic isolates. In liquid culture, Halomonas
smyrnensis maintained growth at Cr(VI) concentrations up to 25 mM, whereas Halorubrum
saccharovorum tolerated up to 4 mM Cr(VI). These findings identify Laguna Rosa as a
reservoir of halophilic microorganisms tolerant of heavy metal, with promising potential
for the bioremediation of saline and hypersaline environments, including saline industrial
wastewater contaminated with toxic metals.

Keywords: hypersaline environments; metal tolerance; halophilic microorganisms; chromium;
lithium; arsenite

1. Introduction
In recent years, there has been a significant increase in heavy metal pollution due to

factors such as climate change, urbanisation, industrialisation, and the intensive use of
pesticides and chemical fertilisers containing trace metals [1]. These processes have led to
water salinisation, desertification and the accumulation of contaminants, including heavy
metals. As these contaminants are non-biodegradable, they persist in soils in the long
term and can bioaccumulate through the food chain [2,3]. Emissions from agricultural and
industrial sources directly affect surface water and groundwater, posing significant risk to
human health and biodiversity [1,4,5].
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In the context of heavy metal bioremediation in aquatic environments and sediments,
chromium, arsenic, lithium and lead are particularly relevant. Hexavalent chromium
(Cr(VI)) is highly toxic and carcinogenic. It primarily originates from industrial activities
such as electroplating, tanning and mining. Exposure to arsenic is also hazardous and has
been associated with skin cancer, melanosis, keratosis and other physiological disorders.
This element can be transported easily through groundwater via geochemical processes
and human activities such as mining, pesticide use, and industrial operations. In wastew-
ater, arsenic exists mainly in two oxidation states: arsenate (As(V)) and arsenite (As(III)).
Arsenite is considered the more harmful of these due to its greater reactivity and potential
to disrupt essential cellular processes [6–8]. Although lithium is not traditionally classified
as a heavy metal, its accumulation in aquatic systems is a growing concern, largely driven
by the expansion of mining activities and inadequate battery disposal practices [9]. Lead is
a well-known neurotoxic metal that is particularly harmful to children, and causes kidney
and circulatory damage. It is released into the environment through mining, smelting,
metal refining, pigment and paint production, electroplating, and the manufacture of glass
and ceramics, as well as through the steel industry [10–13].

Common strategies used to mitigate heavy metal toxicity in contaminated environ-
ments include bioleaching, biotransformation, bioaccumulation and biosorption. These
approaches can target heavy metals, phenolic compounds and pesticides [14,15]. Al-
though conventional treatments can be rapid and allow metal recovery, they are often
only moderately efficient and pose additional challenges, including the generation of large
amounts of sludge, high energy consumption, and long-term environmental impacts. Con-
sequently, bioremediation approaches using microorganisms offer a sustainable, efficient,
and environmentally friendly alternative [16,17]. However, a significant proportion of
metal-contaminated industrial waste consists of saline or hypersaline wastewater, which
conventional microorganisms cannot remediate effectively. The high salinity of these efflu-
ents poses an additional challenge for bioremediation, as osmotic stress impairs microbial
survival and disrupts normal metabolic pathways [18].

In this context, using halotolerant or halophilic microorganisms to remove heavy
metals represents an attractive emerging alternative. These microorganisms have evolved
strategies to withstand extreme abiotic conditions, making them promising candidates
for biotechnological applications in saline or contaminated environments [19,20]. Several
studies have reported that halophiles exhibit remarkable remediation capacity and tolerance
to heavy metals. Genera such as Haloferax, Halorubrum and Haloarcula belong to the Archaea
domain and can tolerate metals including cadmium, lithium, nickel, cobalt, silver and
arsenic [21–27]. Similarly, bacterial taxa such as Halomonas and Marinococcus can tolerate
metals including arsenic, chromium, and copper [28,29]. Cyanobacteria are notable for
their ecological role as photosynthetic organisms, and for their ability to tolerate and
remove heavy metals. Genera such as Synechococcus and Phormidium have demonstrated
the capacity to accumulate cadmium and lead [30,31]. Finally, within the Eukarya domain,
halophilic microorganisms such as Dunaliella, Tetraselmis, and Chlamydomonas have also
demonstrated tolerance to zinc, lead, and mercury, as well as the ability to remove heavy
metals from contaminated environments [32,33].

The Laguna Rosa of Torrevieja (Alicante, Spain) is a unique hypersaline ecosystem in
the Bajo Segura region of southeastern Spain, covering 1400 hectares and characterised by
its arid climate, distinctive geological history and limited freshwater inputs. The prolonged
dry season, high temperatures, low and irregular precipitation, and intense evaporation
promote the progressive concentration of dissolved salts, with salinity reaching approxi-
mately 390 g/L, far exceeding that of conventional seawater [34]. Its marine-sedimentary
origin, subsequent isolation from the Mediterranean Sea, and long-term exploitation as an
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industrial saltworks have further contributed to its extreme physicochemical conditions.
These factors impose strong environmental constraints that limit most microorganisms,
favouring specialised halophilic and halotolerant communities with potentially distinctive
physiological and metabolic adaptations. Despite its ecological and microbiological rele-
vance, the Laguna Rosa is less well-studied than other nearby hypersaline environments,
such as the Santa Pola salterns. Therefore, characterising its physicochemical conditions
and microbial communities is essential for better understanding microbial adaptation to
extreme environments and evaluating its potential as a source of microorganisms with
novel biotechnological applications.

This study involved the systematic sampling and characterisation of Laguna Rosa
in Torrevieja to provide a comprehensive assessment of its physicochemical properties.
The microorganisms isolated from these samples were identified by 16S and 18S rRNA
gene sequencing, which enabled the characterisation of the archaeal, bacterial and eukary-
otic communities. In addition, their tolerance to heavy metals was evaluated to deter-
mine their potential applicability in bioremediation strategies under saline and extremely
hypersaline conditions.

2. Materials and Methods
2.1. Sampling and Physicochemical Characterisation of the Laguna Rosa

Water and sediment samples were collected from the Laguna Rosa (Torrevieja, Spain)
on 18 September 2024. To capture the heterogeneity of the microbial communities present,
samples were collected from two designated sampling points, P1 (38.016830, −0.707360)
and P2 (38.0160171, −0.7048908) (Figure 1). At P1, three samples were collected from
areas exhibiting different physical and chemical properties (P1S1, P1S2 and P1S3). In the
P2 area, six samples were collected from two areas, with three replicates from each area
(P2S1.1–P2S1.3 and P2S2.1–P2S2.3).

 

Figure 1. Sampling locations in the Laguna Rosa, Torrevieja (Alicante, Spain). Google Earth.

The physicochemical properties of the two sampling points were characterised in situ
by measuring salinity using an optical refractometer (101 ATC, MS Schippers, Barcelona,
Spain) and pH using a PRO waterproof pH/Temp Tester (Milwaukee, WI, USA). Due to
the extremely high sodium content in the Laguna Rosa (Torrevieja), it was not possible
to determine the Na+ concentration directly. Instead, elemental analysis of water was
carried out at the Research Technical Services (SSTTI) of the University of Alicante using
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inductively coupled plasma mass spectrometry (ICP–MS) and inductively coupled plasma
optical emission spectrometry (ICP–OES).

Relative proportions of the major cation (Na+) and the other dominant cations were cal-
culated from ICP–MS and ICP–OES results to formulate a concentrated synthetic seawater
(SW) stock solution at 30% (w/v). The salinity of the final SW solution was confirmed using
an optical refractometer. The composition of the synthetic seawater was as follows: 260 g/L
NaCl, 30 g/L MgCl2·6H2O, 35 g/L MgSO4·7H2O, 7.5 g/L KCl, 0.4 g/L CaCl2·2H2O, 0.2 g/L
NaHCO3, 0.8 g/L KBr, 0.35 g/L H3BO3, 0.018 g/L LiCl, and 0.003 g/L RbCl.

2.2. Culture Media

Two media were used to cultivate heterotrophic microorganisms: defined medium
(DM) and complex medium (CM), at 18% and 25% SW, respectively. Both media were
adjusted to pH 7.2 using Tris-HCl. Alternatively, F2 medium (Guillard’s f/2 medium) was
used to cultivate photosynthetic microorganisms at salinities of 3%, 8%, and 18%, with a
neutral pH of 7.4–7.8 (Table 1).

Table 1. Composition of culture media used for microorganism isolation.

Culture Composition Domain

Defined medium (DM)
1 mM K2HPO4, 12 mM glycerol, 12 mM glucose, 12 mM sodium

pyruvate, 10 mM KNO3, 10 mM NH4Cl, 0.1% yeast extract,
30 µL/L trace metals mix stock *, 30 µL/L vitamins stock **

Archaea
Bacteria

Complex medium (CM) 3 g/L peptone, 1 g/L yeast extract Archaea
Bacteria

F2 medium 5 mM KNO3, 0.3 mM K2HPO4, 1.5 µM CoCl2·6H2O,
30 µL/L trace metals mix stock *, 30 µL/L vitamins stock **

Eukarya
Bacteria

* Trace metal mix stock: 28.8 mg/L ZnSO4·7H2O, 288 mg/L MnSO4·H2O, 14.4 mg/L Na2MoO4·2H2O,
14 mg/L CoCl2·6H2O, 6.8 mg/L CuCl2·2H2O, 4.6 g/L FeCl3·6H2O and 4.4 g/L Na2EDTA·2H2O.
** Vitamin stock: 3.5 g/L thiamine hydrochloride, 0.018 g/L biotin and 0.018 g/L cyanocobalamin.

2.3. Isolation and Cultivation of Microorganisms

Two complementary strategies were used to isolate microorganisms from the Laguna
Rosa samples. To recover photosynthetic and heterotrophic microorganisms from enrich-
ment cultures, sediment samples (P1S1, P1S2, P1S3, P2S1.1, and P2S1.2) were resuspended
in synthetic seawater adjusted to match the in situ salinity at the corresponding sampling
sites. These suspensions were then spread onto agar plates prepared with SW at salinities
ranging from 3 to 25%. In brief, the samples were diluted 1:10, and 100 µL of the resulting
suspensions were spread onto the agar plates, which were then incubated for 7–14 days.
Photoautotrophic isolates were maintained in a controlled growth chamber under constant
light, temperature, and humidity. In contrast, heterotrophic isolates were incubated in
humid chambers at either 20 ◦C or 37 ◦C when archaeal growth was suspected. Isolates
were purified by repeatedly streaking single colonies until phenotypic homogeneity was
confirmed by direct microscopic observation.

A second isolation strategy involved culturing heterotrophic microorganisms in se-
lective liquid media containing 18% SW supplemented with various heavy metals. The
solid samples P2S1.2 and P2S2.3, as well as the liquid sample P2S1.1, were used as inocula.
The cultures were then grown in the presence of increasing concentrations of NaAsO2

(0, 1, 2, 5, or 15 mM), K2CrO4 (0, 1, 2, 5, or 15 mM), or LiCl (0, 0.25, 0.5, 1, or 2 M). The
cultures were incubated at 37 ◦C with shaking at 180 rpm, and cell growth was monitored
by measuring the optical density at 600 nm (OD600). Samples with an OD600 value above 0.3
were streaked onto solid media with the same CM and DM compositions but supplemented
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with 1% (w/v) agar. Plates were supplemented with 2, 3, or 15 mM NaAsO2 or K2CrO4 for
arsenite and chromate, and with 2 or 3 M LiCl for lithium. All plates were inoculated with
20 µL of liquid culture and incubated at 37 ◦C for 7–14 days. All these isolation experiments
were performed in triplicate.

2.4. Molecular Identification of Isolates by 16S rRNA Gene Sequencing

Individual colonies were subjected to colony PCR to amplify the 16S or 18S
ribosomal RNA genes for sequencing. The following primers were used: BacFor
(5′-AGAGTTTGATCATGGCTCAG-3′) and BacRev (5′-CGGCTACCTTGTTACGACTT-3′)
for bacteria; ArchFor (5′-ATTCCGGTTGATCCTGC-3′) and ArchRev (5′-ACGGHTACCTTG
TTACGACTT-3′) for archaea; and EukaFor (5′-GTCAGAGGTGAAATTCTTGGAT-3′) and
EukaRev (5′-AGGGCAGGGACGTAATCA-3′) for eukaryotes. PCR amplifications were
performed using NZY Taq DNA polymerase (NZYTech, Lisbon, Portugal) under the fol-
lowing cycling conditions: initial denaturation at 95 ◦C for 3 min; 36 cycles of 95 ◦C for 30 s,
57 ◦C for 45 s, and 72 ◦C for 1.2 min; followed by a final extension at 72 ◦C for 8 min.

PCR products were resolved by electrophoresis on 1% (w/v) agarose gels. DNA
bands were then purified using the NZYGelpure kit (NZYTech, Lisbon, Portugal), follow-
ing the manufacturer’s instructions, and were subsequently sequenced by the StabVida
Genetics Laboratory (Caparica, Portugal). The obtained sequences were analysed using
Chromas v2.6.6 (Technelysium Pty Ltd., South Brisbane, Australia). Sequence identi-
ties were determined by comparing them with the non-redundant nucleotide database
(nr/nt) using BLASTn v.2.17.0 at the National Center for Biotechnology Information
(NCBI, Bethesda, MD, USA).

2.5. Screening of Heavy Metal Tolerance

The heavy metal tolerance of the isolated microorganisms was assessed using agar
plates supplemented with varying concentrations of Pb(NO3)2, NaAsO2, K2CrO4 or LiCl,
as summarised in Table 2. The plates were incubated for 7–14 days at temperatures of 20 ◦C
for photoautotrophic and bacterial isolates and at 42 ◦C for archaeal isolates. Growth was
evaluated based on the presence or absence of colonies, as well as their size, pigmentation
and morphology. All assays were performed in three biological replicates.

Table 2. Heavy metal concentrations evaluated in tolerance assays of heterotrophic and photoau-
totrophic isolates.

Heterotrophs Photoautotrophs

Metal Metal Concentration (mM) Metal Concentration (mM)

Cr(VI) 2 5 10 15 2 5 10 15

Li+ 1000 2000 3000 4000 100 250 500 1000

Pb(II) 1 2 3 6 0.10 0.25 0.50 1.00

As(III) 2 5 10 15 2 5 10 15

2.6. Evaluation and Quantification of Heavy Metal Tolerance in Liquid Cultures of Selected Isolates

Promising isolates identified in preliminary screenings were evaluated for their toler-
ance to heavy metals in liquid cultures. Halorubrum saccharovorum and Haloarcula sinaiiensis
were cultivated at 42 ◦C with constant shaking at 200 rpm in MC medium at 10% SW. In
parallel, Marinococcus halophilus, Marinobacter adhaerens, Halomonas sp., Halomonas smyrnen-
sis, and an unclassified halophilic bacterium were cultivated at 37 ◦C with constant shaking
at 200 rpm in CM at 8% SW using a Stratus microplate reader (Cerillo, Charlottesville, VA,
USA). To assess metal tolerance, the cultures were exposed to increasing concentrations of
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Pb(II) (0.5, 0.75, 1.0 and 1.5 mM), As(III) (1, 2, 3 and 4 mM) and Cr(VI) (1, 2, 3, 4, 15, 20 and
25 mM).

Cultures were initiated at an optical density (OD600) of 0.02 using exponential-phase
preinocula. Growth was monitored over time by measuring the OD600, and the specific
growth rate (µ) and doubling time (td) were calculated as described by Matarredona et al.
(2021) [23]. All experiments were performed in triplicate.

Chromium removal by selected isolates Hrr. saccharovorum (2 mM K2CrO4), H. smyr-
nensis (15 mM K2CrO4), and the unclassified halophilic bacterium (2 mM K2CrO4) were
evaluated using ICP-MS. Control medium samples were collected before inoculation (time
0). The cultures were incubated under their respective growth conditions, and aliquots of
the culture medium were collected at 24 and 48 h. The cells were removed by centrifuga-
tion at 10,000× g for 10 min, and the resulting supernatant was analysed by ICP-MS to
determine chromium concentrations. The efficiency of chromium removal by each isolate
was expressed as the percentage reduction in chromium content relative to the initial
concentration and was calculated using the following formula:

Cr removal (%) =

[
1 − Ct

Co

]
· 100

where Co is the chromium concentration in the medium at time 0 (control) and Ct is the
chromium remaining after growth of the selected isolates.

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (Version 8), ac-
cording to the methodology described by Matarredona et al. (2021) [23]. All data presented
in the figures are expressed as the mean ± standard deviation (SD) of three independent
replicates. To evaluate significant differences between each stress treatment and the control
group, Brown–Forsythe and Welch one-way ANOVA tests were performed, followed by
Dunnett’s T3 multiple comparisons test. Statistical significance was established at p < 0.05.

3. Results
3.1. Characterisation of the Sampling Area

The physicochemical properties and visual appearance of the samples are summarised
in Table 3. The results showed significant variations in pH, salinity, and appearance among
samples, reflecting the presence of distinct microenvironments within the sampling area.
The pH values of the liquid samples (P1S1, P1S2, and P2S2.1–P2S2.3) ranged from neutral
to slightly alkaline (7.1–8.1). Alkaline pH was recorded in greenish water and runoff water.
In contrast, the pH could not be determined for samples P1S3, P2S1.1, P2S1.2, and P2S1.3
because they were solid.

Salinity values showed high variability, ranging from 1% to 40%. As with pH measure-
ments, salinity could not be determined in solid samples. Sample P1S1 exhibited the lowest
salinity value, consistent with its association with runoff water and a cyanobacterial mat.
The highest salinity value was recorded in sample P1S2 (40%), comparable to hypersaline
environments where photosynthetic activity is inhibited. Based on their visual appearance,
the greenish water samples and cyanobacterial mats differed markedly from the salt crusts
and pink-coloured water samples.
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Table 3. Physicochemical characteristics and sample types.

Sample pH Salinity (%) Appearance Sample Type

P1S1 7.9 1 Solid and liquid Runoff water + Cyanobacterial mat

P1S2 7.1 40 Solid and liquid Pink water + Salt precipitate

P1S3 ND a ND a Solid Cyanobacterial mat

P2S1.1 ND a ND a Solid and liquid Pink water + Pink saline crust

P2S1.2 ND a 5 Solid and liquid Stagnant water + Orange saline crust

P2S1.3 ND a 7 Liquid Water

P2S2.1 8.1 2.5 Liquid Greenish water

P2S2.2 8.1 4.5 Liquid Greenish water

P2S2.3 8.1 18 Liquid Greenish water

ND a: not determined.

The ionic composition of the collected water samples was characterised, and the
main cation concentrations were quantified using ICP-OES analysis for the design of
artificial seawater. Comparing the two water samples showed that the cationic ratios
remained constant, indicating that the synthetic seawater adequately reproduces the ionic
composition of natural lagoon water (Table S1, Supplementary Material). ICP-MS analysis
revealed the presence of lithium, chromium, arsenic, and lead in the water samples. The
concentrations of these elements were 4.947 mg/L for lithium, 0.003 mg/L for chromium,
0.014 mg/L for arsenic, and 0.107 mg/L for lead.

3.2. Isolation, Identification and Screening for Heavy Metal Tolerance

A total of 48 microbial isolates were obtained from enrichment cultures, comprising
13 Archaea, 21 Bacteria, and 14 Eukarya (Table 4). Given the large number of samples and the
added complexity of culturing photosynthetic microorganisms, the results shown in Table 4
are based solely on plate isolations. In contrast, liquid cultures were also performed using
selective media supplemented with different metal concentrations. Relying exclusively on
plate cultures could introduce bias towards microorganisms that only grow on solid media.
Therefore, it was important to use liquid cultures to recover microorganisms that might not
be detected on plates. This strategy resulted in the isolation of an additional 31 microorgan-
isms, of which 20 belonged to the Bacteria domain and 11 to the Archaea domain (Table 5).
High sequence similarity values generally supported confident taxonomic assignment.
Photosynthetic isolates were obtained from greenish-coloured samples (P1S1, P1S3, P2S1.3,
P2S2.1, P2S2.2 and P2S2.3). These samples were considered suitable for growing microalgae
and cyanobacteria due to their lower salinity and alkaline pH. In contrast, haloarchaea and
halotolerant bacteria were isolated from the pink, high-salinity samples (P1S1, P1S2, P2S1.1,
P2S1.2 and P2S1.3). Enriched media yielded a higher number and diversity of isolates
due to the absence of metal restriction. Within the Archaea domain, the most abundant
genera recovered by both strategies were Halorubrum and Haloferax, members of the family
Halobacteriaceae. Among heterotrophic bacteria, the genera Halomonas, Marinobacter, Salin-
ivibrio, Pontibacillus, and Alkalinibacillus were detected; these are all widely distributed in
solar salterns and hypersaline lagoons. Among photosynthetic microorganisms, the genus
Dunaliella sp. dominated the eukaryotes. At lower salinities, isolates were obtained from
members of the genera Tetraselmis sp. and Chlamydomonas, together with Chrysotila cartae.
Filamentous cyanobacteria such as Sodalinema sp. were also isolated.
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Table 4. Isolation, identification, and metal tolerance of isolates obtained using enriched media.

Sample Species % SW % Identity Cr(VI) (mM) As(III) (mM) Li+ (mM) Pb(II) (mM)

Archaea domain

P1S2 Halorubrum sp. 25 99.9 2 - 2000 2

P1S2 Halorubrum ezzemoulense 25 100 - - 2000 3

P1S2 Haloferax sp. 25 100 - - 2000 6

P2S1.3 Halorubrum sp. 25 99.8 - 2 2000 3

P1S2 Halorubrum saccharovorum 25 99.29 2 - 3000 2

P1S2 Haloarcula sinaiiensis 25 100 - 2 2000 2

P1S2 Uncultured archaeon 25 98.29 - - 2000 2

P1S2 Haloferax sp. 25 98.69 2 2 2000 3

P1S2 Haloferax prahovense 25 99.71 - 4000 6

P1S2 Haloferax sp. 25 99.4 - - 3000 2

P2S1.1 Halorubrum sp. 25 99.42 2 - 2000 -

P1S2 Haloferax sp. 25 97.78 - - 2000 6

P2S1.1 Halorubrum sp. 25 99.8 2 5 2000 -

Bacteria domain

P1S1 Marinococcus sp. 25 98.23 2 2 3000 2

P2S1.1 Halomonas sp. 25 98.27 - - 3000 3

P2S1.1 Vreelandella sp. 25 97.74 - - - 2

P2S1.1 Halomonas sp. 25 99.3 2 - 1000 1

P2S1.2 Marinobacter adhaerens 25 97.52 5 - 2000 2

P2S2.2 Halomonas fontilapidosi 25 99.43 5 - 1000 1

P2S2.2 Halophilic bacterium 25 99.51 2 2 2000 3

P2S2.2 Vreelandella arcis 25 98.39 - - 1000 2

P2S2.3 Alkalinococcus urumqiensis 25 99.9 - 2 1000 3

P2S2.3 Halomonas sp. 25 98.17 - - 1000 3
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Table 4. Cont.

Sample Species % SW % Identity Cr(VI) (mM) As(III) (mM) Li+ (mM) Pb(II) (mM)

P2S2.3 Halomonas sp. 25 99.71 5 - 2000 1

P2S1.2 Marinimicrobium sp. 8 97.94 - - 1000 1

P1S1 Sodalinema stali 8 97.96 - 2 500 1

P1S1 Sodalinema stali 3 99.53 - 2 250 0.5

P1S1 Cyanobacterium stanieri 3 96.01 - - 250 0.25

P2S2.1 Sodalinema sp. 3 99.41 - 5 250 1

P1S1 Cyanobacterium stanieri 3 96.45 - - 250 0.25

P1S3 Sodalinema sp. 3 99.61 - 2 500 1

P1S3 Synechococcus sp. 3 78.67 - - 500 0.5

P1S3 Sodalinema stali 8 99 - 2 500 1

P1S1 Synechococcus sp. 3 99.51 - - 500 0.5

Eukarya domain

P1S1 Uncultured Dunaliella sp. 8 99.42 - 15 1000 1

P2S2.1 Tetraselmis sp. 8 99.28 - - 250 1

P2S2.1 Tetraselmis sp. 8 99.85 - - - 1

P2S2.1 Chlamydomonas sp. 8 99.85 - 5 500 1

P2S2.1 Tetraselmis sp. 8 99.71 - - - 1

P1S3 Halamphora borealis 8 97.97 - - 1000 1

P2S1.2 Halamphora borealis 3 99.56 - 2 250 0.5

P2S1.3 Chrysotila carterae 3 99.21 - 2 250 0.5

P1S1 Pseudodendoclonium commune 3 99.44 - 2 500 0.25

P2S2.3 Dunaliella sp. 18 97.86 - 15 - -

P2S2.3 Dunaliella sp. 18 91.89 - 15 - -

P2S2.3 Dunaliella sp. 18 93.75 - 15 1000 1

P2S2.3 Dunaliella sp. 18 97.74 - 15 1000 1
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Table 5. Isolation and identification of microorganisms isolated using selective media.

Sample Species Domain % SW % Identity Cr(VI) (mM) As(III) (mM) Li+ (mM)

P2S1.2 Marinobacter sp. Bacteria 18 99.77 15 - -

P2S1.1 Halomonas sp. Bacteria 18 99.03 15 - -

P2S1.2 Alkalinobacillus halophilus Bacteria 18 99.02 15 - -

P2S1.2 Halomonas smyrnensis Bacteria 18 99.89 15 - -

P2S1.3 Salinivibrio kushneri Bacteria 18 99.56 15 - -

P2S1.1 Halomonas sp. Bacteria 18 98.74 15 - -

P2S1.3 Halomonas smyrnensis Bacteria 18 98.32 15 - -

P2S1.2 Halomonas sp. Bacteria 18 100 15 - -

P2S1.1 Halobacillus sp. Bacteria 18 99.73 15 - -

P2S1.2 Marinobacter sp. Bacteria 18 86.6 15 - -

P2S1.1 Pontibacillus sp. Bacteria 18 99.78 15 - -

P2S1.3 Halomonas beimenensis Bacteria 18 99.01 15 - -

P2S1.2 Marinobacter sp. Bacteria 18 98.98 15 - -

P2S1.1 Halophilic bacterium Bacteria 18 99.82 - 3 -

P2S1.1 Halomonas salina Bacteria 18 99.38 - 3 -

P2S1.1 Halorubrum sp. Archaea 18 99.74 - 3 -

P2S1.1 Halovibrio sp. Bacteria 18 97.57 - 3 -

P2S1.2 Uncultured Roseovarius sp. Bacteria 18 99.32 - 3 -

P2S1.2 Halomonas salina Bacteria 18 99.05 - 3 -

P2S1.1 Halorubrum tropicale Archaea 18 94.15 - - 2000

P2S1.1 Archaeon RC24 Archaea 18 98.89 - - 2000

P2S1.1 Halobacteriaceae archaeon Bacteria 18 95.98 - - 2000

P2S1.2 Halorubrum aethiopicum Archaea 18 97.72 - - 2000

P2S1.1 Halorubrum ruber Archaea 18 92.45 - - 2000

P2S1.1 Uncultured Haloplanus sp. Bacteria 18 98.69 - - 2000
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Table 5. Cont.

Sample Species Domain % SW % Identity Cr(VI) (mM) As(III) (mM) Li+ (mM)

P2S1.1 Haloferax sp. Archaea 18 95.2 - - 2000

P2S1.1 Halorubrum sp. Archaea 18 90.64 - - 2000

P2S1.2 Archaeon Bittens-U Archaea 18 94.47 - - 2000

P2S1.1 Halorubrum sp. Archaea 18 93.83 - - 2000

P2S1.1 Halorubrum sp. Archaea 18 97.13 - - 2000

P2S1.3 Halorubrum aidinense Archaea 18 95.33 - - 2000
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Four metals of interest were selected to identify the isolates with the greatest bioreme-
diation potential: lithium, lead, chromium and arsenite, all of which are widely documented
in environments impacted by human activity. Metal tolerance tests revealed variations
among the isolates across domain, genus, and evaluated metal, as shown in Tables 4 and 5.
Haloarchaea, particularly the Halorubrum genus and, to a lesser extent, the Haloferax genus,
showed high tolerance to lithium. All isolates were capable of growth in the presence of
2 M lithium, with some, such as Haloferax prahovense, tolerating concentrations of up to 4 M.

The resistance profile of the heterotrophic bacteria differed from that observed in the
archaea. In isolates obtained from enriched media (Table 4), genera such as Halomonas sp.,
Marinobacter sp., and Marinococcus sp. tolerated moderate concentrations of Cr(VI) (up
to 5 mM). In contrast, growth was observed at 15 mM chromium in different species of
Halomonas sp., Marinobacter sp., Salinivibrio sp., and Alkalinobacillus sp. in selective media
(Table 5). Arsenite resistance ranged from 2 to 5 mM, primarily in Halomonas sp. In contrast,
bacterial tolerance to lithium was lower than that observed in archaea, with values generally
between 1 and 3 M lithium in enriched media (Table 4) and no growth in selective media
(Table 5).

No chromium-resistant strains were obtained among the photosynthetic isolates,
suggesting that chromium was the most growth-restrictive metal. Cyanobacterial isolates,
including Sodalinema sp. and Synechococcus sp., showed moderate tolerance to lithium
(0.25–0.5 M), arsenite (2–5 mM), and lead (0.25–1 mM). However, these levels are lower
than those observed in halophilic eukaryotes. Among eukaryotes, Dunaliella sp. exhibited
the highest tolerance to metals, with a tolerance of up to 15 mM arsenite and 1 M lithium.
These characteristics make Dunaliella sp. a promising candidate for treating wastewater in
hypersaline conditions.

3.3. Evaluation of Heavy Metal Tolerance in Liquid Culture and Metal Quantification

Of all the isolated microorganisms, five bacterial isolates (M. adhaerens, M. halophilus,
Halomonas sp., H. smyrnensis, and an unclassified halophilic bacterium) and two haloar-
chaeal isolates (Har. sinaiiensis and Hrr. saccharovorum) were selected for testing in a liquid
medium. This selection was based on the results of the metal tolerance screening, including
the isolates that showed the greatest tolerance and the most reliable taxonomic identifica-
tion. The analysis focused on the same three metals, previously tested (arsenite, lead, and
chromium) due to their toxicological and environmental relevance. Lithium was excluded
because it is not a heavy metal and has lower toxicological relevance. The experiments were
carried out at reduced salinity levels (8% and 10%) to better simulate industrial effluents.
The specific growth rate (µ) and doubling time (td) were determined for each isolate during
the exponential phase at different metal concentrations (Table S2, Supplementary Material).

In bacterial assays, each metal had a distinct effect on bacterial growth. At 1 mM
Cr(VI), the growth rates of M. adhaerens, M. halophilus, Halomonas sp., and the unclassified
halophilic bacterium were similar to those of the control, suggesting high resistance to
low concentrations of chromium (Figure 2). This finding is consistent with previous plate
analysis, in which these species were able to grow in the presence of 2 mM chromium.
In contrast, H. smyrnensis, which was isolated from a medium containing 15 mM Cr(VI),
exhibited a remarkable ability to grow in the presence of up to 25 mM chromium, with
only minor decreases in its growth rate compared to the control (Figure 2). Arsenite was
the most toxic metal evaluated, producing strong growth inhibition in halophilic bacteria
and M. adhaerens. M. halophilus proved to be the most tolerant species, with its growth rate
falling from 0.104 h−1 in the control to 0.092 h−1. Exposure to 1 mM lead produced effects
similar to those of chromium.
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Figure 2. Growth rates of M. adhaerens, M. halophilus, Halomonas sp., an unclassified halophilic
bacterium, and H. smyrnensis at different metal concentrations: (a) chromium; (b) lead; and (c) arsenite.
Plotted values are the mean of triplicate measurements, and error bars represent ± SD. **** p ≤ 0.0001.

Haloarchaea showed a progressive reduction in growth with increasing chromium
concentrations, with near-complete inhibition at 3–4 mM (Figure 3). Exposure to arsenite
was highly inhibitory at 1.5 mM in both species. In contrast, exposure to lead had the
opposite effect: the growth rate increased relative to the control as the lead concentra-
tion increased. Adding lead to the culture medium resulted in the formation of a white
precipitate, which may have affected the spectrophotometric measurements of growth.
Consequently, the higher OD600 values observed in the presence of lead may partly result
from light scattering by suspended precipitates rather than haloarchaeal growth. Therefore,
these results should be interpreted with caution, as OD600 measurements may overestimate
growth under these conditions.

The potential of a microorganism to act as a bioremediation agent depends on its ability
to grow in the presence of the contaminant and to remove it from the environment. This
study evaluated the ability of H. smyrnensis and Hrr. saccharovorum to remove chromium
from the culture medium at initial concentrations of 15 mM and 2 mM, respectively. The
results revealed that H. smyrnensis reduced the chromium concentration by 10.96% at
15 mM, whereas Hrr. saccharovorum achieved a 24.29% reduction at 2 mM (Figure 4).
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Figure 3. Growth rates of Har. sinaiiensis and Hrr. saccharovorum at different metal concentrations:
(a) chromium; (b) lead; and (c) arsenite. Plotted values are the mean of triplicate measurements, and
error bars represent ± SD. * p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001.

Figure 4. Chromium removal efficiency by Hrr. saccharovorum and H. smyrnensis at different initial
K2CrO4 concentrations. Plotted values are the mean of triplicate measurements, and error bars
represent ± SD.

4. Discussion
Physicochemical characterisation of Laguna Rosa revealed significant variation in pH,

salinity and sample appearance, reflecting the dynamic nature of this hypersaline ecosys-
tem. Such environmental gradients are characteristic of solar salterns and hypersaline
lagoons, where evaporation, freshwater inputs and salt precipitation continuously modify
local physicochemical conditions. This generates distinct ecological niches that determine
the composition of the microbial community [35,36]. The slightly alkaline pH measured
in the greenish water samples is consistent with intense photosynthetic activity. Mean-

https://doi.org/10.3390/environments13090512

https://doi.org/10.3390/environments13090512


Environments 2026, 13, 512 15 of 22

while, the wide salinity range observed among sampling points reflects the coexistence of
environments favourable to both phototrophic microorganisms and extremely halophilic
prokaryotes [37].

The visual appearance of the different samples closely reflected the taxonomic compo-
sition of the cultivable microbiota. Photosynthetic microorganisms dominated greenish
waters and cyanobacterial mats, whereas pink waters and salt crusts predominantly yielded
haloarchaeal and halophilic bacterial isolates. This distribution is consistent with the well-
established ecological succession occurring along salinity gradients in hypersaline systems,
where moderate salinity favours cyanobacteria and microalgae, while increasing salt con-
centrations progressively select for haloarchaea and specialised halophilic bacteria [19,38].

The presence of metals in aquatic and terrestrial ecosystems is one of the most signifi-
cant environmental problems due to their persistence, toxicity, and ability to bioaccumulate.
While these metals can occur naturally in the environment through geological processes, an-
thropogenic activities have intensified their mobilisation and accumulation in bodies of wa-
ter, posing a risk to human health and ecosystems [39]. Concentrations of arsenic and lead
exceeded World Health Organization (WHO) drinking water standards. In contrast, lithium
concentrations were considerably higher than those generally reported for freshwater envi-
ronments but within the range previously described for hypersaline systems [40–43]. The
presence of arsenic in hypersaline environments ranges from tens of µg·L−1 to extremely
high levels, highlighting these environments’ ability to accumulate this metal. For instance,
hypersaline lakes in Bolivia have been reported to have arsenic levels of 82 mg/L [44].
Furthermore, in saline environments, high salinity and complexation with chlorides can
increase the solubility and persistence of lead in the aqueous phase [45]. In the case of
chromium, although the reported value is lower than the WHO established value, the
risk depends not only on its concentration but also on its oxidation state. Hypersaline
environments present redox and pH conditions that favour the conversion of less toxic and
less mobile Cr(III) to highly toxic and more soluble Cr(VI) [11,46].

Hypersaline environments are extreme habitats in which the physicochemical condi-
tions, such as high salt concentrations, elevated temperatures, pH fluctuations, and limited
nutrient and oxygen availability, severely restrict life. Despite these challenges, these
ecosystems harbour a remarkable diversity of microorganisms, encompassing representa-
tives from all three domains of life: Archaea, Bacteria and Eukarya. These microorganisms
typically require high salt concentrations to survive and grow [19,38]. Many halophilic and
halotolerant microorganisms have evolved physiological and molecular mechanisms that
enable them to tolerate not only high salinity, but also high concentrations of metals. Con-
sequently, these microbial communities play a pivotal role in regulating these elements [22].
In this study, heavy metal tolerance was evaluated not only for characterisation but also as
a selection criterion for halophilic and halotolerant microorganisms with potential applica-
tion in bioremediation. Two different strategies were used to isolate microorganisms. First,
isolation was performed on selective media supplemented with varying metal concentra-
tions, to facilitate the identification of species with bioremediation potential. However,
this approach has limitations, as it can restrict the diversity of microorganisms recovered,
selecting for those capable of tolerating metals under culture conditions that may not be
representative of those in situ. To overcome these limitations, this strategy was combined
with isolation in enrichment media, which allowed greater recovery of microbial diversity.
This enabled the isolation of a broad spectrum of microorganisms and yielded a more
representative sample of the ecosystem. However, enrichment-based isolation has its own
limitations, such as the need for subsequent screening to assess metal tolerance and the
isolation of microorganisms that are not particularly relevant to bioremediation. Therefore,
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combining both strategies maximises the isolation of microbial diversity while identifying
metal-tolerant species of interest for bioremediation.

The taxonomic composition of the isolates was consistent with that described in previ-
ous studies of microbial communities inhabiting hypersaline ecosystems. The dominant
archaeal isolates were members of the genera Halorubrum and Haloferax, in line with their
recognised ecological success in saline lakes, salterns and salt crusts worldwide [19,38,47].
Similarly, the bacterial isolates were predominantly from genera commonly associated with
hypersaline habitats, such as Halomonas, Marinobacter, Salinivibrio, Pontibacillus and Alkalin-
ibacillus [48–51]. The predominance of haloarchaea among the isolates is also consistent
with culture-independent studies showing that archaeal populations generally dominate
microbial communities as salinity approaches saturation [19,52]. Among the photosynthetic
microorganisms, Dunaliella was the predominant eukaryotic genus in the lagoon, whereas
Tetraselmis, Chlamydomonas, Chrysotila carterae, and filamentous cyanobacteria were mainly
found at sampling sites with lower salinity. This distribution reflects the different osmoad-
aptation strategies developed by these organisms. Dunaliella is particularly well adapted
to hypersaline environments because it accumulates intracellular glycerol as its principal
compatible solute, enabling growth over an exceptionally broad salinity range [53,54]. In
contrast, many cyanobacteria and other microalgae exhibit greater sensitivity to rising
salinity, which helps explain their predominance in the less saline microhabitats identified
during sampling.

Despite this general trend, clear differences in metal tolerance were observed among
microbial groups. Haloarchaea consistently exhibited the highest tolerance to lithium, with
several isolates remaining viable at concentrations of up to 4 M. Such remarkable resistance
has previously been associated with the exceptional ionic homeostasis characteristic of
extremely halophilic archaea. These microorganisms possess highly specialised membrane
transport systems and efficient antioxidant defences, which minimise the combined effects
of osmotic and metal stress [23,24,55]. In addition, their cell surface architecture may
contribute to metal tolerance, as the S-layer and extracellular polymeric substances (EPS)
provide metal-binding sites that can immobilise metal ions at the cell surface, potentially
limiting their intracellular accumulation. Recent work with the haloarchaeon Haloferax
alexandrinus demonstrated efficient metal adsorption by dried biomass and attributed this
capacity, in part, to the involvement of S-layer-associated functional groups [56]. The high
lithium tolerance observed in the present study may therefore be partly related to the
ability of haloarchaea to biosorb lithium at the cell surface, potentially mediated by metal-
binding sites associated with the S-layer and EPS. While haloarchaea exhibited exceptional
lithium tolerance, bacterial isolates displayed a different resistance profile, showing greater
tolerance to chromium and arsenite. Notably, Halomonas sp. maintained growth over a
broad range of chromium concentrations and showed consistent resistance to arsenite.
This behaviour is consistent with the remarkable metabolic versatility previously observed
in this genus, whose members possess multiple mechanisms for metal detoxification,
including extracellular biosorption, chromate reduction, active efflux systems, and arsenic
resistance operons [18,29,57–60]. Rather than relying on a single resistance mechanism,
these microorganisms likely combine several complementary physiological responses to
tolerate simultaneous exposure to high salinity and toxic metals. This versatility explains
why members of Halomonas have attracted increasing interest in the treatment of saline
industrial wastewaters.

The responses observed in Marinobacter and Marinococcus further demonstrate the
functional diversity of halophilic bacteria. Although Marinobacter species are recognised
for their role in arsenic biogeochemical cycling through arsenate respiration and arsenite
oxidation [61], the marked growth inhibition observed upon arsenite exposure suggests
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that the presence of arsenic transformation pathways does not necessarily confer high
tolerance to As(III). As this element directly interferes with protein function and cellular
redox homeostasis, its toxicity may exceed the detoxification capacity of these metabolic
pathways at high concentrations. This observation is consistent with the results of the
present study, in which arsenite was found to be the most inhibitory metal for the majority
of bacterial isolates.

The behaviour of the photosynthetic microorganisms differed from that of haloar-
chaea and heterotrophic bacteria. None of the phototrophic isolates exhibited significant
chromium resistance, suggesting that chromium is among the most restrictive metals for
oxygenic photosynthesis under the tested experimental conditions. Chromium toxicity has
been linked to the production of reactive oxygen species and the disruption of the pho-
tosynthetic apparatus after uptake via sulphate transporters [62], which may explain the
absence of chromium-resistant cyanobacteria and microalgae among the isolates. However,
cyanobacteria showed moderate tolerance to lithium, arsenite and lead, likely due to the
protective role of extracellular polymeric substances that bind metal ions and reduce their
bioavailability [31,63].

Among the photosynthetic microorganisms, Dunaliella showed the greatest tolerance
to metal exposure, particularly to lithium and arsenite. In addition to its well-established
osmoadaptation mechanisms involving intracellular glycerol accumulation, Dunaliella pro-
duces extracellular polysaccharides that can bind metal ions. This reduces their toxicity and
facilitates metal immobilisation [32,64–67]. The combination of efficient osmotic regulation
and metal-binding mechanisms makes this microalga an attractive candidate for future
applications involving the treatment of hypersaline wastewater contaminated with metals.

Industrial wastewaters and landfill leachates often contain high concentrations of
salts (up to 10%) and heavy metals. This represents a significant source of environmental
pollution, threatening both ecosystems and human health [11,68]. Consequently, it is more
realistic to assess microbial performance under moderate salinity in relation to future
biotechnological applications.

Analysis of the bacterial isolates revealed that H. smyrnensis exhibited the highest
chromium tolerance, maintaining active growth even at concentrations of up to 25 mM
Cr(VI). Similar results have been described in Halomonas sp. strains isolated from indus-
trial effluents and contaminated hypersaline environments, where high salinity and metal
concentrations select for microorganisms with robust detoxification systems (Table S3, Sup-
plementary Material). Members of this genus can tolerate high concentrations of chromium.
They can also biotransform the highly toxic and mutagenic Cr(VI) into the relatively less
toxic Cr(III) via enzymatic reduction mediated by chromate reductases [56–59,69]. How-
ever, further studies are required to determine whether the H. smyrnensis strain investigated
in the present study possesses a chromate reductase and whether Cr(VI) removal is me-
diated, at least in part, by enzymatic biotransformation to Cr(III). These findings position
H. smyrnensis as a promising candidate for bioremediation strategies in saline environments
contaminated with chromium. Arsenite-resistance plasmid operons containing genes for
metal sensors, metal chaperones, metal transporters and detoxifying enzymes have also
been detected in these microorganisms [22]. Recent studies have shown that species such
as Halomonas elongata can tolerate up to 25 mM of arsenate due to complete ars operons [29].
The genus Marinobacter sp. includes metabolically versatile species, some of which partici-
pate in arsenic biogeochemical cycles. For example, Marinobacter santoriniensis can respire
arsenate and oxidise arsenite, indicating the presence of specific metabolic pathways for
arsenic transformation [60]. However, the presence of these pathways does not guarantee
arsenite tolerance, as they can affect the redox machinery and ribosomes, thereby exceeding
the detoxifying capacity at high concentrations. Exposure to 1 mM lead produced effects
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similar to those of chromium. Proposed mechanisms of lead tolerance include extracellular
precipitation and sequestration by exopolysaccharides [70]. Several studies have investi-
gated microorganisms such as Halomonas sp. for their tolerance of lead and potential to
bioremediate it, as they can precipitate or adsorb it [71–73]. For instance, Abdel-Razik et al.
(2020) [59] reported that a Halomonas sp. Strain removed 94% of lead within 6 h.

In the case of haloarchaea, previous studies by Matarredona et al. (2024) [24] charac-
terised the growth of Har. sinaiiensis in the presence of chromium, determining an MIC
(minimum inhibitory concentration) of 2.5 mM. These assays were performed under high-
salinity conditions (20% NaCl), whereas the salinity was reduced to 10% in the present
study. This difference may explain the lower tolerance observed, given that the condi-
tions were outside the species’ optimal growth range. Halorubrum sp. species, such as
Hrr. californiensis and Hrr. litoreum, have been reported to exhibit MIC values of 1 and
2 mM chromium, respectively. In the case of lithium, these values are lower than those
observed in the present study, in which growth was still detected at concentrations up
to 4 mM (Table S3). Matarredona et al. (2024) [24] demonstrated that Har. sinaiiensis
and Halorubrum sp. can grow in the presence of up to 12 mM of arsenate (As(V)). How-
ever, given that As(III) is more toxic than As(V), growth inhibition is likely to occur at
significantly lower concentrations.

Although resistance to toxic metals is a prerequisite for their potential application
in bioremediation, it does not necessarily guarantee efficient contaminant removal. For
this reason, chromium removal assays were performed using the isolates with the highest
chromium tolerance. Both H. smyrnensis and Hrr. saccharovorum were capable of reducing
chromium concentrations in the culture medium. However, the removal efficiencies were
lower than those reported for previously described bacterial strains. Previous studies have
shown that different Halomonas sp. strains can effectively remove up to 80% of chromium
at an initial concentration of 50 mg/L [59], although removal efficiency decreases progres-
sively at higher concentrations. Other studies report reductions of close to 60% even at
50 mg/L, demonstrating significant variability depending on the strain and experimental
conditions. Similarly, it has been reported that salinity significantly influences the bioavail-
ability of chromium and the capacity for microbial biosorption. High NaCl concentration
increases the ionic strength of the medium, which can weaken the electrostatic interac-
tions between Cr(VI) and the charged functional groups on cell surfaces, thereby reducing
chromium biosorption [74]. Furthermore, high salinity could affect cellular metabolic
activity and consequently the biological mechanisms involved in Cr(VI) reduction [75]. The
relatively low removal efficiency observed in the present study can be partly explained by
the high initial chromium concentration, which could have a toxic effect on cell growth and
activity [76]. Despite the limited experimental evidence available on the bioremediation of
chromium in haloarchaea, these findings provide a basis for further investigation of their
potential for chromium removal under hypersaline conditions.

5. Conclusions
Laguna Rosa in Torrevieja is a highly heterogeneous hypersaline ecosystem, with

physicochemical conditions that vary significantly between microenvironments. Field
measurements and chemical analyses confirmed significant variations in salinity and pH,
as well as the presence of environmentally relevant concentrations of lithium, arsenic,
and lead.

Culture-dependent screening showed that the lagoon is home to a diverse range of
halophilic and halotolerant microorganisms from the three domains of life, including haloar-
chaea, halophilic and halotolerant bacteria, and photosynthetic microorganisms. Metal
tolerance assays revealed distinct response patterns among taxa and contaminants. Haloar-
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chaea showed particularly high tolerance to lithium; several bacterial isolates tolerated
chromium and arsenite; and Dunaliella sp. exhibited broad tolerance to the metals tested.

Among the isolates tested in liquid culture, H. smyrnensis was the most chromium-
tolerant bacterium, growing at concentrations of up to 25 mM Cr(VI). Hrr. saccharovorum
also exhibited notable tolerance and chromium-removal capacity. Although the observed
reductions in chromium removal were modest under the tested conditions, these results
show that indigenous halophilic microorganisms can contribute to metal attenuation in
saline systems. Overall, this work demonstrates that the microbiota of Laguna Rosa includes
halophilic and halotolerant microorganisms with remarkable resistance to chromium,
arsenite, lead and lithium, highlighting their potential for bioremediation applications in
saline and hypersaline environments, including the treatment of industrial wastewater
contaminated with heavy metals.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments13090512/s1. Table S1. Composition of the artificial
saline medium compared with Laguna Rosa water based on ICP analysis. Salt amounts used for
medium preparation, resulting ion concentrations in the artificial medium, and the corresponding
concentration ratios between Laguna Rosa water and the artificial medium are shown. Table S2. Effect
of different metal concentrations on the growth kinetics of the selected isolates. Table S3. Reported
metal tolerance and resistance of selected halophilic and halotolerant microorganisms to chromium,
arsenic, lithium, and lead.
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