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Unveiling the genomic landscape
and adaptive mechanisms

of the haloarchaeal genus
Halogeometricum: spotlight on
thiamine biosynthesis

Dasa Strakova, Cristina Sanchez-Porro, Rafael R. de la Haba*
and Antonio Ventosa

Department of Microbiology and Parasitology, Faculty of Pharmacy, University of Sevilla, Sevilla, Spain

Recent advances in molecular and metagenomic analyses have enhanced the
ability to precisely determine the microbiota of hypersaline environments of
marine origin, such as solar salterns, saline lakes, and hypersaline soils,
uncovering numerous yet-to-be-isolated prokaryotic groups. Our research
focused on the hypersaline ecosystems within the Odiel Saltmarshes, a natural
tidal wetland situated at the confluence of the Odiel and Tinto rivers in Huelva
province, Southwestern Spain. Employing culture-dependent techniques, we
aimed to isolate and characterize novel halophilic prokaryotes from this area.
Two haloarchaeal strains, designated S1BR25-6" and S3BR25-2" were classified
within the genus Halogeometricum based on Overall Genome Related Indexes
(OGRIs) such as Orthologous Average Nucleotide Identity, digital DNA-DNA
hybridization, and Average Amino Acid ldentity as standard criteria for species
delineation. Moreover, this study embarks on an exhaustive genome-based
comparative analysis of the haloarchaeal genus Halogeometricum, delineating
the metabolic capacities, osmoregulatory adaptations, and resistance to certain
heavy metals of its species. The dual osmoregulatory mechanism observed by in-
silico analysis of the Halogeometricum species combines “salt-in” and “salt-out”
strategies which highlights the adaptive flexibility of these haloarchaea. In
addition, capability for de novo thiamine biosynthesis of strain S1IBR25-6"
along with other Halogeometricum species underscores their metabolic
complexity and resilience, offering insights into their role in ecosystem
dynamics and potential biotechnological applications. Wet lab experimental
analysis of strains SIBR25-6" and S3BR25-2" confirmed their resistance to
heavy metals, particularly to arsenic, zinc, and cadmium, emphasizing their
potential for bioremediation applications. Furthermore, conducting fragment
recruitment analysis across different metagenomic datasets revealed a
predominant recruitment of species from the genus Halogeometricum in
hypersaline soils of Odiel Saltmarshes (especially the two novel strains), and in
the brines of marine saltern ponds with high salt concentrations. These results
contribute to a reinforced understanding of the extremely halophilic
characteristics inherent to the genus Halogeometricum. Finally, taxogenomic
analysis has substantiated that strains SIBR25-6" (= CCM 92507 = CECT 30624"),
and S3BR25-2" (= CCM 9253" = CECT 30622") denote two previously
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unidentified species within the genus Halogeometricum, for which we propose
the names Halogeometricum salsisoli sp. nov., and Halogeometricum luteum sp.

nov., respectively.

KEYWORDS

haloarchaea, Halogeometricum, comparative genomic analysis, taxogenomics,
thiamine biosynthesis, heavy metals

1 Introduction

Hypersaline environments are characterized by their high salt
concentration, although other factors, such as temperature, pH or
high concentrations of toxic compounds can also influence their
microbiota (Rodriguez-Valera, 1988; Ventosa, 2006). Most
hypersaline habitats are aquatic systems derived from seawater or
salt deposits, such as marine salterns or saline lakes, and they are
designated as thalassohaline ecosystems, showing relative salts
contents similar to that of seawater but with higher values
(Ventosa, 2006). Other saline habitats that have been less studied
are saline and hypersaline soils. Despite their global presence and the
growing salinization of soils due to irrigation and desertification,
research into the microbial diversity within these areas remains
limited, especially when compared to studies on saline lakes and
marine salterns (Ventosa et al., 2008; Oren, 2011). Soil environments,
as suggested by prior studies are the most diverse environments on
Earth, presumptively due to the complex variability in soil structure
and a greater frequency of disturbances (Vera-Gargallo and Ventosa,
2018; Vera-Gargallo et al, 2019). The soil microbiota is an
indispensable component that supports the essential
microbiological processes in soils. These processes include food
supply, pharmaceutical development, carbon sequestration,
pollution breakdown, climate moderation, and the nutrient cycles
vital for sustaining higher forms of life (Bertola et al., 2021).

The predominant microbiota of hypersaline habitats is
represented by extremely halophilic archaea, also designated as
haloarchaea, as well as by halophilic bacteria belonging to a variety
of phyla. Haloarchaea are currently classified within the class
Halobacteria, divided into two orders, nine families and 82 genera
(Cui et al., 2024). The genus Halogeometricum belongs to the family
Haloferacaceae, within the order Halobacteriales, class Halobacteria
and phylum Methanobacteriota (formerly “Euryarchaeota”).
Currently, the genus Halogeometricum comprises four species.
The type species, Halogeometricum borinquense, was isolated
from the brine of a coastal marine solar saltern in Cabo Rojo,
Puerto Rico, and described by Montalvo-Rodriguez et al. (1998).
Later, Savage et al. (2008) described Halosarcina pallida BZ256, a
sarcina-shaped strain isolated from a sulfide- and sulfur-rich spring
in the USA. Eventually, it was transferred together with the species
Halosarcina limi, isolated from a solar saltern in China (Cui et al.,
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2010a), to the genus Halogeometricum, as Halogeometricum
pallidum and Halogeometricum limi, respectively (Qiu et al,
2013). Finally, Halogeometricm rufum, was isolated from a marine
solar saltern in China (Cui et al., 2010b). Cells of species of this
genus are extremely pleomorphic, aerobic and stain Gram-negative
(Montalvo-Rodriguez et al., 1998). The polar lipids present in all
members of this genus are phosphatidylglycerol (PG) and
phosphatidylglycerol phosphate methyl ester (PGP-Me). Some
species, additionally, possess a glycolipid chromatographically
identical to sulfated diglycosil diether (S-DGD-1), as well as other
minor glycolipids. An unsulfated glycolipid, designated “GLb”, is
the major polar lipid of Halogeometricum borinquense JCM 10706,
which distinguishes it from the other species of this genus (Cui
et al.,, 2010b; Qiu et al., 2013). Besides, phosphatidylglycerol sulfate
(PGS) is not present in species of the genus Halogeometricum, in
contrast to species of other related genera.

In this study, we performed a comprehensive genome-based
comparative analysis of the genus Halogeometricum, focused on the
metabolic functions, osmoregulatory strategies, and heavy metal
adaptation mechanisms of its species. Among these, we paid
exclusive attention to the thiamine biosynthesis pathways.
Thiamine (vitamin B;) is crucial for several key metabolic
processes in cells across all domains of life. Its active form,
thiamine diphosphate (ThDP), acts as a cofactor for enzymes that
catalyze essential reactions in carbohydrate and amino acid
metabolism, as well as in the synthesis of nucleic acids and
neurotransmitters (Maupin-Furlow, 2018; Dhir et al., 2019).
Vitamin B; possesses antioxidant, antimicrobial, and anti-
inflammatory properties, alongside its well-established nutritional
benefits, which suggest its potential use in food preservation
(Taskiran and Ergul, 2021; Hsouna et al., 2022). It supports
nervous and cardiovascular systems, increases the immunity
system, enhances cognitive functions, aids digestion, and
maintains muscle tone (Mrowicka et al., 2023). Thiamine
deficiency can lead to serious health issues, such as Beriberi
(Wilson, 2020), Wernicke-Korsakoff Syndrome (Isenberg-Grzeda
et al,, 2012), Leigh Syndrome (Ortigoza-Escobar et al.,, 2016), and
others. The ability to de novo synthesize thiamine (vitamin B,) is
confined to bacteria, archaea, yeasts, and plants. Animals, including
humans, are incapable of synthesizing thiamine due to the absence
of the necessary enzymes, thereby requiring its intake through diet.
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Furthermore, we conducted a pan-genome analysis of
Halogeometricum species and assessed metagenomic fragment
recruitment in various hypersaline environments in order to
determine the presence and/or abundance of species of this genus
in different saline habitats. With the aim to isolate new halophilic
taxa, a culturomics approach was carried out and two strains related
to the genus Halogeometricum were isolated. We have characterized
these two new haloarchaeal strains isolated from the Odiel
Saltmarshes, and we propose them as new species of the
genus Halogeometricum.

2 Materials and methods

2.1 Samples analysis and strains isolation
and cultivation

We conducted a sampling in the Odiel Saltmarshes, a marine-
influenced natural area of tidal wetlands located at the estuary of the
QOdiel and Tinto rivers at the confluence of the Atlantic Ocean, in
Southwestern Spain. The selected sampling sites were located in a
plant-free high marsh zone, predominantly influenced by rainfall as
the main water source, although subjected to inundation during
periods of high tides (Grande et al., 2003). The sampling was carried
out in July 2020, during a period unaffected by flooding, enabling
the collection of samples from the hypersaline soils within this area.
Several physico-chemical characteristics of the samples were
determined. The pH and electrical conductivity were determined
with a pH meter (CRISON BASIC 20) and a conductometer
(CRISON 35+), respectively, after a 1:2.5 dilution of the sample.
Other features of two soil samples, designated as 1B (37°12'26.6'N
6°57'52.5"W) and 3B (37°13'18.0"N 6°57'44.8"W), corresponding to
the isolation places of the studied strains, included the presence of
heavy metals, texture and organic matter, and were analyzed by
Innoagral Laboratories, in Brenes (Sevilla, Spain).

Strains SIBR25-6" and S3BR25-2" were isolated in pure culture
after serial dilutions and plating under sterile conditions and
incubation at 37°C for up to 3 months. We used Reasoner’s 2A
(R2A) medium (Difco) as an isolation and cultivation medium
supplemented with 25% (w/v) seawater salt solution prepared by
dilution of 30% (w/v) stock solution (Subov, 1931) (designated as
R2A 25 medium), which is composed of (g I™): NaCl, 195;
MgCl,-6H,0, 32.5; MgSO,-7H,0, 50.8; CaCl,, 0.83; KCl, 5.0;
NaHCOs, 0.17; NaBr, 0.58. The pH of the medium was adjusted
to 7.5 with 1 M KOH and purified agar was added to a final
concentration of 2% (w/v) to prepare the solid media. Cultures were
preserved at -80°C in R2A 25 (w/v) liquid medium containing 40%
(v/v) glycerol.

2.2 DNA extraction, amplification
and sequencing
To extract the genomic DNA of strains SIBR25-6" and S3BR25-

2T the methodology described by Marmur (1961) modified for
small volumes was followed. The PCR was carried out using a Bio-
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Rad T100 Thermal Cycler to amplify the 16S rRNA and rpoB’ genes.
The universal archaeal primers ArchF and ArchR (DeLong, 1992;
Arahal et al., 1996) were used to target 16S rRNA gene and rpoBF
and rpoBR primers for rpoB’ gene amplification (Fullmer et al.,
2014). To purify both, genomic DNA and PCR products,
MEGAquick-spinTM Plus Fragment DNA Purification Kit
(iNtRON Biotechnology) was used following the manufacturer’s
protocol. DNA concentration was examined fluorometrically with
Qubit 4 Fluorometer (Thermo Fisher Scientific), and the quality was
checked with NanoDrop One Spectrophotometer (Thermo Fisher
Scientific). Stab Vida (Caparica, Portugal) sequenced the PCR
amplicons using the Sanger method. The whole genome
sequencing of strains SIBR25-6" and S3BR25-2" was provided by
Novogene Europe (Cambridge, United Kingdom) using the
lumina (San Diego, CA, USA) NovaSeq 6000 platform,
following a 2 x 150-bp paired-end strategy.

2.3 Phylogenetic and taxogenomic analysis

The 16S rRNA and rpoB’ gene sequences of the two isolated
strains were assembled with ChromasPro software v.1.5
(Technelysium Pty Ltd., Brisbane, Australia), and phylogenetically
identified by comparing with the sequences available in the
EzBioCloud database (Yoon et al, 2017) and NCBI GenBank
database by BLASTN search (Altschul et al., 1990). ARB Tool
Fast aligner v.7.0 (Ludwig et al, 2004) and BioEdit program
v.3.3.19.0 (Alzohairy, 2011) enabled to obtain the complete
multiple sequence alignments corresponding to the 16S rRNA
and rpoB’ genes, respectively. The phylogenetic treeing based on
16S rRNA and rpoB’ gene sequence data was carried out using the
ARB software v.7.0 (Ludwig et al., 2004). Phylogenetic tree
reconstructions were conducted using the maximum-likelihood
(Felsenstein, 1981), neighbor-joining (Saitou and Nei, 1987), and
maximum-parsimony algorithms (Felsenstein, 1983). The “gitana”
script (Galisteo, 2022) was used for formatting and visualization of
the phylogenetic trees. The 16S rRNA and rpoB’ gene sequences of
strains SIBR25-6" and S3BR25-2" were deposited in GenBank/
EMBL/DDBJ, under the accession numbers ON653036 and
ON682483 (16S rRNA gene), and ON668042 and ON668043
(rpoB’ gene), respectively.

The recommendations regarding the quality of genomic
sequences and the criteria for their use in taxogenomic studies were
followed (Chun et al., 2018; Riesco and Trujillo, 2024). The genome
reads of strains SIBR25-6" and S3BR25-2" were assembled by k-mer
approach using Spades v.3.13.0 (Prjibelski et al., 2020). Completeness
and contamination of the assemblies were verified by CheckM v1.0.5
(Parks et al, 2015). The standard annotation was carried out by
Prokka v.1.12 (Seemann, 2014) and followed by the recovery of the
16S rRNA and rpoB’ gene sequences from the genome to verify their
compliance with the genuine Sanger sequences. The genome
sequences of the studied strains, together with the genomes of
related strains of the genus Halogeometricum, and those of closely
related taxa of the family Haloferacaceae available in the NCBI
GenBank database, were used to establish phylogenomic
relationships between species. The open reading frames of the
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coding sequences (CDS) were extracted from the genomes using
Prodigal v. 2.60 (Hyatt et al., 2010). Among all the CDS extracted,
those corresponding to single-copy orthologous protein set and
present in all the genomes were identified using scripts from the
Enveomics package (Rodriguez-R and Konstantinidis, 2016) and
further aligned using Muscle v.5.1 (Edgar, 2022). FastTreeMP
v.2.1.8 (Price et al., 2010) was used to reconstruct an approximately
maximum-likelihood phylogenomic tree based on 848 single-copy
core-orthologous protein sequences. The whole-genome sequences of
strains SIBR25-6" and S3BR25-2" were deposited in GenBank/
EMBL/DDB]J, under the accession numbers JAMQOP000000000
and JAMQOQ000000000, respectively.

2.4 Comparative genomic analysis

To confirm the taxonomic affiliation of the studied strains, the
Overall Genome Relatedness Indexes (OGRIs) were calculated.
Specifically, the Orthologous Average Nucleotide Identity
(OrthoANI), the digital DNA-DNA hybridization (dDDH), and
the Average Amino acid Identity (AAI) were obtained through
OrthoANIu tool v.1.2 (Lee et al.,, 2016), the Genome-to-Genome
Distance Calculator (GGDC) v.3.0 from the Leibniz Institute DSMZ
(Braunschweig, Germany) (Meier-Kolthoff et al., 2022), and the
‘aai.rb’ script from the Enveomics collection (Rodriguez-R and
Konstantinidis, 2016), respectively.

Furthermore, the Enveomics tool was used to carry out a pan-
genome analysis (Rodriguez-R and Konstantinidis, 2016).
Visualization of the pan-genome was conducted using the Anvi'o
tool v.7 (Eren et al., 2015). To depict the core, variable (“shell”), and
strain-specific genes, a flower plot was generated through the
‘plotrix’ package v.3.8.2 in R. Graphical representations showing
the evolution of both the pan-genome and core-genome within the
genus Halogeometricum were illustrated using the Pan-Genome
Profile Analyze Tool (PanGP) v.1.0.1 (Zhao et al., 2014).
Additionally, a heatmap based on the gene presence/absence
within the variable genome was created using the ‘gplot’ R
package v.3.1.3. The assignment of KO numbers to the genomes
orthologous genes and their subsequent mapping to KEGG
pathways and modules for reconstructing metabolic pathways
were conducted using BlastKOALA functional annotation tool
v.3.0 (Kanehisa et al., 2016). The circular genome maps of strains
S1BR25-6" and S3BR25 were generated with DNAPlotter v.18.2.0
(Carver et al., 2009). Furthermore, the identification of CRISPR-Cas
systems was carried out using the CRISPRCasFinder tool v.4.2.21
(Couvin et al,, 2018). In addition, isoelectric points of predicted
proteomes were calculated by the ‘iep’ program of the EMBOSS
package v.6.5.7.0 (Rice et al., 2000).

2.5 Phenotypic and
chemotaxonomic characterization
Phenotypic features of strains SIBR25-6" and S3BR25-2" were

determined according to the minimal standards for the description
of new taxa of the class Halobacteria (Cui et al., 2024). To determine
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cell morphology and motility of the studied strains, they were
grown on R2A 25 medium on a shaking incubator at 200 rpm at
37°C and the cells were observed by a light phase-contrast
microscope (Zeiss Axioscope 5). Gram staining was performed as
described by Dussault (1955). To determine the optimal salt
requirements, the strains were cultured in R2A medium with
different salt concentrations (0.5, 5, 7.5, 10, 12, 15, 17, 20, 22, 25,
and 30% [w/v]). The pH range for the growth was determined in
R2A 25 buffered medium adjusted to pH values from 5.0 to 9.5 (at
0.5 pH unit intervals). The temperature range for growth was
examined by incubation in R2A 25 medium at 20°C to 55°C (at
intervals of 5°C). Catalase activity was observed by adding a few
drops of 3% H,0, (v/v) to a young culture of the microorganisms
(Cowan and Steel, 1993). The oxidase test was conducted by using
1% (v/v) tetramethyl-p-phenylenediamine (Kovacs, 1956). R2A 25
medium plates supplemented with three alternative electron
acceptors (DMSO, KNOs, and L-arginine) were incubated at 37°C
for 14 days in a GasPak system using AnaeroGen (Oxoid) to detect
whether strains SIBR25-6" and S3BR25-2" were able to grow
anaerobically. Biochemical and nutritional characterization was
carried out following the methodology previously described by
Strakova et al. (2024). Halogeometricum borinquense DSM 11551"
was used as a reference strain for phenotypic feature comparison.

Determination of polar lipids has proved to be a useful marker
in the characterization and delimitation of haloarchaea at the genus
level (Torreblanca et al., 1986; Oren et al., 1997; Cui et al., 2024).
The polar lipids were extracted from a cell biomass of the studied
strains SIBR25-6" and S3BR25-2" and from the reference strains
Halobacterium salinarum DSM 3754", Halorubrum saccharovorum
DSM 1137%, and Halogeometricum borinquense DSM 115517 by
using a chloroform/methanol system. The identification of polar
lipid profiles was carried out by high-performance thin-layer
chromatography (HPTLC) on silica gel glass plates (Merck)
developed in chloroform-methanol-90% acetic acid (39.4/2.42/
18.18 mL) solvent system. The polar lipids were revealed by 5%
(v/v) sulfuric acid followed by heating at 160°C and, in addition,
phospholipids were specifically detected by molybdenum blue spray
reagent (Angelini et al.,, 2012; Corral et al.,, 2013).

2.6 Determination of minimum inhibitory
concentrations for heavy metals

Susceptibility to selected heavy metals (copper, cadmium, zinc,
lead, and arsenic) was tested for the two novel strains. Cultures of
strains SIBR25-6" and S3BR25-2", incubated for 7 days in R2A 25
medium, were used to inoculate Petri dishes containing R2A 25 agar
medium with varying concentrations (0.01, 0.05, 0.5, 1, 2.5, 4, 5, 10,
20, 50, 80, 100, 150, 200, 300, 500, 600, and 700 mM) of heavy metal
salts: CuSO,, CACl, - H,0, ZnSO, - 7H,0, Pb(C,H;0,), - 3H,0,
and C,HgAsNaO, - 3H,0. The heavy metal solutions were sterilized
by filter membrane (pore size of 0.2 um) before being added to
the culture medium. After incubation at 37°C for 1 to 4 weeks, the
tolerance of the colonies to each heavy metal was evaluated. The
minimum concentration of each heavy metal that completely
inhibited haloarchaeal growth was identified as the minimum
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inhibitory concentration (MIC). R2A 25 agar media without any
heavy metals served as controls for each isolate.

2.7 Metagenomic fragment
recruitment analyses

Analysis of metagenomic reads recruitment was conducted using
seven environmental metagenomic datasets (Supplementary Table
S1) with the aim to detect and quantify the presence of the four
Halogeometricum species, along with strains SIBR25-6" and S3BR25-
2T across diverse aquatic and terrestrial saline habitats. Reference
genomes of Haloquadratum walsbyi C23" (GCF_000237865.1) and
Spiribacter salinus M19-40" (GCF_000319575.2) were included for
comparative purposes. To mitigate analysis bias, contigs from each
genome sequence were concatenated and, subsequently, rRNA gene
sequences were masked. A BLASTN search was employed with
specific parameters (alignment length > 30 nt, similarity > 95%,
E-value < 107°) to map quality-filtered metagenomic reads against
each genome. Recruitment plot representations were generated using
the ‘Hmisc’ library v.5.1.0 in R.

3 Results and discussion

3.1 Odiel saltmarshes samples composition
reveals increased levels of certain
heavy metals

Two saline soil samples (designated 1B and 3B) from Odiel
Saltmarshes (Huelva), at the confluence of the rivers Odiel and Tinto
with the Atlantic Ocean were examined. The pH and the electrical
conductivity of the soil sample 1B, from which strain SIBR25-6" was
isolated, were 7.9 and 98.5 mS/cm, respectively. The soil sample 3B,
corresponding to the isolation place of strain S3BR25-2", presented a
pH value of 6.5 and an electrical conductivity of 202.0 mS/cm. Both
soils can be considered as hypersaline, with electrical conductivities
much higher than 4 mS/cm, a limit suggested for saline soils (Richards,
1954). The hypersaline soil samples were analytically tested for the
presence of heavy metals (Supplementary Table S2) due to their
possible contamination as a consequence of the past metallurgic
operations in this area. Concentrations of certain prevalent heavy
metals such as copper and lead of both studied soil samples and
cadmium in 1B soil sample were high but found to be in accordance
with the given standards of uncontaminated soils designated by the
Environment Department of the regional Government of Andalusia
(Consejeria de Medio Ambiente, 1999). Yet, arsenic and zinc
concentrations of the tested soil samples exceeded the reference
intervals, which suggest a certain heavy metal tolerance or/and
resistance of the two isolated strains. Haloarchaeal representatives
have demonstrated significant capacity in resistance to toxic heavy
metals (Krzmarzick et al.,, 2018; Vera-Bernal and Martfnez—Espinosa,
2021; Tavoosi et al,, 2023), however further investigation should be
carried out.
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3.2 Two newly discovered species within
the genus Halogeometricum through
phylogenetic and phylogenomic analysis

Based on the 16S rRNA gene sequence identities, strains SIBR25-
6" and S3BR25-2" were most closely related to Halogeometricum
pallidum BZ256" (99.3% and 99.1%), Halogeometricum rufum
RO1-4" (98.4% and 98.3%), Halogeometricum limi RO1-6° (98.4
and 97.5%), and Halogeometricum borinquense PR3" (97.6% and
97.3%), respectively. Analysis of the rpoB’ gene sequences
also showed the closest relatedness of isolates SIBR25-6" and
$3BR25-27 to Halogeometricum pallidum JCM 148487 (94.9%
and 95.6%), Halogeometricum rufum CGMCC 1.7736" (92.1% and
92.0%), Halogeometricum limi CGMCC 1.87117 (90.8 and 91.1%),
and Halogeometricum borinquense ATCC 7002747 (89.0% and
89.0%), respectively. The identity between the two studied strains
based on their 16S rRNA gene sequences was 99.84%, and 96.18%
based on their rpoB’ gene sequences. The topology of the
phylogenetic trees based on the 16S rRNA (Supplementary Figure
S1) and the rpoB’ (Supplementary Figure S2) gene sequences
confirmed the affiliation of the two studied strains to the
genus Halogeometricum.

The main genome features of strains SIBR25-6", S3BR25-2T
and other type strains of the species within Halogeometricum are
shown in Supplementary Table S3. The phylogenomic tree
reconstruction, based on the comparison of 848 single-copy core-
orthologous proteins, showed that the studied strains clustered
together within the genus Halogeometricum, but far enough from
the already described species of this genus, and thus, supporting
their affiliation as two novel species (Figure 1).

3.3 Comparative genomic analysis:
unraveling evolutionary relationships and
genome dynamics

The genomes of the two studied strains and those of the type
strains of the related species available in the GenBank database were
used to estimate the OGRIs among the species of the family
Haloferacaceae. The comparative analysis of the genomic identity
revealed that the two new isolates exhibited percentages ranging
89.0-79.3% (OrthoANI), 36.9-22.9% (dDDH), and 89.1-75.5%
(AAI) when compared to Halogeometricum species. OrthoANI and
dDDH values between strains S1IBR25-6" and S3BR25-2" were 90.7%
and 41.0%, respectively (Figure 2), confirming unequivocally that
these two strains represent two different species according to the
accepted threshold values for prokaryotic species delineation: 95-96%
for OrthoANT and 70% for dDDH (Goris et al., 2007; Richter and
Rossello-Mora, 2009; Auch et al., 2010; Chun and Rainey, 2014; Cui
et al,, 2024). AAI values between strains SIBR25-6" and S3BR25-2T
and the species of the genus Halogeometricum varied from 89.1 to
75.5%, and AAI value between the two studied strains was 90.6%,
providing further evidence that strains SIBR25-6" and S3BR25-2"
should be classified within the genus Halogeometricum as two
different novel species (Figure 3).

frontiersin.org


https://doi.org/10.3389/fmars.2024.1421769
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Strakova et al. 10.3389/fmars.2024.1421769

1 Halogeometricum sp. S1BR25-6" (JAMQOP000000000)
100 Halogeometricum sp. S3BR25-2" (JAMQOQ000000000)
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Halolamina pelagica CGMCC 1.10329" (FOXI00000000)
Halegenticoccus soli SYSU A9-0" (PEND00000000)
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Halogranum rubrum CGMCC 1.7738" (FOTC00000000)
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100 Haloplanus natans DSM 17983" (KE386573)
Salinigranum rubrum GX10" (CP026309)
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FIGURE 1

Approximate maximume-likelihood phylogenomic tree based on the comparison of 848 single-copy core-orthologous proteins showing the
relationships between strains SIBR25-6", S3BR25-2", members of the genus Halogeometricum, and other related species within the family
Haloferacaceae. Sequence accession numbers are shown in parentheses. Branch support values (%) are computed with the Shimodaira-Hasegawa
test and are shown at branch points. Bar, 0.05 substitutions per amino acid position.

Halogeometricum sp. S1BR25-6" - .. 89 82 79 81 78 76 77 75 74 74 73 73 72 72 74 74 75 75 75 76 75 74 76 71 69
Halogeometricum sp. S3BR25-2" -| 41 ‘ 89 82 79 8 78 77 77 75 75 75 73 73 72 72 74 75 75 75 75 76 75 75 76 71 69
Halogeometricum pallidum JCM 14848" - 37 | 37 . 82 79 81 78 76 76 75 74 75 73 73 72 72 74 74 75 75 75 76 75 75 76 71 69

Halogeometricum rufum CGMCC 1.7736" = 25 26 . 82 82 78 76 77 74 74 74 73 73 73 72 74 74 75 75 75 76 75 75 75 70 69
Halogeometricum borinquense DSM 11551" = 23 23 25 . 80 76 75 75 73 73 73 72 72 71 71 73 72 74 74 74 74 74 73 74 70 69
Halogeometricum limi CGMCC 1.8711" - 24 24 24 23 . 78 76 76 74 73 74 73 73 72 72 74 74 75 75 75 75 75 74 75 70 69 OrthoANI (%)
Halopelagius inordinatus CGMCC 1.7739" - 22 21 21 22 21 . 76 76 75 74 74 72 73 72 72 74 73 75 75 75 74 75 74 75 71 69 100

Halobellus clavatus CGMCC 1.10118" = 21 22 21 21 21 21 21 .75 75 75 74 73 73 73 73 74 74 75 74 74 74 75 75 75 71 69

Haloferax volcaniiDS2" = 21 21 21 21 20 21 20 21 . 75 75 75 73 73 73 72 74 74 76 75 76 76 75 75 76 70 69 *©
Haloparvum sedimentiDYS4' = 22 22 21 21 20 20 22 23 21 . 78 79 75 74 73 73 75 76 75 74 74 75 75 75 74 72 69 80
Halopenitus persicus DC30" - 21 22 21 21 21 20 20 22 22 24 . 78 75 74 73 73 75 75 75 73 73 75 75 74 74 72 69
Halorubrum saccharovorum DSM 1137" = 20 21 20 20 21 20 21 21 20 24 23 . 75 73 73 75 75 75 73 73 74 75 74 74 71 69 7
Halalkaliarchaeum desulfuricum AArc-SI" = 20 20 20 19 20 20 20 20 20 21 21 21 - 72 72 74 73 74 72 72 73 73 73 73 69 69
Halohasta litorea R30" = 19 20 19 19 19 20 19 20 20 20 21 21 20 - 76 73 73 73 73 73 73 74 73 73 69 70 dDDH1(OuUA')
Halonotius pteroides CECT 7525 - 19 19 18 19 19 19 18 21 19 20 20 20 19 21 - 72 73 73 73 72 72 73 72 72 72 70 69
Halalkalirubrum salinum N15217 = 20 20 19 19 20 18 19 20 19 20 21 20 20 19 ‘ 72 73 72 72 72 72 72 72 69 T1 80
Halobaculum gomorrense DSM 9297" - 20 20 20 20 19 20 20 20 20 21 21 21 20 20 20 20 . 75 74 73 75 74 74 74 70 69 60
Halolamina pelagica CGMCC 1.10329" - 20 20 20 20 20 20 20 22 21 22 22 21 20 20 20 20 . 75 73 75 75 74 74 73 68 40
Halegenticoccus soli SYSUA9-0" = 20 21 21 21 20 20 20 21 21 21 21 21 21 20 19 20 20 . 75 76 76 76 75 75 70 69 20
Haloprofundus marisrubriSB9" = 20 21 21 20 20 20 20 20 20 20 21 20 19 20 20 20 20 21 . 75 75 75 74 74 69 69
Halogranum rubrum CGMCC 1.7738" = 20 21 21 20 20 21 20 20 21 20 20 20 19 19 19 20 19 19 21 ‘ 76 75 74 74 69 69

Halobium salinum YJ-8-ST = 21 21 22 21 20 21 20 21 21 21 21 21 20 20 19 19 20 21 22 21 22 . 75 75 75 70 69
Salinirubrum litoreurn XD46" = 21 21 21 21 20 21 20 21 21 21 21 21 20 20 19 20 20 21 21 21 21 21 . 74 75 71 69
Haloplanus natans DSM 17983" = 20 21 20 20 21 20 20 22 20 21 22 21 20 20 20 21 20 20 21 20 20 21 21 . 74 72 69
Salinigranum rubrum GX10" = 21 21 21 20 20 20 20 21 21 21 21 20 20 20 20 19 20 20 21 20 20 21 21 20 . 71 69

Haloquadratum walsbyi C23" - 27 29 26 20 27 23 32 27 29 29 30 35 29 29 30 29 30 28 27 25 27 28 29 26 27.68

Natronocalculus amylovorans AArc-St2" - 20 21 20 19 20 18 18 20 19 20 21 19 18 20 20 19 20 18 20 23 18 20 19 20 20 25.
L T N U R U ]

FIGURE 2
Heatmap displaying Orthologous Average Nucleotide Identity (OrthoANI) (upper right) and digital DNA-DNA hybridization (ADDH) (lower left) percentages
among strains S1IBR25-6" and S3BR25-2", members of the genus Halogeometricum, and other related species of the family Haloferacaceae.
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The pan-genome of prokaryotes consists of three gene
categories: core, variable (also denoted as “shell”, shared by some
but not all the strains), and singleton (also designated as “cloud”,
strain-specific) gene clusters (Tettelin et al., 2005). We analyzed
nine genomes of the genus Halogeometricum, including the two
novel strains SIBR25-6" and S3BR25-2", the four type strains of the
current species of the genus (Halogeometricum borinquense DSM
11551%, Halogeometricum limi CGMCC 1.8711%, Halogeometricum
pallidum JCM 14848", and Halogeometricum rufum CGMCC
1.7736"), and three non-type reference strains (Halogeometricum
borinquense wsp4 [GCA_010692885.1], Halogeometricum
borinquense N11 [GCA_004150395.1], and Halogeometricum sp.
CBA1124 [GCA_009741955.1]). Within the nine analyzed genomes
of the genus Halogeometricum, 37,306 translated CDSs were
identified and categorized into 5,921 orthologous gene clusters
(OGs), consisting of 1,977 core OGs and 3,944 variable ones.
Additionally, 3,496 singletons gene clusters were identified,
forming a pan-genome comprising a total of 9,417 gene clusters
(Figure 4). The evolutionary dynamics of pan-genome and core-
genome sizes (Figure 5) depict changes in the overall gene repertoire
(pan-genome) and the collection of shared genes (core-genome)
within the genus Halogeometricum across evolutionary time. The
pangenome of the species of the genus Halogeometricum is
considered open, as the continual addition of new genomes

Halogeometricum sp. S1BR25-6
Halogeometricum sp. S3BR25-2"
Halogeometricum pallidum JCM 14848"
Halogeometricum rufum CGMCC 1.7736" =
Halogeometricum borinquense DSM 115517 =
Halogeometricum limi CGMCC 1.8711"

Halopelagius inordinatus CGMCC 1.7739™~

10.3389/fmars.2024.1421769

introduces novel genes, reflecting ongoing evolutionary processes.
This open nature of the pan-genome highlights the genomic
plasticity and adaptability of Halogeometricum species to diverse
and extreme environments. In contrast, the core genome is
considered closed, as its size remains relatively stable over time.
Figure 6 represents a visual representation of a binary matrix
illustrating the occurrence (presence or absence) of variable genes
within the family Haloferacaceae. The unique clusters of variable
genes associated with each genus offer a glimpse into the genomic
diversity within the microbial community of the family
Haloferacaceae. Additionally, with 418 and 686 strain-specific
gene clusters, respectively, the studied strains show distinct
genomic profiles, reinforcing the previous conclusion that they
both represent unique, previously unidentified species.

3.4 Phenotypic and chemotaxonomic
features confirm the unique identity of the
new species and their affiliation to the
genus Halogeometriucum

We carried out a complete phenotypic characterization of the
two new strains, which involved morphological, physiological,
biochemical, and nutritional characterization. The summary of

Halobellus clavatus CGMCC 1.10118" 67 67 |67 68 67 68 68 .
Haloferax volcaniiDS2"- 67 67 68 68 67 67 68 65 .
Halegenticoccus soli SYSUA9-0'= 65 65 65 66 65 66 66 63 65 .
Haloprofundus marisrubri SB9'= 65 65 65 65 64 65 65 62 64 67 .
AAI (%)
Halogranum rubrum CGMCC 1.7738"- 65 65 66 65 65 66 66 63 66 68 66 . 100
Halobium salinum YJ-8-S'= 64 64 64 64 63 64 64 62 64 67 65 66 . 90
Salinirubrum litoreum XD46'= 64 64 64 65 64 65 65 63 65 66 65 66 64 . 80
Salinigranum rubrum GX10'- 65 65 65 64 63 65 65 63 65 65 63 64 63 64 . 70
Haloplanus natans DSM 17983 - 63 63 63 63 62 63 63 63 63 64 62 63 62 63 63 . 0
Haloparvum sedimenti DyS4'- 64 64 63 63 62 63 64 62 63 64 63 63 63 63 63 62 .
Halopenitus persicus DC30" = 61 62 61 61 60 61 61 61 61 62 60 61 61 61 61 61 69 .
Halorubrum saccharovorum DSM 1137 - 62 62 61 61 61 61 62 61 62 63 61 62 61 62 61 61 70 67 .
Halobaculum gomorrense DSM 9297'- 62 62 62 63 62 62 63 62 62 63 63 63 63 63 61 62 63 61 62 .
Halalkalirubrum salinum N1521"= 60 60 61 61 61 62 62 60 60 62 61 61 61 61 60 61 64 62 63 61 .
Halohasta litoreaR30'- 61 61 60 60 60 61 61 60 61 62 61 61 60 61 60 60 63 61 62 60 61 .
Halonotius pteroides CECT 7525'= 60 60 60 60 60 61 60 60 61 61 61 60 60 61 60 60 62 61 61 61 61 68 .
Halalkalirubrum salinum N1521"= 61 61 61 61 61 62 61 61 61 63 62 62 60 62 60 61 63 62 62 61 62 63 63 .
Halolamina pelagica CGMCC 1.10329'- 62 62 62 62 61 61 62 61 61 62 61 62 62 61 61 61 63 61 61 62 60 5 59 60 .
Natronocalculus amylovorans AArc-St2"= 60 60 60 61 60 61 61 59 61 62 62 62 60 61 60 59 62 60 61 60 61 63 62 69 59 .
Haloquadratum walsbyi C23"- 63 62 62 62 62 62 63 65 60 60 59 59 58 59 60 60 59 58 58 58 57 58 59 58 58 57 .
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FIGURE 3

Heatmap showing Average Amino acid Identity (AAl) percentages among Halogeometricum species, including strains S1BR25-6" and S3BR25-2", and

other related species of the family Haloferacaceae.
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Hgm. sp. S1BR25-6"

Hgm. sp. S3BR25-2"

Hgm.pallidum JCM 148487

Hgm. limi CGMCC 1.87117

Hgm. rufum CGMCC 1.7736"

FIGURE 4

(A) A comparative pan-genome analysis among the nine Halogeometricum strains: 1. Strain SIBR25-6; 2. Strain S3BR25-2"; 3. Halogeometricum
pallidum JCM 14848"; 4. Halogeometricum limi CGMCC 1.8711"; 5. Halogeometricum rufum CGMCC 1.7736"; 6. Halogeometricum borinquense
DSM 115517; 7. Halogeometricum borinquense wsp4; 8. Halogeometricum borinquense N11; 9. Halogeometricum sp. CBA1124. In the layers, dark
colors indicate the presence of a gene cluster and light colors indicate its absence. (B) Flower plot showing the core (in the center), variable (in the
annulus), and strain-specific (in the petals) genes of the nine Halogeometricum strains.

No. genomes in GC
No. genes in GC
Max. no. paralogs in GC

SCG Clusters
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Hgm. sp. CBA1124

Hgm. borinquense N11

Hgm. borinquense wsp4

Hgm. borinquense DSM 115517

the phenotypic characteristics is shown in Supplementary Table 54
and in the new species descriptions included in the conclusion
section. The phenotypic features of the new isolates agree with those
described for the species of the genus Halogeometricum and, at the
same time, they allow distinguishing the new proposed taxa.
Particularly, strains SIBR25-6" and S3BR25-2" differed in their
cell morphology, colony pigmentation, and utilization of acetate,
dulcitol, fumarate, lactose, mannitol, and L-arginine. Unlike the
other four already described species of Halogeometricum, the two
new proposed species were unable to utilize glutamate as a sole
carbon and energy source.

Frontiers in Marine Science

The HPTLC analysis revealed that strains S1BR25-6" and
$3BR25-2" possessed the following polar lipids: phosphatidylglycerol
(PG), phosphatidylglycerol phosphate methyl ester (PGP-Me), and a
glycolipid chromatographically identical to sulfated diglycosyl
diether (S-DGD-1) (Supplementary Figure S3). Traces of
biphosphatidylglycerol (BPG) and minor unidentified glycolipids
were also present. Phosphatidylglycerol sulfate (PGS) was not
present in either of the two studied strains. The lipid profiles of
strains SIBR25-6" and $3BR25-2" are in concordance with the lipid
profiles described for species of the genus Halogeometricum
(Montalvo-Rodriguez et al., 1998; Cui et al., 2010b).
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curve representing the least squares fit of the power law for average values (B).

3.5 Habitat distribution patterns of the
genus Halogeometricum

We conducted a metagenomic fragment recruitment analysis to
investigate the distribution and abundance of DNA fragments
associated with the two novel species, represented by strains SIBR25-
6" and S3BR25-2", as well as other species of the genus
Halogeometricum. Supplementary Figure S4 shows the recruitments
of strains SIBR25-6" and S3BR25-2" against seven metagenomic
databases sourced from marine-derived environments: hypersaline
soils in Huelva (SMO1 and SMO?2) (Vera-Gargallo et al., 2018), the
brines of four ponds in Santa Pola salterns with varying salinities
ranging from 13% to 37% (SS13, SS19, SS33, SS37) (Fernandez et al.,
2014; Ghai et al,, 2011), and Gujarat saline desert (Patel et al., 2015).
Particularly abundant recruitments were observed in the hypersaline
soils of Odiel Saltmarshes in Huelva, predominantly represented by the
two studied strains, SIBR25-6" and S3BR25-2", which were isolated
from this saline habitat. This was followed by the ponds of the Santa
Pola salterns with 33% and 37% (w/v) salt concentrations, respectively
(Figure 7). Lower recruitment values were noted at lower salt
concentrations, confirming the distinctly extremely halophilic nature
of the species within the genus Halogeometricum.

3.6 Metabolic strategies: a
genomic perspective

The primary metabolic pathways of the species of the genus
Halogeometricum were mapped through the analysis of their genomes
using the BlastKOALA tool for annotation and the most frequently
occurring metabolic pathways are shown in Figure 8. The key orthologs
involved in the central carbohydrate metabolism were present in all
genomes of Halogeometricum members, highlighting their
heterotrophic metabolic potential. The conversion of pyruvate to
acetyl-CoA, through both aerobic and anaerobic pathways using
pyruvate dehydrogenase and pyruvate ferredoxin oxidoreductase,
respectively, was observed (Supplementary Figure S5). Moreover, the
genomes of Halogeometricum limi CGMCC 1.8711%, Halogeometricum
pallidum JCM 14848", and the two new strains, SIBR25-6" and
S3BR25-2", contained genes involved in the assimilation of nitrate
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(Supplementary Figure S5), initially reducing nitrate to nitrite,
followed by the conversion of nitrite to ammonia. Furthermore, all
four species possessed nitrate/nitrite transporters. On the contrary, genes
associated with the denitrification process have been only found in
Halogeometricum borinquense DSM 11551" and Halogeometricum
rufum CGMCC 1.7736". In addition, genes that encode enzymes
capable of catalyzing the conversion of nitroalkane to nitrite in
Halogeometricum rufum CGMCC 1.7736" and formamide to
ammonia in strains SIBR25-6" and S3BR25-2" have been identified.
All six members of the Halogeometricum genus possessed the ammonia
transporter, as well as glutamine synthetase and glutamate synthase, that
are essential for nitrogen metabolism. Moreover, the genomes revealed
the complete biosynthesis pathways for several amino acids, including
arginine, cysteine, histidine, isoleucine, leucine, threonine, tryptophan,
and valine (Supplementary Figure S5). ABC transporters for saccharides,
phosphates, amino acids, mineral and organic ions, and metals were
abundant in the genomes under study. The ATP-dependent phosphate
uptake transporter (pstSCAB) was encoded across all Halogeometricum
genomes (Supplementary Figure S5). Moreover, Halogeometricum
borinquense DSM 115517, Halogeometricum limi CGMCC 1.8711%,
and Halogeometricum rufum CGMCC 1.7736" possessed genes
encoding for an additional phosphonate uptake transporter
(phnCDE). Regarding the transport of biologically essential
magnesium ions, genes for MgtE and MgtE-like Mg”>* channels were
identified. ABC transporters responsible for the uptake of zinc, cobalt,
copper, iron, sulfonate, molybdate, tungstate, spermidine, putrescine,
etc. were also found within the Halogeometricum genomes
(Supplementary Figure S5). The studied genomes also possessed
functional orthologs associated with the biosynthesis and metabolism
of cofactors and vitamins, including folate, pantothenate, and Coenzyme
A, as well as the metabolism of nicotinate and nicotinamide, biotin, and
thiamine (Supplementary Figure S5).

In addition, we delved into the functional genomic analysis
targeting the distinct characteristics of the new strains as identified
through phenotypic characterization (section 3.4). The genomic
annotation of both strains regarding the utilization of glutamate and
lactose as sole carbon and energy sources was consistent with the
findings from the phenotypic study. The two strains possessed genes
for glutamate dehydrogenase, which is involved in glutamate
deamination. However, they lacked genes for glutamate transporters
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FIGURE 6

Heatmap based on the presence/absence of the variable orthologous gene clusters within the Haloferacaceae family. Each row corresponds to an
orthologous gene cluster and each column corresponds to a strain. The green color represents the presence of the gene while the blue color

represents its absence.

such as GItT, GItP, GItS, GadC, GInPQ, GInHMPQ, and DctA, which
prevented the uptake and utilization of glutamate (Supplementary
Figure S5). The ability to utilize lactose was confirmed in strain
S1BR25-6". The ebgA gene, encoding the enzyme evolved -
galactosidase (EbgA), which hydrolyzes 3-galactosides such as lactose
into monosaccharides, was identified in that strain. The ebg operon can
adapt through mutations to enhance its function, allowing it to
compensate for the lack of lacZ gene (also encoding a B-
galactosidase) and to support growth on lactose (Hall, 1982; Hall
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et al., 1989). Moreover, strain SIBR25-6" contained LacEFG transport
system responsible for the uptake and phosphorylation of lactose
(Supplementary Figure S5). On the other hand, strain S3BR25-2"
lacked both the enzyme and transporters necessary for lactose
utilization, which aligns with the results from the phenotypic study.
The functional genomic analysis of strain SIBR25-6" corroborated the
phenotypic findings related to the utilization of substrates such as
acetate, fumarate, dulcitol, and mannitol. The strain contained genes
encoding the relevant enzymes and transporters, including acetyl-CoA
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Bubble chart of relative abundance represented as RPKG (reads recruited per kilobase of genome per gigabase of metagenome) of strains S1BR25-
6" and S3BR25-2", the species of the genus Halogeometricum, and two reference species, namely, the haloarchaeon Haloquadratum walsbyi and
the bacterial species Spiribacter salinus, within different metagenomic datasets (Supplementary Table S1).

synthetase (Acs) and AtoE transporter for acetate utilization, as well as
fumarate reductase (Frd) and sodium dicarboxylate symporters (SdcS)
for fumarate metabolism (Supplementary Figure S5). Conversely, the
genes associated with dulcitol and mannitol metabolism were not
annotated. Strains SIBR25-6" and S3BR25-2" both possessed genes
encoding arginase, which converts arginine into ornithine and urea, as
well as the ArcD transporter and ArcR regulatory protein
(Supplementary Figure S5). However, only strain $3BR25-2" showed
growth in the presence of arginine in the phenotypic study.
Additionally, the genome of strain S3BR25-2" encoded acetyl-CoA
synthetase (Acs), AtoE transporter, fumarate reductase (Frd), and
sodium dicarboxylate symporters (SdcS) (Supplementary Figure S5).
Despite this, the strain S3BR25-2" did not exhibit growth on acetate
and fumarate in the phenotypic study. This discrepancy might be due
to inadequate expression of the genes encoding those enzymes and
transporters. Regulatory mechanisms may require specific
environmental signals or inducers absent in laboratory conditions.
Moreover, strain S3BR25-2" demonstrated growth in the presence of
dulcitol and mannitol in the phenotypic study, even though relevant
genes were not annotated in its genome. This could be attributed to
cross-specificity of existing transporters, uncharacterized genes,
alternative metabolic pathways, enzyme promiscuity, environmental
adaptation, or potential gene misannotation. Furthermore, both novel
strains contained genes encoding carotenoid 3,4-desaturase (CrtD), a
bifunctional lycopene elongase/1,2-hydratase (Lye]), and a
bisanhydrobacterioruberin hydratase (CruF) (Supplementary Figure
§5), which are responsible for the production of bacterioruberin from
lycopene. Bacterioruberin is a Cs, carotenoid pigment known for its
antioxidant, anti-inflammatory, immunomodulatory, and antitumoral
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activities. This pigment is characterized by its red to orange color and
complex structure, which includes multiple conjugated double bonds
and hydroxyl groups. Additionally, the genome of strain SIBR25-6"
contained a gene encoding lycopene B-cyclase (Supplementary Figure
S5), responsible for the production of B-carotene (an orange pigment
and vitamin A precursor). The roles of bacterioruberin and 3-carotene
in photoprotection, antioxidation, and membrane stability are critical
for the survival of haloarchaea in harsh environments, while its
potential applications in various industries present promising areas
for future research (Giani et al., 2020, 2024; Serrano et al., 2022). Strain
SIBR25-6" also harbored the blh gene, which encodes B-carotene
15,15’-dioxygenase (Supplementary Figure S5b), responsible for
converting [-carotene into retinal. This enzymatic process involves
the oxidative cleavage of [-carotene at the 15,15’-double bond,
producing two molecules of retinal. Retinal (vitamin A aldehyde) is a
key component of microbial rhodopsins, such as bacteriorhodopsin
(present in strain SIBR25-6" and Halogeometricum rufum CGMCC
1.7736"), halorhodopsin (found in Halogeometricum rufum CGMCC
1.7736"), and sensory rhodopsins (identified in Halogeometricum
rufum CGMCC 1.7736" and Halogeometricum limi CGMCC
1.8711%). These rhodopsins are involved in phototaxis, energy
production through proton pumping, ion transport, and
photoprotection (Engelhard et al., 2018). Additionally, retinal has
several biotechnological applications. It is used in optogenetics to
control cell activity with light and in synthetic biology to create light-
sensitive systems (Boyden et al., 2005). It also finds applications in
optobioelectronics, gene therapy, and cosmetics for its photoreceptive
and antioxidative properties (Maguire et al., 2008; Rouvrais et al., 2018;
Paltrinieri et al., 2021).
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Predominant metabolic pathways grouped and ranked by frequency of KO Identifiers (KOs) within KEGG categories. 1. Strain S1BR25-6"; 2. Strain
S3BR25-2"; 3. Halogeometricum borinquense DSM 11551"; 4. Halogeometricum limi CGMCC 1.8711"; 5. Halogeometricum pallidum JCM 14848"; 6.
Halogeometricum rufum CGMCC 1.7736".

3.7 Thiamine biosynthesis in the genus (Figure 9). AIR is then converted to 4-amino-5-hydroxymethyl-2-
Halogeometricum: bridging bacterial and methylpyrimidine phosphate (HMP-P) by a radical SAM enzyme
eukaryotic pathways ThiC, which is also involved in thiamine biosynthesis in Bacteria

(Lawhorn et al, 2004). ThiD domain protein functions as two-

The processes involved in thiamine biosynthesis vary among  purpose enzyme. In the de novo biosynthesis pathway, it catalyzes
domains Bacteria, Eukarya, and Archaea (Rodionov et al,, 2002). In  the phosphorylation of HMP-P to HMP-PP (4-aminohydroxymethyl-
all cases thiamine production involves the separate synthesis of = 2-methylpyrimidine diphosphate), and in the salvage pathway, ThiD
aminopyrimidine and thiazole moieties, which are subsequently  sequentially phosphorylates HMP (4-amino-5-hydroxymethyl-2-
coupled to yield thiamine monophosphate (ThMP), that is then  methylpyrimidine) to HMP-PP (Maupin-Furlow, 2018). To form a
phosphorylated to ThDP (Jurgenson et al,, 2009). Archaea merge  thiazole ring, Thi4, a eukaryotic-like protein homolog is used in
strategies from both the bacterial and eukaryotic synthesis pathways  Archaea and distinct strategies for sulfur incorporation are based on
(Hayashi et al., 2015). The archaeal thiamine synthesis de novo  the utilization of specific amino acids within its active site. Thi4 with
initiates with 5’-phosphoribosyl-5-aminoimidazole (AIR), a  an active-site cysteine residue catalyzes the conversion of NAD
byproduct of purine synthesis produced by the enzyme PurM  (nicotinamide adenine dinucleotide) and glycine to the adenylated
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FIGURE 9

A simplified thiamine biosynthetic pathway present in strain SIBR25-6", Halogeometricum borinquense DSM 115517, Halogeometricum limi CGMCC
1.8711", and Halogeometricum pallidum JCM 14848 based on functional genomic analysis. ADP-thiazole, ADP-5-ethyl-4-methylthiazole-2-
carboxylate; AIR, 5'-phosphoribosyl-5-aminoimidazole; Cys, cysteine; DHAla, dehydroalanine; Gly, glycine; HMP, 4-amino-5-hydroxymethyl-2-
methylpyrimidine; HMP-P, 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate; HMP-PP, 4-amino-5-hydroxymethyl-2-methylpyrimidine
diphosphate; NAD, nicotinamide adenine dinucleotide; NAM, nicotinamide; ThMP, thiamine monophosphate; ThDP, thiamine diphosphate; ThTP,
thiamine triphosphate; THZ, 4-methyl-5-(B-hydroxyethyl) thiazole; THZ-P, 4-methyl-5-(B-hydroxyethyl) thiazole phosphate. The enzymes are

discussed in the text.

thiazole (ADP-thiazole) in a single-turnover reaction analogous to
that observed in yeasts. Thi4 possessing active-site histidine, found in
methanogens and thermococci, catalyzes the synthesis of ADP-
thiazole from NAD, glycine, and exogenous sulfide (Eser et al,
2016). The conversion of ADP-thiazole to THZ-P (4-methyl-5-[-
hydroxyethyl] thiazole phosphate) is speculated to be mediated by a
NUDIX hydrolase (Sheikh et al., 1998). The condensation of HMP-PP
with THZ-P to form ThMP is mediated by two alternative enzymes,
ThiE or a recombinant ThiDN (Hayashi et al,, 2014). Finally, ThMP is
phosphorylated by ThiL to biologically active form, ThDP (Kim et al,,
2020) (Figure 9). In haloarchaea, a transcription factor, ThiR has been
observed to suppress the expression of genes involved in thiamine
biosynthesis (thi4 and thiC) when there is an adequate supply of
thiamine (Rodionov et al,, 2017; Hwang et al.,, 2017). Furthermore, in
bacteria and eukaryotes, adenylate kinase (Adk) catalyzes the
synthesis of thiamine triphosphate (ThTP) from ThDP (Figure 9),
suggesting its potential involvement in crucial biological processes
such as energy metabolism, adaptation to environmental stress, and
possibly cellular signaling (Bettendorff and Wins, 2009; Bettendorff,
2021). The presence and roles of ThTP in archaea remain less
elucidated, however archaeal biochemistry often shares similarities
with both bacterial and eukaryotic systems, implying that enzymes
known to participate in ThTP synthesis in other domains might also
be relevant in archaeal species.

Comprehensive metabolic mapping of the species of the genus
Halogeometricum has revealed that most species within this genus
possesses the complete pathway for thiamine biosynthesis, meaning

Frontiers in Marine Science

13

that they have the potential capacity to de novo synthesize vitamin
B;. All genes necessary for thiamine biosynthesis in archaea have
been detected in Halogeometricum borinquense DSM 115517,
Halogeometricum limi CGMCC 1.8711%, Halogeometricum
pallidum JCM 14848", and the studied strain S1BR25-6"
(Figure 10, Supplementary Figure S5). Halogeometricum rufum
CGMCC 1.7736" and strain $3BR25-2" lack the thiC gene which
encodes the enzyme required in the first step for the formation of
the aminopyrimidine moiety (Figure 9), rendering the thiamine
pathway incomplete within the two strains. Only 1% of all
prokaryotic genomes in the SEED database (Overbeek et al,
2014) contain a homolog that clusters to the Thi4 family of
proteins, among which the majority possess an active-site
histidine residue (Sun et al., 2019). The active sites of Thi4
homologs in Halogeometricum genomes were identified according
to Hwang et al. (2014), and all strains contained a cysteine residue
corresponding to the catalytic cysteine residue (Cys165) of
Haloferax volcanii (HVO_0665) (Figure 10). Based on previous
studies (Hwang et al., 2014; Zhang et al., 2016; Sun et al., 2019), it is
postulated that Thi4-mediated synthesis of ADP-thiazole involves
the use of nicotinamide adenine dinucleotide (NAD), glycine (Gly),
and a sulfur atom transferred from an active-site cysteine (Cys)
residue. Thi4 functions through a single-turnover mechanism,
using a Cys-residue at its active site as a sulfur donor, which
becomes inactivated after one reaction cycle, converting into
dehydroalanine (DHAla) (Figure 9). The inactive DHAla form of
Thi4 is then degraded. Studies focused on exploring alternatives to
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Circular representation of the genomes of strains SIBR25-6", and S3BR25-2". From the outermost to the innermost circles, the genome map
displays coding sequences in the leading strand (turquoise); coding sequences in the lagging strand (orange); genes associated with thiamine
biosynthesis; and the G+C skew, with violet indicating values below the average and green representing values above the average. Genes involved in
the thiamine biosynthesis (and salvage pathway) are displayed in red, genes involved in salvage pathway or thiamine transport system are
differentiated by blue color and a gene associated with the thiamine regulation is shown in black. Most of the genes related to thiamine biosynthesis
have been clustered within operons allowing for the coordinated regulation of these genes (Yan and Moult, 2006). The red box displays a partial
alignment of protein sequences of Thi4 homologs encoded by thi4 genes. Protein sequences were aligned using ClustalW v.2.1 (Larkin et al.,, 2007).
Residues in analogous position to conserved active-site cysteine (Cys165) of Haloferax volcanii (HVO_0665) are highlighted in red. 1. Haloferax

volcanii (HVO_0665); 2. Strain S1BR25-6"; 3. Strain S3BR25-2"; 4. Halogeometricum borinquense DSM 11551"; 5. Halogeometricum limi CGMCC
1.8711"; 6. Halogeometricum pallidum JCM 14848": 7. Halogeometricum rufum CGMCC 1.7736".

the suicidal Thi4 pathway to incorporate sulfur into the thiazole
moiety of thiamine outlines possible biosynthetic approaches on
yeasts (Eser et al., 2016), and plants (Sun et al., 2019). The question
of why then certain archaea, yeasts, and plants opt for the single-
turnover Thi4 pathway for thiazole biosynthesis instead of utilizing
exogenous sulfide remains unanswered. The single-turnover nature
of Thi4 might serve as a regulatory mechanism to control the
production of thiamine and its precursors. By limiting the reaction
to a single event per enzyme molecule, the cell might prevent
excessive accumulation of thiamine (Hwang et al., 2014).
Furthermore, the thiamine transporter ThiBPQ, predicted in
archaea based on homology to bacterial transport systems,
facilitates the uptake of thiamine and its phosphorylated
derivatives across the cell membrane for direct utilization (Begley
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et al,, 1999) (Figure 9). Additionally, thiamine precursors retrieved
from the environment by means of ThiBPQ transport are harnessed
in salvage pathways (Hwang et al., 2014; Maupin-Furlow, 2018). Tt
is anticipated that salvage pathway in archaea incorporate enzymes
from de novo biosynthesis (ThiD, ThiE or ThiDN, and Thil)
alongside enzymes unique to salvage, such as ThiM and TenA
(Figure 9). The role of ThiM is phosphorylation of 4-methyl-5-(-
hydroxyethyl) thiazole (THZ), while TenA is involved in salvaging
base-degraded forms of thiamine (Jenkins et al., 2007). All
Halogeometricum species, including the two novel strains, possess
genes encoding enzymes for the salvage of thiamine
(Supplementary Figure S5).

De novo synthesis of thiamine is a metabolically expensive
pathway (Hanson et al, 2018), and auxotrophy can offer an
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individual organism the advantage of reducing its metabolic
burden. However, microorganisms that produce thiamine to share
with their community members gain a crucial position of
importance, as they become essential to the consortium’s survival
(Sathe et al., 2022). The complete pathway for vitamin B,
biosynthesis is not yet fully understood, and investigating the
metabolic processes for de novo thiamine production can unveil
new opportunities for thiamine-related biotechnological
applications, e.g. enhanced microbial production of thiamine,
agricultural improvements (Dong et al., 2015), and the
development of novel antimicrobial strategies (Kim et al., 2020).

3.8 Adaptations for survival in heavy metals
contaminated habitats and archaeal
defense mechanisms

As mentioned previously, levels of heavy metals, including
copper, lead, cadmium, arsenic, and zinc, were elevated in the
studied hypersaline region, contributing to the soil contamination
observed in the Odiel Saltmarshes. Halogeometricum species,
especially the two novel strains $3BR25-2" and S1BR25-6",
contained genes involved in heavy metal resistance, emphasizing
their evolutionary adaptations to environmental stressors. Each of
the analyzed species, except for Halogeometricum borinquense DSM
115517 harbored the arsC gene, encoding arsenate reductase, which
converts arsenate (As>") to arsenite (As>*), a form that can be more
easily ejected from the cell (Chauhan et al, 2019). The Acr3
antiporter, which expels arsenite from the cells (Lv et al., 2022),
was only found in strains SIBR25-6" and S3BR25-2". Its function
has been found to be enhanced in the presence of arsA (Castillo and
Saier, 2010), a gene that was annotated in all Halogeometricum
members. ArsR, also present in all six strains, is a transcriptional
repressor protein involved in the regulation of the ars operon. In
addition, the arsM gene, encoding ArsM, an As(III) S-
adenosylmethionine methyl transferase, was present in strains
S1BR25-6" and S3BR25-2T, as well as Halogeometricum limi
CGMCC 1.8711" and Halogeometricum rufum CGMCC 1.7736".
This enzyme is involved in the detoxification and resistance
mechanisms against arsenic (Ben Fekih et al., 2018). The zntA
gene encodes a Zn(II)-translocating P-type ATPase (ZntA), which
functions as an efflux pump, using energy from ATP hydrolysis to
transport zinc (Zn**) and other divalent metal cations such as
cadmium (Cd*") and lead (Pb*") out of the cell (Rensing et al,,
1997). This gene was identified in all Halogeometricum strains, with
strain S3BR25-2" possessing six copies (Supplementary Figure S5).
The copA gene, which encodes a P-type ATPase facilitating the
active expulsion of copper ions Cu(I) from the cell (Rensing et al.,
2000), was identified in all species of the genus Halogeometricum. In
addition, copper metallochaperones present in strain SIBR25-6"
and Halogeometricum limi CGMCC 1.8711" deliver copper to
CopA or other copper-utilizing enzymes and pumps to ensure
copper homeostasis (Multhaup et al., 2001). The CzcD transporter
present in strains S3BR25-2" and S1BR25-6" is a member of the
cation diffusion facilitator (CDF) family, which is essential in
providing resistance to several heavy metals, including zinc,
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cadmium, and cobalt (Anton et al., 1999). In addition, merA
gene, which encodes mercuric reductase, was detected in the
genomes of strain S3BR25-2" and Halogeometricum pallidum
JCM 14848". However, previous studies (Trojanska et al., 2022)
suggest that merA alone may not be a comprehensive marker of
mercury resistance and further research to identify additional genes
or mechanisms must be carried out. The exposure to heavy metals
frequently results in oxidative stress. The genes encoding
superoxide dismutases (sod), catalases (kat), and peroxiredoxins
(prx), which are found in all Halogeometricum genomes
(Supplementary Figure S5), become upregulated in response to
heavy metal stress. This upregulation aids in reducing the oxidative
damage caused by heavy metals (Ribeiro et al., 2017; Gallego et al.,
1996). At trace concentrations (nanomolar to micromolar range),
heavy metals, such as cobalt, copper, and zinc act as essential
micronutrients, aiding metabolic reactions and enzyme
stabilization (Srivastava and Kowshik, 2013; Bruins et al., 2000).
Arsenic, on the other hand, can serve as an electron acceptor during
anaerobic respiration in archaea and bacteria (Dowdle et al., 1996).
However, at higher concentrations (above 1 mM), heavy metals
become harmful cellular toxins to various ecosystem components,
including the human body (Tchounwou et al., 2012; Voica et al,
2016). Environmental increases in heavy metal concentrations often
trigger the activation of resistance mechanisms (Srivastava and
Kowshik, 2013). The determination of the MIC for five heavy
metals was performed for the two novel strains to validate the
previous genomic analysis. The tolerance levels of the isolated
strains to the tested heavy metals followed the order Cu®" < Zn**
< Pb*" < Cd** < As”". The MICs for these heavy metals in the two
halobacterial strains are summarized in Table 1. Experimental
results confirmed that strains SIBR25-6" and S3BR25-2" could
tolerate arsenate concentrations up to 700 mM. The highest
tolerance of haloarchaea to arsenate (As’™) reported to date is
250 mM, as observed in several Halorubrum species (Ordofiez et al.,
2018). In contrast, multiple studies indicated the cadmium
tolerance in haloarchaea up to 4 mM (Nieto et al., 1987; Das
et al., 2014; Braganca and Furtado, 2017; Baati et al., 2020; Vera-
Bernal and Martinez-Espinosa, 2021). In a recent investigation by
Tavoosi et al. (2023), four haloarchaeal strains demonstrated the
ability to grow in the presence of 16 mM Cd*". Strains SIBR25-6"
and S3BR25-2" exhibited even greater cadmium tolerance,
withstanding concentrations up to 50 mM. Both novel strains
were able to grow in the presence of 5 mM lead. The results
showed that strain SIBR25-6" had a relatively high susceptibility
to zinc, with a MIC of 0.5 mM. It was demonstrated that high
concentrations of NaCl increase the toxicity of zinc due to the
formation of more soluble zinc chloride species (such as ZnCl,),
which enhances the bioavailability of zinc for microorganisms
(Nieto et al., 1987; Baati et al., 2020). Tavoosi et al. (2023)
reported the highest tolerance to zinc among haloarchaeal strains
up to date, with eight strains demonstrating exceptional tolerance
levels, capable of withstanding zinc concentrations up to 4 mM.
Similarly, strain S3BR25-2" in the current study exhibited
comparable zinc tolerance, enduring concentrations up to 4 mM.
The highest toxicities were observed with copper, as indicated by
their lower MIC values, which did not exceed 2.5 mM.
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TABLE 1 Tolerance levels of the two novel strains, SLBR25-6" and TABLE 1 Continued
$3BR25-2" to various concentrations (mM) of heavy metals.

Heavy Concentration S1BR25-6T  S3BR25-27

Heavy  Concentration S1BR25-67  S3BR25-27 metal (mM)
metal (mM)
0.01 + +
0.05 + +
0.5 + +
0.5 - +
1 + +
Zn** 1 - +
2.5 + +
2.5 - +
4 + +
4 - +
5 + +
5 - _
10 + +
+, growth; -, absence of growth.
20 + +
AS . R R In summary, given the high levels of heavy metals, particularly
arsenic and zinc, as well as elevated concentrations of cadmium,
80 * * lead, and copper in the hypersaline soils of the Odiel Saltmarshes
100 + + (Huelva), it was anticipated that the strains isolated from these
150 N N environments would exhibit tolerance and/or resistance to these
heavy metals. The in silico functional genomic analysis identified
200 " " genes associated with heavy metal resistance in Halogeometricum
300 + + species, including the two novel strains. Experimental study of
500 . . strains SIBR25-6" and S3BR25-2" corroborated their tolerance to
heavy metals, indicating their potential for bioremediation
600 * * applications in contaminated hypersaline environments.
700 + + Furthermore, prokaryotes possessing a CRISPR-Cas immune
001 . . system contain arrays of repeated sequences interspersed with short
segments (spacers) derived from foreign genetic elements near the
05 * * cas gene clusters (Mojica et al., 2005). Strain $3BR25-2" harbored
1 + + genes associated with the CRISPR-Cas system, displaying a type IB
25 + + cas gene cluster incorporating 51 spacers. Other Halogeometricum
species deploy alternative defense strategies, such as the Restriction-
ot 4 * * Modification (R-M) and the Toxin-Antitoxin (TA) systems
5 + + (Supplementary Figure S5).
10 + +
20 + + . .
3.9 The dual strategies for osmoregulation
50 * * in Halogeometricum species
80 - -
001 . . The members of the class Halobacteria excel in the process of
' osmoadaptation, allowing them to thrive in extremely hypersaline
e 05 * * habitats. They are well adapted to endure significant salinity
1 + + fluctuations that result from rainfall and evaporation. Haloarchaea
. B B are often categorized as adopting a “salt-in” strategy, accumulating
inorganic ions, mainly K" and CI, directly from their environment to
001 + + combat osmotic stress (Miiller et al., 2005), while Na* ions are extruded
0.5 + + from cells. Conversely, the “salt-out” strategy involves the
) R R accumulation of organic molecules to counteract external osmotic
pressure without increasing internal ionic strength to detrimental
2+
Pb 25 + + levels (Gunde-Cimerman et al, 2018). Species within the genus
4 + + Halogeometricum exhibit diverse ion transport mechanisms to
5 . . effectively adapt to changing salinity levels (Supplementary Figure
S5). During hyper-osmotic shock, the processes of importing
10 - - potassium and expelling sodium are facilitated through a proton

(Continued) ~ gradient that is generated either by the direct activation of proton
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translocation through bacteriorhodopsin under light exposure or via
respiratory electron transport mechanisms (Becker et al, 2014).
Specific transporters responsible for expelling Na*, absorbing K, and
regulating Cl” balance were observed in the species of the genus
Halogeometricum. All studied species possessed the capability to eject
sodium through the mechanism of YrbG Na*/Ca*" antiport systems,
and to allow the efflux of small osmolytes and water upon activation of
MscS mechanosensitive channel during hypo-osmotic shock (Anishkin
et al., 2008). Studies have demonstrated that the organic solutes
trehalose and glycine betaine are ubiquitously found in extremely
halophilic archaea, acquired either through de novo synthesis or by
environmental uptake (Youssef et al., 2014). Genomic analysis revealed
the presence of genes involved in biosynthesis of trehalose by OtsAB
pathway in all Halogeometricum members except of Halogeometricum
borinquense DSM 115517, However, all six species possessed genes that
encode a transport protein facilitating the uptake of a range of
compatible solutes, such as choline, glycine betaine, proline betaine,
ectoine as well as trehalose. In addition, strains SIBR25-6" and
$3BR25-2", and the phylogenetically closest Halogeometricum
pallidum JCM 14848" exhibited ABC transporters of the Opu family
that function in the uptake of compatible solutes, particularly glycine
betaine and related osmoprotectants (Kappes et al., 1999). Based on the
genome analysis, the genus Halogeometricum can exhibit flexibility in
the osmoregulation, potentially employing both, “salt-in” and “salt-
out” strategies depending on the severity of the osmotic stress and the
availability of resources. This adaptability has been similarly observed
in species of the genus Halomicroarcula (now reclassified as
Haloarcula) (Duran-Viseras et al, 2021) and, more recently, in
Halorubrum kocurii 2020YC7, which switch between the
accumulation of potassium ions and compatible solutes such as
trehalose and glycine betaine (Ding et al., 2022).

Besides their ability to quickly adapt to shifts in environmental
salinity, adaptations of haloarchaea to high-salt conditions further
include the acidification of their proteome and an increased
genomic G+C content (Becker et al., 2014). We have performed a
proteomic analysis of all Halogeometricum genomes together with
others from representative species of the family Haloferacaceae. To
examine the differences in protein acidity, the proteomes of the
Halogeometricum species were compared to those from “salt-in”
halophilic prokaryotes such as Haloquadratum walsbyi C237,
Halorubrum saccharovorum DSM 1137%, and Salinibacter ruber
DSM 13855, as well as to the proteome of a “salt-out” bacterium,
Spiribacter salinus M19-40". Strains S1BR25-6" and S3BR25-2"
along with species within the genus Halogeometricum and other
type species of the family Haloferacaceae exhibited both, high
genomic G+C content (ranging 59.9-68.0 mol%) and a
significantly acidic proteome. This is demonstrated by an
isoelectric point profile with a major peak at around 4
(Supplementary Figure S6), indicating a preference for a “salt-in”
osmoregulation strategy (Becker et al., 2014). However, a minor
peak at around 10 indicated the presence of a significant number of
basic proteins, which may include certain types of enzymes,
transcription factors, and membrane proteins that require a
positive charge for their function or interaction with other
cellular components, such as DNA or negatively charged cell
membranes (Becker et al, 2014). In summary, the bimodal
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distribution of isoelectric points reflects a balance between the
general adaptation of halophilic organisms to high-salt
environments through the acidification of their proteome and the
necessity for basic proteins that fulfill specific cellular roles.

4 Conclusions

Traditional techniques based on the culture-based methods enabled
us to isolate in pure culture and to characterize initially the strains
isolated from hypersaline soils located in Odiel Saltmarshes, a natural
area of tidal wetlands located at the estuary of the Odiel and Tinto rivers,
with the confluence of the Atlantic Ocean, in Southwestern Spain. This
study undertakes a detailed genomic comparison within the genus
Halogeometricum, identifying key aspects such as metabolic capabilities,
osmoregulatory strategies, and heavy metal resistance. The discovery of
a dual osmoregulatory mechanism through in-silico analysis, which
merges “salt-in” and “salt-out” strategies, underlines the adaptive
versatility of these species. Additionally, the capacity for de novo
thiamine production in strain S1BR25-6" and related
Halogeometricum species emphasizes their metabolic complexity,
suggesting their significant roles in ecosystem functionality and their
potential in biotechnological applications. Experimental analysis of
strains SIBR25-6" and $3BR25-2" confirmed their tolerance to heavy
metals, particularly arsenic, cadmium, and lead, emphasizing their
potential for bioremediation applications. Metagenomic fragment
recruitment analysis across various datasets has particularly
highlighted the dominance of Halogeometricum species in the Odiel
Saltmarshes hypersaline soils and in the brines of saltern ponds with
high salinity, reinforcing our knowledge of their extremely halophilic
nature. Further taxonomic characterization of the studied strains,
S1BR25-6" and S$3BR25-27, included phenotypic and
chemotaxonomic analysis, as well as genome-based techniques. This
study shows that strains SIBR25-6" and S3BR25-2" represent two novel
species of the genus Halogeometricum, for which we propose the names
Halogeometricum salsisoli sp. nov. and Halogeometricum luteum sp.
nov., respectively. The detailed descriptions of the two new species are
stated below.

Description of Halogeometricum salsisoli sp. nov.

Halogeometricum salsisoli (sal.si.so’li. L. perf. part. salsus, salty;
L. neut. adj. solum, soil; N.L. gen. n. salsisoli, of salty soil).

Cells are Gram-stain-negative, non-motile, irregular cocci with 1.5-
2 um. Colonies are pink pigmented, elevated, round, and mucoid on
R2A 25 agar medium after 7 days of incubation at 37°C. No growth
occurs anaerobically with dimethyl sulfoxide (DMSO), L-arginine, or
potassium nitrate. Extremely halophilic, able to grow in media with 10-
30% (w/v) NaCl, with optimal growth at 25% (w/v) NaCl. Optimal
growth occurs at pH and temperature of 7.0 and 37°C, respectively. The
pH and temperature ranges permitting growth are 6.0-8.5 and 20-50°C,
respectively. Catalase-positive, oxidase-negative. Aesculin is strongly
hydrolyzed but casein, gelatin, starch, and Tween 80 are not. Nitrate
and nitrite are reduced. H,S and indole are not produced. Methyl red
test is positive whereas Voges-Proskauer and Simmons’ citrate tests are
negative. Acid is produced from D-arabinose, D-fructose, D-galactose,
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D-glucose, D-trehalose, D-xylose, glycerol, lactose, maltose, and sucrose
and is not produced from mannitol. The following compounds are used
as sole carbon and energy sources: acetate, benzoate, butyrate, D-
arabinose, D-cellobiose, D-fructose, D-glucose, D-ribose, D-xylose,
formate, fumarate, lactose, mannose, melezitose, melibiose, pyruvate,
salicin, and sucrose, whereas citrate, D-sorbitol, dulcitol, hippurate, L-
glutamate, mannitol, propionate, and xylitol are not. L-glycine, L-
glutamine, L-serine, and L-threonine are used as sole carbon,
nitrogen, and energy sources and L-alanine, L-arginine are
not. The major polar lipids are phosphatidylglycerol (PG),
phosphatidylglycerol phosphate methyl ester (PGP-Me), and a
glycolipid chromatographically identical to sulfated diglycosyl diether
(S-DGD-1). Traces of biphosphatidylglycerol (BPG) and minor
unidentified glycolipids are present. Phosphatidylglycerol sulfate
(PGS) is absent. The DNA G+C content is 65.5 mol%.

The type strain is SIBR25-6" (= CCM 9250 = CECT 30624"),
isolated from a hypersaline soil from the Odiel Saltmarshes Natural
Area, located at the estuary of the Odiel and Tinto rivers, with the
confluence of the Atlantic Ocean, in Huelva, Spain

The GenBank/EMBL/DDBJ accession numbers for the 16S
rRNA and rpoB’ gene sequences of strain SIBR25-6" are
ON653036 and ON668042, respectively. The GenBank/EMBL/
DDBJ accession number of the whole genome sequence of strain
S1BR25-6T is JAMQOP000000000.

Description of Halogeometricum luteum sp. nov.

Halogeometricum luteum (lu.te’'um. L. neut. adj. luteum,
orange colored).

Cells are Gram-stain-negative, motile, and pleomorphic (rods
and irregular cocci) with 0.5-1.5 x 1-3 um. Colonies have a pale
orange pigmentation, they are elevated, round, and mucoid on R2A
25 agar medium after 7 days of incubation at 37°C. No growth
occurs anaerobically with dimethyl sulfoxide (DMSO), L-arginine,
or potassium nitrate. Extremely halophilic, able to grow in media
with 12-30% (w/v) NaCl, with optimal growth at 25% (w/v) NaCl.
Optimal growth occurs at pH and temperature of 7.0 and 37°C,
respectively. The pH and temperature ranges permitting growth are
6.0-8.5 and 20-50°C, respectively. Catalase-positive, oxidase-
negative. Aesculin is hydrolyzed but casein, gelatin, starch, and
Tween 80 are not. Nitrate and nitrite are reduced. H,S and indole
are not produced. Methyl red test is positive whereas Voges-
Proskauer and Simmons’ citrate tests are negative. Acid is
produced from D-arabinose, D-fructose, D-galactose, D-glucose,
D-trehalose, D-xylose, glycerol, maltose, mannitol, and sucrose but
is not produced from lactose. The following compounds are used as
sole carbon and energy sources: D-fructose, D-glucose, D-ribose, D-
xylose, dulcitol, hippurate, mannitol, mannose, melezitose,
pyruvate, salicin, and sucrose, whereas acetate, benzoate, citrate,
butyrate, D-arabinose, D-cellobiose, D-sorbitol, formate, fumarate,
lactose, L-glutamate, melibiose, propionate, and xylitol are not. L-
alanine, L-arginine, L-glycine, and L-glutamine are used as sole
carbon, nitrogen, and energy sources but L-serine, and L-threonine
are not. The major polar lipids are phosphatidylglycerol (PG),
phosphatidylglycerol phosphate methyl ester (PGP-Me), and a
glycolipid chromatographically identical to sulfated diglycosyl
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diether (S-DGD-1). Traces of biphosphatidylglycerol (BPG) and
minor unidentified glycolipids are present. Phosphatidylglycerol
sulfate (PGS) is absent. The DNA G+C content is 66.0 mol%.

The type strain is S3BR25-2" (= CCM 9253" = CECT 30622"),
isolated from a hypersaline soil from the Odiel Saltmarshes Natural
Area, located at the estuary of the Odiel and Tinto rivers, with the
confluence of the Atlantic Ocean, in Huelva, Spain.

The GenBank/EMBL/DDBJ accession numbers for the 16S
rRNA and rpoB’ gene sequences of strain S3BR25-27 are
ON682483 and ON668043, respectively. The GenBank/EMBL/
DDBJ accession number of the whole genome sequence of strain
$3BR25-2" is JAMQOQ000000000.
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