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ARTICLE INFO ABSTRACT

Keywords: Current -omics methods allow the collection of a large amount of information that helps in describing the
Salinibacter microbial diversity in nature. Here, and as a result of a culturomic approach that rendered the collection of
Phylogeny thousands of isolates from 5 different hypersaline sites (in Spain, USA and New Zealand), we obtained 21
Genomics

strains that represent two new Salinibacter species. For these species we propose the names Salinibacter pepae

g:xgzg?y sp. nov. and Salinibacter grassmerensis sp. nov. (showing average nucleotide identity (ANI) values < 95.09%
ICI(\lIP and 87.08% with Sal. ruber M317, respectively). Metabolomics revealed species-specific discriminative profiles.

Sal. ruber strains were distinguished by a higher percentage of polyunsaturated fatty acids and specific N-
functionalized fatty acids; and Sal. altiplanensis was distinguished by an increased number of glycosylated mole-
cules. Based on sequence characteristics and inferred phenotype of metagenome-assembled genomes (MAGs),
we describe two new members of the genus Salinibacter. These species dominated in different sites and always
coexisted with Sal ruber and Sal. pepae. Based on the MAGs from three Argentinian lakes in the Pampa region
of Argentina and the MAG of the Romanian lake Fira Fund, we describe the species Salinibacter pampae sp. nov.
and Salinibacter abyssi sp. nov. respectively (showing ANI values 90.94% and 91.48% with Sal. ruber M317,
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respectively). Sal. grassmerensis sp. nov. name was formed according to the rules of the International Code for
Nomenclature of Prokaryotes (ICNP), and Sal. pepae, Sal. pampae sp. nov. and Sal. abyssi sp. nov. are proposed
following the rules of the newly published Code of Nomenclature of Prokaryotes Described from Sequence Data
(SeqCode). This work constitutes an example on how classification under ICNP and SeqCode can coexist, and
how the official naming a cultivated organism for which the deposit in public repositories is difficult finds an

intermediate solution.

Introduction

Hypersaline environments such as manmade solar salterns consti-
tute an excellent model system to study species composition and diver-
sity, and the value of genetic diversity for ecosystem functioning
(Conrad et al., 2022; Konstantinidis et al., 2022). The microbial com-
munities thriving in hypersaline brines are generally dominated by
Archaea, and mostly by the genus Haloquadratum, but Bacteria always
coexist in lower abundance and are mostly represented by species of
the genus Salinibacter (Antén et al., 2000; Ghai et al., 2011; Viver
et al., 2019; Viver et al., 2021). This genus was the first member of
the bacterial domain demonstrated to grow actively and in high abun-
dance in hypersaline brines (Antén et al., 2000). Salinibacter also con-
stituted an excellent example of a Candidatus taxon originally
described using culture-independent techniques that could be brought
to pure culture and formally named Sal. ruber (Anté6n et al., 2002) fol-
lowing the rules of the International Code for Nomenclature of
Prokaryotes (ICNP; Oren et al., 2022), which requires the deposit of
pure cultures as the designated material for the nomenclatural type.
The isolation and classification of the first representatives of Salinibac-
ter was followed by additional efforts to obtain bacterial cultures from
other hypersaline systems that led to the description of two new spe-
cies isolated from the Iranian Lake Aran-Bidgol, originally classified
Sal. iranicus and Sal. luteus (Makhdoumi-Kakhki, et al., 2012). These
species were later reclassified as a new genus Salinivenus (Slv. iranica
and lutea; Munoz et al.,, 2016). More recently, the use of the high-
throughput cultivation approach followed by MALDI-TOF (Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight) mass spectrome-
try in tandem with 16S rRNA gene sequencing allowed the further iso-
lation and identification of thousands of new extremely halophilic
strains, and the description of the species Sal altiplanensis (Viver
et al., 2015; Viver et al., 2018). Salinibacter is the type genus of the
family Salinibacteraceae that, together with the genus Salinivenus, has
been classified within the order Rhodothermales, class Rhodothermia
and phylum Rhodothermota (Munoz et al., 2016). Biogeographic stud-
ies have demonstrated that the family Salinibacteraceae constitutes one
of the most abundant and widely distributed bacterial lineages in
hypersaline environments, with relatively high intra-family species
richness (Viver et al., 2015; Mora-Ruiz et al., 2018; Conrad et al.,
2022).

We recently reported a 220-isolate collection of Salinibacter from
the solar salterns of Es Trenc in Mallorca (Conrad et al., 2022). A sub-
set of 110 isolates were genome sequenced and the comparative anal-
yses revealed that most of them (100 isolates) were members of the
species Sal. ruber with a genome-aggregated average nucleotide iden-
tity (ANI) > 97% to the type strain M31" genome. The remaining nine
strains seemed to belong to a yet undescribed and co-occurring Salin-
ibacter species showing ANI > 97% among themselves and < 95%
with the abovementioned type strain (Conrad et al., 2022). To expand
our knowledge on the global distribution of the genus Salinibacter, an
international consortium of researchers, called Halophile Sequencing
Project (HSP), was formed in 2019. The HSP consortium collected
27 hypersaline samples from 11 countries around the world with the
aim to isolate and genome-sequence new strains and compare the
resulting genomes with the metagenomic data of the same samples
in order to assess biogeographical patterns.

In this study, we present the characterization and classification of
two newly cultivated species of Salinibacter, and two additional yet-

uncultivated species represented by the recovered metagenome assem-
bled genomes (MAGs) from companion HSP metagenomes. As the
information that can be currently retrieved from MAGs is comparable,
if not even better, to what is published in many taxonomic papers of
isolates (Konstantinidis et al., 2017), we opted to formally name both
yet-uncultivated new species and one of the cultivated following the
rules of newly published Code of Nomenclature of Prokaryotes
Described from Sequence Data (SeqCode; Hedlund et al.,, 2022;
Whitman et al., 2022). Complementing the study, we present the eval-
uation of metabolomics to discriminate among these species for taxo-
nomic purposes. We propose the names Salinibacter grassmerensis sp.
nov. which will be named following the rules of the ICNP (Oren
et al., 2022), and Salinibacter pepae sp. nov., Salinibacter pampae sp.
nov. and Salinibacter abyssi sp. nov. following the rules of the SeqCode.

Material and methods
Ionic composition of the samples in the study

To measure the ionic composition and concentration, brines sam-
ples were filtered through 0.22 pm hydrophilic PTFE filters, and the
concentrations of fluoride (F?), chloride (Cl), bromide (Br), nitrate
(NO3), sulfate (SO3), phosphate (PO3), sodium (Na*), lithium (Li ™),
potassium (K*), ammonium (NH. ), magnesium (Mg>*) and calcium
(Ca®*) were quantified by ion chromatography using a Metrohm,
850 ProfIC AnCat — MCS system, by Technical Research Services of
Alicante University (Spain) (Table 1). The salinities of the samples
were measured using a Sper Scientific Salt Refractometer (model num-
ber 300006, Arizona).

Sampling, isolation, strain dereplication and culture tests

All Salinibacter pure cultures included in this study were isolated
using Sea Water medium (SW) at 25% salt concentration and supple-
mented with 0.05% (w/v) yeast extract (Rodriguez-Valera et al.,
1985). The high-throughput cultivation approach was followed by
the pure culture identification using the MALDI-TOF MS in tandem
with 16S rRNA gene analysis (Viver et al., 2015). New isolates were
stored in cryoprotectant solution containing 13% (w/v) glycerol at
—80 °C. Physiological and biochemical tests were performed as
detailed by Viver et al. (2018). Physiological tests were performed
with SW broth or agar media. Liquid cultures were incubated at a
shaking speed of 250 rpm and a temperature of 30 °C. Briefly, catalase,
oxidase, anaerobic growth in the presence of arginine and DMSO;
hydrolysis of Tween 20, Tween 80 and DNA, casein, gelatin and starch;
arginine dihydrolase, lysine decarboxylase, tryptophanase and
ornithine decarboxylase activities; methyl-red and Voges-Proskauer
reactions; H,S production, gas formation with nitrate were performed
as detailed by Cowan and Steel’s Manual for the Identification of Med-
ical Bacteria (Barrow and Feltham, 1993). Temperature and pH
growth range were measured in SW 25% supplemented with 0.1%
yeast extract at 250 rpm. Salinity growth range was performed with
SW media ranging between 10 and 35% salinities (using 5% salinity
intervals). We tested the pH (5.5 to 8.5 with increments of 1 unit)
and temperature (20 to 60 °C with increment of 10 °C) to assess the
optimal growth conditions in a medium SW 25%. The pH of the med-
ium was adjusted using the following buffering systems: pH 5.0-8.0,
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g = g a“g g :rr Q g 0.1 M citric acid/0.2 M NazHPO4; pH 80790, 0.1 M Tris/0.1 M HCl,
RS pH 9.5-11.0, 0.05 M NaHCO3/0.1 M NaOH (Gago et al., 2021). Acid
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routine day-to-day measurements. Data acquisition and handling were
performed using Data Analysis Software (v4.1; Bruker Daltonics). The
assigned elemental composition was calculated based on the exact
mass differences using a software tool written in-house (NETCALC)
(Tziotis et al., 2011). Final formulas were generated and categorized
into groups containing carbon, hydrogen and oxygen atoms (CHO,
CHNO, CHOS or CHNOS), to reconstruct the group-selective mass
spectra. Final formulas were generated and categorized into groups
containing carbon, hydrogen, nitrogen, oxygen and sulfur atoms
(CHO, CHNO, CHOS or CHNOS), to reconstruct the group-selective
mass spectra. The Van Krevelen diagrams (Van Krevelen, 1950) were
used to visualize the elemental ratios of unambiguously assigned
molecular formulas.

The datasets were united-variance (UV) scaled. A classification
model was applied, orthogonal partial least square discriminant anal-
ysis (OPLS-DA). The three different classes were considered in the
models: Sal. ruber, Sal. altiplanensis and Sal. pepae. The total amount
of variance absorbed by the first two components of the models were
83% for supernatant and 80% for the pellet. The index for the good-
ness for the prevision was 14% for pellet and 24% for supernatant.
For both datasets, i.e., pellet and supernatant, the scores of the first
principal component of the model were used, and the resulting data
were clustered via hierarchical cluster analysis (HCA). For Pellet we
used the single linkage to calculate the distances, instead for Super-
natant the Ward method. The visualization could present how the sam-
ples could cluster together. The variables that characterized the
different classes (that are more perturbed in the class) were selected
ranking the loadings value. The highest values were considered and
plotted in the van Krevelen visualization to define their chemical
space. The masses that did not contribute to the characterization of
the different classes were defined as core.

Genome analyses, phylogenetic reconstruction and probe design

The new strains isolated from Spain, USA and New Zealand were
sequenced using Illumina NovaSeq (2 x 150 bp, paired-end reads)
at Macrogen Company, South Korea. Raw reads were filtered using
of bbduk v38.82 tool (https://bbtools.jgi.doe.gov) applying the fol-
lowing parameters: ktrim = r, k = 28, mink = 12, hdist = 1,
tbo = t, tpe = t, qtrim = 1], trimq = 20 and minlength = 100.
Trimmed reads were assembled using SPAdes v. 3.10 (Bankevich
etal., 2012), followed by gene prediction from contigs > 500 bp using
Prodigal v2.6.3 (Hyatt et al., 2010). A hybrid assembly methodology
was used for the genome of the type strain ESAV49™, sequenced by
NovaSeq and MinION Nanopore, using Unicycler v0.4.8 tool (Wick
et al., 2017).

Through barrnap v0.9 tool (https://github.com/tseemann/bar-
rnap), 16S rRNA genes sequences were extracted from genome assem-
bled contigs. The sequences were imported into the latest updated
LTP_01_2022 database that contains all sequences of the type strains
classified until January 2022 (Ludwig et al 2021) available at
https://imedea.uib-csic.es/mmg/1tp/. Sequences were aligned using
the SINA v1.3.1 aligner (Pruesse et al., 2007) implemented in the
ARB program package (Ludwig et al., 2004), and manually checked
in order to improve the alignment and to finally perform the phyloge-
netic analyses using ARB software package v6.0.6 (Ludwig et al.,
2004). Phylogenetic analysis of the almost complete 16S rRNA gene
sequences were performed to reconstruct de novo trees based on the
neighbor-joining (Saitou and Nei, 1987) and RaxML (Stamatakis
2006) algorithms using different corrections (Jukes-Cantor and
GTRGAMMA, respectively) as implemented in the ARB software pack-
age (Ludwig et al., 2004). For the probe design to identify the new spe-
cies, we used the currently available SILVA SSU Ref99 138.1 database,
curating it to the retain the best sequences of almost full length and
high SILVA quality scores (Pruesse et al., 2007), and searching the best
nucleotide sequences in the 16S rRNA gene that serve as phylogenetic
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probes using the Probe Search and Probe Match of the ARB program
package (Ludwig et al., 2004).

Pangenome analysis at intra-species level was performed as
detailed in Conrad et al., 2022. To compare the pangenome statistics
between strains of Sal. pepae and Sal. ruber, we randomly selected 19
genomes from the 102 Sal. ruber collection (Conrad et al., 2022),
and this subsampling was repeated 10 times for statistical reasons.

The predicted protein sequences of the genomes included in the
study were used for phylogenetic reconstruction based on single-
copy core genes. Predicted proteins were compared using an
all-versus-all BLAST (v2.2.31; Camacho et al.,, 2009) and shared
reciprocal best matches in all pairwise genome comparisons were iden-
tified using rbm.rb script (Rodriguez-R and Konstantinidis, 2016) using
a 40% sequence identity cut-off and over 50% or more of the query
sequence length. All single-copy core-genes were aligned individually
using MUSCLE v3.8.31 (Edgar 2004). Aligned proteins were concate-
nated using the script Aln.cat.rb (Rodriguez-R and Konstantinidis,
2016) and the phylogenetic analyses were carried out using the RaxML
and neighbor-joining algorithms implemented in the ARB v6.0.6 soft-
ware (Ludwig et al., 2004). Both algorithms were used with the correc-
tions PROTGAMMA (Lanave et al., 1984) and Kimura (Kimura, 1980),
respectively. The average nucleotide identity (ANI) and average amino
acid identity (AAI) between all the genomes based on the BLAST tool
was calculated using anirb and aairb script (Rodriguez-R and
Konstantinidis, 2016), respectively.

Protein-coding genes were annotated against SwissProt and
TrEMBL databases (The UniProt Consortium, 2021) using Diamond
v0.9.31 tool with default settings (Buchfink et al., 2021). Moreover,
proteins were annotated using Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) database (Kanehisa et al., 2016). CRISPR-Cas genes were
identified using CRISPRCasFinder tool v4.2.20 (Couvin et al., 2018)
and the CRISPR spacers using the online tool CRISPRfinder (Grissa
et al., 2007).

Metagenome analyses

DNA extraction from environmental samples was performed as
detailed in Urdiain et al. (2008). The samples from ‘Es Trenc’ meso-
cosms study were previously reported in Conrad et al. 2022. Metagen-
omes from Spain, Argentina, New Zealand and Romania were
sequenced using Illumina NextSeq500 (2 X 150 bp, paired end reads).
Bbduk of the Bbtools package (https://bbtools.jgi.doe.gov/) was used
to trim the paired-end reads with the following options: ktrim = r,
k = 28, mink = 12, hdist = 1, tbo = t, tpe = t, qtrim = rl, trimq = 20
and minlength = 100. Trimmed reads were assembled with SPAdes
v3.13.1 (Nurk et al., 2017) assembler, using metaSPAdes mode and
MEGAHIT v1.2.9 (Li et al., 2016) with default parameters. Sequences
of 16S rRNA genes were extracted from the assembled metagenome
contigs using barrnap v0.9 tool (https://github.com/tseemann/bar-
rnap). Contigs > 2,000 bp and 5,000 bp were binned using MetaBAT
v2 software (Kang et al., 2019). MAGs characteristics, including com-
pleteness and contamination, were calculated using MiGA tool (Micro-
bial Genome Atlas; Rodriguez-R et al., 2018). For MAG phylogenetic
identification and protein-coding genes annotation, we followed the
same methodology specified in genome analysis.

Trimmed metagenomic reads were mapped to the type strain gen-
omes and MAGs using BLASTn tool v2.2.31 (Camacho et al., 2009). A
competitive read recruitment analysis was applied to calculate the dif-
ference in sequencing depth and thus, abundance between different
species. For a confident read assignment, mapped reads with a tied
best-hit blast match were removed from the analysis, emphasizing
the unique sequence components present in the metagenomes using
the script 01_MagicBlast ShortRead-Filter.py (Conrad et al., 2022).
Recruitment were plotted using the “enveomics.R” package v1.5
(Rodriguez-R and Konstantinidis, 2016).
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Fig. 1. (A) Phylogenetic reconstruction based on the 16S rRNA gene sequence of all Salinibacter species available in the LTP_01_2022 and the MAGs recovered
from metagenomes. The tree was reconstructed using the maximum likelihood algorithm and is the result of the consensus of different approaches using distinct

filters and datasets. The multifurcations indicate a branching order that could

not be resolved. Bar indicates 10% sequence divergence. In brackets the accession

number of each sequence is given. (B) Phylogenetic reconstruction based on concatenated 592 core orthologous gene sequences shared between all genomes and

MAGs included in the analysis. The tree was reconstructed using the maxim
accession number of each sequence is given.

Proposal of new Salinibacter species names

The isolate genomes and MAGs (Table 2 and Table 3), together with
the phenotypic characterization of the isolates allowed the description
of four new species (see below). Since naming new taxa under the ICNP
is only possible for pure cultures deposited in culture collections with-
out distribution restrictions (Oren et al., 2022), we named the one of
the newly cultivated species using this bacteriological code (ICNP). In
addition, based on the newly published SeqCode, that allows designat-
ing genomes such as MAGs as nomenclatural types for novel species
(Hedlund et al., 2022), we name two new species based on MAGs,
and one cultivated for which the deposit in a second collection was hin-
dered by the fastidious nature of the isolate. The strain ESAV49™ was
deposited at the Spanish culture collection (CECT) with success, but
the attempts to obtain a deposit number from a second collection was
delayed for at least one year, and in order not to delay the publication
of the new descriptions we decided to name the new species for which
this strain is designated type under the SeqCode. Thus, for one

um likelihood algorithm. Bar indicates 10% sequence divergence. In brackets the

cultivated species we propose the name Salinibacter grassmerensis
sp. nov. (named after the Lake Grassmere location of its isolation, with
the designated type strain NZ140" CECT 305237
ICMP 24464 "). For the second cultivated, but yet unsuccessful deposit
in a second culture collection we propose Salinibacter pepae sp. nov.
(named after the discoverer of the first Salinibacter organism Professor
Pepa Antén, with the designated type strain ESAV49T™ CECT
30522™), and for the two MAGs, we propose Salinibacter pampae sp.
nov. (named after the grassland plain in South America, referring to
the Pampa region in Argentina, with the sequence accession number
GCA_947077715™ = ARCCH™) and Salinibacter abyssi sp. nov. (named
after the belief that the lake Fara Fund was bottomless, with the type
sequence accession number GCA_947077815™ = ROFF"). The formal
protologues are given in Table 4. We expect that in the course of the
months after this contribution has been published, the deposit of the
strain ESAV49™ is finally successful. After the second deposit we will
append a corrigendum to this manuscript to definitively validly publish
the name also under the ICNP.
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Pairwise genomic comparison of the genomes at the nucleotide level (ANI, lower triangle) and protein translated genes (AAL upper triangle) between members of the
Salinibacteraceae family. In the genome comparisons that the number of genes shared was lower than 20% of the genomes the ANI value was not calculated (ND = Not
Determined). Salinibacter pepae ESAV49™, ESAV87, ESCM71, ESSP12, ESSP73, ESSP87, CM04, CZ16, CZ17, CZ26, CZ33, DZ03, DZ04, UM13, UZ07, USCM187,
USCM25, USCM46 and USCMS88; Salinibacter ruber M31"; Salinibacter pampae ARCCH™ and ARCG; Salinibacter abyssi ROFF"; Salinibacter grassmerensis NZ140";

Salinibacter altiplanensis AN15"; Salinivenus iranica CB7"; Salinivenus lutea DGO”.
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Genotype of the cultivated species

The genomes of all isolates were sequenced and deposited in public
repositories under the accession numbers given in Table 2. The tree
reconstruction based on the 592 orthologous genes that formed the
core genome of the families Salinibacteraceae and Salisaetaceae, and
the genomes of Rhodothermus marinus DSM 42527 and Rhodothermus
profundis DSM 22217 (Fig. 1B) showed high agreement with that based
on the 16S rRNA gene (Fig. 1A), with only a minor discrepancy on the
position of Sal. grassmerensis that showed the basal position within the
genus. The hierarchical clustering based on the presence or absence of
orthologous groups and that observed on AAI clustering showed a sim-
ilar cluster distribution (Sup. Figure S2 and S3) that mirrored the
reconstructed phylogenies (Fig. 1).

The isolates of Sal. pepae showed ANI values > 97% among them-
selves. In addition, Sal ruber M31" showed ANI values < 95.09% and
87.08% and a shared genomic fraction < 72.3% and 53.7% with Sal.
pepae and Sal. grassmerensis, respectively. Moreover, Sal. altiplanensis
AN15" showed ANI values of < 84.3% and 86.8% and a shared geno-
mic fraction < 40.7% and 38% with the same species, respectively
(Table 3, Fig. 2, Sup. Figure S2 and Sup. Spreadsheet S3 and S4). These
results confirmed that, genomically, the classification of both new spe-
cies was justified (Rossell6-Moéra and Amann, 2015). The genomic
characteristics observed for the genomes of the new species were in
line with those of the remaining Salinibacter species (Viver et al.,
2018), with genome sizes ranging between 3.46 Mbp (for DZ04) and
3.78 Mbp (for NZ140"), and with an average genome size of 3.59
Mbp (SD = 83,767 bp). The genome of Sal. pepae ESAV49™ was fully
sequenced and consisted of a circular chromosome of 3,585,205 bp
and a small plasmid of 39,810 bp. Sal. grassmerensis NZ140" showed
the lowest G + C mol% value (64.09%) among all members of the
family Salinibacteraceae (Table 2). The number of predicted coding
Sequences (CDS) was similar among strains, with an average of
3,200 CDS (SD = 162.1), while the average number of annotated
tRNAs was 54.7 (SD = 1.65) (Table 2).

The pangenome of Sal ruber was considered open and highly
diverse, probably conferring ecological advantages to this species as
evidenced, for instance, by the fact that the pangenome based on iso-
lates recovered from a single location was of a similar size to that of a
similar number of Escherichia coli genome collected worldwide
(Conrad et al., 2022). Species with an open pangenome encode a lar-
ger number of dispensable genes, increasing their adaptability to the
environment (or changing environmental conditions) due to the avail-

ability of an increased number of biochemical pathways (Medini et al.,
2005). To compare Sal. ruber pangenome size with that of Sal. pepae,
we randomly selected 19 genomes from the 102 Sal. ruber collection
(Conrad et al., 2022), and this subsampling was repeated 10 times
for statistical reasons (Sup. Table S2). Both pangenomes were open,
but that of Sal. ruber was consistently larger (y > 0.35, average of
0.38 and SD = 0.014, the y parameter that reflects the slope of the
curve that represents the total nonredundant genes; Tettelin et al.,
2005; Tettelin et al., 2008) than for Sal. pepae (y = 0.30) (Fig. 3). Con-
sequently, the pangenome of the 19 Sal. ruber genomes consisted of
7,509 genes on average (SD = 262) and that of Sal. pepae of 6,052
genes. Members of Sal. ruber encoded a larger number of strain-
specific genes (3,316 on average and a mean addition of 279 new
genes per genome included) than members of Sal. pepae (2,133 genes
and a mean addition of 114 new genes per genome included), but the
number of core genes was similar for both species (1,943 on average in
Sal. ruber and 1,979 in members of Sal pepae). As observed in our
results (see below), both species coexisted, but Sal. ruber always
occurred in abundances three times higher than Sal. pepae. One reason
for this dominance could reside in the larger Sal. ruber pangenome,
that would confer ecological advantages and/or adaptations to a wider
number of niches (Tettelin et al., 2008). The search for autapomorphic
characters (unique to the taxon) among the 19 members of Sal. pepae
rendered 81 species-specific genes. From them, 9 could not be anno-
tated (no match identified using TREMBL, UniProt and KEGG data-
bases) and 13 corresponded to uncharacterized proteins. Among the
annotated proteins with a known function, we identified glycosylhy-
drolases and transferases, Na™ solute symporters, ABC transporters,
transcriptional regulators and integrases (Sup. Spreadsheet S5). How-
ever, none of these functions could be associated with an explicit phe-
notype that could serve as diagnostic for the species.

Single-strain species descriptions (SSSDs) preclude the identifica-
tion of intraspecific diversity. Here, unfortunately among the 189
Salinibacter isolates from Lake Grassmere and 1,274 Salinibacter iso-
lates worldwide, Sal. grassmerensis was just represented by a single
strain, NZ140". Sal. grassmerensis NZ140" encoded for 725 species-
specific genes, 165 of which could not be annotated (no match identi-
fied using TREMBL, UniProt and KEGG databases) and 225 of which
were annotated as uncharacterized proteins. As relevant features, we
identified 25 genes annotated as glycosyltransferases and 16 of them
were found in a cluster (genomic island) of 36 consecutive genes (be-
tween gene ID 164 to 200, Sup. Spreadsheet S6). In addition, we iden-
tified genes annotated as methyl- and sulfotransferases, ABC



Table 4

Protologues of the new species descriptions.

Species name Salinibacter pepae Salinibacter grassmerensis Salinibacter pampae Salinibacter abyssi
Specific epithet pepae grassmerensis pampae abyssi
Species status Sp. nov. Sp. nov. Sp. Nov. Sp. nov.

Species etymology

Description of the new taxon and
diagnostic traits

Country of origin

Region of origin

Date of isolation (dd/mm/yyyy)

Source of isolation

Samping date (dd/mm/yyyy)

Latitude (xx°xx'xx’’ N/S)

Longitude (xx°xx'xx”" E/W)

Altitude (meters above sea level)

16S rRNA gene accession nr.

Genome accession number [RefSeq;
EMBL; ...]

Genome status

Genome size

G + C mol%

Number of strains in study

Number of MAGs in study

Source of isolation of non-type strain

Information related to the Nagoya
Protocol

Designation of the Type Strain or
genomic assembly

Strain Collection Numbers

Metagenomic Raw Data

SeqCode registry URL

pe’pae. N.L. gen. n. adj. pepae named after the
microbiologist Pepa Antén expert in bacteria
and viruses in extremophilic sites and who
discovered the existence of the first
Salinibacter

Straight rod cells, 3.0-6.0 um long, forming
red colonies after 15 days growth on SW agar
media at 25% of salts at 30 °C. Colonies are
circular and convex with an entire margin and
with a diameter of 0.5-1.0 mm. Cells are
flagellar and motile. Cells exhibit growth in
the ranges of 15-34% salt concentration,
optimum temperature at 30 °C and pH 7. The
organism is positive in catalase, oxidase,
Tween20, Tween80 and lysine decarboxylase.
The organism is negative in indole, methyl-
red, Voges-Proskauer, casein, DNA, Starch and
gelatin hydrolysis, H,S and nitrate
production, acid production from
carbohydrates, anaerobic growth in presence
of arginine and DMSO, ornithine and adenine
decarboxylase. The major fatty acids were
Cis.0 180, C1g.1 ®7c and summed feature 3.

Spain

Mallorca Island
30/11/2018
Brines
22/08/2018
39°19'26"'N
2°59'22"E

0

GCA_947077775™

Closed
3.46
66.43
19

Brines
Permit ABSCH-IRCC-ES-241224-1

ESAV49™
CECT 30522™

seqco.de/i:24081

grass.mer.en’sis. N.L. masc. adj. grassmerensis,
of the lake Grassmere located in New Zealand

Slightly curved rod cells, 2.0-4.0 um long,
forming red colonies after 15 days growth on
SW agar media at 25% of salts at 30 °C.
Colonies are circular and convex with an
entire margin and with a diameter of
0.5-1.0 mm. Cells are flagellar and motile.
Cells exhibit growth in the ranges of 15-34%
salt concentration, optimum temperature at
30 °C and pH 7. The organism is positive in
catalase, oxidase, Tween20, Tween80 and
lysine decarboxylase and hydrolysis of Starch.
The organism is negative in indole, methyl-
red, Voges-Proskauer, casein, DNA, and
gelatin hydrolysis, H,S and nitrate
production, acid production from
carbohydrates, anaerobic growth in presence
of arginine and DMSO, ornithine and adenine
decarboxylase. The major fatty acids were
Cis:0 is0, Cig.1 ®7c and summed feature 37.
New Zealand

Marlborough

20/04/2020

Brines

24/01/2020

41°44'12.3"S

174°10'07.5"E

0

GCA_947077765

Draft — 99% completeness
3.78

64.09

1

Brines

Nz140"

CECT 30523" = ICMP 24464"

pam’pae. N.L. gen. n. pampae, of the pampa,
the grassland plain in South America,
referring to the Pampa region in Argentina.

The MAG encoded for oxidase, catalase, lysine
decarboxylase and hydrolysis of starch. Genes
could not be detected for nitrate reductase or
the genes for the complete denitrification
pathway, ornithine and adenine
decarboxylase, arginine dihydrolase, and
therefore such traits were considered
negative. The MAG encoded for genes for
flagella assembly, indicating putative motility.

Argentina

La pampa
26/08/2019
Brines
22/08/2019
38°22'47.2"'S
63°25'42.6"0
15

GCA_947077715™

Draft — 98% completeness

3.09

65.53

2

Brines

Permit from the Ministerio de la Produccién
given to M. E. Llames on Aug 13st, 2019
ROFF™

SAMEA12118482
seqco.de/i:23671

a.bys’si. L. gen. n. abyssi, of a bottomless pit,
referring to lake Fard Fund (‘without bottom”)

The MAG encoded for oxidase, catalase, lysine
decarboxylase and hydrolysis of starch. Genes
could not be detected for nitrate reductase or
the genes for the complete denitrification
pathway, ornithine and adenine
decarboxylase, arginine dihydrolase, and
therefore such traits were considered negative.
The MAG encoded the genes for flagella
assembly, indicating motility.

Romania
Transylvania
01/04/2019
Brines
01/04/2019
45°52'34'N
24°04'03"E
420

GCA_947077815™

Draft — 90.2% completeness
3.02
66.1

1
Brines

ARCCH™

SAMEA111452366
seqco.de/i:23670

D 39 JOMIA L
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Fig. 2. Genomic diversity among Salinibacter species assessed by ANI and shared genome fraction. The shared genome fraction (y-axis) is plotted against ANI
(x-axis) of pairwise compared genomes between strains affiliated to Salinibacter ruber and the other species belonging to Salinibacter genus. The graphs to the top
and right of the panel show the kernel density estimates for each axis (distribution of the datapoints).
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Fig. 3. Pangenome comparison of Sal. pepae genomes. The top panel shows the mean, median, 95% empirical confidence interval of permuted values, and the
model fit for each of three curves showing the total non-redundant genes in the pangenome (in red), total number of core genes (in blue), and total number of
isolate-specific genes (in orange; y-axis) plotted against the number of genomes sampled (x-axis). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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transporters, TonB-dependent receptors and phage integrase genes
(Sup. Spreadsheet S6). The enrichment of glycosyltransferases and
the presence of sulfotransferases resembled our observations with
Sal. ruber M8, where genes of similar functions were linked to physio-
logical advantages in tolerating different salinities (Pena et al., 2010).
The glycosyltransferase genes could thus be associated with cell
osmoregulation and their adaptability to adapt to changes in salinity
(Luley-Goedl and Nidetzky, 2011), an important environmental driver
in salterns.

Another relevant feature among the Salinibacter species is the pres-
ence of rhodopsins. Sal. ruber was the first cultivated member of the
bacterial domain from salterns in which the presence of these non-
chlorophyllic photosynthetic genes were detected (Pena et al,
2005). All members of the Salinibacteraceae family carry xan-
thorhodopsin, a special rhodopsin lineage first detected in Sal. ruber
(Balashov et al., 2005) and later detected in other cultivated (e.g.,
Vollmers et al., 2013) or yet uncultivated (Boeuf et al., 2021) bacteria.
In addition, Sal. ruber exhibits a high variability in terms of numbers
and kinds (i.e., sensory rhodopsins, halorhodopsins and xan-
thorhodopsins) of rhodopsins (Pena et al., 2010; Viver et al., 2018).
As typically for the genus, all new isolates also encode one copy of a
xanthorhodopsin gene, but that was the only rhodopsin detected in
the genome (strain ESSP84 was an exception) of Sal. pepae that
encoded one additional halorhodopsin gene (Sup. Spreadsheet S7).
Therefore, the frequency of rhodopsins in the genome seems to
distinguish Sal. ruber from the new species described here that only
code for the xanthorhodopsin (Sal. grassmerensis, almost all Sal. pepae,
Sly. iranica and Slv. lutea) or for an additional sensory rhodopsin
(Sal. altiplanensis). This versatility might also be related to the
ecological dominance of Sal. ruber over its coexisting close relatives.

Altogether, 15 CRISPR spacers with different nucleotide sequences
were identified within Sal. pepae (Sup. Spreadsheet S8). All encoded
for the Type I-E CRISPR-Cas system, but isolate USCM187 additionally
encoded a Type III-B. It was remarkable that all CRISPR spacers pre-
sent in the strains isolated from Great Salt Lake were also present in
one or more of the strains isolated from the Spanish salterns (s’Avall,
Es Trenc and Santa Pola). Also, some spacers were shared between
the Santa Pola and the Mallorca isolates. This might indicate that
either these strains had been infected by similar viral populations
and these viruses are common between locations, or the infection
occurred before dispersal of the strains or in their immediate ancestors
(Villamor et al., 2018; Viver et al., 2018). Sal. grassmerensis NZ140"
encoded Type I-C and Type I-E CRISPR-Cas system, with unique
CRISPR spacers among the Salinibacter genomes (Sup. Table S3).

Phenotypes of the cultivated new species

For a standardized description, we proceeded with the classical
phenotyping of Salinibacter species as done in the past (Anton et al.,
2002; Makhdoumi-Kakhki et al., 2012; Viver et al., 2018). The pheno-
typic properties of Sal. pepae and Sal. grassmerensis are summarized in
Table 5. All strains formed red-pigmented colonies with optimum
growth at 30 °C and pH 7. Interestingly, the salinity optimum (w/v)
of both new lineages ranged between 15% and 20% (w/v), which
was lower than those of Sal. ruber and Sal. altiplanensis, which range
between 20% and 25%. Cells were motile curved rods (Fig. 4 and
Sup. Table S4). All Salinibacter strains were positive for catalase and
oxidase, lysine decarboxylase, and hydrolysis of Tween 80; and nega-
tive for anaerobic growth with DMSO, arginine dihydrolase and
ornithine decarboxylase activities, indole production, Voges-
Proskauer, methyl-red, production of H,S, hydrolysis of DNA and
casein and in the acid production from maltose, glucose and lactose.
Variable traits between Sal. pepae isolates were the hydrolysis of
Tween 20, starch and gelatin. Sal. grassmerensis NZ140" was negative
for the hydrolysis of Tween 20 and positive for starch. The strains of
Sal. pepae CM04 and CZ16 grew with most carbon sources tested
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(Table 5). Interestingly, Sal. grassmerensis NZ140" grew with all carbon
sources tested.

The fatty acid profiles (Table 6) of the new strains were in concor-
dance with the strains of Sal. ruber and Sal. altiplanensis species (Ant6n
et al., 2002; Viver et al., 2018), being the summed feature 31 (measure
that cannot be disaggregated and sums the two fatty acids, iso-Cs.o 2-
OH and/or Ci6:1 ©7t), C1s:1 ®7c and iso-C;s.,o the major compounds.
However, we identified a large number of fatty acids of Sal pepae
not identified in the other strains of the Salinibacter species, including
Ci3.0 3-OH, i50-C14.0, C15.1 ©6¢, Ci6.0 10-methyl, cyclo-C;7.o, is0-C17.1
w7c, iSO-C17:o, C17:1 »8c, C17:1 wbe, C17:0, iSO-C](,:o 3-OH and C]g:o.
The fatty acids Cy7.0 2-OH and Cis.o were identified in the majority
of Sal. pepae isolates and in Sal. grassmerensis NZ140". We did not iden-
tify any species-specific fatty acid profile.

Metabolomics of the cultivated species

High-throughput metabolomics has discriminated biogeographi-
cal patterns (Rossello-Mora et al., 2008), growth conditions (Brito-
Echeverria et al, 2011), and helped distinguishing wild and
laboratory-adapted types of Salinibacter (Antén et al., 2013). To
our knowledge, this will be the first report on the application of
ICR-FT/MS-based metabolomics to taxonomic descriptions. For sta-
tistical reasons, the analyses were only applied to the three species
with at least 3 available isolates (i.e., Sal. ruber, Sal. altiplanensis and
Sal. pepae). The Sal. grassmerensis NZ140T metabolome was not
included in the comparative analysis, as the single isolate available
for this species would not provide statistically robust results.
Accordingly, its metabolome was only used to compare with the dis-
criminative metabolites identified for Sal ruber, Sal. altiplanensis and
Sal. pepae. The water-soluble and water-insoluble (but methanol sol-
uble) cellular fractions at the exponential phase rendered a total of
25,244 signals, ~ 17,000 of which were unique of each fraction and
isolate and were not considered for our study. On the other hand,
8,218 signals (4,789 for the water-soluble and 3,429 for the -
insoluble fractions) were shared between strains and were consid-
ered for the statistical analyses. Among them, 3,460 signals could
be annotated according to CHNOPS compositions using their masses
(42% of the total; Sup. Spreadsheet S9 and S10). A core metabo-
lome of 1,484 annotated metabolites was shared by all members
of the genus (Sup. Figure S4).

The core metabolome (Fig. 5A) was formed by a total of 463 and
567 molecular compositions from the water-soluble and water-
insoluble cellular fractions, respectively. The chemical compositions
derived from exact masses covered two main areas in van Krevelen
diagrams representative of chemical classes in the elements CHO,
CHNO, CHOS and CHNOS that corresponded to diverse fatty acids
and glycosylated compounds. The former correlates with the common
Salinibacter profiles shown above, and the latter with the conspicuous
occurrence of glycosyltransferases in their genomes (Pena et al., 2010;
Conrad et al., 2022). Both fractions showed a similar distribution of
representative molecular compositions of saturated and polyunsatu-
rated fatty acids (Fig. 5A, left panel). A greater number of fatty acids
(~ 155 compounds) were common between the three species (Sup.
Figure S5, inserted Venn diagram). Moreover, about 112 and 84 differ-
ent fatty acids were found specific to core metabolites of the water-
soluble and water-insoluble fractions, respectively (Figure S5, inserted
Venn diagram). The core fatty acid profiles in the water-soluble frac-
tions were dominated by saturated, mono-, di- and tri-unsaturated
fatty acids, while water insoluble-fractions were dominated by polyun-
saturated fatty acids (mainly tetra-unsaturated fatty acids and more,
Sup. Figure S5). Besides, the water-insoluble fractions showed the
presence of specific oxygenated molecular compositions in van Kreve-
len diagram (compositional ratios 0.33 < O/C < 0.72 and 1.12 < H/
C < 2.23), mainly annotated to glycosylated-like compounds (Fig. 5A,
middle area in the right panel).
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Table 5

Diagnostic phenotypic characteristics. All strains showed a red pigmentation, optimum growth temperature at 30 °C, optimum growth pH 7, showed motility and gram-negatively staining. Positive tests for all strains were:
catalase, oxidase, lysine decarboxylase and hydrolysis of Tween80. Negative test for all strains were: anaerobic growth with DMSO, arginine dihydrolase and ornithine decarboxylase, indole production, Voges-Proskauer,
methyl-red, production of H2S, gas formation with nitrate, hydrolysis of DNA and casein, acid production from the carbohydrates maltose, glucose and lactose.

Sal. pepae Sal. Sal. ruber
grassmerensis
Isolates ESAV49™ ESAV87 ESCM2571 ESSP12 ESSP73 ESSP87 CMO04 CZ16 CZ17 CZ26 CZ33 DZ03 DZ04 UMI13 UZ07 USCM187 USCM25 USCM46 USCM88 NZ140" M31T M8

Optimum growth 15 15 20 15 15 15 20 15 15 20 15 15 20 15 15 15 15 15 15 15 20 20
salinity
Hydrolysis:
Tween20 + + + + + + + + + + - - - + + + + + + - + -
Starch - - - + + -
Gelatin - - - - - + + - - + + + + + - - - - - ND + +
Carbon sources
Tyrosine - - - - - - - - - - - — — — — _ — _ _
Tryptophan - - - - - - - - - — — - - - - _ _ _ _
Asparagine - - - - - - + - - - - - - - - - - — _
Alanine - - - — - - - - - - - _ — — _ _ _ _ _
Aspartate - - - + - - - - - - - - _ _ _ _ _ _ _
Proline - - - - - - +/- + - - - + — — — — _ _ _
Methionine - - - - - - - - _ — - - _ _ _ _ _ _ _
Glucose - - - - - + + + - + — - - — + — — _ _
Ribose - - - - - - - - — — — _ _ - _ _ _ _ _
Mannose - - - - - - - + - - - - — _ — _ _ _ _
Yeast + +
Fructose - -
Raffinose - -
Galactose - -
Cysteine - - + - - -
Lactose - - - - - -
Succinate - - + - - _
Malate - - - — - —
Lysine - - — — - -
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Fig. 4. Cell morphologies of Sal. pepae strain ESAV49™ and Sal. grassmerensis
strain NZ140". The bar scale indicates 10 pm.

The three species Sal. ruber, Sal. altiplanensis and Sal. pepae could be
distinguished by their metabolomes. The clustering based on metabo-
lite similarity (Sup. Figure S4) mirrored all reconstructed phylogenies
(Fig. 1) and the hierarchical clustering based on presence or absence of
orthologous groups (OGs) and AAI (Sup. Figure S2 and S3). In all
cases, Sal. pepae and Sal. ruber appeared closely related and distinct
from Sal. altiplanensis. When specifically focusing for the discrimina-
tive metabolites (i.e., significantly enhanced in their abundance but
not necessarily exclusive in comparison with the other groups) that
could be annotated (Fig. 5B, 5C, 5D), we observed 468 species-
specific metabolites for Sal. ruber, 632 for Sal. pepae and 704 of Sal
altiplanensis. In fact, the main classes of differentiating compounds in
both fractions were generally related to saturated and unsaturated
fatty acids, fatty acyls and glycosylated-like compounds (Fig. 5). Both
fractions of Sal. pepae, Sal. ruber and Sal. altiplanensis were represented
by a high diversity of fatty acids, including saturated, mono-, di-, tri-,
tetra-, and more unsaturated fatty acids with up to 7 double bond
equivalent and 4 hydroxyl moieties (Sup. Figure S6). Sal. pepae was
mostly represented by a high number of saturated fatty acids (~ 39
compounds) followed by polyunsaturated fatty acids (~ 32 com-
pounds) composed mainly of tetra- and more unsaturated compounds
(Sup. Figure S6). Among the saturated fatty acids of Sal. pepae, 22 of
them were non-hydroxylated and 63 carried at least one hydroxyl moi-
ety in the fatty acyl chain. Accordingly, Sal. altiplanensis has the high-
est number of di- and tri-unsaturated fatty acids, whereas Sal. ruber
showed the lowest number of fatty acids compared to Sal. pepae and
Sal. altiplanensis (Sup. Figure S6). Besides, specific N-functionalized
fatty acyls (i.e., of CHNO-molecular compositions; Fig. 5C upper-left
brown shaded area in the diagram) were found only discriminant in
the water-soluble fraction of Sal. ruber. As an exception, the water-
soluble fraction of Sal. altiplanensis showed an increased number of
oxygenated compounds (composed of CHO-molecular compositions)
with the molecular ratios (i.e., 0.31 < O/C < 0.88 and 1.14 < H/C
< 2.11) that are characteristic of glycosylated-like compounds
(Fig. 5D middle blue shaded area in the diagram).

On the other hand, the water-insoluble fraction showed various dis-
criminating compounds that were different in their chemical composi-
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tion for each species covering a wide range of saturated and
unsaturated compounds (Fig. 5BCD, right-panel, red-shaded upper-
left area of the diagram). Specifically, we observed an important
distinct pattern regarding the distribution of oxygen-containing com-
pounds between Sal. pepae and Sal. ruber (Fig. 5B and 5C, right panel,
grey shaded middle area of the diagram). In fact, Sal. pepae and Sal.
ruber showed an increased abundance of oxygenated compounds over
a wide range of molecular ratios, namely (0.25 < O/C < 0.69) and
(0.6 < O/C < 1) probably specific for glycosylated-like compounds
and of their derivatives. By looking at the 20 most discriminating
metabolites per class in both fractions, Sal. pepae and Sal. altiplanensis
strains shared eleven metabolites (i.e., unsaturated CHO-based fatty
acids, sulfate-based unsaturated CHOS-based fatty acids and CHNO-
containing metabolites) in water-soluble fraction, while Sal pepae
and Sal altiplanensis pairwise strains shared only three unsaturated
CHO-based fatty acids in water-insoluble fraction (Sup. Spreadsheet
S9a and S10a). In contrast, Sal. pepae and Sal. ruber showed no common
metabolites with the pairwise strains, namely Sal. ruber/Sal. altiplanen-
sis and Sal. pepae/Sal. altiplanensis in water-soluble or water-insoluble
fractions, respectively. Overall, the variance in the chemical composi-
tions of the studied cellular fractions demonstrated the uniqueness of
its metabolome quality in relation to the used strains.

The metabolome of Sal. grassmerensis NZ140" was similar in chem-
ical composition with that overall observed for Sal. ruber, Sal. altipla-
nensis and Sal. pepae. Despite Sal. grassmerensis was only represented
by NZ140", which does not allow for statistical comparisons, we inves-
tigated here the pairwise comparison of the discriminating compounds
of Sal. ruber, Sal. altiplanensis and Sal. pepae with the total assigned
compounds of Sal. grassmerensis NZ140" in either water-soluble or
water-insoluble fractions. The count of assigned compounds (in %)
shared with the discriminating compounds in each species (when com-
paring pairs of data) was as follow 47% (Sal. ruber), 38% (Sal. pepae)
and 35% (Sal altiplanensis) (Sup. Figure S7). In the water-insoluble
fraction, the count of assigned compounds (in %) of Sal. grassmerensis
NZ140" that correspond to the discriminating compounds of Sal. ruber
and Sal altiplanensis were two-fold higher than those of Sal. pepae
(Sup. Figure S7, bottom panels) covering an extensive range of satu-
rated and unsaturated molecular ratios (i.e., 1.37 < H/C < 2.11 and
0.09 < 0/C < 0.3). In the water-soluble fraction, the count of assigned
compounds (in %) of Sal. grassmerensis NZ140T shared with the dis-
criminating compounds of Sal. ruber and Sal. pepae covered similar
but distinct areas of saturated and unsaturated compounds (~ 28%)
in van Krevelen diagrams (Sup. Figure S7, top left panel and top mid-
dle panel). In contrast, a specific class of glycosylated-like compounds
(~ 14%) primarily composed of CHO-containing compounds was com-
mon only between Sal. grassmerensis NZ140" and the discriminant
compounds of Sal. altiplanensis (Sup. Figure S7, top right panel). The
overall metabolome was typical for the genus, but the composition
demonstrated to be unique compared to the other species, a fact that
still would require further investigation with additional strains.

A deeper study of the annotated compounds (Sup. Spreadsheet S9
and S10) will be necessary to discern the different isomers that each
mass could be related to, and probably would need some additional
experimentation. However, at a first glance the approach seems
promising as metabolomically we can discriminate the three cultivated
species with multiple strains. Altogether, this high-throughout
approach is feasible and should be further implemented in taxonomic
studies to evaluate its usefulness to overcome the simplicity of the cur-
rent phenotyping practices in most taxonomic studies which address
biochemical properties, often based on commercial kits, with of irrel-
evant phenotypic and chemotaxonomic tests that add little insight into
the biology of the taxon under study (Sutcliffe et al., 2021). The advan-
tage of these high-throughput methods is that, as occurs with MALDI-
TOF, they generate absolute molecular mass/abundance information
that can be accumulated in databases and may serve long time as
source for analysis and discrimination (Rossell6-Mora, 2012).
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Table 6
Long-chain cellular fatty acid composition of the described isolates of genus Salinibacter.
Sal. pepae Sal. grassmerensis ~ Sal. ruber Sal. altiplanensis
Fatty acid CZ16 CZ17 CZ26 CZ33 CM04 UM13 DZ04 DZ03 UZ07 USCM25 USCM187 USCM46 ESSP73 ESSP87 ESSP12 ESAV49'™ ESAV87 USCM46 USCM88 NZ140" M31" M8 SP273 ST67 AN4 AN15" LL19
Unknown 13.565* 0.6 0.5 0.4 1.4 1.0 06 0.6 0.4 - - 0.7 0.6 0.4 0.9 - 0.4 0.5 0.9 - - 0.8 - - - - 1.7 -
Unknown 14.263* - - - - - - - - - - - - - - - - - 0.5 - - - - - - - - -
— — — — — — — — — — — — — - — 0.7 - — — - — - — — — — —
- - - - - - - - - - 0.2 - - - - - - - - - - - - - - - -
0.4 0.5 0.3 - 03 04 - - 0.8 - 0.8 - - - - 0.4 0.5 0.5 - - - - 1.2 - - - -
185 202 262 244 224 215 191 228 242 213 20.3 21.5 23.3 24.4 20.7 21.0 20.0 225 233 22.3 238 277 236 273 216 214 235
antesio-Cys0 40 48 5.1 5.3 51 49 36 4.2 5.2 5.1 46 4.6 5.3 5.9 4.0 5.1 4.6 4.3 45 35 3.6 46 43 34 - 44 5.8
Ciso 1.1 1.2 09 08 09 - 1.1 1.1 0.9 0.8 0.6 1.1 1.3 0.7 1.2 0.7 0.5 0.7 1.0 0.8 - - - - - - -
Cisa 06C - - - - - - - - - - - - - - - 0.5 - - - - - - - - - - -
is0-Ci:0 2.9 2.5 30 39 35 27 34 3.3 3.0 3.3 6.3 3.3 2.6 2.6 3.4 3.3 3.1 2.1 4.0 3.0 - - 1.8 - 22 - 2.3
Ciga ®5¢ 1.3 0.3 04 08 07 1.9 1.4 - - 0.6 1.1 1.1 - - 0.8 0.9 0.7 1.3 - - - - - - - 1.8 -
Cieo 4.7 4.0 46 42 45 41 5.8 4.8 3.3 3.9 3.1 4.0 3.7 41 5.6 25 3.1 4.2 4.1 2.1 6.2 54 44 80 41 48 3.8
Cig:0 10-methyl - - 2.0 - - - - - 2.8 - - - 2.2 1.5 2.4 - 1.0 - - - - - - - 20 - -
Unknown 16.582*  — - 0.4 0.5 04 - - - - - - - - - - - - - - - - - - - - - -
cyclo-Cy7:0 - - - - - - - - 1.9 - - - 1.7 1.3 1.4 - - - - - - - - - - - -
i50-C171 ©7¢C 1.9 0.8 1.9 22 1.0 21 1.6 - 1.2 3.4 2.0 - 2.0 1.4 2.4 - 1.9 1.8 - - - - - - - -
i50-C17:0 0.5 0.8 1.0 1.0 08 - 0.7 0.7 0.7 0.9 0.6 0.8 - - - 0.5 0.4 - 0.7 - - - - - - 25 -
antesio-Cy7.0 1.6 2.1 20 22 24 08 1.8 1.7 1.8 3.1 2.0 1.9 1.1 - - 1.4 1.1 1.2 1.5 1.7 - - - - 1.8 17 -
Ci7a 08¢ 1.1 0.5 0.5 0.5 07 1.2 1.3 0.6 0.7 0.5 1.1 0.6 - - - 0.5 - 15 0.5 - - - - - - - -
Ci7a w6C 2.0 1.9 1.4 1.3 1.7 17 1.5 1.4 - 1.4 1.6 1.7 - - - 1.5 1.3 2.2 1.4 - - - - - - - -
Ci70 0.7 0.8 0.7 0.6 08 - 0.6 0.8 - 0.5 - 0.7 - - - - - - 0.5 - - - - - - - -
is0-C16,0 3-OH 1.3 Tr - - - Tr. 24 - - - Tr. - - - - - - 2.0 - - - - - - - - -
Ciga 07¢ 208 212 202 192 184 225 183 237 200 206 17.8 21.1 227 25.4 19.8 21.9 22.5 16.3 21.3 24.1 27.3 236 245 214 254 181 18.9
Cigo 0.8 0.9 0.8 - - 1.2 1.2 - - - 1.0 1.0 - - - - - 1.4 - - - - - - - - -
is0-C17,0 3-OH 2.7 2.8 47 31 34 25 3.0 3.6 2.0 3.3 3.1 3.0 3.4 2.9 3.8 3.0 3.6 3.0 3.0 3.5 3.6 32 40 3.1 42 36 3.5
Ci7:0 2-OH 1.0 1.4 1.5 1.1 09 1.2 0.8 1.3 0.7 1.3 1.1 1.1 1.3 1.3 1.0 1.2 1.6 1.0 1.0 1.1 - - - - - - -
Cigo 3-OH Tr. - - - - - - - - - - - - - - - - - - - - - - - - - -
Summed feature 3f 321 237 253 281 302 317 312 280 318 313 30.6 30.8 307 29.0 32.9 32.2 30.8 32.4 30.6 35.4 30.1 356 309 367 383 369 39.8

*Unknown fatty acid; numbers indicate equivalent chain length.
T Fatty acids that could not be separated by GC using the Microbial Identification System (Microbial ID) software were considered summed features. Summed feature 3 contains C;s.o iso 2-OH and/or C6.1 @7t
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Fig. 5. Van Krevelen graphical presentation of the core metabolomes (A), and the discriminative metabolomes of Sal. pepae (B), Sal. ruber (C) and Sal. altiplanensis
(D). The Van Krevelen diagram (H/C versus O/G) is based on all discriminating m/z values independent of their origin but colored only as a function of their
attributed elementary composition (CHO, blue; CHON, orange; CHOS, green; CHONS, red). The metabolomes were analyzed using the water-soluble (left panel)
and water-insoluble (but methanol soluble, right panel) fractions of all samples, and the species-discriminative metabolites are given in Supplementary
Spreadsheet Tables S9 and S10, respectively. The shaded areas correspond to: purple - polyunsaturated fatty acids (PUFA); brown — fatty acyls (N-based molecular
compositions; FA); red — Saturated and unsaturated compounds; light blue —glycosylated compounds, light grey — oxygen containing compounds.
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MAGs of uncultivated Salinibacter species

The number of contigs of each assembly, assembly size and data
quality of the MAGs of Sal. abyssi ROFF'® and Sal. pampae ARCCH"®
and ARCG are provided in Table 2. The ANI between Sal. pampae
ARCCH™ and ARCG was 99.39%, indicating that both MAGs belong
to the same species (Richter and Rossell6-Mora, 2009). MAGs of the
two species showed ANI values < 91.48% and AAI < 91.99% among
themselves and with type strains of other Salinibacter species (Table 3).
The 16S rRNA gene was binned as part of the Sal. abyssi ROFF™ MAG
but not for Sal. pampae ARCCH™ or ARCG MAGs. Based on phyloge-
netic affiliation, sequence coverage, and the concordance with the
phylogenomic reconstructions, we could confidently assign a non-
binned 16S rRNA gene sequence to their corresponding MAGs
(Fig. 1 and Sup. Figure S8). The procedure of the 16S rRNA gene
assignment is described in Sup. Text S2.

According to KEGG metabolic reconstruction, we identified the
genes for the central carbohydrate metabolism pathways, including
the complete glycolysis, gluconeogenesis, pyruvate metabolism, the
TCA cycle (Krebs cycle) and the pentose phosphate pathways. Most
ribosomal proteins and flagella genes were also recovered as part of
the MAGs (Sup. Table S5). In comparison with the phenotypic traits
used to diagnose cultured Salinibacter species (Table 5), the MAGs con-
tain genes for oxidase, catalase and lysine decarboxylase activities, as
well as starch hydrolysis. Genes that were not detected included the
nitrate reductase, other genes for denitrification, ornithine and ade-
nine decarboxylase and arginine dihydrolase. Therefore, such traits
might be considered negative, although the possibility that the genes/-
functions are present but not recovered as part of the MAG cannot be
excluded until the genome is closed.

From a total of 2,705 proteins predicted in Sal. abyssi ROFF™, we
identified 133 not encoded in any of the other genomes of the family
Salinibacteraceae. After annotation with TREMBL database, 30 proteins
were not annotated (no match identified using TREMBL, UniProt and
KEGG databases) and 32 were annotated as uncharacterized proteins
(Sup. Spreadsheet S11). The remaining species-specific genes mostly
encoded for poorly characterized functions, but we were able to iden-
tify several phage tail proteins, membrane transporters (as ABC trans-
porters and sodium-independent anion transporter) and chaperonins
among them. From a total of 2,837 proteins predicted in Sal. pampae
ARCCH™ and 2,903 predicted in ARCG, in the pangenome analysis
we identified 47 species-specific proteins against other genomes of
the Salinibacteraceae family, 133 ARCCH™-specific genes and 137
ARCG-specific genes. Based on protein annotation using TREMBL data-
base, 80 of the 317 specific genes to Sal. pampae were not annotated
(no match identified using TREMBL database) and 58 annotated as
uncharacterized proteins. The remaining species-specific genes
encoded poorly characterized functions, but we were able to identify
several glycosyl- and methyltransferases associated with membrane
transport (i.e., potassium transporter TrkH, TRK potassium uptake
and ABC transporters) and a ParA gene among them (Sup. Spreadsheet
S12 to S14). Similar to the majority of Salinibacter species (Pena et al.,
2010; Viver et al., 2018), Sal. abyssi and Sal. pampae only encoded one
copy of each sensory rhodopsin, xanthorhodopsin and halorhodopsin.
Sal. abyssi ROFF™ encoded for CRISPR spacers but the CRISPR-Cas sys-
tems were not found in the recovered MAGs. The sequences of the
CRISPR spacers were also identified in the genomes of Sal. pepae
(ESSP87, USCM187 and CM04; Sup. Spreadsheet S8), indicating that
closely related viruses are present in the locations from which we
recovered Sal. pepae genomes, or the viral infection occurred before
dispersal. Sal. pampae did not contain any CRISPR-Cas system.

Environments and biogeographic distribution of Salinibacter species

As shown in Table 1, the salinities of the samples from which the
genomes were recovered from ranged from ~ 30%, in Fara Fund,
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to ~ 40%, in Santa Pola, and NaCl was the major type of salt in all sam-
ples. The ionic composition of the different brines was as expected for
their origin (Oren, 2002; Decampo and Jones, 2014). Specifically, the
three Mediterranean coastal salterns, S’Avall, Es Trenc and Santa Pola,
showed a typical ionic composition generated by the concentration of
seawater due to evaporation with dominance of sodium (between 62
and 76 g/L) and chloride (between 176 and 217 g/L), and nearly
equivalent concentrations of magnesium (between 20 and 60 g/L).
Similarly results, but higher proportion of magnesium salts, were
observed in the coastal Lake Grassmere (46.9 g/L), which has also a
marine origin. On the other hand, in the inland hypersaline sites such
as Great Salt Lake, Laguna Colorada Grande, Laguna Colorada Chica
and Farad Fund, in which salts are probably originating from the disso-
lution of underlying diapiric rocks, sodium (between 106 and 119 g/L)
and chloride (between 178 and 196 g/L) were more abundant than
magnesium (between 0.4 and 17.8 g/L) or sulphate (between 1.5
and 51 g/L), which accounted for a very minor proportion.

The ionic composition, together with the environmental conditions
(climate, human manipulation of the semiartificial solar salterns, etc.,)
and the geographical distances, ranging from 350 Km to 19,500 Km
along our sampled sites (Sup. Figure S1), must have an influence on
the microbial community structures, and therefore on the occurrence
of Salinibacter species. To assess the impact of these factors on the bio-
geography of the species studied here, we performed a competitive
read mapping using as references the genomes of the type strains of
all previously known and newly proposed here Salinibacter species
against the metagenomes of the eight hypersaline sites from where
the new species were retrieved (Fig. 6). Conspicuously, Sal ruber
and Sal. pepae were present in all samples, and therefore, they repre-
sent the geographically most widely distributed species. Both always
coexisting, Sal. ruber always with abundance 2 to 5 times higher than
Sal. pepae (Fig. 6). As speculated above, the larger pangenome of Sal.
ruber may partly account for this ecological success. Contrary, Sal. alti-
planensis was neither recruited in any of the metagenomes used here
nor in any of the large collection of samples studied previously based
on amplicon sequencing, even in the samples from where it was iso-
lated (Mora-Ruiz et al., 2018), and despite the fact that Sal. altiplanen-
sis was the only member of the family cultivated from these samples
(Viver et al., 2018). The three additional new species described here
represented the most abundant Salinibacter populations in their envi-
ronments of origin. Sal. grassmerensis, with a relative abundance of
3.7% in the Lake Grassmere (New Zealand), was additionally detected
in Es Trenc (Spain) with a relative abundance of 0.021% (Fig. 6). Sal.
abyssi with a relative abundance of 18.9% in Fara Fund, also recruited
reads with high identity (> 95%) in the metagenomes from S’Avall, Es
Trenc, and Great Salt Lake, with a relative abundance of 0.81%, 0.26%
and 0.11%, respectively, but was not detected in the Argentinian sam-
ples. Finally, Sal. pampae represented the dominant Salinibacter with a
relative abundance of 18.9% and 1.9%, in the Laguna Colorada Chica
and Laguna Colorada Grande respectively, and was also detected in
S’Avall, Es Trenc and Great Salt Lake samples (Fig. 6), and not detected
in the Romanian sample.

We could not observe a pattern that would be related to the ionic
composition of the samples. Sal. ruber and Sal. pepae always coexisted
in all samples, and the new species detected that were dominant in
their own original environment did not follow any ionic pattern nei-
ther. For instance, Sal. ruber and Sal. pepae occurred in all studied envi-
ronments and were the dominant bacterial species in the
Mediterranean salterns (high sodium content) and in the Great Salt
Lake which magnesium content is much lower. Therefore, these major
salts appear to not play an important role for the occurrence of at least
these two species. Conspicuously, the three new species Sal. grass-
merensis, Sal. abyssi and Sal. pampae, besides dominating in their
own samples, were also detected in the salterns of Mallorca, but not
in the other samples. One of the explanations of the co-occurrence of
all species described here could be due to an efficient dispersal
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Fig. 6. Read-recruitment approach to identify and track Salinibacter species in metagenomic samples. Each line represents a metagenomic sample from where the
isolates or MAGs used for the new Salinibacter species characterization were retrieved. The columns represent the different Salinibacter species and the type
material genomes used for recruitment of metagenomic reads. Note that we considered the recruited reads representing the type material genome (reference
genome) as reads mapping between 95 and 100% similarity (dark blue) and the reads representing different Salinibacter populations are represented by reads
mapping at < 95% similarity (light blue). Each individual recruitment plot shows the sequencing depth (SD) or coverage (y-axis) of the genome (x-axis) by reads
representing the genome (dark blue) and the remaining populations (light blue). The sequencing breadth (SB) estimates the proportion of genome that has been
mapped by metagenomic reads. Relative abundance (RA) indicates the percentage of metagenomic reads mapping to each Salinibacter genome. Black squares
indicate the sample from where the type strains or MAGs were recovered. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

through the oceanic waterbodies in where the Salinibacter strains could
be transported in a dormant state through geological time scales and
then concentrated in the salterns by the cyclic man-powered seawater
feeding. These observations would be also supported by the fact that
we found all CRISPR spacers of Sal. pepae from the isolates of Great
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Salt Lake, and from Sal. abyssi MAG in one or more of the strains from
the Spanish salterns. However, the lack of detection of the Sal grass-
merensis, Sal. abyssi and Sal. pampae in the Santa Pola salterns, is not
consistent with the abovementioned hypothesis as this location is
the closest to the Mallorca salterns among all other sites studied.
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Table 7
Difference alignments of probe target sites.
Organism Probe Probe sequence (5'-3') rRNA target pos. (E. coli numbering) Ref.
Sal. altiplanensis SalAl174 ACCGUACGUCGUCUGGAC 16S, 174-192 This study
Sal. abyssi SalAb598 UCGGAGGUGAAAGUCCAU 16S, 598-616 This study
Sal. grassmerensis SalGr152 AUCACGGGAAACUGUGGC 16S, 152-170 This study
Sal. pampae SalPa1448 UACGUUCAGAGCGAGACG 16S, 1448-1466 This study
Sal. pepae SalPe460 UAGCUUCAGAGCGAGACG 16S, 460-478 This study
Sal. ruber SalRu183 GAUCCCGCAUGGGGACCA 16S, 183-201 This study
Salinibacter genus EHB412? ACACCCCUAUGGGGCGUA 16S, 414-432 Antén et al., 2000
Sal. ruber (EHB-1) EHB586" GGGCAGCAAGUCGGAUGU 16S, 588-606 Antén et al., 2000
Sal. ruber (EHB-2) EHB1451° AGCCGGAGGGAGAGCGGC 16S, 1452-1470 Antén et al., 2000
Sal. altiplanensis EHB130" AGACAACCUGCCCAAAAG 16S, 126-155 Viver et al., 2018

Therefore, one possibility is that these new species are part of the rare
biosphere (Pedrés-Alié, 2007). Also, the particular flow dynamics of
the waterbodies of the Western Mediterranean waters could effectively
physically isolate the two coastal sites from each other (Barcel6-Llull
et al., 2019). The presence of the new species in coastal sites as well
as inland lake in Romania or Argentina is also challenging to explain
but, as we have demonstrated previously, migrating birds could effec-
tively transport actively growing extreme halophile communities
between distant sites (Brito-Echeverria et al., 2009). More samples
from other hypersaline sites and additional isolates of Salinibacter from
around the world will shed light on the dispersal patterns of these
extreme halophiles in the future. It should be pointed out that the pre-
sent study is just a snapshot of a single time and site of the hypersaline
environments, and that the physicochemical dynamics influence on
the relative occurrence and dominance of distinct species and sub-
species units in such environments (Viver et al., 2021), and perhaps
what has not been detected based in the current sampling, may show
increased abundances under other environmental conditions.

Probe design for future studies

For further ecological studies we have explored the currently avail-
able SILVA SSU Ref99 138.1 database, curating it to retain the best
sequences of almost full length and high SILVA quality scores
(Pruesse et al., 2007), to provide specific probes for the new species.
For each of the new species, we selected the best probe that theoreti-
cally will give enough specificity to identify and quantify them using
fluorescence microscopy, southern blots or any other technique that
would require specific oligonucleotide sequences. The resulting
sequences are given in Table 7 and Sup. Spreadsheet S15, together
with the previously designed probes for the Salinibacter genus (EHB),
Sal. ruber (EHB-1), the second Sal. ruber phylotype (EHB-2) and Sal
altiplanensis. The designed probes could be used in the future to iden-
tify and study morphology in environmental samples.

Concluding remarks

In summary, combining cultivation with metagenomics allowed us
to better characterize the taxonomic diversity of Salinibacter compared
to what would have not been feasible based on cultivation alone. On
the other hand, the wuse of high throughput genome- and
metabolomics-inferred phenotypes allow a fine-tuned comparison of
strains for descriptive purposes, with the advantage compared to alter-
native phenotypic methods (e.g., biology plates), that produced data
can be obtained (and re-analyzed) from the public databases
(Rossell6-Moéra and Amann, 2015). Only time will reveal whether
naming uncultivated prokaryotes under the SeqCode (Hedlund et al.,
2022), and the use of high-throughput phenotyping methods for culti-
vated strains (Rossell6-Moéra and Amann, 2015), will become popular.
Our results presented here shows that these approaches have signifi-
cant advantages over traditional methods for the same purposes.
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Sampling permits

The samples from S’Avall, Es Trenc and Santa Pola were taken in
accordance with the permit ESNC27, with the unique identifier
ABSCH-IRCC-ES-241224-1 that has been provided by the Direccién
General de Biodiversidad y Calidad Ambiental del Ministerio para la
Transicién Ecoldgica of the Spanish Government. The samples of the
Pampa region were taken under the permit of the Direccién de Recur-
sos Naturales of the Argentinian Ministerio de la Produccién given to
M. E. Llames under the umbrella of the project Microplayers on macro
roles: functional patterns of microbial communities in shallow lakes. The
sample of the Great Salt Lake was permitted by the state of Utah.

Data availability

All data is publicly available in research repositories.
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