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The Bagno dell’/Acqua lake is characterized by CO, emissions, alkaline waters
(pH = 9) and Eh values which indicate strongly oxidizing conditions. A typical
feature of the lake is the presence of actively growing microbialites rich
in calcium carbonates and silica precipitates. Mineralogy, petrography and
morphology analyses of the microbialites were coupled with the analysis of
the microbial community, combining molecular and cultivation approaches.
The DNA sequencing revealed distinct patterns of microbial diversity, showing
pronounced differences between emerged and submerged microbialite,
with the upper layer of emerged samples exhibiting the most distinctive
composition, both in terms of prokaryotes and eukaryotes. In particular, the
most representative phyla in the microbial community were Proteobacteria,
Actinobacteriota, and Bacteroidota, while Cyanobacteria were present only with
an average of 5%, with the highest concentration in the submerged intermediate
layer (12%). The role of microorganisms in carbonate mineral formation was
clearly demonstrated as most of the isolates were able to precipitate calcium
carbonate and five of them were characterized at molecular level. Interestingly,
when microbial isolates were cultivated only in filtered water, the precipitation
of hazenite was observed (up to 85%), opening new prospective in P (phosphate)
recovery from P depleted environments.

KEYWORDS

biomineralization, alkaline lake, microbialites, pantelleria, phosphate trapping, hazenite

1 Introduction

The world is facing an unprecedented climate crisis, and carbon emissions are a major
contributor to temperature increase. Identifying new carbon sinks is a major asset for
climate change mitigation (IPCC, 2022) and new carbon capture technologies are required
(Bajpai et al., 2022). In this context, microorganisms, thanks to enzymatic activities such as
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urease, carbonic anhydrase and Rubisco, can mediate the Microbial
Induced Carbonate Precipitation (MICP) (Han et al, 2013),
contributing to carbon dioxide sequestration (Mitchell et al,
2010; Okyay et al., 2016). Recently, research activities focused on
harnessing the power of microbes for Next-Gen Carbon Capture
by the exploration of extreme CO;-rich environments. This aims
to isolate and characterize microorganisms that have evolved to
be exceptionally effective in capturing carbon dioxide (Chen et al.,
2021). The ability to rapidly form calcite could also be used
for biotechnological applications such as the removal of heavy
metals, metalloids, and cations like Ca?t from contaminated soil
and water.

An opportunity to deepen the understanding of carbon capture
and the role of those microorganisms in the biomineralization
process lies in the exploration of microbialites, which are a
type of organo-sedimentary rock formed when benthic microbial
communities promote the precipitation of authigenic minerals or
capture and bind detrital sediments (Moore and Burne, 1987).
Through microbially-mediated mineralization and recycling of
metabolites, bacteria are able to develop their own geological and
biological substrates, which enables these systems to adapt to
a wide range of environmental circumstances that have existed
throughout Earth’s history (Dupraz et al., 2009). Microbialites
constitute, therefore, a hot spot for CO; biomineralization, serving
as benthic sedimentary rocks composed of carbonate mud (particle
diameter < 5 um).

Microbialites may be associated with specific geological
settings, such as ancient reef or geothermal regions. Moreover,
these organo-sedimentary rocks are commonly located in shallow
aquatic environments such as lakes, lagoons, and coastal areas.
Among other environments, modern microbialites can be found in
hypersaline lakes (Pace et al., 2016; Bischoft et al., 2020), in crater
lakes (Zeyen et al., 2015, 2021), and in alkaline Lakes (Souza-Egipsy
et al., 2005), including the Bagno dell’Acqua lake, Pantelleria,
Italy (Cangemi et al., 2016). In particular, this latter site exhibits
extreme chemical-physical conditions, to the extent that it has been
proposed as a Martian analog (Baliva et al., 1999).

Environmental stability, encompassing factors like temperature
and water chemistry, proves crucial for the prolonged preservation
of microbialites (Warden et al., 2019). Abrupt changes in physico-
chemical conditions can disrupt the delicate equilibrium necessary
for microbialite growth. Additionally, prevalent characteristics of
sites hosting microbialites include elevated salinity and alkaline
conditions, the latter of which facilitates carbonate precipitation
(Reid et al., 2024).

The formation of microbialites is not completely understood,
but a recent study, comparing two sites in Western Australia
and the Bahamas, showed that microbialites are not created
equal, being the initial architecture determined by a dynamic
balance between extrinsic and intrinsic factors (Reid et al,
2024). Despite the focus on biomineralization was primarily
on the study of cyanobacteria, some studies provided evidence
of the involvement of heterotrophic bacteria in this process
(Doemel and Brock, 1974). It has become apparent that microbial
communities in microbialites showcase a wide diversity, with
members belonging to various taxonomic orders that can exhibit
similar metabolism, supporting an “alkalinity machine” (Saghai
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et al,, 2015). Thus, despite the long-held belief that stromatolites
primarily form due to the photosynthetic activity of cyanobacteria,
the discovery of anoxygenic photosynthesis in Chloroflexi, also
found in calcifying mats and stromatolites, has revealed the
significance of other non-phototrophic organisms in these systems
(Saghai et al., 2015; Cangemi et al., 2016). Carbonate precipitation
is primarily caused by microbial metabolic activity by three
main mechanisms leading to granule formation: (i) biologically
influenced mineralization, where mineral precipitation is favored
by nucleation on bacterially produced organic polymers (EPS).
In this case, the process occurs in a saturated solution and
does not require the cells to be metabolically active; (ii)
biologically controlled mineralization, where precipitation occurs
intracellularly and can occur under seemingly out-of-equilibrium
conditions; (iii) biologically induced mineralization, a process in
which certain bacteria, such as the ureolytic bacteria, contribute
to the formation of carbonate crystals through various metabolic
pathways (Gorgen et al,, 2021). In the complex structure of surface
microbialites, diatoms and cyanobacteria can produce cavities
(crypts) that contribute to the microenvironment architecture.
The growth of a microbialite, incorporating geochemically and
biologically induced or influenced precipitations, requires a
continuous influx of water to supply ions for mineral growth
(Webb and Kamber, 2011). The surface crypts allow the formation
of micro-niches conducive to the settlement of bacteria; it is
within these microsites that various metabolic processes mediate or
influence mineral precipitations (Riding, 2000).

In addition to carbonate precipitation, bacterial activity may be
involved in the biomineralization of other minerals, such as those
involving phosphorus (Sun et al., 2020). To date, co-precipitation of
dissolved phosphorus with calcite has been observed in numerous
shallow lakes worldwide (Danen-Louwerse et al., 1995). Given
that phosphorus is present in trace amounts in water, while
carbonate is a major component, there is competition between
phosphorus and carbonate for calcium ions. Consequently,
CaCO3-CaPOy co-precipitation requires appropriate conditions
of temperature, pH, and calcium-to-phosphorus ratio. Yang et al.
(2011) investigated the formation of a biogenic phosphate mineral,
hazenite, discovered on completely dried or decomposed green
algae (cyanobacteria) on porous calcium carbonate substrates
(mainly calcite and aragonite) or tufa, along the south shore
of Mono Lake (California, USA). Hazenite is a phosphate of
potassium, sodium, and magnesium and it was believed to
form under unique environmental conditions characterized by
high alkalinity, hypersalinity, and elevated pH, with significant
involvement of cyanobacteria. Recent studies define hazenite as the
first struvite-type compound containing two structurally distinct
monovalent cations (K and Na), indicating an exclusive role
of the biological activity in the mineralization process (Yang
et al, 2011). Hazenite has been observed for the second time
at the Belmaco Cave site (La Palma, Spain) (Fernandez-Palacios
et al, 2023). To date, these two sites appear to be the only
ones where this biomineral has been identified. To the best
of our knowledge, no evidence of PO4 precipitation has been
reported in deposits of carbonate mud such as microbialites in
oligotrophic environments, and no isolates were described to
promote hazenite precipitation.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1391968
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Mazzoni et al.

In the present study, in a CO; enriched alkaline environment,
molecular and cultivation techniques were employed for the
following objectives:

1) Analyse the microbial diversity in different layers of modern
microbialites. In particular, due to the increasing occurrence
of water scarcity in the Mediterranean and the consequent
changes in water level (Bayoumy et al., 2019), the objective was
to compare different layers of the microbialites under different
water availability (submerged vs emerged);

2) Isolate microbial strains in order to verify the active role of
non-phototrophic microorganisms in carbonate precipitation
in order to explore MICP could contribute to the overall
diagenesis of modern microbialites;

3) Investigate the capability of these microorganisms to co-
precipitate phosphates in order to verify the capacity of P
recovery from P depleted environments.

2 Materials and methods

2.1 Sampling

The alkaline lake Bagno dell’Acqua (Figures 1A, B) (Pantelleria
Island, Italy) is characterized by the presence of microbialites
along the entire shore. We collected emerged and submerged
partly consolidated microbialites samples (Figures 1C, D) from
the eastern shore of the lake (site 1 and 2 emerged and
submerged, respectively) into sterile tubes and maintained at 4°C
until they were brought to the laboratory. Additional fragments
microbialites were immediately frozen (—20°C). For the CARD-
FISH analysis other fragments were fixed in ethanol (50% final
concentration) (Fazi et al., 2007; Ramm et al., 2012) immediately
after collection and keep frozen (—20°C) until further processing.
All the microbialites fragments were collected by sterile disposable
tweezers by operators wearing gloves. All the samples appear
roughly laminated and poorly lithified varying in color. In
particular, for each sample three differently colored layers, hereafter
named: white upper (W), green middle (G), black lower (B),
were observed and selected to be analyzed for texture, mineral
assemblage and chemistry.

2.2 SEM-EDS and XRD

SEM-EDS and X-ray diffraction (XRD) analyses were used
to determine mineral and chemical components of bacteria
precipitates and microbialite layers. A descriptive (qualitative and
quantitative) approach was used to examine the microbialites
by making observations through Scanning Electron Microscope
SEM -EDS, FEI Quanta 400, at the SEM Laboratory of the Earth
Science Department, Sapienza University of Rome (Italy), in order
to obtain their morphological, compositional characteristics, and
biological evidences.

The microbialite samples were collected and immediately
stored in specific jar in order to avoid any contamination. In
the sedimentological laboratory of Earth Sciences Department of
Sapienza University of Rome, the sediment fragments were dried
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in ventilated oven and finally attached to 12.5 mm SEM stubs using
carbon tabs. The samples were then gold-coated using a Emitech
K550X sputter coater, with a routine cycle time for coating SEM
samples with conductive coating (5-15nm) of gold (Au) typically
<4min. SEM micrographs and EDS analysis were carried out
using a standardized method, with an accelerating voltage ranging
between 15 and 30 kV in high vacuum mode, hence the focus
was adjusted to match the change in working distance (~12 mm)
over the same range of the specimen and an improved image was
obtained, ranging between 10 and 200 pm resolution. SEM-EDS
were employed to obtain chemical analysis and microstructural
information, as well as a careful characterization of inclusions and
biological evidences.

1. The mineralogical assemblage of bacterial precipitates and 3
microbialite layers was determined by XRD analysis using a
Bruker D8 Advance X-ray system equipped with Lynxeye XE-
T silicon-strip detector at the Department of Earth Sciences,
Sapienza University of Rome (Italy). The X-ray system was
operated at 40 kV and 30 mA using CuKa radiation (A =
1.5406A°). The samples were X-rayed from 2 to 70°26, with
a step size of 0.02° 26 while spinning the sample. Bacteria
precipitates were hosted in Si-wafers to have a high signal-
to-noise ratio. Data were collected with variable slit mode
to keep the irradiated area on the sample surface constant
and converted to fixed slit mode for semiquantitative analysis.
Semiquantitative estimation of minerals was performed by
calculating peak areas and using mineral intensity factors as
calibration constants (Moore and Reynolds, 1997).

2.3 Cross kingdom 16S/18S rRNA gene
variable regions 48 (abeV48A) sequencing

Microbialite fragments was crushed by sterile spatula. DNA
was extracted from 1g of crushed microbialite fragments by
PowerSoil Isolation Kit (MoBio, Carlsbad, CA) according to
the manufacturer’s instructions. Amplicon libraries for the
archaea/bacteria/eukaryota 16S/18S rRNA gene variable regions
48 (abeV48A) were prepared using a custom protocol. Up
to 25 ng of extracted DNA was used as template for PCR
amplification, and each PCR reaction (50 wL) contained 0.5 mM
dNTP mix, 0.01 units of Platinum SuperFi DNA Polymerase
(Thermo Fisher Scientific, USA), and 500nM of each forward
and reverse primer in the supplied SuperFI Buffer. PCR was
done with the following program: Initial denaturation at 98°C
for 3min, 25 cycles of amplification (98°C for 30s, 62°C
for 20s, 72°C for 2min) and a final elongation at 72°C for
5min. The forward and reverse primers used include custom
24 nt barcode sequences followed by the sequences targeting
abeV48A: (515FB) GTGYCAGCMGCCGCGGTAA and (1391R)
GACGGGCGGTGWGTRCA (Apprill et al., 2015; Parada et al,
2016).

The resulting amplicon libraries were purified using the
standard protocol for CleanNGS SPRI beads (CleanNA, NL) with
a bead to sample ratio of 3:5. DNA was eluted in 25 pL of nuclease
free water (Qiagen, Germany). Sequencing libraries were prepared
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FIGURE 1

the three analyzed layers (2-W, 2-G, 2-B).

(A) Map of Italy with focus on the island of Pantelleria; (B) Satellite image reporting sampling locations labeled as 1 (emerged microbialite) and 2
(submerged microbialite); (C) emerged microbialite sample with the three analyzed layers (1-W, 1-G, 1-B); (D) submerged microbialite sample with

from the purified amplicon libraries using the SQKLSK114 kit
(Oxford Nanopore Technologies, UK) according to manufacturer
protocol with the following modifications: 500 ng total DNA was
used as input, and CleanNGS SPRI beads for library cleanup steps.
DNA concentration was measured using Qubit dsDNA HS Assay
kit (Thermo Fisher Scientific, USA). Gel electrophoresis using
Tapestation 2200 and D1000/High sensitivity D1000 screentapes
(Agilent, USA) was used to validate product size and purity of a
subset of amplicon libraries.

The resulting sequencing library was loaded onto a MinION
R10.4.1 flowcell and sequenced using the MinKNOW 22.12.7
software  (Oxford Nanopore Technologies, UK). Reads
were basecalled and demultiplexed with MinKNOW guppy
g6.4.2 using the super accurate basecalling algorithm (config
r10.4.1_400bps_sup.cfg) and custom barcodes.

The sequencing reads in the demultiplexed and basecalled fastq
files were filtered for length (320-2000 bp) and quality (phred
score > 15) using a local implementation of filtlong v0.2.1 with
the settings —-min_length 320 -max_length 2000 -min_mean_q

Frontiers in Microbiology 04

97. The SILVA 16S/18S rRNA 138 SSURef NR99 full length
database in RESCRIPt format was downloaded from the QIIME
on 29 September 2022 (Yilmaz et al., 2014; Robeson et al., 2021).
Potential generic place holders and deadend taxonomic entries
were cleared from the taxonomy flat file, i.e., entries containing
uncultured, metagenome or unassigned, were replaced with a
blank entry. The filtered reads were mapped to the SILVA 138.1
99% NR database with minimap2 v2.24r1122 using the axmapont
command (Li, 2018) and downstream processing using samtools
v1.14 (Danecek et al., 2021). Mapping results were filtered such
that query sequence length relative to alignment length deviated
< 5 %. As a data denoising step, OTUs with low abundance,
constituting less than 0.01% of the total mapped reads within
each sample, were disregarded. Further bioinformatic processing
was done via RStudio IDE (2022.2.3.492) running R version 4.2.3
(20230315) and using the R packages: for conveniently analyzing
16S rRNA amplicon data, the Ampvis2 (2.7.27) (Albertsen et al.,
2015) package was used, while the iNEXT (2.0.20) package was
utilized for diversity calculations. The ShortReads (1.54.0) package

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1391968
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Mazzoni et al.

was employed for quality control and trimming. Lastly, the Seqinr
package (4.2.16) was used for the visualization of biological
sequences (Chao et al., 2014; Hsich et al., 2016). Sequencing dataset
is available through the Sequence Read Archive (SRA) under
accession PRINA1039605.

2.4 Bacterial isolation, identification, and
mineral experiments

Culturable bacteria isolation: a fragment of microbialite from
the site 2 was sampled using a sterile spatula in a sterile 15 ml Falcon
tube and stored at 4°C until the return to lab. A total 3 ml of sterile
distilled water were added, the microbialite was crushed with a
steril stub and vortexed. The suspension was diluted 103 times with
sterile distilled water and 0,1 ml were spread onto Lysogeny Broth
(LB) pH9 plates (1%Tryptone, 1% NaCl, 0,5% Yeast Extract, 2%
BactoAgar, pH was adjusted to 9 with NaOH), incubated at 28°C
for 4 days. Growing colonies were observed and, based on different
morphology/morphotype, strains were streaked and then isolated
on LB pHY plates.

We selected 8 isolates that showed different colony morphology
and we called them with progressive numbers 3bisl to 3bis8.
The isolates were grown in liquid LB pH 9 to saturation then
0,8ml of culture were mixed with 0,4ml 60% glycerol to get a
20% glycerol final concentration before being stored at —80°C to
establish a culture bank. The selected isolates 3bis2, 3bis5, 3bis7
and 3bis8 were characterized at molecular level. DNA extraction
from a single colony was carried out using microLYSIS buffer
(Labogen, Rho, Italy) following the manufacturer’s instructions and
2 pl of genomic DNA were used for the amplification of partial
16S ribosomal RNA genes. PCR was performed using the universal
bacterial primers PO (5-GAGAGTTTGATCCTGGCT-3’) and P6
(5’CTACGGCTACCTTGTTAC-3’) as described in Ventura et al.
(2000). The 16S ribosomal RNA gene amplification was verified
by agarose gel electrophoresis. The band of about 1500 bp was
purified (Gel/PCR DNA fragments Extraction kit Geneaid cat. DF
100) and sequenced with both primers by Sanger method by a
sequencing service (http://www.biofabresearch.it/index2.html). All
the resulting sequences were analyzed using the online BLAST
nucleotide tool, available at: https://blast.ncbinlm.nih.gov.

Selected bacterial strains were tested for calcium carbonate
production by multiple dropping (15-30 1) of cultures grown to
saturation in liquid LB pH9 onto solid B4 precipitation growth
medium. B4 agar plates were prepared accordingly to Marvasi and
colleagues (2011), with the following modifications: 0.4% yeast
extract (w/v), 0.5% dextrose (w/v), and 1.4% agar (w/v) (final
concentrations). After autoclaving, 0.3% (w/v, final concentration)
of urea, sterilized by filtration, and calcium chloride (0.25% w/v,
hereafter named B4CaCl,) or calcium lactate (0.25% w/v, hereafter
named B4CaLact) were added. B4 pH was around 6.0 and was
adjusted to 8.0 with 10N NaOH (Marvasi et al., 2012). Moreover,
additional B4 agar plates were prepared using 0.22 um filtered lake
water supplemented by 0.4% yeast extract, 0.5% dextrose, and 0.3%
urea (B4LW), added to 5% autoclaved Bacto agar to get a final agar
concentration of 1.5% Agar. In these plates, lake water was about
70% (v/v) of total.
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TABLE 1 Representative mineral assemblages (wt %) forming the
microbialites (sample W, G, and B layers) (XRD).

Whole rock composition (wt %)

Qz Cal Arg Hmg MhCal Sm Kfs An
w 3 9 21 3 6 9 20 | 29
G 5 13 29 3 - 4 |21 25
B 4 9 18 1 - 5 22 41

Qz, quartz; Cal, calcite; Arg, aragonite; Hmg, hydromagnesite; MhCal, monohydrocalcite; Sm,
smectite; Kfs, K-feldspar; An, anorthoclase.

Cultures of selected strains (15-30 pl) were spotted onto
B4CaCl,, B4Calact, and B4LW plates, incubated at 28°C and
examined periodically at the indicated days after inoculation by
optical and fluorescence microscopy Axioskop2 (Carl Zeiss, Jena,
Germany), objective 5X, equipped with a digital camera (micro-
CCD) or Carl Zeiss stereomicroscope for the presence of crystals.
Control plates without bacterial inoculation and incubated in
the same conditions, did not produce any precipitation, nor
were present crystals outside of the site of bacterial inoculation
(Supplementary Figure SM2).

For crystal analysis, they were removed from the colonies on
plates by a spatula and resuspended in 1 ml distilled water in 1.5 ml
tubes. Tubes were centrifugated at 1,000 rpm (94 RCF) for 2 min
and supernatant containing bacterial cells was removed. This step
was repeated until the supernatant was clear. Crystals were allowed
to air-dry at 37°C prior to SEM and X-ray diffraction analysis, as
described above. Concerning hazenite crystals showed in Figure 6,
they were removed with a needle from the plates and put directly
on the stub for SEM analysis.

2.5 Bacterial cell visualization

In order to visualize bacteria within the original microbialites
fragments, Catalyzed Reported Deposition-Fluorescence in situ
Hybridization (CARD-FISH) was applied as described previously
(Lupini et al, 2011; Fazi et al, 2021). A specific rRNA-target
Horseradish peroxidase labeled oligonucleotidic probe (LGC354a,
Biomers, Ulm, Germany) targeted Bacteria and various genera
within the class Bacilli (phylum Firmicutes), e.g., Bacillus,
Exiguobacterium, Leuconostoc, Weissella or Lactobacillus (Meier
et al,, 1999; Amalfitano and Fazi, 2008). Cells were then stained
with DAPI solution. The stained microbialites fragments were
then observed under a confocal laser scanning microscope (CSLM;
Olympus FV1000) at a magnification of 60x. Both DAPI stained
cells were excited by 405nm light and emitted at 430 to 470 nm
(blue color). The hybridized bacterial cells were excited with the
488 nm line of an Ar laser (excitation) and observed in the green
channel from 500 to 530 nm (emission). Precipitated minerals
were visualized by their reflection signal (405nm line of a diode
laser) and appear of gray color (Venturi et al., 2022). The three-
dimensional reconstruction of CSLM images was elaborated by
the software IMARIS 7.6 (Bitplane, Switzerland) with 3D volume
rendering mode.
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3 Results

3.1 Minero-petrographic characteristics of
the microbialites

The mineral assemblage resulting from XRD analyses of
microbialites consisted mostly of carbonate minerals (aragonite,
calcite, monohydrocalcite and hydromagnesite; 28%—45%)
and feldspars (K-feldspar and anorthoclase; 46%—63%) and
subordinate amounts of smectite (4%—9%) and quartz (3%—5%)
(Table 1). The SEM analyses confirm the mineral phases observed
by XRD (Figure 2) i.e., carbonate, detrital minerals (quartz and
feldspars) and clay mineral (smectite). The W layer is characterized
by high concentration of diatoms enveloped by a film of EPS
(Figure 2A) as well as by detrital crystals (feldspar, Figure 2A) and
calcium carbonates occasionally coated by aggregates of smectite.
In the G layer (Figure 2B) EPS biofilm appears more widespread,
while diatom frustules are scarce and frequently show signs of
dissolution. Also in this sample some EDS spectra are compatible
with the composition of carbonate and smectite minerals. SEM
images of B layer does not show the presence of diatoms or EPS
matter but in it are recognizable carbonate crystals (Figure 2C)
along with smectite covering detrital quartz and feldspar.

3.2 Microbial community composition

The microbialite samples exhibited similar relative abundances
across the major phyla, with slight variations specific for
each sample. The Bacteria domain (Figure 3A) was primarily
composed of Proteobacteria (average abundance of 33.1%).
Notably, the classes Alphaproteobacteria and Gammaproteobacteria
were more represented in the most superficial (1-W, 2-W)
and deepest layers of both sites (1-B, and 2-B). In the 1-W
sample, the Alphaproteobacteria class was mainly represented
by orders of Rhodobacterales (comprising 63.21% of the total
proteobacteria) and Holosporales. Conversely, Defluviicoccales and
Tristellales orders are more abundant in the all remaining samples
(both absent in 1-W). Within the class Gammaproteobacteria,
Coxiellales and Pseudomonadales orders are exclusive to 1-
W, while Ectothiorhodospirales and Steroidobacterales orders are
more abundant in the other microbialite samples. Notably, the
most pronounced differences are evident solely in the emerged
superficial microbialite sample, 1-W. In contrast, across all other
samples, including the submerged microbialite specimens, orders
and families exhibit constant patterns, with slight fluctuations in
relative abundance.

The phylum Actinobacteriota, displayed an average abundance
of 10%, represented by the classes Acidimicrobia, showing the
highest abundance of in the surface of the emerged microbialites
(I-W 14.7%) and the class Actinobacteria in the deepest layer
of the submerged (2-B 12.56%). The phylum Planctomycetota is
present with an average abundance of 12.39% in all the microbialite
samples, with maximum values corresponding to the samples 2-G
(17%) and 1-W (15%), and minimum values in 1-G (9%) and 1-
B (9%) samples. At the class level, there are differences among the
various samples, for example the class Planctomycetes is exclusively
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present, with the Pirellulaceae family, in the surface sample of
the emerged microbialite (100% in 1-W sample), while in the
other samples the class Phycisphaerae prevails, especially in the
submerged microbialite samples 2-W (85%) and 2-G (76%).

The Chloroflexi phylum shows an average of 10% among
the emerged microbialite samples 1-G and 1-B, while in the
superficial white layer of the same microbialite (1-W), this
phylum is only present at 1.98%. In contrast, in the submerged
microbialite samples, the relative percentage of this phylum
tends to decrease, with an overall average of 4% across
the three samples. The predominant classes are Anaerolineae,
present in all samples, and Chloroflexia class (Chloroflexaceae
family), which is present at 4.69% in sample 1-G and has
an average of 1% in all the other samples. Interestingly, the
Cyanobacteria phylum reaches its maximum expression in terms
of percent relative abundance in sample 2-G, in the intermediate
green layer of the submerged microbialite (12%), and in the
submerged surface sample 2-W (7.96%), while in the emerged
microbialite, Cyanobacteria show an average of 2.65%, The
most substantial class of this phylum is Cyanobacteria, orders
Thermosynechococcales with the family Thermosynechococcaceae
(genus Synechococcus IR11), and the order Synechococcales with the
family Cyanobiaceae. In the submerged microbialite samples, in
addition to the aforementioned cyanobacterial orders, significant
relative abundances are also present for the orders Eurycoccales
and Phormidesmiales (Nodosilineaceae family). Conversely, in the
emerged microbialite, the predominant order is Cyanobacteriales,
with the families Microcystaceae and Xenococcaceae.

The Archaea domain (Figure 3B) is represented on average by
81% for the phylum Halobacterota with the classes Halobacteria
and Methanosarcina present in all sequenced samples. The phylum
Thermoplasmatota is present only in the deepest layer of emerged
microbiltes (1-B 41%), while the phylum Nanoarchaeota (class
Nanoarchaeia, family Woesearchaeales) is present in the emerged
microbialite samples (29% in 1-B and 20.1% in 1-G). Interestingly,
the lowest number of reads, which is 20, recorded for the
archaea domain in the sequenced samples is in the surface
of emerged samples (1-W), predominantly attributed to the
phylum Halobacterota, specifically the genera Natronoarchaeum
and Natronorubrum.

In Table 2, a summary of eukaryotic sequences abundance,
clearly highlights a higher presence of the eukaryotic kingdom
in the submerged microbialite samples compared to the emerged
ones. Gene sequencing of the 185 rRNA gene for the Eukaryota
domain showed, based on the number of reads, the presence
of Fungi, Protists, Algae, and other taxa. In particular, the
phyla Ascomycota (genera Aspergillus and Peniciullum) and
Basidiomycota (genus Malassezia) were found only in the upper
layer of the emerged sample (1-W), while the phyla Amoebozoa,
Cercozoa, and Apicomplexa have the highest number of reads in all
submerged microbialite samples.

Regarding micro algae, their ssu rRNA genes were absent in
the upper layers of the emerged microbialite and are only present
in sample 2-W (submerged surface), with the phyla Chlorophyta,
Ochrophyta, and Diatomea (the latter is also present in sample 1-
B with a reads count of 54 referred to Bacillariophyceae class). The
highest number of reads associated with the Eukaryota domain is
consistently attributed to the Nematozoa phylum, with a relative
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FIGURE 2
SEM images representative of the three differently colored layers. (A) In the W layer a dense EPS network with abundant diatom frustules and
aggregates of silicate (Mg-smectite) and carbonate minerals is observable. (A) detrital feldspar occurs in the lower left. (B) In the G layer the EPS
matrix in association with smectite aggregates is diffuse. Diatom frustules, many of them partially corroded are scarcely represented. (C) In the B
layer aggregates of carbonate minerals along with smectite coat detrital minerals. Note in the red circle the presence of rosette-like clusters of
calcium-carbonate minerals (possibly aragonite). Kfs, K-feldspar; EPS, Extracellular Polymeric Substances.

abundance of reads >150 in sample 1-G and in the superficial layer
of submerged microbialite 2-W.

To assess the similarities in microbial communities among
samples, Principal Component Analysis (PCA) was conducted
based on 16S rRNA gene sequencing results. The analysis revealed
(Figure 3C) distinct patterns of microbial diversity, showing
the pronounced differences between emerged and submerged
microbialite samples, with the upper layer of emerged samples
(1-W) exhibiting the most distinctive composition.

3.3 Isolates growth and mineralization

Five out of the 8 isolates were characterized at molecular level
by 16S amplification and sequencing. The bacterial isolate 3bis2
was determined to be Stappia sp., with a 96.68% genetic similarity
with the Stappia indica strain ZJY-144. Similarly, bacterial isolate
3bis3 was identified as Bacillus sp., exhibiting a high identity of
99.38% with an isolated strain CAU 1668 of B. solitudinis. The
isolates 3bis7 and 3bis8 were recognized as Metabacillus niabensis
(96% identity) and Bacillus cereus (98% identity), respectively.
Additionally, strain 3bis5 was confirmed as Sutcliffiella horikoshii,
with a genetic similarity of 99.33%. GeneBank accession number
and closest bacterial relatives for each strain are reported in Table 3.

All these microbial isolates demonstrated the ability to induce
Microbially Induced Calcium Carbonate Precipitation (MICP).
As illustrated in Figure 4, the kinetic of crystal formation for
the Stappia sp. 3bis2 strain on different B4 media was observed
through optical microscopy. Crystal formation occurred within 2-
5 days of incubation, with sizes increasing over time, irrespective
of the calcium source supplied (CaCl, or Ca-lactate), or initial pH.
However, the appearance of crystals was notably slower when the
initial pH was low (pH 6), in contrast to the condition at pH 8
(Figure 4).

As shown in Figure 5, all strains were capable of precipitating
calcium carbonates although with different shapes. Figure 5F shows
an enlargement of crystals produced by the Sutcliffiella sp. 3bis5
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strain where the calcifications of the bacterial cells can be observed,
indicating that precipitation took place around specific cells, which
subsequently experienced lysis.

X-ray diffraction (XRD) analysis of precipitates showed only
slight different mineral assemblages (Table 4) depending on the
administered substance (CaCl,, Ca-lactate) and strain. The bacteria
grown on plates with the addition of CaCl, mostly formed
calcite (84%—90%), vaterite (5%—11%) and ankerite (3%—5%)
and subordinate amounts of iron oxide (maghemite). The bacteria
supplied by Ca-lactate formed precipitates constituted by calcite
(from 60% to 95%), ankerite (from 2 to 30%), very low amounts
of vaterite (2%—3%) and maghemite (1%). Detrital minerals
such as quartz and kaolinite have been identified in all the
bacteria precipitates with contents that do not exceed 6% and
1% respectively.

All the isolates grown on B4LW media, containing 0.22 um
filtered Pantelleria lake water, precipitated crystals, which appear
white/transparent with an aciculate or bar morphology at the
stereomicroscope, optical and SEM microscope. As an example,
crystals from Stappia sp. 3bis2 strain are shown in Figure 6.
The EDS analysis revealed the occurrence of K, Na, Mg
and phosphorous. The X-ray diffraction analysis performed on
crystals obtained from the Stappia sp. 3bis2 strain, showed
that these crystals were phosphate minerals such as hazenite
[KNaMg,(POy), - 14 H,0] that represent about 85% in mass of
the sample, the rest was constituted by carbonates (calcite and
ankerite) (Table 4, Supplementary Figure SM1). For SEM analysis,
crystals were taken directly from the culture and deposited on
a stub for SEM microscopy, for this reason bacterial cells were
most of the time visible on the precipitated (Figures 7A-E). For
Bacillus sp. 3bis8, crystals were collected after an extended 100-
day incubation period (Figure 7E). In Figures 7F and G is reported
EDS analysis relative to crystals shown in Figures 7C and D,
respectively.

The confocal (Figure 8)  of
microbialite samples unequivocally highlights the presence of
Firmicutes labeled with the LGC354a probe. In Figure 8, the
submerged microbialite sample is depicted, specifically the

microscope  visualization
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FIGURE 3
Relative abundance (%) of the most prevalent phyla of (A) Bacteria and (B) Archaea. The graph shows only phyla which contributed more than 1.5% to
the total bacterial community in at least one sample. The abundance of the remaining phyla was summed and labeled as “other”. (C) Principal
Component Analysis (PCA) performed on the phyla of Bacteria and Archaea. Identification of samples with similar microbial communities using PCA.
Each point represents the microbial community in each specific sample. The distance between points on the plot corresponds to similarity; closer
points refer to samples with highly similar microbial communities (source: Rstudio, version 4.3.1).
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TABLE 2 Phyla of the Eukaryota domain present in samples of emerged microbialite (abbreviated as 1-W; 1-G, 1-B) and submerged (2-W, 2-G, 2-B), the
symbols refer to the abundance of reads obtained from gene sequencing (18S rRNA) (-)1-15; (o) 16-50; (oo) 51-100; (*)101-150; (** >150).

Sample ID Protist Micro Green Red Animals
Algae Algae Algae
Api Dia Chl Och Pla Rot Nem

1-G o o =
1-B 00

2-W - 00 * 00 00 o o o
2-G o o - o
2-B 00 o

Asc, Ascomycota; Bas, Basidiomucota; Amo, Amoebozoa; Api, Apicomplexa; Cer, Cercozoa; Dia, Diatomea; Chl, Chlorophyta; Och, Ochrophyta; Pla, Platyhelminthes; Rot, Rotifera;

Nem, Nematozoa.

TABLE 3 Identification of closest bacterial relatives of strains isolated from a fragment of the submerged microbialite at the site 2 based on 16S rRNA

gene sequence.

Isolates GeneBank accession Closest bacterial relatives Sequence ID Identity
number

3bis2 OR770211 Stappia indica KP282738.1 96.68%

3bis3 OR770051 Bacillus solitudinis OK664947.1 99.38%

3bis5 OR770470 Sutcliffiella horikoshii LN650588.1 99.33%

3bis7 OR770473 Metabacillus niabensis HQ234281.1 96%

3bis8 OR772953 Bacillus cereus MG763124.1 98%

superficial layer 2-W, confirming the presence of bacterial cells
belonging to the Firmicutes phylum associated to mineral granules.
Additionally, cells labeled with the DAPI dye are highlighted in
blue. Through the autofluorescence signal, it is also possible to
observe the presence of non-filamentous cyanobacteria.

4 Discussion

Microbialites are organo-sedimentary rocks formed because of
the vital actions of benthic microbial communities, particularly
cyanobacteria and algae, which capture sediment and/or induce
the precipitation of carbonate minerals (Moore and Burne, 1987).
The significance of these bio-sedimentary processes in carbonate
production has long been recognized throughout the geological
record (Riding, 2006).

In this study, the bioprecipitation of carbonate and non-
carbonate minerals were investigated in two microbialites under
different water availability (emerged vs submerged). The superficial
layer of the emerged microbialite (1-W) exhibited a peculiar
pattern of microbial diversity, as visualized by the PCA plot,
being subjected to higher environmental variability (e.g., water
availability, solar radiation, availability of nutrients). In this layer
Actinobacteriota phylum represented the 20.27% of the total reads,
and 10.89% is referred to the Verrucomicrobiota phylum, which
is completely absent in the other samples. Several studies have
highlighted the remarkable abilities of Actinobacteria to thrive in
extreme conditions, including high pH, temperatures, and water
stress. They are known for their ability to utilize a variety of
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substrates, including less degradable compounds such as chitin,
cellulose, and hemicellulose, in addition to their resistance to
UV radiation (Warnecke et al.,, 2007). Additionally, it has been
shown that many members of the phylum Verrucomicrobiota are
obligate aerobic heterotrophic bacteria (Cabello-Yeves et al., 2017),
and therefore present only in the superficial part of the emerged
microbialite, in direct contact with the terrestrial atmosphere.
Beyond the Bacteria domain, substantial differences between the 1-
W layer and all others are highlighted by the Eukaryote domain,
which exhibits more terrestrial organisms. The phyla Ascomycota
and Basidiomycota from the Fungi kingdom are present only
in the 1-W. The species identified in this sample, Aspergillus
restrictus, belonging to the Aspergillaceae family, is known to be a
xerophilic species (Abdel-Azeem et al., 2016). Eukaryotes may play
cohesive and/or calcifying roles to the structure of microbialites.
For instance, in marine or brackish environments, filamentous
algae associated with stromatolites can trap grains, foraminifera
can stabilize particles (Riding, 2006), and eukaryotic algae can
promote carbonate precipitation through their photosynthetic
activity (Riding, 2000).

The sample clustering according to the PCA plot showed
relatively high similarity among the two distinct groups of emerged
and submerged microbialites. The submerged microbialite showed
a higher similarity among the different layers, probably because of
the more similar chemical and physical conditions they are exposed
to. They exhibit high percentages of Proteobacteria, Bacteroidota,
and Actinobacteriota, consistent with Saghai’s findings (2015). In
our study, there is still a high percentage of sequences that do not
show significant homology with any of the sequences in the SILVA
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138.1 99% NR database. This could suggest that they represent
what is currently termed the dark microbiome, to refer to the
community of microorganisms whose phylogenetic identity has not
yet been determined, but which are detected using high-throughput
methods such as direct DNA sequencing (Marcy et al., 2007; Azua-
Bustos et al., 2023). For instance, the class Gammaproteobacteria
exhibits an unknown reads percentage of 24% in the intermediate
layer of the submerged microbialite (2-G). The redundancy of taxa
across different microbialites studied in various locations around
the world, such as in the study conducted the alkaline Lake Van,
Turkey (Lopez-Garcia et al.,, 2005) suggests their involvement in the
biomineralization process and microbialite formation.
Furthermore, despite cyanobacteria being traditionally
considered the primary drivers in the biomineralization process,
even in the sampled intermediate layer characterized by a green
color, they showed a relative abundance of only 4.24% in 1-G
and 12% in 2-G. This finding aligns with the results obtained
by Cangemi et al. (2016), as they did not detect cyanobacteria

in the green portion of the microbialite collected in the same
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lake. It has been demonstrated that various metabolic processes
promote carbonate supersaturation, including oxygenic and
anoxygenic photosynthesis, as well as sulfate reduction and
anaerobic methane oxidation coupled with sulfate reduction
(Saghai et al, 2015). Members of certain genera within the
phylum Firmicutes, as an example, are sulfate reducers and could
substantially contribute to carbonate precipitation (Bott, 2014).
Among the most prevalent families of the phylum Firmicutes,
we found the family Dethiobacteraceae. This family comprises
obligatory anaerobic, moderately salt-tolerant, and obligatory
alkaliphilic bacteria capable of chemolithoautotrophic growth
through elemental sulfur disproportionation and fixing CO,
via the Wood-Ljungdahl pathway (Sorokin and Chernyh,
2017). Within the phylum Proteobacteria, belonging to the class
Gammaproteobacteria, we identify the family Alcanivoracaceae,
Gram-negative aerobic rod-shaped bacteria commonly isolated
from marine waters and sediments worldwide, which includes
many species that can utilize aromatic compounds (Silveira and
Thompson, 2014); the Ectothiorhodospiraceae family, typically
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SEM images representative of carbonate-crystals from strains (A) Stappia sp. 3bis2; (B) Bacillus sp. 3bis3; (C) Sutcliffiella sp. 3bis5; (D) Metabacillus sp.
3bis7; (E) Bacillus sp. 3bis8 grown in B4Calactate medium for 16 (3bis2) and 24 days (3bis3, 5, 7, and 8). (F) is an enlargement of (C) showing bacterial
cells calcification.

TABLE 4 XRD analysis of precipitates by isolated strains. Media, initial pH, and incubation time (Days) are also indicated the recognized minerals (wt %)
Qz-quartz, Cal-calcite, Arg-aragonite, Vtr-vaterite, Ank-ankerite, Mgh-maghemite, Hzn-Hazenite, Kln-Kaolinite.

Strain Media pH Days Qz Cal Vitr Ank Mgh Hzn Kln
Stappia sp. 3bis2 B4CaCl, 6 22 1 84 11 3 1 - -
Stappia sp. 3bis2 B4CaCl, 8 13 1 90 3 5 1 - -
Stappia sp. 3bis2 B4CalLact 6 14 1 90 - 8 1 - -
Stappia sp. 3bis2 B4CalLact 8 16 1 93 3 2 1 - -
Bacillus sp. 3bis3 B4CaLact 8 24 2 87 - 10 1 - -
Sutcliffiella sp. 3bis5 B4CalLact 8 24 6 60 - 33 1 - -
Metabacillus sp.3bis7 B4CalLact 8 24 6 64 - 29 1 - -
Bacillus sp. 3bis8 B4CalLact 8 24 1 95 - 3 1 - -
Stappia sp. 3bis2 BALW 9 35 - 7 - 6 - 86 1

consists of halophilic and/or alkaliphilic purple sulfur bacteria that
thrive under anaerobic conditions in the presence of light, using
reduced sulfur compounds as photosynthetic electron donors
(Imhoff et al., 2019). While their primary metabolic mode is
photoautotrophic with the deposition of elemental sulfur globules
outside the cell, some species can also grow photoheterotrophically;
the family Chromatiaceae (highly abundant in samples 1-G and
1-B) is the main family of purple sulfur bacteria (PSB), anoxygenic
phototrophic Gammaproteobacteria that utilize sulfide as an
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electron source for carbon fixation (Thiel et al., 2018). The
class Alphaproteobacteria is mainly represented by the family
Rhodobacteraceae, known for both oxygenic and anoxygenic
photosynthesis (Imhoff et al., 2019).The phylum Chloroflexi
includes a varied array of organisms, ranging from anoxygenic
photoautotrophs to aerobic chemoheterotrophs, thermophiles,
and anaerobic organisms utilizing reductive dehalogenation of
organic chlorinated compounds for energy acquisition (Gupta,
2013). In our study the main classes belonging to this phylum are
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FIGURE 6

Stappia sp. 3bis2 cells formed hazenite when deposited onto B4LW and incubate for 35 days at 28°C. (A) Stereomicroscope image; scale bar: 1 mm;
(B) Optical microscopy image showed crystals in the bar or aciculate forms; scale bar 200 um. (C) Field-emission scanning electron microscopy
(FE-SEM) of crystals, red circle represents the point where EDS was applied; (D) EDS.

Chloroflexia (Thermomicrobiaceae and Chloroflexiaceae families)
which includes organisms that perform anoxygenic photosynthesis
(Pierson and Castenholz, 1992), and the Dehalococcoidia class,
which includes anaerobic bacteria capable of sulfate reduction.
Only in the samples 1-G and 1-B of the emerged microbialite
there are the families Methanosarcina and Thermoplasmata,
known for their ability to produce methane (Zinder and Mah,
1979). This suggests a lower availability of oxygen in these two
layers. Among the families comprising aerobic heterotrophic
bacteria involved in the degradation of organic matter in the
emerged microbialite, we found the families Haloferacaceae
(I-W and 1-G), Pirellulaceae (1-W), Phycisphaeraceae (1-G and
1-B), while in all the layers of the submerged microbialite, there
are the families Rhodothermaceae and Nitriliruptoraceae, and
Thermoanaerobaculaceae and Puniceicoccaceae families which
degrade organic matter through the fermentation process (Cho
etal., 2011) (Supplementary Figure 3).

In our culture-dependent study five isolates were characterized
at molecular level and 16S sequence analysis revealed that the
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strain 3bis2 belongs to the genus Stappia, namely Stappia indica,
while all the others belong to Bacilla genera. The genus Stappia
belongs to the order Rhizobiales/ Hyphomicrobiales, according to
RDP or NCBI taxonomic lineage. Stappia sp. has been described
in association with various marine invertebrates and microalgae
(Park et al., 2017) and it can form a biofilm for the association
with diatoms, inhibiting or promoting their growth (Vuong et al.,
2020; Nair et al.,, 2022). A wide range of metabolic capabilities
have been recorded for this genus, including aerobic anoxygenic
photoheterotrophic and chemoorganoheterotrophic metabolisms
using a range of carbon compounds (Weber and King, 2007).
The bacterial isolate designated as 3bis3 is most closely related
to Bacillus solitudinins, an alkaliphilic and moderately halophilic
Bacillus strain recently discovered in alkali soils in Nima County,
Tibet, China (Liu et al., 2019). Analysis of the 16S rRNA sequence
of isolate 3bis5 revealed its classification as Sutcliffiella horikoshii,
a novel genus within the Bacillus clade characterized by differences
in nine conserved signatures indels (CSIs) (Gupta et al., 2020). The
closest bacterial relative to isolate 3bis7 is Bacillus niabensis, now
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FIGURE 7
All the isolates can precipitate hazenite after 35 days of incubation. (A) Stappia sp. 3bis2; (B) Bacillus sp. 3bis3; (C) Sutcliffiella sp. 3bis5; (D)

Metabacillus sp. 3bis7; grown in B4LW for 35 days (B, C, D); (E) Bacillus sp. 3bis8 grown in B4LW for 100 days; (F, G) represent EDS analysis of regions
indicated by the red squares in (C, D), respectively.

classified under Metabacillus sp. strains. This genus has recently
been expanded to include Bacillus solitudinis. Members of the
Metabacillus genus have been isolated from various environments,
including soil, hypersaline lakes, and marine coastal regions,
distinguishing themselves from Bacillus by six CSIs (Patel and
Gupta, 2020). The isolate 3bis8 exhibits ~98% identity to Bacillus
cereus, a known active participant in biomineralization processes
(Han et al., 2013). It is worth noting that Bacillus genera, thanks
to the properties of their cell wall and the production of EPS, is
described as one of the most efficient microorganisms capable of
precipitating calcium carbonate (Kim et al., 2015).

Results from bacterial cultivation on different media, showed
that the studied isolates were capable to induce calcium carbonate
precipitation. The MICP process has two potential CO, sources
to enable calcite precipitation: (i) CO, produced during ureolysis
and respiration, and (ii) CO, dissolution present in the air or from
dissolved minerals. The study conducted by Okyay and Rodrigues
(2015) demonstrated that some environmental microbial isolates
are able to sequester not only the CO, produced by their own
microbial metabolism, but also a 10% (v/v) excess of CO; present
in the headspace of serum bottles, underscoring the importance
of microbial isolates in Next-Gen Carbon Capture. Experimental
studies have shown that diverse heterotrophic bacteria can mediate
CaCOj precipitation, including several alkaliphilic and halophilic
species, and ureolytic bacilli, suggesting that they could have a
predominant role in the formation and growth of microbialites
(Hammes et al., 2003; Rodriguez-Navarro et al., 2003). In addition,
CaCOj precipitation can be mediated by bacilli spores, which
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accumulate Ca?* and other divalent cations in their walls
(Marquis and Shin, 1994), and by sulfate reducing bacteria
under anoxic conditions inside microbialites. Notably, firmicutes
exhibited a remarkably low abundance, and the Stappia genera were
conspicuously absent in the metagenomic analysis. Cultivation has
been able to pick up microorganisms from microbialite samples
involved in the precipitation process, including bacteria that have
not been recovered from sequencing. This discordance between
molecular and culture testing is often observed both in clinical
(Rhoads et al., 2012; Mahnic et al., 2021) and environmental studies
(Tytgat et al.,, 2014). The latter authors working on environmental
samples, found that while, not unexpectedly, 77.5% of genera
recovered by pyrosequencing were not among the isolates, 25.6%
of the genera picked up by cultivation were not detected by
pyrosequencing. The disparity between community analysis and
isolated strains could be attributed to the culturing that favors
and certain bacteria strains, such as Bacillus (Kim et al., 2016).
Nevertheless, CARD-FISH analysis, performed in order to confirm
the presence of Firmicutes in the in situ microbialites, showed the
presence of this phylum.

When bacterial strains were cultivated in media containing
lake water instead of distilled water, they precipitated a phosphate
mineral identified as hazenite. The formation of the hazenite
mineral in Mono Lake, investigated by Yang et al. (2014), has
been linked to the metabolic activity of cyanobacteria of the
genus Lyngbya and occurs in the presence of carbonates (Yang
et al,, 2011). Hazenite has been observed for the second time
at the Belmaco Cave site (La Palma, Spain) (Fernandez-Palacios
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FIGURE 8

CLSM combined images showing the spatial distribution of Bacteria
belonging to the class Bacilli (phylum Firmicutes (green) and other
DAPI stained cells (blue) identified by CARD-FISH in the deep layers
of the natural microbialite (1-B). Autofluorescent cells appear in red.
The hybridized bacterial cells were excited with the 488 nm line of
an Ar laser (excitation) and observed in the green channel from 500
to 530 nm (emission). Mineral crystals were visualized by their
reflection signal (405 nm line of a diode laser) and appear of gray
color. Bar =20 pm.

et al., 2023). Although earlier studies have suggested that cultures
containing the bacterial strain Virgibacillus sp can prompt the
precipitation of an ammonium analog of hazenite, specifically
(NH4)NaMg,(PO4),-14H,0 (Yang et al., 2014), for as much as
we know, this is the first report of hazenite synthesis with K
and Na, mediated by heterotrophic bacteria under controlled
laboratory conditions.

The isolated strains showed high activity for calcium carbonate
and phosphate precipitation and represent promising candidates
for ecofriendly industrial applications (Zhang et al., 2022; Baidya
et al.,, 2023). Like struvite and K-struvite, hazenite could also be
a potential phosphorus source for long-term release for fertilizer
use (Watson et al., 2020; Raniro et al., 2022). On the other
hand, hazenite precipitation could be used as a bioremediation
of industrial phosphate-rich wastewaters. Interestingly, although
calcium and magnesium carbonates has been widely found,
hazenite has not been found, up to now, in the recent microbialites
in Bagno dell’Acqua lake. A possible explanation lies in the
solubility of this mineral which could precipitate in particular
conditions when the concentration of phosphorus increases,
and dissolve in water when the concentration of phosphorus
decreases, for example following rainfall events (Yang et al., 2011).
An alternative interpretation might be that in situ, numerous
microorganisms engage in competition for phosphate uptake,
considering that lake water is not particularly rich in inorganic
phosphate (Cangemi et al., 2016). In periods of drought, the harsh
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conditions provide an opportunity only for the most well-adapted
organisms to facilitate the deposition of hazenite. This scenario
seems plausible considering that hazenite was discovered for the
first time in dry environment (Yang et al., 2011). However, the
molecular mechanisms responsible for the biological deposition of
hazenite remain unknown and require further investigation.

In conclusion, the analysis of the microbial diversity
clearly demonstrate the dominance of non-photosynthetic
microorganisms within the top layers of recent microbialites.
Although it was possible to identify a common core-microbiome,
at the surface the emerged microbialites hosted a different
eukaryotic and prokaryotic community in comparison with those
present in the submerged one. These results could help to better
understand how the delicate equilibrium within the microbialites
microenvironment could respond to the water level variability and
therefore to the impact of climate changes. Moreover, our study
clearly demonstrates the role of the microorganisms in mediating
calcium carbon precipitations, parallel to POy precipitation. The
results could bring new potential biotechnological applications for
Next-Gen Carbon Capture and contemporaneous P recovery from
P depleted environments.
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