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Abstract: Microbial activity has been documented in various lacustrine environments, suggesting
its fundamental role in mineral precipitation and, therefore, in the formation of organo-deposits
such as microbialites. Many studies are currently focused on documenting how the association of
microbes and extracellular polymeric substances (EPSs) may influence the authigenesis of Mg-rich
clay minerals and the subsequent carbonate precipitation in growing microbialites in lacustrine
environments. In this study, we investigate the present-day microbialites of the alkaline Bagno
dell’Acqua lake (Pantelleria Island, Italy) using X-ray diffraction (XRD) scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS). Our results reveal the intimate association
of Mg-smectite/carbonate minerals with the EPS and microbes, and, for the first time, we selected
microbes belonging to phylum Firmicutes (Bacillus sp.), from natural microbialites, to carry out
laboratory experiments that testify their direct role in the precipitation of clay and carbonate minerals.

Keywords: biomineralization; microbial community; Mg-smectite; organo-sedimentary deposits;
alkaline lake

1. Introduction

Microbialites are organo-sedimentary deposits formed by microbial communities able
to induce the neoformation of authigenic minerals via metabolic pathways [1,2]. Micro-
bialites are present in different aquatic environments such as inland fluvial, lacustrine water,
marine coasts and marine extreme environments, and coastal lagoons (e.g., [3-5]) when
specific bio-geochemical conditions occur [6]. Microbial organisms have a fundamental role
in microbialite formation depending on the complex interplay between environmental and
biological factors (e.g., pH, water composition, temperature, salinity, type of microbial com-
munity). In lacustrine environments where microbialites are currently growing, processes
involving interactions between minerals and microorganisms, such as microbial organisms
acting as ideal nucleating agents for mineral precipitation (indirect mineral formation) and
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biological control on mineral authigenesis through metabolic processes (direct mineral
formation) [7], have captured many researchers’ interests.

The chemical composition of the resultant precipitates is strictly influenced by the
dominant extracellular polymeric substances (EPSs) produced in microbial mats [8,9], the
specific hydrogeochemical conditions, changes in pore water, and the broader fluctuation
in water level and chemistry.

It has been widely demonstrated that Cyanobacteria and other microorganisms (e.g.,
sulfate-reducing bacteria) play an important role in the formation of microbialites [10-12]
and in promoting the precipitation of carbonate minerals [9,13-19]. Other studies have
focused on bioinduced processes and the role of the microbial extracellular polymeric
substance (EPS) on the simultaneous precipitation of Mg-rich clay and carbonate min-
erals [20-25] and much of the work performed has an experimental character (e.g., [26]
for a review, [27]). Ref. [28] proposed a synthesis of laboratory experiments showing the
interactions between various bacteria (including Bacillus spp.) and clay mineral alterations.

Although microbial mats are commonly associated with the precipitation of carbonate
minerals, a few studies have been focused on the role of microorganisms in the precipitation
of amorphous phases or Mg-rich clay minerals (such as Mg-smectite and kerolite). However,
even though a direct role of microbial activity in the precipitation of these minerals needs
to be more deeply investigated, many papers describe the link between microbial mats
and Mg-rich clay minerals [29-31]. Due to the coexistence in microbialites of Mg-rich
clay and carbonate minerals such as aragonite and hydromagnesite, clay minerals are
often considered to promote carbonate precipitation [31,32], an aspect that requires further
investigation. In addition, interaction between minerals and microorganisms has also
captured many researchers’ interests for carbon sequestration purposes (e.g., [33]) and
for their industrial applications [26,28,34]. These include the microbial refinement and
purification of clay minerals, cleaner synthesis and processing of clay minerals, adsorption,
and removal of organic, inorganic, and radioactive pollutants in soils and waters [34].

Modern-growing microbialites associated with Mg-rich clay minerals have been re-
ported in Lake Clifton, Western Australia [22], in the hypersaline lakes on Rottnest Island,
western Australia [35], in Great Salt Lake, UT, USA [23], in the Mono Lake, Mono County,
CA, USA [20], in different crater lakes in Mexico [36,37], in Lake Alchichica, Puebla,
Mexico [38], in Puquios of the Salar de Llamara, northern Chile [31], in Satonda Lake, In-
donesia [39,40], in the Van Lake, Turkey [41], in the sabkha of Qatar, Arabian peninsula [42],
and in the coastal sabkha of Abu Dhabi, United Arab Emirates [43].

Bagno dell’Acqua is an endorheic alkaline lake (pH ca. 9) located within the Cinque
Denti Caldera in the north-eastern sector of Pantelleria Island (central Mediterranean Sea).
The lake has a sub-circular shape (0.21 km?), and it is about 530 m long and 380 m wide,
with a maximum depth of 12 m. The water temperature ranges from 14 °C to 25 °C,
reflecting the mixing of meteoric, seawater, and hydrothermal fluids rich in CO, and with
low amounts of Ny, Oy, Ar, CHy, Hp and He [42,44,45]. The hydrothermal activity is located
in the southern sector of the lake with fluids having temperatures ranging from 34 to 58° C
and a pH of about 6.2 [46]. Specifically, the lake water chemistry is characterized by the
following general pattern: Na* > K* > Mg?* > Ca?* and C1~ > HCO3~ > SO,2~ > CO32~ for
anions expressed in 1 mmol L.~! [47,48]. Silica polymorphs such as tridymite, cristobalite,
chalcedony, and quartz are at equilibrium, whereas the lake is slightly undersaturated to
amorphous silica [48-50]. The bottom lake sediments are mainly characterized by Mg-
smectite and aragonite [51] according to previous studies [46,48,52]. Minor amounts of
quartz, feldspar, and pyroxene deriving from physical weathering of the surrounding
rocks have also been reported [46]. Volcanic rocks exposed on Pantelleria range from
rhyolites (pantellerites) to trachytes, and minor transitional basalts, emitted in a wide
range of eruptive styles [53]. Along the shores of the lake, rhyolitic and trachytic lavas
and domes are exposed [54]. Carbonate and siliceous microbialites have already been
reported along the south-western shoreline of the lake [48-50,55]. The carbonate minerals
(mainly aragonite with minor amounts of hydromagnesite, calcite, and dolomite) as well
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as minor amounts of clay minerals formed within the microbialites have been mainly
linked to inorganic processes [48-50]. In this paper, we specifically study the following:
(1) the intimate association of Mg-smectite and carbonate minerals with microbes and EPS
in the modern microbialites of the Bagno dell’Acqua Lake (Pantelleria Island, Italy), by
X-ray diffraction (XRD) and scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) analyses; (2) we provide, for the first time, the direct
role of microbes isolated from microbialites belonging to phylum Firmicutes (Bacillus sp.)
in promoting the authigenesis of clay and carbonate minerals from natural microbialites
by laboratory experiments. Our results provide a better understanding of the natural
conditions suitable for the development of Mg-smectite and these findings raised the
importance of future research into the wide mechanisms of Mg-clay biomineralization.

2. Materials and Methods
2.1. Sample Collection and Hydrogeochemical Analyses

Sampling of submerged microbialites was conducted in June 2019, May 2022, and
February 2023, mainly in the north-eastern, eastern, and south-western sectors of the lake
with a total of 11 sampling sites (Figure 1 and Table S1). In more detail, microbialites
from the eastern sector of the Bagno dell’Acqua Lake (C2b and C3b, Figure 1a) have been
collected at a depth of 40 cm below the water (Table S1). Microbialites from the north-
eastern sector of the lake (C1, C5b and sup, C6, and C8a, bis and bis_a,) have been generally
collected along the shoreline (depth of 0-2 cm) or at a depth of 80 cm. Finally, samples C10,
C11, C12a and b, and C13 are from the south-western sector of the lake. Of the latter, only
the samples C10, C12a, and b were analyzed (Table 1). Sample C10 is from the volcanic
substratum recovered at a depth of 70 cm from the water table whereas samples C12 a
and b are from microbialites. During the field campaigns, water electrical conductivity
(uS/cm), temperature (°C), and pH measurements were performed on-site using the
multiparametric WTW Multi 3420 probe with accuracies of +0.01 pH units, £1 uS/cm,
and £0.1 °C, respectively (Table 2). Additionally, two water samples were taken from the
center of the lake to analyze major elements, one from the surface and one from a depth of
5 m. Water samples were filtered in situ with a 0.45 pum filter and stored into polyethylene
bottles. After filtering, samples for the analyses of cations were acidified with HCl. Samples
were analyzed by Dionex ICS 5000 and Dionex ICS 1100 chromatographs (manufactured by
Thermo Fisher Scientific at Sunnyvale, California, USA) at the Geochemistry Laboratory of
the Department of Earth Sciences at Sapienza University of Rome to determine major ions,
specifically, anions (F~, C1~, SO42~, and NO3; ™) and cations (Ca?*, Mg2+, Na*, and K*).
The carbonate alkalinity (HCO3; ™) was measured by titration with 0.05 N HCl solution. The
cation—anion balance testified the analytical error < 5% for each sample. Si was analyzed
using an ICP-OES (Thermo Scientific iCap6300 Duo, manufactured by Thermo Fisher Corp.
Cambridge, UK, 2012) at the Natural Re-sources Analytical Laboratory in Alberta (Canada,
USA).

Table 1. Mineral assemblages of microbialites occurring in Bagno dell’Acqua Lake. Qz—quartz,
Cal—calcite, Arg—aragonite, Hmg—hydromagnesite, Sm—smectite, Pl—plagioclase, Kfs—K-
feldspar, Mi—mica, Aug—augite, Hl—halite, Py—pyrite. The proportion of minerals expressed in wt
%. E—eastern sector; NE—north-eastern sector; SW—south-western sector.

SampleID  Sector Depth (cm) Qz Cal Arg Hmg  Sm Pl Kfs Mi Aug HI Py
C2b E 40 2 1 74 - 2 - 21 - - - -
C3b E 40 2 1 80 13 4 - tr - - - -

C1 NE 0 2 1 65 - 3 8 6 - - 15 -
C5b sup NE 0 1 - 81 - 5 - 13 - - - -
C5b NE 0 2 17 - 5 5 71 - - - -
Cé6 NE 2 2 78 - 9 - 10 - - - -
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Table 1. Cont.

SampleID Sector Depth (cm) Qz Cal Arg Hmg Sm Pl Kfs Mi Aug H1 Py

C8a NE 0 3 - 19 3 16 - 59 - - - -
C8bis NE 80 3 - 23 12 12 - 50 - - - -
C8bis a NE 0 4 1 24 12 6 - 52 - 1 - -
C10 SW 70 9 - - - - - 88 - 2 - 1
Cl2a SW 0 4 2 67 6 8 12 - 1 - - -
C12b SW 50 2 2 43 - 42 10 - 1 - - -
Table 2. Chemical-physical parameters and major ions (both cations and anions) of the water lake.
Dat Temperature CErl:iCtrit:it H Lat Lon Ca Mg Na K cl SO, HCO; Si
ate ge) Sfemy T a °"%  (mg/l) (mg/l) (mg/L) (mg/L) (mg/ll) (mg/L) (mg/L) (mg/L)
21 February 2023 14.6 36.5 9.07 36.81692  11.98705 7 186 10,489 462 13,644 1111 3280 11
27 May 2022 24 375 9.20 36.81692  77.98705 12 170 9153 502 13,194 1197 3509 9

o5

T @
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Figure 1. (a) Satellite image of the Bagno dell’Acqua Lake (Pantelleria Island, Italy); (b—d) with a
general view of the microbialite sampling locations.

2.2. XRD and SEM-EDS

The bulk mineralogical composition of microbialites was determined by X-ray diffrac-
tion (XRD) analysis using a Bruker D8 Advance X-ray system equipped with a Lynxeye
XE-T silicon-strip detector at the Department of Earth Sciences, Sapienza University of



Minerals 2024, 14, 1013

50f21

Rome. Samples were dried in an oven at a temperature of 40 °C overnight. Then, 2 g
of microbialite was gently crushed in agate mortar and random-ordered specimens were
prepared and run between 2 and 70° 26 with step sizes of 0.02° 26, 1 s per step (1 h and
6 min long scan), while spinning the sample at 40 kV and 30 mA using CuK« radiation
(A =1.5406 A).

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. Identifica-
tion and semiquantitative estimation of mineral phases were performed using the software
Diffrac.EVA 5.2 by calculating peak areas and using mineral intensity factors as calibration
constants [56].

A 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 describe their morphological, compositional, and biological characteristics.

The microbialite samples were collected and immediately stored in specific jars in
order to avoid any contamination. Whole sediments were attached to 12.5 mm SEM stubs
using carbon tabs.

The samples were then coated in gold using an Emitech K550X sputter coater, with a
routine cycle time for coating SEM samples with conductive coating (5-15 nm) of gold (Au)
typically lower than four minutes.

SEM micrographs and EDS spectra were obtained by using a standardized method,
with an accelerating voltage ranging between 15 and 20 kV in high vacuum mode; hence,
the focus was adjusted to match the change in working distance (~11 mm) over the same
range of the specimen and an improved image was obtained, ranging between 5 and
100 pum resolution.

SEM-EDS was employed to obtain chemical analysis and microtextural information
on fragments representative of all the microbialites, as well as a careful characterization of
biological evidence.

2.3. Bacterial Isolation and Identification

For mineralization experiments, bacterial cells of 3bis8 strain grown at saturation in LB
liquid media (1% tryptone, 0,5% yeast extract, 1% NaCl) were deposited onto solid B4HLU
media consisting of B4 media [57], using lake water filtered through a 0.22 um membrane
(the lake water accounted for roughly 70% (v/v) of the total volume), and supplemented
with 0.4% yeast extract, 0.5% dextrose, and 0.3% urea. To this mixture, 5% autoclaved
Bacto agar was added, resulting in a final agar concentration of 1.5% [58]. Plates were
incubated at 28 °C for 34 days; then, samples were put on a stub and analyzed through
SEM and EDS. Uninoculated culture media were used as controls for the experiments, and
an experiment was also conducted under the same conditions with the control bacterium
Escherichia coli DH5¢.

Culturable bacteria were isolated from a fragment of crushed submerged microbialites
from the site C3 (see Figure 1) diluted 103, spread onto Bagno dell’Acqua Lake pH9 plates
and incubated at 28 °C for four days [58]. One of these, named 3bis8, was used in this study.
Characterization at molecular levels was performed as described by [59,60]. The analysis
of the resulting sequences with the online BLAST program https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PRoGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome (accessed
on 6 November 2023) revealed that the closest bacterial relative to the 3bis8 strain was
Bacillus sp. (98% identity to Bacillus cereus). Sequence was deposited to Genebank NCBI
with the accession number OR772953.

Additional fragments of crushed submerged microbialites, from the site C3, were
fixed in ethanol (50% final concentration) immediately after collection, and stored frozen
at —20 °C until further analysis. To visualize Bacilli within the original microbialite frag-
ments, the CARD-FISH technique was employed [61,62]. A horseradish peroxidase-labeled
oligonucleotide probe targeting specific rRNA (LGC354a, Biomers, Ulm, Germany) was
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used to detect various genera of Bacilli (phylum Firmicutes), including Bacillus, Exiguobac-
terium, Leuconostoc, Weissella, and Lactobacillus [63,64]. DAPI staining was applied to the
cells for visualization. The stained microbialite samples were then observed using a confo-
cal laser scanning microscope (CSLM; Olympus FV1000). DAPI-stained cells were excited
by 405 nm light, emitting in the 430-470 nm range (blue fluorescence), while hybridized bac-
terial cells were excited by a 488 nm Ar laser and viewed in the green channel (500-530 nm
emission). Mineral crystals were detected by their reflection signal at 405 nm from a diode
laser, appearing gray [65]. A 3D reconstruction of the CSLM images was created using
IMARIS 7.6 software (Bitplane, Switzerland).

3. Results
3.1. Microbialite Fabric

As already reported, the peculiar environmental conditions of the alkaline Bagno
dell’Acqua Lake favor the deposition of both carbonate and siliceous microbialites [49,50].
The organo-deposits grow in shallow waters close to the shoreline mainly in the north-
eastern and south-western sectors of the lake and show different macroscopic fabrics. In
the south-western sector, the microbialites form a uniform white platform that sometimes
is emerged and subjected to desiccation (Figure 1b). Generally, these microbialites show a
vertical layering that from top to bottom is composed of a 1 mm thick light brown layer
overlying a millimetric-thick well-defined green layer and centimetric-thick white layer
(Figure 2a—c). In the eastern sector of the lake, the microbial mats show a terraced accretion,
mostly lithified with a brownish layer (Figure 1c,d). Sometimes, the deepest part of the
lithifying microbial mat is characterized by a black layer up to 1 mm thick (Figure 2a). The
microbialites appear roughly laminated and vary from soft to partly consolidated.

Figure 2. (a—c) Photographs of distinct Bagno dell’Acqua microbialites (samples C1, C2, and C13)
showing their vertical layering: uppermost light brown layer, a well-defined green layer, a thick white
layer, and sometimes a black layer (dotted lines indicates the main layers analyzed in this study).

3.2. X-ray Diffraction of Microbialites

Microbialites from the eastern sector of the Bagno dell’Acqua Lake C2b and C3b have
a mineral assemblage (Table 1) mostly made up of carbonate minerals such as aragonite,
hydromagnesite, and calcite that account for 75% to 94% of the overall composition and
small amounts of smectite (2-4%) and quartz (2%).

Sample C2b contains K-feldspar grains from the volcanic substratum. Most of the
samples of microbialites from the north-eastern sector of the lake (C1, C5b and sup, C6,
and C8a, bis and bis_a,) are thin layers of microbial mats and carbonate minerals atop the
volcanic substratum; therefore, the inorganic fraction of the microbialites is a mixture of
primary volcanic minerals and carbonate mud precipitated in situ with the mediation of
microbes. When the primary volcanic minerals prevail (e.g., sample C5b), their content can
be up to 76% including K-feldspar, clinopyroxene, and plagioclase while the carbonate mud
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of the microbialites (e.g., C5b sup) is generally composed of aragonite (from 19% to 81%),
hydromagnesite (up to 12%), and subordinate amounts of calcite (1%). Smectite occurs
in all the samples with contents ranging from 3% to 16% and quartz does not exceed 4%.
Occasionally, halite crystals precipitate as in the case of sample C1 (Table 1). Among the
samples from the south-western sector of the lake, the C10 from the volcanic substratum
is mostly made of K-feldspar (88%), quartz (9%), and subordinate amounts of augite (2%)
and pyrite (1%). C12 microbialites are mostly composed of aragonite (43 to 67%), calcite
(2%), hydromagnesite (up to 6%), smectite (from 8 to 42%), and of detrital grains from the
volcanic substratum such as plagioclase, quartz, and mica (Figure 3).

40,000

30,000

Arg Arg

°26

Figure 3. Selected X-ray diffraction pattern for the microbialites occurring in the south-western
sector of the lake (sample C12). Qz—quartz, Cal—calcite, Arg—aragonite, Hmg—hydromagnesite,
Sm—smectite, Pl—plagioclase, Mi—mica.

3.3. SEM-EDS Analyses of Microbialites

For the aim of our study, we focused the scanning electron microscope analyses mostly
on the characterization of the neoformed silicate phase and the associated carbonates found
together with microbes and diatoms, close or trapped into the extracellular polymeric
substance (EPS; Figure 4). In this respect, SEM-EDS observations highlighted a substantial
amount of a silicate phase, likely corresponding to the smectite identified by XRD. A
peculiar compositional character of such a silicate phase is that it is mostly composed of
Si and Mg, with a very low amount of Al). This led to suggestions that it may represent a
type of Mg-rich smectite (such as stevensite, saponite). For this reason, hereon, we use the
“general” term Mg-smectite to indicate the silica phases observed within the microbialites.

In detail, in the south-eastern sector of the lake, the samples (C1, C2, and C3) are
characterized by Mg-smectite, halite, and carbonate minerals. Occurrence of no well-
preserved pennate diatoms is also observed. Sample C4 is in the correspondence of the
thermal spring, where the chemical conditions of the lake water (pH 6.44, 53.9 °C, and
conductivity of 70.9 uS/cm) are different than the rest of the lake. In this sample, the main
phases are represented by quartz and carbonate minerals. Centric and pennate diatoms are
observed too (Figure Sla,b). In the north-eastern sector of the lake, the samples (C5 and C6)
are characterized by Mg-smectite, carbonate, quartz, and particles showing the presence
of the extracellular polymeric substance (EPS; Figure 4). The presence of Cl in some EDS
spectra suggests the occurrence of halite, e.g., Figure 4h. Pennate diatoms are also present.
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Figure 4. (a,c,e,g) SEM images and (b,d fh) relative EDS spectra showing the multi-elemental
compositions of selected microbialites (i.e., C1, C5, C8, C12) ranging from Mg-smectite to extracellular
polymeric substance (EPS). The location of EDS analyses is indicated by red square on the SEM images.
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In the northern sector, sample C8 is characterized by Mg-smectite, hydromagnesite,
halite, and, as in samples C5 and C6, particles with the EPS. Occurrence of well-preserved
pennate diatoms is also observed. Hydromagnesite is observed as both rosette-like forma-
tion (Figure 5a) and spheres (Figure 5b), with diameters varying from 50 to 150 pum.

La—yg N
det ) 0 det HV
DualBSD 3 6 2 2 500 x DualBSD|20.00 k'

Figure 5. SEM images with relative energy-dispersive X-ray spectra (EDS) showing presence of
hydromagnesite as (a) rosette-like formation and (b) spheres (C8 a and C8bis).

In the south-western sector of the lake, the samples (C10, C11, C12, and C13) are
characterized by the presence of Mg-smectite, Ca-carbonate, halite, and alkali feldspar.
Occurrence of well-preserved pennate and reworked diatoms are also observed. The Mg-
smectite, characterizing all the analyzed samples, appears as sub-spherical aggregates with
a smooth outer layer with a size of a few microns (Figure 6a,b).

o Si

Ca c L N8 l cl
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T om  aw  an  am  se 4w aw | o 1w 2w im

ase  am o seo

070 140 210 230 350 )

Figure 6. (a,b) Scanning electron microscopy (SEM) images and (c—e) energy-dispersive X-ray spectra
(EDS) of the main phases (Mg-smectite and carbonate minerals) characterizing the Bagno dell’Acqua
microbialites (C12 sample).
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Mg-smectite is sometimes associated with white acicular crystals of Ca-carbonate
ranging in size from a few pm to 20 um, which probably refer to aragonite based on the
crystal habit and its weight percent quantified by XRD (Figures 6a and 7a). These crystals
are often associated with the EPS (Figure 7b,d), locally with populations of filamentous
(Figure 7c) and coccoids bacteria with diameters of about 5 um that appear encased in the
EPS (Figure 7d). In addition, visible signs of the dissolution and degradation of diatom
frustules are observed (Figure 7e,f).

Cascarbonate érystal
b Mg-smectite

det
DualBSD

Filamentous bactéria (o TR ol ' \
%1 '+ Goccoig bacteria

\

WD > spot| mag |
D [20.00 kV|10.1 mr -4 a <V 5.0 [1600x

Figure 7. Scanning electron microscopy (SEM) images showing the main microstructures characteriz-
ing the Bagno dell’Acqua microbialites. (a) Mg-smectite with acicular crystal of carbonate minerals
(sample C1); (b) evidence of extracellular polymeric substance (EPS; sample C10); (c) populations of
filamentous bacteria (sample C12a); (d) coccoids bacteria encased in EPS (sample C13); (e,f) diatoms
with visible signs of dissolution and degradation (samples C1 and C2).
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3.4. Laboratory Experiments

To investigate the role of bacteria in mineral formation, we analyzed the biomineral-
ization capability of microbes belonging to phylum Firmicutes (Bacillus sp.). It should be
noted that, by applying the CARD-FISH technique, we were able to visualize and show
the spatial distribution of the class Bacilli and other prokaryotes within the intact layers
of the natural microbialites, from the same site from where the Bacillus sp. was isolated,
confirming a possible direct role of these microorganisms on microbialite formation in the
natural environment (Figure 8).

Figure 8. CLSM images illustrate the spatial arrangement of bacteria from the Bacilli class (Firmic-utes
phylum) in green, along with other prokaryotes in blue, as identified by CARD-FISH in the surface
layers of the natural microbialite at site C3. Bacterial cells were excited using a 488 nm Ar laser and
detected in the green channel (500-530 nm emission range). Mineral crystals were visualized through
their reflection signal at 405 nm using a diode laser, appearing gray in the images. Scale bar = 20 um.

The SEM images in Figure 9 indicate that products of the strain are some isolated
fragments with a size in the order of a few microns. The most important feature of these
fragments is that they, or part of them, have a shape resembling the mineral phases observed
in the natural microbialites. In particular, the pale-grey grains shown in Figure 9a (indicated
by green arrows) and Figure 9e display a morphology close to that of clay minerals or
mineral precursor phases [66]. In Figure 9c, halite is also detected, as shown by the EDS
spectrum. EDS analyses confirm this indication as the spectra reported in Figure 9b,d,f
likely represent, respectively, compositions close to those of Mg-smectite. In more detail, in
the spectrum of Figure 9h, halite is also detected as testified by the presence of Na and Cl
peaks. In the analyzed fragments shown in Figure 9g, some additional features are evident
such as traces of EPS fibers (white arrow) and the presence of bacterial cells (Figure 9e,i,
yellow arrows). The relative EDS spectrum (Figure 9h) is characterized by a different Si-Al
ratio than the previous ones, a higher Fe concentration, presence of K, and significantly
high carbon concentration likely due to the presence of both EPS and bacteria.

It is worthy noting that, differently from the previous compositions, the white grains
present in Figure 9m display a clear calcium-carbonate composition (Figure 9n).

In summary, the aggregates precipitated by 3bis8 Bacillus sp. in laboratory experiments
by using the Bagno dell’Acqua water lake, display shapes and compositions ranging from
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Mg-smectite to EPS compositions up to Ca-carbonate. This assemblage is very similar to
what has been observed in the natural microbialites (i.e., samples C1, C5, C6, C8, and C12).

Figure 9. (a,e,g,i,m) Scanning electron microscopy (SEM) images and (b—d,f,h,1,n) energy-dispersive
spectra (EDS) of the clay/clay precursor phase and carbonate aggregates precipitated with 3bis8
Bacillus sp. in laboratory experiment using the Bagno dell’Acqua water lake. Yellow arrows indicate
bacterial cells; white arrow indicates EPS fibers.
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Finally, in the SEM-EDS analyses performed on the negative control experiment (i.e.,
without bacteria), no silicate compounds were observed, but only halite precipitation
occurred (Figure S3), while in the experiment carried out using the control bacterium E.
coli, in addition to halite, the presence of sporadic multi-elemental (Ca, Si, Mg, Al) particles
lacking a defined morphology was observed (Figure S4).

3.5. Water Chemistry

In Table 2, we report the chemical-physical parameters and geochemical results of the
water lake samples. The concentration of major elements expressed in mg/1 showed the
general pattern, as also recognized in a previous study [49], Na*>>K*>>Mg?*>>Ca?* for
cations and C1~>>HCO3~>>50,2" for anions.

We also calculated the saturation indices of the aqueous solutions using the PHREEQC
Interactive software (Version 3.7.3) [67], and the results are shown in Figure 10. The
analyzed solutions turn out to be supersaturated with respect to calcite, aragonite, dolomite,
chrysotile, huntite, magnesite, and sepiolite.
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Figure 10. Saturation indices (SI) of the two water lake samples (i.e., W1 and W2) are shown with
blue and red bars.
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4. Discussion

Laboratory experiments pointed out, for the first time, the role of microbes belonging to
phylum Firmicutes (Bacillus sp.) in promoting the precipitation of clay minerals, including
Mg-smectite, and carbonate minerals in the presence of filtered lake water. The XRD results
of the lithifying microbial mats of the Bagno dell’Acqua Lake revealed that Mg-smectite
occurs in all samples with contents varying from 16% to 42% together with significant
amounts of carbonate minerals (aragonite, hydromagnesite, and calcite). The SEM-EDS
investigations confirm the intimate association of Mg-smectite/carbonate minerals with
microbes and extracellular polymeric substances (EPSs).

Biogenic Origin of the Mg-Clay Minerals Forming the Bagno Dell’acqua Microbialites

Mg-smectite and carbonate minerals are relatively common components in modern
and ancient lake systems, especially in volcanic areas. In these contexts, lake water chem-
istry, which is influenced by the lithology of the surrounding catchment, controls carbonate
and silicate production [68]. The surrounding Pantelleria soils are characterized by the
presence of alkali feldspar, clinopyroxene, olivine, quartz, and Fe-Ti oxides as the main
mineralogical phases, with a variable content of clay minerals such as kaolinite, illite, and
smectite [69]. Therefore, the presence of clay minerals in sediments and deposits developed
on the lake are partly linked to weathering and water-rock interaction processes [48]. Silica
activity is usually high in alkaline lake waters and together with dissolved magnesium
may lead to the formation of significant amounts of authigenic clay minerals by direct
precipitation, or by the transformation of precursor materials such as glassy pyroclastics
and/or detrital clays [70-72]. In addition, the type and composition of the silicates depend
on the silica and Mg sources, which can be influenced by the presence of microorgan-
isms (e.g., [73]). Regarding the carbonate phases, hydrogeochemical results (Table 2 and
Figure 10) suggest the composition of the system is predominantly influenced by ground-
water and evaporation processes [45,46]. The prevalence of Na and Cl ions is a typical
feature of groundwater on Pantelleria Island, resulting from the mixing of groundwater
with seawater [45]. Additionally, the leaching of volcanic rocks surrounding the lake and
water-rock interaction processes contribute to the enrichment of alkaline elements [74].

Considering these statements, this study aims to better understand the processes lead-
ing to the authigenesis of Mg-clay minerals, highlighting the importance of the microbial
role, in the microbialites growing in the Bagno dell’Acqua Lake.

The mineral sequence leading to the lithification of the analyzed microbialites is herein
proposed. In the initial phase, the microbial community, mainly composed of phyla of
bacteria, produces a dense network of EPSs (Figure 11a,b), which provide physical and
chemical protection to the microbial community. As demonstrated by several studies, the
EPS represents an important substrate for the precipitation of various minerals due to its
capacity to bind cations, such as Si, Al, Ca, Mg, and Fe. This is due to the presence of
specific functional groups (e.g., carboxylic acids) that have a negatively charged surface
(e.g., [15,16,24,75]). The accumulation of ions in the EPS matrix provides enough elements
for the precipitation of amorphous nanoparticles, which have been considered to represent
the precursors for clay mineral nucleation and growth [22,32,76,77]. The resolution of our
data did not allow the detection of the particles at the nano level, but the multi-elemental
Si-rich particles observed in the Bagno dell’Acqua system, as well as in the experimental
results, may be considered as products derived from the amorphous nanoparticles that
act as nucleation sites for Mg-clay and carbonate minerals. Specifically, the production of
EPS by microbes belonging to phylum Firmicutes (Bacillus sp.), with the high pH values of
the water lake (about 9), also increased due to the possible photosynthetic activity of the
microbial community, constitutes the site for inducing nucleation and mineral growth of Mg-
smectite. The association between Mg-clay and carbonate minerals was already described
in the literature (e.g., [17,31,32]), where a detailed sequence leading to the carbonate
precipitation is reported. Our study confirms the scheme proposed by [31] for the formation
of the calcite fraction of the microbialites (Table 1). In detail, the initial microenvironmental
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conditions are influenced by locale pH increases promoted by photosynthetic activity.
This inhibits the precipitation of CaCO3 because Ca?" is preferentially bounded in the
EPS [31]. The elevated pH values also trigger diatom dissolution as testified by visible
signs of degradation on diatom frustules (Figure 11c and Figure S2), which occurred within
the microbial community. Ref. [27] have experimentally shown that diatom communities
contribute to the precipitation of Mg-smectite and carbonate minerals in alkaline lakes;
thus, the biogenic SiO, could be considered the primary source of silica in the Bagno
dell’Acqua microbialites. At this stage, the microenvironment results in being enriched in
SiO, and Mg?*, favoring Mg-smectite precipitation. Authigenesis of Mg-smectite continues
through time and determines the thickening of the microbialites. The newly formed
reactive surface (EPS) is broken down by heterotrophic degradation with the consequent
release of Ca?* cations. This produces a significant increase in the calcium concentration in
the microenvironment where the Mg?* concentration was significantly lowered, as Mg?*
cations were confined in the Mg-clay. The increase in the local calcium activity in an
almost Mg-free environment promotes the nucleation of calcite around the clay surface
(Figure 11c,d). It might represent the small amount of calcite occurring in the microbialites,
where the predominance of aragonite is due to the high Mg/Ca ratios typical of the Bagno
dell’Acqua water lake (Table 2, [50]). In general, the role of the degradation of organic
matter in contributing to the formation of local physico-chemical conditions where the
carbonate and calcium contents are supersaturated within the microbial mat, driving
carbonate mineral precipitation, has been widely documented [17,19,78,79]. This statement
confirms that Mg-clay minerals represent an ideal substrate for the nucleation of carbonate
minerals [20,22,23,31,35,72].

The role of photosynthetic bacteria in promoting the authigenesis of Mg-clay minerals
was already reproduced in controlled laboratory experiments [80,81], whereas our study
provides the evidence of a direct role of Firmicutes (Bacillus sp.), isolated from natural
microbialites, in Mg-smectite precipitation onto solid media containing Bagno dell’Acqua
lake water (as proposed in the conceptual model of Figure 12).
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Figure 11. (a-d) Scanning electron microscopy (SEM) images and relative energy-dispersive X-ray
spectra (EDS) showing the association of multi-elemental silicates, Mg-smectite, and carbonate phases
with microbes and the extracellular polymeric substance (EPS).

Legend
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\Ag,:,ﬁ\; EPS
"\ﬁs\; Degraded EPS

not to scale

Figure 12. Conceptual model (modified after [31]), showing the different stages for the formation of
the Bagno dell’Acqua microbialites: STEP 1—microbial community producing a dense EPS network;
STEP 2—suitable condition for nucleation of Mg-smectites and carbonate; STEP 3—heterotrophic
degradation of the EPS with the consequent increase in carbonate and calcium content driving
carbonate mineral precipitation.
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Considering that the interest of the scientific community in understanding the interac-
tions between microorganisms and clay mineral precipitation has been strongly increasing
in recent years, the results shown in this study update the list of the natural sites where
the association “EPS versus clay-minerals formation” finds suitable conditions for min-
eral authigenesis, as already observed in other saline and alkaline aquatic environments
(e.g., [77,82,83]).

5. Conclusions

Until now, reports of the direct role of the microbial community in the precipitation
of minerals were attempted under laboratory conditions. This study provides the first
evidence of the direct role of the microbes belonging to phylum Firmicutes (Bacillus sp.) in
promoting the neoformation of Mg-smectite in alkaline waters. This evidence is proven by
laboratory experiments, which show that, besides detrital phases, the Bagno dell’Acqua
microbialites include significant amounts of various Ca-carbonate and smectite minerals.
Scanning electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDS) investi-
gations pointed out the intimate association of Mg-smectite and carbonate minerals with
microbes and the extracellular polymeric substance (EPS).

The precipitation of mineral aggregates including Mg-smectite and Ca-carbonate
trapped within the EPS has been experimentally driven by culture of Bacillus sp. using
the Bagno dell’Acqua water lake. In the microbialites of the Bagno dell’Acqua Lake, the
sequential mineral precipitation is ruled by the following steps: (1) the microbial community
produces a dense EPS network that together with specific physico-chemical conditions
provide a suitable substrate for the nucleation of Mg-smectite and carbonate minerals;
(2) dissolution of diatom frustules due to the elevated pH leads to a local enrichment
in SiO, and Mg?+; (3) favoring Mg-smectite precipitation; and (4) degradation of the
EPS and organic matter leads to the release of Ca?* cations with consequent carbonate
mineral precipitation.

Finally, the obtained results provide a better understanding of the natural conditions
suitable for the development of Mg-smectite microbialites and these findings raised the
importance of future research into the wide mechanisms of Mg-clay organo-mineralization.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14101013/s1, Figure S1: scanning electron microscopy (SEM)
images showing (a) centric (sample C4) and (b) pennate diatoms found in the microbialites of the
Bagno dell’Acqua lake (sample C10); Figure S2: scanning electron microscopy (SEM) images showing
dissolution process acting on diatom frustules (examples from samples C10 and C13); Figure S3: (a)
SEM images and (b) EDS spectrum of the laboratory experiment using the Bagno dell’Acqua water
lake in the absence of any organism of the microbial community. The experiment was performed
at the same operating conditions as the experiment with Bacillus sp. 3bis8 strain. EDS spectrum (b)
indicate the precipitation of the sole halite aggregates; Figure S4: SEM images and EDS spectrum of
the aggregates precipitated by Escherichia coli in laboratory experiment using the Bagno dell’Acqua
water lake in the same operating conditions as the experiment with Bacillus sp. 3bis8 strain. (a,b)
The image shows the precipitation of particles composed by prevalent Ca and subordinate Si, Mg
and Al elements. Halite is also present as evidenced by EDS spectrum (b). (c,d) SEM image and
EDS spectrum of halite aggregates; Table S1: list of microbialites samples recovered along the Bagno
dell’Acqua lake with an indication of the type of analysis carried out (SEM-EDS and XRD).
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