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Abstract: Removal of calcium and magnesium ions through biomineralization induced by bacteria
has been proven to be an effective and environmentally friendly method to improve water quality,
but the process and mechanism are far from fully understood. In this study, a newly isolated
probiotic Bacillus licheniformis SRB2 (GenBank: KM884945.1) was used to induce the bio-precipitation
of calcium and magnesium at various Mg/Ca molar ratios (0, 6, 8, 10, and 12) in medium with 30 g
L−1 sodium chloride. Due to the increasing pH and HCO3

− and CO3
2− concentrations caused by

NH3 and carbonic anhydrase, about 98% Ca2+ and 50% Mg2+ were precipitated in 12 days. The
pathways of bio-precipitation include extracellular and intracellular processes. Biominerals with more
negative δ13C values (−16%� to −18%�) were formed including calcite, vaterite, monohydrocalcite,
and nesquehonite with preferred orientation. The nucleation on extracellular polymeric substances
was controlled by the negatively charged amino acids and organic functional groups. The intracellular
amorphous inclusions containing calcium and magnesium also contributed to the bio-precipitation.
This study reveals the process and mechanism of microbial desalination for the removal of calcium
and magnesium, and provides some references to explain the formation of the nesquehonite and
other carbonate minerals in a natural and ancient earth surface environment.

Keywords: bio-precipitation; biomineral; carbonic anhydrase; nucleation site; intracellular
biomineralization

1. Introduction

Three quarters of the Earth’s surface is covered by water, and more than 97% of the water is
seawater and saline water. Seawater contains a large number of ions, among which Na (1.05 wt %),
Mg (0.135 wt %), and Ca (0.04 wt %) are the three most abundant metal ions [1,2] that can cause
serious problems such as the corrosion of machines, scale in cooling systems, human stone disease, and
inefficient washing [2,3]. Thus, the removal of Mg2+ and Ca2+ is very important in the pretreatment of
seawater due to the great deal of harm above-mentioned. Recently, desalinated seawater has become an
important water source and is widely used in mining processes as well as in other industrial fields by
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many countries who face a lack of water such as China, Chile, and Israel [3–6]. Seawater desalination
is also an important way to produce potable water, and has provided 80% of the available water for
human consumption in north Chile [3]. Desalinated seawater has already been widely used in the field
of agriculture in Spain, a European country rich in semi-arid regions [7]. In the process of seawater
desalination, mature membrane-based desalination technologies are most widely used [8], and include
reverse osmosis (RO) and nanofiltration (NF),which can filtrate seawater using a polymer-material
membrane at a pressure of 340–6800 kPa [9], and electrodialysis (ED) and reverse electrodialysis
(RED), which can make ions flow through an ion-selective membrane to reach an opposite-charged
electrode driven by direct current (DC) [10]. In addition, there are forward osmosis (FO) and membrane
distillation (MD) technologies [11,12]. It can be seen that membrane technologies require driving forces
such as pressure, electricity, and thermal energy to overcome the natural osmotic pressure to allow
the water/ions to pass through the membrane quickly. Due to these above limitations, agreement on
exploring a new environmentally friendly and economical method has been reached [4].

Over the last several years, new methods regarding seawater desalination using microorganisms
have received wide attention [13–16]. In comparison to traditional desalination technology, the
removal of Ca2+ and Mg2+ ions using a biological process has many advantages such as lower
energy consumption, lower industrial cost, and less negative environmental impact [17–19]. For
example, cyanobacteria Synechococcus sp. PCC 7002 has been used as an ion exchanger to remove
different kinds of ions in seawater [20]. Another example is the use of microbial desalination cells
(MDC) [21]. MDC can drive anions and cations in a salt solution to move to the anode and cathode,
respectively, using electricity generated by exoelectrogenic bacteria, and then the ions can be removed
from the water [22]. Thus, the method of MDC has provided a breakthrough in water treatment.
Aside from the ion exchanger and MDC, another way to treat wastewater with microorganisms is
through biomineralization.

The definition of biomineralization is that microorganisms can change the local environment
surrounding cells by increasing the pH and elevating the supersaturation to induce the precipitation
of minerals [23–25]. Biomineralization can be divided into two types: biologically controlled
mineralization (BCM) and biologically induced mineralization (BIM) based on the degree of biological
control [26]. It has numerous applications including CO2 fixation [27,28], dolomite precipitation [29],
pathological concretions [30], cement remediation [31], and the solid-phase capture of soluble
materials [32,33]. At the same time, bio-precipitation of metals ions (Fe, U, Pb, Cd, Ca, Mg, and so
on) induced by microorganisms play a vital role in decreasing the contamination of metal ions in
soils and water [28,34–36]. Furthermore, the formation of minerals and rocks has also been closely
linked to biomineralization [37–41], for example, aerobic bacterial strains can induce the formation of
some biominerals such as dolomite, huntite, high Mg-calcite, and hydromagnesite at Earth surface
conditions at aqueous Mg/Ca ratios (2 to 11.5). Moreover, the microbes in the hypersaline coastal
lagoon, Lagoa Vermelha (Brazil) can induce the precipitation of Ca2+ and Mg2+ ions to form modern
carbonate stromatolites [42]. The formation of the above minerals and rocks provides a theoretical
and practical basis for decreasing the contamination of Ca2+ and Mg2+ ions in wastewater. Some
microorganisms are able to precipitate and survive in a waste saline adverse environment with a
higher concentration of Mg2+ ions, thus resulting in a decrease in the concentration of Mg2+ ions.
Biomineralization induced by bacteria is a new type of water treatment method by which dissolved
ions in the wastewater/seawater can be mineralized into solid-state precipitates under the influence of
microorganisms that can reduce the metal ion concentration to control water pollution.

The mechanism of biomineralization has been explored over the past few decades, and several
biological processes such as denitrification, iron reduction, sulfate reduction, and catalytic reaction
of urease and carbonic anhydrase have been found to create the necessary conditions for biomineral
precipitation [43]. More recent studies have suggested that organic functional groups also play a
very important role in the biomineralization process [43,44]. Among the many functional groups
for biomineralization, carboxyl groups have been more reported. It has been found that carboxyl
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groups originating from halophilic bacteria Haloferax volcanii DS52 contribute to the biomineralization
of disordered dolomite (CaMgCO3) [44]. However, it is not possible to find all the factors that affect
biomineralization, mainly because of the extreme heterogeneity of microorganisms and the wide
range of the physicochemical properties of metal ions. Since metal ions transforming into minerals by
biomineralization is a relatively complicated process, the current understanding of biomineralization
seems to be very limited. Thus, the mechanism of biomineralization and the characteristics of
biominerals still need to be further studied.

In this study, Bacillus licheniformis SRB2 bacteria were identified by a 16S rDNA sequence
comparison and used to induce the bio-precipitation of Ca2+ and Mg2+ ions in a saline solution. The
concentrations of Ca2+ and Mg2+ ions were measured by an atomic absorption spectrophotometer
(AAS) to calculate the precipitation ratios. To further explore the biomineralization mechanism,
the growth curve, pH values, the activity of carbonic anhydrase, the concentration of ammonium,
and carbonate and bicarbonate ions were analyzed, respectively. X-ray powder diffraction (XRD),
scanning electron microscope (SEM)-energy disperse spectroscopy (EDS), Fourier transform infrared
spectroscopy (FTIR), and stable carbon isotope analysis were used to characterize the precipitates to
further prove their biogenesis. Furthermore, aside from the extracellular bio-precipitation, whether
the Ca2+ and Mg2+ ions could enter the cell was also investigated by laser scanning microscopy
and a fluorescence spectrophotometer. To further determine the nucleation sites, ultrathin slices of
B. licheniformis SRB2 cell were prepared and analyzed by transmission electron microscopy (TEM)
and selected area electron diffraction (SAED), and at the same time, the amino acid composition of
the extracellular polymeric substance (EPS) originating from the SRB2 bacteria was also analyzed
by an amino acid analyzer. This study may provide further understanding on the mechanism of
biomineralization, and supply an environmental-friendly and economic method for the removal of
Ca2+ and Mg2+ ions in saline wastewater.

2. Materials and Methods

2.1. 16S rDNA-Based Identification of Bacteria

Bacterium SRB2 was screened, incubated, and stored in this geological microbial laboratory.
Regarding the 16S rDNA-based identification of SRB2, the methods to extract the bacterial total DNA
and the detailed steps to perform the polymerase chain reaction (PCR) are both referred to in the
literature [45]. The PCR products were subsequently sequenced by Shanghai Sangon Biotech Co.
Ltd. (Shanghai, China). These sequences were assembled with DNAMAN 8.0 software, and then the
complete 16S rDNA sequence was compared with those of the GenBank database. The neighbor-joining
method was used to build the phylogenetic tree of SRB2 by Mega 6 software.

2.2. Preparation of the Liquid Bacterial Seed of SRB2 Strain

A single colony of SRB2 bacteria was inoculated into 100 mL sterilized liquid medium (unit g·L−1:
beef extract 5, tryptone 10, NaCl 10, pH 7.2), and then cultured in an oscillation incubator (HZQ-F160,
Harbin electronic technology development Co. Ltd., Harbin, China) with a speed of 130 rpm at 37 ◦C.
The cell concentration was measured with a spectrophotometer (722s, Shanghai Analysis Instrument
Factory, Shanghai, China) at a wavelength of 600 nm. When the OD600 value of the fermented liquid
was approximately 0.95, the preparation of the liquid bacterial seed of SRB2 strain was complete.

2.3. Physiological and Biochemical Characteristics of SRB2 Bacteria

2.3.1. Morphology, Gram Staining, and Ammonia Test

The single colony of SRB2 bacteria was observed by the naked eye, and the single bacterium
was analyzed by SEM, Gram staining, and the ammonia test, according to the methods reported by
Han et al. [45].
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2.3.2. Growth Curve and pH Changes

To evaluate the tolerance of SRB2 bacteria on the salinity, 2 mL of the liquid bacterial seed of SRB2
strain was inoculated into 200 mL of liquid culture medium (unit g·L−1: beef extract 5, tryptone 10, pH
7.2) with 1%, 2%, 3%, and 4% of sodium chloride (NaCl, m:v), and the cell concentration was measured
using a spectrophotometer at a wavelength of 600 nm.

The liquid bacterial seed of SRB2 strain was inoculated into the liquid culture medium with 3% of
NaCl at a volume ratio of 1% and this was set as the experimental group. The other group inoculated
with the sterile distilled water at a volume ratio of 1% was set as the control group. The experiment
was performed in triplicate. All samples were cultured in a constant temperature oscillation incubator
at 130 rpm and 37 ◦C. The cell concentration was measured by a spectrophotometer at a wavelength of
600 nm and the pH values were measured using a pH meter (PHS-3C, Shanghai Shengke Instrument
Equipment Co. Ltd., Shanghai, China).

2.3.3. Ammonium Concentration and pH Based on Ammonium

The concentration of ammonium (NH4
+) in the fermented liquid was measured with a titration

reported method [45]. The pH values based on the NH4
+ concentration were also calculated according

to the same reference.

2.3.4. Carbonic Anhydrase Activity

Carbonic anhydrase (CA) activity was measured based on the transformation reaction from
p-nitrophenylacetate to nitrophenol. The working solution was prepared by mixing 0.5 mL of
p-nitrophenylacetate alcoholic solution (3.6 g·L−1) and 10 mL of ethyl diethylmalonate Hank’s Balanced
Salt Solution (HBSS, 1.56 g·L−1). One mL of the bacterial solution diluted five times was reacted with 1
mL of the working solution at 35 ◦C for 30 min, and then quickly cooled in an ice bath, before finally
being measured by a spectrophotometer at a wavenumber of 400 nm. Before reaction, the mixture
should also be measured by a spectrophotometer at the same wavenumber. Here, one unit of CA (U)
was defined as the amount of enzyme required to release 1 µmol of p-nitrophenol per min and 1 L.

2.3.5. Bicarbonate and Carbonate Ions, and pH Values

The concentrations of bicarbonate and carbonate ions were measured by the acid–base titration
method [45]. To determine how bicarbonate and carbonate ions could affect the pH, the solution of
sodium bicarbonate and sodium carbonate was prepared according to the concentration of bicarbonate
and carbonate ions, and the pH was measured.

2.4. Medium Used to Induce Biominerals

The liquid culture medium containing 0.01 mol·L−1 of Ca2+ ions was prepared and the Mg/Ca
molar ratio was adjusted to 0, 6, 8, 10, and 12 by using magnesium chloride, respectively. A total of
10.6 g Na2CO3 and 9.0 g NaHCO3 were dissolved in 100 mL of sterile distilled water and filtrated
through a filter membrane with a pore diameter of 0.22 µm, respectively. Three mL of the Na2CO3

filtrate and 5 mL of the NaHCO3 filtrate was added into 200 mL of the liquid medium at each value
of Mg/Ca molar ratio, respectively; and the pH value of the medium was adjusted to 7.2. The liquid
bacterial seed was inoculated into the above medium with an inoculation volume ratio of 1% and this
was set as the experimental group; and the medium with various pH of 6.0, 8.0, and 9.2, besides 7.2,
were inoculated with sterile distilled water at a volume ratio of 1% to be set as the control groups, with
the aim to compare the difference in minerals between the experimental group at different stages and
the control group. The experiments were performed in triplicate. All cultures were incubated in a
constant temperature oscillation incubator at 130 rpm and 37 ◦C.
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2.5. Ca2+ and Mg2+ Concentration and the Electroconductivity

Ca2+ and Mg2+ concentrations were measured by an atomic absorption spectrophotometer (AAS,
TAS-986, Zhengzhou Nanbei Instrument Equipment Co. Ltd., Zhengzhou, Henan Province, China).
To analyze the characteristics of the precipitation process, the Boltzmann equation was used and the
kinetic parameters were also analyzed based on the concentrations of Ca2+ and Mg2+ in the time range
of 0 to 400 h. The Boltzmann equation is as follows (1):

y =
A1 −A2

1 + ek(t−tmax)
(1)

where y represents the deposition amount of Ca2+; A1 and A2 indicate the calculated maximum and
minimum Ca2+ concentration, respectively; tmax is the time when the deposition rate reached its
maximum value; and k represents the average deposition rate constant.

The electroconductivity of the medium was measured in the biomineralization process by an
electroconductivity meter (DDS-11A, Digital conductivity meter, Shanghai Instrument Electric Science
Instrument Limited by Share Ltd., Shanghai, China).

2.6. Characterization of Minerals

The minerals were washed three times with distilled water, and dried at room temperature for 24 h,
then analyzed by scanning electron microscope (SEM, Hitachi S-4800, Japan Hitachi Company, Tokyo,
Japan) and energy dispersive spectrometer (EDS, EX-450, Japan Horiba, Japan). The mineral phase
and the crystal structure were analyzed by x-ray diffraction (XRD, D/Max-RC, Rigaku Corporation,
Tokyo, Japan) instrument, with a 2θ angle range of 10–90◦, a step size of 0.02, and a count time of
8◦ min−1. Rietveld refinement was performed to calculate the mass ratio of minerals in the mixture by
using Material Studio 8.0 software. Minerals were ground sufficiently with an agate mortar, and the
powder was analyzed by high resolution transmission electron microscopy (HRTEM, JEM-2100, Japan
Electronics Company, JEOL, Japan) and selected area electron diffraction (SAED). The functional groups
in/on the minerals were also analyzed by Fourier transform infrared spectroscopy (FTIR, Nicolet 380,
Thermo Fisher Scientific Inc., Massachusetts, USA) with a scanning range of 5000–400 cm−1 through
the potassium bromide pressed-disk technique. The biotic and abiotic minerals were ground in an
agate mortar. Prior to carbon isotope analysis, the minerals were first soaked in sodium hypochlorite
for 24 h to fully remove the organic constituents adsorbed on the surfaces. The stable carbon isotopic
composition was analyzed by a carbon isotope laser spectrometer (Picarro G2121-i, rPicarro Inc., Santa
Clara, CA, USA). Organic substances such as beef extract (National Medicine Chemical Reagent Co.
Ltd.) and tryptone (Beijing Aoboxing Biotechnology Co. Ltd.) were vacuum dried at −60 ◦C in a freeze
dryer (FD-1A-50, Shanghai Bilang Instrument Manufacturing Co. Ltd., Shanghai, China), and then
ground into powder for carbon isotope analysis.

2.7. EPS and Ultrathin Slices of SRB2

Cells in the stationary phase were collected by centrifugation at 2500 rpm for 15 min. Next,
the precipitated cells were washed with HBSS solution more than three times to remove the organic
components originating from the culture medium. The cells were suspended in HBSS solution and
cultured in a water bath at 60 ◦C for 40 min, then centrifuged at a speed of 10,000 rpm for 5 min. The
supernatant was vacuum dried in a freeze dryer at −60 ◦C for 24 h. Finally, the dried EPS powder was
analyzed by an amino acid analyzer (L-8900, Hitachi, Japan).

Ultrathin slices of SRB2 cells were prepared as follows: the cells were washed three times to remove
the medium components with the phosphate buffer (Na2HPO412H2O 20.7472 g/L, NaH2PO42H2O
3.1167 g/L, pH 7.2), fixed in 2.5% glutaraldehyde for 2 h, and washed three times with phosphate
buffer, then fixed in 1 mL 1% osmic acid for about 1 h, and finally put into a 4 ◦C refrigerator overnight
after being cleaned three times with phosphate buffer. The next morning, the cells were dehydrated by
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acetone and the dehydration sequence was as follows: 30% (15 min)–50% (15 min)–70% (15 min)–90%
(30 min)–100% (15 min)–100% (15 min). Next, 1 mL of 30% epoxy resin solution was added to embed
the cells. Finally, the samples were cut using a diamond slicing knife for analysis with TEM and SAED
(H-7650, Hitachi, Japan).

3. Results and Discussion

3.1. 16S rDNA Identification

The full length of 16S rDNA (KM884945.1) was determined as 1483 bp. The nucleotide sequence
homology remained at 99% when comparing the 16S rDNA sequences of SRB2 with those of 95 strains
belonging to the species of Bacillus licheniformis in GenBank. The phylogenetic tree shown in Figure 1
proved that the SRB2 strain was most closely related to B. licheniformis. Therefore, strain SRB2 was
identified as B. licheniformis.
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Figure 1. The phylogenetic tree constructed with a neighbor-joining method based on the sequence
alignment of bacterial 16S rDNA.

3.2. Physiological and Biochemical Characteristics of SRB2 Bacteria

3.2.1. Morphology, Gram Staining, and Ammonia Test

A single colony of B. licheniformis SRB2 was yellow, irregular, and had a diameter of 0.1–0.5 cm
after three days of cultivation (Figure S1a). The short-bar-shaped bacterium (Figure S1b) was about
1.5 µm in length and 0.7 µm in width, and the EPS around bacterium could also be recognized. The
purple color after Gram staining indicated that SRB2 was Gram-positive bacteria (Figure S1c). After
adding Nessler’s reagent, the brown color of the experimental group suggested that SRB2 was able to
produce ammonia (Figure S1d).

3.2.2. Growth Curve, CA Activity, the Concentration of NH4
+, HCO3

− and CO3
2− Ions, and pH

Changes

It was found that SRB2 lived well in a 3% salt concentration, which was similar to the seawater
salt concentration (Figure S2). The growth curve of SRB2 could be divided into four phases: the
lag phase, the logarithmic phase, the stationary phase, and the decline phase (Figure 2a). The lag
growth period was over a time range of 0–6 h, where the cell concentration was almost unchanged,
about 0.032–0.035 cfu mL−1 (Figure 2a), however, the pH decreased from 7.2 to 6.9 (Figure 2c). The
logarithmic phase was from 6 to 60 h (Figure 2a), where the cell concentration increased sharply from
0.16 to 1.13 cfu mL−1, and the concentration of NH4

+ and HCO3
− ions and CA activity also reached

their maximum value of 0.15 mol L−1 (Figure 2a), 0.08 mol L−1 (Figure 2b), and 35 U L−1 (Figure 2a),
respectively (Figure 2). Furthermore, the pH gradually increased (Figure 2c). The stationary phase was
in a time range of 60–100 h, where the cell concentration was stable at about 1.1 cfu mL−1 (Figure 2a),
and the NH4

+ concentration was almost unchanged (Figure 2a). From 100th hour, carbonate ions could
be detected in the medium (Figure 2b) while the pH still increased rapidly (Figure 2c). During the
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decline phase, CA activity decreased slowly from 32 to 16 U L−1, HCO3
− concentration also decreased,

while CO3
2− concentration and the pH still increased quickly (Figure 2). Interestingly, the ammonium

concentration was almost unchanged. The pH value based on NH4
+ concentration was lower than

that in the experimental group (8.2 < 9.2, Figure 2c), which indicates that the quantity of ammonia
released by SRB2 bacteria was not enough to increase the pH to 9.2 and is well consistent with the
results of Han et al. [45,46]. While the pH value based on the concentration of HCO3

− and CO3
2− ions

was higher than that based on NH4
+ concentration and higher than that in the experimental group,

which indicated that pH increase was closely related to the concentration of the HCO3
− and CO3

2−

ions, and not only the NH4
+ concentration. CA can catalyze the hydration of carbon dioxide to release

a large number of HCO3
− and CO3

2− ions, thus resulting in an increase in pH [45,46]. When compared,
our results were well consistent with their results.
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Figure 2. Physiological and biochemical characteristics of SRB2. (a) Growth curve of SRB2 and the 
ammonium concentration; (b) CA activity, and the concentration of carbonate and bicarbonate ions; 
(c) pH in the control and experimental group, pH based on the NaHCO3 + Na2CO3 solution and NH4+ 
concentration. 
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Figure 2. Physiological and biochemical characteristics of SRB2. (a) Growth curve of SRB2 and the
ammonium concentration; (b) CA activity, and the concentration of carbonate and bicarbonate ions;
(c) pH in the control and experimental group, pH based on the NaHCO3 + Na2CO3 solution and
NH4

+ concentration.

3.3. Ca2+ and Mg2+ Concentration, and the Electroconductivity

From the precipitation curve, it was found that 8% of Ca2+ and 9% of Mg2+ were rapidly deposited
just at beginning of growth (Figure 3). In 100 h, 13% of calcium ions and 16% of magnesium ions
were precipitated (Figure 3). It could also be seen from the calcium ion sedimentation curve that with
the appearance of carbonate ions, the deposition rate also increased significantly from 100 to 216 h.
Ca2+ (~95%) and Mg2+ (~50%) in the experimental group were quickly precipitated during this time
(Figure 3). The conductivity of the culture medium was also found to be reduced due to the rapid
removal of metal cations from solution (Figure 3c).
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Figure 3. Ca2+ concentration (a); Mg2+ concentration (b); and electroconductivity (c) in the medium
inoculated with SRB2 bacteria.

As shown in Figure 4, the precipitation rates (µg L−1 s−1) of Ca2+ in the experimental groups
were 0.93, 0.87, 0.85, 0.83, and 0.79 at Mg/Ca molar ratios of 0, 6, 8, 10, and 12. The deposition rate of
Ca2+ gradually decreased with increasing Mg/Ca ratios (Figure 4b). Approximately 50% Mg2+ and
96% Ca2+ (Figure 4a) in the culture medium could be precipitated by B. licheniformis SRB2 through
the bio-precipitation process. The precipitation rates (µg L−1 s−1) of Mg2+ in the experimental groups
were 0, 0.18, 0.16, 0.16, and 0.12 at Mg/Ca molar ratios of 0, 6, 8, 10, and 12 (Figure 4b)
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Figure 4. Precipitation ratio (a) and precipitation rate (b) of Ca2+ and Mg2+ ions.

Overall, after about 300 h (12.5 days), about 98% of the Ca2+ ions and 50% of the Mg2+ ions in
the experimental group had precipitated. This shows that SRB2 has a high precipitation efficiency for
calcium and magnesium ions.
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3.4. The Extra- and Intra- Cellular Precipitation of Ca2+ and Mg2+ Ions, and Biominerals Induced by SRB2

In an alkaline environment, the dissolved calcium and magnesium ions precipitated in the form
of several kinds of biominerals with unique characteristics under the influence of SRB2 activity, while
there were no minerals in the abiotic control groups at pH of 6.0 and 7.2. In the abiotic experiments
at pH 8.0 and 9.2, it was found that, at a Mg/Ca ratio of 0, a large number of minerals with complex
rhombohedrons were formed and a few minerals had an elongated and spherical shape, while at other
Mg/Ca ratios, the precipitates were irregular and rough (Figure S3). Organic elements such as P, S, and
N could not be detected (Figure S4).

3.4.1. Extracellular Biominerals

At the Mg/Ca ratio of 0, the minerals in the experimental group were calcite (95%) and vaterite
(5%) (Figure 5 and Figure S4), and had a spherical and dumbbell morphology (Figure 6a), which mainly
contained C, O, Ca, and P elements (Figure 6e). In the biotic calcite crystal, (217) lattice fringes were in
contact with (128) lattice fringes at an angle of about 62.26◦((217)∧(128)), indicating that there were
many dislocations due to the involvement of SRB2 (Figure 6c and Figure S5). This change in crystal
structure was one of the signs that proved the biogenesis of the minerals. Interestingly, the bacterial
cell in the experimental group was surrounded by a mineralized shell with a chemical composition of
CaCO3 (Figure 6b). Vaterite is a type of unstable anhydrous calcium carbonate, and easily transforms
into the most stable calcite [46]. However, when organic factors take part in the formation process of
vaterite, this stability increases [47]. Figures 5 and 6d show the presence of vaterite. According to the
above references, we could infer that the organic factor SRB2 bacteria in the experimental group may
be one reason why vaterite became more stable. The exterior structure of the bacterium could influence
the mineralization process. It has been reported that the decrease of nucleation energy caused by the
functional groups on the bacterial surface could induce the mineralization process more easily [48].
Additionally, organic matters secreted by the bacteria played a key role in the regulation of the mineral
morphology and phases [45,49,50]. A number of studies have confirmed that some amino acids have
an ability to promote the formation of vaterite crystals [51–54]. Therefore, in this study, amino acids on
the peptidoglycan of the SRB2 bacterial cell wall may have had a close relationship with the formation
of vaterite at the Mg/Ca molar ratio of 0.
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Figure 5. X‐ray diffraction analyses of the biominerals cultured for 12 days at different Mg/Ca molar 
ratios. 
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supersaturation has not been reached in the surrounding environment [55]. Nucleation and growth 
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At Mg/Ca ratios of 6 and 8, the minerals were ellipsoid-shaped monohydrocalcite (100%, Figure
S5b,c) with a rough surface (Figure 5f,i), which mainly contained C, O, Ca and P elements (Figure 6j).
EPS and the survived bacterial cell could be clearly recognized (Figure 6g,h).

At Mg/Ca ratios of 10 and 12, a mixture of columnar nesquehonite and ellipsoid-shaped
monohydrocalcite (Figures 5 and 6k–m) was formed. The mass ratio of nesquehonite increased
from 85.5% to 90.5% when the Mg/Ca ratio changed from 10 to 12, and that of monohydrocalcite
decreased from 14.5% to 9.5% (Figure S5d,e). (002) preferred orientated nesquehonite (Figure 5) was
the other characteristics that proved the biogenesis of minerals, resulting in significant elongation
morphology (Figure 6k). The elemental composition of nesquehonite included C, O, Mg, and P, and
that of monohydrocalcite consisted of C, O, and Ca in addition to a little Mg and P (Figure 6n,o).

The nucleation and growth of the nesquehonite crystal was promoted because of the existence of
the SRB2 bacteria due to the fact that SRB2 bacteria increased the pH value of the culture medium from
7.2 to 9.2. Microorganisms often promote the formation of highly supersaturated microenvironments
to facilitate the precipitation of carbonates. Furthermore, the EPS of bacterial cells could absorb Ca2+,
Mg2+, or other metallic cations to act as the nucleation sites, even when supersaturation has not been
reached in the surrounding environment [55]. Nucleation and growth of the nesquehonite crystals
occurred in an organic environment rich in SRB2 bacteria and metabolites, indicating that microbial
mediation is an active process and can influence the morphology and crystal structure.

In fact, the mineral precipitation process mediated by organic components occupies an important
position in both present and ancient environments [56–70]. The adsorption of Ca2+ and Mg2+ ions on
the bacterial cell surface is the initial step of biomineralization. The ion adsorption ability of bacteria
is mainly caused by the surface charge and zeta-potential [71]. It has been reported that different
functional groups on the surface of bacteria such as hydroxyl, carboxyl, phosphoryl, and amide groups
can contribute to this nucleation process [48,49]. In a previous study, it was found that some bacteria
can preferentially adsorb Mg2+ on their membranes to induce the formation of dolomite, and others
adsorb Ca2+ to induce calcite [29]. However, in our study, the mineral formed by SRB2 bacteria was not
dolomite, but nesquehonite. With the increasing Mg2+ ion concentration, SRB2 could break down the
hydrated membrane around the Mg2+ ion [43] to promote the nucleation of Mg2+ on the cell surface,
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leading to the formation of nesquehonite. The extracellular nucleation process not only contributed to
the precipitation of Mg2+ ions on the cell surface, but also to that of Ca2+ ions. With increasing Mg/Ca
ratios, Mg2+ ions took up more nucleation sites than the Ca2+ ions, leading to the formation of the
nesquehonite mineral.

3.4.2. Intracellular Amorphous Inclusions

If green fluorescence can be emitted when using Fluo-3AM as an indicator of the Ca2+ ion, the
presence of Ca2+ inside the cells can be determined. However, one thing to note is that the cells
themselves do not emit fluorescence. The results showed that the cells emitting green fluorescence
at different Mg/Ca molar ratios (Figure 7a–e), indicating that there was a large number of Ca2+ ions
inside the cells. The control group (Figure 7f) without Fluo-3AM could not emit the green fluorescence,
suggesting that the cells themselves did not emit spontaneous fluorescence. The fluorescence intensity
of Ca2+ inside the cell decreased from 130 cps to 90 cps when the Mg/Ca ratio increased from 0 to
12 (Figure 7g), namely, the intracellular Ca2+ concentration decreased with increasing Mg/Ca ratios,
indicating that Mg2+ ions could interfere with the transport of Ca2+ ions from the outside to inside
the cell. The reason may be that, with increasing Mg2+ concentration (from 0 to 0.12 M), more Mg2+

ions could enter the cell by diffusion through ion channels due to the smaller size of Mg2+ than that of
Ca2+ ions. Mg2+ ions can occupy the sites of Ca2+ ions in the Ca2+ channel, resulting in a decrease
in the fluorescence intensity of intracellular Ca2+ ions. Therefore, the decrease of intracellular Ca2+

fluorescence intensity was the result of increasing Mg/Ca molar ratios.
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Figure 7. Analyses of intracellular Ca2+ fluorescence intensity. (a–e) SRB2 bacteria stained
with Fluo-3AM and analyzed by laser scanning microscopy at Mg/Ca molar ratios of 0, 6, 8,
10, and 12, respectively; (f) SRB2 bacteria without staining with Fluo-3AM analyzed by laser
scanning microscopy; (g) Intracellular Ca2+ fluorescence intensity of SRB2 bacteria analyzed by
a fluorescence spectrophotometer.

In fact, higher concentrations of calcium and magnesium ions are toxic to cells, so cells actively
limit calcium and magnesium ions to certain areas (such as vacuoles in plant cells) when these ions enter
the cell, resulting in calcium and magnesium concentrations several orders of magnitude higher than
in other areas that leads to the formation of amorphous minerals [72]. There were many intracellular
nanometer-scaled inclusions (Figure 8b–e) without any crystalline structure (Figure 8e, inset) in the
cells of SRB2, while there were no intracellular inclusions in cells cultured in the medium without any
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calcium and magnesium (Figure 8a). The EDS results revealed that the area mainly contained C, O, Ca,
and Mg elements (U and Os came from the fixing agent) (Figure 8f).Minerals 2019, 9, x FOR PEER REVIEW 13 of 23 
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Figure 8. High resolution transmission electron microscope, selected area electron diffraction, and
energy spectrum analyses of ultrathin slices of B. licheniformis SRB2. (a), SRB2 seed; (b–e), Mg/Ca molar
ratios of 6, 8, 10, and 12, respectively; inset in (e), SAED image; (f), EDS analysis of intracellular inclusion.

Microbial intracellular mineralization is a very important process, and even very common in
some types of microorganisms [72]. The results of this experiment demonstrated that the presence
of intracellular inclusions containing Ca and Mg in SRB2 bacteria also contributed to the decrease in
Ca2+ and Mg2+ ions concentrations. In fact, for many microorganisms, extracellular and intracellular
biomineralization can occur at the same time [23,45,49,72]. It has been found that many organelles,
even nucleic acid, can be involved in the intracellular biomineralization process [73]. Phosphorous
groups in the cell also contribute to the absorption of Ca2+ and Mg2+, resulting in intracellular
biomineralization [74]. It is well known that Magnetospirillum gryphiswaltz produces intracellular
magnetite nanocrystals and that the biomineralization of magnetite nanocrystals requires several
magnetosome-associated proteins. Generally speaking, intracellular Ca2+ and Mg2+ ions cannot reach
a very high concentration due to the need for information transmission and life activities. Additionally,
the study revealed that intracellular precipitation may be caused by the relatively worse ability to
adjust pH and ion concentration in some special area of cells [72]. Therefore, it could be concluded
that the intracellular biomineralization of SRB2 also contributed to the decrease of Ca2+ and Mg2+ ion
concentrations in the medium. In the environment where both the Ca2+ and Mg2+ ions were present,
there would be competition in transport from the outside to inside the cell. In the process, more Mg2+

ions took up the sites of Ca2+ ions in SRB2 cells, and the fluorescence intensity of intracellular Ca2+ ions
also declined. The decreased Ca2+ and Mg2+ ions caused by a single SRB2 cell may be tiny, however,
the number of SRB2 cells was very large, thus, the intracellular biomineralization induced by SRB2
also played a great role in the precipitation of Ca2+ and Mg2+ ions.

We assumed that the average volume of a single cell was Vs, the average radius of the inclusions
was r1, the total number of cells in the medium was N, the average number of inclusions in a cell was
n, the density of the inclusion was ρ, and the molar mass of inclusions was M. It was approximately
considered that 1 mol of the inclusions contained 1 mol of calcium and magnesium ions, respectively.
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Thus, the total volume of inclusions was ((2)–(7)):

V = vs·N·n (2)

vs =
4
3
πr1

3 (3)

N = ODmax·8·108 (4)

V =
4
3
πr3
·ODmax·8·108

·n = 1.06·109
·πr3
·ODmax·n (5)

The total moles of inclusions are:

ω =
V·ρ
M

(6)

ω1 =
1.06·109

·πr3
·ODmax·n·ρ

M
= 1.29·10−9mol (7)

where r1 = 20 nm; r2 = 1 µm; γmax = 90 nM, ODmax = 1.1; n = 1; ρ= 2.93 g/cm3 (typical ACC density [75]);
and M = 100.1 g/mol (typical ACC molar mass [75]). The results of the EDS showed that the inclusions
contained basically the same calcium and magnesium ions. In addition to the calcium and magnesium
ions that were immobilized in the inclusions, the free ions inside the cells also needed to be calculated.
According to the published data on Bacillus subtilis [76], we set the maximum value of intracellular
calcium ions concentration as 90 nM, while the maximum concentration of magnesium ions was 10
mM [77].

The total volume of the cells is:
Vcell =

4
3
πr2

3
·N (8)

The number of moles of intracellular free calcium ions is:

ω2 = γmax·Vcell = γmax·
4
3
πr2

3
·N = 3.31·10−13 mol (9)

The number of moles of intracellular free magnesium ions is:

ω3 = γmax·Vcell = γmax·
4
3
πr2

3
·N = 3.68·10−11 mol (10)

where r2 = 1 µm; γmax of Ca2+ = 90 nM; γmax of Mg2+ = 10 mM; and ODmax = 1.1. Based on the
intracellular calcium ion fluorescence intensity, we can see that the concentration of intracellular
calcium and magnesium ions varies under different culture conditions (Figure 7). The calculations
limit the maximum amount of calcium and magnesium ions that can be precipitated by the cells.
For calcium ions, the maximum amount of precipitation occurs when the Mg/Ca ratio was zero. For
magnesium ions, the maximum precipitation amount occurred when the Mg/Ca ratio was 12. The
calculated results show that the intracellular process also contributes to the precipitation of calcium
and magnesium ions as shown in Equations (8)–(10).

3.5. The Mechanism of Ca2+, Mg2+ Bio-Precipitation Induced by SRB2

In order to further understand the process of microbially induced bio-precipitation of carbonate
minerals and the role of microbial organic matter in the process of biomineral formation, the stable
carbon isotope composition of biotic minerals, abiotic minerals, organic and inorganic components in
the medium was analyzed. Furthermore, FTIR analysis of the biominerals was performed, and at the
same time, the bacterial EPS were extracted to analyze the amino acid composition.
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3.5.1. Carbon Source for Bio-Precipitation

It can be seen from Table 1 that the carbon isotope values (δ13C, PDB) of the biominerals ranged
from −16.12%� to −18.01%�. The carbon isotope values of abiotic minerals at a Mg/Ca ratio of 0 (pH =

8.0, 9.2) were basically the same as those of the inorganic components NaHCO3 and Na2CO3 (especially
Na2CO3), indicating that the carbon sources of abiotic minerals were all derived from Na2CO3 (~13%�).
At the same time, it can be seen that the isotope values of the biotic minerals were more negative than
those of the abiotic minerals and the inorganic components, which indicates that the carbon sources of
the microbially induced biominerals are complex.

Table 1. δ13CPDB (%�) values for minerals and organic compounds in the experimental groups.

Mg/Ca Biomineral Abiotic Mineral Beef Extract Tryptone NaHCO3 Na2CO3 Air [78]

0 −16.54 ± 0.12 −13.25 ± 0.22

−18.14 ± 0.11 −21.52 ± 0.13 −14.25 ± 0.09 −13.36 ± 0.12 −8
6 −17.55 ± 0.05 -

8 −17.38 ± 0.08 -

10 −18.01 ± 0.13 -

12 −16.12 ± 0.62 -

The isotope value of atmospheric carbon dioxide was approximately −8%� and the organic
compounds in the culture medium had a δ13C value of −18%�–−21%�. The isotope values for
the biominerals ranged between the value of atmospheric carbon dioxide and those of the organic
components, indicating that the biominerals had complex carbon sources and the decomposition
of organic matter caused by SRB2 bacteria may play an important role in the stable carbon isotope
composition. Due to the more negative carbon isotope values of the biominerals, the carbon was more
likely to derive from the degradation and utilization of organic matter in the medium by SRB2 bacteria.
The process of carbon in the organic matter transported to the biominerals involved both intracellular
and extracellular processes. The microorganism degraded the organic matters containing polypeptide
in the medium to smaller molecules that could be transported into the cell to supply the carbon and
nitrogen resources for bacterial metabolism. Under the action of bacterial respiration, these smaller
molecules of organic substances could be transformed into the metabolites, the most common product
of which was carbon dioxide. This is because this carbon dioxide came not from the air, but from the
metabolism of organic matter by microorganisms. The high concentration of carbon dioxide released
by SRB2 was rapidly converted into CO3

2− and HCO3
− under the action of extracellular carbonic

anhydrase. CO3
2− and HCO3

− ions combined with calcium ions under alkaline conditions could form
minerals rapidly by relying on EPS as the nucleation sites. This result further explains the reason for
the more negative carbon isotope values of the biominerals than those of the inorganic minerals.

3.5.2. Nucleation Sites of Extracellular Biominerals

Interestingly, the mineralized shell with a chemical composition of CaCO3 was found to surround
the bacterial cell (Figure 9). SRB2 bacteria play an important role in the formation of these mineralized
shells. The components and structures of the cell surface strongly influenced the final result of the
mineralization process. It has been reported that the decrease of nucleation energy caused by the
functional groups on the bacterial surface could induce the mineralization process more easily [42].
Perhaps, this was the main reason for the formation of the mineralized shells. In fact, the occurrence
of the mineralized shell surrounding the cell also suggests that the EPS of SRB2 bacteria could act as
nucleation sites. From the ultrathin slices of SRB2, it was also found that the mineral particles on the
EPS, with an elemental composition of Ca, Mg, O, and C (Os and U came from the fixation process,
Figure 10), had a weak crystalline structure due to the presence of the diffraction spots (Figure 10b,
inset). This point also confirmed the fact that EPS acted as the nucleation sites.
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It has already been verified that the EPS secreted by microorganisms can serve as the nucleation
sites for biominerals [79]. These organic matters can promote the transportation of electrons and
protons between the bacteria and the ambient environment [80,81]. Therefore, there would be a
large number of microcrystalline minerals precipitated on the EPS after adsorbing the Ca2+, Mg2+,
HCO3

−, and CO3
2− ions [37,82]. The microcrystalline CaCO3 particles gradually grew and were piled

together to form the carbonate mineral shell, and then the SRB2 bacterium was wrapped; however, the
bacterium was still alive due to a hole present in the terminal of the shell that enabled the bacterium to
communicate with the environment (Figure 9a). The mineralization process driven by the mineral
nucleation on the EPS can make the microorganism itself be encased by a carbonate layer [83,84].
In this study, SRB2 bacteria were surrounded by rod-shaped shells composed of a large number of
nanometer microcrystalline minerals (Figure 9b). The inner diameter of the fractured mineral shell
was approximately 0.5 µm, consistent with the width of a SRB2 bacterium. Figure 9d clearly shows
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that these mineral shells were composed of numerous nanometer-sized mineral grains. The reason for
the shrinkage of the SRB2 cell might be related to the high concentration of salt, which can make the
cells lose water to shrink.

3.5.3. Precipitation Controlled by Amino Acids and Organic Functional Groups

Figure 11 shows the FTIR spectra of the biominerals induced by SRB2 after 300 h of cultivation at
different Mg/Ca molar ratios. Aside from the characteristic peaks of the biominerals (Figure S7), many
organic functional groups could also be found, as seen in Figure 11, including C=O (1710 cm−1), C–O–C
(1091 cm−1), and P–O (1030, 736 cm−1), which may have originated from the EPS, metabolites, and the
bacterium itself. These organic molecules were incorporated into the mineral during the process of
crystal nucleation and growth. In fact, in previous studies, it was found that the functional groups of
organic matters had an obvious influence on the formation of minerals [85], and also influenced the
morphology. Some organic functional groups (hydroxyl, carboxyl, phosphoryl, and amide groups)
contributed to the combination of metal ions and EPS.
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In fact, Ca2+ and Mg2+ ions are usually wrapped by water molecules, and once the combination
energy barrier of the water molecules was overcome, the Ca2+ and Mg2+ ions could be precipitated.
There is also competition for nucleation sites between Mg2+ and Ca2+. According to the higher
combination energy between Mg2+ and water molecules of 351.5 kcal mol−1 [85], Mg2+ is more difficult
to be precipitated when compared with Ca2+ (264.3 kcal mol−1) [43]. At the same time, Mg2+ ions are
also hard to bind with CO3

2− ions due to the limitations of the lattice structure, thus the formation of
magnesium carbonate crystals is difficult. Fortunately, many functional groups such as C=O and C–N
also make great contributions to this biomineralization process [50,85,86]. Carboxyl and phosphate
groups usually have negative charges. The water molecules can be replaced by these functional groups
to free the wrapped Ca2+ and Mg2+ ions. Additionally, the life activity of SRB2 creates an alkaline
microenvironment around the cell, where under these circumstances, the deprotonation of the carboxyl
groups is easier. Consequently, metal ions (Ca2+ and Mg2+) are more easily adsorbed on these groups.

EPS are an important source of organic functional groups, as shown in Figure 12, where 17 types
of amino acids were detected in every experimental group including Glu, Asp, Gly, Ala, Val, Lys, Thr,
Leu, Ser, Ile, Phe, Pro, Tyr, Arg, His, Cys, and Met. It can be seen in Figure 2c that the pH values
increased to 9.0 at 200 h, but the isoelectric points of all kinds of amino acids (His 7.59, Pro 6.3, Thr
6.16, Ile 6.02, Ala 6, Leu5.98, Gly 5.97, Val 5.96, Met 5.74, Ser 5.68, Tyr 5.68, Phe 5.48, Cys 5.05, Glu 3.22,
Asp 2.77), except for arginine (10.76) and lysine (9.74) were less than the final pH value. That is to
say, most amino acids are negatively charged in such alkaline conditions [49,79]. These negatively
charged amino acids could absorb a large number of calcium and magnesium ions into the bacteria’s
EPS through electrostatic attraction, while the positively charged amino acids (Arg and Lys) could
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adsorb carbonate and bicarbonate ions in solution, thus the carbonate minerals could be nucleated
on the EPS. These amino acids promoted the adsorption and aggregation of Ca2+, Mg2+, CO3

2−, and
HCO3

− ions on the cell surface, resulting in the formation of the bacterial mineralized shells and the
precipitation of metal ions.
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Therefore, the SRB2 bacteria provided suitable sites for the adsorption of metal ions (Ca2+ and
Mg2+) and the nucleation of minerals. These functional groups from the EPS not only accelerated the
precipitation of Ca2+ and Mg2+, but also served as the molecular template to change the morphology
of minerals (preferred orientation of nesquehonite). In this way, functional groups such as P=O and
C=O play an important role in the extracellular biomineralization of carbonate minerals.

4. Implications for Microbial Desalination and Biomineralization

In a pure inorganic environment without the participation of microorganisms, magnesium
carbonate crystals are difficult to form. The most typical example is that neither dolomite nor magnesite
can be precipitated directly in the aseptic natural system at the Earth’s surface. No minerals observed by
the naked eye in our control groups also proved this viewpoint. However, more nesquehonite deposits
can also be found in the modern natural environment. In the past, some research has suggested that
the formation of nesquehonite was related to organic components, but a few studies have linked that
with microbial activity. The current mainstream views about the question of what makes Mg2+ ions
difficult to be precipitated as magnesium-rich carbonate minerals are as follows. (1) The high binding
energy between magnesium ions and water molecules is a huge obstacle to their entry into the mineral
lattice [43]. In competition with calcium ions or other metal cations for nucleation sites, magnesium
ions are often at a disadvantage due to their close association with water molecules. (2) Limitations
of the mineral’s own lattice structure in the formation of magnesium-rich carbonate minerals. The
special structure of the Mg–O octahedron makes it difficult to maintain stable and sustained growth.
(3) Demanding requirements for the deposition environment [82]. These magnesium-rich carbonate
minerals require higher saturation and higher ionic strength for sustained and stable growth.

Our study revealed that microorganisms could cause the rapid precipitation of Ca2+ and Mg2+ in
aqueous solutions, leading to the formation of calcite, vaterite, monohydrocalcite, and nesquehonite.
The EPS secreted by microorganisms reduced the binding energy of Mg2+ with water molecules, thus
making it easier to enter the mineral lattice. Not only that, but in this process, organic components that
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participates in the process of mineral growth may change the crystal structure of the restricted mineral
to a certain extent, making it more suitable for sustained and stable growth. The most important
thing is that the life activities of microorganisms could change the micro-environment, facilitating the
precipitation of minerals.

5. Conclusions

In the present experiment, we demonstrated that a newly isolated bacterial strain B. licheniformis
SRB2 could induce intracellular and extracellular biomineralization. The final concentration of Ca2+

and Mg2+ in the experimental group was much lower than that in the control group at different
Mg/Ca molar ratios due to the existence of SRB2 bacteria. SRB2 bacteria released ammonia and CA
to increase the pH values and elevate the concentrations of HCO3

− and CO3
2− ions, thus promoting

the bio-precipitation of Ca2+ and Mg2+ ions. With increasing Mg/Ca ratios, the composition of amino
acids in the EPS also changed, mainly reflected in the marked increase in the proportion of negatively
charged amino acids. The mineral phases (calcite, vaterite, monohydrocalcite, and nesquehonite) and
crystallographic features (especially the preferred orientation) were controlled by the biomolecules
and the functional groups. The extra and intracellular biomineralization contributed greatly to the
bio-precipitation of Ca2+ (96%) and Mg2+ (50%) in ambient solution. Therefore, the present experiment
provides references for understanding the mechanism of microbial desalination for the removal of Ca2+

and Mg2+ ions. Furthermore, it has an important guiding significance in explaining the formation of
nesquehonite and other carbonate minerals in the natural and ancient earth surface environment.
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Mg/Ca molar ratio 12, respectively. (a)–(e), and (g), HRTEM; (b), (f), and (h), SAED).; Figure S7. FTIR analyses of
the characteristic organic functional groups in the minerals induced by B. licheniformis SRB2 strain at different
Mg/Ca molar ratios.
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