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Abstract: Biomineralization induced by microorganisms has become a hot spot in the field of
carbonate sedimentology; however, the mechanisms involved still need to be explored. In this study,
the bacterium Bacillus subtilis ]2 (GenBank MG575432) was used to induce the precipitation of calcium
carbonate minerals at Mg/Ca molar ratios of 0, 3, 6, 9, and 12. Bacillus subtilis ]2 bacteria released
ammonia to increase pH, but the ammonia released only made the pH increase to 8.25. Carbonic
anhydrase was also produced to catalyze the hydration of carbon dioxide, and this process released
carbonate and bicarbonate ions that not only increased pH but also elevated carbonate supersaturation.
The biominerals formed at a Mg/Ca molar ratio of 0 were spherulitic, elongated, dumbbell-shaped,
and irregularly rhombohedral calcite; at a Mg/Ca molar ratio of 3, the biominerals were calcite and
aragonite, the weight ratio of calcite decreased from 26.7% to 15.6%, and that of aragonite increased
from 73.3% to 84.4% with increasing incubation time. At higher Mg/Ca molar ratios, the biominerals
were aragonite, and the crystallinity and thermal stability of aragonite decreased with increasing
Mg/Ca molar ratios. FTIR results showed that many organic functional groups were present on/within
the biominerals, such as C-O-C, N-H, C=0, O-H, and C-H. HRTEM-SAED examination of the
ultra-thin slices of B. subtilis ]2 bacteria showed that nano-sized minerals with poor crystal structure
had grown or been adsorbed on the EPS coating. The EPS of the B. subtilis ]2 strain contained abundant
glutamic acid and aspartic acid, which could be deprotonated in an alkaline condition to adsorb Ca?*
and Mg?" ions; this made EPS act as the nucleation sites. This study may provide some references for
further understanding of the mechanism of biomineralization induced by microorganisms.

Keywords: Bacillus subtilis; biomineralization; nucleation site; Mg/Ca ratio; amino acid; crystallinity;
thermal stability; organic functional group; carbonic anhydrase; ammonia
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1. Introduction

Biomineralization refers to the process where the formation of certain kinds of inorganic minerals
can be regulated by some organisms. The biggest difference between biomineralization and general
mineralization lies in the participation of bio-macromolecular metabolism, cells, and organic matrix.
The product of biomineralization, namely, biominerals, can be carbonate, phosphate, sulfate, sulfide,
silicate, hydroxide or oxide, and involve different species of cations such as calcium, magnesium, iron,
and/or manganese [1-15]. In the process of bacterially induced mineralization, microorganisms can
release metabolic products to react with metal ions in the environment, and the process usually results
in the subsequent precipitation of mineral crystals [16-21]. The precipitation of calcium carbonate
(CaCO3) induced by microbes is a common process in aquatic environments [22-27]. Calcite, aragonite,
and vaterite are the major crystalline polymorphs of CaCOj; induced by bacteria [28]. Microbial
mineralization processes and their products can be used in many ways. For example, recent literature
has shown that the precipitation of calcite minerals by microbes within the pores of a rock can quickly
reduce its permeability to water [29]. Micrococcus sp. and Bacillus subtilis were inoculated into some
limestone samples and the consequence was that water absorption decreased by 60% [30]. Besides
restricting the water penetration, the product of biomineralization induced by bacteria can also limit
the exchange between the pores of the limestone and the atmosphere to protect the rock [31]. Based
on the discovery of biomineralization, researchers have begun to develop new cementing materials.
Biomineralization can also be used in the treatment of environmental pollution such as the removal or
fixing of heavy metals [32,33] and the depletion of carbon dioxide [34-38].

Carbonate mineralization induced by microorganisms has been investigated in many studies [39-53].
However, there are still a large number of questions to be answered. For example, pH values in
certain environments have been shown to increase in the presence of bacteria, and most scientists
have believed that this is due to the ammonia released by bacteria [54]; however, other scientists have
found that the quantity of ammonia released by bacteria is not enough to increase pH beyond 9.0 [51].
Thus, the question is: what is causing the pH to rise? This is a question worthy of further enquiry.
The scientific problem of nucleation sites is also a focus for many researchers. It has been reported
that nucleation sites for carbonate precipitation are present on cell walls, since ion exchange can
take place through the cell membrane [55]. However, it has been shown that extracellular polymeric
substances (EPS) are the nucleation sites for carbonate precipitation, rather than the cell wall [56]. Thus,
the matter of nucleation sites and nucleation mechanisms also need to be further explored. At the
same time, the thermal stability of biominerals has rarely been examined. Therefore, in view of these
issues, the mechanisms of biomineralization induced by bacteria and the characteristics of biominerals
precipitated need to be studied further.

In this study, the B. subtilis ]2 strain was identified by the sequence of 165 rDNA, and then
used to precipitate the calcium carbonate biominerals at Mg/Ca molar ratios of 0 (no Mg), 3, 6, 9,
and 12. To further explore the mechanism of biomineralization, the variations of ammonia and
carbonic anhydrase (CA) and the concentrations of the carbonate, bicarbonate, and ammonium
ions were all investigated. The biominerals obtained were studied by X-ray diffraction (XRD),
scanning electron microscopy (SEM)-energy dispersive spectrometer (EDS), Fourier transform infrared
spectroscopy (FTIR), thermogravimetry (TG), differential thermogravimetry (DTG), and differential
scanning calorimetry (DSC). To further determine the nucleation sites, ultrathin slices of B. subtilis ]2
bacteria were prepared and analyzed by high-resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), and scanning transmission electron microscopy (STEM).
To explore the mechanism of nucleation on the EPS, the EPS of B. subtilis ]2 bacteria were extracted
and the amino acids of the EPS were also analyzed. This study may shed light on the mechanism of
biomineralization and contribute to the further understanding of the important role microorganisms
play in nature.
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2. Materials and Methods

2.1. Bacterial Strain and Culture Medium

Bacillus subtilis ]2 bacteria were preserved at —20 °C in the laboratory of Zuozhen Han. The liquid
culture medium used to incubate B. subtilis bacteria had the following components (g-L~!, deionized
water): beef extract 3.0, tryptone 10.0, and NaCl 5.0. The solid culture medium was prepared by adding
20.0 g of agar powder into 1 L of the liquid culture medium. The pH values of the liquid and solid
culture mediums were adjusted to 7.0.

2.2. 165 rDNA Identification of B. Subtilis |2 Bacteria

The total DNA of B. subtilis bacterium was extracted by the modified cetyltrimethylammonium
bromide (CTAB) method [57] and the universal primers used were according to the description of the
article [58]. Its 16S rDNA was sequenced by Shanghai Sangon Biotech Co., Ltd (Shanghai, China).
The fragment assembly was performed by DNAMAN 8.0 software (Version 8.0, Lynnon Biosoft,
Vaudreuil, QC, Canada) to obtain the complete 16S rDNA sequence. The basic local alignment search
tool (BLAST) was used to compare the sequence homology between the 16S rDNA sequence of J2
bacteria and those of other bacteria in the GenBank. The phylogenetic tree of ]2 bacteria was constructed
using MEGA 7.0 software (Version 7.0, The Pennsylvania State University, Philadelphia, PA, USA) via
the neighbor-joining method.

2.3. Morphology of Colony and Cell, Gram Staining, and Ammonia Test of B. Subtilis Bacteria

The morphology of B. subtilis ]2 colony was observed with the naked eye and photos were taken
using a camera (Canon, EOS 750D, Tokyo, Japan). The morphology of single B. subtilis ]2 bacterium
was analyzed by a scanning electron microscope (SEM, FEI Quanta 200, FEI, Hillsboro, OR, USA).
The detailed steps for SEM and the Gram staining experiments were performed according to the
published reference of Han et al. [40]. The stained B. subtilis ]2 bacteria were analyzed by a microscope
(Axio Lab A1, Carl Zeiss Microlmaging GmbH, Gottingen, Germany). An ammonia test of the B. subtilis
bacteria was performed following the procedure of Zhuang et al. [51].

2.4. Preparation of the Bacterial Seed of B. subtilis ]2

The bacterial seed was prepared according to the method reported by Zhuang et al. [51].
The concentration of B. subtilis bacteria in the bacterial seed was measured by a spectrophotometer
(722s, Shanghai Precision and Scientific Instrument Corporation, Shanghai, China) at a wavelength of
600 nm. When the ODgg reached 1.0 or so, the preparation of the bacterial seed containing B. subtilis
bacteria to be used in experiments was complete.

2.5. Growth Curve and pH Changes of B. subtilis Bacteria

The bacterial seed of the B. subtilis strain was inoculated into 300 mL of the sterile liquid culture
medium in a 500-mL conical flask at an inoculation ratio of 1% and this was set as the experimental
group. A control group was inoculated with sterilized distilled water (v:v = 1:100). All the experiments
were performed in triplicate. All the cultures were placed in an oscillation incubator with a speed
of 130 rpm at 37 °C. The concentration of the sample was measured by the spectrophotometer at
a wavelength of 600 nm and pH values were measured by a pH meter (PHS-3, Jiangsu Jiangfen
Instrument and Equipment Company, Jiangsu, China). The pH values at 195 h in the experimental and
control group were analyzed by SPSS 21.0 software (Version 21.0, International Business Machines
Corporation, Armonk, NY, USA).
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2.6. Concentration of Ammonium lons and pH Values

The concentration of ammonium ion in the liquid culture medium was measured following the
procedure of Zhuang et al. [51]. According to the concentration of ammonium ions, pH values could
be calculated by the method of Zhuang et al. [51]. The significant difference in pH values between that
caused by ammonia and the experimental group was analyzed by SPSS 21 software.

2.7. CA Activity, Concentration of CO3°~ and HCOj3™ Ion, and pH Values

In this study, CA activity (U/L) was defined as the amount of enzyme required to release 1 pmol
of p-nitrophenol per min and 1 L. Carbonic anhydrase activity and the concentrations of CO3%~ and
HCO;™ ions were measured according to the procedure of Zhuang et al. [51]. In order to determine
what level the pH value could reach by the released CO32~ and HCO;™ ions, the Na,CO5; + NaHCO;
solution was prepared according to the concentration of CO3%~ and HCO;™ ions. The pH value of
the Na,CO3 + NaHCOj; solution was measured by a pH meter. All the experiments were performed
in triplicate.

2.8. Minerals Induced by B. subtilis ]2 at Different Mg/Ca Ratios

The Ca®* concentration was 0.01 mol/L in the liquid culture medium, and the Mg/Ca molar
ratio was adjusted to 0, 3, 6, 9, and 12 using anhydrous magnesium sulfate. After being sterilized by
an autoclave (LDZX-50KBS, Shanghai Shen’an Medical Device Factory, Shanghai, China) at 110 °C
for 25 min, the liquid culture medium was cooled to room temperature. Then, the solutions of
NayCO; (2 mol-L™) and NaHCO; (1 mol-L™1) were prepared and sterilized by a filter containing
a 0.22 um-pore-sized membrane. Three milliliters of Na,CO3 (2 mol-L™!) and 6 mL of NaHCO;
(1 mol-L~1) filtrate were added to 150 mL of the sterilized liquid culture medium with a syringe. At last,
the pH values were all adjusted to 7.0. At this time, the culture medium used to induce the precipitates
was prepared. The bacterial seed (ODggg = 1.0) was inoculated into the liquid culture medium at a 1%
inoculation ratio and this was set as the experimental group. The control group A was inoculated with
the same volume of sterilized deionized water as that of the bacterial seed. The control group B was
also set, and its composition was the same as control group A, except that its pH was adjusted to 9.22,
which was the same as that of the experimental group at 195 h in the pH change curve. There were
3 parallel samples at each value of Mg/Ca ratio in the experimental and control groups.

2.9. Characterization of the Extracellular Mineral Precipitates

After 14 and 24 days of incubation, the mineral precipitates were analyzed by XRD (D/Max-RC,
Rigaku Co., Tokyo, Japan), with a scanning angle from 10°-80°, a step size of 0.02, and a count time of
8°.min~! [59-68]. The XRD data were analyzed by the Jade 6.5 software (Version 6.5, Materials Data
Ltd., Livermore, CA, USA). The minerals in the control group B at Mg/Ca molar ratio of 0 were also
analyzed according to the above steps.

The micromorphology, sizes, and elemental composition of the mineral precipitates cultured for
14 days were further analyzed by SEM (Hitachi S-4800, Hitachi, Tokyo, Japan) [69-76] and EDS (Apollo
XLT SDD, EDAX, New York, NY, USA) after the mineral precipitates were coated with platinum (Pt)
powder. The minerals in the control group B at Mg/Ca molar ratio of 0 were also analyzed according to
the same steps.

The organic functional groups on/within the minerals were analyzed by FTIR (Nicolet 380, Thermo
Fisher Scientific Inc., Waltham, MA, USA) [77,78] using the potassium bromide method in a scanning
range of 400-4000 cm™! with a resolution of 4 cm™.

The minerals were ground in an agate mortar, sifted through a 200-mesh sieve, and the powder
was analyzed using the thermal analyzer (TGA/DSC1/1600LE, METTLER TOLEDO Co., Schwerzenbach,
Switzerland) from 100 °C to 900 °C at a heating rate of 15 °C-min~! with pure nitrogen as a protective
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gas to prevent oxidation. The mass loss, peak temperature, and enthalpy change (AH) were described
by the TG, DTG, and DSC [52,79-89].

2.10. Amino Acid Composition of EPS

Extracellular polymeric substances were extracted according to the modified heat treatment
method [51]. The EPS powder was sent to Jiangsu Coastal Chemical Analysis and Technological
Service Ltd. (Yancheng, China). Amino acid components in the EPS were analyzed by an amino acid
analyzer (Hitachi L-8900, Tokyo, Japan).

2.11. Analyses of Intracellular Biomineralization

Ultra-thin slices of B. subtilis bacteria cultured at different Mg/Ca ratios and in the liquid culture
medium without any Mg?* and Ca?* ions were prepared according to the literature [40]. The ultra-thin
slices of B. subtilis bacteria were analyzed by HRTEM (H-7650, Hitachi, Tokyo, Japan) [90], SAED,
and STEM (Tecnai G2 F20, FEI, Hillsboro, OR, USA).

3. Results

3.1. 165 rDNA Identification of ]2 Bacteria

The 165 rDNA of the ]2 bacterium was 1486 bp in length and this was uploaded to the GenBank.
The accession number given by GenBank was MG575432. The 165 rDNA of the ]2 strain shares 100%
homology with a large number of B. subtilis strains. The phylogenetic tree shown in Figure 1, based on
the 165 rDNA sequence, proves that the ]2 strain is related to a B. subtilis species, which has the closest
sequence similarity.

99 | Bacillus sonorensis ZN19 (KJ542770.1)

96 | Bacillus sonorensis BCRC 17532 (DQ993679.1)

100 | Bacillus licheniformis IITR HR-2 (FJ447354.1)
Bacillus licheniformis ND4 (HG796156.1)

92 112 (MG575432)

‘Bacillus subtilis FR1 (AB862127.1)

Bacillus subtilis Bawsl (HQ711983.1)

91 Bacillus subtilis ATCC 21331 (AB018487.1)

100 | Lysinibacillus macroides M002 (MG255962.1)
Lysinibacillus macroides Z019 (MG266474.1)

Pseudomonas trautweinii T (KF908035.2)

—

0.020

Figure 1. Phylogenetic tree of B. subtilis ]2 bacterium constructed with neighbor-joining method.

3.2. Characterization of B. subtilis |2 Bacteria

3.2.1. Morphology of Colony and Cell, Gram Staining, and Ammonia Test of B. subtilis ]2 Bacteria

Figure 2a shows the morphology of single colonies of B. subtilis ]2 bacteria incubated for 5 days.
The single colonies with neat and smooth edges are milky white and dome-shaped. The SEM image
shown in Figure 2b reveals that the B. subtilis ]2 bacterium is about 1.8 pm in length and 0.8 um in
width, and EPS, similar to a thin film, loosely wrap the cell. The result of Gram staining shown in
Figure 2c is positive, indicating that B. subtilis ]2 bacteria are Gram-positive. An ammonia test of B.
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Figure 2. Characterization of Bacillus subtilis ]2 bacteria. (a) A single colony on the solid plate; (b) the

morphology in SEM view; (c) the Gram staining in a biological microscope view; (d) the sample before
adding the Nessler’s reagent; (e) the sample after adding the Nessler’s reagent. In Figure 2d,e, the left
is the experimental group inoculated with bacteria and the right is the control group without bacteria.

B. subtilis ]2 bacteria were performed and the result is shown in Figure 2d,e. It can be seen there
that the liquid in the experimental group (left tube in Figure 2d) is turbid due to the presence of
B. subtilis ]2 bacteria and the control group (right tube in Figure 2d) is transparent before adding
the Nessler’s reagent. After adding the Nessler’s reagent, there was a great change in the color.
The experimental group showed a dark-brown color (Figure 2e, left); the control group presented a
yellow color (Figure 2e, right), the color of Nessler’s reagent. Thus, the result of the ammonia test of
B. subtilis ]2 bacteria was positive, meaning that B. subtilis ]2 bacteria were able to release ammonia.

3.2.2. The Growth Curve of B. subtilis ]2 and pH Variation in the Liquid Culture Medium

As shown in Figure 3a, the growth process of B. subtilis ]2 bacteria can be divided into four
main phases: the delay/adaption phase, the logarithmic growth phase, the stationary phase, and the
decline phase. The time range of the adaption phase was 0-2 h; in the meantime, there was almost
no increase in the concentration of the B. subtilis ]2 bacterial cells. The exponential growth period
was over a time range of 2-38 h, during which there was a sharp increase in the B. subtilis ]2 bacterial
concentration. The third stage was a stable phase in a time range of 38—46 h; the cell concentration of
B. subtilis ]2 bacteria was almost unchanged. The last stage was a decline phase from 46-195 h; the cell
concentration sharply decreased from 1.2 X 10? to 0.16 x 10 cfu/mL. A large consumption of nutrients
led to a shortage of carbon and nitrogen in the liquid culture medium, which limited the proliferation
of bacteria and resulted in a great decrease in the cell concentration [43]. Figure 3a also showed that
there was a significant difference in pH values between the control group and the experimental group
(p < 0.01). As shown in Figure 3a, the pH in the experimental group can increase to 9.22 with an
extension of the incubation time. However, the pH value in the control group was almost unchanged
and kept at 7.0 or so. It can be concluded that B. subtilis ]2 bacteria played an important role in the
pH increase, and that the highly alkaline environment created by B. subtilis ]2 was beneficial to the
precipitation of carbonate minerals.

3.2.3. Ammonium Concentration and pH Value based on the Concentration of Ammonium

B. subtilis ]2 bacteria were able to release ammonia, and this was confirmed by the ammonia test.
The next question considered was how much ammonia B. subtilis ]2 bacteria could release and whether
the released ammonia could satisfy the requirement of a pH increase up to 9.22. Thus, the concentration
of ammonium was measured, and pH values based on the concentration of ammonium were also
calculated. It can be seen from Figure 3b that the concentration of ammonium increased sharply before
38 h and increased slowly after 38 h; this indicates that the quantity of ammonia released by B. subtilis
strain decreased after 38 h. In order to determine how high the pH value could reach under the
influence of ammonia released by the B. subtilis strain, pH values were calculated according to the
concentrations of ammonium, and these are shown in Figure 3b. The pH value caused by the ammonia
released only reaches about 8.25 and then keeps constant at 8.25 at 90 h, significantly much lower
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than that in the experimental group (pH = 9.22, p < 0.01). This shows that there must be other factors
causing the increase in pH in the experimental group besides ammonia.
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Figure 3. Physiological and biochemical characteristics of the B. subtilis ]2 strain. (a) Growth curve and
pH curve; (b) the concentration of ammonium and pH curve based on the concentration of ammonium;
(c) concentrations of CA and bicarbonate and carbonate ions; (d) pH curve based on the concentration
of bicarbonate and carbonate ions.

3.2.4. CA Activity and the Concentration of CO32~ and HCO3~ Ions

The CA concentration was calculated according to the following standard Equation (1):
v =9.0317x + 0.0349 (R? = 0.9974) (1)

The CA concentration sharply increased from 0 to 17.14 U/L or so (0-15 h), and then decreased
slightly and kept at 14.3 U/L (Figure 3c). The concentration of HCO3~ ions increased from 0.026
to 0.048 mol/L in the time range 0-89 h, and then decreased from 89 h to 210 h, and finally kept
almost constant at 0.0181 mol/L or so after 210 h (Figure 3c). Before 114 h, the concentration of COs%~
ions was too little to be measured. From 114 h to 210 h, CO3%" ions were rapidly produced and the
concentration increased to 0.022 mol/L; from 210 h, the concentration of CO3%~ ions was almost constant
(Figure 3c). According to the concentration of HCO3™ and CO3% ions, the sodium bicarbonate and
sodium carbonate solution was prepared, and their pH values were also measured. It can be seen from
Figure 3d that the pH based on the sodium bicarbonate and sodium carbonate solution increased from
8.35 t0 9.80 in the time range 0-200 h. This indicates that CA catalyzed the carbon dioxide hydration to
release a large number of HCO;3~ and CO32~ ions, leading to a further increase in pH. Thus, the pH in
the experimental group reaching 9.22 was mainly due to the effect of the CA combined with ammonia,
because the ammonia released by the B. subtilis strain only increased the pH to 8.25.
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3.3. Characterization of the Mineral Precipitates

3.3.1. Mineral Phases and Crystal Structures

In this study, no precipitates were observed by the naked eye in the control group A at different
Mg/Ca ratios of 0, 3, 6, 9, and 12 (Supplementary Materials, Figure Sla), probably due to the fact
that the pH almost kept constant at 7.0. Maybe it needed a longer time to precipitate the minerals.
In the control group B, the mineral precipitates were present at a Mg/Ca ratio of 0, and there were
colloidal substances at other Mg/Ca ratios (Supplementary Materials, Figure S1bq,b,), but no mineral
precipitates. In order to better understand the mineral types in the control group B at the Mg/Ca
molar ratio of 0, the precipitates were analyzed by XRD. According to the XRD results (Supplementary
Materials, Figure S2), the mineral was calcite. The colloidal substances at other Mg/Ca ratios could
not be obtained and were abandoned. Thus, there was a great difference between the control groups
and the experimental group because the minerals in the experimental group could be observed by the
naked eye, while in the control group could not, except for the control group B at the Mg/Ca molar ratio
of 0. Therefore, the following experiments were mainly conducted on the minerals in the experimental
group, and the control groups will be studied in the future.

To determine the mineral phases present, the minerals cultured for 14 days and 24 days were
analyzed by XRD; results are shown in Figure 4a,b, respectively. Figure 4a for the 14 days’ experiments
shows that the diffraction angles (20) of the minerals at a Mg/Ca molar ratio of 0 were 23.1°, 29.4°,
31.4°,36.0°, 39.4°, 43.2°, and 47.1°, corresponding to the (kkl) indices (012), (104), (006), (110), (113),
(202), and (024), respectively, of the mineral calcite. The corresponding peak full-width at half
maximum (FWHM, unit: degree) (104) was found to be 0.246. At a Mg/Ca molar ratio of 3 (Figure 4a),
the diffraction angles (20) were 19.0°, 21.1°, 22.3°, 26.2°, 27.2°, 31.1°, 32.7°, 33.1°, 36.1°, and 36.2°,
corresponding to the (kkl) indices (011), (110), (020), (111), (021), (002), (121), (012), (102), and (200),
respectively, of the mineral aragonite. According to the diffraction angles (20) 29.4°, 36.0°, 43.2°,
corresponding to the (hkl) indices (104), (110), and (202), calcite was also present in Figure 4a at a
Mg/Ca molar ratio of 3, besides aragonite. The weight ratio of aragonite was 73.3% and that of calcite
was 26.7% using the Jade 6.5 software. At Mg/Ca molar ratios of 6, 9, and 12, the only mineral present
was aragonite. Furthermore, the FWHM of the corresponding peak (111) was found to be 0.177, 0.222,
and 0.224 at the Mg/Ca molar ratios of 3, 6, and 12, respectively; this indicates that the crystallinity of
aragonite decreased with an increase in the concentration of magnesium. Figure 4b for the 24 days’
experiments shows that the mineral was still calcite at a Mg/Ca molar ratio of 0, and the FWHM
(104) was 0.163, much lower than that of calcite cultivated for 14 days (0.246); this indicates that the
crystallinity of calcite increased with the longer incubation time. At a Mg/Ca molar ratio of 3, with both
calcite and aragonite, the weight ratio of aragonite was 84.4% and that of calcite was 15.6% using the
Jade 6.5 software, indicating that the weight ratio of aragonite increased with the longer incubation
time. As shown in Figure 4b, with only aragonite at Mg/Ca molar ratios of 6, 9, and 12, the FWHM of
the corresponding peak (111) increased from 0.153 to 0.176, indicating that the crystallinity of aragonite
decreased with an increase in the concentration of magnesium; this was consistent with the result of
the aragonite cultivated for 14 days. Moreover, the FWHM of the corresponding peak (111) decreased
with the incubation time at Mg/Ca molar ratios of 3 and 12, indicating that the crystallinity of aragonite
increased with the longer incubation time.

3.3.2. Morphology and Elemental Composition of the Minerals

The calcite precipitates in the control group B at a Mg/Ca molar ratio of 0 were also analyzed
by SEM and EDS. They were in a shape of elongate (Supplementary Materials, Figure S3a), regular
rhombohedron (Figure S3b), and irregular rhombohedrons (Supplementary Materials, Figure S3c,d).
The elemental composition in the three kinds of calcites was Ca, C, and O (Supplementary Materials,
Figure S3e-g). The morphology of calcite in the control group B was significantly different from that
in the experimental group. The morphology of calcite in the experimental group was more diverse.
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Figure 5a;_4 show that there are spherulitic, elongate, dumbbell-shaped, and irregularly rhombohedral
calcite at a Mg/Ca molar ratio of 0, and the elemental composition of the spherulitic mineral marked
with a red square shown in Figure 5a; includes Ca, C, O, Al, and P (Figure 5as). The Ca, C, and O
come from calcite; the Al originates from the aluminum sample mount. The presence of P suggests that
there may be a close relationship between the bacteria and the minerals precipitated. In the presence
of Mg?*, significant changes took place in the mineral morphology; this is likely due to the fact that
the mineral calcite was replaced by the new mineral phase aragonite when the Mg/Ca molar ratio
changed from 0 to 3. It can be seen from Figure 5b;_4 that the minerals at a Mg/Ca molar ratio of 3
do not have regular geometric features any more, but conversely, have become irregular; some holes
and depressions can be clearly observed which are likely marks left by the shedding of microbial cells
(Figure 5by). These holes further indicate that B. subtilis ]2 bacteria played an important role in the
growth process of the minerals. Figure 5bs shows the elemental composition of the area marked by a
red square in Figure 5b; and the elements include Ca, C, O, Al, and P. No Mg was present, maybe
because the concentration of Mg?* in the liquid culture medium was too low or the quantity of Mg
adsorbed on/within the mineral was below the detection limit. The spherulitic minerals occurred again,
as well as irregular minerals but with an increase in Mg?* concentration (Figure 5c;). The morphology
and size were significantly different from those of the spherulitic calcite shown in Figure 5a;, which
was up to 10 um in diameter and composed of many polygonal crystals. The spherulitic mineral
shown in Figure 5c; was about 30-40 pm in diameter, with a smooth surface. There was a bacterium
on the surface of some minerals, shown in the center of Figure 5¢;, and the mineral was composed of
irregular minute micron-size crystals. Figure 5c3 also shows a bacterium on the surface of the mineral
and this bacterium was significantly different from the bacterium shown in Figure 5¢,. The bacterium
was larger than that in Figure 5cp, rod-shaped, and surrounded with nanometer-size minerals; the EPS
of this bacterium acts as a glue to attach the bacterium to the mineral surface. While the bacterium
in Figure 5c; was much smaller than that shown in Figure 5c3, it could be that it was in a younger
state or a spore. Figure 5c4 shows that the mineral was composed of band-shaped crystal aggregates.
The elements of the spherulitic mineral shown in Figure 5¢; include Ca, C, O, Al, P, and Mg (Figure 5c¢s).
The Mg maybe originated from the culture medium or the Mg adsorbed on/within the mineral, further
indicating that Mg?* ions were involved in the growth of aragonite minerals. At a Mg/Ca molar ratio
of 9, the dumbbell-shaped minerals developed into an elliptical mineral and the long axis of symmetry
was over 50 pm (Figure 5d;). Figure 5d; shows a mass of mineral shells with a length of about 1 um,
basically the size of a spore. There was a small hole growing on the end of a complete mineral shell;
this could be a pathway to connect to the outside environment for the spores in the mineralized shells.
There was also a mineral shell wrapping around the bacterium (Figure 5c3), obviously larger than that
of the spore shown in Figure 5d,. Figure 5d; shows the micromorphology of some minerals. It can
be seen that some granular particles growing into elongate minerals cover the surface of the mineral,
similar to the morphology shown in Figure 5b3,c4. The elongate minerals were smaller, possibly due to
the higher concentration of Mg?* ions in the liquid culture medium. The elemental composition shown
in Figure 5d5 indicates that the mineral shell marked by a red square shown in Figure 5d, contained
Ca, C, O, Al, P, and Mg. The mineral shell enveloping the bacterium or spore further indicates that
the nucleation site of biomineralization induced by B. subtilis ]2 was the EPS. Figure 5e1,e; show that
the mineral aggregates (Figure 5e;) were composed of dumbbell-shaped minerals, which consist of a
larger and a smaller spherical mineral (Figure 5e1). The different sizes of spherical minerals in the
dumbbell-shaped minerals suggest the growth rate of the larger spherical mineral was higher than that
of the smaller spherical mineral. The reason for different growth rates needs to be explored further.
Besides the mineral aggregates, there was also a fusiform mineral about 5 um in length. The elements
contained in the larger spherical mineral of the dumbbell-shaped mineral shown in Figure 5e; included
Ca, C, O, Al, P, Mg, and Na (Figure 5es). Ca, C, and O elements come from the calcium carbonate
minerals. The Al originates from the aluminum sample mount. The presence of P suggests that there
may be a close relationship between the bacteria and the minerals precipitated. The Mg and Na
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elements come from the liquid culture medium. No precipitates were obtained in the control group,
indicating that aragonite could not be formed even at a higher Mg?* concentration in the absence of
B. subtilis ]2 bacteria; this further indicates that the B. subtilis ]2 bacteria played an important role in the
formation of aragonite, in addition to the role of magnesium.
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Figure 4. X-ray diffraction (XRD) analyses of the minerals cultured for 14 days (a) and 24 days (b).

3.3.3. FTIR Analyses of the Minerals

Figure 6 shows the characteristic peaks of calcite, aragonite, and organic functional groups.
The characteristic peaks of aragonite were at 710 cm~1 856 cm™1, 1082 ecm™!, and 1475 ecm™!, and those
of calcite were 712 cm™!, 875 cm™!, 1421 cm™?, and 2514 cm~1 [91]. The peaks at 712 cm™1, 875 em™L,
and 2514 cm™! were the characteristic peaks of calcite (Figure 6a) and this indicates that the mineral
at the Mg/Ca molar ratio of 0 was calcite. Figure 6b shows that the characteristic peaks were at
712 cm~! and 874 cm™! and this proves that the mineral was also calcite. There were also some other
characteristic peaks in Figure 6b, such as 856 cm™!, 1082 cm~!, and 1488 cm™! and these indicate the
presence of aragonite. It can be seen from Figure 6¢ that the characteristic peaks were at 710 cm™?,
856 cm~!, 1082 cm™!, and 1479 cm™L; Figure 6d shows the characteristic peaks were at 710 cm™~L,
858 cm~1, 1082 cm™?, 1479 cm~!; and Figure 6e shows the characteristic peaks were at 710 cm™ L,
856 cm~!, and 1082 cm~!. From the characteristic peaks shown in Figure 6c—e, the minerals were
aragonite at the Mg/Ca molar ratios of 6, 9, and 12. The mineral phases obtained at each value of
Mg/Ca molar ratio were consistent with the results of XRD. Figure 7f shows the vibrational bands of
C-O-C (1072 ecm™1), N-H (1455 cm™1), C=0 (1798 cm™1), O-H (2359 cm™!), and C-H (2929 cm™1) [40].
Figure 6g,h also show the same organic functional groups. Besides these, the vibrational band of C=0
(1415 cm™) originating from the carboxyl group was also present (Figure 6g). These organic functional
groups could have come from the culture medium or from B. subtilis ]2 bacteria. The morphology of
minerals can be affected by some particular organic functional groups [92]; e.g., the formation of the
elongate calcite has been related to the C=0 group [93]. As to what can affect the morphology of calcite
and aragonite, further study is needed.



Minerals 2019, 9, 218

Energy - ke

KCnt Ca (as)

259

129

Al .
- a
. Maatie L TR T . oy 1L ! '
o - T T T T
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.0

KCnt
236 —

118

Ca

et

a.00 5.00
Energy - ke

197 —

Ca

=" e

JroTey

4.00 5.00

6.00 7.00
Energy - keV

Figure 5. Cont.

11 0f 25

Mg/Ca=0

Mg/Ca=3

Mg/Ca=6



Minerals 2019, 9, 218 12 of 25

KCnt Ca Mg/Ca=9
178+
89 —
P
g Al Ca
Mg
P —_—y - | 1 e . ad ..
o - T T
1.00 2.00 3.00 4.00 5.00 n
Energy - ke
Mg/Ca =12
185
92 . .
Al
< Mg Ca
Ha
1} = — "l_L e Ll . | EE—
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Energy - keV

Figure 5. Scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS) images of
mineral precipitates cultured for 14 days.

3.3.4. TG, DTG, and DSC Analyses of the Minerals

The aragonites at the Mg/Ca molar ratios of 6, 9, and 12 were analyzed by TG, DTG, and DSC
(Figure 7). Figure 7a shows that the final mass loss ratio of the aragonite at a Mg/Ca molar ratio of
12 was 47.41%, more than that of the aragonite at Mg/Ca molar ratios of 9 (47.33%) and 6 (47.02%),
respectively, suggesting that the thermal stability of aragonite decreases with an increase in the Mg/Ca
molar ratio of the fluid. Figure 7b shows the DTG results and the three curves almost overlap. To clearly
observe the peaks of the three curves, a small part of these are enlarged and shown in Figure 7c.
The results show that the peak temperatures of aragonite at Mg/Ca molar ratios of 6, 9, and 12 were
785.52, 782.51, and 779.86 °C, respectively; these figures indicate that the thermal stability of aragonite
decreases with an increase in the concentration of Mg?* in the fluid. Figure 7d shows the DSC results
and it can be seen from Figure 7d that the peak temperatures of aragonite at Mg/Ca molar ratios of
6,9, and 12 were 787.01 °C, 785.98 °C, and 780.86 °C, respectively; these values also indicate that
the thermal stability of aragonite decreases with an increase in the Mg/Ca molar ratio. The heat
absorbed during the thermal decomposition process can also be measured by the change in enthalpy
(AH) [51]. AH means the heat absorbed per unit sample mass. It can be seen from Figure 7d that
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the enthalpy AH of the aragonites calculated from the peak area at a heating rate of 15 °C-min~
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3124.51]/g, 2693.50 J/g, and 2549.17 J/g, corresponding to the peak temperatures of 787.01 °C, 785.98 °C,
and 780.86 °C, respectively. Thus, the thermal stability of aragonite decreases with an increase in the
Mg/Ca molar ratio. From Figure 4a,b, the crystallinity of aragonite decreases with the increasing Mg/Ca
molar ratio, consistent with the results of thermal stability.
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Figure 7. Thermogravimetry (TG) (a), differential thermogravimetry (DTG) (b and c), and differential
scanning calorimetry (DSC) (d) analyses of the mineral precipitates cultured for 14 days.

3.4. HRTEM and SAED Analyses of Ultra-Thin Slices of B. subtilis ]2 Bacteria

Ultra-thin slices of B. subtilis ]2 bacteria with a thickness of 70 nm were prepared and analyzed
by HRTEM and SAED. Figure 8a;_4 show that there were some granular dark areas inside the cells
incubated in the culture medium, only with beef extract, tryptone, and NaCl. The dark area shown
in the HRTEM image indicates that the area was too thick to be penetrated by electrons. If the area
contains abundant metal elements, it would also be dark. Thus, the dark areas shown in Figure 8a;_4
may contain organic substances or metal elements, such as Na*. It can be seen from Figure 8b; that
there were also granular areas inside the cell. When the area marked by a red square (Figure 8b) is
enlarged (Figure 8by), it appears to be an organelle. This area was also analyzed by SAED (Figure 8b3)
and the result shows that no mineral crystals were present inside the granular area because there no
diffraction spots and rings were obtained (Figure 8b3). There are many fibrous substances distributed
on the cell surface or EPS (Figure 8by). At a Mg/Ca molar ratio of 6, dark dendritic areas appear inside
the cells (Figure 8cy ). Figure 9c3 shows that the dark granular areas are evenly distributed throughout
the cell as well as on the cell surface/EPS, and the darkest area without any crystal structure (Figure 8cy)
is located directly in the center of the cell (Figure 8c3). At a Mg/Ca molar ratio of 9, the dark dendritic
areas still appear inside the cells (Figure 8d;_3), but also do not show any crystal structure (Figure 9d4).
At a Mg/Ca molar ratio of 12, there was a collection of loose granular material (Figure 8e;) with poor
crystal structure (Figure 8e;) on the cell surface/EPS and the dark dendritic areas were also present
inside the cell (Figure 8ej,e3,e4). It can also be seen from Figure 8 that there are many more darker
granular areas inside the cell at Mg/Ca molar ratios of 0, 6, 9, and 12 than those inside the cell cultivated
in the liquid culture medium without any Ca?* and Mg?* ions. The ultra-thin slices of B. subtilis ]2
bacteria were also analyzed by STEM (Figure 9). Figure 9a; shows that there was a layer of loose EPS
enveloping the cell, and it can be seen from Figure 9a, that Ca?* ions were present in/on the EPS and
inside the cell. Figure 9b1,b, also show that Mg2+ and Ca2* were present in/on the cell surface/EPS and
inside the cell.
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Figure 8. High-resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) analyses of the ultra-thin slices of B. subtilis J2 bacteria.
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Figure 9. Bacterial ultra-thin slices analyzed by scanning transmission electron microscopy (STEM).
Yellow and purple indicates Ca and Mg, respectively. (a1) bacterial ultra-thin slices analyzed by STEM,;
(az) the distribution of Ca in/on the cell shown in (a3); (b1) the distribution of Ca in/on the cell shown in
the inset; (bz) the distribution of Mg in/on the cell shown in the inset of (b1).
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3.5. Amino Acids in EPS of B. subtilis ]2

In this study, EPS were analyzed, and the results show that 17 kinds of amino acids were present
(Figure 10). The molar ratio of glycine (Gly) was the highest, followed by aspartic acid (Asp) and
alanine (Ala); the molar ratio of Asp was slightly higher than that of Ala (Figure 10). Among these
17 amino acids, the glutamate (Glu) content was also relatively high (Figure 10).
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Figure 10. Amino acids in EPS secreted by B. subtilis ]2 in the liquid culture medium.

4. Discussion
4.1. Mechanism of Biomineralization Induced by B. subtilis |2 Bacteria

4.1.1. Effects of NH3 and CA on the pH Increase

It is well known that pH plays an important role in the biomineralization process induced
by microorganisms, which can change the microenvironment around themselves by their own
physiological and biochemical activities [41]. In this study, it was demonstrated that B. subtilis ]2
bacteria can increase the pH to 9.22 in the liquid culture medium, and that without this bacterium,
the pH value does not change but remains at 7.0 in the control group. This important result clearly
shows that the pH increase is the consequence of the activities of the B. subtilis ]2 bacteria. It has been
reported that the main reason for the pH increase in the presence of bacteria is due to the ammonia
released by the bacteria [94,95] according to the following reaction:

NH; + H,O — NH; " + OH™ (2)

and this result has been accepted for many years. However, in this study it was found that pH values
still increased in the decline phase of the experiments, from 46 h to 195 h, and the pH remained
at the maximum even when the bacterial cell concentration decreased to almost the minimum.
This observation begs the question: Can microbes still produce ammonia during the microbial decline
phase? If ammonia cannot continue to be produced, the increase in pH during the decline phase is not
caused by ammonia. Thus, the quantity of ammonia released by the B. subtilis ]2 bacteria was also
investigated and the results show that, in the logarithmic growth stage, the bacteria did release a large
amount of ammonia gas, resulting in an increase in pH, but in the decline phase, the bacteria produced
almost no ammonia gas (Figure 3b). Thus, the pH increase in the decline phase was not due to the
released ammonia because there was no ammonia released by B. subtilis ]2 bacteria at this time. In fact,
it can be observed that the quantity of ammonia was not high enough to make the pH increase to such
a high degree (9.22) in the logarithmic growth stage, because the pH values based on the concentration
of ammonia/ammonium were lower than those in the experimental group. Therefore, there must be
other factors leading to the pH increase in the liquid culture medium.

Carbonic anhydrase was also investigated in this study and the results show that the pattern of
CA change was similar to that of the growth curve. In the logarithmic growth stage, CA concentration
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increased with an increase in the cell concentration, and then decreased slightly, and finally remained
at 14.3 U/L. From these results, it can be concluded that CA can maintain a higher concentration even in
the condition of a very low (the minimum) cell concentration in the bacterial decline phase, indicating
that CA released by this bacterium was a type of continuously forming enzyme. The reason for a large
value of CA still present in the decline phase was due to the fact that mRNA of CA was still stable
and could be translated into the protein of the CA. For CA during a synchronous growth cycle of any
organism, its mRNA would be degraded, and thus there would be no CA present in the decline phase.
At the same time, as shown in Figure 3a—c, CA is also an alkaline enzyme because there is so much
higher activity of CA even under alkaline conditions. In this study, due to the presence of alkaline CA,
especially there were still a large number of CAs during the decline phase; the pH value in the liquid
culture medium could easily increase. Alkaline CA can catalyze carbon dioxide hydration to release
bicarbonate and carbonate ions and the reaction occurring was as follows:

CO, + H,O S5 HCO;™ + COs2 3)

From this reaction, it can be inferred that there should be a large number of bicarbonate and
carbonate ions present in the liquid culture medium by the catalysis of CA released from B. subtills
J2 bacteria. This was the case. As shown in Figure 3¢, a large number of bicarbonate and carbonate
ions were indeed present in the liquid culture medium, and the occurrence of carbonate ions was later
than that of the bicarbonate ions. The delay was due to the fact that the production of carbonate ions
was the second step, which was based on the first step reaction, namely, hydrolysis of bicarbonate
ions. That is to say, only when the bicarbonate ions reach a certain concentration can the concentration
of carbonate ions be detected through the hydrolysis of bicarbonate ions. The sodium carbonate
and sodium bicarbonate solution was prepared according to the concentration of the carbonate and
bicarbonate ions, and pH values of the solution were also measured. As shown in Figure 3d, pH based
on the concentration of the carbonate and bicarbonate ions increased to nearly 10.0, indicating that CA
in this study could catalyze the carbon dioxide hydration to release a large number of bicarbonate and
carbonate ions to increase pH values in the liquid culture medium. On the contrary, pH values based on
the concentration of ammonium ions only increased to nearly 8.25 (Figure 3b), which was significantly
lower than those in the experimental group (p < 0.01). Thus, the pH increase in this study was mainly
due to the effect of CA combined with ammonia; it is possible that other factors were also involved in
the pH increase. The reason for this pH increase will be further studied in future experiments.

4.1.2. The Second Role of CA Played in the Biomineralization

As explained above, the first role of CA is to catalyze the carbon dioxide hydration reaction to
release a large number of bicarbonate and carbonate ions and further increase pH values in the culture
medium. The second role of CA is that it can also elevate the supersaturation of some minerals in the
liquid culture medium by releasing a large number of carbonate and bicarbonate ions; this role will
also promote the precipitation of carbonate minerals such as calcite and aragonite. Under the effect of
CA, the following reacton of calcium carbonate precipitation will proceed more quickly:

CO3> + HCO3™ + OH™ +2Ca®* — 2CaCO; | +H,0 @)

As a result of the presence of enzymes, the free energy of the reaction is reduced and the reaction
would proceed more quickly. It has been reported that CAs from three bacteria identified as Bacillus sp.,
B. megaterium, and B. simplex also play an important role in the process of calcium carbonate precipitation
and the researchers have proposed that CA-producing microbes could be used as a sealing agent to fill
gaps, cracks, and fissures in some building constructions [96]. The effect of bovine CA on the uptake
rate of atmospheric carbon dioxide into solution has been examined, and the results have shown that
CA can catalyze the hydration of aqueous carbon dioxide so that the uptake rates of carbon dioxide
are accelerated up to 600% and 150%, compared to a control group. What is more, the precipitated
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mineral was a Mg-carbonate and this can be effective as a means of sequestering carbon dioxide [97].
Some scientists have immobilized CA in alginate beads and further investigated its catalytic efficiency,
and found that the entrapped CA hydrates carbon dioxide to bicarbonate and/or carbonate which can
then react with Ca2* ions to form calcite [98]. Thus, either free or immobilized CA could have a great
potential for carbon dioxide sequestration through biomineralization processes.

The reaction of carbon dioxide hydration is very slow without CA catalysis [99]. It has been
reported that CA is claimed to be one of the fastest reactive enzymes and the typical catalytic rate
of different types of CAs can reach 10-10° s~! [100]. In our study, alkaline CA could also fix carbon
dioxide and catalyze the production of bicarbonate and carbonate ions, and it further promoted the
precipitation of carbonate minerals. However, no CA/bacteria were present in the control group,
accounting for the fact that pH stayed at the same level all the time without any change. Without CA,
carbon dioxide hydration was very slow and the concentration of bicarbonate and carbonate ions was
too low to precipitate the minerals. In our opinion, if there were no bacteria, there would be far fewer
carbonate minerals and deposits; in other words, microbialites would not be formed in nature.

4.2. The Nucleation Sites

In this study, the results of SEM and HRTEM analyses shown in Figures 5c3,d, and 8e; showed
that EPS were the nucleation sites for the precipitation of minerals and this opinion has been accepted
by many scientists [101-108]. Sulphate-reducing bacteria (SRB) and halophilic bacteria have been used
to induce the precipitation of dolomite [56], and the results have shown that these EPS-like materials
may have served as an additional template for dolomite nucleation, since no dolomite was detected
in experiments containing heat-killed bacteria due to the absence of EPS materials. In fact it is the
structure of EPS that enables them to act as nucleation sites. Figure 10 shows that Glu and Asp were
the amino acids with higher contents in EPS; in addition, these two amino acids are acidic amino acids
and have two carboxyl groups. The two carboxyl groups have important roles: one is used to form the
peptide bond and the other is free. It can be seen that if there was a large amount of Glu and Asp,
which have two carboxyl groups to every one molecule, present in the EPS of B. subtilis ]2 bacteria,
there would be a lot of carboxyl groups in the EPS. From Figure 3a, the pH value was seen to have
increased to 9.22 under the effect of B. subtilis ]2 bacteria; in this highly alkaline condition, Glu and Asp
would be deprotonated due to the fact that the isoelectric point (pl) values of Glu and Asp were 3.22
and 2.77, respectively, much lower than 9.22. That is to say, Glu and Asp would carry negative charges
and this characteristic would be beneficial to the adsorbtion of CaZ* and Mg2+ ions. Thus, it is not
difficult to explain why the EPS show the presence of calcium and magnesium (Figure 9). Figure 6f-h
show that there are some organic functional groups on/within the minerals, such as C-O-C, N-H,
C=0, O-H, and C-H; these may be closely related to EPS components. In the meanwhile, carbonate
and bicarbonate ions would be released in the processs of carbon dioxide hydration catalyzed by
CA, and ammonia could also be produced to dissolve into the liquid culture medium to release the
hydroxyl groups; therefore, due to the increase in the alkalinity and the supersaturation, calcium
carbonate minerals were precipitated in/on the EPS of B. subtilis ]2 bacteria. In this study, the HRTEM
results shown in Figure 8d3,e; reveal that the EPS were indeed the nucleation site. The FTIR results
also show many other organic funtional groups on/within the minerals (Figure 6f-h), such as C-O-C,
N-H, C=0, O-H, and C-H. Therefore, other organic substances could also affect the nucleation of
carbonate minerals besides the amino acids. There are many unknown components existing on/in the
EPS of B. subtilis ]2, such that the mechanism of nucleation on/in the EPS needs to be further examined.

The mineral shell wrapping around the bacterium (Figure 5c3) also indicated that the EPS acted
as nucleation sites. In fact, the mineralized shells similar to these also occur in the natural environment.
A large number of cone-shaped bundles formed by elongate crystallites within the mid to lower parts
of a modern microbial mat have been reported [109]. There is one thing in common: a hole is also
present in the center of the terminations of the cone-shaped bundles. It is possible that the cone-shaped
bundles with holes are biomineralization products formed under the effects of bacteria.



Minerals 2019, 9, 218 19 of 25

4.3. Aragonite Minerals Induced by B. subtilis ]2 Bacteria

In this study, aragonite was precipitated at Mg/Ca molar ratios of 3, 6, 9, and 12, and only calcite
was formed at a Mg/Ca molar ratio of 0 in the experimental group; this indictates that Mg ions play an
important role in the precipitation of aragonite. In the field of mechanics, the usual way to precipitate
aragonite is to add a certain concentration of Mg2+ ions to the solution [110], also demonstrating the
important role of Mg in the precipitation of aragonite. In our experiments, there were no minerals
precipitated in the control group which had no bacteria, even at higher concentrations of Mg?*; clearly
indicating that there are other factors promoting the formation of aragonite besides the presence of
Mg?* ions. In our opinion, it was the B. subtilis ]2 strain that promoted the precipitation of aragonite,
since it not only released CA and ammonia to increase the alkalinity and supersaturation but also
supplied nucleation sites for the precipitation of minerals. In this study, 17 amino acids were found to be
present in/on the EPS. Amino acids are the basic building blocks of proteins and act as important factors
in regulating the polymorphs and morphologies of calcium carbonate [111]. In vitro crystallization
experiments, using matrix macromolecules (protein) extracted from the crossed lamellar layers of
limpet shells, induced the formation of only aragonite minerals at a Ca/Mg ion ratio of 2:5 within
6 h [112]. It revealed the important role of the biomolecules and Mg?* ions played in the precipitation
of aragonite. In this study, there were a large number of mineral shells wrapping around spores and
bacteria, similar to the shell of a mollusc scallop; this may indicate that the formation of the mineral
shells is connected to the presence of biomolecules and Mg?* ions. In the control group, without these
biomolecules, no aragonite minerals were formed, even though the liquid culture medium reached
saturation. It has also been reported that synthetic peptides (formed by amino acids) representing
the 30 AA N- and C-terminal sequence regions of PEMGI1 (a set of nacre protein sequences) can
nucleate nanometer-size aragonite in a solution without additives [113]. The mechanism by which
these peptides promote the nucleation of aragonite in vitro needs to be further explored.

In this study, the XRD results shown in Figure 4 reveal that the crystallinity of aragonite decreases
with the increasing Mg?* concentration, and DTG and DSC analyses also show that the thermal
stability of aragonite decreases with an increase in the concentration of Mg?* ions; these results suggest
that Mg?" ions affect the crystal structure of aragonite. Thus, the crystal structure of aragonite is
being distorted, possibly due to the fact that the Ca atom is being replaced by the Mg atom in the
biomineralization process. As for aragonite formed by physicochemical processes, Mg ions would
be prevented from entering its lattice structure; whereas with the microbially induced aragonite,
magnesium ions can usually enter its crystals easily. This is one of the characteristic features of
aragonite induced by microorganisms.

5. Conclusions

In this study, the B. subtilis ]2 bacterium was used in experiments to induce the precipitation of
calcium carbonate at Mg/Ca molar ratios of 0, 3, 6, 9 and 12. The bacteria released CA and ammonia to
increase the concentration of bicarbonate, carbonate, and hydroxyl ions in the solution, and these led
to an increase in pH and elevation of the supersaturation in the liquid culture medium. The content
of Mg in/on aragonite minerals increased with increasing Mg?* concentration. The crystallinity and
thermal stability of aragonite decreased with an increase in the Mg/Ca molar ratio, which may be due
to the replacement of Ca atoms by Mg atoms. The FTIR results showed many organic funtional groups
on/within the minerals, such as C-O-C, N-H, C=0, O-H, and C-H. The HRTEM-SAED observations
of the ultra-thin slices of B. subtilis ]2 bacteria showed there were nanoscale-sized minerals with poor
crystal structures grown/adsorbed on the EPS. The EPS of the B. subtilis ]2 strain were rich in Glu
and Asp, which contained two carboxyl groups that could be deprotonated when pH exceeded their
pls; this made the EPS act as the nucleation sites. This study provides some insights for further
understanding of the mechanisms of biomineralization induced by microorganisms.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/4/218/s1,
Figure S1: Images of the control groups A and B. (a) The image of control group A, pH was 7.00, and Mg/Ca ratio
from left to right was 0,3,6,9, and 12, respectively. (b1) The image of control group B, pH was 9.20, and Mg/Ca
ratio from left to right was 0,3,6,9, and 12, respectively. (b2) The image of control group B after centrifugation,
pH was 9.20, and Mg/Ca ratio from left to right was 0,3,6,9, and 12, respectively. Figure S2. XRD analysis of the
precipitates in the control groups B at pH 9.20 and Mg/Ca ratio of 0. Figure S3. SEM (a, b, ¢, and d) and EDS (e, f,
and g) images of the precipitates in the control groups B at pH 9.20 and Mg/Ca ratio of 0. The elemental analysis
of the area marked by the red square in figure a, b, and ¢ was shown in e, f, and g, respectively.
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