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Abstract: Biomineralization has become a research hotspot and attracted widespread attention in
the field of carbonate sedimentology. In this study, precipitation of carbonate minerals was induced
by Bacillus licheniformis DB1-9 bacteria, (identity confirmed with its phylogenetic tree), to further
explore the biomineralization mechanisms. During experiments, lasting up to 24 days with varying
Mg/Ca molar ratios and regular monitoring of conditions, ammonia and carbonic anhydrase are
released by the bacteria, resulting in a pH increase. Carbonic anhydrase could have promoted carbon
dioxide hydration to produce bicarbonate and carbonate ions, and so promoted supersaturation to
facilitate the precipitation of carbonate minerals. These include rhombohedral, dumbbell-shaped,
and elongated calcite crystals; aragonite appears in the form of mineral aggregates. In addition,
spheroidal and fusiform minerals are precipitated. FTIR results show there are organic functional
groups, such as C-O-C and C=0, as well as the characteristic peaks of calcite and aragonite; these
indicate that there is a close relationship between the bacteria and the minerals. Ultrathin slices of the
bacteria analyzed by HRTEM, SAED, EDS, and STEM show that precipitate within the extracellular
polymeric substances (EPS) has a poor crystal structure, and intracellular granular areas have no
crystal structure. Fluorescence intensity and STEM results show that calcium ions can be transported
from the outside to the inside of the cells. This study provides further insights to our understanding
of biomineralization mechanisms induced by microorganisms.

Keywords: Mg/Ca ratio; biomineralization; nucleation sites; Bacillus licheniformis DB1-9; carbonic
anhydrase; ammonia

1. Introduction

Cyanobacteria, along with other bacterial groups, have played an important role in the formation
of microbialites (which include stromatolites) [1-4], that occur throughout the geological record, right
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back to some of the oldest sedimentary rocks [3,5-10]. These deposits represent evidence for the
existence of life and, indeed, in rare cases, they actually contain fossil relics of the life-forms themselves,
although there has often been controversy over biogenicity [11,12]. One of the main outstanding
questions, however, is the role of the microbes themselves in precipitating carbonate. Most microbialites
are composed of limestone and dolomite, unless silicified or phosphatized, but the mechanisms by
which the carbonate minerals are precipitated are still much debated [13-18]. Is precipitation related
to the activities of the microbes themselves, or is it related to the mucilage (i.e., EPS = extracellular
polymeric substances) which envelops the bacteria? And then, what about the viruses, present in
all environments up to ten times the number of bacteria; do they have a role [19,20]? However,
it could be that precipitation of carbonate is largely controlled by the microchemical environment,
with the microbes just providing the substrate. Indeed, in addition to microbialites with their clear
sedimentary structures reflecting the former presence of a microbial mat or biofilm, there are great
thicknesses of fine-grained limestone (or dolomite) in the geological record where the origin of the
carbonate is completely unknown. Could these also be microbial deposits, where bacteria have
induced precipitation through their photosynthetic and other biological activities? In order to explore
the precipitation of carbonate by microbes, many researchers have performed experiments by using
different species of cyanobacteria to induce carbonate minerals, in the laboratory and in the field [21-24].
We take this topic a stage further by reporting, in this paper, the results of experiments with varying
Ca/Mg ratios and run durations, where live bacteria (Bacillus licheniformis DB1-9) are induced to
precipitate carbonate. Detailed analyses of the precipitates are presented, and it is demonstrated
that carbonic anhydrase (a common enzyme in bacteria) and ammonia are major factors in the
biomineralization process.

With biomineralization experiments, halophilic bacteria have frequently been used, since salinity
has been considered a key factor in biomineralization. For dolomite, water molecules adsorbed
around magnesium ions have been regarded as a kinetic barrier to precipitation, but it has been
produced through mediation by Haloferax volcanii DS52 under high salinity (200%o and 280%o) [25].
The Chromohalobacter israelensis LD532 bacteria have been used to induce Mg-rich calcite and aragonite
minerals at 10% salinity and, in this case, organic functional groups, such as C-O-C and -OH, were
also involved [26]. Halobacillus trueperi bacteria induced minerals at different salt concentrations [27],
and Deng et al. successfully used halophiles to induce dolomite, with bacterial EPS acting as nucleation
sites [28]. Sulfate-reducing bacteria (SRB) have also been used in experiments. Acinetobacter calcoaceticus
SRB4 bacteria have induced the precipitation of struvite, a phosphate mineral [29], and their EPS have
also been considered as the nucleation site. Braissant et al. found that EPS extracted from Desulfovibrio
H0407_12.1Lac have a strong adsorption capacity for metal ions [13]. Mg-calcite and Ca-dolomite
have also been formed in the presence of EPS produced by SRB [30]. Besides halophiles and SRB,
methanogenic archaea have been used to precipitate dolomite at low temperature under anaerobic
conditions [31]. Other aerobic bacteria have produced dolomite, including Virgibacillus marismortui
and Marinobacter sp. in the presence of oxygen [32]. The spheroidal vaterite, which is an unstable
mineral, has been precipitated by Lysinibacillus sp. GW-2 bacteria [33]. Myxococcus sp. bacteria have the
ability to induce various minerals, including phosphates, carbonates, sulfates, chlorides, oxalates, and
silicates [34]. Some researchers have reported that carbonates induced by marine bacteria are affected
by the medium viscosity: calcite is formed at a slow ion diffusion rate, whereas aragonite is precipitated
at a faster rate [35]. To sum up, many different species of microorganisms have been used to induce
minerals, and in-depth research has been conducted to explore the biomineralization mechanisms
involved. However, some factors controlling biomineralization are still uncertain, due to the diverse
species of bacteria and the complexity of bacterial metabolic activity [34]. Thus, the processes and
mechanisms of biomineralization still need further study.

There are different opinions concerning the products and processes of biomineralization
induced by microorganisms. Firstly, spheroidal-spherulitic and dumbbell-shaped minerals have
commonly been regarded as biogenic minerals [20,35]. However, there are some issues here. Some
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spheroidal-spherulitic minerals have been precipitated in a medium without any bacteria [36], perhaps
due to the presence of organic substances, such as tryptone and beef extract. Spheroidal minerals
have also been produced by Sanchez-Roman et al. under abiotic conditions [32]. Secondly, it has
been demonstrated that a rise in pH will increase CaCOj3 saturation in the environment, leading
to the precipitation of minerals. It has also been reported that ammonia released by bacteria is the
main reason for the pH increase [37], although some microbes do not produce enough ammonia
for pH to reach 9.0. Carbonic anhydrase (CA) does promote carbon dioxide hydration to generate
bicarbonate and carbonate ions; these will also increase pH with the help of ammonia [36]. Thirdly,
the bacterial cell surface can provide nucleation sites and others have reported that EPS provide
nucleation sites [38,39]. With regard to the nucleation mechanism, acidic amino acids, such as aspartic
acid (Asp) and glutamic acid (Glu), probably play an important role [40]. Proteins and polysaccharides
may also take part in the process [39-41]. It is thought that organic functional groups and gene
sequences regulate the nucleation of crystals [39,41]. Thus, there is a need for further exploration of
nucleation sites and mechanisms. Fourthly, biomineralization induced by microorganisms should
be discussed from two points of view: intracellular and extracellular biomineralization [24]. Many
researchers have focused on extracellular biomineralization, namely, the morphology, mineralogy,
and mechanisms of microbially induced mineral precipitation. Intracellular biomineralization has
received less attention, in view of the limitation of experimental techniques. However, examples
include intracellular amorphous carbonates (nanospheres) within Candidatus Gloeomargarita lithophora,
a new species of cyanobacteria [42,43]; intracellular amorphous alkaline-earth metal carbonates found
in unicellular eukaryotes [44], and ‘micropearls’ occurring in lacustrine and marine bacteria [45—47].
Intracellular nanospheres have been interpreted as mineralized bacterial vesicles, and even viruses [20].
In our opinion, unravelling intracellular biomineralization is a major challenge in understanding
organism fluid mineral precipitation in the natural environment, and is an indivisible aspect of the
research reported here.

In this study, different Mg/Ca molar ratios (0, 3, 6, 9, and 12) were employed to investigate the
biomineralization processes induced by Bacillus licheniformis DB1-9 bacteria. The phylogenetic tree
of B. licheniformis was constructed using the neighbor-joining method. Growth curves, pH curves,
carbonic anhydrase (CA) activity, concentrations of carbonate and bicarbonate ions, ammonia tests,
and amino acid composition of EPS were investigated to explore the biomineralization mechanisms.
Mineralogy, morphology, elemental composition, and other characteristics of the minerals precipitated
were analyzed by XRD, SEM, EDS, and FTIR. Superthin slices of B. licheniformis were prepared and
studied by HRTEM, SAED, EDS, and STEM. This study aims to provide further understanding of
biomineralization induced by microorganisms in the laboratory and nature, and the controls on
mineralogy and morphology of the precipitates.

2. Materials and Methods

2.1. Identification and Cultivation of DB1-9 Bacteria

B. licheniformis DB1-9 bacteria have been cultivated by Associate Professor Huaxiao Yan in the
Department of Bioengineering, Shandong University of Science and Technology, and been preserved in
a refrigerator at —20 °C. According to published methods [29,36,48], the total DNA of B. licheniformis
DB1-9 bacteria was extracted and used as a template to amplify the 16S rDNA, and then the 165
rDNA was sequenced by Shanghai Sangon Biotech Co., Ltd (Shanghai, China). The complete DNA
sequences were obtained through fragment assembly using DNAMAN 8.0 software, and uploaded to
GenBank. Basic Local Alignment Search Tool (BLAST) was used to compare the nucleotide homology
between the 165 rDNA of B. licheniformis DB1-9 bacteria and those of other bacteria. The phylogenetic
tree of B. licheniformis DB1-9 bacteria was constructed by the neighbor-joining method using MEGA
7.0 software [24].
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The detailed steps of Gram staining are as follows: B. licheniformis DB1-9 bacteria were spread
evenly on a glass slide and dried naturally, then fixed by a flame 3 times, stained by ammonium oxalate
crystal violet solution for 1 min, washed slowly with distilled water, dyed by iodine solution for 1 min,
washed with distilled water again, decolorized by 95% ethanol for 20-30 s, washed again, dyed with
magenta for 3-5 min, washed again, and then analyzed by microscopy (YS2-H, Nikon, Japan).

The morphology and size of B. licheniformis DB1-9 bacteria were analyzed by scanning electron
microscope (SEM, FEI Quanta 200, FEI, Hillsboro, OR, USA). A single colony on the surface of a solid
culture medium was spread evenly on the conductive adhesive and dried naturally, then examined
by SEM.

The culture medium for cultivation and multiplication of B. licheniformis DB1-9 bacteria contains
the following ingredients (per L): beef extract, 5.0 g; NaCl, 5.0 g; and tryptone 10.0 g. The final pH of
the medium was 7.2. The solid culture medium was prepared by adding 20 g of agar powder based on
the above components. A single colony of B. licheniformis DB1-9 bacteria, which had been cultivated in
a constant temperature incubator (DHP-9050B, Shanghai Langgan Laboratory Equipment Co., Ltd.,
China) at 30 °C for 48 h, was selected and inoculated into the liquid medium to culture for about
24 h at 30 °C in a constant temperature oscillation incubator (HZQ-F160, Harbin Donglian Electronic
Technology Development Co., Ltd., Hei Longjiang, China), with a speed of 130 rpm under normal
light conditions. The cell concentrations were measured by a spectrophotometer (721, Shanghai Aoxi
Scientific Instrument Co., Ltd., Shanghai, China) at a wavelength of 600 nm. When the ODgy was up
to 0.8, the preparation of fermented liquid was finished.

2.2. Biological and Chemical Measurements

The fermented liquid was inoculated into 500 mL of the sterile liquid culture medium ina 1L
conical flask at the volume ratio of 1%. Up to 74 h, ODgg values were measured every 2 h by a
spectrophotometer; from 74 to 98 h, every 6 h; and, finally, measurements were taken at 98, 128,
146, 162, and 192 h. The pH values of the experimental and control group were measured by a pH
meter (PB-11, Sartorius, Germany). The experiment was performed in triplicate. The pH values of the
experimental and control group at 192 h were analyzed by SPSS 21 software. The carbonic anhydrase
(CA) activity, carbonate and bicarbonate concentrations, and ammonia, were detected according to the
methods described by Zhuang et al [36]. The CA activity was measured every 3 h from 0 to 99 h, and
then measured at 114, 128, and 152 h. The bicarbonate concentrations were measured from 0 to 293
h. The carbonate concentration could not be detected before 114 h, thus, the carbonate concentration
was detected in the time range of 114-293 h. All experiments were performed in liquid culture
medium without any Ca and Mg, only with sodium chloride, beef extract, tryptone, and bacteria.
Based on the concentration of carbonate and bicarbonate ions, the mass of sodium carbonate and
sodium bicarbonate could be calculated. Therefore, another pH curve was obtained by measuring
the pH of the sodium carbonate-sodium bicarbonate solution. The pH values of the experimental
group and the sodium carbonate-sodium bicarbonate solution at 192 h were also analyzed by SPSS 21
software. The concentrations of ammonium ions were measured according to the method described
by Zhuang et al. [36]. The pH values based on ammonium ion concentrations were also calculated
according to the above method [36].

2.3. Amino Acid Composition in EPS

EPS were extracted according to the method described by Zhuang et al. [36]. EPS were dried in a
lyophilizer (FD-1A-50, Shanghai Bilang instrument Manufacturing Co. Ltd., Shanghai, China) under a
vacuum at —60 °C, and then sent to Jiangsu Coastal Chemical Analysis & Technological Service Ltd.
Amino acids in EPS were analyzed by an amino acid analyzer (Hitachi L-8900, Tokyo, Japan).
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2.4. Precipitation Experiments

The liquid culture medium used to precipitate the minerals contains the following ingredients
(per L): beef extract, 5.0 g; NaCl, 5.0 g; tryptone, 10.0 g; CaCl, (0.01 M); Na;COs3 (0.006 M); NaHCO3
(0.006 M); and Mg/Ca molar ratio 0, 3, 6,9, and 12. MgSO,-7H,0 was used to prepare the Mg?* parent
solution (2 M) and to adjust the Mg/Ca molar ratio. The liquid culture medium was sterilized by
autoclave (Shanan ShangHai LDZX-50KBS). A solution of NayCOj3 (1 M) and NaHCO; (1 M) was
prepared and sterilized by a filter with a 0.22 pm pore-sized membrane. Na,CO3 (1M) filtrate (0.9 mL)
and 0.9 mL of NaHCOj3 (1 M) filtrate were added to 150 mL of liquid culture medium. The pH was
adjusted to 7.0 using concentrated hydrochloric acid. The preparation of the liquid culture medium
was now complete. The liquid culture medium inoculated with the fermented liquid (ODggo = 0.8),
by a volume ratio of 1%, was set as the experimental group; the second group, with added sterile
distilled water, was set as control group A, and the volume of distilled water was the same as that
of the fermented liquid; the third group, with no Ca or Mg or bacteria, was set as control group B.
All culture groups were triplicated at each value of Mg/Ca molar ratio, and cultivated in the constant
temperature oscillation incubator at 30 °C with a speed of 130 rpm under normal light conditions.

After being cultured for 12 day, the precipitates in the experimental group could be observed by
the naked eye, but there were no precipitates in the control group. The precipitates in the experimental
group were aspirated and transferred into an Eppendorf tube, washed 3 times with distilled water,
and then preserved in anhydrous ethanol for future research. After being cultured for 24 days,
the precipitates in the experimental group were isolated, again, according to the same method. There
were still no precipitates in the control group.

2.5. Characterization of Precipitates

The naturally dried mineral precipitates in the experimental group were analyzed with X-ray
diffraction (XRD, D/Max-RC, Rigaku, Tokyo, Japan). The scanning angle (26) of XRD ranged from 10°
to 90°, with a step size of 0.02° and a count time of 8° min~! [44-46,49-54]. The mineral phases of the
precipitates were further determined by comparison with the standard data on the powder diffraction
file (PDF) of the International Center for Diffraction Data (ICDD) by Jade 6.0 software.

Fourier transform infrared (FTIR, Nicolet 380, Thermo Fisher Scientific Inc., Waltham, MA,
USA) measurements were conducted using the potassium bromide method in a scanning range of
400-4000 cm ! with a resolution of 4 ecm ™~ [55-57].

The minerals in the experimental group were gold-coated and analyzed by scanning electron
microscope (SEM, S-4800, Hitachi, Tokyo, Japan) [55,58—61]; at the same time, the elemental
composition of the minerals was also determined by energy dispersive spectroscopy (EDS, EDAX,
Mahwah, NJ, USA).

2.6. Analysis of the Ultrathin Slices of B. licheniformis

The preparation of the ultrathin slices of B. licheniformis followed the procedure of Han et al. [23].
The detailed steps were as follows: After being cultivated for 24 days, 10 mL of the bacterial liquid
was centrifuged at 3000 rpm for 5 min. It was found to be best not to take precipitates from the bottom
of the flask, as they contained a lot of minerals that affected the preparation of ultrathin slices of cells.
After centrifugation, the material was washed 3 times with a phosphate buffer (Na,HPOy4-12H,O
20.7472 g-L~1, NaH,PO,-2H,0 3.1167 g-L~!, pH 7.2). The aim of this step was to remove the
ingredients of the culture medium, particularly the beef extract, NaCl, and tryptone. After being fixed
by glutaraldehyde (2.5% (v/v)) for 12 h, the material was dehydrated by acetone solution according to
the following sequence: 30% (15 min)-50% (15 min)-70% (15 min)-80% (15 min)-90% (15 min)-95%
(15 min)-100% (15 min)-100% (15 min)-100% (15 min). At last, 30% epoxy resin solution was added
to embed the cells. The ultrathin slices were analyzed by high-resolution transmission electron
microscopy (HRTEM, H-7650, Hitachi, Tokyo, Japan) [57,58,62—65], scanning transmission microscopy
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(STEM, Tecnai G2 F20, FEI, Hillsboro, OR, USA) and EDS. The parameters of these instruments are
given in articles [66-70].

2.7. Analysis of the Intracellular Ca>* lons by Fluorescence Intensity

The fluorescence intensities of intracellular Ca2* ions were measured according to the method
described by Zhuang et al [36]. Statistical analysis was performed by SPSS 21 software.

3. Results

3.1. Identification and Characterization of B. licheniformis DB1-9 Bacteria

The 16s rDNA sequence of DB1-9 bacteria is 1486 bp and has been uploaded to GenBank and been
given an accession number of MG818748.1. The 165 rDNA of strain DB1-9 shares 99% homology with
99 strains of B. licheniformis. The phylogenetic tree, based on the 165 rDNA sequence, shows that the
DB1-9 strain is closest to B. licheniformis (Figure 1), indicating that the DB1-9 strain can be identified as
the B. licheniformis species. The result of Gram staining shows that the bacteria are purple (Figure 2a),
indicating that B. licheniformis is Gram-positive. SEM results show that the bacterium is 2 um in length
and 1 um in width. EPS are present around the bacterium (Figure 2b) and there are no minerals in the
EPS here, since the medium in which the bacteria grew lacks Ca%* and Mg2+ ions.

100 DB1-9 (MG818748.1)
99 Bacillus licheniformis NBRC 104464 (AB682197.1)
Bacillus atrophaeus NBRC 16183 (AB681057.1)
= 99 ' Bacillus atrophaeus NBRC 15407 (AB680855.1)
Bacillus cereus ATCC 21281 (FJ501984.1)
98 ! Bacillus cereus ATCC 27877 (Z84581.1)

[ Halobacillus halophilus NBRC 102448 (NR 114092.1)

99 = Halobacillus halophilus CQB-39 (KR347238.1)

| Chromohalobacter israelensis ATCC 43985 (AJ295144.1)
100 |_ Chromohalobacter israclensis ATCC43984(NR-025430.1)

0.05

Figure 1. Phylogenetic tree constructed with the neighbor-joining method based on bacterial 165 rDNA
sequence alignment.

Figure 2. B. licheniformis analyzed by microscopy and SEM. (a) The Gram stain in biological microscope
view; (b) the morphology in SEM view.

3.2. Evolution of Biological and Chemical Parameters

Figure 3a,b show that ammonia has been produced by B. licheniformis, with the experimental
group having a dark brown color, whereas the control group has the color of Nessler’s reagent, which
increases the pH value.
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Figure 3. Ammonia test of B. licheniformis DB1-9 bacteria cultivated for 30 h. (a,b) The control group is
the culture medium without bacteria (right); the experimental group is inoculated with bacteria (left).
(a) before adding Nessler’s reagent, (b) after adding Nessler’s reagent.

Figure 4a shows the growth curve of B. licheniformis DB1-9 bacteria and the pH curves. It can
be seen from the growth curve that 0-8 h is the delay period or lag time; the logarithmic growth
period is from 8 to 46 h. The stable period is in a time range of 46-74 h; the cell concentration has
remained almost constant because the birth rate has equaled the mortality rate. The decline period is
from 74-192 h. In the delay period, pH increases from 6.92 to 7.06. During the logarithmic growth
period, the pH sharply increases from 7.06 to 8.25. In the stable period, the pH increases from 8.25 to
8.6. The most striking thing to notice is that the pH continues to rise from 8.6 to 9.27 in the decline
period. An ammonia test was performed in the time range of 24-48 h (Figure 3) and the result shows
DB1-9 bacteria can release ammonia. The ammonia released in the logarithmic growth period is
the main reason for the pH increase from 7.06 to 8.25. NH4* ion concentration increases from 0 to
2.25 x 107% mol/L in the time range of 0-50 h, and remains almost constant from then on (Figure 4d).
The pH curve based on the NH4* ion concentration shows that the ammonia released by B. licheniformis
is able to increase in pH to about 8.25 (Figure 4a); this also reveals that factors other than ammonia can
also increase pH. The pH values of the control group are almost constant at 7.0, significantly different
from those of the experimental group (p < 0.01).

Figure 4b shows the CA activity of B. licheniformis. It can be seen that the CA activity curve has
two parts: from 0 to 69 h, CA activity increases from 0.145 to 18.682 U/L; from 69 to 152 h, CA activity
decreases from 18.682 to 7.972 U/L. Roughly, the trend of the CA change is similar to that of the cell
growth curve (Figure 4a)—the bacterial concentration increases and, at the same time, the CA activity
also increases; when the cell concentration decreases, the CA activity also decreases. However, CA
activity did not decrease to 0, suggesting that even in the decline period, CA activity still existed in
the liquid culture medium. Alkaline CA can promote the hydration reaction of carbon dioxide (CO,)
to produce bicarbonate and carbonate ions. In this study, when pH increases beyond 8.0, CA activity
still continues, suggesting a connection to increasing alkalinity, and further indicating CA release of
bicarbonate and carbonate ions in the liquid culture medium. Thus, bicarbonate and carbonate ion
concentrations were also measured in this study:.

From Figure 4c, it can be seen that bicarbonate concentration increases from 0.028 to 0.049 M in
the time range of 0-101 h, and then decreases to 0.0351 M from 101 to 293 h. Carbonate ions were
not detected from 0 to 114 h, and increased from 0.0074 to 0.0199 M in the time range of 114-293 h.
When the bicarbonate concentration decreased, the carbonate ion concentration increased instead; this
suggests that the bicarbonate ions were converted to carbonate ions in the liquid culture medium.
The released carbonate ions also resulted in an increase in pH values. In order to verify how high the
pH could reach under the influence of bicarbonate and carbonate ions, a series of pH values were
obtained by measuring pH values of the sodium carbonate and sodium bicarbonate solution, which
were prepared according to the concentration of carbonate and bicarbonate ions (Table 1). A new
pH curve, shown in Figure 4a, shows that bicarbonate and carbonate ions released through the CA
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catalysis indeed play an important role in pH increase during the decline period of bacteria. There was
also a significant difference in pH values at 192 h between the experimental group and the sodium
carbonate-sodium bicarbonate solution (p < 0.01). That is to say, the pH increase is caused by the
combined effect of CA and ammonia released by B. licheniformis.
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Figure 4. Physiological and biochemical characteristics of B. licheniformis. (a) The black line represents
the cell growth curve (purple symbols); the red line represents the pH value of the experimental group
and the black line (black symbols) represents the pH value of the control group; the dark green line
represents the pH value based on the concentration of carbonate and bicarbonate ions; the blue line
represents the pH value based on the concentration of NH,*; (b) the curve of CA activity; (c) the curve
of carbonate and bicarbonate concentration; (d) the curve of NHy* concentration.

Table 1. pH values based on the concentrations of bicarbonate and carbonate ions.

Time (h)  COz2~ (mol/L) HCO;~ (mol/L)  NayCOj; (g/L) NaHOj (g/L) pH

0 0 0.0280 0 1.7080 8.68 + 0.0033
45 0 0.0268 0 1.7446 8.56 + 0.0032
16,5 0 0.0288 0 1.7568 8.64 % 0.0001
25 0 0.0344 0 2.0984 8.66 + 0.0033
285 0 0.0386 0 2.3546 8.64 + 0.0030
405 0 0.0406 0 2.4766 8.66 + 0.0031
465 0 0.0409 0 2.4949 8.62 + 0.0033
53 0 0.0411 0 25071 8.62 + 0.0035
65.5 0 0.0430 0 2.6230 8.61 + 0.0057
70.5 0 0.0445 0 27145 8.63 + 0.0032
76.5 0 0.0456 0 27816 8.64 + 0.0036
89 0 0.0476 0 2.9036 8.62 + 0.0008
95 0 0.0486 0 2.9646 8.61 + 0.0034
101 0 0.0490 0 2.9890 8.62 + 0.0058
125 0.0105 0.0428 0.6300 26108 9.58 + 0.0059
143 0.0118 0.0401 0.7080 2.4461 9.61 + 0.0062
173 0.0152 0.0374 0.9120 2.2814 9.79 + 0.0037

197 0.0171 0.0365 1.0260 2.2265 9.77 £ 0.0033
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3.3. The Amino Acid Composition of EPS

EPS of B. licheniformis contain 17 kinds of amino acid (Figure 5). Glycine (Gly), alanine (Ala), and
proline (Pro) are the top three, followed by glutamic acid (Glu) and aspartic acid (Asp). Histidine
(His) was the lowest of the 17 amino acids. When the pH in the experimental group increases to 9.0
or so, the carboxyl groups of Glu and Asp can be deprotonated. Thus, Glu and Asp carry a lot of
negative charges. As a result of this, the negatively charged EPS around the cell are able to adsorb a
large number of metal cations, including Ca?* and Mg?* ions, to promote the nucleation of minerals.

0.25

0.20

Molar ratio(%)

0.05

0.00
Gly Ala Pro GluAspVal Ser ThrLeuLysArgCysPheTyr Ile MetH s

Figure 5. The amino acid composition of EPS from B. licheniformis.
3.4. XRD Analysis of the Minerals Induced by B. licheniformis

Figure 6 shows that the minerals precipitated are calcite at a Mg/Ca molar ratio of 0, a mixture
of calcite and aragonite at a Mg/Ca molar ratio of 3, and aragonite only at a Mg/Ca molar ratio of
6,9, and 12, when the minerals were cultivated for 12 and 24 days. With an increasing cultivation
time, 20 of calcite (104) becomes larger at a Mg/Ca molar ratio of 3. That is to say, d (104) of calcite
after 24 days has become smaller, indicating that some Ca ions have been replaced by Mg ions in
the calcite crystal lattice. At the same time, the full peak width at half maximum (FWHM) for calcite
(104) at a Mg/Ca molar ratio of 3, cultivated for 24 days, is larger than that cultivated for 12 day,
indicating a decreasing crystallinity for the calcite with time, as a result of the incorporation of Mg?*
ions. The FWHM of aragonite (111) at each level of Mg/Ca molar ratio after 12 day is smaller with
increasing cultivation time, suggesting that the crystallinity of aragonite is higher in the presence of
more Mg2+ ions. The FWHM of aragonite (111), cultivated for 24 days, also becomes smaller with
increasing Mg/Ca molar ratio, again, showing that the higher crystallinity of aragonite is closely
related to the higher concentration of Mg?* ions. That is to say, Mg?* ions have played an important
role in aragonite formation. In the control group, there were no mineral precipitates. These results
also show that B. licheniformis can release ammonia and bicarbonate and carbonate ions to increase pH,
and that the supersaturation of calcite and aragonite in the liquid culture medium can be elevated so
that these minerals precipitate in the experimental group.
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Figure 6. XRD analyses of the minerals induced by B. licheniformis. (a) The minerals cultivated for 12 d;
(b) the minerals cultivated for 24 days.

3.5. FTIR Analysis of the Minerals at a Mg/Ca Molar Ratio of 0 and 3 Induced by Bacteria

The sample preparation work followed the procedure of Tian et al. and Wang et al. [71,72].
The characteristic peaks of the minerals and organic functional groups can be obtained from Figure 7.
The characteristic peaks of calcite are 712, 875, 1421, and 2514 cm !, and those of aragonite are at 710,
856, 1082, and 1475 cm ! [40]. It can be seen from Figure 7a that the peaks at 709, 870, and 2512 cm 1
are the characteristic peaks of calcite; some organic functional groups, such as C-O (1077 cm’l), P=0
(1235 cm™1), C=C (1652 cm™ 1), and C=0 (1797 cm ') are also present. It can be seen from Figure 7b
that the peaks at 719, 877, and 2532 cm~ !, are the characteristic peaks of calcite, and the peaks at
1083 and 1478 cm~! prove the existence of aragonite, consistent with the results of XRD analyses.
Besides the characteristic peaks of these minerals induced by B. licheniformis, there are also some
peaks showing other organic functional groups present in/on the minerals, such as C-H methylene
vibrational band (2925 cm~!), O-H vibrational band (2363 cm 1), C=O vibrational band (1797 cm™1),
and C-O vibrational band (1077 cm’l), shown in Figure 7¢, and C=C, N-H, P=0, and C-O (glycosidic
linkage) vibrational band at 1652, 1455, 1233, and 1084 em !, shown in Figure 7d, indicating that there
was a close relationship between the organic functional groups and B. licheniformis. As to which kind
of specific organic functional group affects calcite and aragonite, further exploration is needed.
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Figure 7. The minerals analyzed by FTIR. (a) Calcite at Mg/Ca molar ratio of 0; (b) calcite and aragonite
at Mg/Ca molar ratio of 3; (c) the minerals at Mg/Ca molar ratio of 3 from 1000 to 3200 cm~L; (d) the

minerals at Mg/Ca molar ratio of 3 from 1000 to 1800 cm~ 1.

3.6. The Morphology and Elemental Composition of the Minerals Analyzed by SEM and EDX

Figure 8 shows the SEM and EDS results on the minerals precipitated after 24 days of cultivation.
The elongate calcite crystals (Figure 8(aj)) and dumbbell-shaped calcite (Figure 8(a3)) can be observed
at a Mg/Ca molar ratio of 0. The elongate calcite shows a layer-by-layer growth mode, and is covered
with micron-sized rhombohedral calcite crystallites (Figure 8(ay)). The dumbbell-shaped calcite grows
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symmetrically along a central axis, and the surface is covered with many scale-like calcite crystallites
(Figure 8(ay)), significantly different from the elongate calcite surfaces. At a Mg/Ca molar ratio of 3,
aragonite is commonly present in the form of aggregates (Figure 8(b1)), and the surface shows a large
number of rectangular crystallites growing in a parallel fashion (Figure 8(b,)). Many minute cavities
are observed on the surfaces of some aragonite crystals (Figure 8(b3)), where B. licheniformis were once
present. It can be seen from Figure 8(bs) that there are EPS and microorganisms adsorbed on/between
the crystal aggregates. These features are significant in that they demonstrate that crystal precipitation
was closely related to the presence of B. licheniformis. At a Mg/Ca molar ratio of 6, some aragonite
crystals are in the shape of a cauliflower (Figure 8(c1)), with a surface covered in granular crystallites,
no longer the rectangular forms (Figure 8(c;)). There are also some irregular aragonite aggregates
(Figure 8(c3)), whose surfaces are covered with a large number of flake-shaped crystallites, up to
30 nanometers in size (Figure 8(cy4)). Figure 8(d;—d4) show the morphology of aragonite crystallites
precipitated at a Mg/Ca molar ratio of 9. There are also irregular aragonite aggregates (Figure 8(d;)),
whose surfaces are covered with flake-shaped crystallites (Figure 8(dy)), larger than those shown in
Figure 8(c4). Besides this, there is a spheroidal aragonite form (Figure 8(d3)) which is composed of a
large number of nanometer granules (Figure 8(d4)). At a Mg/Ca molar ratio of 12, aragonite appears
with a fusiform (Figure 8(e)) or fascicular (Figure 8(ep,e3)) shape, and also in the form of aggregates
(Figure 8(e4)). EDS analyses show that there are Ca, C, O, Al, and P elements in calcite at a Mg/Ca
molar ratio of 0 (Figure 8(as)). In addition to these elements, at higher Mg/Ca ratios, Mg is present
in the aragonite (Figure 8(bs,cs5,ds,e5)). P comes from B. licheniformis, Al from the mount beneath the
sample, and Mg from the MgSO, reagent in the culture medium.
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Figure 8. SEM and EDS analyses (as, bs, ¢5, ds, and es) of the minerals in the experimental group after
24 days of cultivation. Mg/Ca molar ratio of 0 (a;—ag); Mg/Ca molar ratio of 3 (b1—by4); Mg/Ca molar
ratio of 6 (c1—c4); Mg/Ca molar ratio of 9 (d1—d4); Mg/Ca molar ratio of 12 (e1—ey).

3.7. Intracellular and Extracellular Biomineralization of B. licheniformis

Ultrathin slices of B. licheniformis with a thickness of 70 nanometers have been prepared and
analyzed by HRTEM-SAED. It can be seen from Figure 9(a;,a;) that the layered cell wall is obvious,
and different sizes of dark granular areas are present inside the cells at a Mg/Ca molar ratio of 0.
Figure 9(az,a4) also show that some larger dark granules are growing inside the cell, or are adsorbed/
growing on the external surface (maybe within the EPS) of B. licheniformis. The density or thickness of
the dark areas (granules) is higher than that of other areas, so that the dark area cannot be penetrated
by electrons when analyzed by HRTEM. At a Mg/Ca molar ratio of 3, the nanometer dark granular
areas are also present inside the cell (Figure 9(b;-b3)), and some granules have grown within the EPS,
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or maybe are adsorbed on to the EPS (Figure 9(b4)). At a Mg/Ca molar ratio of 6, some granules are
aggregated in the center of the cell (Figure 9(c;)); some are randomly distributed along the long axis
within the cell (Figure 9(cy)), and others in the EPS are growing from smaller granules into larger
(Figure 9(c3)) and longer granules (Figure 9(c4)). At a Mg/Ca molar ratio of 9, a dark granule, less than
100 nm in length, is growing on the cell membrane (Figure 9d,); the dark granular areas are mainly
distributed inside the cell (Figure 9(d;)) and in the EPS at the cell end (Figure 9(d3,d4)). Ata Mg/Ca
molar ratio of 12, in addition to the abovementioned dark granular areas (Figure 9(e;)), dark granular
areas composed of the alternating light and dark bands, with a length of less than 100 nm, appear
within/on the EPS (Figure 9(e1,e3,e4); the details are shown in Figure 10), indicating that the organic
matter likely played a part in the formation of these unique dark granular areas. Many researchers
have suggested that EPS can act as the nucleation site for crystallites, as is apparent in the results
presented here with the dark granules in the EPS. In addition, in this study, we have shown that there
are other nucleation sites, including cell membranes and the intracellular organelles.

In order to investigate the crystal structure of the dark granular or elongate material, SAED
analyses were performed. A small number of diffraction spots were obtained in the SAED images
(Figure 11(aj,b1,c1)), indicating that the extracellular dark material (Figure 11a—c) has a poor crystal
structure. Intracellular dark granular areas (Figure 11(ap,by,c2)) have no crystal structure, due to the
fact that there are no diffraction spots in the SAED images (Figure 11(a3,b3,c3)). Some researchers have
considered why amorphous material remains stable inside the cell since in general, and an amorphous
mineral is unstable and will develop into a more stable form with a better crystal structure, such as
amorphous calcium carbonate (ACC) changing into calcite. The mechanism of keeping the amorphous
matter stable inside a cell has been related to the intracellular organic molecules. The dark clumps
(Figure 10a—c), composed of alternating light and dark bands within the EPS of the cell, have been
examined further by SAED, and the results show that they still have no crystal structure (Figure 10d).
Although intracellular and extracellular dark granular and linear material can be observed, and the
extracellular dark matter has a poor crystal structure and the intracellular granular material has no
crystal structure, the elemental composition still cannot be determined; thus, the next objective in this
research is to investigate if the dark granular or linear material contains Ca and Mg elements.

Mg/Ca=0

Mg/Ca=3

Mg/Ca=6

Figure 9. Cont.
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Mg/Ca=9

Mg/Ca =12

Figure 9. TEM analyses of ultrathin slices of B. licheniformis cultivated for 24 d. The intracellular
and extracellular granules are marked with red arrows. Mg/Ca molar ratio of 0 (aj—ag): intracellular
granules (aj,ap) and extracellular granules (a3,ag); Mg/Ca molar ratio of 3 (b1-by): intracellular
granules (b1-b3z) and extracellular granules (bg); Mg/Ca molar ratio of 6 (ci—cg): intracellular granules
(c1,c2) and extracellular granules (c3,¢4); Mg/Ca molar ratio of 9 (d;—dy): intracellular granules (dy,d;)
and extracellular granules (d3 d4); Mg/Ca molar ratio of 12 (eg—e4): intracellular granules (eq,e3) and

extracellular granules (e3,eq).

Figure 10. The dark clumps composed of alternating light and dark bands within the EPS of B.
licheniformis analyzed by HRTEM and SAED. (a—c) images of the dark clumps analyzed by HRTEM, (d)

SAED image of the dark clump marked by the yellow circle in (a).

3.8. Ca and Mg Elemental Analysis of B. licheniformis

Figure 12 shows the morphology of B. licheniformis and the distribution of Ca and Mg elements.
In the TEM images, the dark and denser areas inside the cell and within the cell EPS indicate the
presence of metallic elements, and the light areas indicate the existence of organic matter. However,
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in the STEM images, the result is the reverse. Figure 12a,c,e show that the surface of the cell is the
brightest, in a shape of light circle; the brightness decreases from the outside to the inside of the cell,
and the cell center is commonly the darkest area of the cell, suggesting that the concentration of metal
elements decreases from the outside to inside of the cell. Figure 12b shows the distribution of Ca
within/on B. licheniformis bacteria at a Mg/Ca molar ratio of 0, also indicating that the concentration
of Ca is higher on the surface/within the EPS than that inside the cell.

poor crystal structure no crystal structure

Mg/Ca=0
/o 5 1/nm

Mg/Ca=3
5 l/nm 5 1/nm

Mg/Ca =12

5 I/nm

3 l/nm

Figure 11. Analyses of intracellular and extracellular dark granular areas by HRTEM-SAED. HRTEM
images of extracellular dark granular areas (a-c), SAED images of the area marked with the red square
(a1,b1,c1). HRTEM images of intracellular dark granular areas (az,bz,c2), SAED images of the area
marked with the red square (a3, bs,c3). (ag,b1,c1) show bright diffraction spots; (az,bs,c3) have no
bright spots.

Figure 12¢,d show the distribution of Ca and Mg within/on B. licheniformis at a Mg/Ca molar ratio
of 3, also revealing the same rule that the concentrations of Ca and Mg decrease from outside to inside
the cell, that is to say, the transport mode of Ca?* and Mg?* ions was diffusion, due to the fact that the
metal ions were transferred along the concentration gradient, namely, from high to low concentration.
The light area inside the cell (shown in Figure 12e) also contains Ca and Mg (Figure 12f,g). Figure 12f,g
show the distribution of Ca and Mg within/on B. licheniformis at a Mg/Ca molar ratio of 12. It can
be observed that the concentration of Mg is higher than that at a Mg/Ca molar ratio of 3, suggesting
that more and more Mg?* ions could enter inside the cell by diffusion, with the increase of Mg?* ion
concentration. These results also show that the ability of B. licheniformis to prevent ions from entering
the cell is limited. As is well known, Ca?* and Mg?* ions are cofactors of many enzymes in the cell
since, without these ions, the enzymes will lose their activity, while, if the concentrations of Ca?* and
Mg2+ ions are too high, they will have an adverse effect on the cell. In order to protect themselves,
the only way is for solid amorphous matter to be formed, using the Ca?* and Mg?* ions transferred
from the outside to the inside of the cell, along the concentration grade. This protection mechanism
has already been discussed by scientists studying intracellular biomineralization. The amorphous dark
granular areas inside the cell are maybe part of this protection mechanism.
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Figure 12. The morphology of B. licheniformis and elemental composition analyzed by STEM.
(a,b) Mg/Ca molar ratio of 0; (¢,d) Mg/Ca molar ratio of 3; (e,f,g) Mg/Ca molar ratio of 12.

In order to study the changes in intracellular Ca?* concentration, a fluorescence intensity
experiment has been performed. Figure 13 shows that there are no fluorescence intensities of bacteria
at different Mg/Ca molar ratios without adding the Fluo-3 AM reagent, indicating that the bacteria
themselves do not emit the fluorescence. After adding the Fluo-3 AM reagent, the fluorescence
intensities of intracellular Ca2* ions decrease with the increase in Mg/Ca molar ratio, further
demonstrating that Ca?* ions can enter the cell. The concentration of Ca?* in the medium is higher
than that inside the cell, thus, Ca%* could be transferred from outside to inside the cell by diffusion.
The fluorescence intensities at 525 nm were analyzed by SPSS 21 software, and the results show
that there was an extremely significant difference in the fluorescence intensity, not only between the
experimental and control group (p < 0.01), but also at different Mg/Ca molar ratio in the experimental
group (p < 0.01). Changes in the concentration of intracellular Mg?* ions in cells will be studied later.
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Figure 13. The fluorescence intensity of intracellular Ca?* ions at different Mg/Ca molar ratios.

4. Discussion

4.1. The Mechanism of Extracellular Biomineralization Induced by B. licheniformis

Microorganisms can increase pH and alkalinity to make the solution reach supersaturation,
and this promotes the precipitation of minerals. Many researchers have suggested that the ammonia
released from bacteria plays an important role in the pH increase [23]; however, others disagree with
this opinion [36]. They have postulated that the quantity of ammonia released from the bacteria is not
enough to increase the pH sulfficiently, and that the pH values based on the ammonium concentration
are much lower than those of the liquid culture medium inoculated with bacteria. In addition, besides
ammonia, other factors could cause a pH increase, including CA. Thus, in this study, both ammonia
and CA have been investigated.

The ammonia test demonstrated that B. licheniformis can release ammonia, leading to an increase
in pH in the culture medium according to the following reaction (1):

NH; + H,O — NH," + OH™ (1)

Besides ammonia, CA can also be secreted by B. licheniformis. CA is a kind of metal enzyme widely
present in microorganisms and plants [73], and there is an acidic and alkaline CA [36]. In this study,
the pH increase from 7.0 to 9.25 shows that the liquid culture medium is alkaline. There are still CA
activities under alkaline conditions, indicating that CA secreted by B. licheniformis is the alkaline type.
It has been reported that CA is one of the fastest reactive enzymes [74], since without CA catalysis,
the hydration reaction of CO; is very slow [75], and the typical catalytic rate of different types of CA
can be up to 10*-10°/s [74]. Thus, due to the presence of the alkaline CA in this study, the following
reaction (2) occurs:

CO, + H,0 — H,CO; — HCO3;~ + HY )

The ammonia dissolves into the water to produce a large number of hydroxyl groups (OH™),
which can react with H* to form water molecules, thus, reaction (2) will be ongoing and, at the same
time, the following reaction (3) will occur:
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HCO;™ + OH™ — CO32~ + H,O (3)

Thus, due to the presence of the ammonia, CA can release a large number of bicarbonate and
carbonate ions, which can also increase the pH values in the culture medium. In this study, we can
conclude that the pH increase is caused by the combination effect of the ammonia and the CA released
by B. licheniformis, fully consistent with the results of Zhuang et al. [36].

It has been reported that CA produced by microbial metabolism plays an important role in
biomineralization [26]. The results of our study are consistent with this. The presence of CA can
produce enough bicarbonate and carbonate ions, and also lead to a pH increase to 9.25 with the help of
ammonia; thus, the supersaturation of the carbonate minerals in the liquid culture medium can be
elevated. Following this, carbonate precipitation will take place according to the following reaction (4):

2Ca’T 4+ CO32~ + HCO3~ + OH™ — 2CaCOj3 | +H,0 )

If there is no CA production and no alkaline environment, the minerals will not be produced,
and this was confirmed in this study by the absence of mineral precipitates in the control group.
Therefore, the microorganism, B. licheniformis, plays an important role in biomineralization, and there
is no precipitation of carbonate minerals without microorganisms.

4.2. The Organic Functional Groups

In this study, many different kinds of organic functional groups (Figure 7) have been detected,
including C-H, O-H, C=0, C-O, C=C, N-H, and P=0. No matter what kind of organic substance these
organic functional groups come from, nor whether they are adsorbed on the surface of crystals or exist
within minerals, these organic functional groups are closely related to the bacteria. Many researchers
have suggested that the morphology of minerals is affected by the organic functional groups [76].
The elongate calcite crystallites obtained in this study, and their morphology, may be related to C=0
group, which came from polysaccharides, amino acids, simple sugars, or organic matter containing
carboxyl groups. Oxygen atoms in the C=0O group carry negative charges, which mean they can interact
with the polar surfaces of crystals, but would not affect the neutral surfaces. Through the influence
of organic functional groups, the growth rate of some crystal planes will change, thus changing the
morphology of crystals. It has been reported that biological macromolecules containing abundant
carboxyl groups tend to interact with the stronger polar crystal planes of calcite, whereas other
macromolecules with less acidity interact with neutral crystal planes, thus leading to the formation of
elongate calcite [77]. There are many studies of this aspect of biominerals; for example, the proteins
coming from sea urchin and mollusk shells are always glycosylated, and contain glycosidic groups
(-C-O-C-), which could be responsible for the unique morphology of their constituent crystals [25,76].

From the FTIR results, the N-H group was detected, probably derived from amino acids of the
EPS. Nitrogen atoms from the N-H groups also carry negative charges, and so can adsorb Ca?* and
Mg?* ions to form a dense ring around the cell; this is consistent with the results of the STEM analyses
(Figure 12). The minerals growing within/on the EPS have a poor crystallinity (Figure 10), contrasting
with the better crystallinity of the calcite forming around the cells of the cyanobacteria Synechocystis sp.
PCC6803 [78]. This could be due to the different species of bacteria or to the damage of calcite by Mg?*
ions. It is well documented that EPS has a major role in biomineralization processes [26]. The STEM
results here support this. The organic functional groups of the EPS not only reduce the nucleation
energy, making the whole process of biomineralization proceed more easily [79], but they also promote
the nucleation itself [80].

The P=O group detected by FTIR likely came from the phospholipids in the cell membranes
or from deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The negatively charged oxygen
atoms in the P=O groups, located in the phospholipids, can also adsorb Ca?* and Mg?* ions, thus
leading to the dark nanometer-sized granules growing on the inner membrane inside the cell wall
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(Figure 9). Although metal ions do not easily enter the cell, Ca?* can enter through the ion channel [81].
The element P, occurring within calcite and aragonite crystals within the EDS (Figure 6), may be
derived from the bacteria themselves. The EDS results are consistent with those of FTIR. The presence
of P in the mineral matter is supporting evidence for biomineralization induced by bacteria in the
culture medium which contains no P [82].

It has been reported that the composition, structure, and morphology of minerals can be changed
through bacterial influence [76]. Thus, it is to be expected that B. licheniformis could induce the
preferential growth of some crystal planes of minerals and, thus, modify their morphology via various
organic functional groups.

4.3. The Relationship between Mg/Ca Molar Ratio and Calcium Carbonate Minerals

From the study of fluid inclusions within ancient primary marine halite, it has been concluded that
the Mg/Ca ratio of seawater has changed in a range of 1.0-5.2 throughout the Phanerozoic Eon [83].
The transition of the polymorph mineralogy of calcium carbonate precipitates through Phanerozoic
time has been caused by the variations of Mg/Ca ratios. With a low seawater Mg/Ca ratio (<2),
the predominant calcium carbonate precipitate has been calcite, that is, low Mg calcite (during calcite
seas); when seawater Mg/Ca ratio has been high (>2), high Mg calcite and aragonite have become the
predominant polymorphs of calcium carbonate (i.e., aragonite seas) [84]. In this study, Mg/Ca molar
ratios have been set as 0, 3, 6, 9, and 12, and the results also show that aragonite was the only mineral
phase precipitated when the Mg/Ca molar ratio exceeded 3, and calcite was the predominant mineral
at a Mg/Ca molar ratio of 0 and 3. This demonstrates the important role Mg/Ca molar ratios have
played in the formation of polymorphs of calcium carbonate. However, there were no minerals formed
in the control groups, which had the same Mg/Ca molar ratios as the experimental group. Why is this
so? There must be other factors involved to influence the formation of calcite versus aragonite seas
besides Mg/Ca molar ratios. In our opinion, microorganisms may well have played that significant
role in the transition of calcite seas to aragonite seas, and it suggests that biological factors should not
be neglected during the precipitation process of carbonate minerals. In this respect, the experiments of
Ries et al. [85], to investigate the effects of varying seawater Mg/Ca molar ratio on biomineralization
within marine bacterial biofilms, demonstrated that biomineralization occurred exclusively on the
biofilm plates, and no precipitates formed on the non-biofilm control plates. Thus, as for the reasons
behind the transition of calcite seas to aragonite seas, biological factors should be considered besides
Pco,, Mg/Ca molar ratios, salinities, and temperatures, amongst others.

In this study, the emphasis has been on Ca?* ions and the formation of calcite and aragonite, rather
than on the Mg?* ions. Mg?* ions would be expected to be involved in the formation of magnesium
carbonate or magnesium phosphate, just like Ca?* ions in the liquid culture medium. However,
the result is the opposite in our experiments: Mg?* always exists as ions, and no magnesium minerals
are formed. It is possible that Mg2* ions need a longer time than Ca?* ions to form their carbonate or
phosphate. It has frequently been reported that the most difficult step is the dehydration of hydrated
cations, which would then form cation—carbonate pairs [25]. The enthalpy of Mg[H2O]62+ dehydration
is 351.8 kal/mol, and that of Ca[H,O]s>* 264.3 kal/mol at room temperature and atmospheric pressure
(298 K, 1 atm) [25]. Tt is likely that the presence of hydrated membranes makes it difficult for Mg?*
ions to form mineral crystals. However, some researchers have other opinions. For example, from
experiments Xu et al. demonstrated that Mg?* ions in dry formamide could still not form magnesium
carbonate crystals [86]. The Mg?* ions with no hydrated membrane should react with CO32~ ions
quickly, due to the fact that energy is not needed to remove the water molecules around the Mg?*
ions. In addition, Xu et al. found that the lattice limitation on the spatial configuration of CO32~
groups, other than cation hydration, prevents Mg?* and CO32~ ions from forming long-range ordered
structures [86]. The mechanism of Mg?* biomineralization induced by microorganisms will be explored
further in the future.
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4.4. The Transport Mode of Ca’* and Mg?* Ions and the Nucleation Site

It has been shown here that abundant Ca%* and MgZJr ions are adsorbed on/within EPS, and that
these ions are able to enter the cell (Figure 12); this indicates that the transport mode of these ions, from
outside to inside the cell, is diffusion, taking place along a concentration gradient from high to low.
As is well known, soluble ions cannot easily enter a cell due to the barrier of the cell membrane, which
is composed of a phospholipid bilayer. However, there are ion-channels located in the cell membrane,
which can act as carriers to transfer Ca®* ions from the outside to inside of the cell. It has been reported
that the voltage-gated Ca?* channels can mediate Ca?* entry into cells in response to membrane
depolarization [87], and the membrane-embedded ion-channels are electrolyte-filled nanotubes with
different kinds of proteins [88]. Such transport through Ca®* channels is called facilitated diffusion,
which is much faster than simple diffusion, where there are no carriers. Similarly, it is suggested there
are Mg?* channels, in addition to the Ca?* channels. Some researchers have reported that the primary
uptake system, namely the CorA Mg?* channel, is present in about half of all bacteria and archaea [89].
Thus, Mg?* ions could also be transferred through ion-channels by diffusion. When Ca?* and Mg?*
ions are present outside the cell at the same time, the factors governing the selectivity filter of the
voltage-gated Ca>" ion-channel lie in the pore size, oligomericity, and solvent accessibility [90]. That is
to say, Mg?* ions can also enter the cell through the Ca?* ion channel by diffusion. Thus, many Ca®*
and Mg?* ions can be observed inside the cell, as well as on/within EPS, as shown in Figure 12.

It is generally accepted that the microbial cell surface and EPS are important nucleation sites [30].
However, from experiments where dolomite minerals are not observed on a heat-treated cell
surface [28], it has been inferred that the cell surface, alone, is not sufficient to serve as the nucleation
site. In our opinion, there are many amino acids in/on the surface of cells, such as glutamic acid and
aspartic acid, occurring in some kind of ion channel, which could bind metal ions like Ca?* and Mg?*.
If bacterial cells were heat-killed at a high-enough temperature, these amino acids in/on the surface of
cells may also be destroyed and so be missing, which would not have been beneficial to the adsorption
of metal ions. That is to say, we agree with the opinion that the cell surface alone is not sufficient to
serve as the nucleation site, but there are other factors concerning the cell surface which can affect the
adsorption and nucleation of the metal ions. Besides the cell surfaces themselves, the EPS around the
cell surface may have also played an important role [30-32]. In the experiments performed by Deng
et al,, the sulfate-reducing bacteria (SRB) and halophiles have an EPS-like material, which may have
served as the nucleation site for dolomite [27]. In our research, there are also EPS-like materials around
the cell surface and, here, there is nanometer-sized material with poor crystallinity. Thus, the EPS of
bacteria are also nucleation sites. However, if the EPS were isolated from the cell surface by the heat
treatment, and used to induce mineral precipitation, the question as to whether the heated EPS is still
a nucleation site needs further study.

5. Conclusions

In this study, B. licheniformis DB1-9 bacteria were identified by 165 rDNA sequencing, and used to
induce carbonate mineral precipitation at different Mg/Ca molar ratios. In experiments, pH values
increased to 9.25, mainly as a result of the combination effect of carbonate anhydrase (CA) and ammonia
released by B. licheniformis. CA can catalyze the hydration reaction of carbon dioxide to release
abundant bicarbonate and carbonate ions; these can then elevate the supersaturation state of calcium
carbonate in the liquid culture medium, and promote the precipitation of polymorphs of calcium
carbonate. The presence of Mg?* ions and some organic functional groups can affect the morphology
of mineral precipitates. The formation of aragonite minerals is not only related to the Mg?* ions,
but also has a strong correlation with the presence of microorganisms. Intracellular nanometer-sized
dark granular areas have no crystal structure, whereas similar granules on/within the EPS have a poor
crystal structure. This study contributes towards our understanding of biomineralization induced by
microorganisms, and is also relevant to processes involved in the change from calcite to aragonite seas
in the Phanerozoic.
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