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Abstract: Biomineralization has become a research hotspot and attracted widespread attention in 18 
the field of carbonate sedimentology. In this study, Bacillus licheniformis DB1-9 was used to induce 19 
the calcium carbonate precipitation at different magnesium calcium molar ratios in the laboratory 20 
to further explore the biomineralization mechanism. Phylogenetic tree shows that the bacteria 21 
belongs to Bacillus licheniformis species. The ammonia and carbonic anhydrase can be released by 22 
this bacteria, resulting in the pH increase, and the carbonic anhydrase can also promote the 23 
hydration reaction of carbon dioxide and subsequently produce the bicarbonate and carbonate ions 24 
to elevate the supersaturation of calcium carbonate in the liquid culture medium to facilitate the 25 
precipitation of carbonate minerals. The calcites have a shape of rhombohedron, dumbell, and 26 
elongation, and aragonite often appears in the form of mineral aggregates, besides that there are 27 
also the spherical and the fusiform minerals. FTIR result shows there are some organic functional 28 
groups, such as C-O-C and C=O, beside of the characteristic peaks of the calcite and the aragonite, 29 
indicating that microbial metabolism is closely related to the mineral formation. The superthin 30 
slices of the bacteria analyzed by HRTEM, SAED, EDS and STEM show that the surface and EPS 31 
can adsorb a large number of calcium ions and magnesium ions and EPS may act as the nucleation 32 
sites, what’s more, the intracellular nanometer-scale sphere areas show the amorphous structures, 33 
and the intracellular calcium ions and magnesium ions suggeste that they can be transported from 34 
the outside to inside the cell by diffusion along the concentration grade from high to low. This 35 
study may provide some references to further understand the biomineralization mechanism 36 
induced by microorganisms in the laboratory and the field, and also helps to explore the reason of 37 
the transition of calcite sea to aragonite sea in the geological history. 38 
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1. Introduction  41 

The Cambrian explosion is one of the most important event in the evolution of life. In the 42 
Cambrian period, a large number of microbialites were developed, in which the fossilized 43 
cyanobacteria were preserved [1, 2]. Carbonates in sedimentary rocks usually as good oil and gas 44 
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reservoirs [3-7], in which many traces of microorganisms have also been discovered. Cyanobacteria 45 
act as the "skeleton" in the microbialites and have played an important role in the formation of 46 
microbialites. In order to further explore the formation process of microbialites [8-13] and rebuild 47 
the survival environment, many researchers have performed experiments by using different species 48 
of cyanobacteria to induce carbonate minerals in the laboratory and the field [14-20]. Some 49 
researchers have investigated the formation mechanism of in situ calcified stromatolites in the 50 
natural environments. For example, Kempe and Kazmierczak, 1990 have reported that the in situ 51 
calcified stromatolites can be induced by the spherical cyanobacteria; the lamellar stromatolites can 52 
be formed between the adjacent cyanobacteria mats in a modern marine coral reefs in Bahamas, and 53 
the calcification process also occurs to the living cyanobacteria (Dichothrix sp.) by photosynthesis 54 
[14]. Some people have also studied the mineralogy of the carbonates induced by various 55 
cyanobacteria: a freshwater cyanobacterium Synechococcus PCC 7942 can accelerate the dissolution 56 
of the silicate and promote the nucleation and sedimentation of magnesium carbonate at the 57 
ambient temperatures [16]; Power et al. have found that the filamentous cyanobacteria (Lyngbya sp.) 58 
can induce dypingite and aragonite [20]; the calcium carbonate on the surface and edge of 59 
cyanobacteria Gloeocapsa sp. is finally determined as calcite [17]; calcite can also be induced by 60 
Synechocystis sp. PCC6803 cyanobacteria at different Ca2+ concentrations, Mg-calcite at lower Mg/Ca 61 
molar ratios and aragonite at higher Mg/Ca molar ratios [22-27]. Of course, the biomineralization 62 
induced by the cyanobacteria not only takes place outside the cell, but also inside the cell and on the 63 
cell surface. Recently, Cam et al. have collected the stromatolites from the volcanic lake of Alchichica 64 
in Mexico and cultured them in the laboratory and isolated a new species of cyanobacteria 65 
(Candidatus Gloeomargarita lithophora) and found that the physiological and biochemical activities 66 
of cyanobacteria can involve in the intracellular biomineralization process [15]. The research result 67 
reported by Cam et al. can help us to further understand the formation mechanism of intracellular 68 
carbonates of the cyanobacteria. The biomineralization on the surface of cyanobacteria is 69 
complicated. The amorphous or nano-meter calcium carbonate nucleated on the extracellular 70 
polymers (EPS) of Gloeocapsa leopoliensis PCC 7942 has been determined as the transitional precursor 71 
of the calcite, suggesting that the amorphous calcium carbonate (ACC) may act as a “helper” to 72 
protect the cyanobacteria from suffering from the precipitation coming from the formation of the 73 
uncontrolled thermodynamically stable calcite [18]. Martinez et al. have reported that the 74 
Planktothrix sp. and Synechococcus sp. cyanobacteria can maintain the positive charge properties of 75 
the surface, thereby protecting the cyanobacteria from the adsorbtion of calcium ions and the 76 
precipitation of carbonate on the surface [19]. However, there are also inconsistencies. Synechocystis 77 
sp. PCC6803 cyanobacteria can be wrapped by calcite at different Ca2+ concentrations [22-27]. In 78 
summary, many scholars have used variety of cyanobacteria to carry out numerous research work 79 
to investigate the biomineralization mechanism. While due to the abundant species of the bacteria, 80 
other bacteria except the cyanobacteria should also be used to do some research work to help the 81 
further exploration of the biomineralization mechanism. 82 

Experiments on the induction of minerals by heterotrophic bacteria have also been carried out. 83 
Many researchers have performed experiments to induce carbonates precipitation by halophiles 84 
due to the fact that the salinity has been considered to be a key factor in the process of 85 
biomineralization. The dolomite was precipitated mediated by Haloferax volcanii DS52 under a high 86 
salinity, and the water molecules adsorbed around the magnesium ions may be a kinetic barrier to 87 
affect the biomineralization of the magnesium ions [28]. The Chromohalobacter israelensis LD532 88 
bacteria were used to inudce the Mg-rich calcite and aragonite minerals under a lower salt 89 
condition and the special organic functional group such as C-O-C and –OH maybe had a close 90 
relationship with the biominerlization process [29]. Halobacillus trueperi bacteria were chosen to 91 
induce minerals at different salt concentrations and played an important role in the carbonate 92 
precipitation [30]. Both sulfate-reducing bacteria (SRB) and halophilic bacteria were successfully 93 
used to induce the formation of dolomite by Deng et al. and the bacterial EPS were proved to act as 94 
the nucleation site of the dolomite [31]. Besides of the halophiles, the famous SRB and 95 
methanogenic Archaea have also been used to do some experiments about biomineralization, which 96 
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also makes great contribution to the deep understanding of the biomineralization mechanism. 97 
Acinetobacter calcoaceticus SRB4 has been used to induce the struvite, a kind of phosphate mineral 98 
[32], and the EPS could be considered as the nucleation site. Braissant et al. have found that the EPS 99 
extractd from Desulfovibrio H0407_12.1Lac have a strong capacity to adsorb metal ions [33]. Mg-100 
calcite and Ca-dolomite has also been formed in the presence of EPS produced by SRB [34], 101 
indicating that the EPS play an important role in the biomineralization process. The low-102 
temperature dolomite from an anaerobic microbial consortium can also be precipitated in the 103 
presence of the methanogenic Archaea [35], indirectly suggesting that the microbes that induce 104 
dolomite are diverse. Meanwhile, some scholars have also conducted research work on 105 
biomineralizaiton induced by some other aerobic bacteria. The dolomite could also be induced by 106 
Virgibacillus marismortui and Marinobacter sp. in the presence of oxygen [36]. The spherical vaterite 107 
was induced by Lysinibacillus sp. strain GW-2, which was usually considered as the unstable 108 
mineral in the past and finally could transformed into calcite, and the biogenetic vaterite was more 109 
stable than the chemically derived minerals [37]. It has been reported that Myxococcus sp. bacteria 110 
had a ability to induce various minerals, including phosphates, carbonates, sulfates, chlorides, 111 
oxalates and silicates [38]. However, the factors controlling the bacterial biomineralization are not 112 
specific due to the complicated bacterial metabolic activities [38]. The Myxococcus xanthus could 113 
promote the calcite growth, menahwhile, the stress resistant ability of biogenetic calcite was 114 
stronger than that of the chemical calcite [39]. Some researchers have reported that the carbonate 115 
induced by the marine bacteria was affected by the medium viscosity, the calcite was formed at a 116 
slow ion diffusion rate and the aragonite was precipitated under the condition of a quick ion 117 
diffusion rate [40]. To sum up, many different types of microorganisms have been widely used to 118 
induce minerals, and in-depth research has been conducted on exploration the biomineralization 119 
mechanism of different microorganisms, and many innovative conclusions have also been obtained, 120 
but there are still many unsolved problems. 121 

There are some controversial topics in the process of biomineralization induced by 122 
microorganisms. Some researchers have believed that the spherulite and dumbbell shape of the 123 
minerals could be considered as an important characteriatics to judge the microbial origin [40], 124 
however there are some disagreements on this opinion: the spherical mineral can also be 125 
precipitated in the liquid culture medium without inoculation of bacteria [41], maybe due to the 126 
existence of organic substaces such as tryptone and beef extract; minerals with such structures have 127 
also been obtained by Sanchez-Roman et al. in the abiotic condition [36]; other researchers have 128 
believed that the spherical minerals are formed not only by biological factors, but also by organic 129 
substances, and even in the inorganic environment [31, 42]. A large number of references have been 130 
reported that pH increase is beneficial to the elevation of supersaturation in the environment to 131 
promote the precipitation of minerals and ammonia released by the bacteria was the main reason to 132 
cause pH increase [42-44]. The idea that pH increase is caused mainly by ammonia has been 133 
accepted by almost all the researchers for many years. However, other researchers disagree with the 134 
opinion recently and reported that some microbes could not produce enough ammonia to increase 135 
the pH to a level close to or even above 9, there should be other factors to afffect the pH increase, 136 
and carbonic anhydrase (CA) could promote the hydration reaction of carbon dioxide to release 137 
bicarbonate and carbonate ions, which could also increase pH values with the help of ammonia [41]. 138 
Some scholars have also believed that the bacterial cell surface provides a nucleation site [26], 139 
however, others have thought that EPS provides a nucleation site [45-47]. There is also some 140 
controversies about the nucleation mechanism: some researchers have concluded that the acidic 141 
amino acids such as aspartic acid (Asp) and glutamic acid (Glu) play an important role [48, 49]; 142 
meanwhile, some scholars have believed that the combined effect of proteins and polysaccharides 143 
also take part in the process [46, 50]; others have affirmed that certain specific organic functional 144 
groups and gene sequences regulate the formation of crystals [46, 50]. Therefore, the research work 145 
on the nucleation site and the nucleation mechanism is needed to further explore. The 146 
biomineralization of minerals induced by microorganism should include the intracellular and 147 
extracellular biomineralization parts [51]. Many researchers have aimed at the extracellular 148 
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biomineralization, namely the morphology and mineralogy of the microbially induced mineral and 149 
the extracellular biomineralization mechanism, always neglected and omited the intracellular 150 
biomineralization part. At present, only a few researchers in the world are studying the intracellular 151 
biomineralization part: Candidatus Gloeomargarita lithophora, a new cyanobacterial species, has been 152 
found to contain the intracellular amorphous carbonates (nanospheres) [52]; cyanobacterial 153 
intracellular biomineralization have also been studied by Benzerara et al. and they have found that 154 
different species of cyanobacteria can form the different numbers of inclusions (nanospheres) per 155 
cell [53]. Perri et al., 2017 have reported that the intracellular nanospheres induced by 156 
microorganisms in the biomineralization process have generally been considered as the mineralized 157 
bacterial vesicles or viruses [120]. In my opinion, the intracellular biomineralization is also very 158 
interesting and should be as a indivisible part in the whole research work.  159 

Based on this, we have performed the experiment to expect to obtain some valuble results 160 
about the spherical mineral, the reason of the pH increase, the nucleation site and the nucleation 161 
mechanism, and the intresting intracellular biomineralization. In this paper, five different grades of 162 
Mg/Ca molar ratios (0, 3, 6, 9, 12) have been set to investigate the biomineralization process and 163 
mechanism induced by Bacillus licheniformis DB1-9 bacteria. In this study, a phylogenetic tree of the 164 
DB1-9 bacteria was established using the neighbor-joining method, the bacterial growth curve and 165 
pH curve, the carbonic anhydrase (CA) activities, the carbonate and bicarbonate concentrations, and 166 
ammonia test were also investigated to explore the formation mechanism of the minerals induced 167 
by the bacteria, the mineralogy, morphology, element composition, and the organic functional 168 
groups of the minerals at different Mg/Ca ratios were also detected by XRD, SEM-EDS and FTIR. In 169 
order to further investigate the intracellular biomineralization, the superthin slices of the bacteria 170 
were prepared and studied by HRTEM, SAED, EDS and STEM. Through a series of experiments in 171 
the laboratory, the biomineralization mechanism may be modified and supplemented. This study 172 
may provide some references to further understand the biomineralization mechanism induced by 173 
microorganisms in the laboratory and the field, and also helps to explore the reason of the transition 174 
of calcite seas to aragonite seas in the geological history. 175 

2.Materials and methods  176 

2.1 Identification of DB1-9 Bacteria and the Preparation of the Liquid Seed.  177 

The bacteria DB1-9 was presented by associate professor Huaxiao Yan in the department of 178 
bioengineering, which has been preserved in a refrigerator at -20 oC. According to the methods 179 
published before [24, 25, 32, 41], the total DNA of the bacteria DB1-9 was extracted and used as the 180 
template to amplify the 16S rDNA, and then the sequences of 16S rDNA were sequenced by 181 
Shanghai Sangon Biotech Co., Ltd (Shanghai,China). The complete DNA sequences were obtained 182 
through fragment assembly using DNAMAN 8.0 software and uploaded to the Genbank, and then 183 
the Basic Local Alignment Search Tool (BLAST) was used to compare the nucleotide homology 184 
between the 16S rDNA of bacteria DB1-9 and those of other bacteria registrated in the Genbank. The 185 
phylogenetic tree of DB1-9 was established with neighbor-joining method by MEGA 7.0 software 186 
[51].  187 

The culture medium for activation and multiplication culture of DB1-9 bacteria contains the 188 
following ingredients (per L): beef extract 5.0 g, NaCl 5.0 g, tryptone 10.0 g, pH 7.0. The solid culture 189 
medium was prepared by adding 20 g of agar powder based on the above components. A single 190 
colony of DB1-9 bacteria was selected and inoculated into the liquid culture medium to culture 191 
about 24h at 30 oC in a constant temperature oscillation incubator (HZQ-F160, Harbin Donglian 192 
Electronic Technology Development Co., Ltd, Longjiang Hei, China) with a speed of 130 rpm. The 193 
cell concentrations could be measured by a spectrophotometer (721, Shanghai Aoxi Scientific 194 
Instrument Co., LTD, Shanghai, China) at a wavelength of 600 nm. When the OD600 was up to 0.8, 195 
the preparation of the liquid seed was finished.  196 
2.2 Growth curve, pH Changes, CA Activity and Carbonate and Bicarbonate Concentrations in the Liquid 197 
Culture Medium and Ammonia Test. 198 
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The liquid seed was inoculated into 500 mL of the sterile liquid culture medium in a 1L conical 199 
flask by the volume ratio of 1%. Before 74h, OD600 values were measured every 2h by a 200 
spectrophotometer; from 74-98h, measured every 6h; finally measured at 98, 128, 146, 162 and 192h. 201 
The pH values of the experimental and control group were measured by a pH meter (PB-11, 202 
Sartorius, Germany). The CA activity, carbonate and bicarbonate concentrations and ammonia test 203 
were detected according to the method described by Zhuang et al. [41]. The CA activity was 204 
measured every 3h from 0-99h, and then measured at 114, 128 and 152h. The bicarbonate 205 
concentrations were measured from 0 to 293h. The carbonate concentration could not be detected 206 
before 114 h, therefore, the carbonate concentration was detected in the time range of 114-293 h. 207 

2.3 The Cultivation and Isolation of the Mineral Precipitates. 208 

The liquid culture medium used to cultivate the minerals contains the following ingredients 209 
(per L): beef extract 5.0 g, NaCl 5.0 g, tryptone 10.0 g, CaCl2 (0.01 M), Na2CO3 (0.006 M), NaHCO3 210 
(0.006 M) and Mg/Ca molar ratio 0, 3, 6, 9 and 12, pH 7.0. Na2CO3 and NaHCO3 solution was 211 
sterilized by a filter with a 0.22 µm pore-sized membrane. MgSO4·7H2O (2M) was used to adjust the 212 
Mg/Ca molar ratio. The liquid culture medium inoculated with the liquid seed(OD600=0.8) by a 213 
volume ratio of 1% was set as the experimental group, and the other group added with the sterile 214 
distilled water by the same volume ratio was set as the control group. All the culture was triplicated 215 
at each kind of Mg/Ca molar ratio and cultivated in the constant temperature oscillation incubator 216 
at 30 oC and with a speed of 130 rpm. 217 

After being cultured for 12d, the precipitates in the experimental group could be observed by 218 
the naked eye, and there were no precipitates in the control group. The precipitates in the 219 
experimental group were sucked out and transferred into the Eppendorff tube to be washed 3 times 220 
with the distilled water, and then preserved in the anhydrous ethanol for future research. After 221 
being cultured for 24d, the precipitates in the experimental group were isolated again according to 222 
the same method. There were still no precipitates in the control group. 223 

2.4 XRD, FT-IR and SEM-EDX Analyses of Minerals Induced by B. lichniformis DB1-9. 224 

The naturally dried mineral precipitates in the experimental group were analyzed with X-ray 225 
diffraction (XRD, D/Max-RC, Japan). The scanning angle (2θ) of XRD ranged from 10° to 90°, with a 226 
step size of 0.02° and a count time of 8° min-1 [54-58, 59, 60]. The mineral phases of the precipitates 227 
were further determined by comparison with the standard data on the powder diffraction file (PDF) 228 
of the International Center for Diffraction Data (ICDD) by jade 6.0 software.  229 

The FT-IR (Nicolet 380, Thermo Fisher Scientific Inc., Massachusetts, United States) experiment 230 
was conducted by using the potassium bromide method in a scanning range of 400 – 4000cm-1 with 231 
a resolution of 4 cm-1 [61-63]. 232 

The minerals in the experimental group were gold-sprayed and analyzed by SEM (S-4800, 233 
Hitachi, Tokyo, Japan) [64-69] and at the same time the elemental composition of the minerals were 234 
also analyzed by the energy dispersive spectroscop (EDS, EDAX, Mahwah, NJ, USA). 235 

2.5 HRTEM, SAED, STEM Analysis of the Ultrathin Slices of B. lichniformis DB1-9. 236 

The preparation of the superslices of B. lichniformis DB1-9 was according to the reference by 237 
Han et al., 2017 [24], and the superslices were analyzed by HRTEM (H-7650, Hitachi, Japan) [70-75], 238 
STEM (Tecnai G2 F20, FEI, America) and EDS. The parameters of this instrument were referred to 239 
the articles [76-80]. 240 

  241 
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3. Result 242 

3.1 Identification of B. lichniformis DB1-9 Bacteria. 243 

The 16s rDNA sequence of DB1-9 bacteria is 1486 bp and has been uploaded to GenBank and 244 
the obtained accession number is MG818748.1. The 16S rDNA of strain DB1-9 shares 99 % 245 
homology with 99 strains of B. licheniformis by blast in Genbank. The phylogenetic tree based on the 246 
16S rDNA sequence shows that the DB1-9 strain is closest to B. licheniformis (Fig. 1), indicating that 247 
the DB1-9 strain can be identified as B. licheniformis species. 248 

249 
Figure 1. Phylogenetic tree constructed with neighbor-joining method based on bacterial 16S rDNA 250 
sequence alignment.  251 

3.2 Growth Curve, pH Curve, CA Activity of DB1-9 bacteria, and Carbonate and Bicarbonate 252 
Concentrations in the Culture Medium and the Ammonia Test. 253 

Fig. 2a shows the growth curve of B. lichniformis DB1-9 bacteria and the pH curves of the 254 
experimental and control group. It can be seen from the growth curve that the adaption phase is 255 
from 0-8h, in which the cell concentration increased slowly due to the fact that B. lichniformis DB1-9 256 
bacteria needed time to adapt the new environment; the exponential growth period is from 8-46h, 257 
the cell concentration increased quickly and the growth rate of B. lichniformis DB1-9 bacteria 258 
reached to a maximum; the stable phase is from 46-74h, the cell concentration almost kept constant 259 
because cells almost stopped reproducing and the growth rate was almost 0; the decline phase is 260 
from 74-192h, the cell concentration decreased in this period and the death rate was greater than the 261 
birth rate. The growth curve conformed to the general law of microbial growth; however, the pH 262 
curve was more interesting than the growth curve. In the adaption phase, pH increases from 6.92 to 263 
7.06; in the exponential growth period, pH sharply increases from 7.06 to 8.25; in the stable phase, 264 
pH also increases from 8.25 to 8.6; the most striking thing is that pH continues to rise from 8.6 to 265 
9.27 during the decline phase of B. lichniformis DB1-9 bacteria. The released ammonia during the 266 
exponential growth period is the reason for pH increase and this idea has been accepted by many 267 
reseahers for many years. The ammonia test was performed in the time range of 24-48h, indicating 268 
that from 48h, the released ammonia was almost 0. However, pH values were still increasing from 269 
48-192h, suggesting that maybe the released ammonia was not the only reason to cause pH increase, 270 
there should be other factors existing in the liquid culture medium which could also cause pH 271 
increase. In contrast to the experimental group, the pH value of the control group was almost stable 272 
at 7.0, significantly different from that of the experimental goup.  273 

Fig. 2b shows the CA activity of B. lichniformis DB1-9 bacteria. It can be obtained that CA 274 
activity curve includes two parts: from 0 - 69 h, CA activity increases from 0.145 to 18.682 U/L; from 275 
69–152 h, CA activity decreases from 18.682 to 7.972 U/L. Roughly, the CA change trend was similar 276 
to that of the cell growth curve (Fig. 2a): the bacterial concentration increased and at the same time 277 
the CA activity also increased; and when the cell concentration decreased the CA activity also 278 
decreased. However, CA activity could not decrease to 0, suggesting that even at the decline phase, 279 
CA activity still existed in the liquid culture medium. The alkaline CA can promote the hydration 280 

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

Halobacillus halophilus NBRC 102448 (NR 114092.1)
Halobacillus halophilus CQB-39 (KR347238.1) 

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

99 

98 

74 

100

99 

99 
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reaction of carbon dioxide (CO2) to produce the bicarbonate and carbonate ions. In this study, when 281 
pH increases beyond to 8.0, CA activity still existed, suggesting that CA in this study belonged to  282 
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 285 
Figure 2. Physiological and biochemical characteristics of B. lichniformis DB1-9. 286 
(a) The blue line represents the cell growth curve; the red line represents the pH value of the experimental 287 
group and the black line represents the pH value of the control group; (b) the curve of CA activity; (c) the curve 288 
of carbonate and bicarbonate concentration. 289 

the alkaline CA, and further suggesting that this kind of CA could release the bicarbonate and 290 
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carbonate ions in our liquid culture medium. Therefore, the bicarbonate and carbonate ion 291 
concentrations were also measured in this study. 292 

It is not difficult to found from Fig. 2c that bicarbonate concentration increases from 0.028 - 293 
0.049 M in the time range of 0 – 101 h, and then decreases to 0.0351 M from 101 to 293h; carbonate 294 
ion concentration cannot be detected from 0 – 114 h, and increases from 0.0074 to 0.0199 M in the 295 
time range of 114-293h. When the bicarbonate concentration decreased, the carbonate ion 296 
concentration increased instead, suggesting that the bicarbonate ions occurred the chemical reaction 297 
to produce the carbonate ions in the liquid culture medium. The released carbonate ions also 298 
promoted the pH increase. Fig. 3 shows that the ammonia can be produced by B. lichniformis DB1-9 299 
bacteria because the experimental group shows the dark brown while the control group shows the 300 
color of the Nessler's reagent, which also can increase pH increase. That is to say, the pH increase 301 
was caused by the combination effect of CA and ammonia released by B. lichniformis DB1-9 bacteria.  302 

 303 
Figure 3. Ammonia test of B. lichniformis DB1-9 bacteria. 304 

3.3 XRD Analysis of the Minerals IndIuced by B. lichniformis DB1-9 Bacteria. 305 

Fig. 4 shows that the mineral is calcite at Mg/Ca molar ratio of 0, the mixture of calcite and 306 
aragonite at Mg/Ca molar ratio of 3 and only aragonite at Mg/Ca molar ratio of 6, 9, and 12 when 307 
the minerals were cultivated for 12 and 24 d. With the cultivation time, 2θ of calcite (104) becomes 308 
larger at Mg/Ca molar ratio of 3, that is to say, d(104) of calcite cultivated for 24 d became smaller, 309 
indicating that Ca atom could be replaced by Mg atom in the calcite crystal cell and the origial 310 
calcite crystal structure was damaged by Mg2+ ions. At the same time, the full width at half 311 
maximum (FWHM) of calcite (104) at Mg/Ca molar ratio of 3 cultivated for 24 d is larger than that 312 
cultivated for 12 d, indicating that the calcite cultivated for 12 d had a higher crystalinity than that 313 
cultivated for 24. The result also illustrated that with the cultivation time Mg could damage the 314 
calcite crystal structure, which was well consistent with the conclusion deduced by the larger 2θ of 315 
calcite (104) with the cultivation time. FWHM of aragonite (111) at each kind of Mg/Ca molar ratio 316 
become smaller with the cultivation time, suggesting that the crystallinity of aragonite became 317 
better and the longer cultivation time were conducive to the increase of aragonite crystallinity in the 318 
presence of Mg2+ ions. The FWHM of aragonite (111) cultivated for 24 d also became smaller with 319 
the increasing of Mg/Ca molar ratio, revealing that the better crystallinity of aragonite was closely 320 
related to the higher concentration of Mg2+ ions, that is to say, Mg2+ ions have played an important 321 
role in the aragonite formation. In the control group, there was no mineral precipitates. The result 322 
also showed that B. lichniformis DB1-9 bacteria could release ammonia and bicarbonate and 323 
carbonate ions to increase the pH value and the supersaturation of the calcite and aragonite in the 324 
liquid culture medium and then the mineral precipitates could be harvested in the experimental 325 
group and then analyzed by different methods. 326 

3.4 FTIR Analysis of the Minerals at Mg/Ca Molar Ratio of 3 Induced by B. lichniformis DB1-9 Bacteria. 327 

The sample preparation work referenced Tian, B. et al; Wang, J. et al [81, 82]. The characteristic 328 
peaks of the minerals and organic functional groups can be obtained from Fig. 5. The characteristic 329 
peaks of calcite are 712, 875, 1421 and 2514 cm-1 and those of aragonite are at 710, 856, 1082 and 330 
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1475cm-1 [47, 48]. It can be seen from Fig. 5a that the peaks at 719, 877, and 2532 cm-1 are the 331 
characteristic peaks of calcite, and the peaks at 1083 and 1478 cm-1 prove the existence of aragonite, 332 
well consistent with the results of XRD analyses. Besides of the characteristic peaks of these  333 
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 334 
Figure 4. XRD analyses of the minerals induced by B. lichniformis DB1-9 bacteria. (a) the minerals cultivated for 335 
12 d; (b) the minerals cultivated for 24 d. 336 

minerals induced by B. lichniformis DB1-9 bacteria, there are also some peaks showing the other 337 
organic functional groups present in/on the minerals, such as C–H methylene vibrational band 338 
(2925 cm−1), O-H vibrational band (2363 cm−1), C=O vibrational band (1797 cm−1), and C-O 339 
vibrational band (1077 cm−1) shown in Fig. 5b and C=C, N-H, P=O, and C-O (glycosidic linkage) 340 
vibrational band at 1652, 1455, 1233, and 1084 cm-1 respectively shown in Fig. 5c, indicating that 341 
these organic functional groups of the metabolites secreted from B. lichniformis DB1-9 bacteria have 342 
a close releationship with the nucleation and growth of the minerals. As to which kind of specific 343 
organic functional group affects calcite and aragonite, further exploration is needed. 344 

3.5 The Morphology and Elemental Composition of the Minerals Analyzed by SEM and EDX. 345 

Fig. 6 shows the SEM and EDS results of the minerals after 24 days of cultivation. The calcites 346 
at Mg/Ca molar ratio of 0 show a elongation shape (Fig. 6a1) and a dumbbell shape (Fig. 6a3). The 347 
surface of the elongated calcite is covered with many small micron-sized rhombohedral calcites 348 
with a sharp corner, which were composed of a large amount of nano-meter mineral particles and 349 
were growing in a step mode (Fig. 6a2). The dumbbell-shaped calcites grow symmetrically along the 350 
central axis and the surface is covered with many scale-like calcites (Fig. 6a4), significantly different 351 
from the elongated calcite. At Mg/Ca molar ratio of 3, aragonite often exists in the form of 352 
aggregation(Fig. 6b1) and the surface presents a large number of rectangular mineral growing 353 
parallelly(Fig. 6b2). Some aragonite minerals show many holes in the surface (Fig. 6b3), in which B. 354 
lichniformis DB1-9 bacteria lived. It can be seen from Fig. 6b4 that there are EPS and microorganisms 355 
adsorbed on/among the mineral aggregates. These signigicant characteristics showed that the 356 
mineral formation was closely related to the activity of B. lichniformis DB1-9 bacteria. At Mg/Ca 357 
molar ratio of 6, some aragonite minerals are in a shape of cauliflower (Fig. 6c1), and the surface of 358 
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cauliflower-shaped aragonite is covered with some holes and the granular minerals, no longer the 359 
rectangular minerals (Fig. 6c2). There are also some irregular aragonite aggregates (Fig. 6c3), whose 360 
suface are covered with a large number of flake-shaped minerals in a size of dozens of  361 
 362 
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 365 

Figure 5. The minerals at Mg/Ca molar ratio of 3 analyzed by FITR. 366 
a, the characteristics peaks of the minerals at Mg/Ca molar ratio of 3 from 500 - 4000 cm-1; b, the FITR 367 
spectrogram of organic functional groups on/in the minerals at Mg/Ca molar ratio of 3 from 1000 - 3200 cm-1; 368 
the FITR spectrogram of organic functional groups on/in the minerals at Mg/Ca molar ratio of 3 from 1000 - 369 
1800 cm-1. 370 

nanometers (Fig. 6c4). Figs. 6 d1-d4 show the morphology of aragonite at Mg/Ca molar ratio of 9. 371 
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There are also irregular aragonite aggregates (Fig. 6d1), whose surface is also covered with 372 
flake-shaped minerals (Fig. 6d2) larger than those shown in Fig. 6c4. Besides this, there is spherical 373 
aragonite (Fig. 6d3) which is composed of a large amount of nano-meter granular minerals (Fig. 6d4). 374 
At Mg/Ca molar ratio of 12, aragonite presents a fusiform (Fig. 6e1) or fascicular (Figs. 6e2-e3) shape,  375 
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Figure 6. SEM and EDX images of minerals in the experimental groups after 24 days of cultivation. Mg/Ca 386 
molar ratio of 0 (a1-a4); Mg/Ca molar ratio of 3 (b1-b4); Mg/Ca molar ratio of 6 (c1-c4); Mg/Ca molar ratio of 9 387 
(d1-d4); Mg/Ca molar ratio of 12 (e1-e4). 388 

and also an aggregation state (Fig. 6e4). EDS analyses show that there are Ca, C, O, Al and P 389 
elements in calcite at Mg/Ca molar ratio of 0 (Fig. 6a5), besides of these elements, there is Mg 390 
elements in aragonite at other Mg/Ca molar ratios (Figs. 6b5, c5, d5, e5). P came from the metabolites 391 
or the B. lichniformis DB1-9 bacteria, and Mg came from MgSO4 reagent in the culture medium. 392 

3.6 Intracellular and Epicellular Biomineralization of B. lichniformis DB1-9 Bacteria analyzed by TEM.  393 

The biomineralization induced by microorganisms includes three parts: the extracellular 394 
biomineralization, the intracellular biomineralization, and the epicellular biomineralization. The 395 
extracellular biomineralization aims to study the mineralogy, morphology and elemental 396 
composition, and funtional groups of the minerals induced by B. lichniformis DB1-9 bacteria. After 397 
finishing the above work, the next step is to study the intracellular biomineralization and the 398 
epicellular biomineralization. The ultrathin slices of B. lichniformis DB1-9 bacteria with a thickness 399 
of 70 nanometers have been prepared and analyzed by HRTEM-SAED. It can be seen from Fig. 7a1 400 
and a2 that cell surface stratification is obvious, and there are different sizes of black areas inside the 401 
cells at Mg/Ca molar ratio of 0. Fig. 7a3 and a4 also show that there are larger dark granular areas in 402 
the space between the spore and the capsule, and there are dark granular areas in a size of dozens 403 
of nanometers adsorbed/grown on the EPS-like materials of the B. lichniformis DB1-9 bacteria. The 404 
formation of dark areas means that the density or thickness of the area is higher than other areas, 405 
which can block the penetration of electrons when analyzed by HRTEM. At Mg/Ca molar ratio of 3, 406 
there are also nano-meter granular areas dispersed inside the cell (Figs. 7b1, b2 and b3) and 407 
adsorbed/grown on the EPS (Fig. 7b4). At Mg/Ca molar ratio of 6, the dark area inside the cell 408 
become larger, gathering in the center of the cell marked by the red circle (Fig. 7c1) or dispersing 409 
along the long axis of the cell marked by the red line (Fig. 7c2). Near one end of the cell, there is 410 
larger blocky (Fig. 7c3) or longer linear dark area (Fig. 7c4) with a length of more than 100 nm, 411 
suggesting that the dark area becoming larger or longer maybe affected by the higher Mg2+ 412 
concentration. At Mg/Ca molar ratio of 9, there is a dark granular matter adsorbed in the inner 413 
membrane of the cell surface, with a length of more than 100 nm (Fig. 7d1), and there are some dark 414 
matter dispersing inside the cell (Fig. 7d2), and near the end of cell there is also existing the larger 415 
blocky (Fig. 7d3) or longer linear dark area (Fig. 7d4). At Mg/Ca molar ratio of 12, in addition to the 416 
above situation, another situation has arisen. Dark clumps composed of the alternating light and 417 
dark bands with a length of less than 100 nm appear on the EPS (Figs. 7e1, e3, and e4; the detailes 418 
shown in Fig. 9), indicating that there were organic matter inside the dark clumps, that was to say, 419 
the organic matter maybe took part in or regulate the epicellular biomineralization. Many 420 
researchers have believed that the EPS can act as the nucleation site, and the idea has been accepted 421 
for many years. In this study, the formation of the dark clumps on the EPS has also proved this 422 
point. At the same time, if the intracellular dark nano-meter area could be as the site of 423 
biomineralization, we have also found that there are many nucleation sites besides of the EPS, such 424 
as the inner membranes of the surface and the membranes of the organells inside the cell. Therefore, 425 
the research results of intracellular mineralization and epicellular mineralization will enrich the 426 
previous conclusions.  427 

In order to investigate the crystal structure of the dark granular or linear matter, SAED 428 
analyses were also performed. It can be obtained that there are a small number of diffraction spots 429 
in the SAED images (Figs. 8a1, b1, and c1), indicating that the extracellular dark matters (Figs. 8a, b, 430 
and c) have a poor crystal structure. Intracellular dark matters (Figs. 8a2, b2, and c2) have no crystal 431 
structures due to the fact that there are no diffraction spots in the SAED images (Figs. 8 a3, b3, and 432 
c3). Many researchers have confused that why the amorphous matter still keep stable inside the cell. 433 
In general, the amorphous mineral is unstable and will turn into the stable mineral with better 434 
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crystal sturcture in the nature, such as ACC changing into calcite. The mechanism of keeping the 435 
amorphous matter stable inside the cell will be further explored in future. The dark clumps (Fig. 436 
9a-c) composed of the alternating light and dark bands on the EPS of the cell were also further 437 
studied by SAED and the result shows that they still have no crystal structure (Fig. 9d). The 438 
question how such delicate structures are formed is also a mystery, and we are looking forward to 439 
solving the mystery in the future. 440 

Although the intracellular and extracellular/epicellular dark granular or linear matter can be 441 
observed and the extracellular/epicellular dark matters have poor crystal structures and the 442 
intracellular linear and granular matters have no crystal structures, the elemental composition 443 
cannot still be known, thus, the next work is to investigate if the dark granular or linear matter 444 
contains Ca and Mg elements.  445 

  446 

    447 

  448 

    449 

     450 
Figure 7. TEM analyses of the ultrathin slices of B. lichniformis DB1-9 bacteria cultivated for 24d. 451 
The intracellular and extracellular particels are marked with red arrows. Mg/Ca molar ratio of 0 (a1-a4): 452 
intracellular particles (a1 and a2) and extracellular particles (a3 and a4); Mg/Ca molar ratio of 3 (b1-b4): 453 
intracellular particles (b1-b3) and extracellular particles (b4); Mg/Ca molar ratio of 6 (c1-c4): intracellular particles 454 
(c1 and c2) and extracellular particles (c3 and c4); Mg/Ca molar ratio of 9 (d1-d4): intracellular particles (d1 and d2) 455 
and extracellular particles (d3 and d4); Mg/Ca molar ratio of 12 (e1-e4): intracellular particles (e1 and e2) and 456 
extracellular particles (e3 and e4). 457 
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3.7 Ca and Mg Elemental Analysis of B. lichniformis DB1-9 Bacteria by STEM. 458 

Fig. 10 show the morphology of B. lichniformis DB1-9 bacteria and the distribution of Ca and Mg 459 
elements. In the TEM images, the dark and denser areas inside the cell and on the cell EPS indicate 460 
the presence of metallic elements and the light area indicates the existence of organic matter in this 461 
study. However, in the STEM images, the result is reverse. Figs. 10 a, c, and e show that the surface 462 
of the cell is brightest, in a shape of light circle, the brightness decreases from outside to inside the 463 
cell, and the cell center is often the darkest area of the cell, suggesting that the concentration of 464 
metal element declined from outside to inside the cell. Fig. 10 b shows the distribution of Ca 465 
element in/on the B. lichniformis DB1-9 bacteria at Mg/Ca molar ratio of 0, also indicating that the 466 
concentration of Ca element was higher on the surface/EPS and inner membrane of the surface than 467 
that inside the cell. 468 

 469 

    470 

    471 

     472 
Figure 8. Analysis of intracellular and extracellular/epidermal dark matter by HRTEM-SAED. 473 
The HRTEM images of extracellular dark matter (a, b, and c), the SAED images of the area marked with the red 474 
square (a1, b1, and c1). The HRTEM images of intracellular dark matter (a2, b2, and c2), the SAED images of the 475 
area marked with the red square (a3, b3, and c3). a1, b1, and c1 show bright spots; a3, b3, and c3 have no bright 476 
spots.  477 

Figs. 10 c and d show the distribution of Ca and Mg elements in/on the B. lichniformis DB1-9 bacteria 478 
at Mg/Ca molar ratio of 3, also revealing the same rule that the concentrations of Ca and Mg 479 
decreased from outside the cell to inside the cell, that was to say, the transport mode of Ca2+ and 480 
Mg2+ ions was diffusion due to the fact that the metal ions were transferred along the concentration 481 
grade, namely from high to low concentration. Figs. 10 f and g show the distribution of Ca and Mg 482 
elements in/on the B. lichniformis DB1-9 bacteria at Mg/Ca molar ratio of 12. It can be observed that 483 
the concentration of Mg element is higher than that at Mg/Ca molar ratio of 3, suggesting that more 484 
and more Mg2+ ions could enter inside the cell by diffusion with the increase of Mg2+ ions 485 
concentration. These results also showed that the ability of B. lichniformis DB1-9 bacteria to prevent 486 
ions from entering the cell to protect themselves is limited. As we all know, Ca2+ and Mg2+ ions are 487 
cofactors of many enzymes in the cell, if without these ions, the enzymes will lose their activity, 488 
while if the concentrations of Ca2+ and Mg2+ ions are too high, they will have adverse effects on the 489 
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cell. In order to protect themselves, the only way was that a solid amorphous matter was formed by 490 
using the Ca2+ and Mg2+ ions transferred from the outside to inside the cell along the concentration 491 
grade. Thus, in my opinion, the amorphous dark granular and linear matter formed inside the cell 492 
and on the inner membrane of the cell surface maybe belonged to a protection mechanism. 493 

  494 

  495 
Figure 9. The dark clumps composed of the alternating light and dark bands on the outer surface of the B. 496 
lichniformis DB1-9 bacteria analyzed by HRTEM and SAED. a-c, the images of the dark clumps analyzed by 497 
HRTEM, d, SAED image of the dark clump marked by the yellow circle in Fig. 9a.  498 

 499 
Figure 10. The morphology of B. lichniformis DB1-9 bacteria and elemental composition anayzed by STEM. 500 
a and b, Mg/Ca molar ratio of 0; c and d, Mg/Ca molar ratio of 3; e-g, Mg/Ca molar ratio of 12. 501 
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4.1 The Mechanism of Extracellular Biomineralization Induce by B. lichniformis DB1-9 Bacteria 503 

Microorganisms can increase the pH value and the alkalinity in the environment, which can 504 
reach the supersaturation to promote the mineral sedimentation. Many researchers have believed 505 
that the ammonia released from bacteria plays an important role in pH increase [83], however, there 506 
are many researchers who disagree with the opinion [41]. They have believed that the quantity of 507 
ammonia released from the bacteria is not enough to make pH increase so high, the pH values 508 
based on the ammonium concentration are much lower than those of the liquid culture medium 509 
inoculated with bacteria, besides of the ammonia, there should be other factor to affect pH increase, 510 
and finally CA is found to have the ability to make pH increase to such a high degree. Thus, both 511 
the ammonia and the CA were also investigated in this study. 512 

The ammonia test showed that B. lichniformis DB1-9 bacteria could release the ammonia, 513 
revealing that pH value in the culture medium could be promoted according to the following 514 
equation (1):  515 

+ -
3 2 4NH  + H O NH  + OH   (1)  516 

Besides of the ammonia, CA could also be secreted by B. lichniformis DB1-9 bacteria. So what does 517 
CA do? As we all know, cyanobacteria can increase pH in the liquid culture medium due to the fact 518 
that CA secreted by cyanobacteria can catalyze the hydration reaction of carbon dioxide to release 519 
the bicarbonate and carbonate ions when the photosynthesis of cyanobacteria happens [24]. With 520 
the increase of the concentration of bicarbonate and carbonate ions, pH in the liquid culture 521 
medium definitely increase. So it's always a headache that the high pH caused by cyanobacteria 522 
will result in the water pollution and the death of fish. The CA is a kind of metal enzyme widely 523 
present in microorganisms and plants [84-86], which includes acidic and alkaline CA [41]. In this 524 
study, pH could increase from 7.0 to 9.25, suggesting that the liquid culture medium was alkaline. 525 
There were still CA activities in such alkaline condition, indicating that CA secreted by B. 526 
lichniformis DB1-9 bacteria belonged to the alkaline CA. It has been reported that CA can be 527 
classified as one of the fastest reactive enzymes [87], if without CA catalysis, the hydration reaction 528 
of CO2 is very slow [88], and the typical catalytic rate of different types of CA can be up to 104-106/s 529 
[87]. Thus, due to the existence of the alkaline CA in this study, the following equation (2) can 530 
occur: 531 

+
2 2 2 3 3CO H O H CO HCO H        (2) 532 

The ammonia dissolves into the water to produce a large number of hydroxyl groups (OH-), which 533 
can react with H+ to form water molecule, thus the equation (2) will go on to occur, at the same time, 534 
the following equation (3) will occur: 535 

   - 2
3 3 2HCO OH CO H O     (3) 536 

Therefore, due to the existence of the ammonia, CA can release a large number of bicarbonate and 537 
carbonates ions, which can also increase the pH values in the culture medium. In this study, we can 538 
conclude that the pH increase is caused by the combination effect of the ammonia and the CA 539 
released by B. lichniformis DB1-9 bacteria, well consistent with the result of the reference by Zhuang 540 
et al., 2018.  541 

It has been reported that CA produced by microbial metabolism plays an important role in 542 
biomineralization [29, 89]. The result of our study was well consistent with the above opinion. The 543 
existence of CA can produce enough quantity of bicarbonate and carbonate ions, and also make pH 544 
increase to 9.25 with the help of ammonia, therefore, the supersaturation of the carbonate minerals 545 
in the liquid culture medium can be elevated. Thus, the subsequent reaction can occur according to 546 
the following equation (4): 547 

2+ 2 -
3 3 3 22Ca  + CO HCO  + OH CaCO H O          (4) 548 

If there is no CA production and alkaline environment, the minerals will not be produced in this 549 
study, which was confirmed by the absence of mineral formation in the control group. Therefore, 550 
microorganism, B. lichniformis DB1-9 bacterium, plays an important role in the biomineralization of 551 
carbonate mineral in this study. We can say that there is no formation of carbonate minerals if 552 
without microorganism. 553 
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4.2 The Relationship Between Organic Functional Groups and the Morphology of the Minerals and the 554 
Epicellular and Intracellular Biomineralization 555 

In this study, many different kinds of organic functional groups (Figs. 5b and 5c) have been 556 
found, such as C-H, O-H, C=O, C-O, C=C, N-H, P=O etc. No matter these organic functional groups 557 
come from what kind of organic substance, no matter whether they are adsorbed on the surface of 558 
the mineral or exist inside the mineral, these organic functional groups are closely related to the 559 
mineral. Many researchers have believed that the morpholgy of the minerals can be affected by the 560 
organic functional groups [90-95]. The elongated calcite could be obtained in this study and its 561 
morphology maybe was related to C=O group, which maybe came from polysacharides, simple 562 
sugars, or organic matter containing carboxyl groups. Oxygen atom in C=O group carries negative 563 
charges, which means that it can interact with the polar surface of the minerals and cannot affect the 564 
neutral surface. Through the influence of organic functional groups, the growth rate of some crystal 565 
planes of mineral crystals will change, thus changing the morphology of mineral crystals. It has 566 
been reported that the biological macromolecules containing abundant carboxyl groups tend to 567 
interact with the stronger polar crystal plane of calcite, whereas the other macromolecules with less 568 
acidity interact with the neutral crystal plane, thus beneficial to the formation of elongated calcite 569 
[90-92]. There are many studies like this, for example, the proteins coming from sea-urchin and 570 
mollusc shells are always glycosylated and contains the glycosidic groups (-C-O-C-), which can 571 
help to form the unique morphology of minerals [28, 91-97]. 572 

B. lichniformis DB1-9 bacterium belongs to Gram-positive bacteria, which means that the 573 
surface and EPS of the B. lichniformis DB1-9 bacterium contains a large quantity of peptidoglycan. 574 
From the result of FTIR, N-H group can be found, which was maybe coming from the 575 
peptidoglycan of the cell EPS. Nitrogen atoms from the N-H groups also carry negative charges and 576 
also adsorb a large number of Ca2+ and Mg2+ ions, thus forming a dense ring of Ca2+ and Mg2+ ions 577 
around the cell surface, which was well consistent with the result of STEM analyses (Figs. 10b-10d 578 
and 10f and 10g). The minerals growing on the cell EPS had a poor crystalinity (Figs. 8a1 and 8b1 579 
and 8c1), on the contrary, calcite with better crystalinity can grow arround the cell surface of 580 
cyanobacteria Synechocystis sp. PCC6803 [27], which was maybe due to the different species of 581 
bacteria or maybe due to the damage of calcite by Mg2+ ions. Many scholars have found that EPS is a 582 
momentous material in the biomineralization process [18, 29, 39, 47, 97-100]. The STEM result 583 
revealed that our conclusion was well consistent with the above opinions. The organic functional 584 
groups on the cell EPS can not only reduce the nucleation energy and make the whole process of 585 
biomineralization to be more easily [101] but also promote the nucleation [102]. 586 

P=O group can also be found in FTIR result, which maybe came from the phospholipids in the 587 
cell membranes or deoxyribonucleic acid (DNA) or ribonucleic acid (RNA). The negative charged 588 
oxygen atoms in the P=O groups, which were loacted in the phospholipids of the cell membranes, 589 
can also adsorb Ca2+ and Mg2+ ions, thus leading to the nano-meter dark matters growing on the 590 
inner membrane inside the cell surface (Figs. 7d1 and 7d2 and 7d4). Maybe the intracellular organic 591 
functional groups were helpful to form the amorphous nano-meter matters inside the cell, which 592 
was not only beneficial to the intracellular biomineralization but also helpful to protect themselves. 593 
Although the metal ions do not easily enter the cell, the Ca2+ can enter the cell through the ion 594 
channel [103]. Besides of the intracellular biomineralizaiont, the EDS (Fig. 6) result also shows that 595 
the P element appears in the calcite and aragonite, which maybe derived from the bacteria. The EDS 596 
result was well consistent with that of FTIR. The P in minerals is one of the important evidences of 597 
the biomineralization induced by bacterium in the culture medium without P element [25].  598 

It has been reported that the ingredients and structures of minerals can be change by bacteria 599 
[96, 104, 105], that is to say, the bacteria can not only change the composition of minerals but also 600 
control the morphology of minerals [47, 96, 105]. Therefore, B. lichniformis DB1-9 bacteria could lead 601 
to the preferential growth of some crystal planes of minerals and thus modify the mineral 602 
morphology by using many different kinds of organic functional groups.  603 

4.3 the Relationship Between the Mg/Ca Molar Ratio and Calcium Carbonate Minerals 604 
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Many researchers have investigated the fluid inclusions derived from the ancient primary 605 
marine halite and drawn a conclusion that the Mg/Ca ratio of seawater has changed in a range of 606 
1.0-5.2 throughout the Phanerozoic Eon [106-108]. The transition of the polymorph mineralogy of 607 
calcium carbonate precipitates throughout Phanerozoic time was caused by the variations of Mg/Ca 608 
ratios, which has been accepted for many years. When low seawater Mg/Ca<2 present, the 609 
predominant calcium carbonate was calcite or low Mg calcite (i.e., calcite seas); when high seawater 610 
Mg/Ca>2 present, high Mg calcite and aragonite became the predominant polymorphs of calcium 611 
carbonate (i.e., aragonite seas) [109]. In this study, Mg/Ca molar ratios have been set as 0, 3, 6, 9, and 612 
12 and the result also shows that aragonite was the only mineral phase when Mg/Ca molar ratio 613 
beyond 3 and calcite was the predominant mineral at Mg/Ca molar ratio of 0 and 3, also indicating 614 
that Mg/Ca molar ratios have played an important role in the formation of polymorphs of calcium 615 
carbonate. However, there were no minerals formed in the control groups, which had the same 616 
Mg/Ca molar ratios as the experimental group. Why? Thus, there were still other factors to 617 
influence the formation of calcite seas or aragonite seas besides of Mg/Ca molar ratios. In my 618 
opinion, microorganisms have played significant role in the transtition of calcite seas to aragonite 619 
seas. The only difference bwteen the control goup and the experimental group was the existence of 620 
B. lichniformis DB1-9 bacteria. There were no minerals in the control group, mainly due to the fact 621 
that the control groups were not inoculated with B. lichniformis DB1-9 bacteria. Although the 622 
different Mg/Ca molar ratios have been set in the control groups, there were still no minerals 623 
formed if without B. lichniformis DB1-9 bacteria, suggesting that biological factors could not be 624 
neglected during the transition process of calcite seas to aragonite seas. Ries et al. have conducted 625 
the experiments to investigate the important role played by the varied seawater Mg/Ca molar ratio 626 
on biomineralization within marine bacterial biofilms, and found that the biomineralization 627 
occurred exclusively on the biofilm plates and none on the non-biofilm control plates [110]. 628 
Therefore, as for the reason of the transition of calcite seas to aragonite seas, biological factors 629 
should be considered besides of the pCO2, Mg/Ca molar ratios, salinities, temperatures etc. 630 

In this study, Ca2+ ions have taken part in the formation of calcite and aragonite, however, Mg2+ 631 
ions have been neglected. In my opinion, Mg2+ ions should be involved into the formation of 632 
magnesium carbonate or magnesium phosphate just like Ca2+ ions in the liquid culture medium. 633 
However, the result was converse to my guess. Mg2+ ions always exist as ions, and no magnesium 634 
mineral is formed. Maybe Mg2+ ions need longer time than Ca2+ ions to form the magnesium 635 
carbonate or magnesium phosphate. It has been reported that the most difficult step is the 636 
dehydration of hydrated cations in the formation of cation-carbonate pairs [28]. The enthalpy of 637 
Mg[H2O]62+ dehydration is 351.8 kal/mol, and that of Ca[H2O]62+ is 264.3 kal/mol at room 638 
temperature and natural pression (298K, 1 atm) [28]. It may be that the presence of hydrated 639 
membranes makes it difficult for Mg2+ ions to form mineral crystals. But some researchers have 640 
other different opinions. For example, Xu et al., 2013 have conducted the experiments and believed 641 
that Mg2+ ions in dry formamide can still not take part in the formation of magnesium carbonate 642 
crystals [111]. The Mg2+ ions without hydrated membrane should react with CO32- ions quickly due 643 
to the fact that energy is not needed to remove the water molecules around the Mg2+ ions. Finally 644 
Xu et al., 2013 have found that the lattice limitation on the spatial configuration of CO32- groups, 645 
other than cation hydration, prevents Mg2+ and CO32− ions from forming long-range ordered 646 
structures [111]. The mechanism of Mg2+ biomineralization induce by microorganism should be 647 
further explored in future. 648 

4.4 the Transport Mode of Ca2+ and Mg2+ Ions and the Nucleation Site  649 

There were a large number of Ca2+ and Mg2+ ions adsorbed on/in the suface/EPS shown in Fig. 650 
10, besides of this, Ca2+ and Mg2+ ions could also enter the cell (Fig. 10), indicating that the transport 651 
mode of Ca2+ and Mg2+ ions belonged to the diffusion because these ions were transferred from the 652 
outside to inside the cell and along a concentration grade from a high to low concentration. As we 653 
all know, the soluble ions cannot easily enter the cell due to the barrier of cell membrane, which is 654 
composed of phospholipid bilayer and can prevent the Ca2+ and Mg2+ ions from entering the cell. 655 
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However, there are Ca2+ channels located in the cell membrane, which can act as the carriers to 656 
transfer Ca2+ ions from the outside to inside the cell. It has been reported that the voltage-gated Ca2+ 657 
channel can mediate Ca2+ entry into cells in response to membrane depolarization [112] and the 658 
membrane-embedded ion channels are electrolyte-filled nanotubes with different kinds of proteins 659 
[113]. Such a transport through Ca2+ channels is called facilitated diffusion, which is much faster 660 
than the simple diffusion that there are no carriers. Similarly, we have also believed that there are 661 
Mg2+ channels in addition to Ca2+ channels. Some researchers have reported that the primary uptake 662 
system, namely the CorA Mg2+ channel, is present in about half of all bacteria and archaea [114]. 663 
Therefore, Mg2+ ions could also be transferred through the Mg2+ channels by diffusion. When Ca2+ 664 
and Mg2+ ions are present outside the cell at the same time, the factors governing the selectivity 665 
filter of voltage-gated Ca2+ ion channel lie in the pore size, oligomericity, and solvent accessibility 666 
[115]. That is to say, Mg2+ ions can also enter the cell through Ca2+ ion channel by diffusion. Thus, 667 
many Ca2+ and Mg2+ ions can be observed inside the cell and on/in the surface/EPS shown in Fig. 10.  668 

As for the nucleation site, many researchers have believed that the microbial cell surface and 669 
EPS have played important roles [116-119]. However, some researchers have different opinions and 670 
have found from their conducted experiment that the dolomite minerals can not be observed on the 671 
heat-killed cell surface [31], which means that the cell surface alone is not sufficient to serve as the 672 
nucleation site. In my opinion, there are many amino acids in/on the surface of cells, such as 673 
glutamic acid and aspartic acid in some kind of Ca2+ channel, which can bind mental ions like Ca2+ 674 
and Mg2+ ions. If the bacteria cells were heat-killed at a enough high temperature, these amino acids 675 
in/on the surface of cells may be destroyed and missing, which was not beneficial to the adsorbtion 676 
of metal ions. That is to say, we have agreed the opinion that the cell surface alone is not sufficient 677 
to serve as the nucleation site. There should be other factors which are present in the surface of cells 678 
to affect the adsorbtion and nucleation of the metal ions. Besides of the cell surfaces, the EPS around 679 
the cell surface may have also played an important role [35, 36, 119]. In the experiments performed 680 
by deng et al. the sulfate-reducing bacteria (SRB) and halophilic bacteria have EPS-like materials, 681 
which may have served as the nucleation site for dolomite [31]. In our research, there are also 682 
EPS-like materials around the cell surface, in which there are also nano-meter matters with poor 683 
crystalinity. Thus, the EPS of bacteria were also as the nucleation sites. However, if the EPS were 684 
isolated from the cell surface by heat method and used to induce the minerals, the question whether 685 
the nucleation site was still on/in the heated EPS needs further study.  686 

5. Conclusion 687 
In this study, B. lichniformis DB1-9 bacteria were identified by 16S rDNA sequences and used to 688 

induce carbonate minerals at different Mg/Ca molar ratios. The pH values can increase to 9.25 689 
mainly due to the combination effect of CA and ammonia released by B. lichniformis DB1-9 bacteria. 690 
CA can catalyze the hydration reaction of carbon dioxide to release a large number of bicarbonate 691 
and carbonate ions, which can elevate the supersaturation of the calcium carbonate in the liquid 692 
culture medium and promote the precipitation of polymorphs of calcium carbonate. The existence 693 
of Mg2+ ions and some kinds of organic functional groups can affect the morphology of minerals. 694 
The formation of aragonite mineral is not only related to Mg2+ ions but also has a strong correlation 695 
with the presence of microorganisms. The formed intracellular nano-meter matter has no crystal 696 
structure, and while the nano-meter particle on/in the EPS of the cell has a poor crystal strucure. 697 
This study maybe can help to understand the transition process and mechanism of calcite seas to 698 
aragonite seas, and also help to further understand the biomineralization mechanism induced by 699 
microorganisms.  700 
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