
  

Article 

The Significant Role of Different Magnesium: 
Carbonate Minerals Induced by Moderate Halophile 
Staphylococcus epidermis Y2  
Zuozhen Han1, 2, Wenwen Yu1, Yanhong Zhao1, Maurice E. Tucker4, 5, Huaxiao Yan3 

1 Shandong Provincial Key Laboratory of Depositional Mineralization and Sedimentary Minerals, College of 
Earth Science and Engineering, University Hospital, Shandong University of Science and Technology, 
Qingdao, 266590, China 

2 Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science and Technology, 
Qingdao, 266237, China  

3 Department of Bioengineering, College of Chemical and Environmental Engineering, Shandong University 
of Science and Technology, 266590, Qingdao, China 

4 School of Earth Sciences, University of Bristol, Bristol, BS8 1RJ, UK 
5 Cabot Institute, University of Bristol, Cantock’s Close, Bristol, BS8 1UJ, UK 
: Zuozhen Han; Tel.: +86 532 86057286; E-mail: hanzuozhen65@126.com 
: Huaxiao Yan; Tel.: +86 532 86057625; E-mail: 15954804511@163.com 

Abstract: Carbonate precipitation induced by microorganism has become a hot spot in the field of 
carbonate sedimentology, while the effect of different magnesium on biominerals has rarely been 
studied. Therefore, magnesium sulfate and magnesium chloride were used to investigate the 
significant role played on carbonate minerals. In this study, Staphylococcus epidermidis Y2 was 
isolated and identified by 16S rDNA homology comparison. The ammonia, pH, carbonic 
anhydrase, carbonate and bicarbonate ions were investigated. The mineral phase, morphology and 
elemental composition were analyzed by XRD and SEM-EDS. The ultrathin slices of bacteria were 
analyzed by HRTEM-SAED and STEM. The result showed that this bacterium could release 
ammonia and carbonic anhydrase to increase pH, and elevate the supersaturation via a large 
number of carbonate and bicarbonate ions released through carbon dioxide hydration catalyzed 
by carbonic anhydrase. The crystal cell density of monohydrocalcite was lower in magnesium 
chloride medium than that in magnesium sulfate medium. The crystal grew in a mode of spiral 
staircas in magnesium sulfate medium, while in a concentric circular pattern in magnesium 
chloride medium. There was no obvious intracellular biomineralization. This study may be 
helpful to further understand the biomineralization mechanism, may also provide some references 
for the reconstruction of paleogeological environment. 
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1. Introduction 

As an important reservoir of oil and gas, carbonate rock has drawn much attention in recent 
years [1-4]. Subsequently microbial fossils have been found in carbonate rocks, and people have just 
realized the existence of microbialites. The microbialites are an important part of carbonate rocks 
and widely distributed in the ocean and lake environment [5-9]. Stromatolites, thrombolites, 
dendrites and leiolites are very common microbialites [10-14]. Biomineralization researches have 
proved that the microorganisms have played a significant role in the microbialite formation, which 
has changed the view that the formation of microbialites are mainly caused by some physical and 
chemical factors [15-18]. Thus, there is a close relationship between the microorganisms and the 
carbonate precipitation, which has also become a research hot spot in the field of geomicrobiology 
and sedimentology [19]. Based on the conclusion that the formation of microbialites is related to the 
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microorganisms, many researchers have carried out the experimental research on the formation of 
carbonate minerals induced by various microorganisms in the laboratory and natural environment 
in order to explore the mechanism of biomineralization more deeply and get more innovative 
conclusions [20,21]. The research of microbial biomineralization has indeed made great progress in 
the past few years [22,23].  

Microorganisms that have been reported to be able to induce the precipitation of the carbonate 
minerals include cyanobacteria [24-27], alkalophilic and halophilic microorganisms [28-31], 
sulfate-reducing bacteria [32-34], methanogenic archaea [35-38], and other bacteria like bacillus [29] 
and so on. It has been reported that the primitive life on Earth may originate from the high salt 
environment [39,40]. Some researchers have also analyzed the dolomite and limestone in the nature 
and concluded that the palaeogeologic environments used to form these carbonate rocks were the 
seas [41-43], which were also the salt environments. Therefore, the study of the viability and 
adaptability of microorganisms in modern salt environment will help to deeply understand the 
evolution of biosphere in the early Earth. In the field of geomicrobiology, screening salt-tolerant 
halophilic bacteria to induce the carbonate minerals at a certain salt concentration is helpful to 
analyze the formation mechanism of microbialites in the past [7,44-48]. Many geologists have used 
halophilic bacteria to induce the precipitation of carbonate minerals in the laboratory, which have 
also proved that there is a close relationship between the halophilic bacteria and the formation of 
carbonate minerals and also further testify the close connection between lithosphere and biosphere. 
Rivadeneyra et al. [49,50] have studied the deposition of carbonate by Halmonas eurihalina and 
Nesterenkonia halobia and their results have showed that the precipitated minerals by the former 
bacteria are magnesium calcite, aragonite and monohydrocalcite, and the minerals induced by the 
latter bacteria are calcite, aragonite and dolomite, and also revealed that the proportion of various 
minerals is related to the type and salt concentration of the culture medium and the cultivation time. 
The halophilic bacteria isolated from soil by Párraga et al. [51] can induce the formation of calcite 
pellets with a diameter of 20 to 50 µm, which are considered to play a positive role in calcite 
deposition in saline soils. Sánchez-Román et al. [30] have used 19 kinds of moderate halophilic 
bacteria to precipitate the carbonate and phosphate minerals in the culture medium with 
controllable Mg/Ca molar ratios, and the minerals deposited are calcite, magnesium calcite and 
struvite (MgNH4PO4·6H2O), the proportion of minerals depends on the Mg/Ca ratio in the medium. 
Studies have also shown that Mg2+ can influence the formation of carbonate minerals and more 
researchers have explored the effect of Mg2+ on the mineral morphology and nucleation when using 
microorganism to induce biomineralization [52-54]. Many researchers have also studied the 
formation mechanism of modern dolomite by using halophilic bacteria. For example, Qiu et al. [55] 
have used Haloferax volcanii DS52, a halophilic archaeon, to induce the dolomite precipitation under 
various salinities (from 120 h to 360 h) and restated the important effect of high concentration of salt 
on the formation of microbiogenic dolomite. Qiu et al. [56] have also concluded that extracellular 
polymers (EPS) of living cells can chelate calcium and magnesium ions, which can maintain a higher 
ratio of magnesium and calcium ions around the cell surface to facilitate the formation of carbonate 
minerals. Deng et al. [57] have isolated the aerobic halophilic bacterium Halomonas marina existing 
in the Qinghai Lake sediments, which can precipitate dolomite in low-salinity conditions without 
any marine influence. Although there have been many studies on the induction of carbonate 
minerals by halophilic bacteria, many questions remain unclear and need further exploration. 

In the study of carbonate mineral precipitation induced by halophilic bacteria [30,58,59], we 
have found that there are some different opinions on certain questions. For example, many 
researchers have performed the ammonia test to determine whether some bacteria can release 
ammonia, and concluded that the pH increase in the culture medium was due to the ammonia 
released by bacteria only from the positive result of the ammonia test [30,60,61]. This idea has been 
accepted by almost researchers for many years. The result of causing pH increase by the ammonia 
has always been cited by many published papers without any hesitation, even on the condition that 
we have not performed the experiment to investigate why pH can increase. However, there have 
been different opinions on the reason of pH increase recently. Some researchers have believed that 
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the bacteria cannot produce enough ammonia to make pH increase to nearly 9 [62], there should be 
other factors to influence pH increase. Based on the fact that cyanobacteria can secret carobonic 
anhydrase (CA), which can promote the hydration reaction of carbon dioxide to release a large 
number of bicarbonate and carbonate ions to make pH increase [63]. Zhuang et al. [62] have found 
that CA can also be secreted by the isolated bacteria and can also produce a great number of 
bicarbonate and carbonate ions. Thus, Zhuang et al. [62] have believed that pH increase is caused 
by the ammonia and CA. Besides of this, CA catalyzes the hydration of carbon dioxide to produce 
large amounts of carbonate and bicarbonate, which not only increases the pH but also helps to 
elevate the supersaturation of some carbonate minerals to promote the precipitation of minerals in 
the culture medium. Without CA, the rate of producing the bicarbonate and carbonate ions is very 
slowly [64]; if there is CA, the typical catalytic rate can reach up to 104-106/s [65]. There are fewer 
references published to report the precipitation of minerals was closely related to CA activity 
[66,67]. It has been reported that the composition of the solution and the concentrations of ions have 
a significant impact on mineral precipitation [29]. Thus, besides of CA, many researchers have 
mentioned and investigated the significant role played by different Mg/Ca molar ratio in the 
formation of carbonate minerals, while always neglected the role of different sources of magnesium. 
The experiment using different sources of magnesium ions to form the carbonate minerals conforms 
to the different sedimentary environments in geological history [68,69]. In fact, different sources of 
magnesium used are also important and also have a significant role in the morphology and 
mineralogy of carbonate minerals in the biomineralization process, however, has rarely been 
reported. Li et al. [29] have reported the minerals induced by halophilic bacteria with different 
sources of magnesium, however, they have not investigated the growth way of minerals and also 
not determined the element distribution on/in the EPS/surface and inside the cell by scanning 
transmission electron microscopy (STEM) and also not analyzed the amino acid composition of 
bacterial EPS to further explore the nucleation mechanism. At the same time, many researchers 
have focused on the extracellular biomineralization and neglect the intracellular biomineralization 
[70,71]. There are only fewer references reported about the intracellular biomineralizaiton. 
Benzerara et al. [27] have studied the intracellular biomineralization of cyanobacteria and found 
that there are amorphous carbonate inclusions inside the cell, but their research is aimed at the 
cyanobacteria. Zhuang et al. [62] have also found that there are amorphous nanospheres inside the 
cells, however, the bacteria used to perform the experiment is alkali-tolerant bacteria Bacillus cereus 
MRR2, not the halophilic bacteria. Perri et al. [72] have also reported that nanospheres with a 
diameter of a few tens of nanometres can also be found within their cells and believed that these 
nanospheres are maybe permineralized viruses and act as nuclei for the precipitation of 
crystallite-crystal. Besides of the intracellular biomineralization, there are still many unsolved 
problems in the biomineralization field, such as the detailed molecular biomineralization 
mechanism, the true reason of pH increase, the criterion for judging biogenesis of carbonate 
minerals and so on, which results in the fact that the study of biomineralization still needs further 
exploration. In our study, we have further studied the precipitation of carbonate minerals induced 
by halophilic bacteria by using different sources of magnesium to further investigate the role 
played by different magnesium on the growth way and mineralogy, also studied the role of CA, 
amino acid composition of EPS, the nucleation site, the element distribution, and the intracellular 
biomineralization.  

In order to further explore the biomineralization mechanism of carbonate minerals induced by 
halophilic bacteria, experiments were performed by using magnesium chloride and magnesium 
sulfate, different Mg/Ca molar ratios, 10% sodium choride, and halophilic bacteria Staphylococcus 
epidermidis Y2 which was isolated and identified by 16S rDNA homology analysis. The ammonia, 
CA activity, the concentration of bicarbonate and carbonate ions, and the amino acid composition of 
EPS were also analyzed respectively in order to further understand the biomineralization 
mechanism. The characteristics of carbonate minerals, such as the morphology, elemental 
composition and mineralogy, were analyzed by means of scanning electron microscope (SEM), 
energy dispersive spectrometer (EDS) and X-ray powder diffraction (XRD). The superthin slices of 
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S. epidermidis Y2 were also prepared to further analyze the nucleation site on EPS/surface, the 
distribution of calcium and magnesium elements outside and inside the cell and whether the 
intracellular nanospheres have crystal structures by high resolution transmission electron 
microscopy (HRTEM) and selected area electron diffraction (SAED) and STEM. This study may 
further elucidate the detailed biomineralization mechanism induced by S. epidermidis Y2, and also 
provide some theoretical basis for reconstruction of ancient geological environment. 

2 Materials and Methods 

2.1. Isolation and Preservation of S. epidermidis Y2 Bacteria 

A liquid enrichment culture medium with the following composition was used (g L-1): beef 
extract 5.0, tryptone 10.0, and NaCl 100. The above reagents were all dissolved in the deionized 
water and the pH of the culture medium was adjusted to 7.2. The solid medium was prepared by 
adding 20 g L-1 agar powder into the above liquid culture medium. All mediums were sterilized by 
an autosterilizer at 110 oC for 25 min. The liquid culture medium and the solid culture medium 
were used to isolate and purify the halophilic bacteria [29]. Y2 bacteria were isolated from pickles 
purchased from supermarkets. Ten g of pickles were cut into small pieces and inoculated into 
liquid medium for 7 days of enrichment culture in a constant temperature shaker (HZQ-F160, 
Harbin Donglian Electronic Technology Development Co., Ltd, China) with a speed of 110 rpm at 
30 oC. The phenomenon that the medium became turbid could prove the presence of halophilic 
bacteria. After the enrichment cultivation, there would be existing a large number of different 
species of bacteria, if we wanted to obtain a purified bacterium, the next step needed to do was that 
the bacteria were purified by solid-liquid alternate culture. Twenty µL of 10-1, 10-2, 10-3, 10-4, 10-5-fold 
diluent of the bacterial liquid culture medium was spread on the surface of the solid culture 
medium and cultivated for 2 days in a constant temperature incubator (DHP-9050B, Shanghai 
Langgan Laboratory Equipment Co., Ltd, China) until the single colony could be observed by the 
naked eye. A single colony was selected to inoculate into the liquid culture medium and cultivated 
for 24 h in a constant temperature shaker with a speed of 110 rpm at 30 oC, and then the liquid 
bacterial culture medium was diluted and the above process was performed again. A purified 
bacterium can be obtained by 3 cycles of solid-liquid process. 

The concentration of liquid culture medium containing pure Y2 bacteria was measured by a 
spectrophotometer (722s, Shanghai Precision and Scientific Instrument Corporation, China) at a 
wavelength of 600 nm. Only the OD600 value reached up to 1.0 could the above liquid culture 
medium containing pure Y2 bacteria be called the liquid seed and be preserved by 30% sterilized 
glycerin (v:v) according to a ratio of 1:1(v:v). And then, the preserved Y2 bacteria were stored at -20 
oC. 

2.2. 16S rDNA Identification of S. epidermidis Y2 Bacteria 

A purified bacterium was sent to Bioengineering co., Ltd. (Shanghai, China) for 16S rDNA 
sequencing, and 16S rDNA splicing was processed by using DNAMAN software [63]. The complete 
16S rDNA sequence of Y2 bacteria was uploaded into the GenBank/NCBI database and an accession 
number could be obtained. The identity between 16S rDNA sequence of Y2 and those of other 
bacteria preserved in the GenBank/NCBI database could also be obtained by Blast analysis. 
Phylogenetic tree of Y2 bacterium could be constructed by neighbor-joining method in MEGA 7 
software [68]. 

2.3. Qualitative Test of Ammonia Released by S. epidermidis Y2 Bacteria 

The culture medium used to test the presence of ammonia was composed by the following 
components: peptone 0.5%, K2HPO4 0.05%, MgSO4 0.05%. The pH of this kind of culture medium 
was adjusted to 7.0 ~ 7.2. And then the Nessler's reagent was prepared by mixing a solution (KI 10 
g, HgI 20 g, and distilled water 100 mL) and B solution (KOH 20 g, distilled water 100 mL) and 
stored in a brown bottle. After that, two tubes inoculated with 10 mL of the above culture medium 
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were prepared, one inoculated with 100 µL of the liquid seed was set as the experimental group and 
the other inoculated with the same volume of sterilized distilled water was set as the control group. 
After being cultivated for 24 – 48 h at 30 oC, 3 to 5 drops of Nessler's reagent were added to the two 
tubes to observe the color changes. If the experimental group showed a dark yellow (or brownish 
red), the result of ammonia test was positive; if a light yellow, which was the color of Nessler's 
reagent, the result was negative. 

2.4. Growth Curve of S. epidermidis Y2 Bacteria and pH Changes in the Culture Medium  

To determine the optimal salt concentration of S. epidermidis Y2 bacteria, S. epidermidis Y2 
bacteria were inoculated into culture medium with 5%, 10%, 15%, 20%, 25% and 30% sodium 
chloride at 10% volume ratio, after being cultivated for 24 h in a constant temperature shaker with a 
speed of 150 rpm at 30 oC, the concentration of S. epidermidis Y2 bacteria was measured by a 
spectrophotometer at 600nm. The optimal salt concentration for S. epidermidis Y2 bacteria was 
determined by the highest cell concentration. 

The liquid seed was inoculated into the liquid culture medium at a volume ratio of 1% and 
fermented in a constant temperature shaker with a speed of 150 rpm at 30 oC. Three mL of the 
fermentation liquid was taken out and the cell concentration was measured by a spectrophotometer 
at 600nm at certain time. With time as the abscissa and cell concentration as the ordinate, the 
growth curve of S. epidermidis Y2 bacteria could be drawn. The pH value of fermented liquid was 
measured by a pH meter (PHS-3, Jiangsu Jiangfen Instrument and Equipment Company, China) at 
certain time. With time as the abscissa and pH value as the ordinate, the pH curve of S. epidermidis 
Y2 bacteria could be obtained.  

To determine the effect of carbonate ions released by CA on pH increase, pH values could be 
calculated according to the concentration of carbonate ions if there was only first-order reaction. 
The concentration of carbonate ions in the liquid culture medium was measured as shown in part 
2.6. Therefore, pH curve based on carbonate ion concentration could be obtained. 

2.5. Activity of CA Released by S. epidermidis Y2 Bacteria 

CA activity was measured according to the modified method described by zhuang et al. [62] 
respectively. First, phosphate buffer (0.2 M, pH 6.8) was prepared by mixing 250 mL of KH2PO4 
solution (0.2 M) with 118 mL of NaOH solution (0.2 M), and adding deionized water to a volume of 
1 L. The pH of phosphate buffer was adjusted to 6.8 by using hydrochloric acid solution (1 M). One 
mM of p-nitrophenol standard solution was prepared by dissolving 0.0139 g of p-nitrophenol into 
100 mL of phosphate buffer. Solution A was prepared by dissolving 0.0181 g of p-nitrophenyl 
acetate into 0.5 mL of anhydrous ethanol; solution B was prepared by dissolving 0.156 g of diethyl 
diethylmalonate diethyl into 99.5 mL phosphate buffer; the working liquid could be obtained by 
mixing solution A and solution B. The standard solution with a volume of 0.35, 0.3, 0.25, 0.2, 0.15, 
0.1, 0.05 and 0 mL was added into a 4-mL centrifuge tube, respectively, then deionized water was 
added up to 3 mL, and at last the OD value of mixture was measured by a spectrophotometer at a 
wavelength of 400 nm. Taking the concentration as abscissa and the OD value as ordinate, a stand 
curve could be obtained. The determination of CA activity was as follows: the bacterial fermented 
liquid was mixed with the working liquid at a volume ratio of 1: 1, the absorbance of mixture was 
measured at a wavelength of 400 nm by a spectrophotometer, and then the mixture was placed in a 
water bath at 35 oC for 30 min, quickly transferred to an icy bath to inactivate the enzyme, after that, 
the absorbance of mixture was measured again at the same wavelength. The activity of CA enzyme 
could be calculated according to the above standard equation and the obtained optical absorption 
value. 

2.6. Determination of the Concentration of CO3 2- and HCO3- Ions 

The concentrations of carbonate and bicarbonate ions in the fermented liquid were measured 
according to the method described by zhuang et al. [62].  
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2.7. Amino Acid Composition of EPS 

EPS of S. epidermidis Y2 bacteria were extracted by heating method according to the reference 
reported by Morgan et al. [73]. Fermented liquid (OD600=1.0) was centrifuged at 2000 rpm for 10 
min. Then, the supernatant was discarded and deionized water was added to the original volume. 
The mixture was centrifuged again at 2000 rpm for 3 min. In order to wash the cells thoroughly, the 
above process was repeated twice. The above bacterial suspension was put in a water bath at 60 oC 
for 30 min, centrifuged at 10000 rpm for 10 min to obtain the supernatant, and then the supernatant 
was filtered by 0.22 µm-pore sized filter membrane. The obtained colorless transparent EPS solution 
was dried in a lyophilizer (FD-1A-50, Shanghai Bilang instrument Manufacturing Co. Ltd., China) 
at – 60 oC. Finally, the dried EPS powder was sent to Jiangsu coast chemical analysis technology 
service co., LTD., and the amino acid composition of EPS was analyzed by an amino acid analyzer 
(Hitachi L-8900, Japan). 

2.8. Carbonate Minerals Induced by S. epidermidis Y2 Bacteria with Different Sources of Magnesium 

In the culture medium used to induce the carbonate minerals, Ca2+ ion concentration was 0.01 
M, and Mg/Ca molar ratio was set as 0, 2, 4, 6, and 8. Mg2+ ions were from two different magnesium 
sources, namely MgSO4 and MgCl2. The culture medium was sterilized at 121 oC for 30 min. 
NaHCO3 (1 M) and Na2CO3 (1 M) solution was sterilized by a sterilized filter with sterilized 0.22 
µm-pore sized membrane. 6 mL of NaHCO3 solution and 3 mL of Na2CO3 solution were added into 
150 mL of culture medium, respectively. The pH of culture medium was adjusted to 7.2. The liquid 
seed was inoculated into the culture medium with different sources of Mg2+ ions at a volume ratio 
of 1%, and then was incubated in a constant temperature shaker at 110 rpm and 30 °C. 

2.9. Analysis of Carbonate Mineral Induced by S. epidermidis Y2 in MgSO4 Group and MgCl2 Group 

In order to determine the difference in the mineralogy of carbonate minerals between MgSO4 
group and MgCl2 group, the minerals in MgSO4 group and MgCl2 group were analyzed by XRD 
(D/Max-RC, Rigaku, Japan) with the scanning angle from 10 o to 80 o, a step size of 0.02 and a count 
of 8 o/min [74-80]. The microscopic morphology, size and elemental composition of mineral in 
MgSO4 group and MgCl2 group were studied by SEM (Hitachi S-4800, Japan) and EDS (EDAX, 
America) [81-84], respectively. Minerals soaked in anhydrous ethanol were transferred to an 
aluminum support and dried naturally, and then sprayed with platinum (Pt) powder and analyzed 
by SEM-EDS [83,85-87]. 

2.10. Analysis of the Nano-meter Spheres and Element Distribution Outside and Inside of S. epidermidis Y2 
Cell 

In the process of biomineralization of carbonate minerals, 10 mL of S. epidermidis Y2 bacterial 
liquid was centrifuged at a speed of 3000 rpm for 5 min, the pellet including the minerals and the 
bacteria was washed 3 times with phosphate buffer (Na2HPO4·12H2O 20.7472 g L-1, NaH2PO4·2H2O 
3.1167 g L-1, pH 7.2) to remove the ingredients from the culture medium. The pellet was fixed by 
glutaraldehyde (2.5%, v : v) for a night, then dehydrated gradually by acetone solution: 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 
completed ultra-thin slices were analyzed with TEM (JEM-2100, Japan) [81,88-91], HRTEM (H-7650, 
Hitachi, Japan) [87,92-94], SAED [86] and STEM (Tecnai G2 F20, FEI, America) [95]. 
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3. Results  

3.1 Identification of S. epidermidis Y2 Bacteria 

The 16S rDNA sequence of S. epidermidis Y2 strain uploaded to GenBank (accession number 
MG725753.1) is 1405 bp long. The 16S rDNA of S. epidermidis Y2 strain shares 99 % homology with 99 
strains of S. epidermidis bacteria by Blast in Genbank. A phylogenetic tree of S. epidermidis Y2 bacteria 
shown in Fig. 1 indicates that Y2 strain has the closest genetic relationship with S. epidermidis species. 
Therefore, Y2 strain belongs to a species of S. epidermidis.  

Figure 1. Phylogenetic tree of S. epidermidis Y2 based on the sequence alignment. 

3.2 Ammonia Qualitative Experiment 

After 7 days of culture on an agar plate, a single colony with a diameter of 2-3 mm was formed. 
The white colonies show a round convex shape, tidy edges, and smooth and moist surface (Fig. 2a).  

 

 
Figure 2. The colony morphology and the ammonia test of S.epidemidis Y2 strain 
(a), the colony morphology of S. epidemidis Y2; (b), the color before adding Nessler reagent; (c), the color after 
adding Nessler reagent. Dark yellow or brown shows the ammonia test result is positive. Light yellow shows 
the color of Nessler reagent. The ammonia test shows that ammonia can be released by S.epidemidis Y2 strain. 

Before adding Nessler reagent, the control group is clear and transparent, and the 
experimental group is turbid due to the existence of S. epidermidis Y2 bacteria (Fig. 2b); after adding 
Nessler reagent, the control group shows a yellow color, which was the original color of Nessler 
reagent, and the experimental group is brown, different from the original color of the experimental 
group and the color of Nessler reagent (Fig. 2c). The ammonia test result shows that ammonia 
could be released by S. epidermidis Y2 bacteria. That is to say, S. epidermidis Y2 bacteria could make 
full use of amino acids coming from the organic compound such as beef extract and tryptone in the 
culture medium by transamination and deamination to produce a certain amount of ammonia gas. 

Y2 (MG725753.1) 

 Staphylococcus epidermidis NBRC 100911 (NR 113957.1) 

 Staphylococcus haemolyticus ATCC 29970 (KT989857.1)

Staphylococcus haemolyticus PWHB2 (KY082040.1) 

Staphylococcus piscifermentans ATCC 51136 (NR112035.1) 

Staphylococcus piscifermentans CIP103958 (NR116436.1) 

Bacillus licheniformis NRC8 (KX712227.1) 

 Bacillus licheniformis BCRC 11702 (EF433410.1) 

Bacillus cereus RW080 (MH010131.1) 

Bacillus cereus ATCC C1220 (KC429775.1) 

Chromohalobacter beijerinckii ATCC 19372 (AB021386.1) 

Chromohalobacter beijerinckii NBRC 103041 (NR114193.1) 100 

99 

97 

70 

91 

100 
97 

99 

99 

0.02 

(a) 

1cm 

(b) 

control 

group 

experiental 

group 

control 

group 

experiental 

group 

(c) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 November 2018                   doi:10.20944/preprints201811.0064.v1

Peer-reviewed version available at Minerals 2018, 8, 594; doi:10.3390/min8120594

http://dx.doi.org/10.20944/preprints201811.0064.v1
http://dx.doi.org/10.3390/min8120594


 2 of 28 

 

The released ammonia can dissolve into the liquid culture medium to produce a large number of 
hydroxyl ions. The chemical reaction occurred according to the following equation (1): 

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

The produced hydroxyl ions can increase pH values of the culture medium, providing 
favorable conditions for the sedimentation of carbonate minerals.  

3.3 Growth Curve and pH Curve of S. epidermidis Y2 

Fig. 3a shows the growth curve of S. epidermidis Y2 bacteria under different salt concentration. 
It can be obtained from Fig. 3a that the optimum salt concentration for bacterial growth is 10%, the 
optimum range of salt concentration is 5%-15%, and there are almost no bacteria at 30% salt 
concentration. That is to say, S. epidermidis Y2 bacteria belong to the moderate halophile, not the 
extreme halophile. In order to explore the relationship between the growth of S. epidermidis Y2 
bacteria and the increasing pH value in the liquid culture medium, growth curve and pH value 
curve was studied.  
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Figure 3. Physiological and biochemical characteristics of S.epidemidis Y2 bacteria. 
(a) Growth curve of S.epidemidis Y2 bacteria at different sodium chloride concentration after being cultivated 
for 24 h; (b) Growth curve and pH curve; (c), CA activity; (d), Carbonate and bicarbonate ion concentrations in 
the culture medium. 

As shown in Fig. 3b, the growth of S. epidermidis Y2 can be divided into four main phases: 
delay (adaption) phase, logarithmic growth phase, stationary phase and delay phase. The time 
range of 0-18h belongs to the adaption phase, in this period, there is almost no changes in the 
concentration of S. epidermidis Y2 bacterial cells and only little decrease in pH values of the liquid 
culture medium; the exponential growth period is in a time range of 18-37h, indicating that there 
was a sharp increase in bacterial concentration, in this period, pH values increased to nearly 8.0 due 
to the ammonia released by S. epidermidis Y2 bacteria; the third stage is stable phase in a time range 

a b 

c d 
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of 37-44h, the cell concentration of S. epidermidis Y2 bacteria is almost unchanged, while, pH still 
increases; the last stage is decline phase from 44-123h, the cell concentration decreases due to the 
fact that the large consumption of nutrients leads to the shortage of carbon and nitrogen sources 
and then limits the proliferation of bacteria [96], also indicating that some metabolic activities of S. 
epidermidis Y2 bacteria also declined, however, pH values still increase from 8.0 to 8.7. Fig. 3b also 
shows that there is a great difference in pH value between the control group and the experimental 
group. The experimental group can make pH increase to 8.70 with the extension of incubation time, 
creating an alkaline environment for the precipitation of carbonate minerals. However, pH value in 
the control group was almost unchanged and kept at 7.0 or so. The significant difference reveals the 
important role played by S. epidermidis Y2 bacteria in pH increase which can help to elevate the 
alkalinity in the culture medium, also suggesting that S. epidermidis Y2 bacteria plays an important 
role in biomineralization. 

3.4 Determination of CA Activity 

It has been reported that CA coming from the microorganisms and bovine can promote Ca2+ 
precipitation in the biomineralization process [66,97,98] due to the fact that CA can catalyze the 
hydration of carbon dioxide to release a large number of bicarbonate and carbonate ions to further 
elevate the supersaturation of the carbonate minerals. Thus, CA activity of S. epidermidis Y2 bacteria 
was also investigated in this study. CA activity of S. epidermidis Y2 bacteria is shown in Fig. 3c. The 
result shows that this bacterium can produce CA and its activity can reach up to a peak (4 IU/L) in 
the time range of 30-75h and become very low after 90h. The change in CA activity coincides with 
that of the growth curve, indicating that CA released from S. epidermidis Y2 bacteria belongs to the 
synchronic synthesized enzyme or the growth-coupled type. That is to say, CA activity can increase 
with the increase of cell concentration of S. epidermidis Y2 bacteria, and also decrease 
correspondingly with the aging of S. epidermidis Y2 bacteria.  

3.5. Determination of Carbonate and Bicarbonate Ions in the Liquid Culture Medium 

The concentration of carbonate and bicarbonate ion was also investigated in this study. Fig. 3d 
shows the changes of bicarbonate and carbonate ion concentration in the liquid culture medium. It 
can be seen from Fig. 3d that the concentration of bicarbonate increases in the time range of 0-69 h 
that CA activity is high, and decreases rapidly from 69 to 120 h, and then decreased slowly after 120 
h; the carbonate ion concentration increases sharply from 69 to 120 h, in the first 69 h, the carbonate 
ion does not show up, and after 69 h, the carbonate ion begins to appear. With the decrease of the 
bicarbonate, the carbonate rises. Therefore, in the later stage, the concentration of bicarbonate 
decreases to 0.01 M or so and while the concentration of carbonate increases to above 0.03 M.  

According to carbonate ion concentration, the mass of sodium carbonate can be calculated 
(Table 1); thus, pH based on carbonate ion concentration could be obtained by measuring the pH 
value of sodium carbonate solution (Table 1, Fig. 2b). Therefore, a pH curve in Fig. 2b shows that 
pH value is higher than that in the experimental group. We have concluded that pH increase in the 
experimental group was also related to the carbonate ions released by CA, not only ammonia 
released by S. epidermidis Y2 bacteria. 

3.6. Amino Acid Compositions of EPS 

In order to further explore the biomineralization mechanism, EPS were extracted from S. 
epidermidis Y2 bacteria and then the amino acid composition of EPS was analyzed. It can be seen 
from Fig. 4 that 17 kinds of amino acids are obtained in this study, and other amino acids are not 
detected maybe due to the negligible content. The content of glycine (Gly) is the highest among all 
these amino acids, the molar ratio of alanine (Ala) and proline (Pro) is less than that of Gly, glutamic 
acid (Glu) and aspartic acid (Asp) are acidic amino acids and the contents of Asp and Glu are next to 
those of Gly, Ala and Pro. The contents of basic amino acids such as lysine (Lys), arginine (Arg) and 
histidine (His) are far less than those of acidic amino acids. S. epidermidis Y2 bacteria belong to 
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mederate halophile and can tolerate a certain osmosis environment caused by the presence of high 
concentration of sodium choride. The special ability of S. epidermidis Y2 bacteria to tolerate high  

Table 1 The pH of Na2CO3 Solution from 72h to 120 h 

Time(h) CO32- (mol / L) Na2CO3 (g / 100 mL) pH 

72 0.0035 0.0371 10.80 

87 0.008 0.0848 11.01 

92 0.012 0.1272 11.08 

111 0.022 0.2332 11.20 

120 0.0255 0.2703 11.22 

concentration of sodium choride has a close relationship with the components and structures of EPS. 
It has been reported that Gly can be transformed into betaine by methylation reactions catalyzed by 
methyltransferases, and betaine accumulation can improve salt tolerance of the heterologous 
organisms [99]. In this study, moderate halophile S. epidermidis Y2 bacteria can tolerate 10% sodium 
choride may be due to the abundant of Gly. There are four groups in Gly: two hydrogen atoms, 
NH2- group and COO- group. NH2- group and COO- group can form peptide bond and two 
hydrogen atoms are free, thus EPS rich in Gly have some certain hydrophobicity. This property has 
the effect of preventing salt ions from entering the cell, and has a protective effect on S. epidermidis 
Y2 bacterial cell. 
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Figure 4. The amino acid composition of EPS from S. epidermidis Y2 

3.7 XRD Analysis of Minerals in the Culture Medium with Different Sources of Magnesium 

To further study what different kinds of minerals can be induced by the moderate halophile S. 
epidermidis Y2 at different Mg/Ca molar ratios [100] and different sources of magnesium, XRD 
analysis of minerals has been performed. Due to no precipitates harvested, the control group was 
temporarily abandoned. Thus, all the minerals aimed to those in the experimental group. From Fig. 
5, it can be found that the mineral phases in MgSO4 medium are the same as those in MgCl2 group 
at each kind of Mg/Ca molar ratio. The mineral phase is calcite at Mg/Ca molar ratio of 0, 
monohydrocalcite at Mg/Ca molar ratio of 2, 4, 6 and 8. The cell density of monohydrocalcite in 
MgCl2 group (2.3981) is much lower than that in MgSO4 medium (2.4406), also lower than that in 
the XRD standard database (2.4105), suggesting that MgSO4 could make monohydrocalcite become 
much denser. Maybe the changes in density resulted in the crystallinity changes in minerals. There 
is a significant difference in the crystallinity of minerals between MgSO4 medium and MgCl2 group. 
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As shown in Fig. 5, there are significantly more small peaks in the XRD pattern (Fig. 5b) of MgCl2 
group than those in MgSO4 group, indicating that the minerals in MgSO4 medium had a higher 
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Figure 5. XRD images of minerals in the experimental groups. 
(a), the minerals in MgSO4 medium; (b), the minerals in MgCl2 group. 

crystallinity than in MgCl2 group. The result revealed that the crystallinity of minerals can be 
affected differently by different sources of magnesium. Therefore, the crystal cell density and the 
crystallinity could be affected by different sources of magnesium, and the result showed that the 
crystal cell density and the crystallinity could become higher in the presence of MgSO4, indicating 
that the minerals would have a better crystal structure in MgSO4 group than in MgCl2 group. 

3.8. SEM and EDS Analyses of Minerals Induced by S. epidermidis Y2 in MgCl2 Group and MgSO4 Group 

In order to clearly observe the micromorphology and further determine the elemental 
composition of minerals, the minerals in different sources of magnesium medium were analyzed by 
SEM and EDS. 

3.8.1. SEM and EDS Analyses of Minerals in MgSO4 Medium 

SEM images and EDS analyses of minerals precipitated in MgSO4 medium at different Mg/Ca 
ratios have been shown in Fig. 6. It can be seen from Fig. 6a1 that the mineral is shaped in dumbbell, 
approximately 25μm in length, and is growing symmetrically along an axis of symmetry in the 
middle. The mineral surface is rougher, and some holes in the surface can be observed, which could 
be considered as a mark left by the shedding of microbial cells from the mineral surface. Fig. 6a2 
shows that the elements of the mineral include C, O, Ca, Al, P, Pt. Pt originated from the spraying 
operation performed during the sample preparation process. Al derived from the aluminum 
platform. The presence of P element indicated the involvement of bacteria in the crystal growth 
process. Fig. 6b1 shows the fusiform mineral growing symmetrically along the central axis, on 
which there are not only some holes but some S. epidermidis Y2 bacteria. Fig. 6b2 shows the 
irregular mineral formed by the interlacing growth of square minerals (Fig. 6b3). The mineral 
shown in Fig. 6b2 contains C, O, Ca, Al, P and Pt (Fig. 6b4). The mineral in Fig. 6c1 is growing in 
spiral steps along the central axis, also composed of a large number of square minerals. Fig. 6c2 
shows that the mineral surface is covered by a layer of organic matter, next to the organic matter, 
there are some S. epidermidis Y2 bacteria, on whose surface some nanocrystals with regular geometry 

a b 
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appear. Cells with nanocrystals precipitated at the bottom of the medium, which explained why the 
minerals at the bottom of the medium could contain so many cells. Fig. 6c3 shows that the mineral 
shown in Fig. 6c1 contains C, O, Ca, Al, Na, Cl and P. Na and Cl elements came from the culture 
medium. 

  

  

  

  

   

Figure 6. SEM and EDS analyses of minerals in the MgSO4 medium at different Mg/Ca ratios. 

(a1)-(a2) Mg/Ca ratio of 0; (b1)-(b4) Mg/Ca ratio of 2; (c1)-(c4) Mg/Ca ratio of 4; (d1)-(d2), Mg/Ca ratio of 6; 

(e1)-(e3), Mg/Ca ratio of 8. 

Fig. 6c4 shows that there is still fusiform mineral at Mg/Ca molar ratio of 4, which was the 
same as that in Fig. 6b1. The rotation step growth pattern of mineral aggregates composed of many 
minute square minerals is more clearly shown in Fig. 6d1. The EDS analysis indicates that the main 
elements are C, O, Ca, P and Al (Fig. 6d2). Fig. 6e1 reveals that the crystal also grows spirally 
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around the central axis. The main elements are C, O, Ca, P and Al (Fig. 6e2). Fig. 6e3 shows the 
elliptical mineral that grows in spiral steps along the central axis. 

3.8.2. SEM and EDS Analyses of Minerals in MgCl2 Medium 

Although the mineral phase is the same as that of MgSO4 medium, there are still significant 
differences in the micromorphology and growth pattern of minerals. It can be seen from Figs. 7 a1 
and a2 that the mineral is dumbbell-shaped (Fig. 7a1) or rodlike (Fig. 7a2), covered with many 
minute rhombohedral crystals. The length of the dumbbell-shaped mineral is about 20 μm and the  
rodlike mineral is about 15 μm. Fig. 7a3 shows that the main elements of mineral are C, O, Ca, Al, 
Na and P. Figs. 7 b1 and b2 show that the spherical mineral and a unique shaped mineral like a “8” 
appear, whose surface is covered with small rectangular minerals. The elements in the mineral (Fig. 
7b3) are the same as those shown in Fig. 7a3. There is a significant difference in the crystal growth 
pattern bwteen MgSO4 group and MgCl2 group. It can be seen from Fig. 7c1 that the mineral shows 
a concentric circular growth pattern in MgCl2 group. The inner concentric circular minerals are 
composed of many small irregular minerals, while the outer concentric circular minerals are closely 
arranged by many larger long columnar minerals. Fig. 7c2 shows that the mineral contains C, O, Ca, 
Mg, Al, Cl and P elements. Fig. 7c3 shows the micromorphology of the outer concentric circular 
minerals. It has been found that the minute minerals composed of the concentric circular minerals 
are long columnar, not square minerals, significantly different from that of MgSO4 group. Fig. 7d1 
shows that the mineral at Mg/Ca molar ratio of 6 is formed by irregular rhombohedral crystals. The 
minerals have round-cake shape (Fig. 7d2) and spherical shape (Fig. 7d4). Fig. 7d3 shows that the 
mineral contains C, O, Ca, Mg, Al, and P elements. With the increase of Mg2+ concentration, the 
micromorphology of minerals changes significantly. It can be seen from Figs. 7e1-e3 that the minute 
minerals covered the surface of dumbell-shaped (Fig. 7e1), triangular (Fig. 7e2), and irregular 
minerals (Fig. 7e3) become much smaller. The EDS analyses (Fig. 7e4 and e5) show many elements 
are present in the minerals, such as Na, Mg, Al, Cl, and P elements, besides of C, O, Ca elements. 

3.9. HRTEM and SAED Analyses of S. epidermidis Y2 Bacterial Superthin Slices 

In order to investigate the intracellular biomineralization, superthin slices of S. epidermidis Y2 
bacteria cultured in MgSO4 medium and MgCl2 medium were analyzed by HRTEM and SAED, 
respectively. Fig. 8 shows that S. epidermidis Y2 bacteria are in a shape of grape ball, and have a 
layered epidermal structure with a lower electron density than inside the cell. The high electron 
density is related to the thickness of the sample and the metal ions contained. Both in MgSO4 
medium and MgCl2 medium, the electron densities in cells are higher, indicating that there were a 
large number of metal ions inside cells. Due to the characteristics of potassium uptake and sodium 
rejection by halophilic bacteria in the culture medium rich in NaCl, the higher electron densities 
maybe revealed the existence of K+ inside the cell. However, no potassium was present in the 
culture medium. Therefore, the higher electron densities were maybe due to the presence of Na+ 
ions inside the cell. Thus, the superthin slices of S. epidermidis Y2 bacteria cultivated in culture 
medium without any Mg2+ and Ca2+ ions were also investigated, and the result shows that even 
without Mg2+ and Ca2+ ions in the culture medium, some regions with higher electron density are 
still present inside the cells (Figs. 8f1-f4). It could be concluded that Na+ could enter the cell to 
adjust osmosis, resulting in higher tolerance of S. epidermidis Y2 bacteria on salt stress because S. 
epidermidis Y2 bacteria belong to moderate halophile. At different Mg/Ca molar ratio, higher 
electron density inside the cell can also be observed in both MgSO4 medium and MgCl2 medium. 
SAED result shows that there are no diffraction spots and diffraction rings (inset in Figs. 8c1, c3, e2, 
e4), indicating that crystal structure in the higher electron density areas inside the cell was 
amorphous at Mg/Ca molar ratio of 4 and 8. However, whether Ca and Mg could be contained in 
these higher electron density areas and whether Mg2+ and Ca2+ ions could enter the cell is still a 
question that is needed to further explore. Therefore, the elemental composition of higher electron 
was also analysed by STEM, which could be found in part 3.10. 
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Figure 7. SEM and EDS analyses of minerals in MgCl2 medium at different Mg/Ca ratios. 

(a1)-(a3), Mg/Ca ratio of 0; (b1)-(b3), Mg/Ca ratio of 2; (c1)-(c3), Mg/Ca ratio of 4; (d1)-(d4), Mg/Ca ratio of 6; 

(e1)-(e5), Mg/Ca ratio of 8. 
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Figure. 8. HRTEM and SAED analyses of S. epidermidis Y2 bacterial superthin slices  

Among these cells, one that has a crumpled surface is particularly striking, which is shown in 
Figs. 9a-c. The crumpled cells can be found in both MgSO4 medium and MgCl2 medium, which was 
maybe due to the loss of EPS or aging death. Han et al. [45] have reported that EPS around 
Synechocystis sp. PCC6803 cell can protect the shape of bacteria, and the cells can become crumpled 
after the EPS is stripped out from the cell under high speed of centrifugation. The number of 

a1 a2 a3 a4 

 

b1 b2 b3 b4 

c1 c2 c3 c4 

d1 d2 d3 d4 

e1 e2 e3 e4 

f1 f2 f3 f4 

MgSO4 MgCl2 

M
g/C

a=0 
M

g/C
a=2 

M
g/C

a=4 
M

g/C
a=6 

M
g/C

a=8 
S

eed liquid  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 November 2018                   doi:10.20944/preprints201811.0064.v1

Peer-reviewed version available at Minerals 2018, 8, 594; doi:10.3390/min8120594

http://dx.doi.org/10.20944/preprints201811.0064.v1
http://dx.doi.org/10.3390/min8120594


 10 of 28 

 

crumpled cells in MgSO4 medium is higher than that in MgCl2 medium. Figs. 9a-c show that there 
are also some higher electron density areas inside the crumpled cells, maybe the higher electron 
density areas were already present inside the cell before they crinkle. Figs. 9d-f show that the active 
cells have a smooth stratified surface without any fold. What’s more, the higher electron density 
area is distributed evenly (Figs. 9d) inside the active cells and while only low electron density area 
distributed unevenly inside the crumpled cells, indicating that the crumpled cells maybe have 
already begun to degrade. 

   

   
Figure 9. Shinking and normal S. epidermidis Y2 cells analyzed by HRTEM. 

a-c, Shrinking cells of S. epidermidis Y2; d-f, Normal cells of S. epidermidis Y2. 

3.10 STEM and EDS analyses of the ultrathin slices of S. epidermidis Y2 

In order to to further investigate what elements could be contained in these higher electron 
density areas, STEM-EDS analyses were performed. Fig. 10 shows that Ca element is present in the 
higher electron density area at Mg/Ca molar ratio of 0, and both Ca and Mg elements are present at 
Mg/Ca molar ratio of 4 and 8 in MgSO4 medium and MgCl2 medium. From the distribution of Ca 
and Mg elements, it can be observed from Fig. 10 that both calcium and magnesium are more 
densely distributed inside cells than on the surface, indicating that the organelles or cytoplasm 
inside the cells were more conducive to adsorbing Ca2+ and Mg2+ ions, maybe due to the special 
structure of organelles or the abundant organic matter in the cytoplasm or the liquid condition 
inside the cell. Therefore, Ca2+ and Mg2+ ions could enter the cell according to the result of elemental 
distribution inside the cell. In general, bacteria have protection mechanism to prevent themselves 
from hurt, e.g. they have cell membrane which is composed of phospholipid bilayers and can 
prevent soluble micromolecules such as Ca2+ and Mg2+ ions from entering the cell. How did Ca2+ 
and Mg2+ ions enter the cell? There are ions channels of Ca2+ and Mg2+ embedded the cell membrane, 
through which these ions can be transferred from the outside to inside the cell by diffusion. 

4. Disscusion 

4.1. Mechanism of Biomineralization Induced by S. epidermidis Y2 Bacteria 

4.1.1. pH Increase  

It has been reported by many researchers that the microenvironment around the bacterial cell 
can be changed by metabolic activities, leading to the microenvironment can reach a 
supersaturation of some minerals and the precipitation of minerals can be promoted [101]. Among  
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Figure 10.STEM and EDS analyses of the ultrathin slices of S. epidermidis Y2. 

these changed factors in the environment, pH value is an important factor to influence the 
biomineralization and has been investigated by many studies [7,25]. Therefore, whether S. 
epidermidis Y2 bacteria could result in pH increase was also tested in this study. The pH of the 
experimental group inoculated of S. epidermidis Y2 bacteria could increase from 7.0 to about 8.7, 
while the pH in the control group without inoculation of S. epidermidis Y2 bacteria remained almost 
unchanged. The result revealed that the presence of S. epidermidis Y2 bacteria could make pH of the 
liquid culture medium increase. It has confused many researchers about what causes pH to increase 
so high. Some researchers have investigated the reason of pH increase caused by microorganisms, 
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and the consensus is that the released ammonia by microorganisms is the main reason [30,60,61]. 
NH2- group of amino acids, which are the components of the culture medium, can be transferred 
from one molecule of amino acid to keto acid by the transamination to form a new amino acid and 
can also be removed from amino acid to form ammonia by deamination. Ammonia can dissolve into 
water to release ammonium and hydroxyl ions, thus promoting the pH increase in the culture 
medium. The equation is as follows: 

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

In this study, ammonia test result was positive, indicating that the released ammonia played an 
important role in pH increase. In fact, the alkaline environment facilitates the formation of 
bicarbonate and bicarbonate ions. Microorganisms can increase the utilization efficiency of carbon 
dioxide through carbon dioxide enrichment mechanism [102]. The carbon dioxide produced by 
bacterial metabolism and enriched by enrichment mechanism exists in the form of carbonate and 
bicarbonate ions under alkaline conditions. The equations are as follows (2-4): 

2 2 2 3CO +H O H CO                                      (2) 
- -

2 3 3 2H CO +OH HCO +H O                                  (3) 
- - 2-

3 3 2HCO +OH CO +H O                                  (4) 
Therefore, a large number of OH-, CO32- and HCO3- ions can react with Ca2+ to form calcium 

carbonate precipitates when reaching an enough high supersaturation in the liquid culture medium. 
The equation is as follows (5): 

- 2- - 2+
3 3 3 2OH +CO +HCO +2Ca 2CaCO +H O                      (5) 

4.1.2 CA activity 

 
CA, a kind of metal enzyme, widely exists in animals, plants and prokaryotes, and can catalyze 

the reversible hydration of carbon dioxide [103]. Carbon dioxide hydrates very slowly in its natural 
state [104], but the rate increases with the involvement of CA [67,105-108]. In this study, CA can 
catalyze the hydration reaction of carbon dioxide, coming from the air, bacterial metabolism and 
carbon dioxide enrichment mechanism, to release carbonate and bicarbonate ions to elevate the 
supersaturation in the microenvironment around the cell. The equation is as follows (6): 

CA - - 2-
2 2 2 3 3 3CO  + H O H CO  +OH HCO  + CO                      (6) 

From Fig. 3d, carbonate ions increases, well consistent with the result shown in equation (6). 
According to the concentration of carbonate ions, another pH curve could be obtained (Fig. 3b). The 
pH curve based on carbonate ion concentration revealed that due to the presence of carbonate ions, 
pH values were far beyond those in the experimental group. Therefore, the released carbonate ions 
by CA catalysis also played an important role in pH increase. Zhuang et al. [62] have also 
investigated the role of CA played in pH increase, and also believed that CA and ammonia play 
significant role in pH increase, not only ammonia. In this study, we agree with the opinion. Thus, 
there were two roles played by CA: one was to increase pH, and the other was to catalyze the 
hydration of carbon dioxide to produce carbonate ions and bicarbonate ions. Due to the high 
efficiency of enzyme catalysis, CA can quickly catalyze hydration of carbon dioxide to release 
bicarbonate and carbonate ions, and then promote the precipitation of carbonate minerals. In this 
process, CA plays an important role. Liu et al. [109] have reported that CA can be used to accelerate 
an aqueous processing route to carbonate formation. Sundaram et al. [110] have proved that calcite 
formation is successfully obtained by using Bacillus sp. with enhanced activity of CA, a much 
higher rate of CaCO3 precipitation can be observed with increased CA activity. Similar reports have 
been documented by Mirjafari et al. [111], Srivastava et al. [112] and Ramanan et al. [113]. 
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4.2. The Role of Mg2+ Ions on Monohydrocalcite 

In this study, calcite was the mineral produced when the ratio of magnesium to calcium was 
zero, and monohydrocalcite at other Mg/Ca molar ratios. Studies have shown that magnesium ions 
play an important role in the formation of monohydrocalcite [114]. According to XRD analysis, 
monohydrocalcite appeared in both MgSO4 medium and MgCl2 medium. With increased Mg/Ca 
ratio, the mineral phase did not change. 

By comparision with calcite and aragonite, monohydrocalcite is thermodynamically unstable 
under the temperature and pressure of the earth's surface, which determines the low abundance of 
this mineral phase [114]. Howerver, monohydrocalcite can be found in a variety of natural 
environments, such as saline spring [115], caves [116], and deep sediments in lake [117]. Besides this, 
monohydrocalcite is also a product of biomineralization, which can be formed by some molluscs 
[118], flatworms [119], vertebrates [120], guinea pigs [121], Saguaro cacti [122,123], algae [124] and 
halo bacilli [125]. Although the distribution of monohydrocalcite is relatively extensive, its 
formation mechanism is still not very clear. 

Many researchers have reported that Mg is almost present in all natural and synthetic 
monohydrocalcite crystals [124,126]. The Mg content of the liquid culture medium, which was used 
to form monohydrocalcite, played a significant role in its formation. It has been reported that a 
higher Mg/Ca molar ratio in the precipitating solution is a prerequisite for the formation of both 
natural and biogenic monohydrocalcites [127]. In aqueous solutions without magnesium ions, 
monohydrocalcite is converted to calcite [128,129]. Some researchers have suggested that the growth 
rate of calcite is closely related to Mg2+ ions, always inversely proportional to the Mg concentration 
[130]. The existence of magnesium ions can inhibit the formation of calcite and keep 
monohydrocalcite stable. The inhibition of Mg on other Ca–Mg carbonates has also been reported 
[131]. The crystallinity and particle size of formed monohydrocalcite can decrease with Mg content, 
which also shows that Mg is a key component in monohydrocalcite [126].  

In this study, calcium ions could easily combine with carbonate ions to form calcium carbonate, 
while Mg-carbonate minerals could not be obtained even though the Mg2+ ion concentration was 
8-fold Ca2+ ion concentration. The reason has been explored by many researchers. Now, one of the 
opinions that's generally accepted is that the stronger hydration shell of Mg with respect to Ca 
results in Mg-carbonate minerals are difficult to form [132]. The energy used to dehydrate before 
Mg incorporating into a carbonate crystal is much higher than that of Ca [55,57], which controls the 
kinetics of crystal growth [133]. Therefore, monohydrocalcite growth would be favored in this 
study. 

4.3. Effects of Different Mg2+ on Monohydrocalcite Crystal  

During the mineralization process induced by S. epidermis, different Mg2+ could control the 
crystal structure and growth mode of the mineral particles. The crystal structure and growth mode 
of minerals in MgSO4 medium are significantly different from those in MgCl2 medium. In this study, 
the crystal density of monohydrocalcite in MgSO4 medium was higher than that in MgCl2 medium, 
indicating that different sources of Mg2+ could affect the crystal structure and make the cell 
structure more compact. Besides the hydration membrane covered the surface of Mg2+ ions, SO42- 
ions could also adsorb Mg2+ to form ion pairs in the liquid culture medium, thus, maybe due to the 
reason, the reaction of Mg2+ ion displacing Ca2+ ion was inhibited and the effect of Mg2+ on 
monohydrocalcite in MgSO4 medium was little. XRD analysis also shows the crystallinity of 
monohydrocalcite in MgSO4 medium is also higher than that in MgCl2 medium, which further 
revealed that Mg2+ ions were easier to enter monohydrocalcite crystal and could affect the crystal 
cell structure more intensely in MgCl2 medium. Fukushi et al. [134] have reported the detailed 
mechanism of monohydrocalcite crystal structure becoming looser due to the displacement by Mg2+ 
ions in MgCl2 solution. In the structure of monohydrocalcite, Ca atoms are surrounded by two H2O 
molecules and four CO32-, that is to say, surrounded by eight oxygen atoms, including one oxygen 
atom from two CO32-, two oxygen atoms from two CO32- and one oxygen atom from two H2O 
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molecules (Fig. 11a). If Ca was replaced by Mg atom in the structure of monohydrocalcite, the 
arrangement of CO32- and H2O molecules around Mg2+ would be changed. After the replacement, 
the crystal structure was changed from the CaO8 polyhedra (Fig. 11a) to the MgO6 polyhedra (Fig. 
11b), due to the fact that the rotation and movement occurred to the two CO32- groups, which 
provided two oxygen atoms to CaO8 polyhedra [134]. In the MgO6 octahedron, the Mg-O bond 
lengths (between Mg and O of CO3) are 2.058–2.186 A˚, and 2.296–2.411 A˚ (between Mg and O of 
H2O), significantly smaller than that of Ca-O [134]. In this case, the unit cell of monohydrocalcite 
was slightly deformed. 

The growth mode of crystals also revealed the significant role played by different sources of 
Mg2+. In MgSO4 solution, the mineral grew in a spiral staircase pattern, while in MgCl2 solution the 
mineral grew in a concentric circular pattern. The theory of the classical crystallization proposed by 
Bettina et al. [135] maybe could be applied to the growth mode in this study, and the change of free 
energy maybe was the main reason for the crystal spiral growth mode. Growth rates can also 
influence the mineral morphology [136,137]. In this study, the mineral with a shape of concentric 
circular ring shown in Fig. 7c1 was formed maybe due to the different growth rate in MgCl2 
solution. The inner mineral grew at a quicker rate than the outer mineral, therefore, the inner  

  
Figure 11. Local arrangements of monohydrocalcite provided by Fukushi et al. (2017). a, the standard crystal 
structure of monohydrocalcite, CaO8 polyhedron; b, the changed crystal structure after replacement by Mg 
atom, MgO6 polyhedron. The red sphere represents O, gray spheres denote C, white denotes H from H2O, 
yellow denotes Ca, and blue denotes Mg. 

mineral was composed of a large number of minute crystals without regular shape and the outer 
mineral was aggregated by larger crystals with rhombohedral shape. EPS composition analysis 
showed that there were a large number of amino acids. Under alkaline conditions, the cell surface 
had a large number of negative charges. Therefore, the concentration of Ca2+ ions may be higher on 
the periphery of the cell aggregation, while lower away from the cells. The concentration grade of 
Ca2+ ions may lead to different growth rates of mineral crystals, leading to the formation of 
concentric circular minerals. There are only few studies on the growth mode of minerals obtained 
from different sources of magnesium, and further studies are needed.  

5. Conclusions 

Different sources of magnesium significantly affected the crystal cell structure in the process of 
carbonate biomineralization induced by S. epidermidis Y2 bacteria. S. epidermidis Y2 bacteria could 
produce the ammonia and CA to increase pH and to elevate the supersaturation of minerals, thus 
promoting the precipitation of carbonates. The crystal cell density of monohydrocalcite was lower 
in MgCl2 medium than that in MgSO4 medium. The crystal grew in a mode of spiral staircas in 
MgSO4 medium, while grew in a concentric circular pattern in MgCl2 medium. This study may be 
helpful to further understand the biomineralization mechanism, may also provide some references 
for the reconstruction of paleogeological environment. 

a b 
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