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ABSTRACT. — The study of bacterially induced carbonate mineralization can reveal the

fixation process, fixation mechanism and fixation contribution of biological carbon sequestration. It is
also of great significance for soil remediation, water remediation and radionuclide pollution of heavy
metal pollution. Now it has become a hot research issue. This paper analyzed, integrated, summarized
and sorted out 2354 literature in Web of Science from 2012 to 2022 by using Bibliometrix. By analyzing
the number of literature, citations, the most influential journals, the most influential authors,
international cooperation, historical citations and keyword clustering, this paper combs the knowledge
structure, research progress and hot topics in the field of bacterially induced carbonate mineralization.
The study found that: (1) In recent ten years, the field of bacterially mineralization has developed
rapidly, showing a trend of interdisciplinary, interdisciplinary and multi-disciplinary development. (2)
The number of Chinese literature published ranks the first in the field of bacterially mineralization, and
has established a stable and close international cooperation network. However, the average number of
citations is low, and the academic influence is weak compared with the European and American
countries. (3) Through the analysis of highly cited literature and keyword cluster analysis, it is found
that the research hotspots of bacterially induced carbonate mineralization mainly focus on four aspects:
Study on the formation mechanism of dolomite; Study on MICP by hydrolyzation of urea; Study on the
mechanism of bacterially induced carbonate mineralization; Study on the influence of medium
environment on the species and morphology of carbonate minerals.
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1. Introduction

Biomineralization is the process by which organisms are strictly regulated by
organisms to synthesize minerals with highly ordered hierarchical structure and
special biological functions(Mann, 2001). Various organic-inorganic minerals with
excellent performance generated under biological regulation are endowed by
organisms with properties such as mechanical support (Oaki and Imai, 2005), gravity
sensor (Aizenberg et al, 2001) and calcium storage (Faivre and Godec, 2015). It has
successfully attracted the attention of researchers in geomicrobiology, geochemistry,
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life science, environmental ecology and medicine. The mineralization process with
the participation of microorganisms is called microbially induced mineralization.
Microbially induced mineralization is mainly through the following two ways: one is
control biomineralization, that is, microorganisms strictly control the formation of
inorganic phase crystals with specific morphology or advanced structure through
metabolites (Weiner and Dove, 2003); the second is induced biomineralization, that is,
microorganisms use the microenvironment created by their own metabolic activities
to promote the formation of minerals (Dhami et al., 2013). The most common type of
induced biomineralization is the bacterially induced carbonate mineralization. The
induction pathway mainly involves two regulatory mechanisms: alkalinity engine
(Gallagher et al., 2012) and cell surface nucleation (Tourney and Ngwenya, 2014). In
addition, extracellular polymers secreted by bacteria can also enrich calcium ions and
provide nucleation sites to promote the production of carbonate minerals (Tourney
and Ngwenya, 2014). Therefore, bacterially induced carbonate mineralization is a
process with specific biological function products that is not actively regulated by
internal genes, but a passive mineralization process driven by bacterially metabolic
activities (Lian et al., 2006), which has become one of the research hotspots in
microbiology and mineralogy (Zhang et al., 2018).

Carbonate mineral is the most common type of biominerals, widely distributed in
all spheres of the earth and an important component of sedimentary rocks in
geological environment (Guo et al., 2013). Studies have shown that carbonate
minerals in the earth's supergene environment and shallow sea sediments are mainly
controlled by bacterially growth and metabolism (Bundeleva et al., 2012; Dupraz et
al., 2009). Almost all bacteria in nature can promote the formation of mineral
precipitation under appropriate conditions (Couradeau et al., 2012; Li et al., 2014). At
present, scientific research results have confirmed that the types, morphology,
structure and elemental composition of bacterially induced carbonate mineralization
products are mainly influenced by bacterially activities, bacterially cells, metabolites
and media components (Prywer et al., 2012; Zhang et al., 2015; Li et al., 2017).
However, the specific regulation mechanism in the biomineralization process remains
to be further explored by the majority of scientific researchers. In addition, bacterially
induced carbonate mineralization also has great potential in concrete repair (Wang et
al., 2012), Heavy metal pollution control (Mitchell et al., 2010) and Protein stability
(Yang et al., 2015). However, the current studies mainly focuse on indoor
mineralization experiment (Xu et al., 2016), biomimetic mineralization experiment
(Huang et al., 2019) and material performance improvement experiment (Yang et al.,
2015). Few studies have systematically combed and summarized the results of
bacterially induced carbonate mineralization in recent years. Bibliometrix is a
scientific literature measurement software based on R language. At present, foreign
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scholars have used Bibliometrix for statistical analysis, index calculation, data
visualization analysis and knowledge mapping of literature (Aria and Cuccurullo,
2017), but domestic scholars have little research on this software. In view of the great
significance of bacterially induced carbonate mineralization in geochemical cycle,
global environmental change and practical production and application, this paper used
Bibliometrix to integrate, summarize and organize relevant literatures with big data,
and summarized the history, current situation, development trend and hot research
fields of bacterially carbonate minerals. This can not only improve the understanding
of bacterially mineralization, but also provide ideas for the follow-up work of
biological mineralization researchers all over the world.

2. Research methods

2.1 Research tools

This study mainly used HistCite and Bibliometrix for data analysis and
processing. HistCite software was only used for the screening of early keywords and
the locking of important literatures, and Bibliometrix was used as the main
application software of this study. Bibliometrix is a scientific software based on R
language. It is open-source and free, and supports the import of Web of Science
(WQOS), Scopus, Diensions, PubMed and other databases. It was co-developed by
Massimo Aria, associate professor of economics and statistics department of Naples
Federico I, University of Italy. Bibliometrix has good expansion performance and
can be used for scientific literature analysis and visual demonstration of the whole
process (Aria and Cuccurullo, 2017). Therefore, Bibliometrix can realize literature
statistical analysis, index calculation, data visualization analysis and knowledge map
drawing, which is an effective method to solve this research.

2.2 Data statistics and analysis

In this study, HistCite software and Bibliometrix are based on the WOS database
for literature analysis and retrieval. With the help of HistCite software, the three
keywords of Bacteria, Carbonate and Biomineralization were extracted, and 50
literatures were exported respectively according to LCS (Local citation score) and
LCR (Local cited references). A total of 2354 subject-related literatures from 2012 to
2022 were retrieved from the WOS by using the pairwise combination of three
keywords retrieved by HistCite software. The knowledge structure of related research
fields is analyzed by Bibliometrix, mainly including data collection, data analysis and
data visualization. The specific process is shown in Figure 1.
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Figure 1. Data analysis flow chart of Bibliometrix

3. Results and analysis

3.1 Structural analysis in the research field of bacterially induced carbonate
mineralization

3.1.1 Statistics of publications and citations

The change of publications with year is an important index to measure academic
output and field development. As shown in Figure 2, since 2012, the research field of
bacterially induced carbonate mineralization has shown three stages of development
trend, namely slow growth period (2013-2016), rapid growth period (2017-2019) and
extreme growth period (2022-present). According to Bibliometrix analysis results, the
annual average growth rate of publications is 13.2%, indicating that the research field
of bacterially induced carbonate mineralization shows a prosperous trend as a whole.
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Figure 2. Variation trend of publications and annual average number of citations
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from 2012 to 2022

The change of annual average number of citations with year is an effective
indicator to measure the recognition degree of scientific research literature. According
to the analysis results of Bibliometrix, the average growth rate of the annual average
citation is -3.4%, showing a downward trend as a whole. The average number of
citations was 3.9 in 2012, and the average number of citations was only 2.6 in 2022.
On the one hand, it reflects the growth trend in the research field of bacterially
mineralization, on the other hand, it also reflects the problems such as immature
technology caused by the rapid development of the field. In addition, the average
number of citations reached two small peaks in 2013 and 2017, 4.3 and 3.9
respectively. The analysis found that the peak in 2013 was mainly related to the slight
decline in field development, while the peak in 2017 indicated that the research field
had entered a mature and prosperous period.

3.1.2 Journal influence analysis

Table 1 lists the information of the top 10 authoritative journals in the field of
bacterially mineralization. The top 10 journals have published a total of 505 papers in
the past ten years, accounting for 21.5% of the total citations. Geomicrobiology
Journal topped the list with 112 publications in the past decade, followed by Chemical
Geology and Frontiers in Microbiology. H index refers to that H articles published in
a journal that have been cited at least H times, which is an important indicator to
evaluate academic output and output level. Geochimica et Cosmocchimic Acta,
Geobiology and Chemical Geology rank among the top three in the H index. The top
three journals in total citations are Ecological Engineering, Geomicrobiology Journal
and Chemical Geology. Looking forward to the future, Geomicrobiology Journal and
Chemical Geology are journals that need to be focused on, and more and more
weighty papers will appear.

It can be seen from Table 1 that bacterial mineralization is not only closely
related to traditional microbiology, geology and ecology, but also integrated with
geochemistry, building materials science, biotechnology and other fields, showing a
trend of interdisciplinary, interdisciplinary and multidisciplinary development.

However, a centralized proprietary journal group has not yet been formed.
Table 1. Information of the Top 10 most influential journals in the research field

Journal H-index G-index  publications Accumulative Total citations
Geomicrobiology Journal 18 33 112 112 1404
Chemical Geology 21 35 62 174 1350
Frontiers in Microbiology 17 29 62 236 988
Construction and Building Materials 16 29 55 291 890
Geochimica et Cosmocchimic Acta 22 34 44 335 1233
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Geobiology 21 29 42 377 891

Minerals 11 17 39 416 373

Applied Microbiology and Biotehnology 11 20 31 447 410
Sedimentology 16 30 30 477 952

Ecological Engineering 17 28 28 505 1492

3.1.3 Analysis of publications and international cooperation network

The number of publications and citations in a country is a key indicator to
measure the quantity, quality and influence of a country's academic output. Figure 3
lists the top 10 countries in the field of bacterially mineralization in terms of number
of articles published and citations in recent ten years. China ranks first with 469
articles in related fields, and the United States ranks second with 322 articles,
followed by India, Germany and France. In the total citations, the United States ranks
first with 7,473 citations, and China ranks second with 4,441 citations, followed by
Germany, France and Italy. The top five countries in the average number of articles
cited are the United States, The United Kingdom, Spain, Germany and France, with
23.2, 20.3, 18.8, 18.6 and 17.9, respectively, all from European and American
countries, while The average number of articles cited in China is only 9.5, ranking the
ninth. It can be seen that although China ranks first in the number of publications in
the field of bacterially mineralization, the average number of citations is relatively
low, and its academic influence is weak compared with European and American
countries, which is mainly related to China's lack of innovation, emphasizing quantity
over quality, scientific history and other factors. Therefore, it is the most important
measures to further enhance the influence of academic papers to vigorously cultivate
scientific research innovation system, optimize resource allocation to the maximum,
develop and perfect high-quality Chinese core database, and carry out cooperation and
exchange with foreign high-level scientific research institutions.
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Figure 3. Number of | publications and citations by countries
Cooperation between countries means that researchers from different countries
work together to explore new scientific knowledge. International cooperation helps to
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improve the level and capacity of scientific research of both sides. In the international
cooperation network map in Figure 4, the node size, line connection and line depth
can all reflect the degree of communication between countries. International
cooperation network map can be divided into three groups, among which the United
States, China, Britain, Australia and Canada have the most close cooperation, and
China and the United States have established long-term friendly relations. Germany,
Spain and Italy have the most frequent exchanges. France, the Netherlands and
Belgium have the most in-depth contacts. As the country with the largest number of
publications in the field of bacterially mineralization, China has significantly
improved its international cooperation and established a stable and close international
cooperation network, especially with the United States. However, there is still room
for further improvement in its cooperation and exchange with Germany and France.
Domestic scholars should explore new cooperative countries to comprehensively
promote the development of the field of bacterially mineralization.
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Figure 4. International cooperation network map

3.2 Structural analysis in the research field of bacterially induced

Table 2 lists the Top 10 key citations. There are two statistical indicators LCS
(Local Citation Score) and GCS (Global Citation Score). LCS refers to the number of
citations in the current database. GCS refers to the total number of citations of
documents in the whole wos database. From 2000 to 2009, “Microbial Carbonate
Precipitation as a Soil Improvement Technique”(Whiftin et al., 2007) and “Bacterial
Induced Mineralization of Calcium Carbonate in Terrestrial Environments: The Role
of Exopolysaccharides and Amino Acids”(Braissant et al., 2003) ranked among the
top two in LCS indicators. The former paper mainly focuses on the study of MICP
(Microbially Induced Calcite Precipitation), while the latter paper mainly studies the
effects of bacterially extracellular polysaccharides and amino acids on bacterially
induced carbonate crystallization. “Microbial carbonates: the geological record of
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calcified bacterial-algal mats and biofilms”(Robert, 2000) and ‘“Processes of
carbonate precipitation in modern microbial mats” (Dupraz et al., 2009) rank the top
two in GCS indicators. The former paper mainly deals with the factors affecting
carbonate precipitation in microbial mineralization process, The latter paper focuses
on the specific role of microorganisms and extracellular polymers in various
mineralization processes (freshwater, marine, high salt and terrestrial microbial mats).

Table 2. List of key historical direct citation and number of historical direct citation

Years Literatures doi LCS GCs
Robert R. Microbial carbonates: the geological record of 10.1046/j.1365-
2000 calcified bacterial-algal mats and biofilms [J]. Sedimentology, 3091.2000.0000 96 877
2000, 47(s1): 179-214. 3.X
Braissant O, Cailleau G, Dupraz C, Verrecchia E P. Bacterially
Induced Mineralization of Calcium Carbonate in Terrestrial
2003 Environments: The Role of Exopolysaccharides and Amino 10.1%?)218151302 135 288
Acids [J]. Journal of Sedimentary Research, 2003, 73(3): 485-
490.
e imealimractions:crly carbonate precipaton i 046
hypersaline lake (Eleuthera Island, Bahamas) [J]. Sedimentology, ' 9.x '
2004, 51(4):745-765. '
Whiffin V'S, van Paassen L A, Harkes M P. Microbial Carbonate
2007 Precipitation as a Soil Improvement Technique [J]. 1261700810 A{gégggd' 145 517
Geomicrobiology Journal, 2007, 24(5): 417-423.
Braissant O, Decho A W, Dupraz C, Glunk C, Przekop K M,
Visscher P T. Exopolymeric substances of sulfate-reducing 10.1111/j.1472-
2007  bacteria: Interactions with calcium at alkaline pH and implication  4669.2007.0011 84 310
for formation of carbonate minerals [J]. Geobiology, 2007, 5(4): 7.X
401-411.
Anbu P, Kang C H,Y Shin Y J, So J S. Formations of calcium 10.1016/j.conbu
2008 carbonate minerals by bacteria and its multiple applications [J]. ildmat.2006.12. 79 238
SpringerPlus, 2016, 5(1): 1-26. 011
Dupraz C, Reid R P, Braissant O, Decho A W, Norman R S, 10.1016/j.earsci
2009 Visscher P T. Processes of carbonate precipitation in modern rev. 2008 iO 005 120 709
microbial mats [J]. Earth ence Reviews, 2009, 96(3): 141-162. ' T
Muynck W D, Belie N D, Verstraete W. Microbial carbonate 10.1016/j.ecolen
2010 precipitation in construction materials: A review [J]. Ecological g.2009 0'2 006 148 468
Engineering, 2010, 36(2): 118-136. ' A
Dhami N K, Reddy M S, Mukherjee A. Biomineralization of .
2013 calcium carbonates and their engineered applications: a review 10(3)52%8?1'?2 74 179
[J]. Frontiers in Microbiology, 2013a, 4: 1-13. '
Anbu P, Kang C H, Shin Y J, So J S. Formations of calcium
2016 carbonate minerals by bacteria and its multiple applications [J]. 10.1186/540064 61 130

2016, 5(1): 1-26.

-016-1869-2

From 2012 to 2022, there are mainly three citations with high indicators of LCS

and GCS, namely “Microbial carbonate precipitation in construction materials: A
review”(Muynck et al., 2010), “Biomineralization of calcium carbonates and their
engineered applications: a review”(Dhami et al., 2013) and “Formations of calcium
carbonate minerals by bacteria and its multiple applications”(Anbu et al., 2016).
These three papers are reviews on MICP, respectively introducing the application of
MICP technology in the field of building materials, the application of MICP
technology in the field of biological mineralization, the advantages of MICP
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technology and the limitations of commercial application. The historical direct
citation network map in the field of bacterially mineralization is shown in Figure 5.
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Figure 5. Historical direct citation network map

3.3 Analysis of key words in the field of bacterially induced carbonate mineralization

The key words are a high summary of the current hot research contents and
topics. The literature is clustered by using Bibliometrix for MCA (Multiple
Correspondence Analysis) combined with K-means clustering method. It can be seen
from Figure 6 that the hot research in the field of bacterially induced carbonate
mineralization can be divided into the following four aspects (I~1V): Cluster I: The
keywords are liquid media, nucleation, CaCOs, crystallization, morphology, vaterite,
etc. The content includes the influence of medium environment on the morphology
and types of calcium carbonate and the exploration of the mechanism of calcium
carbonate nucleation. Cluster Il: The keywords are dolomite, calcium carbonate,
precipitation, sulfate reducing bacteria, oxidation, etc. It mainly involves using
anaerobic and aerobic bacteria to explore “dolomite problem”. Cluster 11l: The key
words are microorganisms, biomineralization, calcium carbonate precipitation, calcite,
bacteria, etc. It mainly focusing on the study of microbially induced calcium
carbonate precipitation represented by bacteri. Cluster 1V: The key words are urease,
ureolytic bacteria, Sporosarcina pasteurii, bioremediation, remediation, etc. The
content is mainly about the bioremediation research of urease secreted by ureolytic
bacteria to catalyze the production of calcium carbonate, and the representative
ureolytic bacteria is Sporosarcina pasteurii.
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Figure 6. Keyword clustering diagram

4. Analysis of hotspots in the research field of bacterially induced

carbonate mineralization

Through the analysis of highly cited literature and keyword cluster analysis, it is
found that the research hotspots of bacterially induced carbonate mineralization
mainly focus on four aspects: Study on the formation mechanism of dolomite; Study
on MICP by hydrolyzation of urea; Study on the mechanism of bacterially induced
carbonate mineralization; Study on the influence of medium environment on the
species and morphology of carbonate minerals.

4.1 Study on the formation mechanism of dolomite

Dolomite [MgCa(CO:s)2] refers to carbonate minerals with magnesium calcium
ratio of 1:1. Its formation mechanism has always been the focus of research in the
field of mineralogy and sedimentology. The “dolomite problem” has also been a
scientific problem that has puzzled geologists for generations(Baniak et al., 2014). As
an important component mineral of sedimentary carbonate, dolomite has the
characteristics of dynamic obstacles such as low ionic activity, low COs*
concentration, high hydration energy of Mg?*, and SO4? inhibition. That makes it
difficult to simulate the synthesis of dolomite at room temperature in modern seawater
environment or laboratory conditions (Huang et al., 2019). With the proposal of
microbial dolomite formation model (Vasconcelos et al., 1995), early scientists found
anaerobic bacteria such as sulfate reducing bacteria (Warthmann et al., 2000),
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methanogenic archaea (Roberts et al., 2004) and anaerobic bacteria (Zhang et al.,
2015) can induce the formation of dolomite at room temperature in the laboratory.
With the further research, scientists found that moderately halophilic aerobic bacteria
such as Virgibacillus marismortui and Halomonas meridiana can also induce the
formation of Dolomite Precipitation under aerobic conditions (Sdnchez-Romén et al.,
2009). In recent years, the exploration of the formation mechanism of low-
temperature dolomite induced by aerobic bacteria has become a hot research content.
Liu et al. (2019) found that dolomite mainly occurred in the bioreactor of pure
isolates of aerobic bacteria and Halophilic bacteria in the lake water through the
indoor mineralization experiment simulating the high sulfate salt lake. S&nchez-
Romén et al. (2011) conducted mineralization experiments with Halophilic bacteria
and found that most of the environments where dolomite occurs are very rich in
aqueous Mg compared to Ca. By isolating different biomass components in aerobic
bacterial cultures, scientists found that high concentration and density of carboxyl and
phosphoryl groups on the bacterial biomass may be the key factors to promote the
formation of disordered dolomite. This provides a new idea for non-metabolically
active bacterial biomass components to promote dolomite precipitation (Huang et al.,
2019). However, the microbially dolomite model still has two limitations: one is that
the microbial action is limited to the high salinity environment (Lumsden, 1988;
Zhang et al., 2018), and the other is that the microbially induced dolomite lack the
superstructure-derived rays of natural samples (Wright and Wacey, 2005). At present,
with the accuracy of Mg isotope testing technology, Mg isotope geochemistry has
become a new method for the study of tdolomite formation (Huang et al., 2015).
Studies on Mg isotope fractionation during dolomite formation mainly include
theoretical calculation (Rustad et al., 2010), simulation experiment (Li et al., 2015)
and actual observation (Mavromatis et al., 2014). The latest research is to
quantitatively simulate the dolomitization process by establishing the Advective
Flow-AF Model and the Diffusion Advection Reaction-DAR Model (Huang et al.,
2015; Peng et al.,2016).

4.2 Study on Microbially Induced Calcite Precipitation by hydrolyzation of urea

Carbonate minerals are formed in an extremely slow geological period under
natural conditions, and the search for microorganisms that create conditions for
carbonate precipitation in a short time has been widely concerned by all walks of life
(Dhami et al., 2013a). The ureolytic bacteria catalyze the hydrolysis of urea to
precipitate carbonate minerals by secreting urease, which has the potential to produce
a large number of carbonate rocks in a short time (Muynck et al., 2010). The topic of
MICP by hydrolyzation of urea is a hot research issue at present, and screening new
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ureolytic bacteria with high urease activity and high environmental adaptability is a
key research field that scientists have been committed to (Sun Y et al., 2015; Sun Y et
al., 2017). The ureolytic bacteria involve many genera of bacteria, including
pseudomonas, bacillus, sporosarcina, and myxococcus , etc. Scientists through a large
number of experiments found that Bacillus megaterium (Dhami et al., 2013b),
Lysinibacillus medium (Kang et al., 2014) and Sporosarcina pasteurii (Gorospe et al.,
2013) have strong urease activity, calcium carbonate production capacity and
environmental adaptability, and is widely used in the research of microbially induced
calcium carbonate precipitation technology. Environmental conditions affecting
urease activity are also the focus of current research in addition to screening ureolytic
bacteria, (Anbu et al., 2016). Okwadha and Li (2010) conducted factor experiments
on Sporosarcina pasteurii and found that bacterial cell concentration, initial urea
concentration and Ca?" concentration affected CaCOs precipitation and CO;
separation by controlling urease activity. Mortensen et al. (2011) found that
ammonium concentration, oxygen availability, as well as the ureolytic activities of
viable and lysed cells had no or limited effect on the urease activity of Sporosarcina
pasteurii during urea hydrolysis. The catalytic effect of urease on urea is also closely
related to temperature. Mitchell and Ferris (2005) found that the optimum temperature
of most ureases is between 20~37°C. Dhami et al. (2014) found that urease is
completely stable at 35°C, but when the temperature rises to 55°C, the enzymatic
activity decreases by nearly 47%. In addition, the ureolytic bacteria also have great
potential in the field of building material consolidation and repair. Currently, the
popular directions include the study of MICP by urea hydrolysis to improve the
overall performance of concrete such as compressive strength, permeability, water
absorption and chloride ion absorption (Siddiquea and Chahal, 2011). The study of
MICP by urea hydrolysis to repair concrete surface defects and cracks by urea
hydrolysis micp (Qian et al., 2016); The study of MICP by urea hydrolysis to improve
the mechanical properties of porous materials (Harkes et al., 2010); The study of
MICP by urea hydrolysis cemented calcium Sand strength test and strength dispersion
research (Wang et al., 2018).
4.3 Study on the mechanism of bacterially induced carbonate mineralization

The study found that in the Ca®*-Mg?*-C0O3?-H,0/Ca**-CO3?-H,0 system, the
pH value of the medium, the supersaturation of carbonate and sufficient nucleation
sites are necessary conditions for the formation of precipitates (Wang et al., 2013).
Bacterially induced carbonate mineralization mainly includes two regulatory
mechanisms: One is alkalinity engine of bacteria, bacteria through their own
metabolic activities such as urea hydrolysis, sulfate reduction and anaerobic sulfide
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oxidation change the surrounding environment, by increasing the pH value and
supersaturation of culture medium to precipitation of carbonate mineral, namely
homogeneous nucleation (Gallagher et al., 2012). The other is the nucleation of
bacterial cells and extracellular polymers. Both cell surface and extracellular
polymers can provide nucleation sites to promote carbonate precipitation, namely
heterogeneous nucleation(Tourney and Ngwenya, 2014). Guo et al. (2013) believe
that multiple nucleation mechanisms may coexist in the same experimental system.
Plate-like minerals may be the result of uniform nucleation at a particular site,
dumbbell-shaped minerals may be formed with bacteria as the template, and irregular
minerals may be formed with extracellular polymers as the template. The
mineralization mechanism and nucleation mechanism of bacteria induced carbonate
has always been a hot research issue in the field of biomineralization.

4.3.1 The alkalinity engine of bacteria

4.3.1.1 The pH value of culture medium

The pH value of culture medium plays an important role in the process of
carbonate precipitation, and bacteria can change the pH value of medium environment
through their own metabolic activities. The scientists found that for most of the
experiments, the pH value of culture medium continued to decrease in the early stage
and and the pH value began to increase in the middle and late stages. Researchers
generally believe that the increase of pH value is closely related to the ammonia
produced by microorganisms. Xu et al. (2016) summarized the main reasons for pH
changes: (1) Bacteria secrete low-molecular-weight organic acids (LMWOAS); (2)
Bacterial respiration produces CO: dissolved in water; (3) The autolysis of dead
bacteria cells; (4) The degradation of tryptone into ammonia by facultative bacteria.
Therefore, the increase of pH value may be due to the autolysis of dead bacterial cells
and the degradation of tryptone into ammonia by facultative bacteria in the middle
and late stage. Zhuang et al. (2018) also confirmed that Bacillus cereus MRR2 can
produce ammonia by degrading the beef extract and tryptone in the culture medium.
In addition, the sulfate reducing bacteria can reduce SO+* while consuming H+ to
increase the pH of the medium (Castanier et al., 1999). The ureolytic bacteria increase
the pH value of the culture medium by secreting urease to catalyze the hydrolysis of
urea to produce NH4+and COs? (Fujita et al., 2008). Pan et al. (2019) found that the
release of ammonia and the activity of carbonic anhydrase could increase the pH
value of the culture medium to about 9.0. However, by drawing pH curves based on
NH4+ concentration, it was found that ammonia is not the most reasonable
explanation for the increase of pH value, and there may be other factors. Guo et al.
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(2013) believe that the increase of pH value is a prerequisite for carbonate
precipitation. Xu et al. (2016) conducted biological experiments with Arthrobacter sp.
strain MF-2 and found that there was a significant positive correlation between the
precipitation amount and pH value. The higher the pH value, the more favorable the
carbonate precipitation. Zhang et al. (2018) found that the quality of Arthrobacter sp.
strain MF-2 induced carbonate precipitation was significantly positively correlated
with pH regardless of the change in Mg/Ca, suggesting that an increase in pH is one
of the necessary physicochemical conditions for carbonate precipitation. It can be
seen that ammonia is indeed closely related to pH value, but the specific reasons need
to be further explored. It can be clear that pH value directly affects the process of
carbonate precipitation, and the increase of pH value is a necessary condition for
carbonate precipitation.

4.3.1.2 Degree of supersaturation

The supersaturation of carbonate is a necessary condition for the formation of
precipitation. The saturation index Sl can be defined by the ratio of the ion activity
product to the solubility product of the corresponding mineral. When SI>1, it
indicates that the solution reaches the supersaturated state and carbonate precipitation
can be spontaneously precipitated (Dupraz et al., 2009). See the following formula for
details.

Sl=log[IAP/Ksp]
IAP=[Ca?*]x[Mg?"](1-X)[COs*]/IAP=[Ca?*]x[COs*]

Sl: saturation index; IAP: the ion activity product; Ksp: the solubility product of
the corresponding mineral; x: The mole fraction of Ca in Mg-rich carbonate
minerals/calcium carbonate

According to the saturation formula, the concentrations of Ca?* and Mg?* and the
concentration of soluble inorganic carbon are the two key factors affecting the
saturation. Microorganisms induce carbonate homogeneous nucleation by changing
these two factors. In the study of bacteria affecting the concentrations of Ca?* and
Mg?*, the following reasons can affect the Ca?* concentration and Mg?* concentration:
(1) The functional groups in the cell surface and extracellular polymers: the functional
groups in an alkaline environment make the extracellular polymers have total negative
charge through deprotonation. The characteristics of functional groups are the key in
the process of mineral formation, and the calcium binding ability of different
functional groups is different. The functional groups with strong calcium binding
ability can reduce the activities of Ca?* and Mg?* and thus reduce the saturation of
carbonate to inhibit the precipitation of carbonate (Sutherland, 2001, Braissant, 2007).
Bianchi (2007) found that -COOH, —OH, —NH2, -O-SOzH, -SO3H and -SH can
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strongly complex with metal ions (including Ca?* and Mg?*), but -COOH and —O—
SOsH are generally considered to be the most important ligands in extracellular
polymers (Dupraz et al., 2009). The functional groups with weak calcium binding
ability can enrich Ca?" and Mg?* and promote their homogeneous nucleation with
COs%. Zhuang et al. (2018) found that the negatively charged oxygen atom of the
glycoside group (-C-O-C-) fixed on the exopolysaccharide can adsorb a large
amount of Ca2*, thereby promoting the combination of Ca?* and COs*> to form
calcium carbonate. The functional groups with different calcium binding abilities
promote the formation of different types of minerals (Zhou et al., 2010). (2) The
dissolved organic carbon (DOC) secreted by extracellular polymer: Tourney and
Ngwenya (2009) conducted mineralization experiments on Bacillus licheniformis S-
86 and found that DOC released from the extracellular polymer of the strain can
complex Ca®* and reduce its activity, thus reducing the saturation of carbonate. The
low saturation is conducive to the precipitation of polycrystalline calcite with poor
solubility and more stability, rather than vaterite. (3) Molecular interaction: Bacterial
mineralization involves controlled nucleation process at the interface between
template macromolecules and minerals, such as the recognition process of inorganic-
organic molecules (Suga and Nakahara, 1991). The molecular interaction at the
interface may affect the “availability” of functional groups to bind Ca?* and Mg?*. At
a given pH value, The binding of Ca?" and Mg?" may not be proportional to the
abundance of functional groups (Dupraz et al., 2009). According to the intrinsic
characteristics of extracellular polymer, it can inhibit or promote the formation of
carbonate which has dual effects. (4) Microbial degradation: Microbial degradation of
extracellular polymers will reduce the number of cation binding sites and release
cations such as Ca?* and Mg?* (Perri et al., 2017).

In the study of bacteria affecting soluble inorganic carbon, the following reasons
can affect the concentration of inorganic carbon: (1) Carbonic anhydrase: scientists
found that carbonic anhydrase secreted by bacteria can increase the concentration of
HCOs3™ and COs* in the culture medium. Carbonic anhydrase widely exists in bacteria
of many genera, such as Bacillus (Zhou et al., 2010), Arthrobacter (Zhang et al., 2018)
and Citrobacter (Han et al., 2013). Li et al. (2013) found that Bacillus cereus secreted
carbonic anhydrase to improve the hydration conversion coefficient of CO2 and
promote the formation of carbonate precipitation. Pan et al. (2019) explored the
mechanism of biomineralization by using Halomonas smyrnensis WMS-3 and found
that a large amount of HCO3™ and CO3? catalyzed by carbonic anhydrase can further
increase the fluid supersaturation to precipitate carbonate minerals. In addition, the
activity of carbonic anhydrase was significantly positively correlated with the
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concentration of bacterial cells (Xu et al., 2016). and a large amount of carbonic
anhydrase could be produced during the growth and reproduction stage of bacteria to
provide conditions for mineral precipitation. (2) Urease: Ureolytic bacteria can secrete
highly active urease to catalyze urea hydrolysis and rapidly increase the COs*
concentration in the microenvironment around the bacteria. Medium environments
such as pH value (Bang et al., 2001), calcium source species (Abo-EI-Enein et al.,
2012) and urea concentration (Mortensen et al., 2011) can all change urease activity
and affect carbonate precipitation. Omoregie et al. (2017) studied the culture
conditions affecting urease activity and found that the optimal urease activity was 25°C
-30°C, the pH value of 6.5-8.0, 24h culture time and 6%-8%(w/v) urea concentration.
(3) Sulfate reduction: Sulfate reducing bacteria will consume organic acids to produce
H2S, and also generate HCOs and COs? to increase the concentration of soluble
inorganic carbon (Castanier et al., 1999). The cation concentration, pH value of
culture medium, temperature and oxygen content can all affect the reduction rate of
sulfate reducing bacteria, and then affect the concentration of soluble inorganic
carbon (Neal et al., 2001). (4) Organic acids in extracellular polymers: Organic acids
such as wuronic acid and nucleic acid in extracellular polymers affect the
supersaturation of carbonate due to the existence of ionization equilibrium, thereby
affecting the formation of precipitates.

4.3.2 Nucleation

4.3.2.1 Nucleation of bacterial cells

Bacterial cells induce carbonate mineralization nucleation sites mainly because
bacterial cells as solid-phase impurities reduce the liquid-solid interface energy and
promote mineral non-uniform nucleation (Huang et al., 2019). There seem to be two
different mineralization pathways for bacterial cell nucleation: One is the distribution
of phospholipid bilayers and glycoproteins on the cell surface or cell surfaces, which
are rich in negatively charged functional groups (carboxyl, hydroxyl, phosphorylation
groups, etc.), with which Ca** and Mg?* form coordination complexes, forming
nucleation sites for amorphous particles, it can be absorbed through the active ion
exchange process through the cell membrane (Wacey et al., 2007). The other is the
bacterial cell surfaces can serve as a kind of heterogenous nucleation template that
either adsorb or nucleate amorphous CaCOz (ACC), which then transforms into the
metastable vaterite toward the periphery. With prolonged experimental time, the
calcium carbonate shells on the cell surfaces continued to grow while also
accumulating aggregates of other nanoparticles from solution, to fully encase the
calcified bacteria within macroscale crystal aggregates. Thus, propose that calcifying
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bacteria can erve as a kind of structural unit in MICP (Lyu et al., 2021).

Guo et al. (2013) suggested that minerals using cells as nucleation template
present dumbbell and cauliflower shapes due to the fact that bacteria have more
negatively charged groups at the ends than in the middle (Aloisi et al., 2006), Ca?
and Mg?* act as "cation bridges" to attract COs* and cause fine crystals to the
aggregation rate at the ends is faster than at the middle part, showing a dumbbell
shape and then a cauliflower shape.

However, it has also been suggested that the cell surfaces are not sufficient as
nucleation sites. Deng et al.(2010) used sulfate reducing bacteria and halophilic
bacteria to induce dolomite precipitation and found that extracellular polymers may
act as sites for dolomite nucleation, while heat-killed cells did not produce dolomite
precipitation suggesting that the cell surface may not be sufficient as a nucleation site.

4.3.2.2 Nucleation of extracellular polymers

Extracellular polymers are mainly composed of sugars, proteins and a small
amount of uronic acid and nucleic acid (Xu et al., 2009; Ozturk et al., 2014). The
view that extracellular polymers are the nucleation sites of biomineralization has been
widely accepted by researchers (Robert et al., 2000; Dupraz et al., 2004). Yatsunenko
(2012) believes that extracellular polymers secreted by bacteria can enrich calcium
ions and provide nucleation sites to promote the formation of carbonate minerals.
Zhang et al. (2015) studied the effect of extracellular polymer on calcium carbonate
precipitation by using anaerobic bacteria and sulfate reducing bacteria, and found that
extracellular polymer has a catalytic effect on the formation of disordered dolomite in
Ca-Mg carbonate solutions. Pan et al. (2019) suggested that extracellular polymers
can serve as nucleation sites for monohydrocalcite. The above studies generally
believe that extracellular polymers play an important role in the process of bacterial
mineralization. When all functional groups of extracellular polymers are occupied by
bound cations, that is, the cation binding sites are supersaturation, and under the
condition of high concentration of COs> and high pH value, it can enrich free Ca*
and provide nucleation sites to promote the formation of carbonate precipitation. The
nucleation of precipitated minerals is controlled by the extracellular polymeric
properties and the saturation state of the precipitated minerals (Dupraz et al., 2009). In
addition, bacterial species, growth stage and temperature can all affect the
composition of bacterial extracellular polymers (Tourney and Ngwenya, 2014), which
in turn directly affects the types and morphology of minerals (Braissant O et al.,
2003). Kawaguchi and Decho (2002) found that differences in the biochemical
composition of extracellular polymers can lead to the formation of different types of
calcium carbonate precipitates. The Extracellular polysaccharides of non-fossilized
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layers of stromatolites induce calcite precipitation, while the extracellular
polysaccharides of fossilized layer of stromatolites with higher content of uronic acid
and carbohydrate induce aragonite precipitation. Zhang et al. (2012) believed that
extracellular polysaccharides can weaken the high hydration energy of Mg?*, reduce
the energy barrier of dehydration of Mg?*—water complex on the carbonate surface,
enhance the combination of Mg?" and carbonate precipitation, and promote the
formation of disordered dolomite. Braissant et al. (2003) emphasized that the type of
amino acids can affect the type and morphology of minerals, and aspartic acid and
glutamate are more conducive to the formation of spherical morphology of vaterite.
Pan et al. (2019) found that bacteria can provide the nucleation sites of
exopolysaccharides and reduce the nucleation energy barrier to promote precipitation,
and also proved that amino acids play an important role in the nucleation process.
There may be other organic compounds in extracellular polymers, and its specific
mechanism needs to be further explored.

4.4 Research on the medium environment and its influence on the species and

morphology of carbonate minerals

The species and morphology of carbonate minerals are influenced by several
factors, which have been described in detail above for bacterial cells (Guo et al.,
2013), cell surfaces (Han et al., 2017; Zhang et al., 2017), and extracellular polymers
(Kawaguchi and Decho, 2002; Braissant et al., 2003; Zhang et al., 2012; Zhang et al.,
2015) on the types and forms of minerals, and here we focus on the influence of the
medium environment. It was found that the bacteria species are the same, but the
media composition is different, and the precipitation ratio and time are also different
(Sanchez-Roman et al., 2011). Bacteria can influence the physicochemical parameters
in their local environment through their own activities (Guo et al., 2013), while the
media environment such as biological factors (bacterial cell concentration,
extracellular polysaccharides, carbonic anhydrase, urease) (Xu et al., 2016; Zhuang et
al., 2018), chemical factors (pH value, supersaturation, Mg?" concentration, Ca?*
concentration, Mg/Ca) (Sanchez-Roman et al., 2011; Zhang et al., 2018) and physical
factors (temperature, magnetic field, ultrasound) (Alimi et al., 2009; Lopez-Periago et
al., 2009; Zhou et al., 2010)can influence the mineralization of bacteria by affecting
their growth and metabolic activities. The whole process is extremely complex and
variable, and there are still many unknown areas to be explored. The effects of the
chemical composition of the medium such as Mg?* concentration, Ca?* concentration
and Mg/Ca on carbonate mineral species and morphology have been the subject of hot
research.
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4.4.1 Influence of medium environment on carbonate mineral species

The carbonate minerals produced by bacteria can be broadly classified as Mg-
rich carbonates and calcium carbonate variants. Sdnchez-Roman et al. (2011) studied
the morphology and structure of Mg-rich carbonates by halophilic bacteria in different
Mg?* concentrations (18.7-187 mM), Ca?* concentrations (5.7-22 mM) and Mg/Ca (2-
11.5), it was found that in the medium environment with the lowest Ca®*
concentration (5.7 mM), struvite was the first precipitate; in the medium environment
with medium Ca?* concentration (11 mM), hydromagnesite precipitated before Mg-
calcite, dolomite and struvite; in the medium environment with higher Ca?*
concentration (17-22 mM), dolomite precipitates before hydromagnesite and struvite.
The results indicated that the increase of Ca?* concentration favored carbonate
minerals over struvite precipitation, while bacteria could reduce the Mg/Ca
precipitation of carbonate minerals. Zhuang et al. (2018) found that as Ca®*
concentration increased, more Ca?* was used mainly for calcite formation. It can be
seen that the increase of Ca?* concentration in the medium environment is necessary
for the formation of carbonate minerals. Magnesium is an important modifier of
carbonate species, morphology and growth during bacterial mineralization, and
different concentrations of Mg?* affect the formation of different species of carbonate
minerals by bacteria. Numerous studies have shown that the adsorption and high
hydration energy of Mg?* can inhibit the formation of calcite, and the Mg?* can also
inhibit calcite nucleation and thus interfere with crystal growth (Davis et al., 2000;
Choudens-Sanchez and Gonzalez, 2009). Rushdi et al. (1992) have reported that low
concentrations of Mg?* in solution are conducive to the formation of calcites, whereas
high concentrations of Mg?* promote the formation of aragonite. Choudens-Sanchez
and Gonzalez (2009) suggested that at low Mg/Ca, calcite was the dominant
precipitant, and as solution Mg/Ca increased, aragonite became the dominant mineral
phase, mainly because Mg?* controlled carbonate minerals by decreasing precipitation
rate of calcite, but had no effect on aragonite precipitation rate. Davis et al. (2000)
concluded that at moderate Mg?* concentrations (2<Mg/Ca<5.3), Mg-calcite and
aragonite co-precipitate; at higher Mg?* concentrations (Mg/Ca>5.3), only aragonite
precipitates; It shows that high Mg?* concentrations favor entry into the calcite lattice,
change the thermodynamic properties of the crystal, inhibit calcite growth, and
promote aragonite precipitation. Zhang et al. (2018) found that when Mg?*
concentration is (Mg=0.3; Mg/Ca=6), Mg-calcite and aragonite co-precipitation;
when Mg?* concentration is (Mg=0.45; Mg/Ca=9), no aragonite precipitation, and
Mg-calcite and dolomite co-precipitation; high Mg?* concentration (Mg=0.60;
Mg/Ca=12) is not favorable for Mg-calcite and dolomite precipitation. It has also
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been suggested that the dolomitization of calcite is formed through Mg-calcite as an
intermediate phase (Krause et al., 2012). High Mg/Ca facilitates the formation of Mg-
calcite and dolomite, mainly because high Mg/Ca removes H+ from the carbonate
surface and also reduces the dehydration energy of ions and ion pairs (Krause et al.,
2012). Therefore, the precipitation of aragonite may require a specific Mg/Ca, and the
medium environment has a positive effect on the formation and stability of aragonite
when it reaches a certain comprehensive condition (Zhang et al., 2018). High
concentration of Mg?* is conducive to the transformation of Mg-calcite as an
intermediate phase to dolomite, but too high concentration of Mg?* will affect the
formation of minerals by inhibiting the growth and reproduction of bacteria.

In addition, the concentration of Ca?* in the medium environment will affect the
change of intracellular Ca?" concentration. Zhuang et al. (2018) found that
extracellular Ca?* is transported to the cell along the concentration gradient through
diffusion. When the intracellular Ca?* concentration exceeds a critical threshold
(Benzerara et al., 2014), Bacillus cereus MRR2 can generate intracellular amorphous
nanospheres. According to the new view of aggregation mechanism nucleation,
amorphous nanospheres may be clusters before calcium carbonate nucleation, and
then crystallize to form other stable minerals (Gebauer et al., 2008, Zhuang et al.,
2018). Recent studies have found that Mg?* concentration also affects changes of
intracellular Ca* concentration. Pan et al. (2019) found that Mg?* concentration in
the medium strongly affects the diffusion of Ca?*, leading to a significant decrease in
intracellular Ca%* concentration, possibly because Mg?* with a smaller radius passes
through ion channels more easily than Ca?*. The role of intracellular Mg?* needs to be
further investigated.

4.4.2 Influence of medium environment on the morphology of carbonate minerals

Bacterially induced carbonate mineralization with complex and variable
morphologies, such as dumbbell-shaped, rhombohedral-shaped, cauliflower-shaped,
spindle-shaped, spherical-shaped, rod-shaped, and plate-shaped (Guo et al., 2013;
Gilis et al.,2014; Mercedes-Martin et al.,2016). Numerous studies have found that the
production of different crystal morphologies is apparently also related to hetero-ions
in the crystal lattice and surrounding source solution (Raz et al., 2000; Guo et al.,
2013). Chen et al. (2005) found that Mg?* can cause an increase in crystal surface
roughness and deformation of crystals. Sanchez-Navas experimentally found that the
promotes the formation of spherulitic and dumbbell-like morphologies under
conditions of high magnesium/calcium (Mg/Ca) molar ratios. Zhang et al. (2018)
used Arthrobacter sp. strain MF-2 to conduct culture experiments with different
Mg/Ca molar ratios (R=0,1.5,3,6,9,12) and found that at higher Mg?* concentrations
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(Mg>0.15M, R>3), the mineral morphology changed from complex to simple (mainly
spherical-shaped and lamellar-shaped). He suggested that increasing Mg?*
concentration in the environment affects the polymorph and morphology of carbonate
formation by controlling the metabolism and carbonic anhydrase activity of
Arthrobacter sp. strain MF-2. Han et al. (2017) found that the crystallinity of calcite
minerals decreases with the increase of Mg/Ca molar ratio. Park et al. (2008) have
studied the effect of Mg?* ions on the crystal elongation of aragonite and concluded
that the longitude and aspect ratio of aragonite crystals decreases with the increasing
of Mg?* ions concentration. This shows that Mg?* can easily adsorb on the surface of
minerals and further incorporate into the crystal structure, thus destroying the crystal
structure of minerals (Long et al, 2014). Han et al. (2017) performed
thermogravimetry—derivative thermogravimetry (TG-DTG) analysis of the mineral
precipitates induced by S.PCC6803 cells and found that the thermal stability of
mineral precipitation gradually decreased with increasing Mg/Ca molar ratio. This is
because the more stable the crystal structure is, the more heat is absorbed when being
decomposed, and Mg?* can increase the irregular part of the crystal, and the structural
stability of this irregular part is lower than that of the regular part. Therefore, the
thermal decomposition temperature of irregular crystals is lower than that of regular
crystals, which leads to the thermal stability of the mineral precipitates declined
gradually with the increase of Mg?* concentration, thus affecting the crystallization
process of carbonate mineral precipitates. It can be seen that the different crystal
forms of minerals are closely related to the Mg?* and Mg/Ca molar ratios, and Mg2+
can easily adsorb on the crystal surface to increase the irregularity of the crystal
structure and reduce the thermal stability of minerals, which in turn affects the
crystallization process of mineral precipitation.

5. Conclusion

(1) Through the analysis of knowledge structure in the field of bacterial
mineralization by using Bibilometrix software, it was found that the research field as a
whole showed a boom from 2012 to 2022. Bacterial mineralization was developing at
the intersection and dispersion of microbiology, geochemistry, building materials
science, mineralogy, and ecology. Geomicrobiology Journal and Chemical Geology
are the journals that need to be focused on in the future. With the continuous
deepening of research, a number of excellent scientific researchers emerged at home
and abroad. Foreign scholars represented by Visscher, Muynck, Sanchez-Roméan, SO
and Mortense and domestic scholars represented by Qian C.X., Zhou G.T., Han Z.Z.,
Li F.C. and Li Y., all of whom have made outstanding contributions in the field of
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bacterial mineralization. China tops the list of publications in the field of bacterial
mineralization and has established a stable and close international cooperation
network with the United States, the United Kingdom, Australia and Canada, but the
average number of citations is low and the academic influence is weak relative to that
of European and American countries. Therefore, focusing on fostering a scientific
research innovation system, maximizing resource allocation, establishing high-quality
Chinese core databases, and exploring new cooperative countries are important
measures to promote the overall development of the field of bacterial mineralization.

(2) By mapping the literature history citation network and keyword clustering, it
was found that in 2000-2022, the highly cited articles mainly focus on: (i) The study
of the application and limitations of MICP technology in the field of construction
materials. (ii) The study of the effect of bacterial extracellular polymer on carbonate
crystallization. (iii) The study of factors affecting bacterially induced carbonate
precipitation. Based on the MCA combined with the K-means clustering method, the
bacterial mineralization keywords can be divided into four clusters: The research on
the influence of medium environment on the morphology and types of calcium
carbonate and the exploration of the mechanism of calcium carbonate nucleation (I).
The investigation of the "dolomite problem™ using anaerobic and aerobic bacteria (I1).
The study of microbially induced calcium carbonate precipitation represented by
bacteri (I11). The research of urease secreted by ureolytic bacteria to catalyze the
production of calcium carbonate for bioremediation (I1V).

(3) Through the analysis of highly cited literature and cluster analysis of key
words in the field, it is found that the hot spots of bacterial mineralization mainly
focus on four aspects: Study on the formation mechanism of dolomite; Study on
MICP by hydrolyzation of urea; Study on the mechanism of bacterially induced
carbonate mineralization; Study on the influence of medium environment on the
species and morphology of carbonate minerals.

After further hot spot summary and inductive classification, bacterially-induced
carbonate mineralization can be specifically divided into the following seven
directions: (O Research on the mechanism of aerobic microbially-induced low-
temperature dolomite formation; @ Application of Mg isotope geochemistry in
dolomite problems; 3 Screening of new ureolytic bacteria with high urease activity
and high environmental adaptability; @) Research on environmental conditions
affecting urease activity of ureolytic bacteria; & Research on urea hydrolysis MICP
on consolidation and restoration of construction materials; (6) Study on the
mechanism of mineral nucleation by bacterial cells and extracellular polymers; (7)
Study on the effect of media environment on carbonate mineral species and
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morphology.
ACKNOWLEDGEMENTS

This work was jointly supported by the Key Research and Development Program of

Shandong Province, China (soft science) (2022RZB07056).

References

Abo-El-Enein S A, Ali A H, Talkhan F N, Abdel-Gawwad H A. Utilization of
microbial induced calcite precipitation for sand consolidation and mortar crack
remediation [J]. HBRC Journal, 2012, 8(3): 185-192.

Aizenberg J, Tkachenko A, Weiner S, Addadi L, Hendler G. Calcitic microlenses as
part of the photoreceptor system in brittlestars [J]. Nature, 2001, 412(6849): 819-
822.

Aloisi G, Gloter A, Kruger M, Wallmann K, Guyot F, Zuddas P. Nucleation of
calcium carbonate on bacterial nanoglobules[J]. Geology, 2006, 34(12):1017-
1020.

Aria M, Cuccurullo C. Bibliometrix: An R-tool for comprehensive science mapping
analysis [J]. Journal of Informetrics, 2017, 11(4): 959-975.

Alimi F, Tlili M M, Amor M B, Maurin G, Gabrielli C. Effect of magnetic water
treatment on calcium carbonate precipitation: Influence of the pipe material [J].
Chemical Engineering &amp; Processing: Process Intensification, 2009, 48(08):
1327-1332.

Anbu P, Kang C H, Shin Y J, So J S. Formations of calcium carbonate minerals by
bacteria and its multiple applications [J]. 2016, 5(1): 1-26.

Baniak G M, Amskold L, Konhauser K O, Muehlenbachs K, Pemberton S G, Gingras
M K. Sabkha and Burrow-Mediated Dolomitization in the Mississippian Debolt
Formation, Northwestern Alberta, Canada [J]. Ichnos, 2014, 21(3): 158-174.

Bang S S, Galinat J K, Ramakrishnan V. Calcite precipitation induced by
polyurethane-immobilized Bacillus pasteurii [J]. Enzyme and Microbial
Technology, 2001, 28(4): 404-4009.

Benzerara K, Skouri-Panet F, Li J, Férard C, Gugger M, Laurent T, Margaret-Oliver |.
Intracellular Ca-carbonate biomineralization is widespread in cyanobacteria [J].
Proceedings of the National Academy of Sciences, 2014, 111(30): 10933-10938.

Bianchi T S. Biogeochemistry of Estuaries [M]. Oxford University Press, New York,
2007: 688.

Braissant O, Cailleau G, Dupraz C, Verrecchia E P. Bacterially Induced
Mineralization of Calcium Carbonate in Terrestrial Environments: The Role of
Exopolysaccharides and Amino Acids [J]. Journal of Sedimentary Research,
2003, 73(3): 485-490.

Braissant O, Decho A W, Dupraz C, Glunk C, Przekop K M, Visscher P T.
Exopolymeric substances of sulfate-reducing bacteria: Interactions with calcium
at alkaline pH and implication for formation of carbonate minerals [J].
Geobiology, 2007, 5(4): 401-411.

Bundeleva | A, Shirokova L S, Pascale B, Pokrovsky O S, Kompantseva E I,
Stéphanie B. Calcium carbonate precipitation by anoxygenic phototrophic
bacteria [J]. Chemical Geology, 2012, 291(6): 116-131.

Page 41 https://doi.org/10.37896/pd92.1/9212



PERIODICO di MINERALOGIA Volume 92, No. 1, 2023
ISSN: 0369-8963

Castanier S, Le Metayer-Levrel G, Perthuisot J P. Ca-carbonates precipitation and
limestone genesis-the microbiogeologist point of view [J]. Sedimentary Geology,
1999, 126(1): 9-23.

Chen T, Neville A, Yuan M. Assessing the effect of Mg?* On CaCOj3 scale formation—
bulk precipitation and surface deposition [J]. Journal of Crystal Growth, 2015,
275(1):e1341-e1347.

Choudens-Sanchez V D, Gonzalez L A. Calcite and Aragonite Precipitation Under
Controlled Instantaneous Supersaturation: Elucidating the Role of CaCOs
Saturation State and Mg/Ca Ratio on Calcium Carbonate Polymorphism [J].
Journal of Sedimentary Research, 2009, 79(6): 363-376.

Couradeau E, Benzerara K, Gérard E, Moreira D, Bernard S, Brown G E, Lopez-
Garcia P. An early-branching microbialite cyanobacterium forms intracellular
carbonates [J]. Science, 2012, 336: 459-462.

Davis K J, Dove P M, De Yoreo J J. The Role of Mg?" as an Impurity in Calcite
Growth [J]. Science, 2000, 290(5494): 1134-1137.

Deng S C, Dong H L, Lv G, Jiang H C, Yu B S, Bishop M E. Microbial dolomite
precipitation using sulfate reducing and halophilic bacteria: Results from
Qinghai Lake, Tibetan Plateau, NW China [J]. Chemical Geology, 2010, 278(3-
4): 151-1509.

Dhami N K, Reddy M S, Mukherjee A. Biomineralization of calcium carbonates and
their engineered applications: a review [J]. Frontiers in Microbiology, 2013a, 4:
1-13.

Dhami N K, Reddy M S, Mukherjee A. Biomineralization of calcium carbonate
polymorphs by the bacterial strains isolated from calcareous sites [J]. Journal of
Microbiology and Biotechnology, 2013b, 23(5): 707-714.

Dhami N K, Reddy M S, Mukherjee A. Synergistic role of bacterial urease and
carbonic anhydrase in carbonate mineralization [J]. Appl Biochem Biotechnol,
2014, 172: 2552-2561.

Dupraz C, Reid R P, Braissant O, Decho AW, Norman R S, Visscher P T. Processes of
carbonate precipitation in modern microbial mats [J]. Earth ence Reviews, 2009,
96(3): 141-162.

Dupraz C, Visscher P T, Baumgartner L K, Reid R P. Microbe-mineral interactions:
early carbonate precipitation in a hypersaline lake (Eleuthera Island, Bahamas)
[J]. Sedimentology, 2004, 51: 745-765.

Faivre D, Godec T U. From Bacteria to Mollusks:The Principles Underlying the
Biomineralization of Iron Oxide Materials [J]. Angewandte Chemie international
Edition, 2015, 54(16): 4728-4747.

Fujita Y, Taylor J L, Gresham T L T, Delwiche M E, Colwell F S, Mcling T L, Petzke
L M, Smith R W. Stimulation of microbial urea hydrolysis in groundwater to
enhance calcite precipitation [J]. Environmental Science & Technology, 2008,
42(8): 3025-3032.

Gallagher K L, Kading T J, Braissant O, Dupraz C, Vsscher P T. Inside the alkalinity
engine: the role of electron donors in the organomineralization potential of
sulfate-reducing bacteria [J]. Geobiology, 2012, 10:518-530.

Gebauer D, Volkel A, Colfen H. Stable prenucleation calcium carbonate clusters [J].
Science, 2008, 322(5909): 1819-1822.

Gilis M, Meibom A, Domart-Coulon I, Grauby O, Stolarski J, Baronnet A
Biomineralization in newly settled recruits of the scleractinian coral Pocillopora
damicornis[J]. 2014, 275(12): 1349-1365.

Page 42 https://doi.org/10.37896/pd92.1/9212



PERIODICO di MINERALOGIA Volume 92, No. 1, 2023
ISSN: 0369-8963

Gorospe C M, Han S H, Kim S J, Park J Y, Kang C H, Jeong J H, So J S. Effects of
different calcium salts on calcium carbonate crystal formation by Sporosarcina
pasteurii KCTC 3558 [J]. Biotechnology and Bioprocess Engineering, 2013,
18(5): 903-908.

Guo W W, MaH, Li FC,Jin ZD, LiJ, MaF, Wang C. Citrobacter sp. strain GW-M
Mediates the Coexistence of Carbonate Minerals with Various Morphologies [J].
Geomicrobiology Journal, 2013, 30(8): 749-757.

Han J, Lian B, Ling H. Induction of calcium carbonate by Bacillus cereus [J].
Geomicrobiology Journal, 2013, 30(8): 682-689.

Han Z Z, Meng R R, Yan H X, Zhao H, Han M, Zhao Y'Y, Sun B, Sun Y B, Wang J,
Zhuang D X, Li W J, Lu L X. Calcium carbonate precipitation by Synechocystis
sp. PCC6803 at different Mg/Ca molar ratios under the laboratory condition[J].
2017, 32(4): 561-575.

Harkesb M P, Paassena L A, Boosterb J L, Whiffinb V' S, Loosdrecht M C M. Fixation
and distribution of bacterial activity in sand to induce carbonate precipitation for
ground reinforcement [J]. Ecological Engineering, 2010, 36: 112-117.

Huang K J, Shen B, Lang X G, Tang W B, Peng Y, Ke S, Kaufman AJ, MaHR , Li F
B. Magnesium isotopic compositions of the Mesoproterozoic dolostones:
Implications for Mg isotopic systematics of marine carbonates [J]. Geochimica et
Cosmochimica Acta, 2015, 164: 333-351.

Huang Y R, Yao Q Z, Li H, Wang F P, Fu S Q. Aerobically incubated bacterial
biomass-promoted formation of disordered dolomite and implication for
dolomite formation [J]. Chemical Geology, 2019, 523: 19-30.

Kang C H, Han S H, Shin Y J, Oh S J, So J S. Bioremediation of Cd by microbially
induced calcite precipitation [J]. Applied Biochemistry and Biotechnology, 2014,
172(6): 2907-2915.

Kawaguchi T, Decho A W. A laboratory investigation of cyanobacterial extracellu-lar
polymeric secretions (EPS) in influencing CaCO3s polymorphism [J]. Journal of
Crystal Growth, 2002, 240(1-2): 230-235.

Krause S, Liebetrau V, Gorb S, Sanchez-Roman M, McKenzie J A, Treude T.
Microbial nucleation of Mg-rich dolomite in exopolymeric substances under
anoxic modern seawater salinity: New insight into an old enigma [J]. Geology,
2012, 40(7): 987-990.

Li H, Yao Q Z, Yu S H, Huang Y R, Chen X D, Fu S Q, Zhou G T. Bacterially
mediated morphogenesis of struvite and its implication for phosphorus recovery
[J]. American Mineralogist, 2017, 102(2): 381-390.

Li Q W, Csetenyi L, Gadd G M. Biomineralization of Metal Carbonates by
Neurospora crassa Neurospora crassa [J]. Environmental Science&Technology,
2014, 48(24): 14409-14416.

Li W, Chen S, Zhou P P, Zhu S L, Yu L J. Influence of initial calcium ion
concentration on the precipitation and crystal morphology of calcium carbonate
induced by bacterial carbonic anhydrase [J]. Chemical Engineering Journal, 2013,
218: 65-72.

Li WQ, Beard B L, Li C X, Xu H F, Johnson C M. Experimental calibration of Mg
isotope fractionation between dolomite and aqueous solution and its geological
implications [J]. Geochimica et Cosmochimica Acta, 2015, 157: 164-181.

Lian B, Hu Q, Chen J, Ji J F, Teng H H. Carbonate biomineralization induced by soil
bacterium Bacillus megaterium [J]. Geochimica et Cosmochimica Acta, 2006,
70(22): 5522-5535.

Page 43 https://doi.org/10.37896/pd92.1/9212



PERIODICO di MINERALOGIA Volume 92, No. 1, 2023
ISSN: 0369-8963

Liu D, Yu N, Papineau D, Fan Q G, Wang H M, Qiu X, She Z B, Luo G M. The
catalytic role of planktonic aerobic heterotrophic bacteria in protodolomite
formation: Results from Lake Jibuhulangtu Nuur, Inner Mongolia, China [J].
Geochimica et Cosmochimica Acta, 2019, 263: 31-49.

Long X, Ma Y & Qi L. Biogenic and synthetic high magnesium calcite A review [J].
Journal of Structural Biology, 2014, 185, 1-14.

Lopez-Periago A M, Pacciani R, Garcia-Gonzalez C, Vega L F, Domingo C. A
breakthrough technique for the preparation of high-yield precipitated calcium
carbonate [J]. The Journal of Supercritical Fluids, 2009, 52(03): 298-305.

Lumsden D N. Characteristics of deep-marine dolomite [J]. Sedimentary Petrology,
1988, 58(6): 1023-1031.

LyuJ, Li F, Zhang C, et al. From the inside out: Elemental compositions and mineral
phases provide insights into bacterial calcification[J]. Chemical Geology, 2021,
559(2021):119974.

Mann S. Biomineralization: principles and concepts in bioinorganic materials
chemistry [M]. Oxford University Press on Demand, 2001.

Mavromatis V, Meister P, Oelkers E H. Using stable Mg isotopes to distinguish
dolomite formation from the Peru Margin [J]. Chemical Geology ,2014, 385: 84-
91.

Mitchell A C, Dideriksen K, Spangler L H, Cunningham A B, Gerlach R. Microbially
enhanced carbon capture and storage by mineral-trapping and solubility-trapping
[J]. Environmental Science&Technolog, 2010, 44(13): 5270-5276.

Mitchell A C, Ferris F G. The coprecipitation of Sr into calcite precipitates induced by
bacterial ureolysis in artificial groundwater: temperature and kinetics dependence
[J]. Geochim et Gosmochim Acta, 2005, 69(17): 4199-4210.

Mortensen B M, Haber M J, DeJong J T, Caslake L F, Nelson D C. Effects of
environmental factors on microbial induced calcium carbonate precipitation [J].
Journal of Applied Microbiology, 2011, 111(2): 338-349.

Muynck W D, Belie N D, Verstraete W. Microbial carbonate precipitation in
construction materials: A review [J]. Ecological Engineering, 2010, 36(2): 118-
136.

Neal A L, Techkarnjanaruk S, Dohnalkova A, McCready D, Geesey G G. Iron sulfides
and sulfur species produced at hematite surfaces in the presence of sulfate-
reducing bacteria [J]. 2001, 65(2): 223-235.

Oaki Y, Imai H. The hierarchical architecture of nacre and its mimetic material [J].
Angewandte Chemie international Edition, 2005, 44(40): 6571-6575.

Okwadha G D O, Li J. Optimum conditions for microbial carbonate precipitation [J].
Chemosphere, 2010, 81(9): 1143-1148.

Omoregie A |, Khoshdelnezamiha G, Senian N, Ong D E L, Nissom P M.
Experimental optimisation of various cultural conditions on urease activity for
isolated Sporosarcina pasteurii strains and evaluation of their biocement
potentials [J]. Ecological Engineering, 2017, 109: 65-75.

Ozturk S, Aslim B, Suludere Z, Tan S. Metal removal of cyanobacterial
exopolysaccharides by uronic acid content and monosaccharide composition [J].
Carbohydrate Polymers, 2014, 101: 265-271.

Pan J T, Zhao H, Tucker M E, Zhou J X, Jiang M Z, Wang Y P, Zhao Y Y, Sun B, Han
Z Z, Yan H X. Biomineralization of Monohydrocalcite Induced by the Halophile
Halomonas smyrnensis WMS-3 [J]. Minerals, 2019, 9(10): 632-658.

Page 44 https://doi.org/10.37896/pd92.1/9212



PERIODICO di MINERALOGIA Volume 92, No. 1, 2023
ISSN: 0369-8963

Park W K, Ko S J, Lee S W, Cho K H, Ahn J W, Han C. Effects of magnesium
chloride and organic additives on the synthesis of aragonite precipitated calcium
carbonate [J]. Journal of Crystal Growth,2008, 310:2593-2601.

Peng Y, Shen B, Lang X G, Huang J T, Chen J T, Yan Z, Tang W B, Ke S, Ma H R, Li
F B. Constraining dolomitization by Mg isotopes: A case study from partially
dolomitized limestones of the Middle Cambrian Xuzhuang Formation, North
China [J]. Geochemistry, Geophysics, Geosystems, 2016, 17(3): 1109-1129.

Perri E, Tucker M E, Stowakiewicz M, Whitaker F, Bowen L, Perrotta I D. Carbonate
and silicate biomineralization in a hypersaline microbial mat (Mesaieed sabkha,
Qatar): Roles of bacteria, extracellular polymeric substances and viruses [J].
Sedimentology, 2017, 65(4): 1213-1245.

Prywer J, Torzewska A, Plocinski T. Unique surface and internal structure of struvite
crystals formed by Proteus mirabilis [J]. Urological Research, 2012, 40(6): 699-
707.

Qian C X, Li R, Luo M, Chen H C. Distribution of calcium carbonate in the process
of concrete self-healing [J]. Journal of Wuhan University of Technology-Mater.
Sci. Ed., 2016, 31(3): 557-562.

Raz S, Weiner S & Addadi L. Formation of high-magnesian calcites viaan amorphous
precursor phase: Possible biological implications [J]. Advanced Materials, 2000,
12, 38-42.

Robert R. Microbial carbonates: the geological record of calcified bacterial-algal mats
and biofilms [J]. Sedimentology, 2000, 47(s1): 179-214.

Roberts J A, Bennett P C, Gonzalez L A, Macpherson G L, Miliken K L. Microbial
precipitation of dolomite in methanogenic groundwater [J]. Geology, 2004, 32:
277-280.

Rushdi A I, Pytkowicz R M, Suess E, Chen CT. The effects of magnesium-to-calcium
ratios in artificial seawater, at different ionic products, upon the induction time,
and the mineralogy of calcium carbonate: a laboratory study [J]. Geologische
Rundschau, 1992, 81:571-578.

Rustad J R, Casey W H, Yin Q Z, Bylaska E J, Felmy AR, Bogatko S A, Jackson V E,
Dixon D A. Isotopic fractionation of Mg?*(ag), Ca?*(ag), and Fe?*(ag) with
carbonate minerals [J]. Geochimica et Cosmochimica Acta, 2010, 74(22): 6301-
6323.

Sanchez-Navas A, Martin-Algarra A, Rivadeneyra M A, Melchor S, Martin-Ramos J
D. Crystal-Growth Behavior in Ca—Mg Carbonate Bacterial Spherulites [J].
Crystal Growth & Design, 2009, 9(6): 2690-2699.

Sanchez-Roméan M, McKenzie J A, Angela de Luca Rebello Wagener, Rivadeneyra M
A, Vasconcelos C. Presence of sulfate does not inhibit low-temperature dolomite
precipitation [J]. Earth and Planetary Science Letters, 2009, 285(1): 131-139.

Sanchez-Roman M, Romanek C S, Fernandez-Remolar D C, Navas A S, McKenzie J
A, Pibernat R A, Vasconcelos C. Aerobic biomineralization of Mg-rich
carbonates: Implications for natural environments [J]. Chemical Geology, 2011,
281: 143-150.

Siddiquea R, Chahal N K. Effect of ureolytic bacteria on concrete properties [J].
Construction and Building Materials, 2011, 25: 3791-3801.

Suga S, Nakahara H. Mechanisms and Phylogeny of Mineralization in Biological
Systems [M]. Springer: Tokyo, Japan, 1991: 47-55.

Page 45 https://doi.org/10.37896/pd92.1/9212



PERIODICO di MINERALOGIA Volume 92, No. 1, 2023
ISSN: 0369-8963

SunY, Guo ZH, Zhao Q, Gao Q Y, Xie Q J, Yang R, LiuR H, Wu Z R, Chen P, Li Y,
Wang X, Li H Y. Paenibacillus ripae sp. nov., isolated from bank side soil [J].
International Journal of Systematic and Evolutionary Microbiology, 2015, 65(12):
4757-4762.

SunY, Zhao Q, Zhi D J, Wang Z N, Wang Y J, Xie Q J, Wu Z R, Wang X, Li Y, LY,
Yang H, Zhou J P, Li H Y. Sporosarcina terrae sp. nov., isolated from orchard soil
[J]. International Journal of Systematic and Evolutionary Microbiology, 2017,
67(7): 2104-2108.

Sutherland I W. Microbial polysaccharides from Gram -negative bacteria [J]. 2001,
11(9): 663-674.

Tourney J, Ngwenya B T. The role of bacterial extracellular polymeric substances in
geomicrobiology [J]. Chemical Geology, 2014, 386:115-132.

Tourney J, Ngwenya B T. Bacterial extracellular polymeric substances (EPS) mediate
CaCOz morphology and polymorphism [J]. Chemical Geology, 2009, 262(3-4):
138-146.

Vasconcelos C, Mckenzie J A, Bernasconi S, Grujic D, Tiens A J. Microbial mediation
as a possible mechanism for natural dolomite formation at low-temperatures [J].
Nature, 1995, 377: 220-222.

Wacey D, Wright D T, Boyce A J. A stable isotope study of microbial dolomite
formation in the Coorong Region, South Australia [J]. Chemical Geology, 2007,
244(1-2): 155-174.

Wang H M, Wu X P, Qiu X, Liu D. Microbially induced carbonate precipitation: A
review [J]. Microbiology China, 2013, 40: 180-189.

Wang J, Tittelboom KV, Belie N D, VerstraeteW. Use of silica gel or polyurethane
immobilized bacteria for self-healing concrete [J]. Construction and Building
Materials, 2012, 26(1): 532-540.

Wang X Z, Wang X, Chen J W, Wang R, Hu M J, Meng Q S. Experimental study on
permeability characteristics of calcareous soil [J]. Bulletin of Engineering
Geology and the Environment, 2018, 77: 1753-1762.

Warthmann R, Van Lith Y, Vasconcelos C, McKenzie J A, Karpoff A M. Bacterially
induced dolomite precipitation in anoxic culture experiments [J]. Geology, 2000,
28:1091-1094.

Weiner S, Dove P M. An overview of biomineralization processes and the problem of
the vital effect [J]. Review in Mineralogy and Geochemistry, 2003, 54: 1-31.
Wright DT and Wacey D. Precipitation of dolomite using sulphate-reducing bacteria
from the Coorong Region, South Australia:Significance and implications [J].

Sedimentology, 2005, 52(5): 987-1008.

Xu C, Santschi P H, Schwehr K A, Hung C. Optimised isolation procedure for
obtaining strongly actinide binding exopolymeric substances (EPS) from two
bacteria (Sagitulla stellata and Pseudomonas fluorescens Biovar 11 [J].
Bioresource Technology, 2009, 100(23): 6010-6021.

XuQL,ZhangCH, LiFC,MaF, Guo WW, Li XL, LiL, Liu L. Arthrobacter sp.
strain mf-2 induces high-mg calcite formation: mechanism and implications for
carbon fixation [J]. Geomicrobiology Journal, 2016, 34(2): 157-165.

Yang Y L, Wang G C, Zhu G X,Xu X R, Pan H H, Tang R K. The effect of amorphous
calcium phosphate on protein protection against thermal denaturation [J].
Chemical Communications, 2015, 51: 8705-8707.

Page 46 https://doi.org/10.37896/pd92.1/9212



PERIODICO di MINERALOGIA Volume 92, No. 1, 2023
ISSN: 0369-8963

Yatsunenko T, Rey F E, Manary M J, Trehan I, Dominguez-Bello M G, Contreras M;
Magris M, Hidalgo G, Baldassano R N, Anokhin A P, Heath A C, Warner B,
Reeder J, Kuczynski J, Caporaso J G, Lozupone C A, Lauber C, Clemente J C,
Knights D, Knight R, Gordon J I. Human gut microbiome viewed across age and
geography [J]. Nature, 2012, 486(7402): 222-227.

Zhang C H, Li F C, Li X L, Li L, Liu L. The Roles of Mg over the Precipitation of
Carbonate and Morphological Formation in the Presence of Arthrobacter sp.
Strain MF-2 [J]. Geomicrobiology Journal, 2018, 35(7): 545-554.

Zhang C H, Lv J J, Li F C, Li X L. Nucleation and growth of Mg-calcite spherulites
induced by the bacterium Curvibacter lanceolatus strain HJ-1 [J]. Microscopy
and Microanalysis, 2017, 23(6): 1-8.

Zhang F, Xu H, Konishi H, Shelobolina E S, Roden E E. Polysaccharide-catalyzed
nucleation and growth of disordered dolomite: a potential precursor for
sedimentary dolomite [J]. American Mineralogist, 2012, 97(4): 556-567.

Zhang F F, Xu H F, Shelobolina E S, Konishi H, Converse B, Shen Z Z, Roden E E.
The catalytic effect of bound extracellular polymeric substances excreted by
anaerobic microorganisms on Ca-Mg carbonate precipitation: Implications for
the “dolomite problem” [J].American Mineralogist, 2015, 100(2-3): 483-494.

Zhou G T, Guan Y B, Yao Q Z, Fu S Q. Biomimetic mineralization of prismatic
calcite mesocrystals: Relevance to biomineralization [J]. Chemical Geology,
2010, 279(03): 63-72.

Zhou X Y, Du Y, Lian B. Effect of different culture conditions on carbonic anhydrase
from Bacillus mucilaginosus inducing calcium carbonate crystal formation [J].
Acta Microbiologica Sinica, 2010, 50(7): 955-961.

Zhuang D X, Yan H X, Tucker M E, Zhao H, Han Z Z, Zhao Y H, Sun B, Li D, Pan J
T, Zhao Y Y, Meng R R, Shan G H, Zhang X K, Tang R Z. Calcite precipitation
induced by Bacillus cereus MRR2 cultured at different Ca®* concentrations:
Further insights into biotic and abiotic calcite [J]. Chemical Geology, 2018, 500:
64-87.

Mercedes-Martin R, Rogerson M, Brasier A, Vonhof H, Prior T, Fellows S, Reijmer J,
Billing | , Pedley H. Growing spherulitic calcite grains in saline, hyperalkaline
lakes: Experimental evaluation of the effects of Mg-clays and organic acids [J].
Sedimentary Geology, 2016, 335: 93-102.

Page 47 https://doi.org/10.37896/pd92.1/9212



