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Abstract

:

Microbially induced CaCO3 precipitation (MICP) is considered as an alternative green technology for cement self-healing and a basis for the development of new biomaterials. However, some issues about the role of bacteria in the induction of biogenic CaCO3 crystal nucleation, growth and aggregation are still debatable. Our aims were to screen for ureolytic calcifying microorganisms and analyze their MICP abilities during their growth in urea-supplemented and urea-deficient media. Nine candidates showed a high level of urease specific activity, and a sharp increase in the urea-containing medium pH resulted in efficient CaCO3 biomineralization. In the urea-deficient medium, all ureolytic bacteria also induced CaCO3 precipitation although at lower pH values. Five strains (B. licheniformis DSMZ 8782, B. cereus 4b, S. epidermidis 4a, M. luteus BS52, M. luteus 6) were found to completely repair micro-cracks in the cement samples. Detailed studies of the most promising strain B. licheniformis DSMZ 8782 revealed a slower rate of the polymorph transformation in the urea-deficient medium than in urea-containing one. We suppose that a ureolytic microorganism retains its ability to induce CaCO3 biomineralization regardless the origin of carbonate ions in a cell environment by switching between mechanisms of urea-degradation and metabolism of calcium organic salts.
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1. Introduction


Biomineralization is known as a process of induction of mineral formation by living organisms within their metabolic reactions with the environment. To date, formations of calcium carbonate crystals of various morphology have been reported to be induced by different bacterial strains. In addition to numerous representatives of Bacillus, Sporosarcina pasteurii [1,2], Synechococcus sp. as well as species of Arthrobacter crystallopoietes, Rhodococcus qingshengii, Psychrobacillus psychrodurans [3,4] are known to induce calcium carbonate crystallization. The most common polymorph is calcite that was formed during the growth of B. megaterium, B. licheniformis, B. flexus and B. pasteurii strains [5,6,7]. B. sphaericus have been shown to induce crystallization of various types of carbonates under alkaline conditions and at low temperatures [8]. Notably, only the fungal strain of Aspergillus nidulans capable of growing on concrete slabs [9] was shown to induce calcium carbonate mineralization.



During the last decade, an alternative innovative biotechnological approach based on microbial systems providing CaCO3 crystallization inside of microcracks on the surface of concrete has been actively developing [10,11,12,13]. Microbially induced precipitation seems to be an environmentally friendly process [14] and has the potential to launch inside the cracks spontaneously [7,10,11,12,13,15,16]. Beside the attempts to develop an effective technology for cement self-healing using biomineralization, biogenic CaCO3 is being used to create new biomaterials based on different polymorphs of the mineral [17,18].



The induction of CaCO3 precipitation by microorganisms is known to be able to accompany two fundamentally different metabolic routes: heterotrophic and autotrophic. Three mechanisms are distinguished in autotrophy: non-methylotrophic methanogenesis, oxygenic and anoxygenic photosynthesis [19,20]. In all three pathways, CO2 is used as a carbon source for the production of organic compounds yielding in a local deficit of CO2 in the medium or the bacterial cell environment and, as a consequence, the induction of CaCO3 precipitation in the presence of Ca2+ ions near the cell. In the heterotrophic pathway, organic compounds are used as a source of energy following the oxidation of sulfur compounds, or organic acid salts or the nitrogen cycle as the main mechanism. In turn, the nitrogen cycle includes the ammonification of amino acids, the dissimilatory decomposition of nitrates, and the urea degradation pathway [21]. The most studied and easily detectable laboratory process of microbial-based induction of CaCO3 precipitation is the production of large amounts of carbonates during urea degradation by ureolytic bacteria [22,23,24] and many others. Urease (or ureaaminohydrolase, E.C. 3.5.1.5) catalyzes the hydrolysis of urea to carbon dioxide and ammonia. The appearance of NH4+ ions in the reaction medium increases its pH rapidly. Carbon dioxide combines with water to form carbonic acid, which then dissociates yielding carbonate ions (Figure 1).



The less studied mechanism of induction of calcium carbonate crystallization through the oxidation of Ca organic acid salts represents an alternative to the urease-aided method. This mechanism is based on the oxidation of the organic component to CO2 and OH− ions catalyzed by microbial carbonic anhydrases (Figure 2). As a result of the medium alkalization due to the presence of hydroxyl ions, CO2 is transformed into carbonic acid followed by conversion into HCO3− and H+ ions. Furthermore, in the presence of free calcium ions in the medium, calcium carbonate is formed [25].



Our initial goals were to find microorganisms capable of inducing mineral formation among cultures from our collection and to identify candidates for the development of technology for autogenous crack healing in cement samples. To address the requirements applied to microorganisms that could be used as concrete self-healing agents, the screening strategy included a search for Gram-positive ureolytic bacteria capable of surviving in alkaline conditions. We were focusing on ureolytic bacteria since they are the most studied and widely applied for such technologies. However, for practical purposes, the use of urease-driven biomineralization is not always suitable due to a negative effect of the by-products formed during urea degradation and some other disadvantages like the temperature dependence of the enzyme catalytic activity, which influences the process efficiency [24]. Therefore, more efficient and environmentally friendly methods of using microorganisms in the processes of autogenous healing of cementitous structures are needed. The reported effect of both ureases and carbonic anhydrases on microbially induced CaCO3 precipitation (MICP) [26,27] prompted us to compare the kinetics of calcite precipitation by the selected ureolytic bacteria in media with and without urea. As a result, our research has provided new insights into the understanding of the processes that underlie MICP. This could lead to the development of tools to control the course of biomineralization in order to produce certain CaCO3 polymorphs required for the creation of new biomaterials.




2. Materials and Methods


2.1. Bacterial Strains, Screening and Cultivation Conditions


Bacterial strains used in the study were from the in-house collection of the Enzymology laboratory of B.P. Konstantinov Petersburg Nuclear Physics Institute NRC “Kurchatov Institute” and were maintained on LB agar medium (peptone 10 g/L, yeast extract 5 g/L and NaCl 10 g/L). For screening purposes, bacterial stains were transferred onto LB-agar with pH 9 (adjusted with 5 M NaOH solution) and grown for 3 days at 37 °C. Gram-positive cultures capable of growing on an alkaline medium were then transferred to starvation agar (30 g agar and 1 L of distilled water) and cultured for 2 days at 37 °C followed by the selection of bacteria that formed a large number of endospores observed microscopically.



For assessment of the ability of selected bacterial cultures to induce calcium carbonate precipitation, each bacterial strain was grown in 10 mL of medium YPG containing 0.5% (w/v) peptone, 0.5% glucose, 0.05% yeast extract [28] for one day at a temperature of 37 °C with shaking (at 100 rpm). Then the tube with each culture was heated at 80 °C for 10 min and cells were separated by centrifugation at 2000× g for 10 min. The precipitate was suspended in 2 mL of 0.9% NaCl solution and transferred into 100 mL of liquid medium B4-AC or B4-U. Medium B4-AC contained: calcium acetate, 2.5 g/L; yeast extract, 2 g/L; glucose, 10 g/L, pH 7.2. Medium B4-U contained: yeast extract, 2 g/L; glucose, 10 g/L; urea, 2.5 g/L; CaCl2, 2.5 g/L, pH 5.3. Molar calcium concentrations were approximately the same in each medium (1.6 mM in B4-AC and 2.2 mM in B4-U). Pre-sterilized urea, CaCl2 or Ca acetate solutions were added separately to the medium after autoclaving. Bacteria were cultivated for 14 days at 37 °C with shaking at 110 rpm. The resulted calcium carbonate precipitates were collected on a filter membrane with a pore size of 0.2 μm, washed two times with distilled water to remove cells and culture medium, oven dried at 50 °C for 48 h and sent for analysis.



For each selected bacterium, changes in cultivation medium pH and urease activity, biomass accumulation and precipitation yields during 14-day growth in both media were monitored. A sample without bacteria was used as a chemical control and E. coli DH5α was used as a negative control. Periodically withdrawn 5-mL aliquots were cooled to the room temperature followed by measurements of pH, optical density at 595 nm and urease activity. In each sample, insoluble precipitates were treated as above and weighed.



To evaluate the mineralizing ability of the strain B. licheniformis DSMZ 8782, the inoculate was transferred into the flasks with 100 mL of the liquid medium B4-U or B4-AC and cultivated for 14 days at 37 °C with shaking at 110 rpm with periodic removing of 5-mL aliquots. Withdrawn aliquots were cooled to the room temperature followed by measurements of pH, optical density at 595 nm and urease activity. In each sample, insoluble precipitates were treated as above and analyzed.




2.2. Strain Identification


Genomic DNA was isolated from the overnight bacterial cultures using GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) according to the provided protocol. The PCR was carried out with Taq DNA polymerase (Evrogen, Moscow, Russia) and universal primers 8F and 1492R (l) for the 16S rRNA gene [29] in the Eppendorf Mastercycle Personal. The agarose gel electrophoresis confirmed the formation of only one product with the length about 1500 bases for all strains (data not shown). The PCR products were purified with the phenol-chloroform extraction [30] and sequenced. The sequencing was performed at the Core Facility Center for Molecular and Cell Technologies. Resulting sequences were aligned against the database of 16S ribosomal RNA sequences using the program BLASTN 2.9.0+ [31]. Multiple sequence alignment by ClustalW and phylogenetic analysis were performed using the MEGA X (version 10.1.8) software.




2.3. Nucleotide Sequence Accession Numbers


The nucleotide sequence data reported are available in the GenBank database under the accession number(s): MW251744 (Micrococcus luteus 6), MW251742 (B. cereus 4b), MW251741 (Staphylococcus epidermidis 4a); MW251743 (B. cereus 168), MW251746 (M. luteus BS52), MW251745 (B. cereus BSP), MW251747 (B. subtilis K51), and MW251748 (B. subtillus 170).




2.4. Urease Assay


Urease activity was determined according to the method described in [28] by evaluation of the conductivity of a culture medium. To assess the urease activity, bacterial strains were grown in 5 mL of beef broth containing 3 g/L of beef extract and 5 g/L of peptone for 24 h at 37 °C with shaking (100 rpm). The resulting bacterial cells were separated by centrifugation at 3000 rpm for 5 min. The precipitate was suspended in 0.9% NaCl solution, adjusted to optical density 0.5 at 600 nm, and 0.5 mL of the suspension was added to 40 mL of B4-U medium. The medium did not contain CaCl2 to avoid CaCO3 crystal formation that makes the conductivity assay difficult. Bacteria were cultivated for 14 days at 37 °C with shaking (100 rpm) and aliquots (5 mL) were withdrawn daily for pH and urease assays. For the latter, the aliquot was cooled to 25 °C and the conductivity was measured using a conductometer DFRobot DFR0300-H Gravity: Analog Electrical Conductivity Sensor/Meter (K = 10). The formation of ionic particles of non-ionic substrates led to an increase in the total conductivity of the solution and the rate at which the conductivity increased was proportional to the concentration of the active urease presented in the reaction mixture. The conductivity of the medium with growing E. coli DH5α strain was taken as a negative control. Molar concentration of degraded urea was calculated using the Equation (1) with the coefficient taken from [32]:


Ureahydrolysed (mM) = Conductivity (mS) × 11.11



(1)







One unit of urease activity corresponded to the enzyme amount capable of catalyzing the conversion of 1 μM urea per minute under the standard assay conditions (pH 5.5, 37 °C, 20 min). The data points are presented as the means of at least three independent experiments, and the errors were calculated for each data point using Excel Solver add-in (Microsoft, Redmond WA, USA). The time-dependent curves reported below for pH- and urease activity assays during the bacterial growth were generated with ORIGIN 8.0 software (OriginLab, Northampton, MA, USA).




2.5. XRD and SEM Analysis


Powder X-ray diffraction (XRD) analysis of all samples was performed on a Bruker D8 Advance diffractometer (Bragg-Brentano geometry) with Ni-filtered CuKα (λ = 1.5418 Å) radiation and a LYNXEYE detector. Diffraction patterns were recorded in the 10–70° 2θ range, with a step of 0.02° and collection time of 0.3 s/step. Rietveld analysis of the patterns was carried out with a help of FullProf Suite [33]. Structure models were obtained from Crystallography Open Database [34].



The microstructure of the samples was investigated using a Carl Zeiss NVision 40 high resolution scanning electron microscope at 1 kV acceleration voltage.




2.6. Restoration of Concrete Cracks with Selected Bacteria


Dry grade M300 non-sterilized cement was diluted in distilled water and poured into silicone molds. After the cement had completely solidified, the samples (Ø 4.5 cm, h 1.0 cm) were removed and micro-cracks were made using a marble pestle. Each selected bacterial strain was grown in 10 mL of YPG medium for one day and centrifuged at 2000× g for 10 min. Cells were re-suspended in 5 mL of 0.9% NaCl and sterile transferred to 100 mL of the medium B4-U. Then 30 mL of each bacterial suspension were applied to a cement sample with cracks. Cement samples were put at 37 °C with periodical addition of the nutrient medium. A sample without the addition of bacteria was taken as a control. After a month of observation, the samples were dried and visually analyzed using a MSP-1 optical microscope.





3. Results and Discussion


3.1. Screening and Characterization of CaCO3 Mineralyzing Bacteria


A laboratory microbial collection containing 71 bacterial strains that have been gathered from various locations and purchased from different microbial collections were used to screen for ability to induce CaCO3 precipitation. Considering the requirements applied to microorganisms that could be used as concrete self-healing agents, we used a specific screening strategy. At the first stage, bacteria able to survive in alkaline conditions were selected. This stage was necessary because freshly prepared concrete has a pH value in the range of 8 to 11. As a result, 28 strains capable of growing on LB medium with a pH 9 were found among 71 strains taken into the study. The next task was to determine Gram-positive bacteria as potentially able to form spores, since the strains should retain their viability for several years to be used as a restoring material in the place of formation of the opening crack. As a result, 9 cultures out of 13 Gram-positive bacterial strains appeared to be able to withstand starvation growth conditions including six strains with the ability to produce abundant endospores that were determined microscopically.



A 16S rRNa gene of eight earlier non-identified microorganisms were partially sequenced and the phylogenetic analysis of these sequences was performed (Figure 3), whereby these microorganisms were identified as: Micrococcus luteus 6, Bacillus cereus 4b, Staphylococcus epidermidis 4a; B. cereus 168, M. luteus BS52, B. cereus BSP, B. subtilis K51, and B. subtillus 170. Three strains (S. epidermidis 4a, M. luteus 6 and M. luteus BS52) did not produce endospores but due to the production of cyst-like complexes during the starvation stage they were included into the list of studied microorganisms.



The ability of the selected cultures to induce precipitation of calcium carbonate was monitored during their growth in a liquid urea-supplemented medium B4-U. The values for the medium pH have been increasing from 5 to 7–8.5 during the first two days for all cultures and remained constant until the end of the experiment (Figure 4).



Analysis of the time-dependent curves of the specific urease activity for each strain revealed two types of behavior: the majority of the strains showed the maximal activity after the first day of cultivation following by some decrease during the next two days, whereas urease activity of B. subtilis K51 and B. cereus 168 reached maximum after 44–50 h and then remained constant (Figure 5).



All selected ureolytic strains appeared to induce calcium carbonate mineralization in the urea-deficient medium (B4-AC) showing almost the same precipitate yields as in the medium with urea B4-U (see Table 1). We observed that after 14 days of cultivation the highest amount of CaCO3 in B4-U medium was produced by the strains M. luteus 6, S. epidermidis 4a, B. cereus 4b while in the B4-AC medium M. luteus BS52 and B. cereus BSP showed the best results (Table 1).




3.2. CaCO3 Mineral Analysis


All samples of bacterial CaCO3 precipitates obtained after the two-week growth of selected strains in B4-U and B4-AC media were analyzed by powder X-ray diffraction (XRD) spectrometry using the Rietveld method. Some samples were monophase but the majority represented the mixture of calcite [35], vaterite [36] and non-identified phase in various combinations (Figure S1a,b, in the Supplementary Materials). Neither aragonite [37], nor hydrated forms (monohydrocalcite and ikaite) [38] were detected. Here, calcite formation was recorded in six of nine studied strains after their growth in urea-containing medium B4-U (Table 2).



Vaterite, in addition to calcite, was detected for B. subtilis 170 and B. cereus 168 grown in B4-U medium and for all strains except B. subtilis K51 and B. licheniformis DSMZ 8782 during their growth in B4-AC. Surprising was the appearance of an unidentified phase in some samples (Figure S1c).



We found only one recent report by Ghosh with co-authors [39] where an unidentified phase was mentioned with respect to the bacterium Sporosarcina pasteurii biomineralization. Most probably, the appearance of peaks corresponding to the unidentified phase may indicate the appearance of a crystalline substance due to the interaction of calcium ions with organic species present in the culture media. It was observed for four strains grown in B4-U medium and for seven strains grown in calcium acetate medium B4-AC (Table 2). In the B4-AC medium, calcite was formed by all microorganisms except M. luteus BS52, for which only vaterite and the unidentified phase were detected. It may indicate that thermodynamically unstable ACC and metastable vaterite phases have not been transformed into stable calcite by the end of the M. luteus BS52 growth in urea-deficient medium. For the strains S. epidermidis 4a and B. cereus 4b calcite and vaterite were detected in B4-AC medium and only the unidentified phase was observed in B4-U medium. SEM analysis of the precipitates produced by the selected strains after a 2-week growth in both media also confirmed that the samples consisted of strongly aggregated particles having various shapes (Figure S2, Supplementary Materials).



To evaluate the potential of the selected strains for practical applications, we have tested them in cement-sand microcracks healing. It should be taken into account that the microcracks in the cement-sand samples were made manually, so their size and distribution could also affect the rate of the crack repair process. Since we used this method only for screening purposes, we have been considering the results after a month of treatment by bacteria to exclude the influence of the difference in the lesions size on healing. Thus, the selected strains demonstrated different abilities to restore micro-cracks on the cement-sand surface. The strains B. licheniformis DSMZ 8782 (Figure 6a,b), B. cereus 4b (Figure 6c,d), S. epidermidis 4a (Figure 6k,l), M. luteus BS52 (Figure 6q,r), and M. luteus 6 (Figure 6m,n) appeared to repair microcracks in the samples while the effect of cultivation of B. cereus 168 (Figure 6e,f), B. cereus BSP (Figure 6g,h), B. subtilis 170 (Figure 6o,p) and B. subtilis K51 (Figure 6s,t) was negligible. E. coli DH5α, negative control (Figure 6i,j).




3.3. Analysis of Precipitation Process Induced by B. licheniformis DSMZ 8782


The strain B. licheniformis DSMZ 8782 was the fastest in microcracks healing. Considering the observation that it produced only the most stable polymorph, calcite, during its growth in liquid media, this strain was further studied in more details. During a two-weeks cultivation of the B. licheniformis DSMZ 8782 in liquid B4-U and B4-AC media with sequential aliquot sampling at regular intervals, the changes in the growth media pH values, biomass accumulation, CaCO3 precipitation, and the specific urease activity were monitored (Figure 7).



Figure 7 shows that during the growth in B4-U medium, pH values increased rapidly after the first day and then remained constant; the exponential growth phase of the bacterium corresponded to the intense crystal formation and a linear increase in the urease rate. As expected, no urease activity was detected in the B4-AC medium, indicating that crystal formation is proceeded by a different mechanism.



Finally, cell suspensions of B. licheniformis DSMZ 8782 were applied to completely dried cement-sand samples. A month later, the sample treated with the bacterium in B4-U medium was completely repaired, while in the case of using the B4-AC medium, the crack was not closed up totally but a white coating by calcium carbonate appeared (Figure S3, Supplementary Materials). This agrees with our results obtained during the bacterial growth in liquid media (Figure 7). When using the urea-rich medium, urease was induced and, accordingly, an intense CaCO3 precipitation occurred. Conversely, in the B4-AC medium, the peak of precipitate production was reached much later, at the beginning of the second week.



XRD and SEM analyses of samples taken from the liquid B4-U medium with growing strain allowed us to follow the CaCO3 biomineralization during 14 days. After the first day of the growth, we detected peaks characteristic to calcite and hardly observable peaks of vaterite (Figure 8, red line) followed by accumulation of both vaterite and calcite phases after 48 h (Figure 8, green, blue and violet lines). SEM analysis confirmed that the amorphous phase of calcium carbonate consisted of ultrasmall particles (10–20 µm) with irregular shape and was formed on the first day (Figure 9). Then the precipitates were transformed into ellipsoid or spherical particles (30–50 µm) characteristic to the polymorph vaterite; on the second day they increased in both size and quantity. Closer to the 14th day we observed appearance of large particles (80–120 µm) with well-defined faceting typical to calcite (Figure 9). Note that non-biogenic and biogenic processes of calcium carbonates crystallization are rather complex and proceed through various intermediates [17,38,40] depending on various factors like reaction and culture medium composition, bacteria species, aeration process and others [41,42], so that it can be considered typical for both bacterially induced vaterite or calcite microcrystals.



The ability of microorganisms to induce calcium carbonate precipitation through different mechanisms is well known. However, most reports on MICP processes describe only one of the mechanisms inducing microbial biomineralization of calcium carbonate [6,11,22,23,24,43] and others. For some bacteria (Bacillus, Arthrobacter and Rhodococcus) the induction of Ca carbonate crystallization in a medium containing calcium organic acid salts (acetate, lactate, citrate, succinate) was described [44].



Helmi with coauthors showed the induction of calcium carbonate precipitation in different urea-containing media during the growth of the bacterium B. licheniformis [45]. Barabesi et al. reported the relationship between the activity of cell genes responsible for the induction of the biogenic mineralization process and the metabolism of fatty acids [46]. Only the recent publication of Reeksting et al. described the ability of microorganisms to induce CaCO3 precipitation through two different mechanisms depending on the growth conditions [47]. The aforementioned authors showed that different polymorphs were formed with a dependence on different nutrients added into the growth medium and, accordingly, the process depended on the mechanism that led to the CaCO3 precipitation. Our results confirm that this phenomenon is more widespread than previously thought. All selected ureolytic bacteria retained their ability to induce CaCO3 mineralization in urea-deficient medium (Table 1 and Table 2) although the transformation of CaCO3 morphologies occurred at a slower rate than along the ureolytic pathway. Most likely, this behavior cannot be explained only by the species-specificity of bacteria or non-biogenic crystallization due to elevated content of Ca2+ and carbonate ions in the media that was verified in experiments without bacteria. We suppose that the explanation is in switching the genes coding enzymes (at least, carbonic anhydrases and ureases as was reported for various representatives of the genus Bacillus [26,27]) that catalyze reactions resulting in the formation of carbonate ions. Since all the ureolytic strains that we selected were capable of inducing CaCO3 precipitation regardless of the presence of urea in the medium, such flexibility of bacteria can be considered the rule rather than the exception. Thus, our findings make it possible to control the production of calcium carbonate polymorphs. It is important not only in view of MICP application in civil engineering for the restoration of building constructions, but for drug delivery, regenerative medicine and tissue engineering as bone cements and substitute materials, dental implants and scaffolds as well as for the design of new materials reviewed in [18,48].



In conclusion, for each of the selected and characterized bacterial candidates, the transformation “ACC-to-vaterite-to-calcite” occurs by different ways, yielding different amounts of precipitates and variable morphologies of carbonate minerals in media with and without urea. In urea-containing medium, all selected bacteria showed a high level of specific urease activity accompanied by the process of biomineralization. In the urea-free medium, all ureolytic bacteria also induced the CaCO3 precipitation, although at lower pH values. We found that only five strains (B. licheniformis DSMZ 8782, B. cereus 4b, S. epidermidis 4a, M. luteus BS52, M. luteus 6) were able to completely repair the original shape of the cement-sand samples. Detailed studies of the most potent strain B. licheniformis DSMZ 8782 revealed the slower rate of the polymorph transformation in the urea-deficient medium than in urea-containing one. This remarkable property could be used in various industrial applications where a specific polymorph (ACC, vaterite or calcite) is required.
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The following are available online at https://www.mdpi.com/2075-1729/10/12/317/s1, Figure S1: Typical x-ray diffraction patterns of CaCO3 precipitates formed by representative bacterial strains under study: (a) B. subtilis K51 after the growth in B4-U (calcite), (b) B. cereus 4b after the growth in B4-AC (calcite+vaterite), (c) M. luteus 6 after the growth in B4-AC (calcite + vaterite + non-identified phase). Figure S2: Representative scanning electron micrograhs of CaCO3 precipitates formed by some bacterial strains under study: (a) vaterite (ellipsoid particles) produced by S. epidermidis 4a in B4-AC medium; (b) calcite, B. licheniformis DSMZ 8782, B4-U medium; (c) vaterite, B. subtilis 170, B4-AC medium. Bacterial cells and imprints are seen on the surface of the crystal; (d) calcite (large faceted crystal) and vaterite (ellipsoid particles), B. subtilis 170, B4-AC medium. Figure S3: Typical images of micro-crack filling by B. licheniformis DSMZ 8782 before (a and c) and after a month of the growth on the cement surface in B4-U medium (a and b) and in B4-AC medium (c and d). Cement samples were 4.5 × 1 cm in size; microcracks were 3.5–4 cm in length and 0.12–2.0 mm in width).





Author Contributions


Conceptualization, A.A.K.; methodology, D.A.G., E.V.Z.; investigation, D.A.G., E.V.Z., A.Y.S., L.A.I., K.S.B., A.E.M., N.V.T.; resources, A.Y.S., N.V.T., A.E.M. and G.P.K.; data curation, A.E.B., A.Y.S., L.A.I., G.P.K., and A.A.K.; writing—original draft preparation, D.A.G., E.V.Z., A.E.B., K.S.B. and A.A.K.; visualization, D.A.G., E.V.Z., A.E.B. and L.A.I.; supervision, G.P.K. and A.A.K.; funding acquisition, D.A.G., E.V.Z., L.A.I., K.S.B. and A.A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Genome Research Centre development program “Kurchatov Genome Centre–PNPI” (agreement No. 075-15-2019-1663).




Acknowledgments


This work was performed using the equipment of the Shared Research Centre FSRC “Crystallography and Photonics” RAS and was supported by the Russian Ministry of Education and Science (project RFMEFI62119 × 0035). The SEM measurements were performed using shared experimental facilities supported by IGIC RAS state assignment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Qian, C.X.; Wang, J.Y.; Wang, R.X. Corrosion protection of cement based building materials by surface deposition of CaCO3 by Bacillus pasteurii. Mater. Sci. Eng. C 2009, 29, 1273–1280. [Google Scholar]

	



Xu, J.; Wang, X.; Wang, B. Biochemical process of ureolysis-based microbial CaCO3 precipitation and its application in self-healing concrete. Appl. Microbiol. Biotechnol. 2018, 102, 3121–3132. [Google Scholar] [CrossRef] [PubMed]

	



Lee, B.D.; Apel, W.A.; Walton, M.R. Calcium carbonate formation by Synechococcus sp. strain PCC 8806 and Synechococcus sp. strain PCC 8807. Bioresour. Technol. 2006, 97, 2427–2434. [Google Scholar] [CrossRef] [PubMed]

	



Montaño-Salazar, S.M.; Lizarazo-Marriaga, J.; Brandão, P.F.B. Isolation and potential biocementation of calcite precipitation inducing bacteria from Colombian buildings. Curr. Microbiol. 2017, 75, 256–265. [Google Scholar] [CrossRef]

	



Bang, S.S.; Galinat, J.K.; Ramakrishnan, V. Calcite precipitation induced by polyurethane-immobilized Bacillus pasteurii. Enzym. Microb. Technol. 2001, 28, 404–409. [Google Scholar] [CrossRef]

	



Bachmeier, K.L.; Williams, A.E.; Warmington, J.R.; Bang, S.S. Urease activity in microbiologically-induced calcite precipitation. J. Biotechnol. 2002, 93, 171–181. [Google Scholar] [CrossRef]

	



Krishnapriya, S.; Venkatesh Babu, D.L.; Prince Arulraj, G. Isolation and identification of bacteria to improve the strength of concrete. Microbiol. Res. 2015, 174, 48–55. [Google Scholar] [CrossRef]

	



Wang, J.; Jonkers, H.M.; Boon, N.; De Belie, N. Bacillus sphaericus LMG 22257 is physiologically suitable for self-healing concrete. Appl. Microbiol. Biotechnol. 2017, 101, 5101–5114. [Google Scholar] [CrossRef]

	



Menon, R.R.; Luo, J.; Chen, X.; Zhou, H.; Liu, Z.; Zhou, G.; Zhang, N.; Jin, C. Screening of fungi for potential application of self-healing concrete. Sci. Rep. 2019, 9, 2075. [Google Scholar] [CrossRef]

	



Dhami, N.K.; Reddy, M.S.; Mukherjee, A. Biomineralization of calcium carbonates and their engineered applications: A review. Front. Microbiol. 2013, 4, 314. [Google Scholar] [CrossRef]

	



Joshi, S.; Goyal, S.; Mukherjee, A.; Reddy, M.S. Microbial healing of cracks in concrete: A review. J. Ind. Microbiol. Biotechnol. 2017, 44, 1511–1525. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.S.; Park, W. Current challenges and future directions for bacterial self-healing concrete. Appl. Microbiol. Biotechnol. 2018, 102, 3059–3070. [Google Scholar] [CrossRef] [PubMed]

	



Seifan, M.; Berenjian, A. Application of microbially induced calcium carbonate precipitation in designing bio self-healing concrete. World J. Microbiol. Biotechnol. 2018, 34, 168. [Google Scholar] [CrossRef] [PubMed]

	



Ivanov, V.; Stabnikov, V.; Stabnikova, O.; Kawasaki, S. Environmental safety and biosafety in construction biotechnology. World J. Microbiol. Biotechnol. 2019, 35, 26. [Google Scholar] [CrossRef]

	



Ghosh, P.; Mandal, S.; Chattopadhyay, B.D.; Pal, S. Use of microorganism to improve the strength of cement mortar. Cem. Concr. Res. 2005, 35, 1980–1983. [Google Scholar] [CrossRef]

	



Kim, H.K.; Park, S.J.; Han, J.I.; Lee, H.K. Microbially mediated calcium carbonate precipitation on normal and lightweight concrete. Constr. Build. Mater. 2013, 38, 1073–1082. [Google Scholar] [CrossRef]

	



Zhou, G.T.; Guan, Y.B.; Yao, Q.Z.; Fu, S.Q. Biomimetic mineralization of prismatic calcite mesocrystals: Relevance to biomineralization. Chem. Geol. 2010, 279, 63–72. [Google Scholar] [CrossRef]

	



Cantaert, B.; Kuo, D.; Matsumura, S.; Nishimura, T.; Sakamoto, T.; Kato, T. Use of Amorphous Calcium Carbonate for the Design of New Materials. ChemPlusChem 2017, 82, 107–120. [Google Scholar] [CrossRef]

	



Castanier, S.; Le Meґtayer-Levrel, S.G.; Perthuisot, J.P. Bacterial Roles in the Precipitation of Carbonate Minerals; Springer: Berlin/Heidelberg, Germany, 2000; pp. 32–39. [Google Scholar]

	



Seifan, M.; Samani, A.K.; Berenjian, A. Bioconcrete: Next generation of self-healing concrete. Appl. Microbiol. Biotechnol. 2016, 100, 2591–2602. [Google Scholar] [CrossRef]

	



Hammes, F.; Verstraete, W. Key roles of pH and calcium metabolism in microbial carbonate precipitation. Rev. Environ. Sci. Biotechnol. 2002, 1, 3–7. [Google Scholar] [CrossRef]

	



Jonkers, H.M.; Thijssen, A.; Muyzer, G.; Copuroglu, O.; Schlangen, E. Application of bacteria as self-healing agent for the development of sustainable concrete. Ecol. Eng. 2010, 36, 230–235. [Google Scholar] [CrossRef]

	



Wiktor, V.; Jonkers, H.M. Quantification of crack-healing in novel bacteria-based self-healing concrete. Cem. Concr. Compos. 2011, 33, 763–770. [Google Scholar] [CrossRef]

	



Krajewska, B. Urease-aided calcium carbonate mineralization for engineering applications: A review. J. Adv. Res. 2017, 13, 59–67. [Google Scholar] [CrossRef] [PubMed]

	



Sundaram, S.; Thakur, I.S. Induction of calcite precipitation through heightened production of extracellular carbonic anhydrase by CO2 sequestering bacteria. Bioresour. Technolol. 2018, 253, 368–371. [Google Scholar] [CrossRef] [PubMed]

	



Achal, V.; Pan, X. Characterization of urease and carbonic anhydrase producing bacteria and their role in calcite precipitation. Curr. Microbiol. 2011, 62, 894–902. [Google Scholar] [CrossRef] [PubMed]

	



Tepe, M.; Arslan, Ş.; Koralay, T.; Mercan Doğan, N. Precipitation and characterization of CaCO3 of Bacillus amyloliquefaciens U17 strain producing urease and carbonic anhydrase. Turk. J. Biol. 2019, 43, 198–208. [Google Scholar] [CrossRef]

	



Seifan, M.; Samani, A.K.; Berenjian, A. Induced calcium carbonate precipitation using Bacillus species. Appl. Microbiol. Biotechnol. 2016, 100, 9895–9906. [Google Scholar] [CrossRef]

	



Turner, S.; Pryer, K.M.; Miao, V.P.W.; Palmer, J.D. Investigating deep phylogenetic relationships among cyanobacteria and plastids by small subunit rRNA sequence analysis. J. Eukaryot. Microbiol. 1999, 46, 327–338. [Google Scholar] [CrossRef]

	



Maniatis, T.; Fritsch, E.F.; Sambrook, J. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1982. [Google Scholar]

	



Zhang, Z.; Schwartz, S.; Wagner, L.; Miller, W. A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 2000, 7, 203–214. [Google Scholar] [CrossRef]

	



Whiffin, V.S. Microbial CaCO3 Precipitation for the Production of Biocement. Ph.D. Thesis, Murdoch University, Perth, Australia, 2004. [Google Scholar]

	



Rodriguez-Carvajal, J. Recent advances in magnetic structure determination by neutron powder diffraction. Phys. B Condens Matter 1993, 192, 55–69. [Google Scholar] [CrossRef]

	



Gražulis, S.; Chateigner, D.; Downs, R.T.; Yokochi, A.F.T.; Quirós, M.; Lutterotti, L.; Le Bail, A. Crystallography Open Database–an open-access collection of crystal structures. J. Appl. Cryst. 2009, 42, 726–729. [Google Scholar] [CrossRef]

	



Zolotoyabko, E.; Caspi, E.N.; Fieramosca, J.S.; Von Dreele, R.B.; Marin, F.; Mor, G.; Addadi, L.; Weiner, S.; Politi, Y. Differences between bond lengths in biogenic and geological calcite. Cryst. Growth Des. 2010, 10, 1207–1214. [Google Scholar] [CrossRef]

	



Wang, J.; Becker, U. Structure and carbonate orientation of vaterite. Am. Miner. 2009, 94, 380–386. [Google Scholar] [CrossRef]

	



Pokroy, B.; Fieramosca, J.S.; Von Dreele, R.B.; Fitch, A.N.; Caspi, E.N.; Zolotoyabko, E. Atomic structure of biogenic aragonite. Chem. Mater. 2007, 19, 3244–3251. [Google Scholar] [CrossRef]

	



Kaur, N.; Reddy, M.S.; Mukherjee, A. Biomineralization of calcium carbonate polymorphs by the bacterial strains isolated from calcareous sites. J. Microbiol. Biotechnol. 2013, 23, 707–714. [Google Scholar]

	



Ghosh, T.; Bhaduri, S.; Montemagno, C.; Kumar, A. Sporosarcina pasteurii can form nanoscale calcium carbonate crystals on cell surface. PLoS ONE 2019, 14, e0210339. [Google Scholar] [CrossRef] [PubMed]

	



Cartwright, J.H.; Checa, A.G.; Gale, J.D.; Gebauer, D.; Sainz-Díaz, C.I. Calcium carbonate polyamorphism and its role in biomineralization: How many amorphous calcium carbonates are there? Angew. Chem. Int. Ed. 2012, 51, 11960–11970. [Google Scholar] [CrossRef] [PubMed]

	



Wei, S.; Cui, H.; Jiang, Z.; Liu, H.; He, H.; Fang, N. Biomineralization processes of calcite induced by bacteria isolated from marine sediments. Braz. J. Microbiol. 2015, 46, 455–464. [Google Scholar] [CrossRef] [PubMed]

	



Meier, A.; Kastner, A.; Harries, D.; Wierzbicka-Wieczorek, M.; Majzlan, J.; Büchel, G.; Kothe, E. Calcium carbonates: Induced biomineralization with controlled macromorphology. Biogeosciences 2017, 14, 4867–4878. [Google Scholar] [CrossRef]

	



Castanier, S.; Le Métayer-Levrel, G.; Perthuisot, J.P. Ca-carbonates precipitation and limestone genesis—The microbiogeologist point of view. Sediment. Geol. 1999, 126, 9–23. [Google Scholar] [CrossRef]

	



Knorre, H.; Krumbein, K.E. Bacterial calcification. In Microbial Sediments; Springer: Berlin/Heidelberg, Germany, 2000; pp. 25–31. [Google Scholar]

	



Helmi, F.M.; Elmitwalli, H.R.; Elnagdy, S.M.; El-Hagrassy, A.F. Calcium carbonate precipitation induced by ureolytic bacteria Bacillus licheniformis. Ecol. Eng. 2016, 90, 367. [Google Scholar] [CrossRef]

	



Barabesi, C.; Galizzi, A.; Mastromei, G.; Rossi, M.; Tamburini, E.; Perito, B. Bacillus subtilis Gene Cluster Involved in Calcium Carbonate Biomineralization. J. Bacteriol. 2006, 189, 228–235. [Google Scholar] [CrossRef] [PubMed]

	



Reeksting, B.J.; Hoffmann, T.D.; Tan, L.; Paine, K.; Gebhard, S. In-depth profiling of calcite precipitation by environmental bacteria reveals fundamental mechanistic differences with relevance to application. Appl. Environ. Microbiol. 2020, 86, e02739-19. [Google Scholar] [CrossRef]

	



Trushina, D.B.; Bukreeva, T.V.; Kovalchuk, M.V.; Antipina, M.N. CaCO3 vaterite microparticles for biomedical and personal care applications. Mat. Sci. Eng. C 2014, 45, 644–658. [Google Scholar] [CrossRef] [PubMed]








[image: Life 10 00317 g001 550] 





Figure 1. Schematic illustration of urease-driven calcium carbonate precipitation induced by an ureolytic microorganism. 
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Figure 2. Chemical reactions leading to CaCO3 crystallization through the oxidation of Ca acetate salt induced by heterotrophic bacteria. 






Figure 2. Chemical reactions leading to CaCO3 crystallization through the oxidation of Ca acetate salt induced by heterotrophic bacteria.



[image: Life 10 00317 g002]







[image: Life 10 00317 g003 550] 





Figure 3. Phylogenetic tree constructed with the neighbor-joining method from partial 16S rDNA gene sequences of the eight isolates and reference strains (accession numbers are indicated). Species used as the outgroup was Pseudomonas aeruginosa. Bootstrap probabilities as determined for 1000 replicates are given as a percentage. 
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Figure 4. Time-dependence of the pH values during the bacteria growth in B4-U medium. Blue line represents data for a sample without bacteria used as a chemical control and green line represents data for E. coli DH5α used as a negative control. Data points are presented as the means of three independent experiments, the errors were calculated for each data point using Excel Solver add-in (Microsoft, Redmond, WA, USA). 
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Figure 5. Time-dependence of the specific urease activity of each tested strain during the growth in the B4-U medium. The specific urease activity was assessed using measured value for conductivity of the reaction mixture according to the Formula (1). Green line represents data for E. coli DH5α used as a negative control. The data points are presented as the means of three independent experiments, and the errors were calculated for each data point as described for Figure 2. 
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Figure 6. Typical micrographs of microcrack filling by the selected strains before and after a month of the growth on the cement surface: B. licheniformis DSMZ 8782 (a,b); B. cereus 4b (c,d); B. cereus 168 (e,f); B. cereus BSP (g,h); E. coli DH5α, negative control (i,j); S. epidermidis 4a (k,l); M. luteus 6 (m,n); B. subtillus 170 (o,p); M. luteus BS52 (q,r); B. subtilis K51 (s,t). Cement samples were 4.5 × 1 cm in size; microcracks were 3.5–4 cm in length and 0.12–0.4 mm in width). 
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Figure 7. Time-dependences of B. licheniformis growth parameters in 100 mL of B4-U medium (black lines) and B4-AC medium (red lines): (a) pH (filled squares) and specific urease activity (open squares); (b) CaCO3 precipitate amount (filled squares) and bacterial biomass accumulation (open squares). Errors bars represent average and standard deviation of three replicates. 
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Figure 8. Typical X-ray diffraction patterns of CaCO3 precipitates formed by the strain B. licheniformis DSMZ 8287 during 14-days growth: after 29 h, red line; 72 h, green line; 9 days, blue line; 14 days, violet line. 
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Figure 9. Representative scanning electron micrographs of CaCO3 precipitates appeared during 14-days of B. licheniformis DSMZ 8782 growth in B4-AC medium. 
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Table 1. CaCO3 precipitates produced during the bacteria growth in two media.
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Microorganism

	
Quantity of Precipitates a Produced by Studied Strains in 100 mL of




	
B4-U Medium, mg b

	
B4-AC Medium, mg b






	
B. licheniformis DSMZ 8782

	
180.9 ± 8.1

	
113.0 ± 4.7




	
S. epidermidis 4a

	
234.5 ± 1.5

	
121.2 ± 3.8




	
B. cereus 4b

	
217.8 ± 12.7

	
110.3 ± 4.1




	
M. luteus 6

	
207.5 ± 8.3

	
187.6 ± 5.4




	
B. subtilis K51

	
120.2 ± 4.5

	
167.2 ± 9.3




	
B. subtilis 170

	
151.9 ± 2.8

	
170.6 ± 6.8




	
B. cereus 168

	
180.6 ± 5.9

	
120.0 ± 15.5




	
M. luteus BS52

	
157.7 ± 0.1

	
233.5 ± 12.9




	
B. cereus BSP

	
155.5 ± 5.4

	
220.6 ± 6.9




	
E. coli DH5α

	
0

	
0








a Insoluble precipitates were thoroughly collected from the flask walls with a scraper, separated from the planktonic cells and the medium by filtration, washed with distilled water, oven dried at 50 °C, and weighed. b Errors bars represent average and standard deviation of three replicates.
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Table 2. Results of powder X-ray diffraction (XRD) analysis of CaCO3 polymorphs formed by bacterial strains under study.
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Microorganism

	
B4-U Medium

	
B4-AC Medium




	
Calcite

	
Vaterite

	
Unidentified Phase

	
Calcite

	
Vaterite

	
Unidentified Phase






	
B. licheniformis DSMZ 8782

	
+

	
-

	
-

	
+

	
-

	
+




	
S. epidermidis 4a

	
-

	
-

	
+

	
+

	
+

	
-




	
B. cereus 4b

	
-

	
-

	
+

	
+

	
+

	
-




	
M. luteus 6

	
+

	
-

	
+

	
+

	
+

	
+




	
B. subtilis K51

	
+

	
-

	
-

	
+

	
-

	
+




	
B. subtilis 170

	
+

	
+

	
-

	
+

	
+

	
+




	
B. cereus 168

	
+

	
+

	
-

	
+

	
+

	
+




	
M. luteus BS52

	
-

	
-

	
+

	
-

	
+

	
+




	
B. cereus BSP

	
+

	
-

	
-

	
+

	
+

	
+
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