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Abstract

:

Rock surfaces in natural systems are inhabited by multispecies communities of microorganisms. The biochemical activity of microorganisms and the patterns of microbial crystallization in these communities are mostly unexplored. Patterns of calcium carbonate and calcium oxalate crystallization induced by bacteria Bacillus subtilis and by B. subtilis together with Aspergillus niger on marble surface in vitro in liquid medium and in humidity chamber—were studied. Phase identification was supported by XRD, SEM, EDXS; metabolite composition was determined by GC–MS. It was found that the activity of B. subtilis–A. niger associations significantly differ from the activity of B. subtilis monocultures in the same trophic conditions. The phase composition and the morphology of the forming crystals are determined by the composition of the metabolites excreted by the microorganisms—particularly by the ratio of the concentrations of extracellular polymeric substances (EPS) and oxalic acid in the medium. The acidification activity of micromycetes may suppress the formation of bacterial EPS and prevent the formation of calcite. The present results can be used in the development of biotechnologies using microbial communities.
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1. Introduction


Metabolism of the microbial lithobiotic community is a powerful factor in modern mineral formation [1,2]. In particular, it has been shown for number of fungal species isolated from different rock substrates [3,4,5] as well as for some species of bacteria [6,7]. Carbonates (mainly calcite) may form under the influence of bacteria [8,9,10] and oxalates (salts of oxalic acid)—under the action of microscopic fungi and lichens [4]. There are oxalate-producing bacteria (Bacillus spp., Alcaligenes sp., Actinomyces sp., Flavobacterium sp., Micrococcus sp. and others) with the participation of which both carbonates and oxalates can be formed [11].



The nucleation and growth of crystals of calcium carbonates under the influence of bacteria can occur in alkaline conditions on cell walls and on the surface of extracellular polymeric substances (EPS) produced by bacteria. High local concentrations of calcium ions on these surfaces are created by the electrical interaction of the negatively charged functional groups on them with the calcium ions present in the medium [12]. The shift in pH of the medium to the acidic values may prevent the deprotonation of EPS and consequently prevent the binding of calcium ions by functional groups of EPS. In addition, Bacillus spp. may form endospores that can lead to uncontrolled carbonate crystal growth [12,13].



As for oxalate crystallization, it is well known that it occurs as a result of the interaction of rocks and minerals with oxalic acid secreted by microorganisms in a wide range of pH values [4,7,14].



The processes of microbial metabolism are very labile and depend on the conditions of growth and existence of microorganisms [4,15]. The main factor affecting the metabolism of heterotrophic microorganisms is the trophic factor. As a rule, the surface of a stone contains few nutrients and such conditions are considered oligotrophic, though in some cases local conditions rich in organic matter are also possible. The study of the processes of microbial crystallization in nature requires taking these factors into account.



Rock surfaces in natural systems are inhabited by multispecies communities of microorganisms [16,17,18,19]. The biochemical activity of microorganisms in these communities and the patterns of microbial crystallization under influence of several species of microorganisms are practically unexplored.



The results of studies of bacterial carbonate crystallization and the ability of bacteria or microbial communities for calcite cementation formed the basis for practical developments for the restoration of marble and limestone monuments (“healing” of stone) [20,21,22]. The coprecipitation of divalent metals with calcium carbonate was suggested to remove heavy metals and radionuclides [23,24,25]. To date, research in the applied field is carried out in two main directions: the search for new species of bacteria capable of redepositing calcite and the selection of conditions for this process [12].



The present work continues our research on crystallization on rock surface under the influence of lithobiotic microbial communities. Before, our interests were focused mainly on the crystallization of calcium oxalates occurring during the interaction of microscopic fungi with different calcium-bearing rocks and minerals [5,15,26].



The aim of this work was to reveal the differences in the metabolism of Bacillus subtilis monoculture and Bacillus subtilis–Aspergillus niger association, which are in the same trophic conditions and, on this basis, explain the morphogenetic patterns of crystallization by interaction of calcite marble with bacteria and a bacterial–fungal association.



Our study focused on the species B. subtilis because it belongs to a small group of bacteria under the influence of which both carbonates and oxalates can be formed [11,12]. This makes it possible to analyze the conditions of both processes and the interactions involved. The role of heterotrophic bacteria—including bacteria of the genus Bacillus in the formation of secondary calcite—is well studied [20,21,24,27,28,29], including the data from model experiments [30,31,32,33]. But the patterns of fluctuation of the metabolic activity of Bacillus spp. depending on habitat conditions has not yet been researched enough [12,20]. It is important to note that bacteria Bacillus spp. belong to Bacteria, which are widely used in biotechnology (especially in metal remediation, microbial enhanced oil recovery) and construction restoration [20,24].



The choice of Aspergillus niger was due to the fact that the metabolism of this fungus and oxalate crystallization followed by interaction of calcite marble with the fungus had been studied in detail in our previous research [5,15,26]. In particular, we showed that A. niger acidification activity is very strong and increases with the increase of sugar concentration in the medium [15].




2. Materials and Methods


Two series of experiments were performed on the surface of blocks (1 × 1 × 0.5 cm) of homogeneous Carrara calcite marble with microorganisms: 1–monoculture of bacteria Bacillus subtilis, 2–co-culture of Bacillus subtilis and fungus Aspergillus niger.



2.1. Bacterial and Fungal Strains Identification


The bacterial strain was isolated from weathered rapakivi granite from Virolahti, Finland. It was identified by analyzing the nucleotide sequence of the most part of the 16S rRNA gene. The 16S rRNA gene was amplified from genomic DNA with the primers 63 F and 1387R. Genomic DNAs were extracted using a GeneJET genomic DNA purification kit (Thermo Scientific, Waltham, MA, USA). The resulting PCR products were visualized by gel electrophoresis and purified by GeneJET PCR purification kit (Thermo Scientific, Waltham, MA, USA). Sequencing of the PCR products was performed at the Inter-institute ‘GENOME’ Center (Moscow, Russia) using primers 537R and 1100R. Nucleotide sequences were analyzed at the website of the National Center for Biotechnology Information via the BLAST network service. According to the data obtained, the strain was identified as Bacillus subtilis. This strain was deposited in the RCAM collection under the number RCAMO4920.



The fungus Aspergillus niger (strain Ch4/07) was isolated from a damaged surface of Proconesos marble (Chersonesos, Crimea). The species identification of the strain was based on the sequence of the ITS region of rDNA (GenBank accession no-KF768341).




2.2. Experimental Conditions


In both series of experiments, cultivation of microorganisms was carried out in a liquid medium and in a humidity chamber (Figure 1) at a temperature of +26°С. Czapek–Dox medium (g/L: NaNO3–2.0; KH2PO4–1.0; MgSO4•7 H2O–0.5; KCl–0.5; FeSO4•7 H2O–0.01) with different glucose concentration was used as a nutrient medium (the initial pH of medium is 5.5).



Unlike our predecessors, who used soluble salts of acetate, citrate [34], chloride [32,33], lactate and gluconate [35] as a sources of calcium for bacterially induced crystallization of calcium carbonate, we used natural calcite marble.



In the experiments in liquid medium, marble blocks were put on the bottom of Petri dishes and 15 mL liquid Czapek–Dox medium was added so as the surface of blocks was covered. The glucose concentration in the medium was 1, 5, 10 and 30 g/L. The inoculation was carried out by the suspension of bacterial cells and fungal conidia. The number of bacterial cells in 1 mL of the initial suspension was 108, fungal conidia—104, which corresponds to the concentrations of cells and conidia in the destroyed limestone [36,37]. The cultivation time: 14, 21, 30 and 60 days (the last option only for monoculture of B. subtilis on Czapek–Dox medium with glucose 30 g/L). The experiments were carried out in triplicate. The Czapek–Dox medium with a fragment of marble without organisms was used as control. The culture media and the marble fragments were presterilized by autoclaving.



For the experiments in the humidity chamber (Figure 1), the same microorganism cell suspension on the basis of the liquid Czapek–Dox medium, containing 30-g/L glucose was used. The microorganism cell suspension (0.1 mL) was applied on the marble block surface. Humidity was maintained by periodically (once every two weeks) adding a few drops of sterile distilled water to the bottom of the Petri dish. No further nutrient medium was added. This way, the experimental conditions simulated the growth of bacteria and fungus on carbonate substrate at high humidity and with minimum amount of nutrients. The growth of microorganisms in a humid chamber is slower than in a liquid medium, therefore observation was carried out on Days 30, 60 and 90. The experiments were carried out in duplicate.



The precipitate formed during the experiment, which contained crystallization products and microbial biofilmsa was investigated directly on the marble substrate.




2.3. X-Ray Powder Diffraction (XRD)


The XRD method was used for determination of phase composition of precipitates when the amount of crystalline material on the surface of marble or in biomass on it was at least 100 µg. The measurements were performed by means of Bruker“D2 Phaser” ) powder diffractometer (CuKα radiation of wavelength λ = 1.54178 Å, X-ray tube parameters were 30 kV /10 mA; energy-dispersive one-dimensional detector DTEX/ULTRA was used) and Rigaku “MiniFlex II” powder diffractometer) (CuKα radiation of wavelength λ = 1.54178 Å, X-ray tube parameters were 30 kV /15 mA; highspeed solid state energy-dispersive detector LYNXEYE was used). X-ray diffraction patterns were collected at room temperature in the range of 2θ = 5–50° with a step of 0.02° 2θ and a counting time of half second per data point, the specimens were rotated 30 times per second during the data collection. The JCPDS PDF-2 database was used for phase identifications.




2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDXS)


Secondary calcite and calcium oxalates (monoclinic whewellite and tetragonal weddellite) have the same EDX spectra, but substantially differ in crystal morphology [8,9,12,29]. This is why SEM–images of precipitates were used not only for studying the morphology of the crystals formed, but also (on par with EDXS data) for the identification of crusts of secondary calcite globules, whewellite and weddellite and detection of additional phases, which could precipitate from the Czapek–Dox medium.



The study was carried out by means of Tescan MIRA3 LMU and Jeol JCM-5000 Neoscope microscopes. Magnification range varied from 100× to 1000×. Two SE detectors (secondary electron Everhart–Thornley) as well as a BSE detector (scintillation detector based on the highly sensitive YAG crystal with the resolution of 0.1Z of the atomic number) were used. The specimens were coated with gold (~15 nm). Semiquantitative EDX elemental analysis was performed by means of Tescan MIRA3 LMU Advanced Aztec Energy (IE350)/X-max80 system with guaranteed spectral resolution on the line Mn Kα–127 eV.




2.5. Determination of Biomass Content


The biomass of microorganisms was determined by the gravimetric method. The surface mycelium and cell pellet obtained after centrifugation of cultural liquid with microbial biomass (at 11,000 rpm for 10 min) were used to determine the biomass of microorganisms. The microbial biomass was dried at 60 °C to an absolutely dry weight.




2.6. Chromatography-Mass Spectrometry (GC–MS Analysis)


The determination of the metabolite composition was carried out in a liquid medium with the marble in monoculture of bacterium B. subtilis and in the co-culture of B. subtilis and A. niger using gas chromatography–mass spectrometry (GC–MS). To determine the total content of organic acids in the cultural fluid, test samples were treated with 0.1-M HCl up to pH 1.0 in order to dissolve insoluble salts. Further an aliquot of the filtrate was passed through cationic exchanger (KU—2–8) to free acids from their salts. The obtained water solution of organic acids was evaporated, and the dry residue was dissolved in pyridine.



Carbon acids extracted from the cultural fluid were analyzed as trimethylsilyl derivatives by use of an Agilent mass spectrometer (MSD5975 mass selective detector), column HP-5MS, 30 m 90.25 mm. Chromatography was carried out with linear temperature programming from 70 to 320 °C at the speed of 4 °C/min. Data were collected using Agilent Chem Station software. Mass spectrometric information was processed and interpreted using AMDIS program (http://www.amdis.net/index.html) and standard NIST2005 library. Quantitative interpretation of chromatograms was carried out with the internal C23 standardization using UniChrom program (http://www.unichrom.com/unichrome.shtml).




2.7. Determination of EPS Content


The analysis of the EPS content in the liquid monoculture of B. subtilis and in co-culture of B. subtilis and A. niger was performed on the 21 day of the cultivation by the method described previously in Savadogo et al. 2004 [38].This method allowed us to quantify the EPS and was chosen due to its simplicity and adequacy for the task. Previously marble blocks (after exposed to microbes) were removed from the solution. The culture was centrifuged at 11,000 rpm for 10 min. The collected supernatant was mixed with an equal volume of ice-cold ethanol and incubated at 4 °C for 24 h. The refrigerated solution was then centrifuged at 2500 rpm for 20 min. The obtained pellets were resuspended in distilled water, along with an equal volume of ice-cold ethanol. The solution was then centrifuged again at 2500 rpm for 20 min. The final pellet obtained was dried at 60 °C and weighed.




2.8. Determination of pH Values


The pH values during the experiment were evaluated using a pH meter Checker 1 (HI 98,103).





3. Results


3.1. The Growth of Biomass on the Mineral Surface


As shown in the example on the 21st day of the experiment, the amount of B. subtilis biomass was significantly lower than the B. subtilis + A. niger (Table 1). With the increase of glucose concentration an increase in culture biomass was observed. At a low glucose concentration (1 g/L), the fungus grew slowly, and the total biomass content was only two times higher than its content in the bacterial monoculture at the same glucose concentration. At a higher glucose concentration (10 and 30 g/L), the biomass of the B. subtilis–A. niger association was significantly (8 and 6 times, respectively) higher than the biomass of bacterial monoculture at the same glucose concentrations, as well as the biomass of the B. subtilis–A. niger association at a glucose concentration of 1 g/L (~6 times).




3.2. The Metabolism of Bacillus subtilis and Bacillus subtilis with Aspergillus niger in the Cultural Liquids at Different Glucose Levels


3.2.1. Acid Production


The analysis of B. subtilis liquid culture revealed that extracellular low-weight carbonic acids produced by bacteria include 2-hydroxypropanoic acid, oxalic and succinic acids. Oxalic acid directly involved in the formation of calcium oxalate was found in the medium at different glucose concentrations on the 21st day of the experiment (Table 1). On the 30th day the amount of oxalic acid slightly increased.



In the co-culture of B. subtilis with A. niger only oxalic acid was released in medium with low glucose concentration (1 g/L). At a glucose concentration of 5–30 g/L, oxalic, succinic, fumaric, malic, citric and gluconic acids were produced by the culture. The amount of succinic, fumaric, malic, citric and gluconic acids were the highest on Day 21 of growth and increased with the increase of glucose concentration: from 0.2 to 55 µg/mL for succinic acid, from 0.2 to 43 µg/mL for fumaric acid, from 0.4 to 320 µg/mL for malic acid, from 0.3 to 4570 µg/mL for citric acid and from 200 to 380 µg/mL for gluconic acid. The amount of oxalic acid in co-culture of B. subtilis with A. niger on Days 14 and 21 of the experiment with glucose concentration 1 g/L reached 2µg/mL, which was only twice as much as with the same glucose content in the culture of B. subtilis on Day 21 of the experiment (Table 1). After 30 days of cultivation the content of oxalic acid increased to 15 µg/mL. When the glucose concentration was 10 and 30 g/L, the amount of oxalic acid increased sharply (on Day 14 by 2 orders of magnitude and on Days 21 and 30 by three orders of magnitude. Thus, in liquid co-culture of B. subtilis with A. niger, between the sugar concentration and the content of oxalic acid there was a pronounced direct relationship (Table 1).




3.2.2. The Extracellular Polymer Matrix Formation


Оn the 21st day of the experiment, at low glucose concentrations (1 and 5 g/L), the total content of EPS in the monoculture of B. subtilis and in co-culture of B. subtilis and A. niger was similar (Table 1). With an increase of the sugar concentration in the medium with the monoculture of bacteria the amount of EPS increased, but in co-culture of B. subtilis and A. niger content of EPS decreased. Thus, in monoculture of B. subtilis there was a distinct linear relationship between sugar and EPS concentrations and in the co-culture system of B. subtilis and A. niger—the inverse of this.




3.2.3. Changes of pH Value


In the Czapek–Dox medium with a fragment of marble without organisms (control experiment) the pH value increased from the initial pH value 5.5 up to 6.5 over 30 days. In the experiments with B. subtilis, the pH value increased with time more quickly (Table 1). In the co-culture of the fungus and bacteria, at glucose concentrations of 1 g/L in intervals from 14 to 30 days рН values close to fixed in monoculture of bacteria at low glucose concentrations (increased from 7.5 to 8.0) (Table 1). With increasing glucose concentration (10 and 30 g/L) on Day 14 of the experiment, the рН value of cultural liquid decreased. With time, the рН values in the co-culture of the fungus and bacteria began to grow slowly.





3.3. The Phase Composition of Synthesis Products and the Morphology of Crystals


3.3.1. The Experiments with B. subtilis


Liquid Medium


In the experiment with B. subtilis, the secondary calcite globules were observed on SEM images after 14, 21 and 30 days of the experiment with glucose concentrations of 30, 10, 1 g/L accordingly at pH of 6.5, 7.4 and 8.2, respectively (Table 2; Figure 2a–d and Figure 3). At glucose concentration of 30 g/L, after 21 days the thickness of calcite crust reached 5μm (calcite globule sizes were ~2–3 μm) (Figure 2b). After 60 days of the experiment, the thickness at pH 11 of a continuous calcite crust on the marble surface was ~20μm (Figure 2c).



Bacterial cells associated with calcite globules by mucous cords were visible on the surface of the original marble substratum and on the newly formed calcite globules (Figure 2b, inset).



It was shown that an increase in glucose concentration leads to a more intense formation of secondary calcite (Figure 3). At a low glucose concentration (1 g/L) on the 30th day of the experiment, separate clusters of small calcite globules (sized less than 0.2 μm) were visible, cemented together with bacterial cells in an exopolysaccharide matrix (Figure 3а). With an increase of glucose concentration (10 g/L) on the 30th day of the experiment, an increase of number and size of secondary calcite globules was observed (up to 1 μm) (Figure 3b).



In addition, after 30 days of the experiment performed in the presence of B. subtilis; at different concentrations of glucose in the medium (from 1 to 30 g/L), numerous intergrowths of elongated tabular brushite crystals CaHРО4•2Н2O (length from 50 to 200 μm) on the surface of the secondary calcite crust were observed (Figure 4a). Smaller calcite globules of a next generation were visible on the surface. There were no visible crystals of calcium oxalate on SEM images. However, the XRD analysis of the crystallization products formed by the B. subtilis participation at different concentrations of glucose in the medium (from 1 to 30 g/L), performed after 30 days of the experiment, showed the presence of a small content of the calcium oxalate monohydrate whewellite CaC2O4 • H2O (Figure 4a).



A control experiment showed that in the absence of the bacteria secondary calcite crust formation did not occur.




Humidity Chamber


The results of the experiments with bacteria B. subtilis in humidity chamber differed from the results obtained in liquid medium. Single dipyramidal crystals of tetragonal calcium oxalate dihydrate weddellite CaC2O4• (2.5–x) H2O were found on the marble surface after 30 days of cultivation (Table 2). After 3 months of cultivation, the number of dipyramidal crystals (50–70 crystals ranging from 10 to 40 μm per 1 mm2) did not increase (Figure 5a). Bacterial cells were located both on the surface of the oxalate crystals and around them. Secondary calcite on marble surface even after 90 days of incubation was not obtained.





3.3.2. The experiments with B. subtilis and A. niger


Liquid Medium


In the experiments with B. subtilis and A. niger in the liquid medium along with bacterial cells fungal hyphae the marble blocks surfaces were observed. The phase composition of the crystallization products and the morphology of the formed crystals depend significantly on the glucose concentration in the nutrient medium (Table 2). On the 14th day of the experiment at glucose concentration 30 g/L the marble dissolution was more intense than in a similar experiment with B. subtilis only. The formation of single tetragonal dipyramidal–prismatic weddellite crystals and numerous plate-like monoclinic whewellite crystals were observed, secondary calcite formation was not observed. On the 21st day of the experiment globules of secondary calcite on the marble surface were observed by pH = 8 only at a low glucose concentration (1 g/L) (Figure 6a). Along with calcite globules, calcium oxalate crystals were present on the surface of marble: dipyramidal (almost isometric) weddellite crystals and plate-like whewellite crystals. The size of weddellite crystals varies from 10 to 25 μm. Whewellite plate-like crystals (5–40 μm) form stack-like intergrowths. In the experiment with glucose concentration of 10–30 g/L at ~pH 5 secondary calcite was not observed (Figure 4b and Figure 6b,c). At a glucose concentration of 10 g/L, massive dipyramidal weddellite crystals (up to 100 μm) were observed being stuck in the continuous carpet of plate-like whewellite crystals (up to 30 μm each, Figure 6b). At a glucose concentration of 30 g/L, numerous spherulitic whewellite intergrowths (up to 80 μm) and weddellite crystals of approximately the same size were found (Figure 6c). Some of the observed weddellite crystals had prismatic faces as well as dipyramidal ones.




Humidity Chamber


In the experiment with B. subtilis and A. niger in the humidity chamber the formation of weddellite crystals was observed from 30 to 90 days of the experiment (Figure 5b, Table 2).The size ratio between the prism faces and dipyramidal faces was different from the case with bacteria only: the prism faces were considerably bigger than the dipyramidal ones. The number of Ca oxalate crystals formed on the 1 mm2 of marble surface in experiments in the B. subtilis monoculture (Figure 5a) and in the B. subtilis and A. niger co-culture (Figure 5b) was about the same.







4. Discussion


The results of present research showed that glucose contents in the liquid medium significantly affect the microbial metabolism and the variations of pH values. In monoculture bacteria and in bacterial–fungal associations, this influence is different (Table 1). The experiments performed in liquid monoculture of B. subtilis showed that the addition of nutrients in the medium (raising the amount of glucose from 1 to 30 g/L) leads to a more intense EPS production (in our case five times more intense) and almost not affect oxalic acid production. In the liquid co-culture of B. subtilis and A. niger the same addition of glucose leads to a distinct rise of the amount of oxalic and other acids excreted by microorganisms (by 2–3 orders of magnitude). At the same time the content of EPS is decreased (it was shown on the example of 21 days). It is known that A. niger acidification activity increases with the increase of sugar concentration [15] and there is no doubt that the intensive formation of organic acids by fungi under conditions of additional nutrition, can suppress the formation of bacterial EPS. However, the question remains as whether acidification activity of bacteria is preserved or possibly even increases.



The pH values of the medium largely depend on the composition of the metabolites secreted by bacteria and fungi. In turn, the acidity of the medium significantly affects the metabolism of microorganisms. The optimal pH value for bacterial EPS production of genus Bacillus is between seven and eight [13]. The same pH were observed in our experiment in liquid monoculture of B. subtilis. The observed slight fluctuations in the pH of the medium with similar values of oxalic acid (Table 1) may be associated with variations in the concentrations of other acids excreted by B. subtilis. It should also be kept in mind that the crystallization of calcium oxalate leads to a decrease in the content of oxalate ions in the medium and may lead to an increase in pH. An increase in pH is often observed also in aging cultures of microorganisms and may be a consequence of the release of nitrogen metabolism products by bacteria, as well as the formation of lysis products of aging cells [5,39,40]. Since the pH increases with time, it can be concluded that the influence of factors contributing to the increase in pH (in particular, the products of nitrogen metabolism) prevails in our experiment. The influence of fungal culture on the metabolism of bacteria is also connected with pH of the medium. According to our experimental data the release of oxalic acid by fungus reduces the pH of the medium which results in inhibition of the EPS formation by bacteria. The fact that the acidic environment is not favorable for the formation of bacterial EPS had already been discussed [13].



Our results have demonstrated that the phase composition of the products of microbial crystallization is controlled by pH value which is associated with the ratio between the EPS and oxalic acid concentration in the cultural broth. In the monoculture of B. subtilis the amount of EPS was always higher than the amount of oxalic acid (Table 1) which resulted in the crystallization of secondary calcite in a low alkaline medium. The intensity of carbonate crystallization increased with the increase of the amount of sugar and consequently the amount of EPS in the medium (Figure 2 and Figure 3). Only after 30 days of the experiment small amounts of calcium oxalate monohydrate (whewellite) were found in the crystallization products (Figure 4a). In liquid co-culture of B. subtilis and A. niger EPS concentration is lower than in B. subtilis monoculture and oxalic acid concentration is higher. The ratio between EPS and oxalic acid content decreases with the increase of the amount of sugar in the medium, which is accompanied by a decrease in pH. When the amount of glucose is one gram per liter, the EPS concentration is higher than the amount of oxalic acid by 200 times and at pH = 8 calcite and both calcium oxalates (weddellite and whewellite) crystallize simultaneously (Figure 6a). The crystallization of the metastable weddellite in the range of the stable whewellite may occur if the content of Ca2+ ions exceeds the content of oxalate ions in medium as well in the presence of citric acid in it, and therefore depends on the metabolic activity of the fungi [41]. With the increase of the amount of glucose (≥10 g/L), oxalic acid concentration gets substantially higher than EPS concentration (not less than by 1000 times), pH decreases down to 5, and the conditions become favorable only for oxalate crystallization (Figure 6b,c). Thus, the obtained data demonstrate that the metabolic activity of microscopic fungi (in our case A. niger) can suppress the formation of bacterial EPS and prevent the calcite formation.



When incubation occurs in oligotrophic conditions in the humidity chamber the amounts of the excreted metabolites is small. The products of crystallization on the marble surface are represented by calcium oxalate dihydrate (weddellite) (Figure 5). The presence of weddellite and the absence of secondary calcite allow to suggest that the conditions of the humidity chamber are not favorable for EPS accumulation. In the experiment with B. subtilis monoculture a high concentration of oxalate ions was induced only by the bacterial metabolism. This was favored by the initial concentration of bacterial cells which was 16 times higher than in the experiment in the liquid medium. In the experiment with B. subtilis and A. niger co-culture the intensity of weddellite crystallization was practically the same as in the experiment with B. subtilis monoculture. It means that the oxalate crystallization was inhibited because the amount of nutrient substances was lacking. It can be assumed that at the beginning of the experiment, oxalate crystallization in the humidity chamber took place in an acidic environment unfavorable for the formation of EPS. However, as the calcium oxalates crystallized and the cultures of microorganisms aged, an increase in the initial pH value may have occurred [5,26]. This suggests that if the nutrient substances in the humidity chamber are still preserved the carbonate crystallization can take place after the oxalate crystallization. This assumption is confirmed by the metamorphose of secondary calcite over the split whewellite crystals observed by us in an earlier experiment, which we carried out in a humidity chamber with bacteria B. subtilis and fungus Penicillium sp. [26].



The morphology of the formed oxalate crystals depends on the composition of the metabolites secreted by bacteria and fungi and therefore of the glucose concentration in the medium. The effect of the composition of the metabolites showed up significantly in experiments in humidity chamber: in B. subtilis monoculture and in B. subtilis with A. niger co-culture dipyramidal and dipyramidal–prismatic weddellite crystals formed accordingly (Figure 5). At low glucose concentrations (1 g/L) in liquid medium containing B. subtilis and A. niger co-culture dipyramidal (almost isometric) weddellite crystals and stack-like intergrowths of plate whewellite crystals appeared (Figure 6a). At high glucose concentrations (30 g/L) dipyramidal-prisms weddellite crystals and whewellite spherulitic intergrowths are appeared (Figure 6c). The development of weddellite prism faces in co-culture of B. subtilis and A. niger may be caused by the preferential adsorption of impurities present in the solution, e.g., citric acid molecules on the prism faces [5].



The obtained results clarified that in biotechnologies utilizing B. subtilis—as well as other oxalate producing bacteria—the time of the crystallization, as well as the thickness of carbonate crust can be controlled by variation of the amount of glucose in the medium. At the same time, it is necessary to take precautions to prevent contamination of the marble surface by different airborne microbe. As our experience shows, regular routine care associated with the chemical cleaning of the surface of marble monuments can significantly reduce the number of microorganisms (first of all, microscopic fungi) on the rock surface [42]. After such cleaning, it is possible to use “beneficial” bacteria to restore the surface of the monument, taking into account the specific parameters of the crystallization medium.




5. Conclusions


As a result of the conducted research a morphogenetic pattern of crystallization of calcium carbonates and oxalates induced by the metabolism of bacteria B. subtilis and by B. subtilis—A. niger association on marble surface was revealed.



It was shown that the metabolic activity of bacteria B. subtilis is a complex multifactorial process, the flow of which significantly depends on the cultivation trophic conditions, including the concentration of sugar in the medium. The metabolic activity of B. subtilis and A. niger association is vastly different from the activity of the separate monocultures which are in the same cultivation conditions. The composition of the metabolites secreted by bacteria and fungi (the first, the ratio between the EPS and oxalic acid concentration) significantly affects pH values of the crystallization medium and, as a result, the phase composition and morphology of the precipitating crystals. In turn, the pH of the medium significantly affects the metabolism of microorganisms. Depending on the cultivation conditions, crystallization of carbonates under the influence of bacterial–fungal associations can turn into crystallization of oxalates and vice versa. The morphology of calcium oxalates is controlled by the chemical composition of the crystallization medium and can be explained by selective adhesion of cultural broth components on the faces of growing crystals.



The present results obtained by laboratory research can be applied for the purposes of open air systems.
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Figure 1. Scheme of the experiment in humidity chamber. 
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Figure 2. SEM images of marble surface in experiment with glucose concentration 30 g/L under the action of B. subtilis. (a) 14 days; (b) 21 days; (c) 60 days; (d) control (without bacteria). 
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Figure 3. SEM images of secondary calcite formation on marble surface under the action of bacteria B. subtilis after 30 days inoculation with different glucose concentrations. (a) 1 g/L; (b) 10 g/L. 
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Figure 4. Powder X-ray diagram of crystallization products formed in liquid Czapek–Dox medium under the influence of microorganisms. (а) On marble block by Bacillus subtilis (30 days, 1-g/L glucose); (b) in biomass from marble block by B. subtilis with A. niger (21 days, 30-g/L glucose). Key: Cal—calcite; Wd—weddellite; Wh—whewellite. Unmarked peaks belong to brushite. 
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Figure 5. Weddellite crystals formed in humidity chamber on marble surface after 90 days of incubation with microorganisms. (а) B. subtilis; (b) B. subtilis with A. niger. 
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Figure 6. Crystals on marble surface formed by participation of bacteria B. subtilis and fungus A. niger in liquid medium after 21 days of cultivation, depending on the glucose concentration in the medium. (а) 1 g/L; (b) 10 g/L; (c) 30 g/L. 
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Table 1. Metabolic products of microorganisms and pH values in cultural liquids at various glucose concentrations.
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Organism

	
Glucose Content, g/L

	
Days of Growth




	
14

	
21

	
30




	
pH

	
Oxalic Acid, µg/mL

	
pH

	
Biomass, mg/100 mL

	
Oxalic Acid, µg/mL

	
EPS, µg/mL

	
pH

	
Oxalic Acid, µg/mL






	
Bacillus subtilis

	
1

	
7.5

	
not found

	
7.8

	
0.33±0.01

	
1.0±0.4

	
328±44

	
8.2

	
1.1±0.3




	
5

	
7.5

	
not found

	
8.2

	
0.38±0.02

	
0.6±0.4

	
405±58

	
8.6

	
1.0±0.3




	
10

	
7.0

	
not found

	
7.4

	
0.46±0.05

	
1.1±0.3

	
1121±181

	
8.0

	
1.5±0.3




	
30

	
6.5

	
not found

	
7.2

	
0.678±0.01

	
0.8±0.1

	
1460±204

	
8.1

	
3.4±0.4




	
Bacillus subtilis +Aspergillus niger

	
1

	
7.5

	
2.2±0.5

	
8.0

	
0.64±0.02

	
2.0±0.1

	
437±66

	
8.0

	
15.5±2.0




	
10

	
4.5

	
153.8±13.4

	
5.0

	
3.80±0.04

	
1032.9±89.1

	
1.1±0.2

	
7.0

	
1740.0±99.4




	
30

	
3.0

	
740.0±20.8

	
5.5

	
4.11±0.08

	
3275.3±232.1

	
10±2

	
5.0

	
5275.1±100.4
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Table 2. Phase composition of the precipitations and the morphology of the crystals formed under action of microorganisms during the experiment.
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Days of Experiment

	
Organisms




	
B. subtilis

	
B. subtilis + A. niger




	
Liquid Medium




	
Glucose Concentration, g/L




	
1

	
10

	
30

	
1

	
10

	
30






	
14

	
Marble dissolution

	
Separate clusters of small calcite globules, small content of whewellite, numerous intergrowths of brushite crystals

	
Strong marble dissolution

	
Single dipyramidal-

prismatic weddellite crystals in a continuous carpet of plate whewellite crystals




	
21

	
Marble dissolution

	
Separate clusters of small calcite globules

	
The beginning of calcite crust formation (thickness 5–10 μm), small content of whewellite, numerous intergrowths of brushite crystals

	
Separate clusters of small globules of secondary calcite, single dipyramidal weddellite and plate-like whewellite crystals.

	
Massive dipyramidal weddellite crystals in continuous carpet of plate whewellite crystals

	
Massive dipyramidal and dipyramidal-

prismatic weddellite crystals and numerous whewellite spherulitic intergrowths




	
30

	
Separate clusters of small calcite globules, small content of the whewellite, numerous intergrowths of brushite crystals

	
The beginning of calcite crust formation (thickness 5–10 μm), small content of the whewellite, numerous intergrowths of brushite crystals

	
Continuous calcite crust (thickness up to 20 μm), small content of whewellite, numerous intergrowths of brushite crystals

	
Single dipyramidal-

prismatic weddellite crystals in continuous carpet of plate whewellite crystals

	
Massive dipyramidal and dipyramidal–prismatic weddellite crystals and numerous whewellite spherulitic intergrowths




	
Humidity chamber




	
30

	
Separate dipyramidal weddellite crystals

	
Separate dipyramidal–prismatic weddellite crystals




	
60




	
90
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