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This strain showed the highest similarity to the 16S rRNA gene sequence and the gyrB
gene of Bacillus subtilis strain. Recently, this strain was shown to be able to leach
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chernozem, and urban soils. The analysis of phosphorite bioleaching revealed a
significant dissolution of silicon and Scanning electron microscopy confirmed the
bacterial leaching of phosphorite rocks. Bioleaching of vermiculite was the highest
in dissolved compounds compared to non-inoculated samples in case of numerous
chemical elements including the rare ones. Application of B. subtilis VKM B-1574
to two soil samples on which wheat and cucumber were grown increased the amount
of silicon compounds both in soil extracts and plants compared to non-inoculated

variants. Some possible mechanisms of the silicon mobilization and the role of silicon
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Introduction

Microorganisms play an important role in the transformation of various mineral compounds in soils
[1]. For their growth, plants need silicon, potassium, phosphorus, and some other essential chemical elements
which could be provided by soil bacteria able to solve mineral compounds [2-4]. This paper is dedicated to
mobilization of mineral silicon (Si) that promotes the plants growth and brings about multiple beneficial effects
[5, 6].

Many soil bacteria can degrade the Si-bearing minerals either by enzymatic degradation of crystals
or their destruction yielding metabolic products (biogenic acids and alkali, chelating agents, etc.). The most
known representative of active “silicate bacilli” is Paenibacillus mucilaginosus [7], formerly earlier known
as Bacillus mucilaginosus [8]. It can synthesize silicase responsible for the destruction of Si-O bonds in the
crystal lattice of clay minerals and those in the silicon-containing compounds [9-11]. Many attempts have been
undertaken to apply the silicate bacilli for bioleaching valuable metals from silicate ores and bauxite [12, 13].
The use of bacilli to treat silicate minerals is limited for economic reasons, but this approach may be useful and
feasible for the extraction of e.g. precious metals from technogenic slags.

The search for new species and strains capable of degrading silicate minerals continues worldwide.
This interest is mainly related to the need to search for silicate-solubilizing bacteria to stimulate plant growth
[14] and to obtain new sources of silicates for industrial purposes [15]. Special methods have been developed
for screening silicolytic bacteria [16]. In recent decades, new silicate mineral-solubilizing strains have been
reported, for example, isolated from the surface of weathered feldspar [17].

Our paper presents a study on the strain Bacillus sp. VKM B-1574 and its ability to degrade mineral
compounds and release silicon and metals into the soils.

Materials and Methods

2.1. Microorganisms

The strain Bacillus sp. VKM B-1574 was deposited in the All-Russian Collection of Microorganisms
(VKM) more than 70 years ago by the Leningrad Veterinary Institute under the name “Bacillus mucilaginosus”
without specifying the source of its isolation. Accordingly, in our early publications we referred to this strain
as “silicate bacteria” or “B. mucilaginosus” [18]. The strain showed high activity in the leaching of silicon-
containing minerals [18]. In separate experiments on leaching the technogenic glassy (silicate) slags, we also
used for comparison the following bacilli from the VKM: Paenibacillus alvei VKM B-502, P. edaphicus VKM
B-2665, P. mucilaginosus VKM B-7519, and P. polymyxa VKM B-514.

2.2. Molecular methods of identification

DNA was isolated and purified according to the classic method [19]. Cells were suspended in 0.5 ml
TE buffer (10 mM Tris; 1 mM EDTA, pH 8.0) and incubated with lysozyme (5 pg/ml) for 30 min at 37°C.
Then 30 pl 10% SDS and 3 pl of 20 mg/ml proteinase K were added, the sample was mixed thoroughly and
incubated for 1 h at 37°C. After addition of 100 ul of 5 M NaCl and 80 pl of CTAB/NacCl solution (10% CTAB,
Hexadecyltrimethylammonium bromide, Sigma-Aldrich, in 0.7 M NaCl), the suspension was incubated for 10
min at 65°C. The DNA was purified with chloroform/isoamyl alcohol, precipitated with isopropanol, washed
with 70% ethanol, dried and resuspended in 100 ul TE buffer.

PCR amplification was performed using a GeneAmp PCR System 2700 (“Applied Biosystems”, USA).
The reaction mixture (25 pl) contained Taq polymerase buffer (Fermentas, Lithuania); DNA, 10 ng; dNTP
(Fermentas, Lithuania), 0.2 mM; primers (Sintol, Russia), 0.1 uM of each; MgCl,, 2.5 mM; and Taq polymerase
(Fermentas, Lithuania), 1 U. The 16S rRNA gene was amplified using the following pair of primers: 27f
(forward: 5>~ AGAGTTTGATCCTGGCTCAG-3’) and 1525r (reverse: 5’~AAGGAGGTGATCCAGCC-3’) under
the following conditions: 95°C for 5 min for denaturation of the target DNA; 30 cycles of denaturation at
94°C for 30 sec, primer annealing at 55°C for 30 sec and primer extension at 72°C for 1 min 20 sec; 72°C for
4 min for completion of amplification; cooling at 4°C. The gyrB gene was amplified using the following pair
of primers: UP-1 (forward: 5-GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAARTTYGA-3’) and
UP-2r (reverse: 5~ AGCAGGGTACGGATGTGCGAGCCRTCNACRTCNGCRTCNGTCAT-3’) [20] under the
following conditions: 95°C for 5 min for denaturation of the target DNA; 35 cycles of denaturation at 94°C for 1

2u3 12



Biologia et Biotechnologia 2025, 2, 5

min, primer annealing at 60°C for 1 min and primer extension at 72°C for 2 min; 72°C for 7 min for completion
of amplification; and cooling at 4°C. PCR-amplified DNAs were analyzed by gel electrophoresis on 1% agarose
(low EEO, Sigma-Aldrich) for 40 min at 8.3 V/cm in TBE buffer (50 mM Tris-HCl, 48.5 mM boric acid, and
1 mM EDTA, pH 8.2). The amplified products were purified with Ge neJET Gel Ex traction Kit (F ermentas,
Lithuania) according to the manufacturer’s instructions.

The DNA sequencing was carried out with the ABI PRISM® BigDye™ Terminator v. 3.1 reagent kit
followed by the analysis of reaction products in an ABI PRISM 3730 Applied Biosystems automated DNA
sequencing machine. The 16S rRNA and gyrase beta subunit (gyrB) gene sequencing was performed with
universal primers 27f, 1525r and Up-1S (forward: 5°’-GAAGTCATCATGACCGTTCTGCA-3’) [20].

The obtained 16S rRNA and gyrB genes sequences were compared with those deposited in GenBank using
the BLAST (NCBI - http:/www.ncbi.nlm.nih.gov). The sequences were aligned using the SILVA Incremental
Aligner (SINA), version 1.2.11 software (https:/www.arb-silva.de/aligner/) [21]. The similarity of sequences of
the studied and type strains was calculated using the TaxonDC 1.2 [22]. A phylogenetic analysis was performed
using EzTaxon-e (http://eztaxon-e.ezbiocloud.net/) [23] and MEGA version 7.0 software. The alignment of DNA
gyrB sequences was performed using the Clustal Omega program (http://www.ebi.ac.uk/Tools/msa/clustalo/).
The phylogenetic trees were constructed with the help of software MEGA version 7.0, using the neighbour-
joining (NJ) [24], maximum-likelihood (ML) [25] minimum-evolution (ME) [26] methods. The maximum-
likelihood tree constructed from the gyrB gene sequences of the strain VKM B-1574 and representatives of the
closest species are shown in Figure 1. A bootstrap analysis based on 1000 resampling was used to evaluate the
topology of the trees [25].

2.3. Leaching experiments

The leaching experiments were carried out with the following objects: i) phosphorite ore that contained
both silicon and phosphorus, ii) Versoil - a mineral material formed by weathering of vermiculite, iii) chernozem
soil, iii) polluted urban soil and technogenic glassy slags. The phosphorite ore was received from the Dzheroi
Deposit, Uzbekistan, it had the following initial chemical composition (%): P,O, - 13.6; CaO - 44.75; MgO - 1.05;
CO, - 20.88; Fe,0, - 3.03; Si0, - 2.7; Co - 0.11. The sterile ore samples were either exposed in the liquid medium
under sterile conditions (blank) or inoculated with the bacterial strain VKM B-1574 in the same medium.

The medium composition was (g/1): NH,CI - 1.2; MgSO, x 7H,0 - 0.1; KCI - 0.23; MnSO, - 0.01; MgSO,
- 0.10; MnSO, - 0.01; CoCl, - 0.01; Na,HPO, - 0.26; Na citrate - 1.20; glucose - 15; pH - 7.0. Both blank and
experiment samples in flasks were incubated at 28°C for one month. The results of leaching were evaluated by
chemical analyses of liquid media and by electron microscopy of the rock surface. The goal of the experiment
with phosphorite leaching was to study the phosphorus release by silicate bacilli.

The Versoil specimens were received from the Mining Institute, Kolsky Scientific Center of the Russian
Academy of Sciences (RAS). This mineral is classified as a layered silicate of the following composition:
Mg (Mg.Fe), [AlSi,0,]*(OH),x4H,0. Vermiculite was leached according to the same scheme used in
experiments with the phosphorite rock. Sterile versoil was placed in flasks with sterile nutrient medium (blank)
or cultural liquid of the strain VKM B-1574 (experiment) at a ratio of 1 : 3 (solid phase : liquid medium). Both
blank and experiment flasks were incubated at 28°C for one month. The goal of the experiment with Aim of the
Versoil / vermiculite leaching was to study the release of all inorganic compounds, including rare elements.

Chernozem soil was sampled in the south of the Tomsk region, Siberia. It contained 8.4% of humus. The
concentration of salts in the chernozem water extract made up (mg/100 g soil): NH, - 14; NO, - 15; PO, - 70;
K,O - 80; pH was 5.8. The samples of urban soil were taken in the city of Tomsk suburbs; they represented a
mixture of clay, various debris, and gray forest soil. Their humus content was only 0.5-0.9%; pH of its water
extract was 4.2. The concentration of salts in the urban soil made up (mg/100 g): NH, - 0; NO, - 2.1; PO, - 5.9;
K,O - 10.3. In the leaching experiments, the samples were moistened with distilled water up to 60% of their
total moisture capacity. Then they were inoculated with Bacillus sp. VKM B-1574, 10° CFU/ml, 20 ml per 100
g soil (experiment) or supplemented with the equal volume of the nutrient medium (blank). The moistened soils
were planted with wheat Triticum aestivum L. and cucumber Cucumis sativus L. Bacillus sp. VKM B-1574 was
added additionally on the 7th and 15th days for wheat and on the 10th and 20th days for cucumbers.

In order to reveal possible mechanisms of bioleaching of technogenic silicate materials, we carried out
a separate experiment at the G.K. Skryabin Institute of Biochemistry and Physiology of Microorganisms,
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RAS, aimed at leaching technogenic glassy slags. The slags (green and black glass) were received from the
Gvidon Gold Ltd., Russia. These slags were formed during the pyrometallurgical processing of secondary raw
materials containing precious metals: silver, gold, palladium, platinum (60-200 g/ton), subjected to crushing
and subsequent screening according to the size class <I mm. The precious metals were in the form of small
fused drops of a fine spherical fraction in the slags. These metals had no dissolved forms and their release from
slags could be judged from the general destruction of the material or by release of iron and nickel as indirect
indicators. The chemical composition of the slags according to the Gvidon Gold Ltd. made up (%): Fe- 51.00;
S —29,77; Si — 3.62; Ca — 1.75; Al — 1.21; Ni — 1.15; Mg — 0.86; Cu — 0.11; Co — 0.04. The leaching occurred
due to exopolysaccharides produced by Bacillus sp. VKM B-1574 and other bacilli, namely: P. alvei VKM
B-502, P. edaphicus VKM B-2665, P. mucilaginosus VKM B-7519, and P. polymyxa VKM B-514. To obtain
exopolysaccharides, the grown bacterial biomass was collected, subjected to lysis, then centrifuged for 10 min
at 13.4 thousand rpm to precipitate all possible mechanical impurities. The supernatant was then taken and 1
ml of the resulting bacterial slime was added to 9 ml of distilled water. The final solution was mixed with the
ground slags at a ratio of 5 : 1 (liquid phase : solid phase). The exposure was carried out for 3 days at 28°C.

2.4. Chemical analyses

The concentration of mobile silicon compounds - monosilicon, polysilicon acids and organic silicon was
determined photometrically at a wavelength of 660 nm [27, 28]. Each sample was placed in distilled water, 5
g/150 ml, and stirred with a blender. The procedure was repeated in 24 h, then the samples were centrifuged
and the supernatants were analyzed for the presence of dissolved compounds. The concentration of monosilicon
acids was estimated by a photometric method with ammonium heptamolybdate: the classic Mullen-Riley
method [29] was used to eliminate the interfering effect of phosphates. Two aliquots of the obtained solution, 20
ml each, were sampled for the following analyses.

The first portion was ultrasonicated for 3 min to accelerate depolymerization of polysilicon acids. Then
0.1 g NaOH was added for the complete depolymerization of polysilicon acids and disintegration of water-soluble
organosilicon compounds. The specimen was kept for 2 weeks, then the content of monosilicon compounds was
estimated by the Mullen-Riley method [29]. The resulting value corresponded to the sum of monosilicon and
polysilicon acids, and silicon of the mobile organosilicon compounds.

The second portion was supplemented with 0.5 g of activated carbon to adsorb organosilicon compounds.
The specimen was then filtered, ultrasonicated and supplemented with 0.1 g NaOH (same as above). This
resulting specimen was also saved for 2 weeks, then the concentration of silicon acids was estimated by the
Mullen-Riley method [29]. The obtained value corresponded to the sum of monosilicon and polysilicon acids
without silicon of any mobile organosilicon compounds.

The other dissolved inorganic compounds were analyzed by mass-spectrometry with inductively coupled
plasma (ICP-MS, Perkin-Elmer ELAN-DRC-¢) at the “Water” Center of the Tomsk Polytechnic University. All
analyses were performed in accordance with the software package ELAN supplied with the equipment.

In experiments with the glassy slags, nickel and iron cations were analyzed using:

(1) Ion chromatograph Metrohm 838 for cation detection 844 UV/VIS Compact IC with the chromatographic
column 6.1010.300 Metrosep (3x150 mm)

(i1) Atomic adsorption spectrophotometer SHIMADZU A A-6800 (Shimadzu, Japan) controlled by the
WizAArd software.

2.5. Scanning electron microscopy of the phosphorite rock

The phosphorite powder was placed on the object table covered with a thin layer of glue, it was then then
sprayed with silver under vacuum. The resulting sample was examined under the electron microscope JEM-100
CXII (JEOL, Japan) with the ASID-4D at the accelerating voltage of 20 kV.

2.6. Biochemical analyses

Biogenic organic products were analyzed in the liquid culturing medium after 48 h growth of Bacillus
sp., VKM B-1574 at 29°C. The medium contained (g/1): NH,CI - 1.2; MgSO, , 7H,O - 0.1; KCI - 0.23; MnSO,
- 0.01; MgSO, - 0.10; MnSO, - 0.01; CoCl, - 0.01; Na,HPO - 0.26; Na citrate - 1.20; glucose - 15; pH - 7.0.
Phytohormones were analyzed using ELISA kits OLCHEMIM (Czech Republic). Ascorbic acid was determined
by a reaction with 2.6-dichlorophenol-indophenol [30]; sugars - with potassium ferricyanide; the hydrolysis of
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polysaccharides was carried out in 2% HCI during 2 h [31]; the concentration of flavonoids was determined in
alcohol extracts with AICI, [32]. Optical density was measured using Victor multifunction analyzer (Pribori
Oy, Finland).

2.7. Statistics

All experiments and analyses were carried out in 3 replicates. The statistical analysis was performed using
standard methods provided by the Excel program. The analysis of variance (ANOVA) was used to determine
the validity of the data obtained. All the data presented in the article are reliable (p > 99%).

Results

3.1. Identification of Bacillus sp. VKM B-1574

The 16S rRNA gene sequence for Bacillus sp. VKM B-1574 contained 1468 bp nucleotides. EzBioCloud
analysis showed that the strain VKM B-1574 had the highest sequence similarity (100%) to the 16S rRNA gene
sequence of the type strain of the species, namely: B. subtilis subsp. subtilis NCIB 3610". The 16S rRNA gene
sequence similarities to type strains of all the other species of B. subtilis were below 99.79%.

In the whole, species of the B. subtilis group have a high phenotypic similarity and identical or almost
identical 16S rRNA gene sequences; they however differ in the fatty acid composition and have low DNA-DNA
hybridization values among species [33]. For B. subtilis, a high correlation between sequence similarity values
of the gyrase beta-subunit (gyrB) and DNA-DNA linkage has already been shown [33, 34]. Thus, the gyrB gene
sequence-based phylogenetic analysis can be used to distinguish species of this group at the inter- and intra-
species level [35]. We analyzed the gyrB gene analysis of the strain VKM B-1574. The obtained gyrB sequence
was 771 nt in length. Pairwise comparisons of gyrB gene sequences showed that the closest relative (99.9%
sequence similarity) of the strain VKM B-1574 was B. subtilis BCRC 102557 = NCIB 3610". The phylogenetic
trees calculated by ML, MJ and ME methods clearly demonstrated a similar topology and indicated that strain
VKM B-1574 is placed in the monophyletic cluster of the B. subtilis-group and forms a coherent cluster with
the type strain B. subtilis BCRC 102557 (the tree is shown in Fig. 1).

Bacillus inaquosorum NRRL B-23052T(HQ605914)
Bacillus cabrialesii TE3"'RJVS00000000)
Bacillus spizizenii TU-B-10T(CP002905)
Bacillus vallismortis BCRC 171837(DQ309298)
Bacillus tequilensis KCTC 13622"(AYT0O01000007)
Bacillus stecoris DTXPN17(Ga0055937)
Bacillus subtilis BCRC 10255"(DQ309293)
100! Bacillus subtilis VKM B-1574(MH234581)
Bacillus mojavensis BCRC 17124T(DQ309297)

Bacillus siamensis SCSIO 05746"(NZ CP025001)
wol—[ Bacillus amyloliquefaciens BCRC 1160'T(DQ309294)
76 Bacillus velezensis CBMB205"(CP011937)

89

99

97

Bacillus licheniformis BCRC 11702"(DQ309295)
99 : Bacillus sonorensis BCRC 174167(DQ309300)

Bacillus cereus ATCC 145797(AB014101)

0.05
Figure 1. Maximum-likelihood phylogenetic tree based on partial gyrB gene sequences, showing the
position of strain VKM B-1574 among the closest species of the genus Bacillus. Numbers at nodes are bootstrap
values shown as percentages of 1000 replicates; only values >50% are shown. GenBank accession numbers
are given in parentheses. Bar is 0.05 substitutions per a nucleotide.

3.2. Si and P leaching from the phosphorite ore

The results of phosphorite leaching are shown in Table 1 and Fig.2. The bioleaching process was
confirmed by scanning electron microscopy which revealed the presence of multiple cells on the rock surface
and also certain changes in the rock structure.
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Table 1. Si and P leaching from phosphorite ore by B. subtilis VKM B-1574.

Incubation, Number of Dissolved Si, mg SiO, /I Dissolved P, mg (PO,)* /1
days bacteria in Experiments Sterile Experiments Sterile
the inoculated | with B. subtilis (blank) with B. subtilis (blank)
experiments, | VKM B-1574 variants VKM B-1574 variants
108 cells/ml

5 0.0026 9.25 6.25 0.55 0.45

10 11.5 16.75 6.88 1.25 0.63

30 22.0 17.25 7.10 1.63 0.72

Figure 2. Scanning electron microscopy of the surface of phosphorite rocks after 30 days exposure in the
liquid medium. A, B — blank, without B. subtilis VKM B-1574; C, D — experiment with B. subtilis VKM

B-1574. The colonization of the mineral by bacterial cells is evident.

3.3. Vermiculite leaching

In the experiments with vermiculite, the ability of B. subtilis VKM B-1574 to leach various chemical
elements including the rare earth ones was studied. The chemical analyses of dissolved salts after 30 days
exposition revealed a high activity of bacteria in the leaching process, it was confirmed by the presence of high
concentrations of dissolved chemical compounds in the inoculated samples compared to sterile (blank) ones:
the concentration of dissolved iron increased 22.6-fold, magnesium increased 4.6-fold, silicon — 3.7-fold,
etc. (Table 2). It is noteworthy that the concentration of dissolved P, Se, B, and some rare earth elements

decreased probably due to their selective absorption by bacteria.
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Table 2. Vermiculite leaching in the liquid medium, mg/1.

Chemical Sterile Leaching with | Chemical Sterle (blank) | Leaching with

element (blank) B. subtilis VKM | element leaching B. subtilis VKM
leaching B-1574 B-1574

Na 484.47 519.03 Ni 0.037 0.17

K 128.56 133.53 Rb 0.032 0.012

Ca 122.72 238.31 Li 0.020 0.036

Mg 84.67 387.71 Mo 0.020 0.031

Si 26.65 98.02 Co 0.015 0.056

P 2.32 0.72 Ge 0.010 0.015

Fe 1.61 36.43 Sc <0.01 <0.01

Sr 0.79 1.21 Ga 0.009 0.0090

B 0.42 0.30 Se 0.0088 0.0026

Cu 0.12 0.17 Zr 0.0032 0.019

Mn 0.085 341 Nb 0.0029 0.024

Al 0.078 25.27 Y 0.00012 0.0028

Ti 0.076 1.48 Ag 0.000061 0.00043

Zn 0.061 0.39 \Y <0.000005 <0.000005

Cr 0.054 0.25 Be <0.000004 0.00071

3.4. Formation of mobile Si-compounds in the soils

To study a possible positive role of B. subtilis VKM B-1574 in soil improvement, we analyzed the final
concentrations of mobilized silicon, as monosilicic and polysilicic acids, and organosilicon compounds both in
soils and plants. It is evident that organosilicon compounds were present in plants not soil. The concentration
of monosilicic acids was higher both in chernozem and urban soil. In the whole, the concentration of mobilized
Si-compounds was higher in the inoculated samples compared to the blank (non-inoculated) ones (Tables 3, 4).

Table 3. Silicon compounds in the chernozem and cucumber plants, mg SiO, /100 g, in 60 days.

Soil, Soil, Cucumber plant, | Cucumber plant,
blank inoculated blank inoculated
Monosilicic acids 23.0 29.0 71.8 84.8
Polysilicic acids 13.7 9.2 30.4 38.6
Organosilicon compounds <1.0 <1.0 6.2 17.0
Total 36.7 38.2 108.4 140.4

Table 4. Silicon compounds in the urban soil and wheat plants, mg SiO, /100 g, in 15 days.

Soil, Soil, Wheat plant, Wheat plant,
blank inoculated blank inoculated
Monosilicic acids 5.7 12.1 32.0 30.6
Polysilicic acids 2.6 7.0 7.6 29.1
Organosilicon compounds <1.0 <1.0 333 39.5
Total 8.3 19.1 72.9 99.2
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3.5. Active leaching compounds

The ability of many bacilli species to remove biogenic elements from minerals and soil is well known.
In attempts to understand the mechanism of leaching, it was supposed that bacilli mainly release silicon and
phosphorous with biogenic organic acids [36-38]. Moreover, some investigators showed that B.
mucilaginosus degraded mineral silicon compounds with polysaccharides but suggested that polysaccharides
simply adsorbed these biogenic organic acids [10]. Later, we showed that polysaccharides themselves could
destroy polysilicic mineral structures [11]. This finding is in agreement with a previously proposed chemical
mechanism [39]. In good agreement with these data, we performed a chemical analysis of the culture
medium after 48 h growth of B. subtilis VKM B-1574, which showed the presence of a significant amount
of both polysaccharides and biogenic organic acids, including ascorbic and keto-acids (Table 5). Thus, B.
subtilis VKM B-1574 produces slime and acids and can affect minerals in two ways: either by destroying
crystal lattices with enzymes or by breaking them down with microbial slime. In addition, we showed that
during cultivation B. subtilis VKM B-1574 accumulated various biologically active substances in the liquid
medium (Table 5).

It can be assumed that the bacterial leaching activity and mechanisms of its realization depend not only
on the selected strain/species, but also on the characteristics of the processed mineral raw material. The
possibility of using B. subtilis BKM B-1574 for industrial extraction of metals from glassy slags as secondary
mineral raw materials was a separate area of research. The main goal of these studies was the recovery of
precious metals, however, since they were not dissolved, the calculated indicators of mineral raw material
degradation were the extraction of Ni and Fe [11, 40].

Table 5. Content of some biogenic compounds in B. subtilis VKM B-1574 culture medium after the 48 h
growth.

Biogenic Concentration, Biogenic Concentration, mg/1
compounds mg/l compounds

Ascorbic acid 1875 Mixed ketoacids 17.25

Total sugars 316 Pyruvic acid 0.98
Polysaccharides 266 Ketoglutaric acid 0.32

Mixed flavonoids 163 Dihydrozeatin riboside [ 0.037

Reducing sugars 50 Isopentenyl adenosine | 0.005
Indole-3-acetic acid 259 Transzeatin riboside 0.0004

Table 6. Comparison of the Fe- and Ni-leaching from technogenic slags with exopolysaccharides of
different bacilli (according to [11]).

. ) ) Concentration in the medium, mg/1
Variant of inoculation -
Ni Fe

- (blank) 0.08 6.82

Bacillus sp. VKM B-1574 <0.05 4.00
Paenibacillus alvei VKM B-502 <0.05 8.00

P. polymyxa VKM B-514 <0.05 8.00

P. edaphicus VKM B-2665 0.78 134.82

P. mucilaginosus VKM B-7519 0.86 143.45

We compared B. subtilis VKM B-1574 with other bacilli for slag degradation and the results are presented
in Table 6. It can be seen that the exopolysaccharides of only two cultures used had the required
industrial leaching activity, namely from P. edaphicus VKM B-2665 and P. mucilaginosus VKM
B-7519. Exopolysaccharides from other bacilli, including B. subtilis VKM B-1574, were not efficient enough to
transfer these metals into solution. Thus, the data obtained may provide evidence that the degradation of
glassy silica bonds of B. subtilis VKM B-1574 is provided by bacterial enzymes rather than exopolysaccharides.
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Comparing this information with the reported data on active metabolites of B. subtilis VKM B-1574 (Table 5)
and silicon mobilization from other sources (Tables 2-4) opens a wide field for future studies.

In general, the results of scanning electron microscopy (Fig. 2) and analysis of the content of some biogenic
compounds (Table 5) showed that B. subtilis strain VKM B-1574 can be used together with minerals, forming
complex fertilizers.

Discussion

The stimulating effect of Si on plants is widely known and used in practice: silicon fertilizers are used
in agriculture to increase the yield of cultivated plants [41]. The application of Si+P fertilizers enhances the
activity of soil bacteria to mobilize essential chemical elements from solid minerals. In particular, it is a proven
way to support plants with available phosphorus compounds [42].

Our experiments with vermiculite have shown that bacteria attack aluminosilicates; this leaching
results in the dissolution/mobility of numerous chemical elements, including silicon and aluminum. Divalent
cations are recovered to the greatest extent compared to passive chemical leaching. To date, a large amount of
information has been accumulated on the ability of bacilli to degrade various minerals [9-11, 43]. According to
published data and our results, biogenic soluble compounds include organic acids (gallic, oxalic, citric,
salicylic, pyrocatecholic, benzoic, etc.), exopolysaccharides, and some enzymes (hydrolases,
oxidoreductases, etc.). As shown in Table 5, biochemical analyses of the culture medium after 48 hours of
growth of B. subtilis VKM B-1574 revealed the presence of significant amounts of not only
polysaccharides, sugars and acids, but also important bioactive compounds. Thus, bacteria can (i) degrade
minerals by acids, enzymes or polysaccharides, and (ii) stimulate plant growth by other mechanisms. B. subtilis
VKM B-1574 appears to possess both abilities, which is important for the practical use of these
microorganisms in agriculture.

It has been shown that in the process of cultivation B. subtilis can accumulate various biologically active
substances in the medium, in addition to those listed in Table 5. These bacteria are able to accumulate about
200 antibiotics, amino acids, vitamins, phytohormones, as well as carboxylic organic acids (lactic, acetic, and
butyric acids), di- and tricarboxylic acids - oxalic, malic, and citric acids [44]. We found three types of cytokinins:
dihydrozeatin riboside, isopentenyladenosine, and transzeatinriboside. After inoculation of cucumber plants
with this bacterial strain, the concentration of cytokinins and indole-3-acetic acid increased, thus stimulating
plant growth. We also found that treatment of wheat with B. subtilis VKM B-1574 promoted significant
strengthening of cereal stem and leaves due to the accumulation of silicon in plant tissues [18]. The ability of
strain VKM B-1574 to synthesize flavonoids is also presented in Table 5. These compounds are phenolic
in nature. For another B. subtilis strain [44], it has already been shown that these bacteria produce
phenylacetic acid (29.03 %) and 4-hydroxyphenylacetic acid (10.49 %) in significant amounts, and these
compounds are able to induce root formation in plants.

In the presented work, we demonstrated the ability of B. subtilis VKM B-1574 to mobilize silicon and
incorporate it into biogenic silicon-containing compounds. Biogenic leaching of other inorganic salts from
solid minerals was also demonstrated. In general, these results suggest that the application of B. subtilis VKM
B-1574 to different soils may have a positive effect on the process of mobilization of major chemical elements
into plant-available form.

Organosilicon compounds were not detected in the studied soils (Table 4), but their content increased
in plants after bacteria application. The results of the experiments showed that the content of biolytes in wheat
and cucumber plants was higher than in the blank variant. In plants grown on chernozem, an increase in the
content of organosilicon compounds more than 2-fold was observed; in urban soil, the level of these compounds
increased, but not so significantly. Apparently, polysilicic acids serve as a basis for the formation of
plant biolytes.

Water respiration and Si polymerization are the two main factors in obtaining high silicic acid concentration
in plant shoots [45]. The intensity of Si uptake also varies depending on the plant species [46]. In cereals
and cucumber, Si transport can be mediated by different specific systems and requires different energy fluxes.
In wheat, additional Si in the form of monomeric silicic acid is present in the xylem [46]. Cucumber plants do
not absorb Si as rapidly as wheat plants, but when soil Si concentrations are high, Si uptake by the cucumber
plant can increase and the Si content of the plant leaves can be as high as in cereals [47].



Biologia et Biotechnologia 2025, 2, 5

Conclusions

Previously, we used the strain of Bacillus sp. VKM B-1574 for leaching and mobilization of major
nutrients from minerals in order to use them in the soil-plant system [48]. In the presented work, we identified
Bacillus sp. VKM B-1574 as B. subtilis with a very high similarity to the type strain of the species both in terms
of 16S rRNA gene sequence and gyrB genes. We also showed its high efficiency in leaching phosphate ore and
vermiculite (Versoil), which in turn can be used as soil fertilizer. In addition, we inoculated B. subtilis VKM
B-1574 into two types of soils seeded with wheat and cucumber and demonstrated an increase in the amount
of mobilized Si compounds in both soil extracts and plant tissues compared to uninoculated (blank) variants.

Some possible mechanisms of Si mobilization and the role of silicon in plants are discussed. Various
bacterial metabolites - acids, sugars, exopolysaccharides, enzymes — of the strains can be used in the
mobilization of silicon in a mineral-dependent manner. We did not find active destruction of glass by biogenic
exopolysaccharides; nevertheless, based on the study we can state that B. subtilis strain BKM B-1574 actively
leaches silicon-containing minerals and can be used together with minerals to create complex fertilizers. The
fact that the studied active strain belongs to B. subtilis allows expanding the search for new industrial strains
of this species.
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