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Abstract

:

The effect of bacterial strains on certain genera, both independently and in combination with biochar in various options, on petroleum hydrocarbon decomposition in chernozem and the restoration of the ecological state of the soil were studied. To simulate petroleum hydrocarbon contamination, petroleum hydrocarbons were introduced into soil in the amount of 5% of soil weight. Strains of Bacillus and Paenibacillus bacteria (in recommended and increased doses × 100) and biochar (1% of soil weight) were introduced into contaminated soil separately and together. It was found that after 30 days, the oil content decreased with the joint introduction of an increased dose of Bacillus, Panibacillus and biochar by 64%, as well as with the inoculation of biochar with Bacillus and Panibacillus bacteria at the recommended dose by 67%. The introduction of biochar, inoculated with BP and BP × 100, contributed to an increase in the intensity of CO2 emission compared to the background by 5–10%. With the joint introduction of BP + B, stimulation was 70%, with an increase in the concentration of BP × 100–115%. The preparation BP and BP × 100 introduced with biochar stimulated the activity of the enzyme by 49 and 61%; with the preinoculation of BP in biochar, stimulation was 27% relative to the background value. The most informative biological indicators when introducing ameliorants of biochar, Bacillus and Paenibacillus were the total number of bacteria, the length of the barley roots and the catalase activity, demonstrating the greatest sensitivity. The results of the study should be used for the remediation and biomonitoring of the state of oil-contaminated soils.
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1. Introduction


Methods of soil purification in the case of contamination with petroleum hydrocarbons in various emergency situations have been studied everywhere [1,2,3]. Petroleum hydrocarbon and petroleum hydrocarbon product spills put a critical load on the communities of soil organisms, resulting in the soil losing its ability to perform its ecosystem functions. Petroleum-hydrocarbon-contaminated soils have been excluded from agricultural use for many years due to causing adjacent ecosystems to suffer and, therefore, inflicting significant economic damage on the population of adjacent territories. The ecological state of oil-contaminated soil after remediation is generally assessed by looking at the indicators of soil biological activity, including the number of soil bacteria, enzymatic activity and soil phytotoxicity [4,5,6,7,8,9]. To decontaminate soils, various remediation technologies have been used to return them to their original state, such as bioaugmentation and biostimulation.



Bioaugmentation and biostimulation have been distinguished as being among the most effective technologies for the bioremediation of oil-contaminated soils [10]. Bioaugmentation is associated with the introduction of microbiological preparations into contaminated soil, including one or more strains of bacteria, fungi, algae and other microorganisms, such as Achromobacter, Alcaligenes, Xanthobacter, Arthrobacter, Pseudomonas, Bacillus, Mycobacterium, Corynebacterium, Flavobacterium, Nitrosomonas and others [11,12,13]. Aerobic or anaerobic microorganisms can be effective in the decomposition of various types of organic pollutants [14,15,16]. Aerobic bacteria were previously effectively used for the decomposition of polycyclic aromatic hydrocarbons [17,18]. Anaerobic bacteria are increasingly being used to remediate soils contaminated with polychlorinated biphenyls, chlorine-containing compounds and chlorinated solvents, such as trichloroethylene and chloroform [19,20,21,22]. The decomposition of petroleum hydrocarbons and products can also occur under aerobic and anaerobic conditions; however, the use of bacteria with an aerobic metabolism is a more common method of biodegrading petroleum hydrocarbons. The most easily biodegradable fraction of petroleum hydrocarbons is n-alkanes, and the least biodegradable are PAHs and asphaltenes [23]. In turn, the mechanisms of the microbial degradation of petroleum hydrocarbons under aerobic conditions include enzymatic activity (using monooxygenases and dioxygenases), the synthesis of biosurfactants (lipopeptides, glycolipids, etc.) and the synthesis of bioemulsifiers (lipopolysaccharides, polysaccharides, etc.) [24]. It is important to note that bacterial strains of the genus Bacillus have been researched in a number of studies aimed at searching for strains of petroleum hydrocarbon destructors [25] or bacteria actively producing biosurfactants [26]. Thus, in the paper by Fan et al. (2020), the strain of B. licheniformis DM-1 could decompose a wide range of n-alkanes with a chain length of C12–C36, contributing to reducing petroleum hydrocarbon viscosity due to the production of exopolysaccharides [25]. Bacteria of the genus Paenibacillus can also synthesize various biosurfactants and bioemulsifiers, and the possibility of using cultures of bacteria of the genus Paenibacillus as bioremediants has also been demonstrated [27].



The use of biochar as a biostimulator and adsorbent for the remediation of contaminated soil is due to the physicochemical properties of this substance, such as its high porosity, specific surface area and sorption capacity [28,29,30,31,32]. Almost any organic material can be used as a raw material for biochar production, which is then used for high-temperature pyrolysis under anaerobic conditions for food, forestry and agricultural waste [33,34,35]. The use of biochar as a product in high-temperature pyrolysis reduces greenhouse gas emissions and is a more environmentally friendly technology for the production of biological adsorbents compared to open combustion [36,37,38]. The immobilization or inoculation of bacteria on a biochar is a fairly common, although still relatively poorly studied, direction for restoring the fertility and remediation of soils [39,40,41,42]. Biochar is a stimulant and carrier for the bacteria inoculated onto it. Thus, the research by Medeiros et al. (2020) allowed for establishing the use of biochar produced from coffee grounds together with Trichoderma spp. Fungi, which was shown to be more effective in growing melons than biochar from husks of beans and coffee [40]. In turn, recent research has shown the possibility of using the aerobic spore-forming bacteria Bacillus sp. MN54 together with biochar. Thus, the combined use of bacteria and biochar on soil contaminated with diesel fuel contributed to an increase in the efficiency of phytoremediation using corn (Zea mays L.) [43]. Biochar affects the ecological state of soils distinctly, differing in their physicochemical properties [8,44]. In addition, the enzymatic activity of soils and the number of soil bacteria are affected by the concentration of biochar in oil-contaminated chernozem [7,45]. Along with the ecological efficiency of biochar, the economic profitability of its use in restoring the ecological state of oil-contaminated soils has also been established [6]. In this regard, it is advisable to assess the ecological state of oil-contaminated soils during remediation with biochar and microbiological preparations containing strains of aerobic spore-forming bacteria [46].



In this regard, the work objective of this paper was to evaluate the effect of strains of aerobic spore-forming bacteria of the genera Bacillus and Paenibacillus and biochar on petroleum hydrocarbon decomposition and the biological activity of haplic chernozem.




2. Materials and Methods


2.1. Soil Site


The object of the study was ordinary carbonate chernozem (A, 0–25) or Haplic Chernozem Calcic [47]. The place of selection was the botanical garden of the Southern Federal University, Rostov-on-Don (47°14′17.54 N, 39°38′33.22 E). The Botanical garden is in the center of Rostov-on-Don (Rostov Region, Russia), and is characterized by its minimal anthropogenic impact on soil cover. Haplic Chernozem are among the most fertile soils in Russia and the world [48]. The physicochemical properties of the Haplic Chernozem were: pH = 7.5–7.8; organic matter content—5.5–6.0%; carbonate content—0.3–0.5%; sum of absorbed bases—34.0–36.0 mg-eq/100 g of soil [49].




2.2. Biological Preparation Based on Bacteria of the Genera Bacillus and Paenibacillus


A microbiological preparation with biofungicidal action against Fusarium fungi based on a consortium of strains of aerobic spore-forming bacteria B. amyloliquefaciens V3.14 and R4.6, P. polymyxa R5.31, as well as P. peoriae O1.27, O2.11, R3.13, R4.5 and R6.14, and P. jamilae K1.14, R4.24, was developed in the laboratory of new biological products of the Academy of Biology and Biotechnologies of the Southern Federal University. The biopreparation was based on liquid-phase fermentation technology through the use of bacterial cultures of a liquid broth based on 2.5% beet molasses by volume and a complex of salts (nitrogen–phosphorus–potassium fertilizer) at a concentration of 1.95 g/L, which corresponded to 1:25 in the ratio of N (nitrogen):C (carbon) [50]. The concentration of viable bacterial spores in the resulting biological product was no less than 1 × 109 CFU/mL. Preparations of this kind have been investigated in various studies and used to protect different crops from phytopathogenic fungi [51,52,53,54].



In this study, the bacterial preparation (BP) was introduced at the recommended concentration of 20 mL/ha or 7500 CFU/kg of soil. This dose is used in agricultural fields to suppress Fusarium fungi when processing plants by leaf. In this regard, an additional 100 times higher concentration of the drug (BP × 100) was investigated. The solution was introduced into the soil contaminated with petroleum hydrocarbons and thoroughly mixed.




2.3. Biochar


The biochar was pure birch charcoal (Betula alba L.) grade A GOST 7657-84 with a carbon content of at least 85%. The product was produced through the pyrolysis of wood (800 °C) in retort installations without oxygen. The product had a high carbon content (93–98%) and did not contain harmful or toxic impurities. The amount of carbon in 1 ton of biochar is equivalent to the content of 3 tons of carbon (C) in carbon dioxide (CO2). When using biochar, plants capture carbon from the air and bind it in the soil [53,54]. In relation to the soil contaminated with petroleum hydrocarbons, the biochar served as a sorbent and a stimulator of the biota of native soil. In the prepared soil samples with petroleum hydrocarbons, 1% biochar was applied to the soil weight.




2.4. Petroleum Hydrocarbons


To model contamination, petroleum hydrocarbons from the Novoshakhtinsky refinery were used (Novoshakhtinsk, Rostov Region). Petroleum hydrocarbons are a mixture of hydrocarbons with a density of 0.818 g/m3, a mass fraction of sulfur of 0.43%, a mass fraction of mechanical impurities of 0.0028%, a mass fraction of water of 0.03% and a concentration of chloride salts of 40.1 mg/dm3. Petroleum hydrocarbons were added to soil samples at a concentration of 5% of soil weight. This level of soil contamination with oil is most often encountered during accidental oil spills [55].




2.5. Model Experiment


The prepared soil was premoistened and the petroleum hydrocarbons were applied to 5% of soil weight. A biological preparation based on aerobic spore-forming bacteria was introduced into the soil at the recommended dose (BP) and 100 times more than the recommended one (BP × 100). According to the experimental scheme, a biochar of 1% (B) of soil weight was introduced into soil samples with petroleum hydrocarbons. This dose of biochar was chosen based on previous studies on the remediation of organic compounds [56,57]. At a dose of biochar above 2–5%, there is a high probability of disturbing the soil microbiota, increasing hydrophobicity and changing the response of the soil environment [58].



In the treatment option with the preliminary inoculation of the biochar with bacteria (Binc.+BP), the prepared biochar was soaked in the finished biological product for 48 h. The general scheme of a model experiment on the remediation of petroleum-hydrocarbon-contaminated chernozem using biochar and aerobic spore-forming bacteria (independently and in combination, including inoculation) is shown in Figure 1. To compare the remediation effect of the biochar and the tank of the preparation in oil-contaminated soil, the independent effect of each substance separately (B, BP and BP × 100), the combined effect (B + BP, B + BP × 100) and the inoculation of bacteria on the biochar (Binc. + BP, Binc. + BP × 100 ) were evaluated.



The scientific hypothesis of the study: the addition of bacteria of the genera Bacillus and Paenibacillus and biochar (both independently and separately) should lead to an increase in the rate of petroleum hydrocarbon decomposition in the chernozem to simple decomposition products (water vapor and carbon dioxide) and, as a result, stimulate the emission of CO2, enzymatic activity and an increase in the number of soil bacteria, eventually providing a decrease in phytotoxicity.




2.6. Residual Petroleum Hydrocarbon Content


The petroleum hydrocarbon content after various treatment options was analyzed through the extraction of soil samples with carbon tetrachloride, followed by the determination of the content using an IKN-025 infrared analyzer. The petroleum hydrocarbon content was estimated in mg/kg of soil.




2.7. Methods for Assessing Soil Biological Activity


To assess the soil’s biological activity, the authors determined the CO2 emission, catalase and dehydrogenases activity, the total number of bacteria, indicators of germination of barley seeds (Hordéum vulgáre L.) (germination, energy of germination, germination vigor and germination rate) and indicators of the intensity of the initial seed growth (length of shoots and roots, air-dried mass of shoots and roots) (Table 1). Carbon dioxide emissions were measured during the 30 days of incubation (every 3–4 days) using an EGM PP Systems (USA) gas analyzer.



It was efficient to use sensitive biological indicators to diagnose soil conditions after chemical pollution [63,64]. These biological indicators allowed us to assess the state of the soil at various levels of organization, from bacteria and enzymes to plants [65]. The total number of bacteria in the soil reflected the state of reducers in the ecosystem [66]. Oxidoreductases (catalase and dehydrogenases) were more sensitive to chemical pollution than other enzymes [67]. The germination rate and root length of the radishes were the most informative of the many indicators of soil phytotoxicity [68,69].



To assess soil phytotoxicity before and after the introduction of bacteria and biochar, two groups of indicators were studied: the germination of barley seeds (germination, energy, seedling vigor and germination rate) and indicators of the intensity of the initial growth (length of shoots and roots, air-dried mass of shoots and roots). The germination of barley seeds was assessment with Equation (1):


  G =    G 7     G n     



(1)




where G7—the number of germinated barley seeds on the 7th day; Gn—the total number of seeds planted at the beginning of the phytotoxic experiment.



The method for calculating the germination rate of barley seeds was represented by Equation (2):


  G V = G / n  



(2)




where GV—germination vigor; G—germination rate; n—number of seeds.



Based on the above informative and sensitive biological indicators the integral indicator of the biological state (IIBS) of haplic chernozem was calculated [63].



According to microbiological, biochemical and phytotoxic indicators, an integral indicator of the biological state of the soil (IIBS) was calculated [59]. The IIBS made it possible to assess the ecological state of soils, since it includes a set of microbiological, biochemical and phytotoxic soil parameters. To calculate this indicator, the control (noncontaminated) values of each determined biological parameter were taken as 100%, and in relation to it, the percentage value of the indicator was found already in the soil with the introduced pollutant. Next, the IIBS was calculated using Equation (3):


  I I B S = (  A  c a t     +  A  d e h   + B + L r ) / N  



(3)




where Akat—catalase activity; Adeh—dehydrogenases activity; B—the total number of soil bacteria; Lr—length of roots, mm; N—the number of biological indicators.




2.8. Statistical Processing


The statistical processing of the obtained data was carried out using the STATISTICA 12.0 (Russia) and Python 3.6.5 Matpolib (Russia) software packages [70,71]. The significance was tested at * p < 0.05, ** p < 0.001, *** p < 0.0001. Statistical data (average values and variance) were determined, and the reliability of various samples was established using a variance analysis (Student's t-test).





3. Results


3.1. Residual Petroleum Hydrocarbon Content


The use of biochar made it possible to reduce the petroleum hydrocarbon content by 25% compared to the background (Figure 2). At the same time, the independent introduction of bacteria, both in the recommended and 100 times higher concentration (BP × 100), did not significantly affect the petroleum hydrocarbon content.



The introduction of biochar together with the bacteria contributed to petroleum hydrocarbon decomposition by 79%, compared to the background. With an increase in the concentration of bacteria (BP × 100), the decomposition efficiency decreased by 43% compared to B + BP; however, a decrease in the petroleum hydrocarbon content by 36% compared to the control was noted. At the same time, in the treatment option, in which the bacteria were previously inoculated into biochar, the petroleum hydrocarbon decomposition was at a level comparable to the BP × 100 treatment option—34–36% of the initial petroleum hydrocarbon content. With an increase in the concentration of bacteria (BP × 100) with preliminary inoculation in the biochar, a decrease in the petroleum hydrocarbon content of 59% was noted, compared to the oil-contaminated background.



According to the obtained results, it was most effective to use the following combinations of biochar with BP for petroleum hydrocarbon decomposition in the soil: biochar + BP and biochar-inoculated BP × 100. The least effective application to oil-contaminated soil was BP only.




3.2. CO2 Emission


Oil decomposition contributed to an increase in CO2 concentration (Figure 3). At the initial stage of measuring the CO2 concentration in the soil air, a low decomposition rate was determined in the option with biochar and the option of joint treatment with biochar + BP. However, toward the end of the experiment, it was found that the introduction of biochar inhibited the release of CO2 by 8%, and BP and BP × 100, biochar with BP and BP × 100 did not significantly differ from the oil-contaminated background, i.e., they did not affect the emission process.



The introduction of biochar-inoculated BP and BP × 100 contributed to an increase in the intensity of CO2 emission compared to the background by 5–10%. Considering that the process of petroleum hydrocarbon decomposition in options with biochar and BP, as well as biochar inoculated with bacteria, was the most intense, the emission was higher than in other options.



The highest content of carbon dioxide in the soil air was observed in such treatment options as biochar-inoculated BP and BP × 100, and biochar + BP and biochar + BP × 100.




3.3. Total Number of Soil Bacteria


The total number of bacteria after the introduction of biochar was stimulated by 128% compared to the background (Figure 4). The use of BP and BP × 100 stimulated the number of bacteria by 103 and 70% compared to the background.



With the joint introduction of BP+B, the stimulation was 70%, with an increase in the concentration of BP × 100—115%. Biochar-inoculated BP had no effect on the number of bacteria, and at a dose of BP × 100 + biochar, stimulation was 34 times higher compared to the control.



The total number of soil bacteria was highest when introducing biochar without bacteria, biochar + BP × 100, BP × 100 inoculated into biochar.




3.4. Enzymatic Activity


The activity of oxidoreductases (catalases and dehydrogenases) during the introduction of biochar and BP differed depending on the type of enzyme (Figure 5). Catalase activity during the introduction of BP and BP × 100 and biochar was inhibited by 14–26% regardless of BP concentration. The greatest inhibition of catalase was found with the introduction of biochar-inoculated BP.



Dehydrogenase activity after the introduction of biochar did not significantly differ from the control. The introduction of BP and BP × 100 stimulated the activity of dehydrogenases by 20 and 49%, respectively, relative to the background content. The preparation BP and BP × 100 introduced with the biochar stimulated enzymatic activity by 49 and 61%. With the preliminary inoculation of BP in biochar, the stimulation was 27% relative to the background; with an increase in the concentration of BP × 100, the inhibition of dehydrogenase activity was established to be 18%, compared to the background.



Thus, the catalase activity was inhibited by the introduction of biochar and BP. At the same time, the activity of another representative of the oxidoreductase class—dehydrogenases—was stimulated in the options of BP × 100, biochar with BP, biochar with BP × 100 and BP inoculated in biochar.




3.5. Indicators of Initial Seed Germination and Intensity of Initial Growth of Hordeum vulgare L.


Indicators of the intensity of the initial growth of barley (Hordeum vulgare L.) when applying biochar were stimulated by 8–21%, relative to the background (Figure 6). The introduction of BP resulted in the significant stimulation of energy and germination rate by 22 and 29%, respectively. With an increase in the dose of BP × 100 times, the inhibition of germination and the germination of seeds of Hordeum vulgare L. was established; the energy and speed of germination were stimulated by 36 and 37%, respectively.



The joint application of BP and biochar inhibited the energy and seedling vigor of Hordéum vulgáre L. by 18 and 15%, respectively, relative to the oil-contaminated background. When BP × 100 was added with biochar, it was found that the stimulation of germination and the germination vigor of Hordéum vulgáre L. compared to the background were, respectively, 30 and 31% higher than the background, and the energy and rate did not differ from the background.



The morphometric indicators of Hordéum vulgáre L., characterizing the length of shoots and roots and the mass of shoots and roots, are shown in Figure 7.



The introduction of biochar stimulated the mass of shoots by 21% more than the roots, but the length of the shoots and roots did not significantly differ from the background. The introduction of BP and BP × 100 caused an inhibition of the root system length and root mass by 21–59%, relative to the background. At the same time, the mass of shoots was inhibited by 33% when BP was applied. The stimulation was established for the length of shoots when the BP was applied at 26%, and at BP × 100, it did not significantly differ from the control. The combination of BP with biochar led to the stimulation of shoot growth by 33–117% and an increase in mass by 10–18%. Biochar inoculated with BP and BP × 100 stimulated the growth of the mass of shoots by 225 and 151% and roots by 12 and 43%, relative to the background, respectively. The length of barley shoots when applying biochar with BP and BP × 100 was stimulated by 173 and 69%, and the roots by 96 and 49%, relative to the oil-contaminated background.



Thus, the intensity of the initial growth of Hordéum vulgáre L., according to all indicators, was maximally stimulated when the inoculated BP was introduced into the biochar. The inhibition of the germination rate and energy by 18 and 15%, respectively, was established in the option BP with biochar.



The mass of shoots and roots of barley differed with the introduction of ameliorants: the mass of shoots in all options, except for BP and BP × 100, was stimulated by 33–184% (maximum stimulation corresponded to the option of biochar inoculation with BP). The length of barley shoots, as well as the mass of shoots, was stimulated by 7–173%, relative to the background. The maximum stimulation of the mass and length of shoots was established in the options biochar + BP × 100 and biochar-inoculated BP.




3.6. Integral Indicator of the Biological State of the Soil


Based on the obtained values of biological indicators, the IIBS was calculated (Figure 8).



The introduction of biochar and BP, both independently and in combination with each other, stimulated the IIBS. The introduction of biochar with BP × 100 increased the IIBS at a dose of 29%; for biochar with BP × 100 and biochar-inoculated BP × 100, it was 64% compared to the background.



The independent application of biochar and BP did not significantly affect the biological parameters of soil during petroleum hydrocarbon contamination. With the combined use of biochar with BP × 100, the stimulation compared with the independent introduction of substances was 15%, and with the inoculation of biochar BP and BP × 100, it was 17 and 49%, respectively.



The remediation of haplic chernozem using BP and biochar during petroleum hydrocarbon contamination had a significant impact on the biological parameters of the soil. The information value of each biological indicator was assessed through the closeness of the correlation coefficients with the residual petroleum hydrocarbon content in the soil after remediation with Bacillus and biochar. The following series was compiled:



The total number of bacteria (−0.61) = length of roots (−0.61) < length of shoot (−0.53) = germination (−0.52) < mass of shoots (−0.50) < germination vigor (−0.47) < germination rate (−0.43) = germination energy (−0.42) < emission (−0.38) < root mass (−0.35) < activity dehydrogenases (−0.19) < catalase activity (0.49).



The sensitivity of the biological indicators was assessed using the relative values of the biological indicators in relation to the background (Table 2). The more the value decreased relative to the background, the more sensitive the indicator was.



Even though the catalase activity was the most noninformative indicator, it was the most sensitive (when introducing all options of biochar with BP), followed by the mass of the barley roots (BP, BP × 100 and biochar + BP) and the length of the barley roots (BP and BP × 100). When applying BP × 100, the indicators of the initial germination of barley seeds were also informative, including energy, seedling vigor and germination rate.





4. Discussion


The most informative indicators for petroleum hydrocarbon pollution and remediation were the total number of bacteria and the length of the barley roots, and the least informative were the activity of the catalase and dehydrogenases. Previously, similar results were obtained when assessing the state of soils contaminated with petroleum hydrocarbons and heavy metals, as well as the remediation of petroleum-hydrocarbon-contaminated soils [4,6,7,8,63,72,73,74]. The correlation coefficient of the IIBS with the residual petroleum hydrocarbon content was equal to r = −0.88. This value represented a close relationship between the response of the integral value of all biological indicators of the soil and the petroleum hydrocarbon content; the lower the petroleum hydrocarbon content in the soil, the higher the biological activity of the soil and the more effective the remediation process. Catalase sensitivity was confirmed in a number of long-term experiments on the remediation of soil contaminated with petroleum hydrocarbons and petroleum products [75,76]. It was also confirmed that the activity of dehydrogenases correlated more closely with the residual petroleum hydrocarbon content (r = −0.90) than the activity of catalase (r = −0.10) and urease (r = −0.60), and, as a result, was a more informative indicator.



The type of soil and the physicochemical properties of the soil mattered. The ordinary chernozem of the South of the European part of Russia is characterized by a slightly alkaline reaction of the medium and an organic matter content of 5.5–6.0% [49]. In this regard, chernozem has a slightly alkaline reaction (pH > 7) in the presence of mineral fertilizers, which is sufficient for the intensive reproduction of bacteria of the genus Bacillus and Paenibacillus [77,78]. Thus, the intensive reproduction of bacteria occurs by consuming not only soil organic matter, but also the introduced petroleum hydrocarbon carbon as the carbon source [75].



According to the IIBS, the greatest stimulation of biological indicators was found on par with the decrease in the oil content in the soil after the application of biochar, biochar + BP × 100, biochar inoculated with BP and B + BP × 100. However, the highest petroleum hydrocarbon decomposition was achieved in the B + BP variant, while the biological indicators, according to the IIBS, were at the background level. However, of all biological indicators, only the number of bacteria and the activity of the dehydrogenases were stimulated by 70 and 65%, respectively. Such a high sensitivity of these indicators was due to the close relationship with the decomposition of petroleum hydrocarbons [79,80]. Previously, it was proved that the use of the microbiological preparation "Baikal EM-1", the fertilizer–biostimulant sodium humate and biochar contributed to the restoration of the ecological state of chernozem [6].



The results of the study made it possible to not only use biochar as an ameliorant, but also in combination with BP, stimulating not only the decomposition of petroleum hydrocarbons, but also the restoration of the ecological state through a change in biological indicators.




5. Conclusions


The introduction of biochar with bacteria of the genera Bacillus and Paenibacillus (BP) into the petroleum-hydrocarbon-contaminated soil had a greater remediation effect than the independent introduction of each ameliorant. The greatest reduction in the petroleum hydrocarbon content and the restoration of the ecological state of the soil according to biological indicators were achieved after the introduction of biochar and BP × 100 into the soil, as well as biochar-inoculated BP. The most informative biological indicators when applying ameliorants (biochar and BP) were the number of soil bacteria and the length of the barley roots, and the most sensitive indicator was the catalase activity. For the first time, the effect of biochar with bacteria of the genus Bacillus and Paenibacillus and biochar inoculated with bacteria of the genus Bacillus and Paenibacillus on the petroleum hydrocarbon content and ecological properties of the haplic chernozem was studied. The results of the study are recommended for use in the biomonitoring of the state of soils contaminated with petroleum hydrocarbons and petroleum hydrocarbon products after the introduction of ameliorants.







Author Contributions


Conceptualization, T.M., S.K. and V.C.; methodology, S.K.; software, T.M.; validation, T.M. and S.K.; formal analysis, N.M. and T.M.; investigation, T.M.; resources, T.M., S.K. and V.C.; data curation, T.M.; writing—original draft preparation, T.M.; writing—review and editing, A.G.; visualization, A.G.; supervision, N.V.; project administration, V.C.; funding acquisition, T.M. and S.K. All authors have read and agreed to the published version of the manuscript.




Funding


The study was financially supported by a grant from the president (MK-175.2022.5), with the financial support of the Ministry of Science and Higher Education of the Russian Federation in the laboratory "Soil Health" of the Southern Federal University (agreement no. 075-15-2022-1122), and the project of the Ministry of Science and Higher Education of the Russian Federation to support the youth laboratory "Agrobiotechnologies to improve soil fertility and the quality of agricultural products" within the framework of the development program of the interregional scientific and educational center of the south of Russia (LabNOC-21-01AB).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Anvarov, A.; Angel, A.; Rando, B.F.; Gil, J.L. Remediation of groundwater contamination from an old, non-functional landfill in Hořkovec open cast mine, Czech Republic. J. Water Supply Res. Technol.-Aqua 2019, 68, 829–841. [Google Scholar] [CrossRef]

	



Gasymova, A.S. The use of biopreparations based on natural zeolites and biohumus in the purification of oil-contaminated soils of the Apsheron Peninsula. Sci. Eur. 2016, 9, 3–6. [Google Scholar]

	



Chrysalidis, A.; Kyzas, G.Z. Applied Cleaning Methods of Oil Residues from Industrial Tanks. Processes 2020, 8, 569. [Google Scholar] [CrossRef]

	



Minnikova, T.V.; Kolesnikov, S.I.; Kazeev, K.S. Impact of ameliorants on the biological condition of oil-contaminated black soil. Soil Environ. 2019, 38, 170–180. [Google Scholar] [CrossRef]

	



Minnikova, T.V.; Kolesnikov, S.I.; Denisova, T.V. Influence of nitrogen and humic fertilizers on the biochemical state of oil-contaminated chernozem. South Russ. Ecol. Dev. 2019, 14, 189–201. [Google Scholar] [CrossRef]

	



Minnikova, T.; Kolesnikov, S.; Minkina, T.; Mandzhieva, S. Assessment of Ecological Condition of Haplic Chernozem Calcic Contaminated with Petroleum Hydrocarbons during Application of Bioremediation Agents of Various Natures. Land 2021, 10, 169. [Google Scholar] [CrossRef]

	



Minnikova, T.; Kolesnikov, S.; Ruseva, A.; Kazeev, K.; Minkina, T.; Mandzhieva, S.; Sushkova, S. Influence of the Biochar on Petroleum Hydrocarbon Degradation Intensity and Ecological Condition of Haplic Chernozem. Eurasian J. Soil Sci. 2022, 11, 157–166. [Google Scholar] [CrossRef]

	



Minnikova, T.; Ruseva, A.; Kolesnikov, S. Assessment of ecological state of soils in southern Russia by petroleum hydrocarbons pollution after bioremediation. Environ. Process. 2022, 9, 49. [Google Scholar] [CrossRef]

	



Zawierucha, I.; Malina, G.; Herman, B.; Rychter, P.; Biczak, R.; Pawlowska, B.; Bandurska, K.; Barczynska, R. Ecotoxicity and bioremediation potential assessment of soil from oil refinery station area. J. Environ. Health Sci. Eng. 2022, 20, 337–346. [Google Scholar] [CrossRef]

	



Hassan, Z.; Ali, S.; Rizwan, M.; Ibrahim, M.A.; Nafees, M.; Waseem, M. Role of Bioremediation Agents (Bacteria, Fungi, and Algae) in Alleviating Heavy Metal Toxicity. In Probiotics in Agroecosystem; Springer: Singapore, 2017. [Google Scholar] [CrossRef]

	



Demenev, A.; Maksimovich, N.; Khmurchik, V.; Rogovskiy, G.; Rogovskiy, A.; Baryshnikov, A. Field Test of In Situ Groundwater Treatment Applying Oxygen Diffusion and Bioaugmentation Methods in an Area with Sustained Total Petroleum Hydrocarbon (TPH) Contaminant Flow. Water 2022, 14, 192. [Google Scholar] [CrossRef]

	



Sharma, P.; Pandey, A.K.; Kim, S.H.; Singh, S.P.; Chaturvedi, P.; Varjani, S. Critical review on microbial community during in-situ bioremediation of heavy metals from industrial wastewater. Environ. Technol. Innov. 2021, 24, 101826. [Google Scholar] [CrossRef]

	



Zolotareva, A.A. Microbio-biotechnogenic method of soil purification from oil and oil products. Natl. Assoc. Sci. 2017, 6, 7–8. (In Russian) [Google Scholar]

	



Poi, G.; Aburto-Medina, A.; Chum Mok, P.; Ball, A.S.; Shahsavari, E. Large scale bioaugmentation of soil contaminated with petroleum hydrocarbons using a mixed microbial consortium. Ecol. Eng. 2017, 102, 64–71. [Google Scholar] [CrossRef]

	



Sharma, I. Bioremediation techniques for polluted environment: Concept, advantages, limitations, and prospects. In Trace Metals in the Environment-New Approaches and Recent Advances; Intech Open: London, UK, 2020. [Google Scholar] [CrossRef]

	



Tegene, B.G.; Tenkegna, T.A. Mode of Action, Mechanism and Role of Microbes in Bioremediation Service for Environmental Pollution Management. J. Biotechnol. Bioinform. Res. 2020, 2, 686. [Google Scholar] [CrossRef]

	



Ghazali, F.M.; Rahman, R.N.Z.A.; Salleh, A.B.; Basri, M. Biodegradation of hydrocarbons in soil by microbial consortium. Int. Biodeterior. Biodegrad. 2004, 54, 61–67. [Google Scholar] [CrossRef]

	



Mandree, P.; Masika, W.; Naicker, J.; Moonsamy, G.; Ramchuran, S.; Lalloo, R. Bioremediation of Polycyclic Aromatic Hydrocarbons from Industry Contaminated Soil Using Indigenous Bacillus spp. Processes 2021, 9, 1606. [Google Scholar] [CrossRef]

	



Chun, S.C.; Muthu, M.; Hasan, N.; Tasneem, S.; Gopal, J. Mycoremediation of PCBs by Pleurotus ostreatus: Possibilities and Prospects. Appl. Sci. 2019, 9, 4185. [Google Scholar] [CrossRef]

	



Henry, B.M. Biostimulation for Anaerobic Bioremediation of Chlorinated Solvents. In In Situ Remediation of Chlorinated Solvent Plumes. SERDP/ESTCP Environmental Remediation Technology; Springer: New York, NY, USA, 2010. [Google Scholar] [CrossRef]

	



Xiao, Z.; Jiang, W.; Chen, D.; Xu, Y. Bioremediation of typical chlorinated hydrocarbons by microbial reductive dechlorination and its key players: A review. Ecotoxicol. Environ. Saf. 2020, 202, 110925. [Google Scholar] [CrossRef] [PubMed]

	



Yamazaki, Y.; Hasegawa, A.; Tian, X.; Suzuki, I.; Kobayashi, T.; Shimizu, T.; Inoue, D.; Ike, M. Effect of elevated temperature on cis-1,2-dichloroethene dechlorination and microbial community structure in contaminated soils—A biostimulation approach. J. Environ. Chem. Eng. 2020, 8, 103682. [Google Scholar] [CrossRef]

	



Selvam, D.G.A.; Thatheyus, A.J. Microbial Degradation of Petroleum Hydrocarbons: An Overview. In Microbial Action on Hydrocarbons; Kumar, V., Kumar, M., Prasad, R., Eds.; Springer: Singapore, 2018. [Google Scholar] [CrossRef]

	



Gkorezis, P.; Daghio, M.; Franzetti, A.; Van Hamme, J.D.; Sillen, W.; Vangronsveld, J. The Interaction between Plants and Bacteria in the Remediation of Petroleum Hydrocarbons: An Environmental Perspective. Front. Microbiol. 2016, 7, 1836. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Wang, J.; Gao, C.; Zhang, Y.; Du, W. A novel exopolysaccharide-producing and long-chain n-alkane degrading bacterium Bacillus licheniformis strain DM-1 with potential application for in-situ enhanced oil recovery. Sci. Rep. 2020, 10, 8519. [Google Scholar] [CrossRef] [PubMed]

	



Ghazala, I.; Bouallegue, A.; Haddar, A.; Ellouz-Chaabouni, S. Characterization and production optimization of biosurfactants by Bacillus mojavensis I4 with biotechnological potential for microbial enhanced oil recovery. Biodegradation 2019, 30, 235–245. [Google Scholar] [CrossRef] [PubMed]

	



Gudiña, E.J.; Pereira, J.F.; Costa, R.; Evtuguin, D.V.; Coutinho, J.A.; Teixeira, J.A.; Rodrigues, L.R. Novel bioemulsifier produced by a Paenibacillus strain isolated from crude oil. Microb. Cell Fact. 2015, 14, 14. [Google Scholar] [CrossRef] [PubMed]

	



Gorovtsov, A.V.; Rajput, V.D.; Minkina, T.M.; Mandzhieva, S.S.; Sushkova, S.N.; Kornienko, I.V.; Chokheli, V.A.; Aleshukina, I.; Zinchenko, V.; Fedorenko, E.; et al. The role of biochar-microbe interaction in alleviating heavy metal toxicity in Hordeum vulgare L. grown in highly polluted soils. Appl. Geochem. 2019, 104, 93–101. [Google Scholar] [CrossRef]

	



Gorovtsov, A.V.; Minkina, T.M.; Mandzhieva, S.S.; Perelomov, L.V.; Soja, G.; Zamulina, I.V.; Rajput, V.D.; Sushkova, S.N.; Mohan, D.; Yao, J. The mechanisms of biochar interactions with microorganisms in soil. Environ. Geochem. Health 2020, 42, 2495–2518. [Google Scholar] [CrossRef] [PubMed]

	



Islam, T.; Li, Y.; Cheng, H. Biochars and Engineered Biochars for Water and Soil Remediation: A Review. Sustainability 2021, 13, 9932. [Google Scholar] [CrossRef]

	



Jatav, H.S.; Rajput, V.D.; Minkina, T.; Singh, S.K.; Chejara, S.; Gorovtsov, A.; Barakhov, A.; Bauer, T.; Sushkova, S.; Mandzhieva, S.; et al. Sustainable Approach and Safe Use of Biochar and Its Possible Consequences. Sustainability 2021, 13, 10362. [Google Scholar] [CrossRef]

	



Mazarji, M.; Bayero, M.T.; Minkina, T.; Sushkova, S.; Mandzhieva, S.; Tereshchenko, A.; Timofeeva, A.; Bauer, T.; Burachevskaya, M.; Kızılkaya, R.; et al. Realizing United Nations Sustainable Development Goals for Greener Remediation of Heavy Metals-Contaminated Soils by Biochar: Emerging Trends and Future Directions. Sustainability 2021, 13, 13825. [Google Scholar] [CrossRef]

	



Elnour, A.Y.; Alghyamah, A.A.; Shaikh, H.M.; Poulose, A.M.; Al-Zahrani, S.M.; Anis, A.; Al-Wabel, M.I. Effect of Pyrolysis Temperature on Biochar Microstructural Evolution, Physicochemical Characteristics, and Its Influence on Biochar/Polypropylene Composites. Appl. Sci. 2019, 9, 1149. [Google Scholar] [CrossRef]

	



Ippolito, J.A.; Cui, L.; Kammann, C.; Wrage-Mönnig, N.; Estavillo, J.M.; Fuertes-Mendizábal, T.; Cayuela, M.; Sigua, G.C.; Novak, J.M.; Spokas, K.A.; et al. Feedstock choice, pyrolysis temperature and type influence biochar characteristics: A comprehensive meta-data analysis review. Biochar 2020, 2, 421–438. [Google Scholar] [CrossRef]

	



Nelissen, V.; Ruysschaert, G.; Müller-Stöver, D.; Bodé, S.; Cook, J.; Ronsse, F.; Shackley, S.; Boeckx, P.; Hauggaard-Nielsen, H. Short-Term Effect of Feedstock and Pyrolysis Temperature on Biochar Characteristics, Soil and Crop Response in Temperate Soils. Agronomy 2014, 4, 52–73. [Google Scholar] [CrossRef]

	



Amini, E.; Safdari, M.-S.; Deyoung, J.T.; Weise, D.R.; Fletcher, T.H. Characterization of pyrolysis products from slow pyrolysis of live and dead vegetation native to the southern United States. Fuel 2019, 235, 1475–1491. [Google Scholar] [CrossRef]

	



Chatterjee, R.; Sajjadi, B.; Chen, W.-Y.; Mattern, D.L.; Hammer, N.; Raman, V.; Dorris, A. Effect of Pyrolysis Temperature on Physico Chemical Properties and Acoustic-Based Amination of Biochar for Efficient CO2 Adsorption. Front. Energy Res. 2020, 8, 85. [Google Scholar] [CrossRef]

	



Dhyani, V.; Bhaskar, T.A. Comprehensive review on the pyrolysis of lignocellulosic biomass. Renew. Energy 2018, 129, 695–716. [Google Scholar] [CrossRef]

	



Guo, M.; Song, W.; Tian, J. Biochar-Facilitated Soil Remediation: Mechanisms and Efficacy Variations. Front. Environ. Sci. 2020, 8, 521512. [Google Scholar] [CrossRef]

	



Medeiros, É.V.; Moraes, M.D.; Costa, D.P.; Duda, G.P.; Oliveira, J.B.; Silva, J.S.; Lima, J.R.; Hammecker, C. Effect of biochar and inoculation with Trichoderma aureoviride on melon growth and sandy Entisol quality. AJCS 2020, 14, 971–977. [Google Scholar] [CrossRef]

	



Tao, S.; Wu, Z.; Wei, M.; Liu, X.; He, Y.; Ye, B. Bacillus subtilis SL-13 biochar formulation promotes pepper plant growth and soil improvement. Can. J. Microbiol. 2019, 65, 333–342. [Google Scholar] [CrossRef]

	



Tripti, K.A.; Usmani, Z.; Kumar, V.; Anshumali. Biochar and flyash inoculated with plant growth promoting rhizobacteria act as potential biofertilizer for luxuriant growth and yield of tomato plant. J. Environ. Manag. 2017, 190, 20–27. [Google Scholar] [CrossRef]

	



Ali, M.H.; Khan, M.I.; Bashir, S.; Azam, M.; Naveed, M.; Qadri, R.; Bashir, S.; Mehmood, F.; Shoukat, M.A.; Li, Y.; et al. Biochar and Bacillus sp. MN54 Assisted Phytoremediation of Diesel and Plant Growth Promotion of Maize in Hydrocarbons Contaminated Soil. Agronomy 2021, 11, 1795. [Google Scholar] [CrossRef]

	



Zahed, M.A.; Salehi, S.; Madadi, R.; Hejabi, F. Biochar as a sustainable product for remediation of petroleum contaminated soil. Curr. Res. Green Sustain. Chem. 2021, 4, 100055. [Google Scholar] [CrossRef]

	



Vanapalli, K.R.; Samal, B.; Dubey, K.B.; Bhattacharya, J. Biochar for sustainable agriculture: Prospects and implications. Adv. Chem. Pollut. Environ. Manag. Prot. 2021, 7, 221–262. [Google Scholar] [CrossRef]

	



Yrjälä, K.; Lopez-Echartea, E. Structure and function of biochar in remediation and as carrier of microbes. Adv. Chem. Pollut. Environ. Manag. Prot. 2021, 7, 263–294. [Google Scholar] [CrossRef]

	



World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and Creating Legends for Soil Maps, 4th ed.; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022; p. 234. [Google Scholar]

	



Tóth, G.; Montanarella, L.; Stolbovoy, V.; Máté, F.; Bódis, K.; Jones, A.; Panagos, P.; van Liedekerke, M. Soils of the European Union; Office for Official Publications of the European Communities: Luxembourg, 2008; p. 85. [Google Scholar]

	



Val’kov, V.F.; Kazeev, K.S.; Kolesnikov, S.I. Soils of the South of Russia; South Federal University: Rostov-on-Don, Russia, 2008; p. 275. (In Russian) [Google Scholar]

	



Chistyakov, V.A.; Gorovtsov, A.V.; Usatov, A.V.; Prazdnova, E.V.; Mazanko, M.S.; Bren, A.B.; Usatova, O.A.; Vasilchenko, N.G. Method for Producing Liquid Nutrition Medium and Method for Obtaining Liguid Microbiological Agent Based on Strains Mixture of Spore-Forming Bacteria Antagonists of Phytopathogenic fungi of g. Fusarium: No. 2020122106: Priority 03.07.2020. Russia Patent No. 2751487 C1, 14 July 2021. IPC: A01N 63/22. [Google Scholar]

	



Castaldi, S.; Petrillo, C.; Donadio, G.; Piaz, F.D.; Cimmino, A.; Masi, M.; Evidente, A.; Isticato, R. Plant Growth Promotion Function of Bacillus sp. Strains Isolated from Salt-Pan Rhizosphere and Their Biocontrol Potential against Macrophomina phaseolina. Int. J. Mol. Sci. 2021, 22, 3324. [Google Scholar] [CrossRef] [PubMed]

	



Diabankana, R.G.C.; Validov, S.Z.; Vyshtakalyuk, A.B.; Daminova, A.; Safin, R.I.; Afordoanyi, D.M. Effects of Phenotypic Variation on Biological Properties of Endophytic Bacteria Bacillus mojavensis PS17. Biology 2022, 11, 1305. [Google Scholar] [CrossRef] [PubMed]

	



Lastochkina, O.; Baymiev, A.; Shayahmetova, A.; Garshina, D.; Koryakov, I.; Shpirnaya, I.; Pusenkova, L.; Mardanshin, I.; Kasnak, C.; Palamutoglu, R. Effects of Endophytic Bacillus Subtilis and Salicylic Acid on Postharvest Diseases (Phytophthora infestans, Fusarium oxysporum) Development in Stored Potato Tubers. Plants 2020, 9, 76. [Google Scholar] [CrossRef] [PubMed]

	



Nayak, S.K.; Nayak, S.; Mishra, B.B. Antimycotic Role of Soil Bacillus sp. Against Rice Pathogens: A Biocontrol Prospective. In Microbial Biotechnology; Patra, J., Vishnuprasad, C., Das, G., Eds.; Springer: Singapore, 2017. [Google Scholar] [CrossRef]

	



Okolelova, A.; Zheltobryukhov, V.; Nefedieva, E.; Egorova, G.; Kaplya, V.; Merzlyakova, A. Peculiarities of assessment of content of oil products in soils. E3S Web Conf. 2020, 161, 01100. [Google Scholar] [CrossRef]

	



Jones, D.L.; Jones, G.E.; Murphy, D.V. Biochar mediated alternations in herbicide breakdown and leaching in soil. Soil Biol. Biochem. 2011, 43, 804–813. [Google Scholar] [CrossRef]

	



Qin, G.; Gong, D.; Fan, M. Bioremediation of petroleum-contaminated soil by biostimulation amended with biochar. Int. Biodeter. Biodegr. 2016, 85, 150–155. [Google Scholar] [CrossRef]

	



Brtnicky, M.; Datta, R.; Holatko, J.; Bielska, L.; Gusiatin, Z.M.; Kucerik, J.; Hammerschmiedt, T.; Danish, S.; Radziemska, M.; Mravcova, L.; et al. A critical review of the possible adverse effects of biochar in the soil environment. Sci. Total Environ. 2021, 796, 148756. [Google Scholar] [CrossRef]

	



Galstyan, A.S. Unification of methods for studying the activity of soil enzymes. Soil Sci. 1978, 2, 107–114. (In Russian) [Google Scholar]

	



Khaziev, F.K. System-Ecological Analysis of the Enzymatic Activity of Soils; Nauka: Moscow, Russia, 1982; p. 203. (In Russian) [Google Scholar]

	



Zvyagintsev, D.G. Biological activity of soils and scales for assessing some of its indicators. Eurasian Soil Sci. 1978, 6, 48–54. (In Russian) [Google Scholar]

	



Bab’eva, I.P.; Zenova, G.M. Soil Biology; Publishing House of Moscow: Moscow, Russia, 1983; p. 248. (In Russian) [Google Scholar]

	



Kolesnikov, S.I.; Kazeev, K.S.; Akimenko, Y.V. Development of regional standards for pollutants in the soil using biological parameters. Environ. Monit. Assess. 2019, 191, 544. [Google Scholar] [CrossRef] [PubMed]

	



Kolesnikov, S.I.; Varduni, V.M.; Timoshenko, A.N.; Denisova, T.V.; Kazeev, K.S.; Akimenko, Y.V. Evaluation of the ecotoxicity of nanoparticles of cobalt, copper, nickel and zinc oxides by biological indicators of the state of ordinary chernozem. South Russ. Ecol. Dev. 2020, 15, 130–136. [Google Scholar] [CrossRef]

	



Choi, O.; Hu, Z. Size Dependent and Reactive Oxygen Species Related Nanosilver Toxicity to Nitrifying Bacteria. Environ. Sci. Technol. 2008, 42, 4583–4588. [Google Scholar] [CrossRef]

	



Kolesnikov, S.I.; Tsepina, N.I.; Sudina, L.V.; Minnikova, T.V.; Kazeev, K.S.; Akimenko, Y.V. Silver Ecotoxicity Estimation by the Soil State Biological Indicators. Appl. Environ. Soil Sci. 2020, 2020, 1207210. [Google Scholar] [CrossRef]

	



Martinez, M.; Gutiérrez-Romero, V.; Jannsens, M.; Ortega-Blu, R. Biological soil quality indicators: A review. Curr. Res. Technol. Educ. Top. Appl. Microbiol. Microb. Biotechnol. 2010, 319–328. [Google Scholar]

	



Plekhanova, I.O.; Zolotareva, O.A.; Tarasenko, I.D.; Yakovlev, A.S. Assessment of ecotoxicity of soils contaminated by heavy metals. Eurasian Soil Sci. 2019, 52, 1274–1288. [Google Scholar] [CrossRef]

	



Nikolaeva, O.V.; Terekhova, V.A. Improvement of laboratory phytotest for the ecological evaluation of soils. Eurasian Soil Sci. 2017, 50, 1105–1114. [Google Scholar] [CrossRef]

	



Available online: http://statsoft.ru (accessed on 30 January 2023).

	



Available online: https://www.python.org/ (accessed on 30 January 2023).

	



Kolesnikov, S.I.; Gaivoronskii, V.G.; Rotina, E.N.; Kazeev, K.S.; Val’kov, V.F. Assessment of Soil Tolerance toward Contamination with Black Oil in the South of Russia on the Basis of Soil Biological Indices: A Model Experiment. Eurasian Soil Sci. 2010, 43, 929–934. (In Russian) [Google Scholar] [CrossRef]

	



Kolesnikov, S.; Minnikova, T.; Kazeev, K.; Akimenko, Y.; Evstegneeva, N. Assessment of the Ecotoxicity of Pollution by Potentially Toxic Elements by Biological Indicators of Haplic Chernozem of Southern Russia (Rostov region). Water Air Soil Pollut. 2022, 233, 18. [Google Scholar] [CrossRef]

	



Tsepina, N.; Kolesnikov, S.; Minnikova, T.; Timoshenko, A.; Kazeev, K. Soil contamination by silver and assessment of its ecotoxicity. Rev. Agric. Sci. 2022, 10, 186–205. [Google Scholar] [CrossRef] [PubMed]

	



Gospodarek, J.; Rusin, M.; Barczyk, G.; Nadgórska-Socha, A. The Effect of Petroleum-Derived Substances and Their Bioremediation on Soil Enzymatic Activity and Soil Invertebrates. Agronomy 2021, 11, 80. [Google Scholar] [CrossRef]

	



Polyak, Y.M.; Bakina, L.G.; Chugunova, M.V.; Mayachkina, N.V.; Gerasimov, A.O.; Bure, V.M. Effect of remediation strategies on biological activity of oil-contaminated soil—A field study. Int. Biodeterior. Biodegrad. 2018, 126, 57–68. [Google Scholar] [CrossRef]

	



Shternshis, M.; Dzhalilov, F.-U.; Andreeva, I.; Tomilova, O. (Eds.) Biological Protection of Plants; "Coloss": Moscow, Russia, 2004; p. 264. (In Russian) [Google Scholar]

	



Usanov, V.S.; Penzin, A.A.; Shishkin, V.V.; Tatarenko, I.Y. Influence of cultivation temperature and active acidity of soybean-corn substrate on the growth dynamics of Bacillus subtilis. Far East. Agrar. Bull. 2020, 3, 117–124. (In Russian) [Google Scholar] [CrossRef]

	



Parthipan, P.; Preetham, E.; Machuca, L.L.; Rahman, P.K.S.M.; Murugan, K.; Rajasekar, A. Biosurfactant and Degradative Enzymes Mediated Crude Oil Degradation by Bacterium Bacillus subtilis A1. Front. Microbiol. 2017, 8, 193. [Google Scholar] [CrossRef]

	



Pi, Y.; Meng, L.; Bao, M.T.; Sun, P.; Lu, J. Degradation of crude oil and relationship with bacteria and enzymatic activities in laboratory testing. Int. Biodeterior. Biodegrad. 2016, 106, 106–116. [Google Scholar] [CrossRef]








[image: Agriculture 13 00719 g001 550] 





Figure 1. Scheme of a model experiment. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; Binc.—biochar inoculated with a bacterial preparation. 
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Figure 2. Residual petroleum hydrocarbon content in haplic chernozem after the introduction of a biological product and biochar, %. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100—biochar-inoculated bacterial preparation 100 times greater; statistical confidence: *—p < 0.05; **—p < 0.001. 
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Figure 3. Emission of CO2 of haplic chernozem (averaged values for 30 days) contaminated with petroleum hydrocarbons, after the introduction of BP and biochar, ppm. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration is 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation is 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100—biochar-inoculated bacterial preparation is 100 times greater; statistical confidence: **—p < 0.001. 
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Figure 4. The total number of bacteria in oil-contaminated haplic chernozem after the introduction of BP and biochar, 10−9/g of soil. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration is 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation is 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100– biochar-inoculated bacterial preparation is 100 times greater; statistical confidence: **—p < 0.001. 
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Figure 5. Enzymatic activity of haplic chernozem contaminated with petroleum hydrocarbons after the introduction of BP and biochar, % of petroleum hydrocarbon pollution. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100—biochar-inoculated bacterial preparation 100 times greater; statistical confidence: *—p < 0.05; **—p < 0.001. 
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Figure 6. Changes in germination vigor, germination energy and germination rate of barley on haplic chernozem contaminated with petroleum hydrocarbons after the introduction of BP and biochar, % of petroleum hydrocarbon pollution. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100—biochar-inoculated bacterial preparation 100 times greater. 
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Figure 7. Morphological parameters of haplic chernozem barley on soil contaminated with petroleum hydrocarbons after the introduction of BP and biochar and the % of petroleum hydrocarbon pollution. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100—biochar-inoculated bacterial preparation 100 times greater. 
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Figure 8. The integral indicator of the biological state (IIBS) of haplic chernozem, contaminated with petroleum hydrocarbons, after the introduction of BP and B, % of petroleum hydrocarbon pollution. Note: PHC—soil contaminated with petroleum hydrocarbons; B—biochar; BP—bacterial preparation; BP × 100—bacterial preparation concentration 100 times greater; B + BP—biochar combined with bacterial preparation; B + BP × 100—biochar combined with bacterial preparation 100 times greater; Bin. BP—biochar-inoculated bacterial preparation; Bin. BP × 100—biochar-inoculated bacterial preparation; statistical confidence: **—p < 0.001. 
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Table 1. Methods for determining the biological activity of the soil.
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Indicator

	
Measurement

	
Units

	
References






	
CO2 emission

	
Measurement using gas analyzer EGM-5 PP Systems (USA) every 3–5 days during the entire period of incubation

	
ppm

	
No references




	
Catalase activity (H2O2: H2O2—oxidoreductase; EC 1.11.1.6)

	
Volumetric method according to the rate of decomposition of a 3% solution of hydrogen peroxide in contact with the soil

	
mL O2/1 grams of soil for 1 min

	
[59]




	
Activity of dehydrogenases (substrate: NAD (P)—oxidoreductase, EC 1.1.1)

	
Colorimetric method for the conversion of triphenyltetrazolium chloride to triphenylformazan (TPF)

	
MΓ TPF/10 g of soil/24 h

	
[60]




	
Total number of bacteria

	
The total number of soil bacteria was determined with fluorescence microscopy with preparations stained with fluorescent dye acridine orange (1:10,000) and viewed on a Carl Zeiss Axio Lab microscope at 40x magnification

	
10−9/1 g of soil

	
[61]




	
Germination indicators of seeds (Hordéum vulgáre L): germination, energy, vigor, germination rate

	
Seed germination calculated daily for 7 days

Energy, friendliness and speed of germination were calculated from the daily values of germination

	
%

	
[62]




	
Indicators of the intensity of the initial growth of barley seeds (Hordéum vulgáre L.): length of shoots and roots, mass of shoots and roots

	
Measurement of the length of shoots and roots at the end of 7 days of the vegetation experiment

	
mm




	
Measurement of the air-dried mass of shoots and roots at the end of 7 days of the vegetation experiment

	
grams
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Table 2. Assessment of the sensitivity of biological objects to oil-contaminated areas of biochar and BP ingress, in % relative to the oil-contaminated background.
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	Biological Indicators
	B
	BP
	BP × 100
	B + BP
	B+

BP × 100
	Bin. BP
	Bin. BP × 100





	emission CO2
	93
	100
	99
	101
	103
	105
	105



	number of soil bacteria
	259 *
	203 *
	188 *
	171 *
	216 *
	104
	439 *



	activity of catalase
	80 *
	84 *
	82 *
	79 **
	86 *
	74 **
	81 *



	activity of dehydrogenases
	105
	120 *
	149 *
	165 *
	120 *
	128 *
	82 **



	germination
	116 *
	111 *
	95 *
	147 *
	179 *
	189 *
	126 *



	energy of germination
	109
	123 *
	68 **
	122 *
	144 *
	159 *
	119 *



	germination vigor
	115 *
	95 *
	82 *
	127 *
	155 *
	164 *
	109



	germination rate
	121 *
	130 *
	73 **
	129 *
	152 *
	171 *
	124 *



	length of shoots
	108
	126 *
	133 *
	249 *
	358 *
	274 *
	170 *



	length of roots
	114 *
	79 **
	70 **
	167 *
	235 *
	197 *
	149 *



	mass of shoots
	133 *
	67 **
	119 *
	163 *
	307 *
	284 *
	252 *



	mass of roots
	113
	41 **
	74 **
	79 **
	174 *
	113
	144 *







Note: B—biochar; BP—bacterial preparation; Bin. BP—biochar-inoculated bacterial preparation. Note: statistical significance: *—p < 0.05; **—p < 0.001.
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