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Abstract

:

To increase the organic potato yield, it is necessary to provide the crop with sufficient nutrients and effective means of biocontrol the diseases. The research goal was to characterize the biorationals’ efficacy to achieve competitive organic potatoes’ yield under various weather conditions. A 4-year trial was carried out in the Leningrad region using Udacha variety potatoes. The tests used liquid forms of new polyfunctional biologicals Kartofin based on highly active Bacillus subtilis I-5-12/23 and organic fertilizer BIAGUM obtained from poultry manure by aerobic fermentation in a closed biofermenter. Significant stimulation in plant growth and development to the flowering phase regardless of the hydrothermal conditions of the growing season was noted. The stimulating effect was determined by the combined use of biorationals pro rata to BIAGUM dose. Kartofin biologicals and BIAGUM almost doubled the potato tubers’ yield compared to the control, regardless of the growing season conditions. At the flowering phase, the biological efficacy in potato fungal diseases incidence and development was near 90% under optimal and 50–75% under drought hydrothermal conditions. At the end of vegetation, the efficiency in fungal diseases incidence and development made up 45–65% under optimal and 45–70% under dry conditions. BIAGUM effectiveness in reducing disease development reached 45–50% regardless of growing season conditions.
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1. Introduction


The potato (Solanum tuberosum L.) is the fourth most important food crops for human nutrition, after maize, wheat and rice. In addition, a significant amount of potato is used for livestock feed and for seed purposes [1]. Russia, producing about 20 million tons of potatoes annually, is among the top 5 countries with the largest potato production. Given the great diversity of natural and climatic conditions for growing potatoes in Russia, as well as the large number cultivated varieties of Russian and foreign breeding, in recent years, various technologies for growing potatoes have been developed [2]. In the Northwestern region of Russia, extensive research has been carried out into potato cultivation. The result of these studies has been to develop zonal technologies [3]. In the near future, the world’s growing population will require more and more food resources, which inevitably leads to the intensification of agriculture. However, intensive agriculture consumes more and more natural resources, causing significant and often irreparable damage to the environment [1]. Data compiled by a team of authors [4] on the global supply of food, feed and other industrial uses of agricultural products suggest that potato-based agri-food systems provide significant opportunities for food security and income generation in the face of anticipated trends in population growth, climate change, conflict, migration, inequality and the recent effects of the COVID-19 crisis.



Currently, organic farming is quite actively developing in Russia [5,6,7]. If the requirement for the production of organic crop products is observed, environmental conditions are significantly improved and natural biodiversity in agroecosystems is preserved [8]. The same requirements pose new challenges in the production of organic potatoes, which must be solved in order to obtain a high yield that competes with intensive production [9]. Organic potato growers face two major challenges—disease control and providing plants with sufficient nutrients [10,11].



It should be noted that biological control is one of the most promising approaches to organic and sustainable agriculture to protect crop plants from disease, increase yields and improve food quality [12,13,14]. Currently, organic production for plant protection against disease is increasingly focused on biologicals [15]. As biologicals in a broad sense, both living cultures of microorganisms and biologically active compounds synthesized by them can be used as biocontrol agents [13,15].



Biorationals as natural, environmentally non-toxic products obtained from non-microbial sources (activators, adjuvants, elicitors, organic materials, soil improvers, phytohormones, extracts from biomass and plants, waste, special composts, etc.) have direct and indirect effect on plants, accelerating their growth and development, thereby increasing productivity [16,17,18]. Such biorationals form a large heterogeneous group of biotechnological products called biostimulants [19,20,21,22]. Biological products produced using living microorganisms’ cells have both direct and indirect multifactorial effects on plants, leading to a stable increase in productivity and yield [23,24,25]. Such biologicals have a positive effect on the yield [26,27]. Beneficial microorganism strains that form the basis of biologicals are the part of the soil microbiome, rhizosphere, rhizoplane, as well as the phyllosphere, including the phylloplane, of cultivated crops [28,29,30]. The introduction of microbial strains into the agroecosystem of a cultivating crop can affect the biocenotic interactions between plants, phytopathogenic species and the environment and lead to significant changes in agroecosystems. This requires a comprehensive assessment of the possible effects of biocontrol agents. The authors [31] point out that the philosophy of plant disease control needs to shift from a concept that deals only with crop productivity to a multifaceted paradigm that includes an environmental impact study, social acceptability and the availability of biocontrol technologies.



Microorganisms of biologicals secrete hormones and also change the concentration of phytohormones secreted by the plant, affecting root and root hair growth, shoot development, flowering and seed growth, aging, various physiological processes, including cell division, gene expression and response to abiotic and biotic stresses [32,33,34,35,36].



The indirect effect of biopesticides, whether they are biorationals and/or biologicals based on microbes’ living cells is to control plant pathogens, which reduces crop losses from their development [37,38]. Microbe-antagonist strains possess the ability to synthesize and secrete as secondary metabolites a lot of biologically active substances (BAS) of various nature (antibiotics, siderophores, hydrolytic enzymes, volatile organic compounds, hydrogen cyanide, etc.). This ability has been called polyfunctionality, which determines the various target activity of biologicals’ producer strains [13,14,39]. Producer strains’ BAS suppress the phytopathogens development on plants, reducing their virulence and aggressiveness, thereby saving the crop [40,41,42,43]. The producer strains polyfunctionality provides antagonism to the phytopathogens together with inducing the plant systemic resistance [44,45,46,47]. Due to the producer strain polyfunctionality modern biologicals combine the properties of biofertilizers, biostimulants and biopesticides in their formulations, providing a sustainable increase in crop yields when used [48,49,50,51,52]. In addition, polyfunctional biologics application improves the crop quality contributing to carbohydrates, proteins, vitamins, macro- and microelements accumulation in agricultural products [53,54,55]. In particular, this applies to the quantitative and qualitative indicators of the potato harvest [56,57,58,59].



Biologicals based on microorganisms’ living cells that have a direct stimulating effect on the plants development and provide an increase in their productivity are combined into a group of biofertilizers [60,61,62,63]. Bacterial inoculants directly increase the availability of N, P, K, Zn, S and other nutrients for plants, which leads to the accelerated growth of roots and shoots and increased yields [48,64,65,66].



Aerobic composting technologies developed in recent years in closed-type biofermenters can significantly reduce the processing time, improve the quality of the resulting compost and reduce the negative impact on the environment [67]. Regulating the aeration regime has a positive effect on the viability of mesophilic and thermophilic microorganisms, which decontaminate and change the physical and chemical conditions of manure into forms accessible to plants [68,69]. Under Russian geographical conditions, drum biofermenters are of the greatest preference. They provide a short processing time (up to 3–4 days) and high preservation of nutrients, which compensates for the higher capital costs of implementation. The ability to automate the recycling process relatively easily leads to lower operating costs, which ultimately increases the profitability of compost production [70,71].



Our research goal is to characterize the efficacy of new polyfunctional biologicals and special organic compost to provide maximum possible yields in organic potatoes under the preponderant weather conditions.



To achieve this goal, the following objectives were established:




	
To develop the experimental batches of polyfunctional biologics liquid formulations (Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM (special organic compost);



	
To evaluate the effect of polyfunctional biologics liquid formulations (Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM application on biometric indicators of the organic potato plants development during optimal and dry growing seasons (by hydrothermal conditions);



	
To estimate the biological efficacy of polyfunctional biologics and special organic compost BIAGUM application in organic potatoes’ (plants and tubers) protection from diseases;



	
To estimate the effect of new polyfunctional biologics and special organic compost BIAGUM in organic potatoes’ healthy yield formation and its productivity during various vegetation periods.









2. Materials and Methods


The research work was carried out in the Microbiocontrol Laboratory (ML) FSBSI VIZR, its edible mushrooms’ pilot farm and in the production potato plantings at the IEEP branch Experimental Station of the FSBSI FSAC VIM. The IEEP branch Experimental Station of the FSBSI FSAC VIM is the long-term site for biological farming development and improvement. Its cultivable land has not been treated with chemicals (fungicides, insecticides, herbicides, etc.) for about 20 years. This is a complex system of multi-field organic crops rotation. For phytosanitary optimization and increasing the yield on these lands, only biorationals are used. Such a long absence of chemical pesticides’ in the topsoil makes it possible to obtain completely organic agricultural products of all crops cultivated on the site. The crop rotations at this long-term site are used in field trials of the biorationals efficacy for their use in organic crop production.



2.1. Materials


The research materials were semi-synthetic and natural nutrient media such as dried nutrient medium (DNM): pancreatic sprat hydrolysate—15 g L−1; NaCl—4.59 g L−1; microbiological agar—20 g L−1; H2O—1 L; pH = 7.2 (Microgen Co. Ltd., Moscow, Russia); corn-molasses nutrient medium (CMNM): molasses—15 g L−1; corn extract—30 g L−1; H2O—1 L; pH = 7.8 (Research and Production Association “ALTERNATIVE”, Moscow, Russia).



Another research material was natural nutrient medium, based on multirecycled (MR) spent mushroom substrates’ (SMS) aqueous extracts. Such nutrient medium is obtained by multirecycling of industrial and agricultural waste from commercial substrates (CS) for cultivating Lentinula edodes (Berk.) Pegler (CSLe)—shiitake mushroom. CSLe in a noninvolved state has the following percentage composition per weight of substrate having 70% moisture content: oak sawdust—88.9%; wheat bran—10%; CaCO3—0.1%; CaSO4 × 2H2O—1%. For industrial edible mushrooms cultivating the commercial spawns L. edodes 4080 and Pleurotus ostreatus (Jacq.) P. Kumm. HK-35 (Sylvan, Inc.; Moscow, Russia) were used. Shiitake mushrooms were grown on sterilized CSLe by the industrial method of low-volume solid-phase fermentation in the FSBSI VIZR pilot farm for 3 months at 18–23 °C and 85–95% air humidity. Shiitake basidiomata and spent shiitake mushroom substrate (SMSLe) were obtained. SMSLe: Once recycled/spent CSLe containing fungal protein as L. edodes 4080 mycelium derivate. There were used multirecycled (MR) SMS left after double edible macromycetes cultivation on the same substrate. When preparing SMSLe for double recycling, the substrates components were crushed to 0.5–2.5 cm pieces and soaked in water for 20–24 h to complete moisturizing. The prepared SMSLe having 70–80% moisture content and stabilized acidity pH = 7.0–7.5 were packed in 1500 g each in 1 l polypropylene bags. The bags were sealed up and sent for 1 h steam sterilization at 133 °C (202.7 kPa) in autoclave 5075ELVPV D (Tuttnauer Europe BV, Netherlands) for subsequent inoculating by P. ostreatus HK-35—oyster mushroom. SMSLePo was obtained by 2-fold biorecycling of CSLe. Firstly, basidiomata as food product was obtained by L. edodes 4080 for consumers and spent substrate (SMSLe), and then P. ostreatus HK-35 was sequentially obtained in turn from the fruit bodies and spent substrate: double fermented SMSLe containing L. edodes 4080 and P. ostreatus HK-35 mycelium’s derivates of these 2 fungi [14,72]. There was a nutrient medium developed for biological producer strains cultivated based on double spent SMS (MR SMS)–SMSLePo aqueous extracts. The SMSLePo was preliminarily milled and boiled in the amount of 200 g l−1 for 1 h, filtered and restored to the previous 1 l volume, thus obtaining MR SMS-extract: double spent SMS—200 g L−1; H2O—1 L; pH = 6.5–7.5 (FSBSI VIZR, St. Petersburg, Russia).



Sterilization modes for the nutrient media were 30–60 min at 50.7–81.1 kPa [14,73].



Organic material for the special compost BIAGUM was bedding poultry manure supplied by Leningrad Region poultry farm [74].




2.2. Objects


The research objects were the experimental batches of polyfunctional biologicals liquid formulations and special organic compost BIAGUM.



Experimental batches of polyfunctional biologicals liquid formulations (suspension concentrates–SC) under the names Kartofin, SC; Kartofin MR, SC were developed using highly active producer strain Bacillus subtilis (Ehren.) Cohn I-5 12/23. The producer strain is certified, deposited and maintained at FSBSI VIZR State Collection of Microorganisms Pathogenic for Plants and Their Pests registered on 28.01.1998 No. 760 in the World Federation for Culture Collections, World Data Center for Microorganisms (WFCC WDCM, Japan). Biologicals from Kartofin-series (titer not less than ×1010 colony forming units (CFU) mL−1) are intended to protect agricultural crops from fungal and bacterial diseases during vegetation and harvest storage. The active biologicals’ ingredients are the cells (spores) and the complex of B. subtilis I-5 12/23 metabolites.



The Kartofin, SC and Kartofin MR, SC experimental batches were developed in accordance to FSBSI VIZR-approved regulations and specifications. The biologicals’ experimental batches were prepared in submerged cultivating using liquid inoculums in the ML FSBSI VIZR. The producer strain inoculum was preliminarily stored and developed in test tubes on DNM. The submerged cultivations were carried out in shaking flasks with 750 mL volume, containing 100 mL of appropriate nutrient medium (CMNM, MR SMS-extract). Liquid-phase producer strain inoculum was grown at 27–28 °C for 3 days with aeration (180 rpm, New Brunswick™ Innova® 44 Shaker Incubator, Eppendorf, Hamburg, Germany). To control the bacterial growth stage and the contaminating microbiota presence the samples were taken away and microscoped every day. The fermentation process was stopped when 85–90% spores had been produced in the culture liquid (CL). The CLs were concentrated for 10 min at 3000 rpm in the centrifuge OS-6MC (Dastan Inc., Bishkek, Kyrgyzstan), and then 0.2% potassium sorbate was added to the spore suspension concentrates which were put into 1 L wide-mouth bottles, PE-LD (VITLAB GmbH, Großostheim, Germany). The initial CL titers were not less than× 1010 CFU mL−1, the finished SC Kartofin-series titers were near ×1011 CFU mL−1. Experimental batches of new polyfunctional biologicals Kartofin, SC and Kartofin MR, SC based on B. subtilis strain I-5 12/23 were developed for field trials of their biological efficacy.



Organic compost BIAGUM was produced in IEEP’s (branch of FSAC VIM) Laboratory of organic waste bioconversion by the aerobic fermentation of bedding poultry manure [74]. The aerobic solid-state fermentation was carried out in the special closed installatios (biofermenter). The compost was characterized by dry matter (nearly 40%). The carbon content and essential nutrients were as follows: C—21.3%; N—2.1%; P—1.5%; K—0.9%; and Ca—1.4%. Special compost BIAGUM has a maximum shelf life of 2 years from the production date under −20–+30 °C air temperature and 60–75% air humidity. The BIAGUM doses 80 and 160 kg N ha−1 were used providing potato productivity in medium and high levels. These doses corresponded to 4.3 t ha−1 and 8.6 t ha−1 of compost application by weight.




2.3. Methods


The following research methods were used: inoculum and stock cultures preparation, SMS preparation for multirecycling, development of biologicals experimental batches, quality assessment of titers and biologicals experimental batches, conducting field tests, field testing results and potato yield accounting, statistical analysis and visualization [14,72,73,74,75,76,77,78,79,80].



2.3.1. Inoculum and Stock Cultures Preparation


Preparation and steam sterilization of agarized and liquid nutrient media under autoclaving conditions 30–60 min at 50.7–81.1 kPa followed by inoculation with B. subtilis I-5 12/23 pure culture and/or liquid-phase fermentation in 750 mL shaker flasks with 100 mL of nutrient medium on an orbital shaker at 180 rpm and t = 28 °C for 3 days.




2.3.2. SMS for Multirecycling Preparation and MR SMS-Extract Production


SMS components were crushed into 0.5–2.5 cm pieces and soaked in water for 20–24 h to complete moisturizing. Acidity was stabilized at pH = 7.0–7.5, then components were packed into 1500 g batches, each packed in 1 L polypropylene bags. Packed products were steam sterilized at 133 °C for 1 h (202.7 kPa), Followed by MR SMS milling, boiling in amount of 200 g L−1 for 1 h in 1 L H2O, filtering and restoring to 1 L volume.




2.3.3. Biologicals Experimental Batches Production


The products were submerged cultivating in 750 mL shaker flasks with 100 mL of CMNM/MR SMS-extract on an orbital shaker at 180 rpm and 27–28 °C for 3 days with aeration. The fermentation was stopped when 85–90% of spores were produced in CL. The CL was concentrated for 10 min at 3000 rpm and then 0.2% potassium sorbate was added and put into 1 L wide-mouth bottles.




2.3.4. Titers and Biologicals Experimental Batches, Quality Assessment


Serial dilutions method was used for the inoculum and experimental batches titers and quality assessment (on DNM), and we conducted 10-fold replications.




2.3.5. Conducting Field Trials


The field trials were carried out in 2018 to 2020 at the Experimental Station of the Institute for Engineering and Environmental Problems in Agricultural Production (IEEP)—branch of FSAC VIM. The experimental area was located at 59°65 N and 30°38 E near Pavlovsk town (Leningrad region, Russia). According to Russian classification, the soil of the experimental plots is sod-podzolic light loamy gleyic soil on residual carbonate moraine loam. It has a weak acidic reaction (pH = 6.5–6.6), high organic matter content (5.6%) and has medium to high levels of available P and K.



The compost BIAGUM was applied before ridging with its subsequent embedding by disking. In order to eliminate the compaction zones in the row-spacing after planting, the following strategies were employed:




	▪

	
Deep loosening of the soil directly in the potato rooting zone;




	▪

	
Hilling and destroying weeds;




	▪

	
Using an experimental multipurpose row-crop chisel cultivator, designed and developed by the IEEP—BRANCH OF FSAC VIM.









The space between the ridges was loosened by a chisel cultivator up to a depth of 30 cm from the bottom of the furrow. The use of deep loosening between rows of organic potatoes as an inter-row treatment resulted in a decrease in soil compaction, both directly in the aisle and in the zone of root formation.



In the field trials, the new potato variety Udacha, super elite and elite classes, obtained from the seed farm was used. This variety has an average yield of 30–50 t ha−1 and a starch content of 12–15%; it matures early and is adapted to various types of soil and climatic zones. It is midresistant to late blight, rhizoctonia disease, wrinkled mosaic, black leg, wet rot and common scab (State register of selection achievements approved for use in Russian Federation from FSBI “State Breeding Commission”, 2021). It is characterized by a good taste and a smooth tuber surface [74].



Potatoes were treated with the biologicals at the time of planting and then by foliar spray after 10 days and 20 days at the biologics’ consumption rate 3 and 6 L ha−1 under optimal and arid hydrothermal growing conditions, respectively. The total number of treatments with biological products was three treatments. A specially designed sprayer was installed on the planter and cultivator for this purpose. Inter-row cultivation was carried out regularly, starting from the second week after planting, using an experimental specimen of a row-crop cultivator of an original design that provides deep loosing of inter-rows. Weed vegetation was removed mechanically using small rotary harrow BRU-0.7 harrows mounted on the cultivator.



Measurement of biomass growth rate (by the plant development phases) and soil properties were carried out regularly. Soil samples were taken from the arable horizon (0–250 mm) 4 times per season. Analytical studies were performed at FSBSI VIZR and IEEP (branch of FSAC VIM) Chemical Analytical Laboratory in accordance with Standards of the Interstate Council for Standardization, Metrology and Certification (ISC) and International Organization for Standardization (ISO) Standards of the Russian Federation: 26951-86 (Soils. Determination of nitrates by ionometric method) Group C09.



The field trials were conducted by mutual orthogonal organization with continuous placement of organized repetitions for standard arrangement of test options: 4 replicates in a complete randomized design, accounting plot size was 20–60 m2, according to growing season conditions. Biologicals were not applied in the control. Since the IEEP branch Experimental Station of the FSBSI FSAC VIM is a long-term site for the organic farming development, the application of non-biological treatments as a control was not used. The biologicals’ efficacy was compared with special compost BIAGUM’s effective impact on the organic potatoes yield.




2.3.6. Field Testing Results and Potato Yields Accounting


Phytoregulatory activity and biological efficacy of biologicals experimental batches were evaluated in 4 series of field trials using standard methods [75,76,77,78]. Potato plant height (sm) and productive/flowering stems number per bush (pieces) parameters and the yield of healthy tubers were used to evaluate phytoregulatory activity. To assess the damage of fungal disease complex to plants and potato tubers, the standard phytopathological indicators were used (the disease incidence and disease development on potato plants and on tubers, crop losses, biological effectiveness). The dominant fungal diseases identified on the organic Udacha variety potato during research period included leaf spots, late blight, fusarium wilt and rhizoctoniosis. On tubers, the dominate diseases were reticular form of rhizoctoniosis, common scab, silver scab, anthracnose and late blight.



The field trials results were recorded in 5 stages:




	▪

	
Two biometric accountings with onset of disease symptoms fixation were carried out on 3–5-week-old seedlings in the 1–3d leaf tiers phase and on 6–7-week-old potato plants in the 9–10th leaf tiers phase.




	▪

	
Two phytopathological accountings of diseases incidence and development were carried out at the flowering phase beginning and ending.




	▪

	
One accounting was carried out when harvesting tubers on accounting plots (tuber analysis).









Every third potato plant in the trial plot size 20–60 m2 (255–285 plants) was examined. Replication was 4-fold. In one account, commonly 1000–1150 potato plants were examined per test option. [75,76,77].




2.3.7. Statistical Analyses


All the results obtained in the experiments were arranged in a database [80], which allows for the statistically obtained results to be processes using the Microsoft Excel 2010 and Statistica 10.0 software packages (StatSoft, Inc., Tulsa, OK, USA), including checking the analyzed data’s normal distribution with the help of Shapiro–Wilk’s W-test, analysis of variance (ANOVA), calculating the mean values (M) as well as standard errors (±SEM) calculation. The data’s mean comparison was made using the least significant difference (LSD) test at a 5% error probability. The statistical differences significance in options pairwise comparison was assessed by Student’s t-test [79,80].






3. Results


3.1. Weather Conditions


The weather conditions during the summer period in the research years differed significantly from each other (Table 1). The month of May seemed to be the warmest in 2018, and the most precipitation fell during this month in 2021. The weather conditions in 2019 and 2020 were characterized by fairly comfortable temperatures and good rainfall during the period of active potato development. The maximum amount of precipitation for the entire growing season fell in 2020.



Selyaninov’s Hydrothermal Coefficient (HTC) allows us to calculate the aridity conditions for a certain period in a given area. It helped in defining the driest conditions which occurred during the active development of potatoes in June and July 2021. Only 33.4 mm precipitation fell during these two months. The soil temperature in the tuber formation zone rose above 20 degrees in late June to July, which led to some delay in potato tubers’ development. At the same time, the soil moisture was reduced to 15% (Figure 1).




3.2. Field Experiments


When assessing the phytoregulatory activity of biologicals Kartofin, SC and Kartofin MR, SC and against the background of organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in field trials, the significant stimulating effect of the tested biologicals on the growth of potato cultivar Udacha and its development up to the flowering phase were observed as compared to the control (Figure 2 and Figure 3). Under optimal hydrothermal conditions of the development (June to July 2019–2020), the plants’ heights were significantly (p ≤ 0.05) increased by Kartofin, SC together with BIAGUM in a dose 160 kg N ha−1 (Figure 2). Arid development conditions (June to July 2021) affected the potato plants’ heights only in the budding phase, decreasing this indicator value by 1.5 times (Figure 3). In the flowering phase, the differences were largely leveled, and the potato plants’ height in optimal and dry growing seasons (by hydrothermal conditions) was 370–400 and 303–398 mm, respectively (Figure 2 and Figure 3). Under arid conditions in the budding phase, the treatments with BIAGUM in a dose of 160 kg N ha−1 and Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1 differed significantly from the control in this indicator. In other test options, significant differences were not noted (Figure 3).



Under the influence of the studied doses of biologicals Kartofin, SC and Kartofin MR, SC and also against the background of the organic fertilizer BIAGUM, a significant (p ≤ 0.01) increase by 1.6–2.5 times in the number of productive stems by the budding phase was observed, regardless of the growing season conditions (Figure 2 and Figure 3). Thus, under optimal hydrothermal conditions, by the budding phase, the number of productive stems significantly increased (p ≤ 0.01) when using Kartofin, SC together with BIAGUM in doses of 80 and 160 kg N ha−1. In the flowering phase, the maximum number of stems was observed in the trial variants applying Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1. Significant (p ≤ 0.05) differences in the number of productive stems were noted in the test options applying Kartofin, SC and BIAGUM in a dose of 160 kg N ha−1 and in Kartofin, SC together with BIAGUM in a dose of 80 kg N ha−1 relative to the control. The productive stems number increased 1.2–2 times (Figure 2).



In a dry vegetation season, an increase in the potato plants’ assimilating surface in the test options was achieved by increasing the number of productive stems (peduncles) per bunch. In all trial runs, the number of stems in the flowering culture phase was 1.3–2.3 times higher than the control (Figure 3). Under arid development conditions (June to July 2021), the number of productive stems in the options using biologicals was 1.5–1.8 times higher, which may indicate a significant increase in potato plant stress resistance under their action. In the budding phase, the maximum stimulating effect on this indicator was observed when using Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1. Significant (p ≤ 0.05) differences compared to the control were noted in the test options applying Kartofin, SC and Kartofin, SC together with BIAGUM in a dose of 80 kg N ha−1 and Kartofin MR, SC together with BIAGUM in a dose of 160 kg N ha−1 (Figure 3). In the flowering phase, the maximum efficiency was noted in the options applying Kartofin, SC together with BIAGUM in doses of 80 and 160 kg N ha−1. Significant (p ≤ 0.05) differences in comparison with the number of stems in the control were also recorded in the following test options: BIAGUM in a dose of 80 kg N ha−1 and Kartofin MR, SC and Kartofin MR, SC together with BIAGUM in doses of 80 and 160 kg N ha−1. The productive stems number increased 1.5 to 2 times (Figure 3). There were no significant differences in the phytoregulatory activity between biologicals Kartofin, SC and Kartofin MR, SC (Figure 2 and Figure 3).



The application of biologicals Kartofin, SC and Kartofin MR, SC as well as organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in the organic cultivation of the Udacha potato cultivar led to a significant (p ≤ 0.01) increase in the biological yield of tubers by 1.6–1.8 times compared with the control, regardless of the growing season conditions (Figure 4). Organic compost BIAGUM in both doses significantly increased the potato crop compared to the control in 2018 to 2020 under optimal hydrothermal conditions. The highest potato productivity under these conditions was observed in the test options applying Kartofin, SC together with BIAGUM in a dose of 80 kg N ha−1 and especially in a dose of 160 kg N ha−1. On the contrary, in 2021 dry growing season, the potato yields significantly increased only in options applying organic compost BIAGUM in a dose of 160 kg N ha−1 and biologicals together with compost at the same application rate of latter. Thus, under extreme growing conditions, the potato productivity increase was affected only by the application of organic fertilizer BIAGUM (Figure 4).



The harmfulness of the dominant fungal disease combinations on the organic Udacha potato variety during the research period is shown the Table 2. Disease incidence and disease development as harmfulness indicators under new biorationals influence are provided for the optimal and dry vegetation seasons (2020 and 2021, respectively).



Polyfunctional biologicals have shown high biological efficacy in reducing the incidence of dominant fungal diseases (Table 2, Figure 5 and Figure 6).



Under optimal conditions during the flowering phase, the biological efficacy in dominant fungal diseases incidence reduction was 90 % in all test options, decreasing up to 50% by the end of the growing season (Table 2, Figure 5). Drought at the start of the growing season had a negative effect on this indicator, and the biological efficacy in reducing disease incidence for the test options did not exceeded 38 to 65%. Nevertheless, by the end of the growing season in pre-harvest, the dominant fungal diseases incidence in all test options was 74–85% lower than in the control (Table 2, Figure 6).



The maximum efficiency for reducing the incidence of dominant fungal diseases during the flowering phase was noted in the options using Kartofin MR, SC together with BIAGUM in doses of 80 and 160 kg N ha−1 and at the end of the growing season in the option applying Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1 (Table 2, Figure 5 and Figure 6).



The new biologicals have also shown high biological efficacy in suppressing the development of dominant fungal diseases (Table 2, Figure 5 and Figure 6). Under optimal conditions during the flowering phase, the biological efficiency in reducing disease development was 90% in all test options, decreasing up to 60% by the end of the growing season (Figure 5). The maximum efficacy in reducing disease development at the beginning of the growing season was noted in the treatments by Kartofin, SC and Kartofin, SC together with BIAGUM in doses of 80 and 160 kg N ha−1 and at the end of the growing season in the option applying Kartofin, SC together with BIAGUM in the dose of 160 kg N ha−1 (Figure 5). Drought at the beginning of the growing season somewhat reduced the effectiveness of biologicals in disease development decreased up to 60 to 75%. Nevertheless, by the end of the growing season, the biological efficiency in reducing the development of potato disease complexes was as high as in optimal growing conditions, amounting up to 50–70% in the pre-harvest phase. The maximum efficiency in reducing disease development at the start of the growing season was noted in the option using Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1 and at the end of the season in the options applying Kartofin, SC and Kartofin, SC together with BIAGUM in a dose of 160 kg N ha−1 (Figure 6).



Organic compost BIAGUM at the studied doses to some extent reduced the incidence and development of fungal potato diseases. Under optimal hydrothermal conditions of the growing season, the biological efficiency of the compost reduced the incidence and development of diseases during the flowering phase by 42% and 45%, respectively, and decreased up to 20–25% and 25–30%, respectively, in pre-harvest (Figure 4). In arid conditions, the efficiency with respect to the incidence and development of disease was 22–30% and 35–55%, respectively, in the flowering phase and 10–30% and 5–30%, respectively, according to test options in pre-harvest (Figure 6). The data obtained indicate the positive impact of organic fertilizers (special organic compost) in studied doses to increase the potato plants’ disease resistance.





4. Discussion


Useful microorganisms from the rhizo- and phyllospheres are capable of synthesizing complex active BAS, including antibiotics of various chemical classes, enzymes and metabolites with signaling and hormonal functions [81,82,83,84]. Auxins, gibberellins, cytokin-ins, abscisic (ABA), salicylic and jasmonic acids synthesized by microbial strains are found to be natural growth regulators [85,86]. Phytohormones have significant effects on photosynthesis, growth and plant productivity. It has been shown that gibberellin enhances photosynthetic phosphorylation processes, while the intensity of chlorophyll unit utilization and assimilation number increases. Many bacterial strains from the genera Bacillus, Azospirillium, Pseudomonas, etc., were found capable of synthesizing auxins, which stimulate the root system’s development for a more active uptake of water and nutrients by plants. These processes in combination increase the plants resistance to diseases and allow them to pass the development stages when they are most susceptible to pathogens [87]. Cytokinins can be produced by Bacillus, Rhizobium, Arthtrobacter, Azotobacter, Azospirillium and Pseudomonas. For example, the content of chlorophyll and cytokinins increased in plants when they were inoculated with cytokinin-producing B. subtilis strains, which subsequently caused an increase in the biomass of the root system and vegetative part. The Bacillus, Brevibacterium, Azospirillum, Pseudomonas and Lysinibacillus strains were found capable of ABA synthesis (especially under stress, salinity, drought, etc.), which optimized their endogenous hormonal balance [87,88]. The new polyfunctional biologicals based on microbial antagonists to pathogens possess protective properties which are due to a combination of microbes’ antagonistic activity with the ability to increase the disease resistance in plants.



The compound compost formatting is due to the mineral and organic colloids complexing, new biogenic cycles organizing, increasing the enzymatic activity of organic matter and the respiration of living organisms. Such compound compost improves the water regime and nutrition conditions to each organism living in its structure [89,90]. The introduction of compound compost into the soil expands the ecological niches possibilities of cultivated plants in the soil cover system. Multicomponent compost is a good environment for the development of a significant number of species and populations of living organisms producing enzymes, vitamins and other active substances. In terms of chemical and physical properties, compound composts are heterogeneous and multi-dispersed temporary systems, and in terms of living organisms’ gene pools, they represent a rich, very complex substrate. Incorporating compound compost into the topsoil affects the populations of virtually all major microbial groupings, with oligotrophs accounting for up to 50% of the total microbial community. The dominant position is occupied by the prokaryotic complex, which includes a large number of species that ensure soil suppressiveness (in particular, genera Bacillus and Pseudomonas). The increased activity of nitrogen-fixing and especially cellulose-destroying groups is noteworthy. The increase in actinomycetes number especially genus Streptomyces representatives was also observed during the compost application. Streptomyces species turned out to be the most numerous in the studied composts; they are members of the microbial complex which decomposes complex organic substances and is characterized by a wide enough range of species. Analysis of the data obtained showed that actinomycetes belonging to the Cinereus section were the most common, while the Chromogenes, Violaceus and Aureus series were less common. Increasing the biodiversity and density of microbial populations provided soil suppressiveness and caused a reduction in phytopathogenic species’ incidence and development. As an example, the preplanting of sawdust and manure compost (10 t ha−1) in a 1:1 ratio enhanced the antagonistic soil activity, reduced rhizoctoniosis development by 40–44%, increased the tuber yield by 1.5–2.1 t ha−1, or by 6–10%, and increased the yield of healthy tubers by 89 to 137%. [91]. The above studies show that applying compost not only provides plants with available nutrition sources but also effectively protects against a variety of diseases.



Thus, our research results have shown that various action mechanisms of biologicals’ Kartofin producer strain—B. subtilis I-5-12/23—in combination with the available sources of organic nutrition provided by BIAGUM compost can optimize the physiological state of plants by stimulating their growth and development and can significantly increase stress and disease resistance and potato yields.




5. Conclusions


	
The joint use of special compost BIAGUM and new polyfunctional biologicals Kartofin, SC and Kartofin MR, SC provided reliable 1.2-fold increases in the tubers’ total yield by 4.3 t/ha under optimal conditions of the growing season and by 2.2 t/ha under dry conditions compared to the control without the application of biologicals. The improvement in yield quality was revealed in increasing total nitrogen, dry matter and starch content 1.2-fold compared with the control regardless of the growing season conditions.



	
The increase in yield under optimal hydrothermal conditions of potato growing was due to the combined use of the polyfunctional biologicals Kartofin, SC; and Kartofin MR, SC with special compost BIAGUM. Under extreme growing conditions, the potato’s productivity was provided by organic fertilizer BIAGUM use in the dose–effect format.



	
New polyfunctional biologicals Kartofin, SC and Kartofin MR, SC and special compost BIAGUM in the studied doses had a stimulating effect on the growth and development of the Udacha variety potato plants until the flowering phase compared with the control, regardless of the growing season conditions. The potato plants’ growth rate and foliage increase 1.2- and1.3-fold, respectively, and the increase in the quantity of productive stems (pedicels) increased 1.6-fold regardless of which vegetation season conditions were observed.



	
The degree of the stimulating effect on potato plants’ growth and development was caused by the joint application of biorationals (Kartofin, SC and Kartofin MR, SC and special compost BIAGUM) and was proportional to an increase in compost dose.



	
Polyfunctional biologicals Kartofin, SC and Kartofin MR, SC have shown high biological efficacy in relation to the incidence rate and development of potato fungal diseases’ complex at its organic cultivation: 90% under optimal hydrothermal conditions; 65% and 75%, respectively, under drought growing conditions.



	
The biological effectiveness of organic compost BIAGUM in the studied doses in reducing the incidence and development of fungal diseases in Udacha variety potatoes in organic cultivation reached 45% and 50%, respectively, during the tuber yield formation, regardless growing season conditions.










Author Contributions


Conceptualization, I.N., V.M. and J.T.; methodology I.N., V.M., J.T. and A.Z.; validation, I.N. and A.Z.; investigation, I.N., V.M., J.T., A.Z., I.B., I.K. and E.M.; data curation, I.N., V.M., J.T., I.K., I.B. and E.M.; writing—original draft preparation, J.T., I.K. and E.M.; writing—review and editing, I.N., V.M., J.T. and I.K.; supervision, I.N. and A.Z.; funding acquisition, A.Z. All authors have read and agreed to the published version of the manuscript.




Funding


The research was undertaken within the framework of Russian Finnish project KS 1798 “Environmentally Friendly Smart Organic Agriculture” South-East Finland-Russia CBC Programme 2014–2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data is contained within this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



FAOSTAT. Food Balance Sheet. Available online: http://www.fao.org/faostat/en/#data/FBS (accessed on 19 February 2022).

	



Potato Industry: Handbook, 2nd ed.; Starovoitova, V.I. (Ed.) All-Russian Research Institute of Potato Farming, Rosselkhozakademiya: Moscow, Russia, 2013; p. 272. [Google Scholar]

	



Loginov, G.A.; Fomin, I.N.; Klein, V.F.; Varlamov, A.G. Optimization of Technical and Technological Solutions in Potato Growing; SZNIIMESH: SPb-Pavlovsk, Russia, 2009; p. 192. [Google Scholar]

	



Devaux, A.; Goffart, J.-P.; Kromann, P.; Andrade-Piedra, J.; Polar, V.; Hareau, G. The Potato of the Future: Opportunities and Challenges in Sustainable Agri-food Systems. Potato Res. 2021, 64, 681–720. [Google Scholar] [CrossRef] [PubMed]

	



Komarova, O.V.; Beresneva, R.I. The development of the organic agriculture market in the Russian Federation. Sci. Quest. Innov. Eng. Technol. 2019, 1, 89–94. (In Russian) [Google Scholar]

	



Nesterenko, N.Y.; Pakhomova, N.V.; Richter, K.K. Sustainable development of organic agriculture: Strategies of Russia and its regions in context of the application of digital economy technologies. St Petersburg Univ. J. Econ. Stud. 2020, 36, 217–242. [Google Scholar] [CrossRef]

	



Shchukin, S.V.; Trufanov, A.M.; Latsko-Bartoshova, M.; Dorokhova, V.I. The State, Prospects and Problems of the Development of Organic Agriculture in Slovakia and Russia; Innovation Management, Entrepreneurship and Sustainability (IMES): Prague, Czech Republic, 2020. [Google Scholar] [CrossRef]

	



Abbott, L.K.; Manning, D.A.C. Soil health and related ecosystem services in organic agriculture. Sustain. Agric. Res. 2015, 4, 116. [Google Scholar] [CrossRef]

	



Korshunov, S.A.; Lyubovedskaya, A.A. Biological Plant Protection in Compliance with the Standards of Organic Agriculture—The Necessary Directions of Research Activities. In Biological Plant Protection Is the Basis for the Stabilization of Agroecosystems, Proceedings of the 10th International Scientific and Practical Conference, Krasnodar, Russia, 11–14 September 2018; IOBC-EPRS: Moscow, Russia, 2018; pp. 527–532. (In Russian) [Google Scholar]

	



Korshunov, S.A.; Asaturova, A.M.; Khomyak, A.I.; Volkova, G.V. Formation and prospects of organic farming in Russia (review). Potatoes Veg. 2018, 11, 2–7. (In Russian) [Google Scholar] [CrossRef]

	



Shabanov, A.A.; Romanovsky, C.A.; Autko, A.A.; Zen, A.V.; Taranda, N.I. The Use of Biological Products in Organic Crop Production. In Agriculture—Problems and Prospects; Pestis, V.K., Ed.; Vikas Pub: Grodno, Belarus, 2018; pp. 140–146. (In Russian) [Google Scholar]

	



Syed, A.B.; Rahman, S.F.; Singh, E.; Pieterse, C.M.J.; Schenk, P.M. Emerging microbial biocontrol strategies for plant pathogens. Plant. Sci. 2018, 267, 102–111. [Google Scholar] [CrossRef]

	



Novikova, I.I. Polyfunctional biological products for phytosanitary optimization of agroecosystems in biological agriculture. Tekhnologii Tekhnicheskie Sredstva Mekhanizirovannogo Proizv. Prod. Rastenievod. Zhivotnovodstva 2019, 2, 183–194. (In Russian) [Google Scholar] [CrossRef]

	



Titova, J.A.; Krasnobaeva, I.L. Multirecycled biologics for plant protection and the possibility of their use in organic farming. Tekhnologii Tekhnicheskie Sredstva Mekhanizirovannogo Proizv. Prod. Rastenievod. Zhivotnovodstva 2019, 2, 164–183. (In Russian) [Google Scholar] [CrossRef]

	



Finckh, M.; Schulte-Geldermann, E.; Bruns, C. Challenges to organic potato farming: Disease and nutrient management. Potato Res. 2006, 49, 27–42. [Google Scholar] [CrossRef]

	



Adesemoye, A.O.; Kloepper, J.W. Plant-microbes interactions in enhanced fertilizer use efficiency. Appl. Microbiol. Biotechnol. 2009, 85, 1–12. [Google Scholar] [CrossRef]

	



Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3–41. [Google Scholar] [CrossRef]

	



Luna-García, H.A.; Martínez-Hernández, J.L.; Ilyina, A.; Segura-Ceniceros, E.P.; Aguilar, C.N.; Ventura-Sobrevilla, J.M.; Flores-Gallegos, A.C.; Chávez-González, M.L. Production of Unicellular Biomass as a Food Ingredient from Agro-Industrial Waste. In Valorisation of Agro-Industrial Residues—Volume I: Biological Approaches. Applied Environmental Science and Engineering for Sustainable Future; Zakaria, Z.A., Boopathy, R., Dib, J.R., Eds.; Springer: Berlin/Heidelberg, Germany, 2020; Volume 1, pp. 219–238. [Google Scholar] [CrossRef]

	



Adesemoye, T.O. Introduction to Biological Products for Crop Production and Protection; University of Nebraska: Lincoln, NE, USA, 2017; p. EC3019. [Google Scholar]

	



Treuer, T.; Choi, J.; Janzen, D.; Hallwachs, W.; Peréz-Aviles, D.; Dobson, A.P.; Powers, J.S.; Shanks, L.C.; Werden, L.K.; Wilcove, D.S. Low-cost agricultural waste accelerates tropical forest regeneration. Restor. Ecol. 2017, 26, 275–283. [Google Scholar] [CrossRef]

	



Pergola, M.; Persiani, A.; Palese, A.M.; Di Meo, V.; Pastore, V.; D’Adamo, C.; Celano, G. Composting: The way for sustainable agriculture. Appl. Soil Ecol. 2018, 123, 744–750. [Google Scholar] [CrossRef]

	



Othman, N.Z.; Sarjuni, M.N.H.; Rosli, M.A.; Nadri, M.H.; Yeng, L.H.; Ying, O.P.; Sarmidi, M.R. Spent Mushroom Substrate as Biofertilizer for Agriculture Application. In Valorisation of Agro-Industrial Residues—Volume I: Biological Approaches. Applied Environmental Science and Engineering for Sustainable Future; Zakaria, Z.A., Boopathy, R., Dib, J.R., Eds.; Springer: Berlin/Heidelberg, Germany, 2020; Volume 1, pp. 37–58. [Google Scholar] [CrossRef]

	



Siddiqui, Z.A. PGPR: Biocontrol and Biofertilization; Siddiqui, Z.A., Ed.; Springer: Dordrecht, The Netherlands, 2006; p. 318. ISBN 1402040024. [Google Scholar] [CrossRef]

	



Parnell, J.; Berka, R.; Young, H.; Sturino, J.; Kang, Y.; Barnhart, D.; Dileo, M. From the lab to the farm: An industrial perspective of plant beneficial microorganisms. Front. Plant Sci. 2016, 7, 1110. [Google Scholar] [CrossRef]

	



De los Santos-Villalobos, S.; Díaz-Rodríguez, A.M.; Ávila-Mascareño, M.F.; Martínez-Vidales, A.D.; Parra-Cota, F.I. COLMENA: A culture collection of native microorganisms for harnessing the agro-biotechnological potential in soils and contributing to food security. Diversity 2021, 13, 337. [Google Scholar] [CrossRef]

	



Rana, K.L.; Kour, D.; Nath, A.; Yadav, A.N.; Yadav, N.; Saxena, A.K. Agriculturally Important Microbial Biofilms: Biodiversity, Ecological Significances, and Biotechnological Applications. In New and Future Developments in Microbial Biotechnology and Bioengineering. Microbial Biofilms: Current Research and Future Trends; Yadav, M.K., Singh, B.P., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2020; pp. 221–265. [Google Scholar] [CrossRef]

	



De los Santos-Villalobos, S.; Parra-Cota, F.I. Current trends in plant growth-promoting microorganisms research for sustainable food security. Curr. Res. Microb. Sci. 2020, 2, 100016. [Google Scholar] [CrossRef]

	



Mohanram, S.; Kumar, P. Rhizosphere microbiome: Revisiting the synergy of plant-microbe interactions. Ann. Microbiol. 2019, 69, 307–320. [Google Scholar] [CrossRef]

	



Gupta, T.; Chakraborty, D.; Sarkar, A. Structural and Functional Rhizospheric Microbial Diversity Analysis by Cutting-Edge Biotechnological Tools. In Omics Science for Rhizosphere Biology; Pudake, R.N., Sahu, B.B., Kumari, M., Sharma, A.K., Eds.; Springer Nature: Singapore, 2021. [Google Scholar] [CrossRef]

	



Salwan, R.; Sharma, V.; Saini, R.; Pandey, M. Identification of plant beneficial Bacillus spp. for Resilient agricultural ecosystem. Curr. Res. Microb. Sci. 2021, 2, 100046. [Google Scholar] [CrossRef]

	



He, D.-C.; He, M.-H.; Amalin, D.M.; Liu, W.; Alvindia, D.G.; Zhan, J. Biological control of plant diseases: An evolutionary and eco-economic consideration. Pathogens 2021, 10, 1311. [Google Scholar] [CrossRef]

	



Wasai, S.; Minamisawa, K. Plant-associated microbes: From rhizobia to plant microbiomes. Microbes Environ. 2018, 33, 1–3. [Google Scholar] [CrossRef] [PubMed]

	



Khan, N.; Bano, A.; Ali, S.; Babar, M.A. Crosstalk amongst phytohormones from planta and PGPR under biotic and abiotic stresses. Plant Growth Regul. 2020, 90, 189–203. [Google Scholar] [CrossRef]

	



Glick, B.R.; Gamalaro, E. Recent developments in the study of plant microbiomes. Microorganisms 2021, 9, 1533. [Google Scholar] [CrossRef] [PubMed]

	



Haroon, U.; Khizar, M.; Liaquat, F.; Ali, M.; Akbar, M.; Tahir, K.; Batool, S.S.; Kamal, A.; Chaudhary, H.J.; Munis, M.F.H. Halotolerant plant growth-promoting rhizobacteria induce salinity tolerance in wheat by enhancing the expression of SOS genes. J. Plant Growth Regul. 2021, 27, 1–4. [Google Scholar] [CrossRef]

	



Nivetha, N.; Lavanya, A.K.; Vikram, K.V.; Asha, A.D.; Sruthi, K.S.; Bandeppa, S.; Annapurna, K.; Paul, S. PGPR-Mediated Regulation of Antioxidants: Prospects for Abiotic Stress Management in Plants. In Antioxidants in Plant-Microbe Interaction; Singh, H.B., Vaishnav, A., Sayyed, R., Eds.; Springer Nature: Singapore, 2021. [Google Scholar] [CrossRef]

	



Lengai, G.; Muthomi, J. Biopesticides and their role in sustainable agricultural production. J. Biosci. Med. 2018, 6, 7–41. [Google Scholar] [CrossRef]

	



Zhang, J.; Cook, J.; Nearing, J.T.; Zhang, J.; Raudonis, R.; Glick, B.R.; Langille, M.G.I.; Cheng, Z. Harnessing the plant microbiome to promote the growth of agricultural crops. Microbiol. Res. 2021, 245, 126690. [Google Scholar] [CrossRef]

	



Pavlyusin, V.A.; Novikova, I.I.; Boikova, I.V. Microbiological control in phytosanitary optimization technologies for agroecosystems: Research and practice (review). Agric. Biol. 2020, 55, 421–438. [Google Scholar] [CrossRef]

	



Köhl, J.; Kolnaar, R.; Ravensberg, W.J. Mode of action of microbial biological control agents against plant diseases: Relevance beyond efficacy. Front. Plant Sci. 2019, 10, 845. [Google Scholar] [CrossRef]

	



Sasirekha, B.; Srividya, S. Siderophore production by Pseudomonas aeruginosa FP6, a biocontrol strain for Rhizoctonia solani and Colletotrichum gloeosporioides causing diseases in chilli. Agric. Nat. Resour. 2016, 50, 250–256. [Google Scholar] [CrossRef]

	



Ghazy, N.; El-Nahrawy, S. Siderophore production by Bacillus subtilis MF497446 and Pseudomonas koreensis MG209738 and their efficacy in controlling Cephalosporium maydis in maize plant. Arch. Microbiol. 2021, 203, 1195–1209. [Google Scholar] [CrossRef]

	



Santoyo, G.; Orozco-Mosqueda, M.C.; Govindappa, M. Mechanisms of biocontrol and plant growth-promoting activity in soil bacterial species of Bacillus and Pseudomonas: A review. Biocontr. Sci. Technol. 2012, 22, 855–872. [Google Scholar] [CrossRef]

	



Yu, C.; Fan, L.; Gao, J.; Wang, M.; Wu, Q.; Tang, J.; Li, Y.; Chan, J. The platelet activating factor acetyl hydrolase gene derived from Trichoderma harzianum induces maize resistance to Curvularia lunata through the jasmonic acid signaling pathway. J. Environ. Sci. Health 2015, 50, 708–717. [Google Scholar] [CrossRef]

	



Singh, A.; Chauhan, P.S. Ecological Significance of Soil-Associated Plant Growth-Promoting Biofilm-Forming Microbes for Stress Management. In Biofilms in Plant and Soil Health; Ahmad, I., Husain, F.M., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2017; Volume 14, p. 291. [Google Scholar] [CrossRef]

	



Sehrawat, A.; Sindhu, S.S. Potential of biocontrol agents in plants disease control for improving food safety. Def. Life Sci. J. 2019, 4, 220–225. [Google Scholar] [CrossRef]

	



Jiao, X.; Takishita, Y.; Zhou, G.; Smith, D.L. Plant associated rhizobacteria for biocontrol and plant growth enhancement. Front. Plant Sci. 2021, 12, 1–8. [Google Scholar] [CrossRef]

	



Zehra, A.; Raytekar, N.A.; Meena, M.; Swapnil, P. Efficiency of microbial bio-agents as elicitors in plant defense mechanism under biotic stress: A review. Curr. Res. Microb. Sci. 2021, 2, 1–14. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, H.; Shen, Z.; Miao, Y.; Wang, J.; Jiang, X.; Shen, Q.; Li, R. Richness and antagonistic effects co-affect plant growth promotion by synthetic microbial consortia. Appl. Soil Ecol. 2022, 170, 104300. [Google Scholar] [CrossRef]

	



Sendi, Y.; Pfeiffer, T.; Koch, E.; Mhadhbi, H.; Mrabet, M. Potential of common bean (Phaseolus vulgaris L.) root microbiome in the biocontrol of root rot disease and traits of performance. J. Plant Dis. Prot. 2020, 127, 453–462. [Google Scholar] [CrossRef]

	



Mohanty, P.; Singh, P.K.; Chakraborty, D.; Mishra, S.; Pattnaik, R. Insight into the role of PGPR in sustainable agriculture and environment. Front. Sustain. Food Syst. 2021, 5, 667150. [Google Scholar] [CrossRef]

	



Pathak, E.; Sanjyal, A.; Regmi, C.R.; Paudel, S.; Shrestha, A. Screening of potential plant growth promoting properties of Bacillus species isolated from different regions of Nepal. Nepal J. Biotechnol. 2021, 9, 79–84. [Google Scholar] [CrossRef]

	



Sehrawat, A.; Sindhu, S.S.; Glick, B.R. Hydrogen cyanide production by soil bacteria: Biological control of pests and promotion of plant growth in sustainable agriculture. Pedosphere 2022, 32, 15–38. [Google Scholar] [CrossRef]

	



Nugmanova, T.A. Biopreparations in vegetable and potato growing. Potatoes Veg. 2017, 6, 2–6. [Google Scholar]

	



Chakraborty, T.; Akhtar, N. Biofertilizers: Prospects and Challenges for Future. In Biofertilizers; Wiley: Hoboken, NJ, USA, 2021; pp. 575–590. [Google Scholar] [CrossRef]

	



Plekhanova, L.P.; Buldakov, S.A. Effectiveness of action of biological preparation and fungicidal agents against plant diseases, potatoes tuber and their influence on productivity of land. Int. Res. J. 2019, 87, 28–33. [Google Scholar] [CrossRef]

	



Gaynatulina, V.V.; Khasbiullina, O.I. Efficiency of application of biopreparations and fungicides in potato rhizoctoniosis control. Vestn. Far East. Branch Russ. Acad. Sci. 2020, 4, 93–99. [Google Scholar] [CrossRef]

	



Anand, A.; Chinchilla, D.; Tan, C.; Mene-Sarane, L.; L’Haridon, F.; Weisskopf, L. Contribution of hydrogen cyanide to the antagonistic activity of Pseudomonas strains against Phytophthora Infestans. Microorganisms 2020, 8, 1144. [Google Scholar] [CrossRef]

	



Ali, A.A.; Awad, M.Y.M.; Hegab, S.A.; Abd El Gawad, A.M.; Eissa, M.A. Effect of potassium solubilizing bacteria (Bacillus cereus) on growth and yield of potato. J. Plant. Nutr. 2021, 44, 411–420. [Google Scholar] [CrossRef]

	



Fasusi, O.A.; Cruz, C.; Babalola, O.O. Agricultural sustainability: Microbial biofertilizers in rhizosphere management. Agriculture 2021, 11, 163. [Google Scholar] [CrossRef]

	



Kumar, S.; Diksha; Sindhu, S.S.; Kumar, R. Biofertilizers: An ecofriendly technology for nutrient recycling and environmental sustainability. Curr. Res. Microb. Sci. 2022, 3, 1–26. [Google Scholar] [CrossRef]

	



Valenzuela-Aragón, B.; Parra-Cota, F.I.; Santoyo, G.; Arellano-Wattenbarger, G.L.; de los Santos-Villalobos, S. Plant-assisted selection: A promising alternative for in vivo identification of wheat (Triticum turgidum L. subsp. durum) growth promoting bacteria. Plant Soil 2019, 435, 367–384. [Google Scholar] [CrossRef]

	



Basu, A.; Prasad, P.; Das, S.N.; Kalam, S.; Sayyed, R.Z.; Reddy, M.S.; El Enshasy, H. Plant growth promoting rhizobacteria (PGPR) as green bioinoculants: Recent developments, constraints, and prospects. Sustainability 2021, 13, 1140. [Google Scholar] [CrossRef]

	



Etesami, H.; Jeong, B.R.; Glick, B.R. Contribution of arbuscular mycorrhizal fungi, phosphate–solubilizing bacteria and silicon to P uptake by plant. Front. Plant Sci. 2021, 12, 699618. [Google Scholar] [CrossRef]

	



Wang, Y.; Peng, S.; Hua, Q.; Qiu, C.; Wu, P.; Liu, X.; Lin, X. The long-term effects of using phosphate-solubilizing bacteria and photosynthetic bacteria as biofertilizers on peanut yield and soil bacteria community. Front. Microbiol. 2021, 12, 693535. [Google Scholar] [CrossRef] [PubMed]

	



Santoyo, G.; Guzmán-Guzmán, P.; Parra-Cota, F.I.; de los Santos-Villalobos, S.; Orozco-Mosqueda, M.D.C.; Glick, B.R. Plant Growth Stimulation by Microbial Consortia. Agronomy 2021, 11, 219. [Google Scholar] [CrossRef]

	



Bryukhanov, A.Y.; Vasilev, E.V.; Shalavina, E.V.; Uvarov, R.A. Methods for solving environmental problems in animal and poultry farming. Sel’skokhozyaystvennye Mashiny Tekhnologii 2019, 13, 32–37. (In Russian) [Google Scholar] [CrossRef]

	



Qu, G.; Cai, Y.; Lv, P.; Ma, X.; Xie, R.; Xu, Y.; Ning, P. Effect of EM microbial agent on aerobic composting for dairy cattle manure. Int. J. Environ. Sci. Technol. 2019, 16, 6945–6958. [Google Scholar] [CrossRef]

	



Shan, G.C.; Li, W.G.; Gao, Y.J.; Tan, W.B.; Xi, B.D. Additives for reducing nitrogen loss during composting: A review. J. Clean. Prod. 2021, 307, 127308. [Google Scholar] [CrossRef]

	



Bryukhanov, A.Y.; Subbotin, I.A.; Uvarov, R.A.; Vasilev, E.V. Method of designing of manure utilization technology. Agron. Res. 2017, 15, 658–663. [Google Scholar]

	



Uvarov, R.A.; Shalavina, E.V.; Vasilev, E.V. Manure utilisation technologies in the Baltic Sea Region: Analysis and emerging trends. AgroEcoEngineeriya 2021, 3, 117–128. (In Russian) [Google Scholar]

	



Titova, J.A. Spent Mushroom Substrates Valorization via Brand New Multirecycled Polyfunctional Biologics Producing on Them. Waste Biomass Valor. 2021, 13, 1089–1100. [Google Scholar] [CrossRef]

	



Experimental Mycology Methods: A Handbook; Bilai, V.N. (Ed.) Nauk. Dumka: Kiev, Ukraine, 1982. (In Russian) [Google Scholar]

	



Shabanov, A.E.; Zhevora, S.V.; Anisimov, B.V.; Kiselev, A.I.; Dolgova, T.I.; Malyuta, O.V.; Zebrin, S.N. Parameters of Potential Yield of Potato Varieties of the Selection Center VNIIKH, (Reference); FSBIU VNIIKH: Moscow, Russia, 2016; p. 13. (In Russian) [Google Scholar]

	



Methodological Guidelines for Registration Testing of Fungicides in Agriculture; FSBSI VIZR: Saint-Petersburg, Russia, 2009. (In Russian)

	



Guidelines for Registration Trials of Plant Growth Regulators, Defoliant Agents and Desiccants in Agriculture: Production and Practical Publication; FSBSI Rosinformagrotech: Moscow, Russia, 2016. (In Russian)

	



Methodological Guidelines for Registration Tests of Pesticides in Terms of Biological Efficacy; FSBSI Rosinformagrotech: Moscow, Russia, 2019. (In Russian)

	



Minin, V.B.; Popov, V.D.; Maksimov, D.A.; Ustroev, A.A.; Papushin, E.; Melnikov, S.P. Developing of modern cultivation technology of organic potatoes. Agron. Res. 2020, 18, 1359–1367. [Google Scholar] [CrossRef]

	



Peacock, J.L.; Peacock, P.J. Oxford Handbook of Medical Statistics; Oxford University Press: Oxford, UK, 2011. [Google Scholar] [CrossRef]

	



Petrie, A.; Sabin, C. Medical Statistics at a Glance; Wiley Blackwell: Hoboken, NJ, USA, 2019; p. 139. [Google Scholar]

	



Tojo, S.; Tanaka, Y.; Ochi, K. Activation of Antibiotic Production in Bacillus spp. by Cumulative Drug Resistance Mutations. Antimicrob. Agents Chemother. 2015, 59, 7799–7804. [Google Scholar] [CrossRef]

	



Hamdache, A.; Lamarti, A.; Aleu, J.; Collado, I.G. Non-peptide metabolites from the genus Bacillus. J. Nat. Prod. 2011, 74, 893–899. [Google Scholar] [CrossRef]

	



Quardros, C.P.; Duarte, M.C.T.; Pastore, G.M. Biological activities of a mixture of biosurfactant from Bacillus subtilis and alkaline lipase from Fusarium oxysporum. Braz. J. Microbiol. 2011, 42, 354–361. [Google Scholar] [CrossRef]

	



Dodd, I.C.; Zinovkina, N.Y.; Safronova, V.I.; Belimov, A.A. Rhizobacterial mediation of plant hormone status. Ann. Appl. Biol. 2010, 157, 361–379. [Google Scholar] [CrossRef]

	



Kudoyarova, G.R.; Melentiev, A.; Martynenko, E.; Timergalina, L.; Arkhipova, T.; Shendel, G.; Kuz’mina, L.; Dodd, I.; Veselov, S.Y. Cytokinin producing bacteria stimulate amino acid deposition by wheat roots. Plant Physiol. Biochem. 2014, 83, 285–291. [Google Scholar] [CrossRef]

	



Kilian, M.; Steiner, U.; Krebs, B.; Junge, H.; Schmeiedeknech, T.G.; Hain, R. FZ B 24® Bacillus subtilis—Mode of action of microbial agent enhancing plant vitality. Pflanzenschutz-Nachr. Bayer. 2000, 1, 72–93. [Google Scholar]

	



Porcel, R.; Zamarreño, A.M.; Garna-Mina, J.M.; Aroca, R. Involvement of plant endogenous ABA in Bacillus megaterium PGPR activity in tomato plants. BMC Plant Biol. 2014, 14, 36. [Google Scholar] [CrossRef]

	



Belimov, A.A.; Dodd, I.C.; Safronova, V.I.; Dumova, V.A.; Shaposhnikov, A.I.; Ladatko, A.G.; Davies, W.J. Abscisic acid metabolizing rhizobacteria decrease ABA concentrations in planta and alter plant growth. Plant Physiol. Biochem. 2014, 74, 84–91. [Google Scholar] [CrossRef]

	



Belyuchenko, I.S. Complex compost as an important source of enrichment the soil cover with nutrients. Sci. J. KubGAU 2014, 97, 1–21. (In Russian) [Google Scholar]

	



Belyuchenko, I.S. The role of living organisms in the development of complex compost. Sci. J. KubGAU 2014, 96, 232–241. (In Russian) [Google Scholar]

	



Petukhov, A.V. Potato Diseases and Measures to Control Them in the North Amur Region and Buryatia Conditions. Ph.D. Thesis, Novosibirsk State University, Novosibirsk, Russia, 2002. (In Russian). [Google Scholar]








[image: Plants 11 00962 g001a 550][image: Plants 11 00962 g001b 550] 





Figure 1. Air and soil temperatures (A,B) and soil moisture (C) in the tuber forming zone during the period of active potato development in 2021. 
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Figure 2. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 on biometric indicators (plant height—sm; productive stems number—pieces) of the potato plants development in organic growing during optimal vegetative season: (a)—in budding phase; (b)—in flowering phase. 
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Figure 3. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM in doses 80; 160 kg N ha−1 on biometric indicators (plant height—sm; productive stems number—pieces) of the potato plants’ development in organic growing during dry vegetative season: (a)—in budding phase; (b)—in flowering phase. 
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Figure 4. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, C) and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 on potato yield during its organic cultivating in 2018–2021 growing seasons. 






Figure 4. Effect of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, C) and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 on potato yield during its organic cultivating in 2018–2021 growing seasons.
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Figure 5. Biological efficacy of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in the protection of the organic potatoes from dominant fungal diseases complex during optimal vegetative season: (a)—in flowering phase; (b)—before harvesting. 
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Figure 6. Biological efficacy of application polyfunctional biologicals (Kartofin, SC; Kartofin MR, SC) and organic fertilizer BIAGUM in doses of 80 and 160 kg N ha−1 in the protection of the organic potatoes from dominant fungal diseases complex during dry vegetative season: (a)—in flowering phase; (b)—before harvesting. 
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Table 1. The weather conditions during summer period in the research years.
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Month

	
Weather Indicator, Hydrothermal Coefficient (HTC)

	
Yearly Average

	
Average for Cumulative Years




	
2018

	
2019

	
2020

	
2021

	
-






	
May

	
Temperature °C

	
15.1

	
12.1

	
10.0

	
11.6

	
11.3




	
Precipitation, mm

	
14.0

	
79.3

	
53.0

	
172.0

	
46.0




	
HTC

	
0.6

	
2.1

	
0.6

	
0.3

	
-




	
June

	
Temperature °C

	
16.2

	
18.7

	
19.2

	
20.9

	
15.7




	
Precipitation, mm

	
35.2

	
79.3

	
129.4

	
16.6

	
71.0




	
HTC

	
1.0

	
1.4

	
2.3

	
0.3

	
-




	
July

	
Temperature °C

	
20.8

	
16.5

	
17.6

	
22.0

	
18.8




	
Precipitation, mm

	
152.0

	
179.8

	
186.2

	
16.8

	
79.0




	
HTC

	
2.9

	
3.5

	
3.4

	
0.3

	
-




	
August

	
Temperature °C

	
15.7

	
17.0

	
17.2

	
15.8

	
16.9




	
Precipitation, mm

	
60.1

	
94.6

	
195.9

	
109.2

	
83.0




	
HTC

	
2.0

	
1.8

	
3.8

	
2.2

	
-
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Table 2. The disease incidence and disease development of the dominant fungal diseases complex on organic Udacha potato variety under new biorationals’ influence during 2020–2021 vegetation seasons.
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Treatment

	
Disease Incidence/Disease Development, %




	
Optimal Vegetation Season 2020

	
Dry Vegetation Season 2021




	
Flowering Phase

	
Before Harvesting

	
Flowering Phase

	
Before Harvesting






	
Control (without treatment)

	
29.4/14.2

	
48.1/33.1

	
36.8/16.2

	
97.8/54.1




	
BIAGUM 80 kg N ha−1

	
16.5/7.3

	
36.2/24.6

	
23.6/7.1

	
68.6/39.2




	
BIAGUM 160 kg N ha−1

	
-

	
-

	
28.5/10.2

	
89.7/57.2




	
Kartofin, SC

	
3.9/1.6

	
20.6/11.2

	
19.5/5.9

	
41.5/16.2




	
Kartofin, SC + 80 kg N ha−1

	
3.1/1.1

	
22.6/10.8

	
17.3/6.3

	
65.8/28.1




	
Kartofin, SC+ 160 kg N ha−1

	
-

	
-

	
19.9/5.8

	
43.8/23.4




	
Kartofin MR, SC

	
-

	
-

	
23.4/7.7

	
51.1/22.4




	
Kartofin MR, SC+ 80 kg N ha−1

	
-

	
-

	
16.1/5.6

	
47.3/23.8




	
Kartofin MR, SC+ 160 kg N ha−1

	
-

	
-

	
13.2/4.3

	
33.8/15.1
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