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Abstract

:

Current agriculture faces the challenge of producing food with the least interference from the environment. In this sense, the implementation of ecological agricultural practices is essential to obtaining healthy and more sustainable production systems. The objective of this study was to investigate the impact of different inoculation technologies on formulations of bokashi-type biofertilizer and its application as soil and substrate organic amendment. We examined the effects of treatments on the chemical and biological quality of the evaluated formulations, as well as their influence on the agronomic and nutritional characteristics of red-beet and cabbage crops in the field. The metagenomic analysis of the taxonomic profile of the microbiological populations revealed relative abundance of plant growth-promoting rhizobacterial genera, including Azospirillum sp., Rhizobium sp., Bradyrhizobium sp., Burkholderia sp., Paraburkholderia sp., and Paenibacillus sp. in the evaluated formulations. Additionally, no phytopathogenic contaminants were detected among the investigated treatments. The highest yields of field-grown beet crops were obtained from seedlings produced using the following treatments: bokashi biofertilizer + biodynamic preparations P502-P507, bokashi + Chamomilla 12 CH, and bokashi + Carbo vegetabilis 12 CH. The increase in productivity of cabbage plants was higher in the treatment bokashi + Calcarea carbonica 12 CH.
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1. Introduction


Catering to the growing global demand for high-quality food brings substantial challenges for modern agriculture [1]. To establish resilient agri-food systems, it is necessary to mitigate the adverse environmental repercussions arising from human activities, which contribute to the degradation and decrease of soil fertility and biodiversity loss. These challenges are particularly pronounced in the face of climate change. Practices that simplify ecological interactions in agroecosystems, such as monoculture, intense soil disturbance, over-reliance on soluble mineral fertilizers, and the utilization of harmful chemical compounds, can interfere with trophic networks and alter the composition of biotic communities. This interference leads to a decline in the diversity of beneficial species within ecosystems, thereby compromising their multifunctional capacities. The integration of ecological agricultural practices with smart management strategies constitutes a pivotal approach to addressing these complex challenges [2,3].



As a general trend, Brazilian soils tend to be characterized by their acidic nature and chemical deficiencies, often displaying a high degree of weathering. Correcting these inherent limitations and fulfilling the nutritional requirements of crops necessitates the strategic application of fertilizers and soil amendments. In 2022, the agricultural sector in Brazil recorded an approximate consumption of 38.2 million tons of fertilizer within the national market, with a substantial portion being imported (33.8 million tons) [4]. This reliance on external sources, combined with uncertainties in the input supply chain, dwindling global mineral reserves, and imbalances in trade dynamics, elevates concerns about the nation’s food security [5]. The horticultural landscape in Brazil comprises 336 thousand establishments dedicated to cultivating over 100 diverse horticultural species across a sprawling area of 1.6 million hectares. This important sector contributes to an annual production of roughly 30 million tons of vegetables while also providing livelihoods for nearly 2.4 million individuals and contributing around BRL 55 billion annually to the national economy [6]. However, Brazilian horticulture faces a spectrum of challenges across various scenarios, encompassing issues related to infrastructure, technology, management, and market access. Among these challenges, the foremost concern lies in the adoption of technologies and practices that lead to nutritional imbalances, soil fertility depletion, and compromised plant health [7].



The meta-analysis underscores that organic food systems across the globe exhibit an average productivity shortfall of 19–25% in comparison to conventional agriculture. This variance hinges on factors such as geographic location, type of agricultural practices, technological approaches, and the prevailing edaphoclimatic conditions [8]. In this context, the significance of biofertilizers as catalysts for heightened plant productivity becomes evident. These bio-based solutions encompass various products or substances, whether liquid or solid-based, that incorporate live microbial compositions [9]. On a global scale, they have contributed to an increase of 11.8% in the yields of vegetables, root crops, and cereals when contrasted with unfertilized controls. Furthermore, biofertilizers have demonstrated their potential to enhance nutrient utilization efficiency by an average of 9.6%, effectively curbing nutrient loss while boosting plant uptake [10,11]. Mirroring their importance, the global biofertilizer market’s value stood at USD 1.81 billion in 2021, with projections indicating a compound annual growth rate of approximately 12% from 2021 to 2028. This trajectory is expected to culminate in a market valuation of about USD 4.5 billion by 2028 [12].



When considering the recycling of organic materials, including agricultural and animal waste, an alternative organic amendment finds acceptance within organic systems: the bokashi-type biofertilizer [13]. Renowned for its capacity to enhance microbial activity, fertility, and the physical-hydric properties of substrates and agricultural soils, the processing system of this biofertilizer consists of a harmonious blend of materials from animal, plant, and mineral sources [14,15,16,17]. Subsequently, the mixture of these components is channeled into creating a windrow, which triggers a controlled process of thermophilic aerobic semi-decomposition. This complex transformation is performed by a diverse community of microorganisms, and the addition of this microbial inoculum to the raw materials reduces the processing time [18,19]. The outcome of this microbiological transformation is a stable and bioavailable compound. To further optimize the efficiency of the bio-oxidation process and enhance the mineralization of organic matter, the application of microbial inoculants and ultra-diluted dynamized preparations is viable [17,20]. This holistic approach elevates the overall efficacy of the process, fostering the conversion of base materials into a nutrient-rich and biologically active substrate [21,22].



The bokashi-type biofertilizer exerts influence on the biofortification of vegetable, which can be observed in increasing nutrient absorption, utilization efficiency and enhances photosynthetic capabilities [23]. Moreover, it demonstrates evidence of its ability to suppress soil-borne pathogens, thus mitigating the presence of phytopathogenic species [24]. The bioactive effects derive from the complex interaction of organic radicals and physicochemical attributes. They synergistically converge with their microbiological richness and the presence of bioactive compounds, such as phytohormones, amino acids, enzyme complexes, and siderophores [19]. This unique composition allows the integration of the biofertilizer in a mixture with the substrate [25], promoting seed germination and the development of high-quality seedlings, in addition to contributing to obtaining satisfactory yields in various crops [26,27]. Bokashi-type formulations show a positive influence on the yield and quality of diverse agricultural crops [28], exhibiting promising outcomes in beet and cabbage cultivation [29,30], as well as tomato [31], lettuce [32], and radish [33].



Elucidating the microbiome composition and nutrient profile in bokashi-type biofertilizer formulations assumes significance for advancing our comprehension of how to optimize its application and its potential uses in agricultural systems. Such characterization offers insights about the precise microbial constituents that will be introduced into the system and unveils the biofertilizer’s inherent potential as a nutrient source [34,35]. Thus, the present study investigated the effect of different inoculation technologies to stabilize the process of aerobic biological transformation of the bokashi-type biofertilizer, as well as the effect of these formulations on the production of beet and cabbage seedlings and subsequent transplantation and cultivation in the field. Our hypothesis is that the use of bokashi-type biofertilizer as a substrate for vegetable seedling production and its application as a soil organic amendment will increase the yields of the test cultures, making it a viable option for production in organic-based systems.




2. Materials and Methods


The bioassay was carried out in the municipality of Lages, Santa Catarina (50°18′10.80″ W; 27°47′31.82″ S), situated at a geometric altitude of 920 m (SIRGAS 2000), during the period of January 2021 to June 2022. The prevailing climate type is Cfb, according to the Köppen classification, indicating a humid subtropical highland climate with mild summers [36]. The experiment was conducted under a controlled greenhouse environment for the production of seedlings, and when they reached the appropriate phenological stage, these seedlings were transplanted into field conditions. This transition to field cultivation followed the principles of the vegetable no-tillage system (SPDH), unfolding in the agroecological experimental area located in the Center of Agroveterinary Sciences (CAV-UDESC).



2.1. Production of Bokashi-Type Biofertilizer Formulations


The base-formulation of the bokashi-type biofertilizer involved the utilization of distinct regional materials in specific proportions (w/w): poultry litter (27.42%), sieved clayey soil (27.42%), rice husk (27.42%), rice bran (1.37%), varvite remineralizer (9.51%), charcoal (1.37%), brown sugar (0.034%), wood ash (1.00%), yeast (0.03%), and water until reaching 60% humidity. From the base recipe of 3 tons, these constituents were mixed and homogenized with the aid of a bucket loader attached to the tractor. With the mixture ready, 200 kg of the compost blend were weighed and separated into eight distinct windrows. These windrowns served as the foundation for the subsequent inoculation of the following bio-based treatments: T1 BBAC: bokashi + 10 mL L−1 of commercial product Bioaction Power® (concentration of 2 × 1011 endospores/L of Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus); T2 BEM: bokashi + 10 mL L−1 Efficient Microorganisms (following the methodology [37]); T3 BPPGR: bokashi + commercial product® Biostart Power (concentration of 1 × 108 CFU L−1 of Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae); T4 BCH: bokashi + 10 mL L−1 of dynamized ultra-diluted homeopathic preparation Chamomilla 12 CH; T5 BCV: Bokashi + 10 mL L−1 of dynamized ultra-diluted homeopathic preparation Carbo vegetabilis 12 CH; T6 BCC: bokashi + 10 mL L−1 of dynamized ultra-diluted homeopathic preparation Calcarea carbonica 12 CH; T7 BBP: bokashi + biodynamic preparations for compound P502-P507; T8: BCONTROL: bokashi only inoculated with commercial yeast (Saccharomyces cerevisiae). The application of treatments was standardized at a 1% dose of each specific inoculant, diluted in water for dispensation. The biodynamic preparations P502-P507 were obtained through the Biodynamic Association (IBD) and inoculated in the quantity of 0.1 g of each preparation. Each biodynamic preparation was added using the standard biodynamic practice, piercing the compost pile at 0.3 m intervals, and inoculating the preparations along the row. The PB 507 (Valeriana officinalis) was heated in water and sprayed over the entire pile in the late afternoon.



The entire procedure took place in a specialized facility, featuring suitable overhead shielding and flooring. The aerobic semi-decomposition process extended for a duration of 13 days, with manual turning twice a day in the first seven days and with a decrease in temperature, once a day. Throughout the production course of the bokashi-type formulations, continuous monitoring of daily temperature variations in the windrows was performed (six measurements per windrow, via digital thermometer). Subsequent to the biostabilization of the microbiological transformation process, the diverse formulations exhibited suitable characteristics for application, like a pleasant smell, temperatures below ambient levels, and crumbly consistency (Figure 1). For analytical purposes, six sub-samples from each treatment were collected and homogenized to compose the representative work sample. These biofertilizer samples were sent for analysis to the ABC Foundation laboratory (Paraná), where analyses of total macro- and micronutrient content (nitric-perchloric digestion followed by quantification on ICP-OES), fulvic and humic acid concentrations (titrimetry), nitrogen (AOAC—Official Method 993.13—Nitrogen/Total Nitrogen Combustion Method, 2018), organic matter (combustion followed by gravimetry), total organic carbon content (potassium dichromate followed by titrimetry), and density (gravimetry) were carried out. The pH H2O, pH CaCl2 (potentiometry 1:2.5), and electrical conductivity (Ec) analyses were carried out in the Genesis and Mineralogy laboratory at CAV-UDESC. This analytical protocol was conducted in triplicate to ensure robust results.



The samples of the biofertilizer formulations were preserved by freezing until they were sent for metagenomic analysis. This analytical process was conducted at the company Lagbio—Metagenomics Analysis and Biotechnology, located in Toledo (PR). In this phase, 0.25 g from each assessed bokashi-type biofertilizer formulation was used for DNA extraction and subsequent sequencing. The metagenomic analysis unfolded following the pipeline described by [38]. To explore the bacterial diversity, sequencing of the V4-V5 region of the 16S rRNA gene was undertaken. The library was sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA, USA), resulting in an average of 55.000 raw reads per sample. Subsequent data analysis was conducted within a Linux environment with the programs R (R core team, 2020), Pavian [39], MGrast [40], and Stamp [41] to summarize the taxonomic information of the database.




2.2. Production of Beet and Cabbage Seedlings in a Greenhouse Environment


This comprehensive assessment encompassed the eight previously detailed treatments, along with an additional control treatment employing solely the commercial substrate Carolina Soil® (CSCONTROL). This phase of the experiment consisted of four replications, arranged in a completely randomized design. The approach to distribute and conduct the bioassay was executed utilizing a “double-blind” methodology, whereby the disclosure of treatments only occurred at the conclusion of the study. Each bokashi-type biofertilizer formulation was sieved through a 4 mm mesh and subsequently blended with the commercial substrate Carolina Soil® in a specific ratio: 40% based on the weight of bokashi and 60% based on the weight of the substrate, for the production of beet (Beta vulgaris) seedlings. A slightly adjusted ratio of 30% (w/w) of bokashi and 70% based on the substrate weight was employed for the cultivation of cabbage (Brassica oleraceae) seedlings.



Beet sowing was carried out on 18 January 2021, employing plastic trays containing 128 cells, with 4 beet glomeruli (seeds) per cell (a total of 60 cells earmarked for evaluation). The beet cultivar chosen was “Katrina—Feltrin”, a variety widely accepted in the region. On the 6th day after sowing (DAS), thinning was performed, retaining one plant per cell. The trays were diligently maintained within the greenhouse environment for a span of 30 days, until their eventual transplanting to the field on 18 February 2021. Similarly, the production of cabbage seedlings was executed following a comparable methodology to that of beet cultivation. In this case, two seeds were sown per cell within a total of 80 cells designated for evaluation (on 1 May 2021). The cabbage variety utilized was “Chato de Quintal—Topseed blue line”. Similar to the beet, on the 6th DAS, seedling thinning was performed, leaving one plant per cell. These trays remained in the greenhouse for a period of 25 days, culminating in their transfer to the field on 26 May 2021. To simulate the floating system, the trays were positioned within plastic basins, and water levels were manually adjusted based on the observed water layer’s height.




2.3. Preparation of the Cultivation Area, Experimental Design, and Transplanting of Cultures to the Field


The experimental field underwent initial subsoiling, followed by harrowing, to prepare the soil for subsequent interventions. Following this, a tanned poultry litter application of 5 Mg ha−1 and a liquid pig manure application of 5 Mg ha−1 were administered across the entire designated area. Subsequently, the cultivation beds were prepared with the assistance of a filler. To ensure the beds’ optimal condition, they were covered with finely crushed biomass sourced from tree pruning. This protective layer was consistently maintained through periodic upkeep. The soil was classified as a Humic Dystrudept [42], and samples were collected for chemical analysis before applying treatments and transplanting cultures (Table 1). The experimental design was a randomized block arrangement featuring four replications, also conducted in the “double-blind” approach. The experiment encompassed the eight aforementioned treatments along with a control treatment (CSCONTROL), where seedlings were cultivated solely with the Carolina Soil® substrate.



The study embraced a total of 36 sampling units, each represented by a bed spanning 1.44 m2. A surface application ten days before transplanting, equivalent to 5 Mg ha−1 of the respective bokashi-type biofertilizer that the seedling was produced, was administered in each bed. In the control treatment, 5 Mg ha−1 of tanned poultry litter was applied. A total of 30 beet seedlings were transplanted on 18 February 2021, adhering to a spacing of 0.15 × 0.30 m. On the 40th day post-transplanting, leaf tissue samples were collected from the upper portion of the aerial segment of five healthy plants, aiming for macronutrient foliar analysis. The beet plants were harvested on 7 April 2021, with 10 central plants being harvested from each plot for this parameter evaluation. The beet roots were subjected to a complete washing process and subsequently weighed on an analytical balance to determine the fresh mass of the tuberous roots and productivity extrapolation. The classification of beet roots was carried out according to the Brazilian Horticulture Modernization Program, following the CEAGESP classification standards. Subsequently, they were packed in paper bags and then air-dried to determine the dry mass of tuberous roots. For evaluations related to the tuberous roots of beet, the (a) mean root diameter (RD) was calculated as the average of longitudinal and transverse measurements and facilitated by a digital caliper; (b) root fresh mass (RFM); (c) root yield (kg ha−1); (d) dry mass of tuberous roots (DMR). Productivity was computed by multiplying the average weight of tuberous roots specific to the treatment by the number of plants per hectare.



The assessments concerning the aerial portion of the beet encompassed the following parameters: (a) shoot fresh mass (SFM); (b) shoot dry mass (SDM); and (c) leaf area index (LAI). The determination of the leaf area index was executed utilizing a digital scanner (Licor model 3100). After LAI determination, the samples were introduced into a circulation oven at 65 °C, maintaining them until a constant mass was achieved, thereby determining the dry mass of the aerial part.



Post-beet harvest, six cabbage seedlings were transplanted per bed and positioned with a spacing of 0.80 × 0.50 m (on 26 May 2021). Subsequent fertilization, employing the respective bokashi-type biofertilizer utilized during seedling production, occurred with a 50% reduction in application rate compared to the preceding crop (2.5 Mg ha−1). During the head closure stage of the majority of plants, samples of the aerial part from two representative plants were collected for the purpose of macronutrient analysis. Turning to the analysis of the cabbage’s aerial portion, the following parameters were evaluated: (a) number of leaves (both external and internal); (b) head size; (c) head fresh mass; and (d) productivity (kg ha−1).




2.4. Preparation of Samples of Leaf Tissue of Crops for Chemical Analysis


Plant tissue from both sugar beet and cabbage was ground within an agate mortar and subsequently sifted through a 1 mm mesh. This was followed by sulfuric foliar digestion of 0.2 g of plant tissue for the determination of macronutrients [43]. The calcium (Ca) and magnesium (Mg) concentrations in the plant tissue were quantified using the AA 200 equipment via atomic absorption. Phosphorus (P) and potassium (K) were determined by colorimetry [44] and by flame photometry, respectively. The nitrogen (N) concentration was determined by steam entrainment in Kjeldahl semi-micro equipment and subsequent titration with 0.0125 M H2SO4. Employing the shoot dry mass (SDM) alongside the levels of N, P, K, Ca, and Mg, the cumulative concentrations of these elements within the plant tissue of the evaluated plants were calculated according to Equation (1) [45].


NAmacro (mg) = SDM (mg) × Nutrient concentration (%)/100



(1)




where NAmacro corresponds to the amount of macronutrient accumulated in the plant tissue of the plants and the shoot dry mass (SDM) produced by the tested plants.




2.5. Statistical Analysis


The data were submitted to the test for homogeneity of variances by the Ascombe–Tukey test and for normality of residues by the Shapiro–Wilk test. When the assumptions were met, the means were compared by the means multiple comparison test (LSD) at 5% significance. All analyses were performed in the STATGRAPHICS statistical environment (Centurion version XVI.I). A principal component analysis (PCA) and redundancy analysis (RDA) were performed to infer the relationship between the chemical and biological parameters of the bokashi formulations and crop productivity using the Canoco 5.0 software.





3. Results


3.1. Chemical Characterization of Bokashi-Type Biofertilizer Formulations


The physical-chemical properties of bokashi-type biofertilizer formulations are presented in Table 2. The range of fulvic acid values was from 3.79% to 36.43%, with the BPPGR treatment exhibiting the highest fulvic acid levels (36.43%), followed by BEM with 10.24%. Regarding humic acid contents, they ranged from 3.21% (BCONTROL) to 5.85% (BEM). When assessing organic carbon content, a variation of 59.2% was observed when comparing the average content between the BPPGR (12.36%) and BCH (19.68%) treatments. Concerning organic matter (OM) content, a range of 59.2% was observed between the lowest value of 27.19% (BPPGR) and the highest of 43.31% (BCH). In contrast, narrower ranges of variation were observed in the content levels of N, P, K, Na, and S. The bokashi-type biofertilizer formulations are characterized by high levels of micronutrients such as Fe, Mn, Zn, and B. The values of pH H2O and pH CaCl2 are in the range of neutrality. As a general trend, the nutrient content within the bokashi-type biofertilizer formulations was comparable to that observed in commonly employed organic fertilizers. Furthermore, these formulations exhibited nutrient values in line with existing literature reports [46,47,48].



Moisture was also monitored and was in the ideal range for the composting process, staying close to 40% of moisture in the windrows at the beginning of the process and ending with a DM content above 83%. According to the data obtained from the C/N ratio, there was a variation from 8.64 (BMPCV) to 13.89 (BCONTROLE), values that point to a net rate of decomposition and mineralization of N quickly in the different formulations evaluated when incorporated into the soil.




3.2. Metagenomic Analysis of Bokashi-Type Biofertilizer Formulations


The highlights of the metagenomic assessment of the sequenced samples are shown in Table 3. These results exhibit a comprehensive characterization of the whole-microbial community of the different formulations through the utilization of high-throughput sequencing.



This omic approach reveals key information on the final taxonomic composition of the microbiome of bokashi-type formulations devised via aerobic metabolism examined in this study. Overall, the community structure analyses performed showed that the microbiome of the different formulations is dominated by species in the Bacteria domain, comprising more than 99% of the sequenced taxonomic profile composed of them. The bacterial community remaining in the different formulations sampled is distributed among more than one thousand and one hundred different genera. The number of reads ranged from 197,097 (BBAC) to 458,348 (BBP), the number of genera from 1187 (BBAC) to 1728 (BBP), and finally the number of species from 4038 (BBAC) to 7286 (BBP). Regarding the bacterial genera present in the assessed treatments, a predominance of the genera Marinobacter sp. (17.9–27.3% DNA g−1) is observed, followed by Halomonas sp. (7.3–9.96% DNA g−1), Galbibacter sp. (2.86–11.58% DNA g−1), and Alcanivorax sp. (5.95–7.28% DNA g−1). In a minor relative proportion, within the Proteobacteria phylum, the genus Bradyrhizobium sp. (0.12–0.39% DNA g−1) is detected, which plays a significant role as an N-fixing inoculant for legume crops like soybeans. The Actinobacteria class was boosted by the increase in the amount of Streptomyces sp. (1.81–2.87% DNA g−1), where this genus of aerobic filamentous bacteria has important saprophytic functions like organic matter decomposition and the production of a wide range of antibiotics, such as streptomycin. It is still possible to verify the presence of the genera of plant-promoting growth rhizobacteria, such as Bacillus sp. (2.06–2.88% DNA g−1), Pseudomonas sp. (2.02–2.96% DNA g−1), Azospirillum sp. (1.42–2.44% DNA g−1), and Rhizobium sp. (0.11–0.17% DNA g−1). It is worth emphasizing that none of the sequenced formulations contained phytopathogenic bacterial genera like Enterobacter sp., Escherichia sp., Klebsiella sp., Citrobacter sp., Salmonella sp., or Clostridium sp. (all below 0.1% DNA g−1). This outcome underscores the efficacy of the aerobic semi-decomposition process in deactivating potential pathogens. This could also suggest the potential absence of biological contaminants within the utilized materials.




3.3. Agronomic Variables of Beet and Cabbage Crops after Transplanting in the Field


The highest value of SFM was observed in beet plants cultivated using the bokashi-type biofertilizer elaborated with the application of Carbo vegetabilis 12 CH (Table 4). The treatment incorporating biodynamic compost preparations (P502-P507) showed the highest values of RFM and RDM (p < 0.05). This was followed by the treatments formulated with the ultra-diluted and dynamized preparations Chamomilla 12 CH (BCH) and Carbo vegetabilis 12 CH. The BCC treatment (bokashi-type biofertilizer + Calcarea carbonica 12 CH) exhibited the highest LAI (p < 0.05).



When analyzing the RD, the BPB treatment presented the highest value, showing an increase of nearly 12.2% in the tuberous root caliber compared to the CSCONTROL (p < 0.05). An interesting dynamic emerged from the interaction analysis of beet plants derived from BPPGR treatment, wherein a certain antagonistic influence on beet quality and productivity was observed. The BPPGR treatment showed the lowest value for RD and root yield (37.08 t ha−1). In terms of commercial classification, all tuberous roots were categorized as class 2A, featuring diameters greater than 50 mm and less than 90 mm.



Significant increments in root yield of beet plants were observed when they were cultivated with a combination of bokashi-type biofertilizer (40% w/w) + conventional substrate (60% w/w) in relation to those produced only with conventional substrate (Figure 2). The highest yields were observed in the BBP (62.6 t ha−1), BCH (60.2 t ha−1), and BCV (56.3 t ha−1) treatments, corresponding to an increase of 60.9%, 54.7%, and 44.7%, respectively, compared to the CSCONTROL root yield (38.9 t ha−1). Biodynamic preparations (P502-P507) have action on the development, physiology, and resistance to biotic stresses in plants, and in this case, the interaction between PB 502-507 when applied in the production of bokashi-type biofertilizer and the latter as fertilizer for the crop increased the productivity of beet plants [49].



Significant differences in the leaf tissue nitrogen (N) content were observed, which aligned within an appropriate range for the crop (Table 5). The BPPGR treatment exhibited the highest content (5.94%), followed by the BBAC (5.3%), BEM (5.29%), and BCH (5.45%) treatments. The lowest N content in the leaf tissue was obtained in the BCONTROL treatment (4.37%), followed by BBP (5.0%) and CSCONTROL (5.01%).



The highest accumulated N content is attributed to plants cultivated with the substrate + bokashi-type biofertilizer formulated with biodynamic compost preparations P502-P507 (5215.4 mg) and Chamomilla 12 CH (5492.1 mg). Nitrogen assumes a foundational role in essential biomolecules such as proteins, enzymes, chlorophyll, and nucleic acids; in addition, it actively participates in plant hormone synthesis, a fact that justifies its high demand across various crops [50]. Concerning leaf tissue phosphorus (P) levels, the observed concentrations surpass recommended reference values, but no differences were found in the content of P in the leaves between the evaluated treatments. The highest P accumulation was observed in the BBP treatment (p < 0.05). The biodynamic preparation P507, derived from valerian extract (Valeriana officinalis), is linked to processes involving phosphorus (P) during the preparation of the compound [49]. Meanwhile, the highest leaf tissue potassium (K) contents were observed in the treatments CSCONTROL (6.96%), BCONTROL (6.37%), and BCC (6.37%), but no significant effect was verified on the accumulation of K between the evaluated treatments.



The highest average of the fresh mass of cabbage head was obtained by the BCC treatment, a value that expresses an increase near to 147.9% when contrasted with the CSCONTROL (578.1 g), where this presented the lowest average of this variable across the treatments (Table 6). Only the BBAC treatment (884.5 g) was not significant compared to CSCONTROL. The transversal diameter of the cabbage head was significantly affected by bokashi-produced treatments (p < 0.05). The plants cultivated with the bokashi-type biofertilizer elaborated with Calcarea carbonica 12 CH (22.1 cm) and with the biodynamic preparations for compost P502-P507 (21.5 cm) obtained the highest averages for this variable. There were significant differences in the productivity of cabbage by the application of bokashi-type biofertilizer, as shown in the box-plot graph in Figure 3 (p < 0.05). The increase in productivity of cabbage plants was higher in the BCC treatment (35.8 t ha−1), being 148.6% superior to the CSCONTROL (14.4 t ha−1). Only the BBAC treatment (22.1 t ha−1) did not differ from the CSCONTROL treatment. The average value of increase in productivity in relation to the control among treatments BEM, BMPCV, BCH, BCV, BPB, and BCONTROLE was 115.2%.



A significant difference was verified in the N content of the leaf tissue between the evaluated treatments (Table 7). The CSCONTROL exhibited values in agreement with the N reference, displaying a higher average content (4.05%). As the productivity of CSCONTROL was the lowest among the evaluated treatments, it is possible to verify that this accumulation of N in leaf tissues was not converted into biomass productivity. The highest N accumulation was observed in cabbage plants cultivated with the bokashi-type biofertilizer formulated with Calcarea carbonica 12 CH (p < 0.05), reflecting an average increase of 54% and 102.7% in contrast to treatments involving biological inoculations such as BBAC and BEM, respectively.



Regarding the levels of P in the leaf tissue, the treatments CSCONTROL (1.8%) and BPPGR (1.7%) had the highest averages, and it is noteworthy that for all treatments, the values of leaf P were higher than the reference values. No significant differences were found in accumulated P content. The average K contents are above the recommended reference values, where BBAC (6.1%) and BPPGR (5.9%) treatments showed an average increase of 41.8% and 37.2% when compared to the control (4.3%). Accumulation of K was also influenced by the applied treatments (p < 0.05), where plants cultivated with bokashi-type biofertilizer + Calcarea carbonica 12 CH (558.2 mg) and BPPGR (542.1 mg) showed an average increase of 87% and 81%, respectively, when compared with K accumulation in the CSCONTROL.



Average foliar Ca levels were found to be lower than the reference values for the cabbage crop in all treatments. The BCC (0.40%) and BBAC (0.40%) treatments had the highest means, with these contents being 73.9% higher than the BCH (0.23%). The highest Ca accumulation was also observed in the treatment employing the ultra-diluted and dynamized homeopathic preparation Calcarea carbonica 12 CH (p < 0.05). The foliar Mg contents were within the appropriate range for the crop, and the treatment produced from the bokashi-type biofertilizer + biodynamic preparations for compost P502-P507 exhibited the highest average (0.30%), but for the accumulation of Mg, the treatment with Calcarea carbonica 12 CH showed the highest Mg accumulation (p < 0.05).



The results of the principal component analysis (PCA) for the beet crop revealed that principal component 1 (CP1) accounted for 47.9% of the data variability, while principal component 2 (CP2) explained 34.9%, totaling 82.8% of the data variability (Figure 4). Along CP2 (Axis 2) on the upper left side, the variables strongly associated with the BBP treatment are root yield, SFM, SDM, RFM, RDM, MTD, LAI, % P, and accumulated P. These variables were also weakly associated with the BCV treatment. On the other hand, the Ca content and accumulation of Ca and % K were more strongly associated with the bokashi + Calcarea carbonica 12 CH. In the PCA analysis for the cabbage crop, CP1 explained 54.1% of the data variability, while CP2 explained 24.3%, totaling 89% of the data variability. Along CP2 (Axis 2) on the upper left side, variables such as the productivity of cabbage plants, SFM, HTD, HFM, and leaf % K content were associated with the BPB, BCONTROL, BPP, and BPPGR treatments. The accumulation of N, Ca, Mg, K, and P was more strongly associated with the BCC treatment, with weaker associations observed for the BCV treatment.



The RDA examining relationships between chemical and biological parameters of bokashi formulations and plant traits for different treatments, showed that the explained constrained eigen value was 80.8% and 19.1% for the first and second axes, respectively (Figure 5). The variables that contributed most to explaining the variation were, respectively: pH CaCl2 (63.8%), fulvic acids (14.2%), Paraburkholderia sp. (10.4%), Boron (5.5%), Bacillus sp. (4.8%), and potassium (1.2%). The content of B and Bacillus sp. showed a stronger correlation with the BBAC treatment, while pH CaCl2 and fulvic acids were associated with the BPPGR treatment. The BCONTROL, BEM, and BCC treatments were positioned along the same axis on the graph, showing a relationship with potassium content, the presence of the microorganism Paraburkholderia sp., and cabbage crop productivity. The BBP, BCH, and BCV treatments were more closely associated with beet productivity and did not exhibit a relationship with the chemical and biological parameters of their respective bokashi formulations.





4. Discussion


The periodic addition of organic materials as soil amendments in tropical and subtropical regions, exemplified by the context of Brazilian soils, assumes a significant role due to the accelerated rate of organic matter decomposition and the high degree of weathering. These phenomena are attributed to the elevated levels of precipitation and temperatures prevalent in these ecosystems [51]. The application of organic amendments is often used in organic-based management systems, aiming to improve the physical, chemical, and biological attributes of the soil. These amendments serve as a source of both energy and nutrients, actively participating in the chemical reactions and biological cycles of soil microorganisms. This synergistic interaction modulates the dynamic equilibrium within the soil system, which in turn exerts a substantial role on systemic soil fertility and plant health [35]. Organic compounds intended for agricultural use must exhibit characteristics like tolerable odor, a homogeneous blend of the constituents, and desirable agronomic traits such as well-balanced nutrient levels, sanitization, and freedom of impurities and contaminants. Odor-causing organic components are degraded during the bio-oxidation process, while the humification of OM imparts a dark color to the final mature compound. Throughout the entire preparation process of the bokashi-type formulations, no unpleasant odors or excessive moisture were detected.



Within the compost, mineral nutrients like K, Ca, and Mg are mainly present in forms readily assimilable by plants. Nitrogen exists within the compost in both organic and inorganic forms, encompassing ammonium (N–NH4) and nitrate (N–NO3), with the latter being promptly available for plant uptake. The development of humic substances is linked to the degree of compound maturation. Humic acids (HA) and fulvic acids (FA), constituents of the humic fraction, are formed by the action of specialized microorganisms that transform organic waste into humified material [52]. The humic fraction has complex physicochemical properties that are different from the original organic material, where the predominance of HA over FA at the end of composting is indicative of adequate humification of the compost since FA contains elements that are susceptible to rapid degradation [53]. The HA/FA ratio is taken as an indicator of the degree of humification of organic compounds, where higher HA/FA ratios denote more humified composts [54]. A well-matured compost can show a HA/FA ratio ranging from 0.5 to 2.0, although some authors explain that it is challenging to establish a universal value to describe and predict the degree of maturation of compost with distinct compositions [55,56]. Only the treatments involving bokashi-type biofertilizer with Bacillus spp. (HA/FA ratio of 1.3), bokashi + Carbo vegetabilis 12 CH (ratio of 1.0), and bokashi + Calcarea carbonica 12 CH (ratio of 1.22) showed HA/FA ratios higher than 1.0. In the other treatments, there was a predominance of the fulvic acid fraction in relation to the humic acid.



The content of moisture, total organic carbon (TOC), nitrogen, C/N ratio, and pH H2O values within the formulations BBAC, BCH, BCV, BCC, and BCONTROL adhere to the criteria outlined in IN Nº 61 of 8 July 2020, by the Brazilian Ministry of Agriculture, Livestock, and Food Supply (MAPA), thereby classifying them as “Class A” solid compost organic fertilizers. However, the formulations BPPGR (bokashi + commercial product Biostart Power® based on Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae), BEM (bokashi + efficient microorganisms, elaborated following Bomfim et al., 2011 methodology [31]), and those containing biodynamic preparations P502-P507 displayed TOC levels below 15% [57]. This observation might be linked to an intensified degradation of carbon during the controlled bio-oxidation process of these specific bokashi-type formulations. This effect could be attributed to the biological stimulation promoted by these treatments, necessitating an increase in the proportions of carbon-rich materials (such as rice husk and coal) to elevate organic carbon content in the final product when employing such inoculations. Overall, the levels of macro and micronutrients reported in the analyzed formulations in our study are consistent with the findings documented in the scientific literature [21].



It is noteworthy that none of the assessed formulations revealed the presence of phytopathogenic bacterial genera through sequencing. This observation suggests that the aerobic semi-decomposition process was effective in inactivating pathogens. There is also the possibility that the materials used were free of biological contaminants. The reduction or elimination of pathogens during the composting process can be attributed to elevated temperatures during the thermophilic phase, the production of antimicrobial compounds, hydrolytic enzyme activity, the synthesis of antibiotics by antagonistic microorganisms (which diminishes the survival of pathogens), or competition with new colonizers [58].



The utilization of microbial communities through bokashi-type biofertilizer, when applied to soil, can effectively stimulate plant growth and exert positive influences on other microbiological populations, including archaea and fungi. These microorganisms have multiple roles in supporting plant development and are recognized as plant probiotics or grow-promoting microorganisms [59,60]. These mechanisms encompass various actions, such as the ability of specific bacteria and fungi to facilitate nutrient uptake for plants. This occurs through processes like nutrient solubilization (e.g., P and K solubilizing bacteria, Zn solubilizing bacteria) and nitrogen fixation [61,62], the synthesis of phytohormones, and the production of compounds with antipathogenic properties, which enhance the plants defense systems against phytopathogens [63].



The observed improvements in plant productivity can be attributed to the presence of bioactive compounds and a balanced blend of macro and micronutrients present in bokashi-type formulations. Certain microorganisms present in bokashi can produce plant growth-promoting substances, such as 3-Phenyllactic acid, which have the potential to enhance plant yield [64]. Nutrients are available in the form of organic chelates, which are bound to organic radicals. This characteristic prevents losses through leaching and volatilization after application [65]. The introduction of exogenous microorganism communities into soil via organic compost (bokashi-type) can enhance the production rate of organic acids, phytohormones, and extracellular enzymes within the system. Moreover, it directly influences the cycling of organic matter, thereby providing essential nutrients to the microbial biomass [66]. Previous research has demonstrated that the application of bokashi can enhance the ability of the microbial community to effectively utilize carbon, resulting in an increased microbial carbon biomass within the substrate. This phenomenon indicates that the nutrients present in the substrate and organic matter are utilized by microorganisms. As these microorganisms die off, the nutrients they have assimilated are gradually released into the environment, thereby becoming available for plant uptake [67,68].



The combination of the bokashi-type biofertilizer with substrates is beneficial for the cultivation of vegetables, as it increases the efficiency of nutrient use by activating enzymes that stimulate the absorption and chelation of certain elements [65]. Through the mineralization process of the organic substances present in these mixtures, several nutrients and organic molecules are released into the soil solution, promoting plant growth [69]. Collectively, these mechanisms contribute to biomass production and can also influence the content of macronutrients within plant tissues. However, the lack of positive outcomes in terms of productivity in the BPPGR treatment (application of the commercial product Biostart Power®, based on the species Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae) could be attributed to antagonistic interactions between microbiological communities, which can cause a negative impact by inhibiting and hindering the multiplication of the newly introduced inoculum in the system [70].



Some of the reference studies that applied bokashi to the soil reported an increase in the crop yields of sweet corn [71], tomato [72], Pogostemon cablin [73], and Origanum vulgare [74]. A similar study evaluated the effect of organic fertilizers, organic compost, biodynamic compost, laminar compost with manure, and laminar compost with bokashi on beet production and concluded that all forms of fertilization were satisfactory in terms of nutrient supply and beet production [75]. Several studies with the use of bokashi in different doses and formulations have shown positive results and increased yields of brassicas and other vegetables [76,77,78]. Among the benefits of using organic fertilizers are the increase in the amount and diversity of microflora, which favor the cycling of nutrients, thus improving the chemical fertility conditions of the soil, in addition to acting in the control of pests and diseases such as cruciferous hernia, caused by Plasmodiophora brassicae Wor [79]. The use of 4 Mg ha−1 bokashi biofertilizer resulted in greater vegetative development of cabbage plants, with an average productivity of 80.36 Mg ha−1 [79]. It evaluated the doses of bokashi 0, 2.5, 5.0, 7.5, and 10.0 Mg ha−1 in a test with summer broccoli, and it was possible to verify that the doses of bokashi linearly increased the characteristics of plant height, number of leaves per plant, stem and head diameter, and average head mass up to the maximum dose used, which corresponded to 10 Mg ha−1 [80]. The cabbage crop is responsive to organic fertilization with bokashi, and the application of a dose of 10.0 Mg ha−1 of the biofertilizer resulted in plants with superior characteristics, providing higher crop productivity [30].



Notably, non-residual agricultural practices such as homeopathy and biodynamic preparations offer viable alternatives for farmers. The biodynamic preparations demonstrated an effect on the development of the BRS Margot grapevine, as evidenced by the increased length of branches, CO2 assimilation, RuBisCO enzyme efficiency, chlorophyll content, and a reduction in downy mildew incidence in the vine’s aerial parts [81]. Beyond enhancing the well-being of those engaged in these practices, they exhibit integrated characteristics that focus on the management of agricultural production systems, rendering them sustainable in the long term [82].




5. Conclusions


The analysis of the taxonomic profile of the microbiological populations revealed relative abundance of plant growth-promoting rhizobacterial genera, including Azospirillum sp., Rhizobium sp., Bradyrhizobium sp., Burkholderia sp., Paraburkholderia sp., and Paenibacillus sp., in the evaluated formulations. Additionally, no phytopathogenic contaminants were detected among the investigated treatments.



The highest yields of the beet crop in the field were observed from seedlings produced from the treatments biofertilizer bokashi + biodynamic preparations P502-P507 (BPB), bokashi + Chamomilla 12CH, and bokashi + Carbo vegetabilis 12CH, corresponding to an increase of 60.9%, 54.7%, and 44.7%, respectively, compared to the productivity of the control treatment.



The increase in productivity of cabbage plants was higher in the treatment bokashi + Calcarea carbonica 12CH, being 148.6% higher than the control. Only the BBAC treatment did not differ from the control. The average value of increase in productivity in relation to the control among treatments BEM, BPPGR, BCH, BCV, BBP, and BCONTROLE was 115.2%.
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Figure 1. Preparation of the bokashi-type biofertilizer base mixture using a loader attached to a tractor (A); aerial view of the experimental windrows, showcasing the distinct formulations of bokashi-type biofertilizer (B); and refined and sifted bokashi-type biofertilizer through a 4 mm mesh screen (C). Lages, Santa Catarina State, Brazil, 2020. 
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Figure 2. Root yield (t ha−1) of “Katrina” variety beet plants produced with bokashi-type biofertilizer formulations in an ecological field-based system. Lages, Santa Catarina State, Brazil, 2021. Note 1: CV = 17.81%. Note 2: Means followed by the same letter do not differ from each other by the LSD test (p < 0.05). BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast); CSCONTROL = Carolina Soil substrate®. 
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Figure 3. Mean productivity (t ha−1) of “Chato de Quintal” variety cabbage plants, produced with bokashi-type biofertilizer formulations, in an ecological field-based system. Lages, Santa Catarina State, Brazil, 2021. BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast). CSCONTROL = Carolina Soil substrate®. Means followed by the same letter do not differ from each other by the LSD test (p < 0.05). 
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Figure 4. Relation between Principal Components 1 (CP1) and 2 (CP2) of Principal Component Analysis (PCA) for crop yield and phytometric attributes of (A) beet (Beta vulgaris) and (B) cabbage (Brassica oleracea) produced with different bokashi-type biofertilizer formulations in an ecological field system. BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast); CSCONTROL = Carolina Soil substrate®. (A) Shoot fresh mass (SFM), shoot dry mass (SDM), root fresh mass (RFM), root dry mass (RDM), leaf area index (LAI), mean transversal diameter of tuberous root beet (MTD), N-accum (N accumulated), P-accum (P accumulated), K-accum (K accumulated), Ca-accum (Ca accumulated), and Mg-accum (Mg accumulated). (B) Shoot fresh mass (SFM), number of external head leaves (NEL), number of leaves on the head (NLH), head transverse diameter (HTD), and head fresh mass (HFM). 
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Figure 5. Biplot diagram of axes 1 and 2 of the redundancy analysis (RDA) outlining interrelationships between bokashi chemical and biological parameters and plant yield obtained from different formulations of bokashi-type biofertilizer treatments. BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast). 
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Table 1. Chemical and physical attributes of the Humic Dystrudept before the implementation of the experiment. Agroecological experimental area, CAV-UDESC. Lages, Santa Catarina State, Brazil, 2021.
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Clay

	
pH H2O

	
SMP

	
P

	
K

	
O.M

	
Al

	
Ca

	
Mg

	
H + Al




	
%

	

	

	
------- mg dm−3----

	
%

	
------------ cmolc dm−3--------






	
0.00–0.20 m




	
36

	
5.53

	
6.19

	
29.35

	
146.5

	
2.9

	
0

	
11.92

	
5.51

	
3.51











 





Table 2. Chemical characterization of the contents of fulvic acids (FA), humic acids (HA), dry matter (DM), total organic carbon (TOC), Organic Matter (OM), nitrogen (N), phosphorus (P), calcium (Ca), magnesium (Mg), sodium (Na), sulfur (S), boron (B), copper (Cu), manganese (Mn), zinc (Zn), density (Ds), pH H2O, pH CaCl2, Ec H2O, Ec CaCl2, and C/N of the evaluated formulations of the bokashi-type biofertilizer. Lages, Santa Catarina State, Brazil, 2021.
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Treatments

	
FA

	
HA

	
DM

	
TOC

	
OM

	
N

	
P

	
K

	
Ca

	
Mg

	
Na

	
S




	

	
---------------------------------------------- % -------------------------------------------------------

	






	
BBAC

	
3.79

	
4.93

	
83.8

	
15.19

	
33.41

	
1.43

	
0.74

	
1.86

	
3.68

	
1.76

	
0.31

	
0.36




	
BEM

	
10.24

	
5.85

	
85.5

	
14.14

	
31.12

	
1.32

	
0.72

	
1.89

	
3.33

	
1.61

	
0.31

	
0.36




	
BPPGR

	
36.43

	
3.72

	
83.9

	
12.36

	
27.19

	
1.43

	
0.84

	
1.97

	
4.28

	
2.02

	
0.34

	
0.39




	
BCH

	
4.9

	
4.52

	
85.2

	
19.68

	
43.31

	
1.44

	
0.91

	
2.03

	
4.19

	
2.01

	
0.36

	
0.42




	
BCV

	
3.56

	
3.56

	
85.7

	
16.76

	
36.86

	
1.34

	
0.77

	
1.91

	
3.2

	
1.7

	
0.33

	
0.37




	
BCC

	
4.46

	
5.45

	
87.3

	
18.52

	
40.75

	
1.38

	
0.74

	
1.89

	
3.58

	
1.74

	
0.33

	
0.36




	
BBP

	
5.74

	
3.98

	
84.2

	
13.71

	
30.17

	
1.31

	
0.69

	
1.82

	
3.63

	
2.05

	
0.3

	
0.34




	
BCONTROL

	
6.77

	
3.21

	
84.4

	
18.2

	
40.03

	
1.31

	
0.76

	
1.86

	
3.51

	
1.71

	
0.32

	
0.36




	
Mean

	
9.5

	
4.4

	
85

	
16.1

	
35.4

	
1.4

	
0.8

	
1.9

	
3.7

	
1.8

	
0.3

	
0.4




	
CV (%)

	
116.9

	
21.4

	
1.3

	
16.2

	
4.1

	
4.1

	
9.2

	
3.5

	
10.3

	
9.4

	
5.9

	
6.2




	
Treatments

	
B

	
Cu

	
Mn

	
Zn

	
Fe

	
Ds

	
pH H2O

	
pH CaCl2

	
Ec H2O

	
Ec CaCl2

	
C/N




	

	
-------------- mg kg−1-------------  %   g cm−3      ------- ms−1 -----




	
BBAC

	
42.1

	
437.1

	
552.1

	
284.8

	
5.79

	
0.45

	
8.33

	
8.16

	
2.9

	
3.67

	
10.6




	
BEM

	
40.8

	
415.8

	
578.9

	
273.3

	
5.82

	
0.49

	
8.32

	
8.14

	
2.92

	
3.62

	
10.7




	
BPPGR

	
38.8

	
462.8

	
610.4

	
308.8

	
5.31

	
0.48

	
8.35

	
8.16

	
2.58

	
3.6

	
8.6




	
BCH

	
39.9

	
489.7

	
651.2

	
327.3

	
5.15

	
0.49

	
8.24

	
8.12

	
2.97

	
3.64

	
13.6




	
BCV

	
41.7

	
427.1

	
565.4

	
288.3

	
5.43

	
0.43

	
8.3

	
8.14

	
2.82

	
3.55

	
12.5




	
BCC

	
38.1

	
437.5

	
561.3

	
288.2

	
5.72

	
0.54

	
8.27

	
8.15

	
2.97

	
3.69

	
13.4




	
BBP

	
39.5

	
402.7

	
560

	
269.2

	
6.66

	
0.44

	
8.28

	
8.11

	
2.82

	
3.45

	
10.4




	
BCONTROL

	
40.7

	
425.4

	
574.1

	
281.3

	
5.2

	
0.43

	
8.27

	
8.14

	
2.83

	
3.62

	
13.4




	
Mean

	
40.2

	
437.3

	
581.7

	
290.2

	
5.6

	
0.5

	
8.3

	
8.1

	
2.9

	
3.6

	
11.7




	
CV (%)

	
3.5

	
6.2

	
5.7

	
6.6

	
8.7

	
8.7

	
0.4

	
0.2

	
4.4

	
2.1

	
16.1








BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast).













 





Table 3. Metagenome data refer to the number of reads, number of genera and species, and % of bacteria, eukaryotes, and others in the different formulations of the bokashi-type biofertilizer. Sequencing is carried out by the company Lagbio—Metagenomic Analysis and Biotechnology. Toledo, Paraná State, Brazil, 2021.
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Treatments

	
Reads

	
Genera

	
Species

	
Bacteria %

	
Eukaryota %

	
Other % *






	
BBAC

	
197,097

	
1187

	
4038

	
99.63

	
0.15

	
0.23




	
BEM

	
230,084

	
1296

	
4872

	
99.61

	
0.16

	
0.22




	
BPPGR

	
261,919

	
1403

	
5169

	
99.62

	
0.23

	
0.15




	
BCH

	
327,408

	
1550

	
6024

	
99.65

	
0.13

	
0.22




	
BCV

	
285,633

	
1422

	
5360

	
99.66

	
0.17

	
0.17




	
BCC

	
353,064

	
1587

	
6359

	
99.67

	
0.13

	
0.19




	
BBP

	
458,348

	
1728

	
7286

	
99.63

	
0.17

	
0.19




	
BCONTROL

	
348,092

	
1507

	
6081

	
99.68

	
0.17

	
0.15




	
Treatments

	
BBAC

	
BEM

	
BPPGR

	
BCH

	
BCV

	
BCC

	
BBP

	
BCONTROL




	
Bacteria (genus) 1

	
--------------------------- % DNA g−1 ---------------------------




	
Marinobacter sp.

	
22.72

	
21.01

	
17.91

	
22.2

	
27.3

	
23.88

	
21.08

	
25.37




	
Halomonas sp.

	
9.09

	
9.96

	
7.5

	
7.63

	
7.3

	
8.88

	
8.03

	
9.19




	
Galbibacter sp.

	
7.19

	
2.86

	
11.58

	
9.71

	
5.95

	
7.89

	
7.97

	
4.44




	
Alcanivorax sp.

	
6.12

	
7.24

	
7.28

	
6.65

	
6.01

	
6.07

	
5.95

	
7.28




	
Azospirillum sp.

	
1.42

	
2.44

	
1.59

	
1.67

	
1.79

	
1.72

	
1.51

	
2.2




	
Bacillus sp.

	
2.88

	
2.19

	
2.12

	
2.14

	
2.06

	
2.45

	
2.32

	
2.33




	
Bradyhizobium sp.

	
0.14

	
0.18

	
0.26

	
0.15

	
0.39

	
0.12

	
0.12

	
0.26




	
Burkholderia sp.

	
0.12

	
0.15

	
0.12

	
0.12

	
0.13

	
0.12

	
0.11

	
0.13




	
Cupriavidus sp.

	
0.06

	
0.07

	
0.06

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05




	
Curtobacterium sp.

	
0.08

	
0.15

	
0.08

	
0.08

	
0.11

	
0.09

	
0.08

	
0.11




	
Paenibacillus sp.

	
0.13

	
0.22

	
0.30

	
0.17

	
0.1

	
0.16

	
0.21

	
0.1




	
Paraburkholderia sp.

	
0.08

	
0.1

	
0.08

	
0.08

	
0.08

	
0.09

	
0.07

	
0.09




	
Pseudomonas sp.

	
2.2

	
2.96

	
2.2

	
2.32

	
2.45

	
2.27

	
2.02

	
2.31




	
Rhizobium sp.

	
0.12

	
0.17

	
0.12

	
0.12

	
0.11

	
0.13

	
0.11

	
0.1




	
Streptomyces sp.

	
2.08

	
2.87

	
2

	
2.12

	
2.4

	
2.03

	
1.81

	
2.35




	
Idiomarina sp.

	
1.49

	
1.46

	
2.14

	
1.85

	
0.82

	
1.33

	
1.3

	
0.69




	
Brachybacterium sp.

	
1.48

	
1.92

	
1.04

	
1.05

	
1.59

	
1.38

	
1.32

	
1.95




	
Georgina sp.

	
1.47

	
2.24

	
1.2

	
1.24

	
1.82

	
1.59

	
1.4

	
2.02




	
Others

	
41.12

	
41.82

	
42.44

	
40.66

	
39.56

	
39.76

	
44.59

	
39.02








Note: * = Organisms of lesser agronomic significance or lower abundance were grouped as ‘others’. BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast). 1 Critical Level of Nutrients in Beet Leaves, adapted from the Agronomic Institute of Campinas (2013). 













 





Table 4. Effect of bokashi-type biofertilizer formulations on shoot fresh mass (SFM), shoot dry mass (SDM), root fresh mass (RFM), root dry mass (RDM), leaf area index (LAI), mean transversal diameter of tuberous root beet (RD), and commercial classification of “Katrina” variety beet plants in an ecological field-based system. Lages, Santa Catarina State, Brazil, 2021.
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Treatments

	
SFM

	
SDM

	
RFM

	
RDM

	
LAI

	
RD

	
Class




	
(g)

	
(g)

	
(g)

	
(g)

	
(cm2)

	
(mm)






	
BBAC

	
157.5 b

	
80.0 ns

	
217.0 bcd

	
16.3 cd

	
1355.3 b

	
66.3 cd

	
2A




	
BEM

	
177.3 ab

	
95.7

	
217.5 bcd

	
17.7 bc

	
1474.6 ab

	
69.2 bcd

	
2A




	
BPPGR

	
169.1 ab

	
85.9

	
167.0 d

	
13.2 d

	
1516.1 ab

	
64.1 d

	
2A




	
BCH

	
198.5 ab

	
99.6

	
271.3 ab

	
21.1 ab

	
1620.0 ab

	
74.4 ab

	
2A




	
BCV

	
209.2 a

	
97.7

	
253.8 ab

	
14.7 cd

	
1646.1 ab

	
72.7 abc

	
2A




	
BCC

	
187.5 ab

	
93.9

	
218.6 bcd

	
17.0 bcd

	
1958.6 a

	
69.7 abcd

	
2A




	
BBP

	
198.3 ab

	
102.7

	
282.0 a

	
22.4 a

	
1763.5 ab

	
76.3 a

	
2A




	
BCONTROL

	
169.3 ab

	
82.1

	
227.9 abc

	
18.1 abc

	
1421.9 b

	
70.9 abc

	
2A




	
CSCONTROL

	
168.3 ab

	
83.1

	
175.3 cd

	
12.5 d

	
1402.8 b

	
68.0 bcd

	
2A




	
CV (%)

	
17.97

	
17.14

	
17.81

	
18.09

	
22.64

	
6.59

	
-








Note: ns = without significance. Means followed by the same letter in the column do not differ from each other by the LSD test (p < 0.05). BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast); CSCONTROL = Carolina Soil substrate®.













 





Table 5. Effect of bokashi-type biofertilizer formulations on the chemical composition of the aerial part of the “Katrina” variety beet plants. Lages, Santa Catarina State, Brazil, 2021.
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Treatments

	
N

	
P

	
K

	
Ca

	
Mg




	
---------------- % ---------------






	
BBAC

	
5.3 ab

	
1.72 ns

	
5.89 abc

	
0.27 a

	
0.17 ab




	
BEM

	
5.29 ab

	
1.83

	
4.40 c

	
0.26 ab

	
0.13 ab




	
BPPGR

	
5.94 a

	
1.71

	
4.98 bc

	
0.13 c

	
0.19 a




	
BCH

	
5.45 ab

	
1.84

	
4.37 c

	
0.15 bc

	
0.09 b




	
BCV

	
5.15 b

	
1.94

	
5.51 abc

	
0.27 a

	
0.13 ab




	
BCC

	
5.26 b

	
1.86

	
6.37 ab

	
0.35 a

	
0.16 ab




	
BBP

	
5.0 bc

	
2.0

	
5.61 abc

	
0.27 a

	
0.13 ab




	
BCONTROL

	
4.37 c

	
1.86

	
6.43 ab

	
0.35 a

	
0.21 a




	
CSCONTROL

	
5.01 bc

	
1.8

	
6.96 a

	
0.34 a

	
0.22 a




	
Ref. Values 1 (%)

	
3.0–5.0

	
0.2–0.4

	
2.0–4.0

	
2.5–3.5

	
0.3–0.8




	
CV (%)

	
8.68

	
15.54

	
21.21

	
29.86

	
40.91




	
Treatments

	
N

accumulated

	
P

accumulated

	
K

accumulated

	
Ca

accumulated

	
Mg

accumulated




	
--------------- mg ---------------




	
BBAC

	
4252.5 ab

	
1372.3 b

	
4753.5 ns

	
224.31 abc

	
139.34 ns




	
BEM

	
5092.9 ab

	
1790.6 ab

	
4229.6

	
247.72 ab

	
127.31




	
BPPGR

	
5115.2 ab

	
1473.6 ab

	
4284.4

	
114.77 c

	
172.85




	
BCH

	
5492.1 a

	
1810.5 ab

	
4346.3

	
150.38 bc

	
103.09




	
BCV

	
5016.1 ab

	
1913.0 ab

	
5423.5

	
262.77 ab

	
128.88




	
BCC

	
4974.6 ab

	
1751.9 ab

	
6114.1

	
352.72 a

	
167.17




	
BPB

	
5215.4 a

	
2083.8 a

	
5726.5

	
283.37 a

	
136.3




	
BCONTROL

	
3612.1 b

	
1564.1 ab

	
5352.2

	
279.58 a

	
164.81




	
CSCONTROL

	
4226.0 ab

	
1643.5 ab

	
6273.3

	
278.01 ab

	
182.99




	
CV (%)

	
22.52

	
35.31

	
32.56

	
36.17

	
45.9








Note: ns = without significance. Means followed by the same letter in the column do not differ from each other by the LSD test (p < 0.05). 1 Critical Level of Nutrients in Beet Leaves, adapted from the Agronomic Institute of Campinas (2013). BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast); CSCONTROL = Carolina Soil substrate®.













 





Table 6. Mean values of shoot fresh mass (SFM), number of external head leaves (NEL), number of leaves on the head (NLH), head transverse diameter (HTD), and head fresh mass (HFM) of “Chato de Quintal” variety cabbage plants produced with bokashi-type biofertilizer formulations in an ecological field-based system. Lages, Santa Catarina State, Brazil, 2021.
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Treatments

	
SFM

	
NEL

	
HTD

	
NLH

	
HFM




	
(g)

	
(cm)

	
(g)






	
BBAC

	
1609.8 bc

	
13 b

	
17.8 c

	
25 ab

	
884.5 bc




	
BEM

	
2123.3 ab

	
13 b

	
20.6 abc

	
30 a

	
1343.2 ab




	
BPPGR

	
2162.4 ab

	
15 ab

	
20.5 abc

	
23 b

	
1284.0 ab




	
BCH

	
2010.5 ab

	
17 a

	
20.8 abc

	
26 ab

	
1208.9 ab




	
BCV

	
2067.8 ab

	
14 ab

	
20.6 abc

	
26 ab

	
1250.3 ab




	
BCC

	
2494.7 a

	
16 ab

	
22.1 a

	
26 ab

	
1433.4 a




	
BBP

	
2038.0 ab

	
14 ab

	
21.5 a

	
26 ab

	
1213.7 ab




	
BCONTROL

	
2101.3 ab

	
15 ab

	
21.3 ab

	
31 a

	
1250.8 ab




	
CSCONTROL

	
1246.3 c

	
15 ab

	
18.2 bc

	
26 ab

	
587.1 c




	
CV (%)

	
23.95

	
15.21

	
10.66

	
15.29

	
24.5








Note: Means followed by the same letter in the column do not differ from each other by the LSD test (p < 0.05). BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast); CSCONTROL = Carolina Soil substrate®.













 





Table 7. Effect of bokashi-type biofertilizer formulations on the chemical composition of the aerial part of the cabbage plant variety “Chato de Quintal”. Lages, Santa Catarina State, Brazil, 2021.
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Treatments

	
N

	
P

	
K

	
Ca

	
Mg




	
--------------- % ---------------






	
BBAC

	
3.5 ab

	
1.3 c

	
6.1 a

	
0.40 ab

	
0.29 ab




	
BEM

	
2.5 c

	
1.5 bc

	
5.1 ab

	
0.25 cd

	
0.26 ab




	
BPPGR

	
3.1 bc

	
1.7 ab

	
5.9 a

	
0.27 cd

	
0.26 ab




	
BCH

	
3.6 ab

	
1.4 c

	
5.0 ab

	
0.23 d

	
0.25 b




	
BCV

	
3.4 ab

	
1.5 bc

	
4.8 ab

	
0.32 abcd

	
0.28 ab




	
BCC

	
3.6 ab

	
1.3 c

	
4.9 ab

	
0.40 a

	
0.28 ab




	
BBP

	
2.7 c

	
1.4 c

	
5.6 ab

	
0.36 abc

	
0.30 a




	
BCONTROL

	
3.5 ab

	
1.4 c

	
5.1 ab

	
0.27 bcd

	
0.26 ab




	
CSCONTROL

	
4.0 a

	
1.8 a

	
4.3 b

	
0.34 abcd

	
0.28 ab




	
Ref. Values 1 (%)

	
4.0–4.5

	
0.4–0.5

	
2.5–2.7

	
0.75

	
0.25




	
CV (%)

	
13.34

	
16.63

	
16.42

	
26.99

	
12.37




	
Treatments

	
N

accumulated

	
P

accumulated

	
K

accumulated

	
Ca

accumulated

	
Mg

accumulated




	
--------------- mg−1 ---------------




	
BBAC

	
263.4 b

	
104.1 ns

	
428.1 ab

	
28.8 ab

	
21.1 ab




	
BEM

	
200.1 b

	
118.8

	
388.6 ab

	
18.4 b

	
19.9 b




	
BPPGR

	
278.8 ab

	
155.1

	
542.1 a

	
22.9 b

	
22.8 ab




	
BCH

	
289.9 ab

	
119.7

	
416.6 ab

	
18.8 b

	
20.9 ab




	
BCV

	
285.2 ab

	
125.4

	
400.1 ab

	
27.3 ab

	
23.1 ab




	
BCC

	
405.8 a

	
147.8

	
558.2 a

	
36.1 a

	
28.2 a




	
BBP

	
221.2 b

	
120.1

	
450.5 ab

	
28.6 ab

	
24.6 ab




	
BCONTROL

	
306.3 ab

	
124.3

	
451.9 ab

	
21.8 b

	
22.1 ab




	
CSCONTROL

	
275.5 ab

	
124.4

	
298.5 b

	
21.6 b

	
18.4 b




	
CV (%)

	
34.14

	
42.8

	
29.25

	
33.49

	
25.05








Note: ns = without significance. Means followed by the same letter in the column do not differ from each other by the LSD test (p < 0.05). 1 Critical Level of Nutrients in Cabbage Leaves, adapted from Ribeiro et al. (1999). BBAC = Bokashi + Bacillus megaterium, B. subtillis, B. amyloquefaciens, and B. pumillus (Bioaction Power®); BEM = Bokashi + EM; BPPGR = Bokashi + Azospirillum brasilense, Pseudomonas fluorescens, Rhizobium sp., and Saccharomyces cerevisiae (Biostart Power®); BCH = Bokashi + Chamomilla 12 CH; BCH = Bokashi + Carbo vegetabilis 12 CH; BCC = Bokashi + Calcarea carbonica 12 CH; BBP = Bokashi + biodynamic preparations for compound P502-P507; BCONTROL = Bokashi control (only commercial yeast); CSCONTROL = Carolina Soil substrate®.
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