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Abstract: The taxonomic and functional diversity of bacteria in seven different experimental variants
applied to soil under a maize plantation was determined by means of next-generation sequencing
and biochemical methods. The aim of the study was to discover differences in the structure of bacteria
and the level of soil enzymatic activity (BIF—biochemical index of fertility) after the application
of a biofertiliser made of lignocellulosic substrate and biochar containing various microorganisms
(algae, mycorrhizal fungi of the Glomus genus or the consortium of Bacillus sp. bacteria). The
chemical composition and yield of crops was a measurable indicator of the effectiveness of the
fertilisers. The biofertilisers influenced both the structure and the percentage share of individual
bacterial operational taxonomic units (OTU). The cultivation of maize also modified qualitative and
quantitative changes in the soil bacterial microbiome. A canonical variate analysis (CVA) showed
that the soil pH exhibited a minimal positive correlation with the soil enzymatic activity and selected
plant parameters, with the exception of the biofertiliser variant with arbuscular mycorrhiza (AM).
Moreover, the AM biofertiliser significantly increased the BIF value, the yield of maize seeds and
the starch content in the plants. The comprehensive nature of the research allowed for a deepening
and systematization of the existing knowledge on the influence of biochar with the addition of
selected microorganisms on the biochemical parameters of the soil and the bacterial biodiversity of
the soil environment. Additionally, the inclusion of the chemical, sanitary composition and yield
of maize in the research brought a measurable view of the changes taking place in the soil and
plant environment under the influence of the discussed factor. Apart from the agronomic aspect
(integrated crop cultivation—Directive 2009/128/EC) of our study, it was also closely related to
environmental protection, as it proved that biochar-based biofertilisers could be an alternative to
mineral fertilisation.

Keywords: biofertiliser; bacterial biodiversity; biochemical index of fertility; crop yield

1. Introduction

Over-intensive farming based on a simplified crop structure and intensive tillage as
well as the excessive use of mineral fertilisers and chemical crop protection products in
order to obtain the highest yield disturb the biological balance in soil. In consequence, the
transformation of nutrients is disturbed, the immunity of pathogens and pests increases,
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while surface and ground waters become polluted [1,2]. Nowadays, expectations concern-
ing agriculture are not limited to crop production only. Today agricultural production must
consider another aspect—how to minimise environmental hazards through the effective
use of means of production, including nutrients (K, Mg, Na, N, P) supplied to plants with
fertilisers [3,4].

The problem of minimising environmental hazards can be solved by applying crop
residue with biochar and beneficial microorganisms into soil [5]. According to Butterly et al. [6]
and Whalen [7], crop residue increases the porosity of soil, improves its hydrological
properties, and stimulates the activity of soil microorganisms. As a consequence, soil
fertility improves, crop productivity increases and the loss of nutrients through their
leaching from the substrate is prevented.

Biochar significantly influences the function of the soil ecosystem. The mechanisms
of its action are very similar to those caused by the application of plant residue. Biochar
prevents the leaching of soil nutrients, reduces gas emissions, increases water capacity,
and the absorption of organic and inorganic pollutants. Like plant residue, biochar is also
a source of nutrients for microorganisms [8,9]. Due to the large surface area of biochar
particles and the width of their pores they are an ideal habitat for the soil microbiome.

A literature review shows that the specific surface area (SSA) is one of the most
important features of biochar, influencing the retention of nutrients, its adsorption capacity
and the activity of soil microorganisms. Moreover, the SSA value of biochar is related
to several other properties, such as: CEC (Cation Exchange Capacity) and WHC (Water
Holding Capacity), therefore it is an important parameter determining the use of biochar
in modern agriculture [4]. The main factor influencing the value of the SSA is the pyrolysis
temperature and the type of substrate. It has been shown that higher pyrolysis temperatures
release volatile substances and create more pores in the biocarbon. The pyrolysis of plant
waste, e.g., cotton seed hulls, leads to biochar with a low SSA value (4.7 m2/g), and that of
animal manure to a higher SSA value (13 m2/g) [10,11].

As results from scientific publications show, biochar alters the physicochemical prop-
erties of soil and, in consequence, it may significantly change the activity and structure of
soil microorganisms, thus affecting interactions between plants and microorganisms and
lead to an increased plant yield [12,13].

According to Blackwell et al. [14], a small but concentrated dose of organic matter
enriched with biochar may significantly change the local soil conditions in the vicinity of
maize seedlings. If there are favourable conditions for microbiological components applied
into soil with this carrier, they may intensively colonise the soil and roots of crops, thus
improving their yield.

A wide range of microorganisms promote the growth and development of plants.
These include mycorrhizal fungi of the Glomus genus, which can be used as a high ecological
utility biofertiliser when combined with plant waste [15]. These microorganisms increase
the root absorption area and thus ensure a better supply of water to plants. They also
produce B vitamins and substances which stimulate the growth of plants, and increase
their ability to take up minerals such as P, Zn, Cu, S, Co, K, Fe, Mg, and N. Mycorrhizal
fungi also affect plants’ resistance to biotic stresses, such as pathogens, and abiotic stresses,
e.g., drought, too high or low temperatures, heavy metals and other toxic substances in the
substrate [16,17]. Mycorrhizal fungi have been proven not only to support plant growth
and health, but also to improve the soil structure and bioactivity in the root zone, which
may limit the processes of water and wind erosion [18].

Currently, biopreparations based on Bacillus sp. bacteria are very popular. Biotechnol-
ogy companies use these microorganisms to promote plant growth because they proliferate
rapidly and have the ability to overproduce and secrete various active extracellular pro-
teins, including those with a phytopathogenic effect. Bacillus sp. strains received a GRAS
(Generally Recognized as Safe) designation from the United States Food and Drug Ad-
ministration to prove their lack of toxicity or pathogenicity. These microorganisms affect
plants both directly and indirectly. Their indirect stimulation consists of limiting or pre-
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venting the harmful effects of phytopathogenic organisms such as Fusarium oxysporum,
Fusarium vericillioides, Fusarium solani, Fusarium ciceri, Phytophtora capisici, Rhizoctonia solani,
Rhizoctonia batatida, Sclerotinia sclerotium, and Colletotrichum musae.

Bacillus sp. bacteria control pathogens by producing antibiotics and siderophores,
which chelate iron and thus prevent pathogenic microorganisms from taking it up from
the substrate. These bacteria also compete for ecological niches and nutrients and they
synthesise lytic enzymes, which break down the cell wall of pathogenic fungi [19]. Bacillus
sp. bacteria directly stimulate plant growth by synthesising phytohormones such as auxins,
gibberellins, and cytokinins [20].

Selected species of Bacillus bacteria are classified as plant growth-promoting bacteria
(PGPR). Their presence in the rhizosphere leads to a state of induced systemic resistance
(ISR), in which plants exhibit increased, non-specific resistance to all types of pathogens
and pests: viruses, bacteria, fungi, nematodes, and insects. Bacillus sp. bacteria promote
plants’ faster and stronger defensive reactions when they are attacked by pathogens [21].
Bacteria of the Bacillus genus have a well-developed enzyme apparatus, which they use to
mineralise organic matter in the substrate and thus increase the availability of minerals for
plants. They are also capable of producing organic acids, which dissolve unavailable forms
of phosphorus in the substrate, mainly aluminium and iron phosphates, found in acidic
soils, and calcium phosphate, found in highly alkaline soils [22].

There are also commercially available biopreparations based on algae, which have a
high fertilising potential due to their high content of macronutrients. Furthermore, thanks
to their high content of phytohormones, they accelerate seed germination, strengthen
plants’ roots, increase their vitality and stimulate their growth [23,24]. According to
scientific publications, algae extracts improve the water capacity of soil and can inhibit
the development of pathogens thanks to the antibacterial and antifungal substances they
contain [25,26]. Like mycorrhizal fungi and beneficial microorganisms from the Bacillus
genus, algae combined with processed plant mass seem to be an interesting alternative to
mineral fertilisation.

The literature review shows that there are currently many studies on the influence
of different origins of biochar on the formation of the microbial community of the soil,
its impact on soil fertility, as well as the yield and chemical composition of crops [27,28].
However, there are few scientific reports on the simultaneous influence of biochar in-
oculated with microorganisms, in particular fungi of the Glomus genus, and algae, on
both the microbiological and biochemical parameters of the soil, as well as the chemical
composition, health and yield of maize, in particular in Polish climatic conditions [29–31].
Such a broad research problem regarding the influence of biochar with the addition of
microorganisms on both selected soil and plant parameters is currently very topical, due to
the introduction of an initiative called the ‘Green Deal’ at the end of 2019, which assumes
a holistic and comprehensive approach to environmental protection and counteracting
climate change. The European Commission published it on 20 May 2020 in the form of
the European Biodiversity Strategy. According to the guidelines of this project, by 2030 a
20% reduction in the use of mineral fertilisers and a 50% reduction in the use of pesticides
is expected, with the simultaneous balancing of their use with preparations containing
biological active substances [32].

The aim of the study was to investigate how a biofertiliser composed of processed
plant mass, biochar, and selected microorganisms influenced: (i) the biodiversity of the soil
bacterial microbiome and soil enzymatic activity under a maize plantation, (ii) the yield of
seeds and the chemical composition of plants, (iii) the health of plants.

2. Materials and Methods
2.1. The Study Site

In 2018 and 2019 a strict field experiment was conducted on a private farm located in
the village of Glińsk, Świebodzin County, Poland (52◦18′27.04” N 15◦33′33.845” E), on soil
classified as Albic Luvisols developed on loamy sands overlying loamy material. The study
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presents the results of microbiological and chemical investigations as well as measurements
of the average yield of crops in the two years of the experiment. The soil had a low content
of organic matter, a medium content of available forms of phosphorus, potassium, and
magnesium, and a neutral pH (Table 1).

Table 1. Soil properties at the experimental site (0–25 cm).

Properties Content

Organic C (g kg−1) 5.61
Total N (g kg−1) 0.57

Ca (g kg−1) 2.61
P (mg kg−1) 50.8
K (mg kg−1) 11.85
Mg (g kg−1) 31.01

pH KCl 6.95

Seeds of the Farmsaat CH4 maize cultivar were sown in rows at a site which had
previously been a soybean plantation. The rows were spaced at 75 cm from each other. The
sowing density was 80.000 plants per ha. In autumn, after the forecrop had been harvested,
the soil was ploughed to a depth of about 30 cm. In spring, the soil was prepared for
sowing by means of a light cultivator and string rollers. On 9 May 2018 and 10 May 2019
seeds were sown to a depth of 5 cm with a Taarup seed drill equipped with a fertiliser
applicator with a tined working element. The biofertilisers tested in the experiment were
applied at planting, with the fertiliser applicator at a dose of 300 kg/ha, to a depth of 10 cm,
5 cm away from the plant row. No mineral fertilisers were used so that the high supply
of nutrients would not blur the effect of the tested products. At the phase of three maize
leaves Elumis 105 OD herbicide (mesotrione 75 g L−1 + nicosulfuron 30 g L−1) was applied
at a dose of 1.5 L ha−1. Neither fungicides nor insecticides were applied to the plants.

The study was conducted in rain-fed conditions, which is typical practice in Poland.
Average precipitation of the area is 534 mm and air temperature 8.0 ◦C but 2018 and 2019
were extremely hot and dry. Air temperature was 2.3 and 2.6 ◦C higher, respectively, and
precipitation 160 and 115 mm below average.

There were seven variants in the experiment, each in three replications (30 m2 plots):
control—the control variant without fertilisers, BW—biochar fertiliser, BWM—biochar
fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria, BWA—
biochar fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria,
BWAM—biochar fertiliser with algae and mycorrhizal fungi.

Lignocellulose pellets with a 10% porous biochar additive were the substrate on which
individual fertiliser variants were based (Table 2).

Table 2. Biochar fertiliser properties at the experimental site.

Properties Content

Organic C (g kg−1) 580.11
N (g kg−1) 12.35
P (g kg−1) 50.8
K (g kg−1) 11.85

Mg (g kg−1) 31.01
pH KCl 6.78

Selected microorganisms were applied at a dose of 5 g or 5 mL per 300 g of pellets.
The following commercially available microbiological preparations were used in the

experiment: an extract of marine algae of the Ascophyllum nodosum genus, a preparation
of mycorrhizal fungi of the Glomus genus (Glomus intraradices, Glomus mosseae, Glomus
claroideum, Glomus etunicatum and Gigaspora margarita—round about 5·103 CFU per 1 g of
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preparation), and E11 preparation—a consortium of Bacillus licheniformis, Bacillus azitofixans,
Bacillus megaterium and Bacillus subtilis bacteria (108 CFU per 1 g of preparation).

The dose of E11 preparation and algae extract recommended by the producers is from
15 to 20 mL per 1000 g of substrate, hence 5 g/5 mL of the above-mentioned compositions
were added to 300 g of pellets. The dose of the introduced mycorrhizal fungi prepara-
tion was also calculated on the basis of the manufacturer’s data, which recommend the
introduction of 166 g of the preparation per 10.000 g of the medium.

Soil samples for biochemical and microbiological analyses were collected at three
terms: I-1st term—one week after fertilisation and sowing, II-2nd term—at the flowering
phase, III-3rd term—harvesting phase. The bacterial biodiversity of soil was analysed
twice—an aggregate soil sample (control ‘0’) was collected first at the beginning of the
experiment before fertilisation and then at the harvest time.

2.2. Identification of Soil Microorganisms
2.2.1. DNA Extraction

Total DNA was extracted from 500 mg of each sample with a Genomic Mini AX Soil
kit (A&A Biotechnology, Gdynia, Poland) according to manufacturer’s instruction. The
extracted DNA was quantified with a Quant-iT HS dsDNA assay kit (Invitrogen, Carlsbad,
CA, USA) on a Qubit2 fluorometer (Invitrogen, Carlsbad, CA, USA); 2 µL of extracts was
examined on 0.8% agarose gel.

2.2.2. PCR Amplification

The metagenomic analysis was based on the hypervariable region V3–V4 of the 16S
rRNA gene. Specific primers 341F and 785R were used for amplification of this region
and to prepare libraries. A PCR was conducted with a Q5 Hot Start High-Fidelity DNA
Polymerase kit (NEB Inc., Ipswich, MA, USA). The reaction conditions were maintained
according to the manufacturer’s specifications. An Illumina MiSeq PE300 sequencer
(Genomed S.A., Warsaw, Poland) in 2 × 250 bp paired-end (PE) technology with a v2
Illumina chemistry kit was used for sequencing. The reactions were conducted according
to the Illumina V3–V4 16S RNA amplification protocol (Illumina, San Diego, CA, USA).
The data were analysed automatically with the MiSeq and in the Illumina BaseSpace cloud
environment according to the 16S Metagenomics protocol (ver. 1.0.1). The libraries were
prepared in an analogous way to the attached Illumina protocol.

2.3. Soil Enzymes Analyses

Spectrophotometry was used for biochemical analyses. The dehydrogenase activity
(DHA) was measured according to the procedure developed by Camiña et al. [33], with
some minor modifications. The soil (1 g) with 2, 3, 5-triphenyltetrazolium chloride (TTC)
was incubated for 24 h at 30 ◦C, pH 7.4. Triphenylformazan (TPF) was produced, extracted
with 96% ethanol and measured spectrophotometrically at 485 nm. The dehydrogenase
activity was expressed as µmol TPF g−1 DM of soil 24 h−1.

The catalyse activity (CAT) in the soil was measured by means of titration [34]. The
soil with 0.3% H2O2 solution was incubated for 20 min. Next, 1.5 M H2SO4 was added.
The resulting solution was titrated with 0.02 M KMnO4. Catalyse activity was expressed as
µmol H2O2 g−1 D.M. of soil min−1.

The dehydrogenases and catalyse activity were measured to determine the soil BIF
(Biological Index of Fertility) (1) [35]:

BIF = (1.5·DHA + 100·k·CAT) / 2 (1)

where k—the proportionality coefficient = 0.01.

2.4. Plant Analyses

Before harvesting, all plants from the two middle rows were counted to determine
the plant density. The share of plants with stem fusariosis and Fusarium cob wilt was
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determined in the same rows. Maize cobs from the two middle rows were harvested
manually. On harvesting, the percentage of cobs with lesions caused by infection with
Fusarium sp. was determined [36]. Seeds from three hand-threshed cobs were assessed
for their moisture content with the gravimetric method. The other cobs were dried in a
room and threshed with a dedicated cob peeler. A moisture content of 15% was assumed
to calculate the yield. A thousand kernel weight was determined by weighing 500 seeds
twice. The starch content was measured with the polarimetric method, as specified in
the European Commission Regulation (EC) No. 152/2009 of 27 January 2009 [37]. The
method consisted of two measurements. First, the samples were treated with dilute
hydrochloric acid in a boiling water bath. After clarification with Carrez solutions I and II
(Chempur) and filtration, the optical rotation of the solutions was measured in a 200-mm
polarimetric tube (Polarimeter Insmark IP-digi1). In the second measurement, the samples
were extracted with 40% ethanol. The filtrate was acidified with hydrochloric acid, clarified
with Carrez solutions I and II, and filtered to measure the optical rotation as in the first
measurement. The result of the difference between the two measurements multiplied by
the known factor was the starch content in the samples. The ash content was measured
with the combustion method. The crude protein content was calculated on the basis of
the nitrogen content determined with the Kiejdahl method. One-gram samples were
mineralised in concentrated sulphuric acid (ρ20 = 1.84 g mL−1) with the Cu-Se catalyst
(Sharlab CA03931000) in a digestion oven (Hanon Instruments SH420F). Ammonia was
distilled and titrated in an automatic distiller with a titrator (Hanon Instruments K110F).

2.5. Statistical and Bioinformatics Analyses

The data were subjected to a conventional analysis of variance with STATISTICA®

10 software (StatSoft, Krakow, Poland). The differences between the treatments were
analysed with Tukey’s test (p ≤ 0.05). The Pearson correlation coefficient was used to
quantify the strength of the relationship between the dehydrogenase activity and the pH
value.

Demultiplexed fastq files were processed with the DADA2 (1.14) package [38] in
R software (3.6.0) [39]. On the basis of the quality plots the last 20 and 70 bases were
trimmed off forward and reverse reads accordingly. Primer sequences were removed from
all the reads. The filter parameters were as follows: maxN = 0, maxEE for both reads = 2,
truncQ = 2. The error rates were estimated by learnErrors with one million reads. Exact
sequence variants were resolved with dada. Next, removeBimeraDenovo was used to remove
chimeric sequences. After the filtration steps 111.413–142.459 (mean = 131,475) of the
reads were left for further analysis. Taxonomy was assigned against the latest version
of the modified RDP v18 database (link) using the IDTAXA algorithm [40] and the table
of sequences resulting from the DADA2 workflow described above. The results were
converted and imported into the phyloseq (1.22.3) package [41]. Sequences belonging to the
chloroplast or mitochondrial DNA were removed. Subsequently, for further analysis, the
total number of reads for the individual taxa was converted into a percentage, assuming
the sum of all taxa in the individual samples was 100%. On average, 55% of all reads
which were correctly classified to the genus level were aggregated and their abundances
were summed up. Unclassified reads were clustered with vsearch [42] implemented in seed
software, version 2.1 [43] at a 99% similarity level.

Venn diagrams were used to show the similarities and differences in the species com-
position of experimental variants representing the reactions of maize and soil enzymes
to the type of biofertiliser applied. The datasets were also analysed with canonical vari-
ate analysis (CVA), a form of multivariate analysis, which enables visualisation of the
relationships between experimental variants and the variables that describe them [44–46].
This method, similar to principal component analysis, was chosen because it considers
differences between groups [47]. The relations between selected experimental variants
described by the reactions of maize and soil enzymes to the type of biofertiliser applied
were analysed with canonical variate analysis based on transformation by linear combi-
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nation [47] and singular value decomposition [48,49]. The CVA also showed relations
between the variables (BIF, soil pH, chemical parameters, and yield) by determining the
components being a linear combination of these variables.

3. Results and Discussion
3.1. Abundance and Composition of Bacterial Community in Soil

In order to determine the metapopulation changes in soil bacteria under the maize
plantation, the 16S rRNA gene was analysed. Each of the soil samples contained more than
99% of bacteria, 0.01–0.02% of Archaea, and 0.02–0.03% of unclassified microorganisms.

The metataxonomic analysis of the 16S soil metabiome showed that the soil samples
were biodiversified, as they contained 30 bacterial phylum and 798 genera. Due to such a
large number of operational taxonomic units (OTUs) only the most common ones were
represented graphically.

Only nine of all the bacterial phylum found in all experimental variants had a greater
share than 0.6% (Actinobacteria, Proteobacteria, Firmicutes, Planctomycetes, Acidobacteria, Ver-
rucomicrobia, Bacteroidetes, Chloroflexi, and Gemmatimonadetes) (Figure 1).

There were three dominant bacterial phylum at the study site: Actinobacteria (29.69–62.23%
of all phylum isolated, depending on the experimental variant), Proteobacteria (19.04–35.79%)
and Firmicutes (8.53–13.78%). Apart from that, the share of unclassified sequences of mi-
croorganisms in the soil samples under analysis ranged from 4.16% to 7.32%. According
to Furtak et al. [50], data analysis should take all sequences of microorganisms into ac-
count, including the unclassified ones. They cannot be ignored or averaged and treated
collectively as unclassified taxa, because the contribution of individual unclassified taxa to
the structure of the soil bacterial community is very high (from 3.5% to as much as 99%).
Moreover, they are characterised by high sensitivity to changes in the environment and
have the highest share in changes occurring in soil [51,52].

The research results show that both the cultivation of maize and the additive of biofer-
tilisers based on biochar and selected microorganisms had an influence on the percentage of
individual bacterial phylum in the soil. The cultivation of maize limited the proliferation of
Actinobacteria and Gemmatimonadetes but increased the content of sequences of unclassified
bacteria as well as Proteobacteria, Firmicutes, and Planctomycetes.

According to Breidenbach et al. [53], plants modify the condition of the soil micro-
biome with root exudates. These authors observed that Firmicutes were abundant in the
maize rhizosphere, but they were the dominant bacterial phylum in a rice plantation.

The results of our study also show that the control soil (the control variant) and the
soil treated with innovative biofertilisers differed in the structure and percentage share of
individual bacterial phylum in microbial communities. All variants treated with fertilisers
had a lower content of Proteobacteria, Firmicutes, Acidobacteria and sequences of unclassified
bacteria. By contrast, the fertilisers increased the content of Actinobacteria, which was on
average 17.58–98.45% higher than in the unfertilised soil (the control variant). The highest
content of Actinobacteria was found in the variant with mycorrhizal fungi (BWM).

Francioli et al. [54] also observed that organic fertilisation had a significant influence
on the community of soil bacteria. However, the results of their research showed that
manure fertilisation increased the diversity of the Firmicutes and Proteobacteria bacterial
phylum, which are known to prefer nutrient-rich environments and to participate in the
degradation of complex organic compounds. By contrast, in the soil where no manure
was applied there were different communities of oligotrophic microorganisms adapted to
nutrient-restricted environments such as Acidobacteria.

As results from the studies cited above and the observations made in our research
show, the type of organic fertilisation and its chemical composition significantly affect the
succession of soil microorganisms. A narrower C:N ratio in manure will certainly result in
faster nitrogen mineralisation in the soil than the applied crop residues with the biochar
additive, where the C:N ratio is wider.
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Figure 1. The percentage content of selected bacterial phylum in the experimental variants. Explanation: control
‘0’—without fertilisers and plant cultivation, control—the control variant without fertilisers, with plant cultivation, BW—
biochar fertiliser, BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria, BWA—
biochar fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria, BWAM—biochar fertiliser with
algae and mycorrhizal fungi.
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The metataxonomic analysis of the soil metabiome based on 16S sequencing showed
that the type of the tested variant also influenced the structure of the bacterial microbiome
(Figure 2).

Figure 2. A Venn diagram of overlapping bacterial communities from the variants ((A)—phylum, (B)—genus) Explanation:
control ‘0’—without fertilisers and plant cultivation, control—the control variant without fertilisers, with plant cultivation,
BW—biochar fertiliser, BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria,
BWA—biochar fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria, BWAM—biochar
fertiliser with algae and mycorrhizal fungi.

Of all taxa found within a given category, 23 bacterial phylum and 462 genera that were
common to all variants were selected. There were unique bacterial sequences found in the
BWA and BWAM variants—they belonged to the anaerobic, chemoorganotrophic phylum
Caldiserica [55]. The presence of the Chrysiogenets phylum, which includes anaerobic strains
exhibiting bioremediation abilities, was noted only in the BWAE11 and BWM variants,
as well as in the control variant. The control variant was the only one which contained
Fibrobacteres—the phylum of cellulolytic aerobic bacteria, commonly found in soil [56,57].
The control variant had the most unique taxa at the genus level (Table 3).

Table 3. Unique bacterial taxa in individual experimental variants.

Variant

Control ‘0’ Control BW BWM BWE11 BWA BWAE11 BWAM

Number of Unique Taxa

8 13 8 3 8 9 5 4

Dethiobacter Bizionia Candidatus Az. Phormidium Erwinia Muricauda Cellvibrio Pseudochrobactrum
Alloscardovia Butyrivibrio Ignatzschineria Anaerostipes Anaerotruncus Acidianus Desulfobacterium Elizabethkingia

Desulfosporomusa Fibrobacter Arsenicicoccus Geovibrio Mogibacterium Anaeromusa Nitrospina Halanaerobacter
Desulfurococcus Fusobacterium Azorhizophilus Planktothrix Anaeroplasma Ruminococcus Herpetosiphon

Providencia Melissococcus Candidatus Ph. Dickeya Martelella Sediminibacterium
Salisaeta Nevskia Kurthia Pseudanabaena Natranaerobius

Trabulsiella Nitrincola Porphyromonas Reinekea Rothia
Vagococcus Rapidithrix Stenoxybacter Verrucomicrobium Succinivibrio

Sporanaerobacte Trichococcus
Thiovirga

Alkanindiges
Citrobacter

Tepidimicrbium

Explanation: control ‘0′—without fertilisers and plant cultivation, control—the control variant without fertilisers, with plant cultivation,
BW—biochar fertiliser, BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria, BWA—biochar
fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria, BWAM—biochar fertiliser with algae and mycor-
rhizal fungi.
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One of them was the Fibrobacter genus, which included strains promoting plant
growth and development such as Fibrobacter succinogenes. These Gram-negative, anaerobic
or facultative anaerobic bacteria can be found in the rumen. As they produce numerous
enzymes responsible for the carbon cycle, they significantly affect the mineralisation of
organic matter in soil and thus provide nutrients to plants [58].

The metataxonomic analysis of the maize rhizosphere also showed that the au-
tochthonous saprophytic bacterial genera Arthrobacter and Saccharopolyspora had the highest
percentage of sequences. These taxonomic units include species which can degrade various
simple and complex organic compounds in soil, exhibit phytosanitary capacity against
plant pathogens and can fix atmospheric nitrogen [59,60] (Figure 3).

The comparison of the percentage of bacteria in the control variant ‘0’ with the other
experimental variants showed that the cultivation of maize reduced the number of oper-
ational taxonomic units of the Nocardioides, Aeromicrobium, Phycicoocus, and Streptomyces
genera but increased the content of sequences belonging to the Kaistobacter, Colnella, Iamia,
and Candidatus Scalindua genera. It is most likely that this reaction of microorganisms was
caused by the chemical profile of maize root exudates, which contain glucose, fructose,
sucrose, lactic acid, citric acid, succinic acid, serine, alanine, and glutamic acid. According
to Baudoin et al. [61] and Wolna-Maruwka et al. [62], they can stimulate or inhibit the
soil microbiome.

The metataxonomic analysis showed that the application of fertilisers based on biochar
and selected microorganisms caused both quantitative and structural changes in the soil
bacterial community (Figure 2).

The use of the biofertiliser without microorganisms (the BW variant) and the biofer-
tiliser inoculated with mycorrhizal fungi (the BWM variant) increased the proliferation of
bacteria of the Arthrobacter genus. Moreover, in comparison with the control variant, all
fertiliser variants increased the percentage of sequences belonging to the following gen-
era: Clostridium, Iamia, Streptomyces, Phycicoccus, Conexibacter, Nocardioides, Aeromicrobium,
and Saccharopolyspora.

Eight new bacterial genera were found in the soil after the treatment with the biofer-
tiliser without microorganisms (the BW variant). The application of the biofertiliser with
algae (BWA) revealed nine new bacterial genera, the E11 additive revealed eight (BWE11),
whereas the biofertiliser with mycorrhizal fungi revealed only three new genera. The
study by Tian et al. [63] showed that the biochar treatment of a rice plantation caused
changes in both the biomass and the soil microbial community. Nevertheless, this was not a
long-term effect because the content of nitrogen in soil was limited by its immobilisation in
the microbial biomass after the treatment with biochar only, without an additional source
of nitrogen, for example in the form of NPK.

On the other hand, according to Elzobair et al. [64], the application of biochar to soil
had only a minimal influence on the structure of microbial communities, the microbial
biomass, and the colonisation of roots by mycorrhizal fungi. The authors suggested that
the influence of biochar on microbial communities largely depends on its dose and type, as
well as the chemical composition of the soil. According to Chen et al. [65], the structure
of a microbial community changes when a dose of biochar is high enough to significantly
alter the water-holding capacity of soil, its pH and concentration of nutrients, which are
the most critical factors affecting soil microbial diversity.

Our study showed that the structure of the bacterial microbiome value may have been
influenced by the pH value. The decrease in the pH value in all biochar fertiliser variants
was smaller than in the control variant (Figure 4). The microorganisms applied with the
fertiliser into the soil may also have affected its bacterial biodiversity. There are various,
both symbiotic and antagonistic, interactions between soil microorganisms, especially in
the rhizosphere [66,67].
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Figure 3. The percentage content of selected bacterial genus in the experimental variants. Explanation: control ‘0’—without
fertilisers and plant cultivation, control—the control variant without fertilisers, with plant cultivation, BW—biochar fertiliser,
BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria, BWA—biochar fertiliser
with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria, BWAM—biochar fertiliser with algae and
mycorrhizal fungi.
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Figure 4. The changes of the pH value of soil. Explanation: Means followed by the same letters do not
differ significantly at p ≤ 0.05; control—the control variant without fertilisers, BW—biochar fertiliser,
BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria,
BWA—biochar fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria,
BWAM—biochar fertiliser with algae and mycorrhizal fungi; I—1st term—one week after fertilisation
and sowing, II—2nd term—at the flowering phase, III—3rd term—harvesting phase.

The research by Rangel-Castro et al. [68] and Landeweert et al. [69] showed that solu-
ble storage sugars (usually trehalose), polyols (e.g., mannitol), and organic acids, especially
oxalic acid produced by mycorrhizal fungi (AM), were the main factors affecting the selec-
tion of bacteria in the rhizosphere. Fungus-specific antibiotics also influence the formation
of the microbiome of soil bacteria [70]. Rillig [71] also observed the indirect effect of myc-
orrhizal fungi on bacteria, which stimulated the growth of roots. They also changed the
qualitative and quantitative composition of root exudates modifying the physicochemical
properties of soil, which translated into the succession of soil bacteria. These observations
clearly explain why in our study the lowest number of unique bacterial genera was found
in the variants with mycorrhizal fungi (variants BWM and BWAM) (Table 3).

3.2. Changes in Soil pH and Dehydrogenase Activity

Due to the properties and chemical composition of biochar, its influence on the soil
pH (Figure 4) and the biochemical index of fertility (BIF) was assessed on the basis of
the activity of dehydrogenases and catalase (Figure 5). These enzymes occur in soil as an
integral part of intact microbial cells. Their activity is treated as an index of the intensity of
the respiratory metabolism of soil microorganisms [72,73].

The analysis of the research results shown in Figure no. 5 reveal that the biofertilisers
applied to the soil during the experiment did not significantly affect the BIF level, apart
from the BWM and BW variants. The highest BIF value was noted at the second and
third terms of the study in the soil treated with the biofertiliser and mycorrhizal fungi (the
BWM variant).

Results from the study by Vázquez et al. [74] show that plants with a low degree of
dependence on mycorrhizal associations, such as maize, are a suitable object to evaluate
the type of biochemical processes occurring in the rhizosphere. The use of maize as a
model plant producing large amounts of root exudates enables the assessment of how the
colonisation of roots with mycorrhizal fungi influences the size of the microbial population
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in the rhizosphere and soil enzymology. The authors observed that the inoculation of maize
with fungi of the Glomus genus stimulated soil enzymatic activity. This effect was also
observed in our study (Figure 5).

Figure 5. The changes of Biological Index of Fertility (BIF) in a soil. Explanation: Means followed
by the same letters do not differ significantly at p ≤ 0.05; control—the control variant without
fertilisers, BW—biochar fertiliser, BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar
fertiliser with Bacillus bacteria, BWA—biochar fertiliser with algae, BWAE11—biochar fertiliser
with algae and Bacillus sp. bacteria, BWAM—biochar fertiliser with algae and mycorrhizal fungi;
I—1st term—one week after fertilisation and sowing, II—2nd term—at the flowering phase, III—3rd
term—harvesting phase.

The strongest negative correlation between the level of enzymatic activity and the soil
pH was noted in the BWM variant (2). The lowering of the pH value during the experiment
(Figure 4) favoured the development of mycorrhizal fungi, and in consequence, increased
the activity of the soil enzymes under analysis.

pH = −0.2492 BIF + 7.3772 for R2 = 0.9982, p ≤ 0.01 (2)

According to Wolna-Maruwka et al. [75], the soil pH is a major factor affecting the
activity of soil enzymes. During our experiment the pH value was gradually decreasing in
all variants. The lowest value of this parameter (pH = 6.2) was noted in the control variant
at the third term, which can be explained by the cultivation of maize [76].

The comparison of the dynamics of changes in the soil enzymatic activity in the exper-
imental variants at subsequent terms showed that the cultivation of maize significantly
influenced the BIF value. Hupe et al. [77] also observed that the phase of plant devel-
opment significantly influenced the dynamics of nutrients in the rhizosphere, and thus
the soil enzymatic activity. The researchers observed intensive deposition of carbon and
nitrogen in the rhizosphere in the period extending from the emergence of plants to their
flowering. They stressed the fact that after flowering, the amount of nitrogen deposited in
the rhizosphere was significantly inhibited and explained this effect by the displacement of
nitrogen in the plants to produce the yield. According to these authors, after the flowering
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period the amount of organic nitrogen substances in relation to carbon was reduced in the
rhizosphere due to the lower metabolic activity of soil enzymes.

3.3. Plant Parameters

The weather conditions during the study had a strong, negative influence on the maize
yield. Both growing seasons were dry and extremely hot [78,79]. The average maize yield
in the control variant was 6.94 t ha−1 (Table 4). The application of biochar without additives
had no effect on the yield of maize seeds (6.98 t ha−1). Biochar often has a positive effect
on the yield [80,81] but it must be applied into soil at very high doses, i.e., 20–100 t ha−1.

Table 4. The influence of the applied preparations on the yield of maize seeds and other yield components.

Variants
Yield of
Seeds

(t ha−1)

Plant
Density

(No. m−2)

Number of
Cobs per

Plant

Number Of
Seeds per

Cob

Thousand
Kernel

Weight (g)

Moisture
Content at

Harvest (%)

Number of
Cobs per m2

control 6.94 b
(±1.36)

6.65 a
(± 0.26)

0.87 a
(±0.02)

360 a
(±60)

281 a
(±8)

22.8 a
(±1.6)

5.8 a
(±0.13)

BW 6.98 ab
(±1.09)

7.20 a
(±0.17)

0.81 a
(±0.04)

352 a
(±58)

279 a
(±4)

19.3 ab
(±0.5)

5.8 a
(±0.19)

BWM 8.83 a
(±1.39)

7.10 a
(±0.17)

0.89 a
(±0.01)

437 a
(±67)

289 a
(±9)

18.0 b
(±2.7)

5.9 a
(±0.12)

BWE11 7.40 ab
(±1.42)

6.73 a
(±0.16)

0.87 a
(±0.02)

385 a
(±80)

280 a
(±5)

22.4 a
(±0.9)

5.9 a
(±0.13)

BWA 7.89 ab
(±1.32)

6.42 a
(±0.10)

0.91 a
(±0.02)

429 a
(±53)

279 a
(±16)

21.5 ab
(±1.2)

5.8 a
(±0.14)

BWAE11 7.46 ab
(±1.32)

7.15 a
(±0.24)

0.82 a
(±0.02)

386 a
(±58)

277 a
(±12)

20.0 ab
(±1.1)

5.8 a
(±0.17)

BWAM 8.02 ab
(±1.25)

6.85 a
(±0.21)

0.88 a
(±0.03)

407 a
(±48)

283 a
(±14)

21.3 ab
(±0.7)

6.0 a
(±0.10)

LSD (0.05) 1.88 ns ns ns Ns 4.3 ns

Explanation: Means followed by the same letters do not differ significantly at p ≤ 0.05; ns—insignificant; control—the control variant
without fertilisers, BW—biochar fertiliser, BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria,
BWA—biochar fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria, BWAM—biochar fertiliser with algae
and mycorrhizal fungi.

Although in our experiment biochar was applied in a localised manner, near the row
of plants, its dose was too small to affect the yield of maize seeds. However, the maize
yield tended to increase in all the combinations where the soil was fertilised with biochar
enriched with additional components, especially mycorrhizal fungi in the BWAM and
BWM variants. The yield of maize seeds in the BWM variant was 1.89 t ha−1 higher than in
the control variant. Mycorrhiza is even more important for maize cultivation when plants
grow under difficult conditions, usually with low availability of phosphorus, exposed to
drought stress and other adverse factors [82]. Climate change increases the frequency of
occurrence of extreme weather phenomena. Additionally, the natural colonisation of roots
by mycorrhizal fungi is limited by the common practice of intensive tillage [83].

On harvesting, the maize grown in the soil fertilised with BWM was characterised by
lower moisture and ash content but higher starch content (Table 5). Post-harvest drying of
maize seeds is one of the most important costs of growing this crop [84].

In Poland, maize is harvested by combine harvesters as soon as it is possible, i.e.,
when humidity is about 30%. The extremely low moisture content in the harvested maize
seeds was mainly caused by the extremely hot and dry weather during the research years.
The BWM fertiliser additionally reduced the water content in the seeds by almost five
percentage points, which significantly facilitated harvesting and reduced the cost of drying.

The faster drying of maize cobs also reduces the risk of fusariosis in caryopses. During
our study the occurrence of Fusarium sp. on the maize stems and cobs was very low. There
were few infested plants regardless of the experimental combination. Dry and hot weather
is one of the most important factors limiting the occurrence of Fusarium sp. in maize
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plants [85]. Due to such low pressure of pathogens in the control variants it was impossible
to assess or confirm whether the tested products reduced the infestation with Fusarium sp.

Table 5. The influence of the applied preparations on selected chemical properties of maize seeds and stem and cob fusariosis.

Variants N Content
(%)

Protein
Content

(%)

Starch
Content

(%)

Ash Content
(%)

Stem Rot
(%)

Ear Hanging
(%)

Ear Rot
(%)

control 1.41 a 8.84 a 69.2 c 1.25 ab 0.0 a 0.2 a 0.0 a
BW 1.42 a 8.87 a 70.5 abc 1.24 ab 0.0 a 0.3 a 0.0 a

BWM 1.42 a 8.96 a 71.6 a 1.18 b 0.3 a 0.0 a 0.0 a
BWE11 1.44 a 8.98 a 69.7 bc 1.27 a 0.0 a 0.2 a 0.0 a
BWA 1.42 a 8.85 a 70.5 abc 1.25 ab 0.3 a 0.0 a 0.0 a

BWAE11 1.42 a 8.90 a 70.4 abc 1.24 ab 0.0 a 0.0 a 0.0 a
BWAM 1.38 a 8.63 a 71.2 ab 1.21 ab 0.0 a 0.0 a 0.0 a

LSD (0.05) ns ns 1.6 0.07 ns ns -

Explanation: Means followed by the same letters do not differ significantly at p ≤ 0.05; ns—insignificant; control—the control variant
without fertilisers, BW—biochar fertiliser, BWM—biochar fertiliser with mycorrhizal fungi, BWE11—biochar fertiliser with Bacillus bacteria,
BWA—biochar fertiliser with algae, BWAE11—biochar fertiliser with algae and Bacillus sp. bacteria, BWAM—biochar fertiliser with algae
and mycorrhizal fungi.

The individual frequency of distribution of discriminant scores across the first and
second canonical variables, which together account for the total variation for the objects,
clearly shows that the variants are differentiated across the two axes, suggesting clear
boundaries for these variants (Figure 6A).

Figure 6. The canonical variate analysis showing the relationship between the experimental variants and the variables
describing them ((A)—based on transformation by linear combination; (B)—based on singular value decomposition).

Canonical variate analysis (CVA) was used to estimate the cause-and-effect relation-
ships between the parameters in the experimental variants. The CVA showed regularities
between the dependent variables (BIF activity, soil pH value, plant density, number of
maize seeds, and chemical composition of plants) and consisted of determining the compo-
nents being a linear combination of these variables. The CVA enabled the identification of
the variables which differentiated the experimental variants to the greatest extent. It was
the type of variant that primarily differentiated the number of seeds per cob. The other
factors whose values depended on the type of the experimental variant were: the seed
moisture content at harvest, the enzymatic index of soil fertility—BIF, the thousand kernel
weight, the starch content and the yield of seeds (Figure 6B).
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The analyses also revealed a negative correlation between the seed moisture content
at harvest and the number of seeds per cob, the BIF value, thousand kernel weight, starch
content, and yield of seeds. The soil pH, the plant nitrogen content and the number of cobs
differentiated the experimental variants to a very small extent. The soil pH exhibited a
slight positive correlation with the soil enzymatic activity (BIF), thousand kernel weight,
yield of seeds, and the number of seeds per cob. These dependencies were the most
pronounced only in the BWM variant. The CVA also showed that the control variant and
then the BW variant were the most different from the other variants in terms of all the
tested parameters (Figure 6B).

4. Conclusions

The two-year study showed that the soil bacterial community was sensitive to the
treatment with fertilisers based on lignocellulosic substrate and biochar as well as selected
strains of microorganisms. All biofertiliser variants reduced the content of OTU sequences
belonging to the Proteobacteria, Firmicutes, and Acidobacteria phylum in favour of the Acti-
nobacteria phylum, which included numerous species capable of decomposing complex
organic compounds and promoting plant growth.

There was a lower decrease in the soil pH in all biofertiliser variants than in the
control variant.

The cultivation of maize lowered the soil pH, which caused changes in the content and
structure of the bacterial microbiome. The activity of soil enzymes (BIF) was also strongly
correlated with the type of biofertiliser applied, and to some extent it was correlated with
the soil pH. The strongest BIF and soil pH reaction to the applied fertiliser was noted in the
variant with arbuscular mycorrhizal fungi (BWM). The BWM product also had a positive
effect on the plant moisture content at harvest, the yield and the starch content in seeds.

The study showed that the tested biofertilisers had a complex mode of action and
their stimulation of microbial activity depended on the crop cultivation and soil conditions.

In order to work out a uniform position on the use of bio-fertiliser based on biochar and
selected microorganisms in the conditions of Polish soils, its impact on the biological and
chemical activity of the soil and the yield under other crops under different soil conditions
should be examined. Taking into account the fact of the long-term use of fertilisers, it
would be advisable to conduct further studies confirming the positive effect of the fertiliser
on the soil structure and its other properties.

Nevertheless, the tested products, especially the BWM variant with mycorrhizal fungi
of the Glomus sp. genus, are in line with the European Biodiversity Strategy of 20 May 2020.
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Abbreviations

DHA Dehydrogenase activity
TTC 2, 3, 5-triphenyltetrazolium chloride
CAT Catalase activity
BIF Biological Index of Fertility
OTU Bacterial operational taxonomic units
CVA Canonical variate analysis
AM Arbuscular mycorrhiza
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