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Abstract

Chemical fungicides play a key role in protecting crops, but their use can result in environ-
mental problems. We tested a novel fungicide, composed of endophytic microorganisms, for
its effect on wheat yield, grain quality, plant development, and the rhizosphere microbiome,
assessed by 16S and ITS metabarcoding. The fungicide increased the grain yield, the effect
being similar to a well-known commercial bacterial fungicide, without affecting its quality.
Ascomycota, Zygomycota and Mucoromycota together comprised 80% of the mycobiome.
Mucoromycota/Mucoromycetes/Rhizopodaceae/Rhizopus arrhizus were significantly decreased.
The dominant (≥10%) bacterial phyla were Pseudomonadota, Acidobacteriota, Bacteroidota
and Actinomycetota, but their fungicide-related differences were small or random. Different
modes of fungicide application (seeds only, seeds plus one or two foliar applications) had
no effect on wheat characteristics. Neither of the fungicide’s agents (Raoultella ornithinolytica
and Pantoea allii) were found in the rhizosphere. The changes in the mycobiome seemed
more pronounced than in the bacteriobiome. The proposed preparation is concluded to
have good prospects as a fungicide. However, the low species/strain resolution of the DNA
metabarcoding did not allow us to fully interpret shifts in the microbiome diversity, both
agronomically and environmentally. These aspects need more comprehensive investigation,
using methodology with higher species resolution.

Keywords: 16S rRNA genes; ITS; soil bacteria; soil fungi; metabarcoding; NGS; Chernozem;
wheat diseases; West Siberia

1. Introduction
Microbial diseases and disorders of grains and the products of their processing are a

serious problem in grain-producing countries: fungal diseases are widespread in southern
Russia, including the south of West Siberia [1,2], sometimes causing up to a 70% decrease in
yields and grain quality and, hence, food safety. Fungal pathogens cause many diseases of
wheat, the main ones being ear fusariosis, alternariosis, helminthosporiosis, ergot and smut.

Fusarium graminearum is a major plant-pathogenic fungus that causes serious disease
in wheat and maize, decreasing yield in both crops and producing mycotoxins that pose a
risk to human and animal health [3]. Ear fusariosis, caused by a range of Fusarium species
(F. graminearum, F. avenaceum and F. culmorum), also results in decreased yields and grain
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quality, as well as an accumulation of mycotoxins. The presence of the pathogens appears
in the form of root browning, decay and die-off of roots, and belowground internodes
and stems, leading to root rot, thinning of wheat plantations and empty ears [4]. Pink
sporomorphs develop on the ear husks and grains, the latter becoming thinner and losing
the ability to germinate. Phytosanitary surveys, conducted in 2024 in the region of this
study on 18,590 hectares of spring grain crops, revealed Fusarium head blight infection in
5910 hectares, with the highest prevalence rate in one of the surveyed districts reaching
20% on an area of 260 hectares [5].

Alternariosis blight, caused by Alternaria spp. (for instance, A. alternata), affects leaves
and grains, decreasing the sowing and food qualities of the latter. Fungal mycelium
accumulates in grain husks and endosperm, causing symptoms of black point in wheat
and barley. Some strains of the Alternaria genus can produce toxins that are dangerous to
plants, animals and humans.

Helminthosporiosis, caused by Bipolaris sorokiniana, affects all plant organs, causing
spotting and root and stem rot and thus decreasing yields. Ergot, caused by the Claviceps
purpurea fungus, is dangerous because the fungus develops sclerotia, containing toxic
alkaloids, thus preventing the grain from being used as food or fodder. Smut, caused by
the Tilletia fungi (such as T. caries and T. tritici), results in partial or even total substitution
of grains by smut sori, thus seriously decreasing grain yields and quality [6].

Effective mitigation of grain crop diseases needs a combined approach, including
using resistant varieties, crop rotation, seed treatment, fungicide application and adequate
grain storage. In modern agriculture, chemical pesticides, including fungicides, play a
key role in protecting crops from phytopathogens. However, despite their efficacy, the
widespread use of chemical compounds for plant protection can result in some serious
environmental and ecological problems. Due to their high stability, pesticides can persist in
the environment, contaminating soil, water and the atmosphere [7]. Due to their ability
of bioaccumulation [8], pesticides can enter food webs, thus being hazardous to humans
and animals. Long-term use of chemical fungicides can also affect the microbial diver-
sity of the rhizosphere and phyllosphere, potentially decreasing the activity of beneficial
microorganisms, such as nitrogen-fixing rhizobacteria, and hence decreasing crop produc-
tivity [9]. Therefore, development of novel preparations with anti-phytopathogenic activity
has been increasing [10]. As the World Food and Agriculture Organization urges increasing
ecological and environmental safety of agricultural systems, biopesticides, obtained via
microbial synthesis, represent a potential alternative to chemical preparations since they
do not accumulate in the environment and are safe for humans and animals [11]. The
novel fungicide proposed in this study is intended to exert a range of positive effects
on plants, i.e., not only by directly fighting phytopathogens, but also supplying a range
of beneficial secondary metabolites, such as phytohormones and antioxidants [12]. Of
special interest are extremophilic microorganisms, possessing unique physiological and
biochemical properties that allow survival in harsh environments [13]. We decided to test
the efficacy and ecological safety of a novel biological fungicide preparation, composed of
endophytic microorganisms isolated from natural environments in the Kuzbass (Kemerovo
Region, Russia) [14,15], to increase wheat grain yield and quality, as well as plants’ growth
and development characteristics.

2. Materials and Methods
2.1. Experimental Site

The study was carried out at the demonstration site of the LLC “Azot-Agro”, located
near Zvezdny settlement (Kuzbass, Kemerovo region, Russia: 55.435900 N, 85.816400 E).
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The climate of the region is temperate, with annual temperature and precipitation, as
averaged over 1991–2000, being +1.6 ◦C and 529 mm, respectively [16] (Hydrometcenter
of Russia, 2025). Monthly temperature and precipitation in January, as averaged over the
same 30-year period, is −17.3 ◦C and 70 mm, the respective values for July being +19.3 ◦C
and 297 mm. Winters are cold and long, while summers are short and warm.

Experimental plots were 6.7 m long and 1.5 m wide. The soil of the site (leached
heavy-loam Chernozem) had pH = 5.0, 7.0% of humus, 15 ÷ 20 mg NO3, 65 ÷ 100 mg P2O5

and 80 ÷ 120 mg K2O per kilogram of oven-dried soil. During the vegetation season, com-
mercial herbicides, namely Aksial (Syngenta, Lipetsk, Russia), Eurostart (LLC Agrochim
XXI, Moscow, Russia) and Elant (LLC Chimiya, Novosibirsk, Russia), and insecticides
Fastak (Agrochem, Krasnodar, Russia) and Contador (Garant Optima LLC AFD, Belgorod,
Russia) were used according to the wheat agronomy in the region.

2.2. Fungicides Used in the Experiment

Commercial chemical and biological fungicides were used in the study for compari-
son with the novel one. As the chemical fungicide treatment, a combination of “Sistiva”
(fluxapyroxad suspension, 333 g/L) and “Inshur” (triticonazole 80 g/L + pyraclostrobin,
40 g/L), both produced by BASF (Germany), was used as recommended by the manufac-
turer for cereals, specifically for treating seeds at rates of 0.7 L and 0.5 L per ton of seeds,
respectively, plus one foliar treatment at the tillering phase at 0.7 L and 0.5 L per hectare,
respectively. As a biological fungicide, we used “Bactophyte” (a registered strain of Bacillus
subtillis) produced by LLC “Sibbiofarm” (Russia), applied at the rate of 2 L of suspension
per ton for seeds and 2 L per hectare for two foliar applications. As a novel fungicide, we
used a consortium of the Raoultella ornithinolytica strain and two strains of Pantoea allii at
the ratio 1:1:1. In the laboratory, in vitro testing of the consortium proved to be effective in
mitigating the effect of Fusarium graminearum, Bipolaris sorokiniana and Botrytis cinerea on
wheat seed germination and plantlet growth and development [17]. The consortium was
cultivated at 28 ± 2 ◦C for 24 h at 110 rpm in the following medium: 8 g/L of pancreatic
hydrolysate of fish meal, 8 g/L of fermented meat peptone, 5 g/L of NaCl, 30 g/L of
tryptone and 3 g/L of tryptophane. To make a working solution, the produced bacterial
concentrate was diluted with water in a ratio of 2:8, and this suspension was applied at the
rate of 2 L per ton of seeds or per hectare for foliar applications.

The characteristics of the individual strains and fungicide used are shown in Table 1.

Table 1. Characteristics of individual strains and fungicide.

Indicators Raoultella
ornithinolytica Pantoea allii_1 Pantoea allii_2 Novel

Fungicide

Indolyl-3-acetic acid 1, mg/mL 8.64 8.59 9.12 10.2
Gibberellic acid, µg/mL 368 346 258 842
Antagonistic activity against
Fusarium graminearum F-877, mm 76 72 90 91

Antagonistic activity against
Bipolaris sorokiniana F-529, mm 23 20 95 95

Antagonistic activity against
Botrytis cinerea F-1006, mm 68 45 73 82

1 The amounts of indolyl-3-acetic and gibberellic acids produced and antagonistic activity against phytopathogenic
fungi were determined in accordance with the method of Serazetdinova et al. (2026) [18].

2.3. Experimental Setup

The plots were cropped for soft spring wheat of the “Extra” variety, included in the
Russian Register of Selection Achievements since 2020 and in the West Siberian region
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producing 2.8 t/ha on average with a maximum of 6.35 t/ha. The cultivar is known to be
susceptible to a range of fungal diseases, especially dusty smut. There were six different
treatments in the experiment: without any fungicide (F0), with the chemical fungicide
(F1), with the biological fungicide (F2) and with the novel preparation (F3), the latter with
three modes of application: seed treatment only (F3(0)), seed treatment followed by one
foliar application (F3(1)), and seeds only followed by two foliar applications at the panicle-
producing stage with 12-day intervals (F3(2)). Commercial fungicides were applied as per
the manufacturer’s instructions: for the F1 treatment, the chemical fungicide was applied
for treating seeds followed by one foliar application, the application being at the rate of
0.7 L and 0.5 L per ton of seeds or per hectare for foliar treatment at the tillering phase.
For the F2 and F3 treatments, the fungicides were applied for treating seeds, followed
by two foliar applications at tillering and tubing stages at the rates of 2 L of suspension
per ton for seeds and 2 L per hectare for two foliar applications. The control treatment
received no application.

According to the in vitro testing, using the standard technique [19], i.e., incubating in
a moist camera and visually counting infested seeds, 12.6% of the seeds, used for the field
trial, were infected.

2.4. Wheat Sampling and Analyses

The experiment was performed with spring wheat of the Extra variety, which was
included in the Russian Registry of Selection in 2020. The variety’s 1000-grain weight was
32 ÷ 45 g. In West Siberia, the average yield is 2.8 t, whereas the maximum was recorded
as 6.4 t per hectare. The vegetation period to reach mean maturity ranges 71–96 days. The
variety is known as moderately susceptible to septoriosis and susceptible to root rot, being
strongly susceptible to hard smut, powdery mildew, and brown and stem rust; under field
conditions the plants were severely affected by dusty smut.

To assess the agrobiological properties of plants, whole plants were collected from a
1 m2 area in five replicates from each plot. Then we counted the number of plants, stems,
and stems with ears, and measured plant mass, plant height, ear length and the number of
grains in an ear. The yield and the mass of 1000 grains and of 1 L of grain were determined
after harvesting wheat from the entire treatment plots. Grain quality properties were deter-
mined using the infra-red food analyzer Infrascan-4200 (Ecan, Saint-Petersburg, Russia).

2.5. Rhizosphere Soil Sampling

The rhizosphere soil was collected at the same time as wheat plants in the second half
of August 2024 in five samples, distanced 20 cm from each other. To avoid drying during the
transportation to the laboratory, plants and soil were immediately sealed in polyethylene
bags [20]. To collect the rhizosphere soil, roots were gently shaken and the remaining soil
was scooped from the roots by a spatula, sieved through a 2 mm sieve and placed into a
polyethylene bag. Prior to DNA extraction, soil samples were stored at –80 ◦C.

2.6. DNA Extraction, Purification and Sequencing

Total DNA was extracted from 0.2 g of samples using the ZymoBIOMICS DNA Micro-
prep Kit (Zymo Research Corp., Irvine, CA, USA) as per the manufacturer’s instructions.
Bead-beating was performed using TissueLyser II (Qiagen, Hilden, Germany) for 10 min at
30 Hz. The quantity was analyzed by a Nanodrop-1000 (Thermo Fisher Scientific, Walham,
MA, USA) and Qubit (Invitrogen, Moscow, Russia). The quality of the DNA was assessed
using agarose gel electrophoresis.

16S rRNA genes were amplified with the primer pair V3-V4 [21], and the ITS2 [22]
fragments were amplified with primer pairs 343F/806R and ITS3_KYO2/ITS4. Sequencing
was also performed at the Genomics Core Facility of the Siberian Branch of the Russian



Appl. Microbiol. 2025, 5, 142 5 of 20

Academy of Sciences (Institute of Chemical Biology and Fundamental Medicine, SB RAS,
Novosibirsk, Russia). The read data reported in this study were submitted to the NCBI
Short Read Archive under bioproject accession number PRJNA1320511 (https://www.ncbi.
nlm.nih.gov/sra/?term=PRJNA1320511, accessed on 14 September 2025).

2.7. Bioinformatic Analysis

The bioinformatic analysis was performed as follows: we analyzed raw sequences
with UPARSE pipeline [23] and used Usearch v.11.0.667, the UPARSE-OTU algorithm, and
SINTAX [23] for the taxonomic attribution, referenced to the 16S RDP training set v.19 [24]
and ITS UNITE USEARCH/UTAX v.8.3. The UPARSE pipeline included merging of paired
reads; read quality filtering (-fastq_maxee_rate 0.005); length trimming (removing less
100 nt); merging of identical reads (dereplication); discarding singleton reads; removing
chimeras; and operational taxonomic unit (OTU) clustering at a 97% similarity threshold
using the UPARSE-OTU algorithm.

The operational taxonomic unit (OTU) datasets were analyzed by individual rarefac-
tion with the help of the PAST software v. 4.16c [25]: the numbers of bacterial OTUs
detected, reaching a plateau with an increasing number of sequences, showed that the
sampling effort was close to saturation for all samples, thus being enough to compare
diversity on the non-rarefied data sets [26].

2.8. Statistical Analysis

Statistical analyses (descriptive statistics, ANOVA, PCA, ANOSIM and PERMANOVA)
were performed by using Statistica v.13.3 (TIBCO Software Inc., Palo Alto, CA, USA) and
PAST [25] software packages. Post hoc comparisons of differences between treatment
means (by Fisher’s LSD test) were considered statistically significant at the p ≤ 0.05 level.

3. Results
3.1. Wheat Yield, Grain Quality and Development Parameters as Related to the Treatment with
Different Fungicides

The use of different fungicides differentially affected wheat yield, grain quality and
growth and development characteristics (Table 2), the corresponding samples tending to
separate in the plane of the first two principal components (Figure 1). The consortium
increased the grain yield and some growth and development characteristic, specifically the
number of plants, stems and stems with ears per 1 m2, but did not affect grain quality.

Table 2. Wheat yield, grain quality and growth and development characteristics under treatment
with different fungicides (mean ± standard deviation). Codes for treatments: F0—no fungicide;
F1—chemical f2ungicide; F2—biological fungicide; F3—the novel preparation with three modes of
application: seed treatment only, F3(0); seed treatment followed by one foliar application, F3(1); and
seeds only followed by two foliar applications, F3(2).

Parameter F0 F1 F2 F3 F3(1) F3(2)

Yield, t/ha 1.70 a 1 1.68 a 2.05 b 2.24 b 2.15 b 1.99 b
Grain density, g/L 717 734 709 721 717 728

Grain quality characteristics
Protein, % 15.9 a 15.5 a 17.3 b 15.8 a 15.9 a 15.6 a
Water, % 9.5 a 9.5 a 10.1 b 9.9 ab 9.9 ab 9.6 ab
Gluten, 41.0 b 38.2 a 42.5 c 40.4 b 40.9 b 40.0 ab
Ash, % 1.84 b 1.73 a 1.82 b 1.80 ab 1.81 ab 1.81 ab
Fiber, % 2.32 ab 2.24 a 2.35 b 2.29 ab 2.33 ab 2.32 ab
Starch, % 54.1 bc 55.3 c 51.7 a 53.2 ab 53.4 ab 54.6 b

https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1320511
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1320511
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Table 2. Cont.

Parameter F0 F1 F2 F3 F3(1) F3(2)

Wheat growth and development characteristics
Number of plants per
1 m2 453 b 323 a 391 ab 520 c 563 c 515 c

Number of stems per
1 m2 476 bc 335 a 404 ab 539 c 566 c 526 c

Number of stems with
ears, per 1 m2 428 b 294 a 368 ab 477 c 505 c 477 c

Total phytomass, g/m2 475 ab 415 a 537 bc 611 bc 645 c 542 bc
Plant height, cm 65 a 69 ab 71 b 68 ab 69 ab 68 ab
Ear length, cm 6.3 a 6.4 ab 6.8 b 6.5 ab 6.4 ab 6.2 a
Number of grains in an
ear, pcs. 19 a 20 ab 22 b 21 ab 18 a 19 a

1 Different letters in rows indicate statistically significant differences (p ≤ 0.05) by Fisher’s LSD test.

Figure 1. Principal component (PC) analysis of wheat grain quality and development characteristics
under different fungicide treatments: location of samples in the plane of PC1 and PC 2. Codes
for treatments: F0—no fungicide; F1—chemical fungicide; F2—biological fungicide; F3—the novel
preparation with three modes of application: seed treatment only, F3(0); seed treatment followed by
one foliar application, F3(1); and seeds only followed by two foliar applications, F3(2).

3.2. Wheat Yield, Grain Quality and Development Parameters as Related to the Different Modes of
Application of the Novel Fungicide

The novel fungicide (F3) was tested not only by treating seeds (F3) but also by foliar
application, which was carried out either once (F3(1)) or twice (F3(2)) during the growing
season. Multivariate ANOVA resulted in no effect of the treatment (p = 0.788), the univariate
results being similar.

3.3. Soil Mycobiome in Wheat Rhizosphere

Overall, 2800 fungal OTUs were discovered in this study. They belonged to 568 genera,
317 families, 134 orders, 63 classes and 17 phyla. One cluster remained unidentified below
the domain level of Fungi, but was the most OTU-rich, containing 1156, or 41%, of the
discovered OTUs. The Ascomycota phylum contained 878 OTUs (31% of the total number
of OTUs), whereas 520 OTUs (18.5%) belonged to Basidiomycota. These were followed by
Chytridiomycota with just 122 OTUs (4%), whereas the rest of the 14 phyla had just several
OTUs each.

As for the relative abundance, on average Ascomycota accounted for 49.0 ± 7.4% of
the total number of sequence reads in the study, whereas Zygomycota and Mucoromycota
contributed 20.1 ± 7.8% and 13.0 ± 5.9%, respectively. Notably, Basidiomycota’s relative
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abundance (5.5 ± 2.5%) was even less than that of the unclassified Fungi, the latter account-
ing for 8.9 ± 3.1%. Of the 17 phyla, identified in the study, five were major dominants
(Ascomycota, Zygomycota, Mucoromycota, Basidiomycota and Chytridiomycota), with unclassi-
fied Fungi accounting for practically all (99%) the sequence reads obtained.

3.3.1. Soil Mycobiome as Related to Different Fungicides

In each treatment Ascomycota, Mucoromycota and Zygomycota were the major dom-
inant phyla, together contributing slightly more than 80% of the relative abundance
(Table 3). The soil mycobiome of all treatments had five dominants, mentioned above,
but F2 treatment added Mortierellomycota to the dominants’ list, although with just 1.5% of
the relative abundance.

Table 3. The relative abundance of the dominant phyla and classes of soil mycobiome under wheat
treated with different fungicides. Codes for treatments are the same as in Table 2.

Taxon
Treatments

F0 F1 F2 F3 F3(1) F3(2)

Phyla
Ascomycota 50.9 ab 1 49.3 ab 47.4 a 47.9 a 54.1 ab 59.4 b
Zygomycota 12.6 a 24.2 b 23.2 b 20.3 ab 17.3 ab 18.5 ab

Mucoromycota 18.3 b 9.1 a 11.2 a 13.6 ab 8.7 a 8.2 a
Basidiomycota 7.5 bc 4.1 a 5.2 a 5.4 ab 9.3 c 5.3 ab

Chytridiomycota 2.4 ab 2.3 ab 2.5 ab 3.1 b 1.9 a 2.8 ab
un. 2 Fungi 7.7 ab 10.0 b 8.7 ab 9.0 ab 8.0 ab 5.4 a

Classes
Sordariomycetes 27.1 b 29.6 bc 26.2 ab 20.6 a 22.3 a 33.7 c

Mucoromycotina_is 3 12.5 a 24.0 b 23.1 b 20.3 ab 17.2 ab 18.5 ab
Dothideomycetes 17.0 ab 12.7 a 14.8 a 15.8 a 23.9 c 18.4 abc
Mucoromycetes 18.3 b 9.1 a 11.2 a 13.6 ab 8.7 a 8.2 a
Agaricomycetes 4.6 b 1.5 a 1.3 a 2.0 ab 5.4 b 2.0 a
Leotiomycetes 2.4 a 4.0 ab 3.9 ab 4.8 b 3.6 ab 3.4 ab

Eurotiomycetes 2.2 4 1.4 1.8 4.6 2.2 1.4
Tremellomycetes 1.4 a 1.2 a 1.9 ab 1.9 ab 2.3 b 2.1 b
un. Ascomycota 1.6 b 1.1 a 1.1 a 1.5 ab 1.4 a 2.1 b
Spizellomycetes 1.1 b 0.9 ab 0.5 a 0.9 ab 0.7 a 1.3 b

1 Different letters in rows indicate statistically significant differences (p ≤ 0.05) by Fisher’s LSD test. 2 The
abbreviation “un.” stands for unclassified. 3 The abbreviation “is” stands for incertae sedis. 4 The absence of
letters denotes the absence of statistically significant differences.

At the class level, the number of the dominants ranged 9–10 under different fungi-
cides, the four ultimate dominants (Sordariomycetes, Dothideomycetes, Mucoromycetes and
Mucoromycotina_is) summarily accounting for about 75% of the total number of sequence
reads and displaying some differential changes due to fungicide treatments (Table 3).

There were some differences between the treatments in the relative abundance of
the prevailing taxa; the results for the dominant phyla, classes, families and OTUs are
shown in Tables 3 and 4 and Figure 2. At the phylum level there was a difference in
Ascomycota between different F3 treatments, but all three F3 treatments did not differ from
the one with no fungicide applied (Table 3). Zygomycota was increased almost two times
by both commercial fungicides, but not the novel one, whereas Mucoromycota was almost
twice decreased in all treatments, except the seed-only one, i.e., F3. Basidiomycota was also
decreased by the two commercial fungicides as compared with the no-fungicide treatment.
Although F3(1) treatment differed in Basidiomycota abundance from F3 and F3(2), all three
novel fungicide treatments did not differ from the no-fungicide one. The latter was also
true for the Chytridiomycota phylum, although F3(1) in this case differed from F3 (Table 3).
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Table 4. The relative abundance of the dominant families and OTUs of the soil mycobiome under
wheat treated with different fungicides. Codes for treatments are the same as in Table 2.

Treatment
Taxon F0 F1 F2 F3 F3(1) F3(2)

Families
Mortierellaceae 12.2 a 1 24.2 b 24.0 b 20.4 ab 16.7 ab 16.3 ab
Rhizopodaceae 18.1 b 8.9 a 11.0 a 13.3 ab 8.6 a 8.0 a

Nectriaceae 10.9 b 15.2 b 10.9 ab 8.8 a 12.0 ab 23.6 c
Pleosporaceae 7.1 a 5.9 a 6.6 a 7.6 a 12.9 b 8.4 a

Hypocreales_is 3 6.8 b 2.3 a 2.1 a 1.4 a 2.0 a 2.2 a
un. 2 Pleosporales 4.8 b 2.5 ab 1.8 a 2.6 ab 4.3 ab 3.3 ab

Helotiales_is 1.5 a 2.8 b 2.6 ab 3.5 b 2.7 b 1.4 a
Chaetomiaceae 1.8 a 3.2 b 2.5 ab 1.8 a 1.0 a 1.5 a
Trichocomaceae 1.5 4 0.7 1.0 4.0 1.5 0.9
un. Hypocreales 1.0 a 1.9 b 2.0 b 1.9 b 1.5 ab 1.6 ab

Hypocreaceae 1.1 ab 1.5 ab 1.2 ab 1.7 b 1.2 ab 0.9 a
Mycosphaerellaceae 1.1 0.5 0.9 0.4 1.4 2.3

un. Ascomycota 1.6 ab 1.1 a 1.1 a 1.5 ab 1.4 a 2.1 b
Sordariomycetes_is 1.3 b 0.7 ab 1.0 ab 1.3 ab 0.5 ab 0.3 a
Lasiosphaeriaceae 0.9 ab 1.2 b 1.2 ab 0.7 a 1.0 ab 0.7 a

un. Agaricales 2.0 0.0 0.0 0.1 0.9 0.0
Lophiostomataceae 0.0 a 0.2 a 1.7 b 0.7 ab 1.0 ab 0.3 a

OTUs
Rhizopus arrhizus 18.1 b 8.9 a 11.0 a 13.3 ab 8.6 a 8.0 a

Gibberella sp. 7.1 a 10.0 a 7.1 a 5.8 a 8.8 a 17.1 b
Mortierella sp. 5.1 a 13.1 b 6.4 a 5.7 a 5.9 a 9.8 ab
Alternaria sp. 4.2 bc 2.9 ab 2.1 a 2.8 ab 5.8 c 4.1 bc

Mortierella elongata 2.6 a 3.7 ab 7.3 b 4.5 ab 5.3 ab 1.9 a
Stachybotrys bisbyi 3.6 b 1.4 a 0.9 a 0.4 a 0.7 a 1.0 a

un. Pleosporales 3.1 b 1.2 a 0.7 a 1.4 a 1.9 ab 0.5 a
Talaromyces sp. 1.1 0.3 0.4 2.7 0.9 0.3

un. Pleosporaceae 0.1 a 0.8 ab 1.8 bc 2.7 c 1.6 bc 2.0 bc
Chaetomium sp. 1.6 a 2.9 c 2.2 b 1.5 ab 0.8 a 1.0 a

Edenia gomezpompae 1.7 a 1.1 a 1.7 a 1.2 a 3.1 b 1.3 a
un. Hypocreales 0.6 a 1.3 b 1.6 b 1.6 b 1.3 ab 1.0 ab

Mortierella hyalina 0.7 a 3.1 b 1.9 ab 1.8 ab 1.5 ab 1.4 ab
Myrmecridium

schulzeri 1.3 b 0.7 ab 1.0 ab 1.3 b 1.0 ab 0.6 a

Tetracladium
sp_WMM_2012d 0.4 a 1.6 b 1.3 b 1.8 b 1.7 b 0.5 a

Davidiella sp. 1.7 1.3 1.2 1.1 1.4 2.3
Myrothecium

verrucaria 2.3 0.6 0.8 0.7 0.5 0.5

Fusarium
oxysporum 0.9 ab 1.3 c 0.9 abc 0.6 a 0.5 a 1.1 bc

Mortierella alpina 0.9 a 1.3 a 3.0 b 1.3 a 1.2 a 0.7 a
Mortierella alpina 1.9 1.5 2.5 3.1 1.1 1.7

Gibberella sp. 1.0 abc 1.4 c 0.7 a 0.7 a 0.8 ab 1.2 bc
Mortierella_elongata 0.2 a 0.3 a 0.6 ab 2.9 b 0.7 ab 0.2 a

1 Different letters in rows indicate statistically significant differences (p ≤ 0.05) Fisher’s LSD test. 2 The abbreviation
“un.” stands for unclassified. 3 The abbreviation “is” stands for incertae sedis. 4 The absence of letters denotes the
absence of statistically significant differences.
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Figure 2. Principal component (PC) analysis of the fungal taxa relative abundance under different
fungicide treatments: location of samples in the plane of PC1 and PC 2. Graphs based on phyla (a),
classes (b), families (c) and OTUs (d). Codes for treatments are the same as for Figure 1.

At the OTU level, Rhizopus arrhizus, Stachybotrys bisbyi and some unclassified Pleospo-
rales, Pleosporaceae, Hypocreales, and Tetracladium sp_WMM_2012d revealed the pattern of
relative abundance changes, most consistent with the fungicides’ treatments (Table 4). The
novel fungicide increased significantly when applied on seeds only, but foliar treatments,
unexpectedly, did not show a similar result.

At the class level there were also some differences in the dominants’ abundance, the
most consistent with the fungicides’ treatment being Mucoromycetes and Agaricomycetes.

As for the family level, notable changes were observed in the relative abundance of the
major dominants: F1 and F2 treatments increased the abundance of Mortierellaceae 2-fold
(Table 4), the p value for the increase under F3 being 0.076. Rhizopodaceae decreased its
abundance 2-fold under F1 and F2 treatments. All three applied fungicides significantly
decreased the relative abundance of Hypocreales_is, and increased that of some families,
belonging to unclassified Hypocreales (Table 4). Several dominant families did not at all
respond to the fungicide treatment.

3.3.2. Soil Mycobiome as Related to the Different Modes of the Novel Fungicide Application

At the phylum level, Mucoromycota’s relative abundance in both treatments with foliar
application of the fungicide was more than two times lower as compared with the control
(no-fungicide) treatment (8.7 and 8.2% vs. 18.3, p = 0.012 and p = 0.008, respectively).
The F3 treatment (13.6%) differed neither from the control one nor from both treatments
involving foliar application. Interestingly, Basidiomycota was almost twice increased in
the F3(1) treatment as compared with the F3 (9.3 vs. 5.4%, p = 0.026) and the F3(2) treat-
ment (9.3 vs. 5.3%, p = 0.022). However, PERMANOVA, based on the Euclidean distance,
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revealed no significant differences between the treatments; the result is supported by the
location of soil samples in the plane of the first two principal components (Figure 3a).

(a) (b) 

(c) (d) 

Figure 3. Principal component (PC) analysis of the soil mycobiome taxa abundance under different
modes of the novel fungicide application: location of samples in the plane of PC1 and PC 2. Graphs
based on phyla (a), classes (b), families (c) and OTUs (d). Codes for treatments are the same
as for Figure 2.

For the class level, PERMANOVA revealed some difference between the seed-only
treatment (F3) as compared with one or two foliar treatments, i.e., F3(1) or F3(2), during the
growing season: for the F3 vs. F3(1) comparison, p = 0.086, and for F3 vs. F3(2), p = 0.043.

At the family level, PERMANOVA revealed the difference between F3 and F3(2)
treatment, with the difference between F3(1) and both F3 and F3(2) having p-values of 0.095
and 0.086, respectively. All three treatments with the novel fungicide differed significantly
from the no-fungicide treatment, with the relationship visualized in Figure 3c.

At the OTU level, PERMANOVA showed significant difference between F3(2) and
F3(1) (p = 0.035), and F3(2) and F3 treatments (p = 0.009), as well as with the no-fungicide
treatment (p = 0.008). Both foliar treatments differed from the no-fungicide one (for
F3(1) vs. F0 p = 0.047 and for F3(2) vs. F0 p = 0.008), but seed-only treatment did not dif-
fer (p = 0.117).

3.4. Soil Bacteriobiome in Wheat Rhizosphere

Overall, in this study 3559 bacterial OTUs were found, belonging to 471 genera,
256 families, 154 orders, 83 classes and 23 phyla. The most OTU-rich phylum was Pseu-
domonadota (969 OTUs, or 27% of the total number of OTUs in the study). The second-ranked
in this respect was a cluster not identified below the domain level (unclassified Bacteria)
comprising 544 OTUs (15%). Such universal soil phyla as Actinomycetota, Acidobacteriota,
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Verrucomicrobiota and Bacteroidota contributed 10, 11, 5 and 12%, respectively, to the total
number of OTUs.

3.4.1. Soil Bacteriobiome as Related to Different Fungicides

There were some differences between the treatments in the relative abundance of the
dominant bacterial taxa. For instance, Pseudomonadota increased their abundance by almost
3% under F3(2) as compared with F0 treatment (Table 5), with Verrucomicrobiota displaying
the opposite pattern. Chemical fungicide treatment, i.e., F1, was the only one that resulted
in notable decreases in Bacteriodota and the cluster of unclassified Bacteria, as compared
with not only F0 treatment, but with the rest of the others as well. The F1 treatment also
resulted in increased Chloroflexota abundance, as compared with F3(1) and F3(2) (Table 5).

Table 5. The relative abundance of the dominant phyla and classes of soil bacteriobiome under wheat
treated with different fungicides. Codes for treatments are the same as in Table 2.

Treatments
Taxon F0 F1 F2 F3 F3(1) F3(2)

Phyla
Pseudomonadota 27.5 a 1 25.8 a 27.4 a 26.7 a 26.9 a 30.7 b
Acidobacteriota 21.9 2 24.3 23.2 23.3 24.3 20.4

Bacteroidota 13.5 b 9.5 a 12.9 b 12.5 b 11.7 b 14.0 b
Actinomycetota 12.3 12.5 11.0 10.9 11.3 12.0

Verrucomicrobiota 6.5 b 7.1 b 6.4 b 7.0 b 7.3 b 4.9 a
Gemmatimonadota 3.4 3.5 3.4 3.3 3.1 3.6

Bacillota 1.9 2.4 2.1 2.2 2.1 2.2
Chloroflexota 1.6 ab 2.2 b 1.6 ab 1.7 ab 1.4 a 1.2 a

Planctomycetota 1.3 1.3 1.0 1.3 1.1 1.0
un. 3 Bacteria 6.8 a 7.9 b 7.1 a 6.7 a 6.8 a 5.9 a

Classes
Alphaproteobacteria 16.7 a 15.7 a 16.3 a 16.7 a 15.7 a 19.2 b

Chitinophagia 10.0 b 7.2 a 9.7 b 9.4 ab 8.7 ab 10.0 b
Acidobacteria_Gp6 7.1 a 8.2 a 7.7 a 8.0 a 9.7 b 6.7 a

Actinobacteria 6.8 6.2 5.5 5.7 5.7 6.1
Spartobacteria 5.3 5.8 5.3 5.8 5.9 4.0

Betaproteobacteria 5.1 ab 4.6 a 4.9 ab 4.6 a 4.9 ab 5.6 b
Acidobacteria_Gp4 3.9 a 5.3 b 4.6 b 4.1 ab 4.1 ab 3.2 a

Thermoleophilia 3.6 4.3 3.7 3.6 3.9 4.2
Blastocatellia 3.6 3.5 4.0 4.6 3.5 3.8

Gammaproteobacteria 3.1 3.0 3.5 3.1 3.5 3.4
Gemmatimonadia 2.8 2.8 2.9 2.8 2.6 3.1

Acidobacteria_Gp3 3.1 2.5 2.7 2.5 2.8 2.7
Bacilli 1.7 2.0 1.9 2.0 1.9 1.9

Deltaproteobacteria 1.8 ab 1.7 ab 1.7 ab 1.5 a 2.0 b 1.8 ab
Acidobacteria_Gp16 1.3 1.6 1.4 1.4 1.5 1.3

Phycisphaerae 1.2 1.2 0.9 1.2 1.1 0.9
Cytophagia 1.1 b 0.6 a 0.9 ab 1.0 ab 1.1 b 1.1 b

1 Different letters in rows indicate statistically significant differences (p ≤ 0.05) by Fisher’s LSD test. 2 The
absence of letters denotes the absence of statistically significant differences. 3 The abbreviation “un.” stands
for unclassified.
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Among the dominant classes, Alphaproteobacteria increased ca. 3% under F3(2) as
compared with all other treatments (Table 5). Chitinophagia was notably (also ca. 3%)
decreased by F1 as compared with F0, F2 and F3(2). Acidobacteria_Gp6 was increased only
under F3(1) treatment, whereas Betaproteobacteria was higher under F3(2). Acidobacteria_Gp4
was slightly increased under both F1 and F2 treatments. Deltaproteobacteria displayed
a difference only between F3(1) and F3(2) treatments, the latter also having a higher
abundance of Cytophagia as compared with F1 treatment.

Chitinophagaceae’s abundance under F1 was about 3% lower than under F0, F2 and
F3(2) (Table 6). Some unclassified families of Acidobacteria_Gp6 had differential abundance
between F0 and F3(1), whereas some unclassified families of Acidobacteria_Gp4 had differen-
tial abundance between F0 and F1 and between F3 and F1. Sphingomonadaceae was 1.0–1.4%
higher under F3 and F3(2). There was a slight difference in the Bradyrhizobiaceae abundance
between F3 and F3(2), the pattern repeated by some Bradyrhizobium spp. (Table 6). All
three treatments with F3 differed from each other, as well as from F0, in Sphingomonas sp.
abundance. The F2 treatment had slightly decreased abundance of Pseudarthrobacter sp. than
F0. Some unclassified OTU-level clusters of Acidobacteria_Gp4 were higher in abundance
under F1 and F2 than under F0.

Table 6. The relative abundance of the dominant families and OTUs of soil bacteriobiome under
wheat treated with different fungicides. Codes for treatments are the same as in Table 2.

Treatments
Taxon F0 F1 F2 F3 F3(1) F3(2)

Families
Chitinophagaceae 10.0 b 1 7.2 a 9.7 b 9.4 ab 8.7 ab 10.0 b

un. 2 Acidobacteria_Gp6 7.1 a 8.2 ab 7.6 ab 8.0 ab 9.6 b 6.7 a
Spartobacteria_is 3 5.2 ab 5.7 ab 5.2 ab 5.7 ab 5.8 b 3.9 a
Sphingomonadaceae 4.5 ab 4.1 a 4.9 ab 5.1 b 3.6 a 5.5 b

un. Acidobacteria_Gp4 3.3 a 4.7 c 4.0 bc 3.6 ab 3.5 ab 2.7 a
Blastocatellaceae 3.3 3.2 3.7 4.3 3.1 3.5

un. Acidobacteria_Gp3 3.1 2.5 2.7 2.5 2.8 2.7
Gemmatimonadaceae 2.8 2.8 2.9 2.8 2.6 3.1
un. Hyphomicrobiales 2.7 3.0 2.9 2.7 3.0 3.0

Gaiellaceae 2.4 2.8 2.4 2.3 2.5 2.8
Bradyrhizobiaceae 2.3 ab 2.3 ab 2.3 ab 2.1 a 2.3 ab 2.7 b

un. Betaproteobacteria 2.0 1.8 1.9 1.6 1.8 1.8
OTUs

Bradyrhizobium sp. 2.1 ab 2.1 ab 2.2 ab 2.0 a 2.1 ab 2.5 b
Sphingomonas sp. 2.9 b 2.8 ab 3.3 bc 3.5 c 2.1 a 3.6 c

Pseudarthrobacter sp. 1.8 b 1.6 ab 1.2 a 1.5 ab 1.2 a 1.3 ab
un. Acidobacteria_Gp4 2.1 a 3.0 b 2.6 b 2.2 ab 2.1 a 1.7 a
Stenotrophobacter sp. 0.8 0.7 0.9 1.0 0.7 0.9
un. Spartobacteria_gis 1.4 ab 1.7 ab 1.5 ab 1.7 ab 1.9 b 1.1 a

Hyphomicrobiales 1.2 1.3 1.2 1.1 1.3 1.3
1 Different letters in rows indicate statistically significant differences (p ≤ 0.05) by Fisher’s LSD test); the absence of
letters denotes the absence of statistically significant differences. 2 The abbreviation “un.” stands for unclassified.
3 The abbreviation “is” stands for incertae sedis.

The structure of relationships among rhizosphere soil samples is visualized in Figure 4,
at all taxa levels showing separation of F0 and F1 treatment samples.



Appl. Microbiol. 2025, 5, 142 13 of 20

(a) (b) 

(c) (d) 

Figure 4. Principal component (PC) analysis of the bacterial taxa relative abundance under different
fungicide treatments: location of samples in the plane of PC1 and PC 2. Graphs based on phyla (a),
classes (b), families (c) and OTUs (d). Codes for are the same as for Figure 1.

3.4.2. Soil Bacteriobiome as Related to the Different Modes of the Novel Fungicide Application

At the phylum, class and family levels, multivariate analyses (ANOSIM and PER-
MANOVA) showed no effect of the fungicide application mode, the pattern confirmed by
the multivariate (PCA) ordination (Figure 5). At the OTU level, though, PERMANOVA
revealed the difference between F3(1) and both F3 and F3(2), the p-values for the respec-
tive pairwise comparison being 0.042 and 0.015. The same pattern of relationship was
revealed by ANOSIM based on Euclidean distance and confirmed by the sample location
pattern (Figure 5d).

 
(a) (b) 

Figure 5. Cont.
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Figure 5. Principal component (PC) analysis of the soil bacteriobiome taxa abundance under different
modes of novel fungicide application: location of samples in the plane of PC 1 and PC 2. Graphs
based on phyla (a), classes (b), families (c) and OTUs (d). Codes for treatments are the same as
for Figure 1.

4. Discussion
4.1. Wheat Yield, Grain Quality and Development Parameters as Related to the Treatment with
Different Fungicides

As the grain yield increased in comparison to without any fungicide, the effect of the
novel fungicide was similar to that of the widely distributed commercial bacterial fungicide,
produced by a prominent global company. As for the grain quality characteristics, the
protein content in all three treatments with the novel fungicide, i.e., seeds only and one
and two foliar applications, did not differ from the that in the grain obtained without any
fungicide. The same goes for the other grain quality characteristics. As bigger yields and
better grain quality are the ultimate goals of fungicide application, the novel fungicide did
not seem to provide any gains in this respect in comparison with the studied commercial
bacterial fungicide. Compared with the studied chemical fungicide, although the novel one
provided higher yields, the grain obtained had somewhat lower starch and lower gluten
content; i.e., it possibly had somewhat lower quality. Although the novel consortium had a
stimulating effect on some of the wheat growth and development characteristics (number
of plants, stems and stems with ears per square meter), due to some reasons these did not
translate into better grain yield and quality.

4.2. Wheat Yield, Grain Quality and Development Parameters as Related to the Different Modes of
Application of the Novel Fungicide

The novel fungicide was tested under three treatments: seed-only treatment, seed-only
treatment followed by one foliar application, and seed-only treatment followed by two
foliar applications at a fortnightly interval. As no differences in the wheat grain yield,
grain quality and development characteristics were revealed between the treatments, we
conclude that foliar applications of the novel preparation did not provide any additional
gains, at least under the conditions of the study.

4.3. Soil Microbiome in Wheat Rhizosphere Soil

As application of any chemical or biological agents can affect the soil microbiome, and
there might be differences associated with different preparations used, we assessed fungal
and bacterial assemblages by DNA metabarcoding under different fungicides and under
different modes of novel fungicide application.
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4.3.1. Soil Mycobiome

The Ascomycota phylum as the ultimate dominant of the soil mycobiome, comprising
on average about 50% of the sequence reads, was not affected by the fungicides used.
However, other dominant phyla, i.e., Zygomycota and Mucoromycota, were notably affected:
Zygomycota increased markedly under both commercial fungicides, the increase under the
novel fungicide being not statistically significant; Mucoromycota decreased significantly
under both commercial and novel fungicides with foliar application. The finding that
the Mucoromycota decrease was consistent with the yield increase strongly suggested that
these fungi, known mostly as grain contaminants [27], rather than pathogens, have a
negative affect on wheat [28], which was at least partially mitigated by the fungicides used.
These findings indicate unequivocally that fungicide application affects the soil mycobiome
already at the high taxonomic level, although at this level it is hardly possible to interpret
the clear role of the novel fungicide in fighting pathogens and hence in benefiting plant
development and growth and, eventually, grain yield.

The finding that Basidiomycota were decreased by both commercial fungicides does
not seem surprising as the phylum is the ultimate dominant in the topsoil of undisturbed
ecosystems [29,30] and can be sensitive to disturbances and stresses.

At the OTU level, these differences, revealed at the phylum level, translated to some
differences as well. The major dominating OTU of R. arrhizus/Mucoromycota, which was
significantly decreased by all fungicide treatments except for seed-only treatment with
the novel fungicide, is a known pathogen; not only does it target diverse agricultural
plants [31], but globally it is the most common cause of serious human diseases [32,33]. At
the same time, some strains of R. arrhizus can exhibit notable phosphate-solubilizing rates,
thus promoting plant growth [34], and can also mitigate the detrimental effects of drought
stress [35]. Therefore, the unequivocal conclusion about the agronomical and ecological
significance of the much lower relative abundance of R. arrhizus in the rhizosphere of wheat
plants cannot be considered as a positive or a negative outcome of treatment with the
studied fungicides.

The second-ranked fungal OTU in the study in terms of abundance, identified as
a Gibberella sp., was shown by other researchers to be one of the major dominants in
agricultural soil fungal communities alongside Mortierella, Talaromyces and Chaetomium [36],
which were also among the dominants in our study. Here, Gibberella sp. was increased
by 10% (as compared with the no-fungicide treatment) by the novel fungicide if applied
on seeds followed by two foliar treatments during the growing season; this seems a
rather random result, which cannot be unambiguously interpreted, as the genus contains
pathogenic [37] and saprophytic members. Focusing specifically on the three different
modes of novel fungicide application, one can conclude that different treatments had no
effect at all on the OTU composition and structure of the rhizosphere soil mycobiome, in
line with the absence of the effect of the novel fungicide application modes on wheat grain
yield, quality, and wheat plant growth and development characteristics. PERMANOVA
and ANOSIM results confirm the conclusion at all taxonomic levels.

Two of the dominant Mortierella OTUs increased their abundance only under chemical
fungicide application; however, this result did not translate to an increase in grain yield or
most of the grain quality characteristics, except for the slightly increased starch content. The
finding that three Mortierella OTUs showed increased abundance in seed-only treatment by
the novel fungicide, and that this increased abundance was not found in the treatments
with seed-only application combined with one or two foliar ones, seems rather inconsistent
and hence difficult to interpret. If all three treatments had shown increased Mortierella OTU
abundance, one can suggest the latter as one of the main reasons for bigger grain yields
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in these fields, as nowadays Mortierella fungi are considered beneficial members of the
agricultural soil mycobiome, protecting agricultural plants from pathogens [38].

4.3.2. Soil Bacteriobiome

The major (≥5% of the total number of sequence reads) bacterial dominants in the
study, i.e., Pseudomonadota, Acidobacteriota, Bacteroidota, Actinomycetota and Verrucomicro-
biota, were similar to the soil under wheat in another West Siberian region [39] and other
regions [40] as well.

The Pseudomonadota phylum was increased by ca. 3% under the novel fungicide ap-
plied to seeds in combination with double foliar application, which was not caused by the
fungicide itself, as its Raoultella ornithinolytica bacterium belonged to the Gammaproteobacte-
ria class, the abundance of which was not affected by any fungicides.

The chemical fungicide decreased Bacteroidota (and its classes Chitinophagia and Cy-
tophagia) and increased unclassified Bacteria abundance as compared with all other fungi-
cides: the effect, being different from both bacterial fungicides used, suggests direct in-
fluence on Bacteroidota and some other as-yet-unidentified bacteria. Verrucomicrobiota and
Chloroflexota were slightly increased by the chemical fertilizer, but only in comparison
with the novel fungicide treatment involving one or two foliar applications: the finding
is difficult to interpret, other than to relate it to the compositional nature of the relative
abundance data.

At the family level, the difference between no-fungicide and fungicide treatments
was observed only for the chemical fungicide: this finding allows us to conclude that the
novel fungicide did not affect the dominant part of the rhizosphere soil bacteriobiome as
compared with the no-fungicide treatment. At the OTU level, the differences in abundance
of Bradyrhizobium sp. and some unclassified Spartobacteria_gis were observed only between
two novel fungicide treatments, whereas other dominant OTUs (Sphingomonas sp. and
Pseudarthrobacter sp.) showed a difference between the novel fungicide treatment and
the no-fungicide one. The found differences, however, were less than one percent of the
relative abundance of sequence reads, and therefore hardly seem to be of agronomical and
ecological relevance. Overall, these findings allow us to conclude that treating wheat with
the antifungal preparations did not significantly affect the wheat rhizosphere bacteriobiome.

4.3.3. General Considerations

Although application of a chemical fungicide resulted in a somewhat improved grain
quality, there was no gain in yield, whereas application of bacterial fungicides, both com-
mercial and novel, yielded on average 24% more grain. Whether the current wheat grain
market prices in the country can compensate for the total cost of fungicide application,
providing some profit, even in the case of the locally produced consortium, is a complicated
issue beyond the aim of this article.

Prior to starting the experiment, the wheat seed infection rate with fungi was esti-
mated; however, specific fungal species or toxins were not determined, including after
the experiment. This may be regarded as a shortcoming of the study, preventing a more
substantiated conclusion about the mechanism of the fungicidal action in the field, although
the study was not aimed at elucidating the mechanism per se.

Since application of fungicides requires using their solutions or suspensions in water,
the no-fungicide treatment should have been performed with similar treatments, but only
with tap water, both for treating seeds and foliar application. Such treatment can influence
the germination of seeds and further development of seedlings [41–43] and hence the
rhizosphere microbiome as well.
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None of the bacterial agents of the fungicides applied, i.e., Bacillus subtilis, R. ornithi-
nolytica or P. allii, were found in the wheat rhizosphere soil at the time of sampling, i.e.,
wheat harvesting, although two unidentified Bacillus spp. OTUs and one Pantoea sp. OTU
were detected. This implies that these bacteria did not persist around seeds and/or in the
germisphere after application on seeds and did not reach and/or persist in the rhizosphere
after foliar application. It may also imply rather quick action, within 1–3 days, of bacterial
agents on fungi, i.e., similar in speed to the algicidal activity of Raoultella ornithinolytica [44].
As for P. allii, it could be an endophyte [45], and as such may be found in the rhizosphere;
it also can have some plant-growth-promoting effect on plants [46], but commonly it is
known as an allium pathogen [47]. An antifungal mechanism of the agents comprising the
novel fungicide tested in this study should be investigated in detail.

5. Conclusions
The proposed preparation, representing a consortium of the Raoultella ornithinolytica

strain and two strains of Pantoea allii, seems to have good prospects as a fungicide for
wheat protection: its effect on grain yield of spring wheat, grown in the south of West
Siberia, was found to be similar to that of the well-known commercial bacterial fungicide,
based on a Bacillus subtilis strain. These two bacterial fungicides, as well as a chemical
fungicide, also used in the study, all showed some effect on the microbiome diversity of
the wheat rhizosphere soil, sampled at harvest. The changes in the mycobiome seemed
more pronounced as compared with the changes in the bacteriobiome. Due to the low
species/strain resolution of the DNA metabarcoding, the revealed shifts in the microbiome
composition and structure can hardly be interpreted agronomically and environmentally.
These aspects need more comprehensive and detailed investigation, using methodology
with higher species resolution.
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