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Abstract 
The use of fungicides to limit the development of soybean mycoses in modern agrocenoses is 
a common measure. At the same time, the use of symbiotic and phosphate-mobilizing bac-
teria increases the productivity and quality of the crop. The combination of biological agents 
and fungicides can have different effects and requires additional research. This study aimed to 
investigate the rhizosphere microbiome, mycosis resistance and soybean productivity under 
combined seed treatment with bacterial inoculants and fungicides. Pre-sowing treatment of 
soybean seeds was carried out with fungicides Maxim Star 025 FS or Kinto Duo, 12 hours after 
the seeds were inoculated with the complex bioformulation Ecovital based on Bradyrhizobium 
japonicum and Bacillus megaterium. The effect of the integrated seed treatment on the rhizo-
sphere microbiome (by high-throughput sequencing), the level of mycosis development and 
soybean productivity was determined. Under the complex use of biological and chemical prep-
arations, the biodiversity of the rhizosphere microbiome improved, the relative abundance of 
fungicide-resistant phyla increased, and the number of sensitive taxa decreased. The low abun-
dance of native rhizobia populations indicated the need for pre-sowing inoculation of soybean 
seeds. The combined use of fungicides and inoculation of seeds with Ecovital contributed to 
the improvement of the effectiveness of plant protection against ascochitosis and septoria, and 
to an increase in soybean yield.
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Introduction

Soybean is the main crop for vegetable protein and oil 
production in the world. Due to its ability to assimilate 
atmospheric nitrogen in symbiosis with nodule bacte-
ria, soybean is one of the best predecessors for cereals, 
vegetables, and other crops (Mashchenko et al. 2024). 

Among disease agents, phytopathogenic fungi are 
the most dangerous and widespread plant pathogens. 
Common fungal diseases of soybean are phytophthora 
root and stem rot, sclerotinia stem rot (white mold), 
frogeye leaf spot, anthracnose stem blight,  pod and 
stem blight (Broderick 2020). This forces producers to 
use chemical fungicides as plant protection products.  

One of the effective measures to improve soybean 
cultivation technology is the use of symbiotic nitro-
gen-fixing microorganisms that play an important role 
in the development of legumes, providing them with 
nitrogen nutrition, protection against pathogens and 
adaptation to various stresses (Pedrozo et al. 2018). 

The use of inoculants in combination with chemi-
cal plant protection products is an important but 
poorly understood issue. Pesticides can negatively af-
fect beneficial soil bacteria and can disrupt ecological 
balance as well as change the composition of the soil mi-
crobiome. Biodiversity of the rhizosphere microbiome, 
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formation, functioning and efficiency of soybean-rhizo-
bial symbiosis under conditions of combined fungicide 
seed treatment and microbial inoculation remain poorly 
understood. 

The aim of this study was to investigate the rhizos-
phere microbiome, mycosis resistance and soybean pro-
ductivity with seed treatment of combined fungicides 
and bacterial inoculants.

Materials and Methods 

Vegetative experiments were conducted in a vegetation 
house on dark gray podzolic soil in ceramic pots with 
a capacity of 3 kg with four replications. Field studies 
were conducted in the Kyiv region (Chabany village) 
on the same soil, replicated four times. In the experi-
ments, soybean of the ultra-early maturing variety An-
nushka was grown. 

Seed treatment 

Before sowing, the seeds were treated with one of the 
systemic and contact fungicides: Maxim Star 025 FS 
(fludioxonil 18.75 g · l–1 + ciproconazole 6.25 g · l–1, 
manufactured by Syngenta, Switzerland) and Kinto 
Duo (prochloraz 60 g · l–1 + triticonazole 20 g · l–1, man-
ufactured by BASF, Switzerland). The doses of fungi-
cides for seed treatment were used in accordance with 
the manufacturer’s recommendations: Maxim Star 
025 FS and Kinto Duo – 1 liter per 1 ton of seeds. Seeds 
were treated with fungicides by spraying with subse-
quent mixing. 

Twelve hours after the fungicide treatment, the 
seeds were inoculated with the complex bioformula-
tion Ecovital, that contains three strains of highly ef-
fective nodule bacteria Bradyrhizobium japonicum 
UCM B-6018, B-6023 and B-6035, which differ in the 
spectra of synthesized phytohormones and comple-
ment each other. This bioformulation also contains 
the phosphate-mobilizing Bacillus megaterium UCM 
B-5724, which improves phosphorous nutrition of 
plants and increases plant resistance to diseases (Iutyn-
ska et al. 2022; Borzykh et al. 2022). Ecovital treatment 
was carried out by spraying the seeds at the consump-
tion rate of 1.0 liter per 1 ton of seeds.

Еxperimental design 

The vegetative experiment was conducted according to 
the following seed treatment scheme: 1) control with-
out inoculation and fungicide treatment; 2) seed in-
oculation with Ecovital; 3) treatment with Maxim Star 
025 FS; 4) treatment with Maxim Star 025 FS + Eco-
vital; 5) treatment with Kinto duo; and 6) treatment 

with Kinto duo + Ecovital. Pot lighting and thermal 
conditions were natural. Throughout the experiment, 
soil moisture was maintained at 60% of the full mois-
ture capacity. The field experiment was conducted 
according to the following seed treatment scheme: 
1) control without inoculation and fungicide treat-
ment; 2) inoculation with Ecovital; 3) treatment with 
Maxim Star 025 FS + Ecovital; and 4) treatment with 
Kinto duo + Ecovital. Samples of rhizosphere soil for 
analysis were taken during the period of budding – be-
ginning of flowering.

Pyrosequencing 

To analyze the prokaryotic metagenome of soybean 
rhizosphere soil, total microbial DNA was isolated 
using a commercial Power Soil DNA Isolation Kit (Mo-
Bio, USA). Sample preparation, creation of 16S rRNA 
amplicon libraries, and high-throughput sequencing 
were performed on a GS Junior device (Roche, USA) 
in accordance with the manufacturer’s guidelines 
(emPCR Amplification Method Manual 2012; 
Sequencing Method Manual for GS Junior Titanium 
Series 2012). 

Taxonomic analysis of nucleotide sequences of am-
plicons was performed using the computer program 
module QIIME (version 1.7.0) (Kuczynski et al. 2012). 
Taxonomic identification of operational taxonomic 
units (OTUs) was performed using the RDP database 
(http://rdp.cme.msu.edu/). Taxa with a share of 10% 
or more in the microbiome were considered dominant, 
and taxa with a representation of 1% to 10% were con-
sidered subdominant. The biodiversity of the micro-
biome was assessed using the main ecological indices: 
Shannon’s (the proportion of a particular species in 
a community), Menhinik’s (species richness index), 
Simpson’s and Berger-Parker’s (dominance indexes). 

Definition of plant damage by mycoses 

Soybean plants affected by phytopathogenic fungi were 
observed during the periods of budding – beginning of 
flowering and bean filling. The incidence of soybean 
plants with ascochitosis and septoria was determined 
and recorded on a 6-point scale (Trybel 2001). Accord-
ing to the obtained indicators of disease development, 
the technical efficiency of the protective effect of the 
studied Ecovital and fungicides was calculated using 
the formula: 

Е (%) = (Dc – De)/ Dc · 100,

where: E (%) represents the technical efficiency of the 
protective effect, Dc and De represent the indicators of 
disease development in the control (Dc) and experi-
ment (De), respectively.
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Definition of plant productivity 

The productivity of soybean plants in the field experi-
ment was determined by the mass of the seeds ob-
tained (weighing method) with conversion to c · ha–1. 

Statistical data analysis 

All vegetative and field experiments with four rep-
etitions were analyzed by using the MSTATC soft-
ware. For statistical analysis, the analysis of variance 
(ANOVA) method was used.

Results

In the microbiome of dark gray podzolic soil of the soy-
bean rhizosphere, 23 phyla (including two belonging to 
Archaea), 65 classes, 111 orders, and 271 bacterial species 
were identified; the proportion of unclassified sequences 
was 6-26%. In the total number of identified sequences, 
the absolute dominants were representatives of the Bac-
teria domain (87.5–88.4%), Archaea made up 0.5–4.6%, 
and unclassified sequences made up 7.1–7.9%.

In both the vegetative experiment, and under field 
conditions, among the identified bacterial phyla, three 
were absolute dominants with representation: Pro-
teobacteria –23–38%, Actinobacteria – 18–27% and 
Acidobacteria – 9–13%. Among the identified phyla, 
three were dominant in both the vegetation and field 
experiments – Acidobacteria (9.5–13.3%), Actinobac-
teria (18.2–27.4%) and Proteobacteria (23.3–37.6%) 
(Table 1). The highest representation of the Proteobac-
teria phylum was achieved in the field experiment with 
Ecovital application. This parameter increased by 11.4%, 
compared to the control. In the vegetation experiment, 
the representation of Actinobacteria phylum in the vari-
ant with Ecovital treatment, was 1.4% higher than the 
control. The representation of Acidobacteria phylum in-
creased in all experiments with preparations treatment, 
most of all in the field experiment with Ecovital + Kinto 

duo application, which was 2.3% higher than the con-
trol value.

In the field experiment, an increase the represen-
tation of the Proteobacteria phylum occurred in the 
rhizosphere soil of plants from 26,2% in controle to 
35.8–37.6% after seeds treatment with Ecovital both 
alone and in combination with fungicides.

Comparing soybean seeds treated with Ecovital 
and fungicides to the untreated control, there were 
quantitative changes in the rhizosphere microbiome: 
the representation of subdominant phyla Firmicutes, 
Gemmatimonadetes and Bacteroidetes increased, and 
the phylum Crenarchaeota decreased, which was prob-
ably due to the different sensitivity of these phyla to 
fungicides. 

Attention was paid to the orders Rhizobiales and 
Bacillales, since the complex microbial inoculant Eco-
vital includes representatives of these orders – nod-
ule bacteria Bradyrhizobium japonicum and Bacillus 
megaterium. Compared to the control variant, the rep-
resentation of Rhizobiales and Bacillales increased in 
the rhizosphere microbiome with the combined seed 
treatment. 

The genus Bacillus was the most represented among 
the sequences of the order Bacillales.  When seeds were 
inoculated with Ecovital, which contains phosphate-
mobilizing bacilli, the representation of the genus Ba-
cillus in the rhizosphere microbiome increased to 3% 
compared to 2.5% in the untreated control. This may 
have been due to the active development of bacteria in-
troduced into the root zone, which is important for the 
formation of the microbial-plant system (Fig. 1). In the 
order Rhizobiales, a greater diversity (9–10 species) 
was found in the rhizosphere soil of plants where com-
plex seed treatment was applied, while in the absence 
of treatment only 7 species were found (Fig. 2).  The 
most represented was the genus Methylobacterium – 
0.5–0.9% in the seed treatment and 0.4% in the control 
variant. The relative number of representatives of the 
genera Devosia and Hyphomicrobium for the applica-
tion of complex treatment was 0.2–0.4%, while in the 
control it was 0.1%.

Fig. 1. Relative abundance of Bacillus genera in soybean rhizosphere under different seed treatment options: 1 – control; 2 – Ecovital; 
3 – Kinto duo + Ecovital; 4 – Maxim Star + Ecovital
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Fig. 2. Relative amounts of Rhizobiales genera in soybean rhizosphere with different seed treatment options: 1 – control; 2 – Ecovital; 
3 – Kinto duo + Ecovital; 4 – Maxim Star + Ecovital  

Phyla
Representation in the microbiome [%]

Control Ecovital Kinto duo + Ecovital Maxim Star + Ecovital

Vegetative experiment

Actidobacteria 9.5 9.6 9.9 10.7

Actinobacteria 21.0 22.4 18.2 18.3

Proteobacteria 24.3 23.4 23.3 23.9

Field experiment

Acidobacteria 11.0 12.8 13.3 10.4

Actinobacteria 27.4 25.8 21.4 27.2

Proteobacteria 26.2 37.6 36.8 35.8

Table 1. Representation of dominant phyla in the rhizosphere of soybean variety Annushka

Note: sensitivity threshold of the device (0.05%), p < 0.01

Indexes Control Ecovital Kinto duo + Ecovital Maxim Star + Ecovital

Menhinick’s index 136 140 155 153

Shannon’s index 3.4 3.8 3.9 4.0

Simpson’s index 0.1 0.05 0.05 0.04

Berger-Parker’s index 0.26 0.12 0.16 0.15

Table 2. Ecological indices of prokaryotic biodiversity of the soil rhizosphere microbiome 

Note: LSD – least significant difference

The representation of sequences belonging to the 
genera Bradyrhizobium, Mesorhizobium and Rhizo-
bium was very low – only 0.1% (Fig. 2). The results 
indicate the need for inoculation of legume seeds 
with selected, highly active strains of symbiotic 
 bacteria. 

In the order Rhizobiales, representatives of the 
genera Microvirga and Bosea were found, which 
had not been previously described in the soybean 

rhizosphere. In the variant with seeds treated with the 
fungicide Maxim Star and Ecovital, representatives 
of the genus Kaistia were found. They are known to 
be able to form biofilms (Usui et al. 2020), which is 
important for the existence of a microbial community 
on plant roots. 

The main ecological indices (Table 2) showed 
an increase in biodiversity in the variants with 
the use of Ecovital and fungicides. Shannon’s and 
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Menhinick’s  species richness indices increased from 
3.4 and 136 in the control variant to 3.8-4.0 and 140-
155 in the experimental variants, respectively, while 
Simpson’s and Berger-Parker’s dominance indices de-
creased. This indicated favorable conditions for the 
formation of a wide genetic polymorphism of prokary-
otes in dark gray podzolic soil of soybean rhizosphere 
under complex seed treatment.

Development of ascochitosis and septoria  
on soybean plants 

Reduced development of soybean diseases, ascochi-
tosis and septoria, in all variants with combined seed 
treatment, was established (Fig. 3). The lowest levels of 
septoria (5.1-5.2%) and ascochitosis (0.3-0.5%) devel-
opment from the end of flowering to the beginning of 

Variant 

Yield

1st year 2nd year average value

c · ha–1 yield increase,  
c · ha–1 c · ha–1 yield increase,  

c · ha–1 c · ha–1 yield increase, 
 c · ha–1

Control (without treatment) 18.2 a – 17.6 c – 17.9 e –

Ecovital 18.4 b 0.2 19.4 d 1.8 18.9 f 1.0

Maxim Star + Ecovital 21.6 b 3.4 24.6 d 7.0 23.1 f 5.2

Kinto duo + Ecovital 24.3 b 6.1 29.3 d 11.7 26.8 f 8.9

LSD0.05 0.07 – 0.06 – 0.07 –

Table 3. Productivity of soybean variety Annushka under the combined use of fungicides and Ecovital

Note: LSD – least significant difference. 
a–f – values for the same parameter, different years and different seed treatment variants marked with different letters have statistically signifi-
cant differences (p 0.05), ANOVA post hoc Tuckey's test

bean formation were seen with the application of Max-
im Star or Kinto duo in combination with Ecovital. The 
effectiveness of combined treatments against septoria 
ranged from 63.4 to 64.1%, and against ascochitosis – 
from 91.8 to 95.1%. 

The integrated seed treatment significantly sup-
pressed the development of mycoses during the pe-
riod of bean formation. Under the action of fungicides 
Maxim Star or Kinto Duo followed by inoculation with 
Ecovital, the percentage of affected plants was 21.3%, 
while in the untreated control it was 60.1%.

Productivity of soybean plants 

Soybean productivity increased in all treatment vari-
ants during the 2 years of research (Table 3). When 
seeds were inoculated with Ecovital, an increase in 

Fig. 3. Efficiency of combined application of fungicides and Ecovital in limiting the development of soybean mycoses of the Annushka 
variety
Note: Diagrams with the same letters have no significant difference at the 0.05 level of probability (LSD test), LSD – least significant 
difference
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yield was observed by an average of 5.6% compared 
to the control variant. The yield increase under 
complex treatment with fungicides and biological 
product on average ranged from 29.1 to 49.7%. The 
highest productivity was in the variant with the use of 
the fungicide Kinto duo with subsequent inoculation 
and amounted to 24.3 and 29.3 c · ha–1 in the years of 
research.

Thus, the combined use of chemical preparations 
and complex bacterial inoculation of seeds effectively 
protected soybean crops from ascochitosis and septo-
ria pathogens. It also contributed to increasing the di-
versity of the rhizosphere microbiome and increasing 
plant yields.

Discussion 

It is important to study the biodiversity of micro-
bial communities and optimize their functioning in 
modern agrocenoses, especially in the management 
of crop diseases. According to the literature, about 
100 phyla of prokaryotes have been identified in the 
soil and rhizosphere, about 10 of which are dominant 
(Agyekum et al. 2023). Among the representatives of 
21 bacterial phyla, nine were dominant: Acidobacteria, 
Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobac-
teria, Firmicutes, Gemmatimonadetes, Planctomycetes, 
and Proteobacteria. The presence of archaea in the 
soybean rhizosphere is rarely reported in the known 
literature, but in these studies there were two phyla 
of archaea.

Among the genera of the order Rhizobiales, rep-
resentatives of the genera Microvirga and Bosea were 
found which belong to a group of new rhizobial sym-
biotrophs capable of nodule formation and nitrogen 
fixation (Pulido-Suárez et al.  2022; Shi et al. 2024).

The issue of an integrated approach to combining 
plant growth promoting bacteria with fungicides is 
currently relevant and is considered to be a way to in-
crease the effectiveness of mycosis control and increase 
the productivity of agricultural plants (Ons et al. 2020; 
Mielniczuk and Skwaryło-Bednarz 2020). The positive 
effect of using nodule bacteria and PGPB together with 
fungicides has been described in vegetative and field 
experiments with chickpea (Dubey et al. 2015). 

The results confirmed that the combined use of 
Kinto Duo and Maxim Star fungicides and Ecovital 
seed inoculation increased the effectiveness of plant 
protection against mycoses, resulting in better growth 
and higher yields. Also, better developed plants pro-
duced more root exudates, which activated the indig-
enous soil-born microbiota and contributed to the di-
versity of the rhizosphere microbiome.

Conclusions  

The combined treatment of seeds with microbial in-
oculant and fungicides in the prokaryotic microbiome 
of soybean rhizosphere increased the representation 
of chemical resistant phyla Bacteroidetes, Firmicutes, 
and Gemmatimonadetes, while sensitive phyla Arma-
timonadetes and Crenarchaeota decreased compared 
to the untreated control. Using complex biological and 
chemical preparations, the biodiversity of the rhizos-
phere microbiome increased, which was confirmed by 
the higher values of Shannon’s and Menhinik’s indices 
and a decrease in the Simpson’s and Berger-Parker’s 
indices. 

Combined use of fungicides Kinto Duo or Maxim 
Star and inoculation of seeds with Ecovital increased 
the effectiveness of plant protection against ascochito-
sis and septoria and increased soybean yield.
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