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INTRODUCTION 

Soybean is one of the most important legumi-
nous crops, which according to the FAO classifi-
cation also belongs to the oilseed group [Hughes 
et al., 2022]. Its history spans over three thousand 
years, and the earliest mentions of its cultivation 
were found in China [Guo et al., 2022]. Initial-
ly, soy was primarily used as a green manure in 
crop rotation due to its ability to fix atmospheric 

nitrogen; it also served as a raw material for fer-
mented food products. For a long time, its cul-
tivation was limited to the territory of Asia, and 
only in the early 20th century did it begin to gain 
popularity in North and South America, and later 
in Europe [Dong et al., 2021; Nair et al., 2023].

Today, only in a few countries around the 
world is soy processed directly at the local lev-
el for the production of food products intended 
for human consumption. However, the majority 
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of the soy grown is used on an industrial scale, 
primarily for the production of soybean meal and 
soybean oil. In particular, about two-thirds of 
the total processing volume is accounted for by 
meal production, while the share of soybean oil 
is approximately one-third. Today, this product 
is indispensable in cooking, and soybean meal is 
an important component of the feed base in ani-
mal husbandry [Singh and Krishnaswamy, 2022; 
Siamabele, 2020].

In recent years, there has been a rapid increase 
in the use of soybean oil for the production of bio-
diesel fuel, making this crop even more in demand 
in the field of renewable energy [Peng et al., 2024]. 
At the same time, the production of genetically 
modified soybean varieties is actively expanding, 
which allows for increased yields and plant resil-
ience to adverse conditions [Rahman et al., 2023].

The global soybean market is characterized 
by a high concentration of production. Approxi-
mately 80% of the total volume of the cultivat-
ed crop comes from three countries: the United 
States, Brazil, and Argentina. Moreover, over 
95% of global production is provided by coun-
tries that are part of the AMIS (Agricultural Mar-
ket Information System). Soybeans play a signifi-
cant role in global agricultural trade, with more 
than 90% of its exports originating from AMIS 
countries [Soybeans. Agricultural Market Infor-
mation System, 2025]. 

The future of soybeans looks promising as 
global demand for this crop continues to grow. 
According to the forecasts of the Food and Agri-
culture Organization of the United Nations (FAO), 
by 2029, global soybean production may reach 
480 million tons. Ukraine holds one of the leading 
positions in soybean production in Europe. Ac-
cording to the Food and Agriculture Organization 
of the United Nations, in 2023, 1.834 million hect-
ares of soybeans were sown, yielding 4.743 mil-
lion tons of grain with a productivity of 2.59 tons 
per hectare [Official site of Food and Agriculture 
Organization of the United Nations, 2025].

Ukraine exports soybeans to countries in the 
European Union, Asia, and Africa and has signifi-
cant potential for expanding its sown areas and 
increasing the yield of this crop [Bogonos and 
Chmil, 2023]. Thanks to the application of mod-
ern agricultural technologies, the introduction of 
high-yielding adapted varieties, optimization of 
nutrient backgrounds, and methods of plant pro-
tection, substantial increases in production vol-
umes can be achieved [Ivaniv et al., 2023; Yu et 

al., 2022]. An important factor for success is also 
the development of quality infrastructure for the 
storage and logistics of soybean grain, which will 
minimize losses during transportation and storage 
[Filassi and de Oliveira, 2021].

Given the changing climatic conditions, eco-
nomic factors, and the need to optimize cultiva-
tion technologies, the introduction of early-ma-
turing and early-ripening soybean varieties into 
production is becoming particularly relevant. 
These varieties, due to their short growing sea-
son, are characterized by the ability to produce 
consistently high yields earlier in the season. This 
allows for the sale of grain at higher prices at the 
beginning of the season when market supply is 
still limited. As a result, agricultural producers 
can achieve additional profits [Vogel et al., 2021; 
Luo et al., 2021].

The use of early-maturing and early-ripening 
soybean varieties allows for the implementation 
of more flexible crop rotation systems. In particu-
lar, after their harvest, there is sufficient time for 
proper soil preparation for winter crops, which 
contributes to increased soil fertility and optimi-
zation of land resource use [Kulig and Klimek-
Kopyra, 2022].

In the context of climate change, increasing 
aridity, and uneven precipitation distribution, 
early-maturing and early-ripening soybean vari-
eties are less vulnerable to stressful environmen-
tal conditions. Due to their shorter growing sea-
son, they are less exposed to pathogens and pests, 
which allows for a reduction in plant protection 
costs and improves the sustainability of cultiva-
tion [Song et al., 2023; Staniak et al., 2023].

Despite numerous advantages, the adoption 
of early-maturing and early-ripening soybean 
varieties requires scientific validation and com-
prehensive research. It is particularly important 
to identify the most suitable varieties for specific 
agro-ecological zones, taking into account the 
soil and climatic characteristics of the regions 
[Dayoub et al., 2021; Staniak et al., 2023].

Another important element of modern soy-
bean cultivation technologies is seed inoculation 
with bacterial preparations. The use of inoculants 
promotes the active assimilation of atmospheric 
nitrogen and its conversion into forms available 
for plant uptake, ensuring optimal growth and de-
velopment. Inoculation enhances the efficiency of 
soybean nitrogen nutrition, significantly reducing 
the need for mineral fertilizers, lowering costs for 
agrochemical products, and positively affecting 
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soil conditions by increasing their fertility [Mazur 
et al., 2023; Szpunar-Krok et al., 2023].

Given the importance of the aforementioned 
factors, the application of inoculants in com-
bination with the cultivation of modern early-
maturing and early-ripening soybean varieties 
is particularly relevant. This combination will 
contribute to increased yields, improved quality 
indicators of the grain, and a reduction in nega-
tive environmental impacts due to decreased use 
of mineral fertilizers. Research on the effect of 
seed inoculation with modern biopreparations 
on the productivity of early-maturing and early-
ripening soybean varieties is a pertinent direction 
for the development of agricultural science and 
practice in Ukraine. This will enhance production 
efficiency, ensure sustainable development of the 
agricultural sector, and improve the competitive-
ness of Ukrainian soybeans in the global market.

The aim of this scientific research was to re-
fine certain elements of soybean cultivation tech-
nology, specifically to study the impact of seed 
inoculation with bacterial preparations on the 
productivity of early-maturing and early-ripening 
varieties of this crop under irrigation conditions 
in southern Ukraine.

RESEARCH METHODOLOGY

Field studies, in accordance with the set ob-
jective, were conducted in 2021–2022 at the Edu-
cational, Scientific, and Practical Center of Myko-
laiv National Agrarian University (46°58′31″ N 
latitude, 31°59′37″ E longitude), located in the 
southern steppe zone of Ukraine.

The climate of the research area is moderately 
continental, characterized by sharp fluctuations in 

temperature and relative humidity during the sum-
mer and winter seasons. Another distinctive fea-
ture is the relatively low amount of precipitation. 

The year 2021 proved favorable for soy-
bean crops, as most precipitation fell during the 
critical growth phases (June–July) (Figure 1). In 
2022, a moisture deficit was observed from May 
to August, which could have led to weakened 
plant growth processes, uneven flowering, and 
a reduced number of formed pods. However, the 
soybean in the experiment was grown under ir-
rigation, which ensured a sufficiently high grain 
yield, although slightly lower than in 2021.

The temperature regime plays a crucial role 
in the growth, development, and yield forma-
tion of soybeans. The optimal average daily tem-
perature for soybean germination under the soil 
and climatic conditions of Ukraine is 15–20 °C, 
while during the vegetative growth period, it is 
18–22 °C. Deviations from these values may neg-
atively affect seedling uniformity, plant develop-
ment, and yield formation [Mazur et al., 2022].

The average annual temperature in 2021 was 
9.91 °C, while in 2022, it was 10.88 °C, which 
is 0.97 °C higher (Figure 2). The most signifi-
cant differences between the research years were 
observed in February (3.66 °C), April (1.74 °C), 
June (1.49 °C), and October (1.53 °C). The year 
2022 was warmer during May and June, which 
contributed to rapid initial soybean growth and 
better nutrient uptake by plants. However, in 
July, the temperature was 1.38 °C lower than in 
2021, which slowed down the flowering phase 
and reduced the number of fertilized flowers. 
The increased temperature in August 2022, com-
bined with a moisture deficit, accelerated grain 
filling, which negatively affected both yield and 
quality parameters.

Figure 1. Precipitation levels (mm) during the research years (according to the meteorological station of 
Mykolaiv National Agrarian University)
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Overall, the weather conditions during the re-
search years were favorable for achieving a rela-
tively high grain yield in the early-maturing and 
early-ripening soybean varieties studied in the 
experiment.

The soil of the experimental field is repre-
sented by southern low-humus black soil with the 
following sequence of genetic horizons: 
	• Нn – humus-accumulative horizon;
	• Нр(i) – humus-transition horizon;
	• Рhі(k) – horizon of humus accumulations;
	• Рh – transition horizon; 
	• РК – carbonate horizon; 
	• Рk – parent soil-forming rock – carbonate 

loess.

The granulometric composition of the soil in 
the experimental field is heavy clay, with no dif-
ferentiation by genetic horizons (Figure 3).

The soil of the experimental field is low-hu-
mus, containing 3.2% humus in the arable layer. 
The pH of the soil is neutral, ranging from 7.0 
to 7.1. The cation exchange capacity is 45 meq 
per 100 g of soil, including calcium – 23.5, 
magnesium  – 8.2, sodium – 0.5, and potassium 
– 0.6 meq/100 g of soil. Thus, the primary com-
position of the soil absorption complex is repre-
sented by calcium and magnesium cations.

The physical properties of the experimental 
field soil are characterized by the following indi-
cators: bulk density – 1.22 g/cm3, particle density 
– 2.68 g/cm3, and total porosity – 54.5%.

The water retention properties of the soil at 
the beginning of the experiment were as follows: 
maximum adsorption moisture capacity – 5.9%, 
wilting point – 11.8%, minimum moisture-hold-
ing capacity – 29.5%, and capillary moisture 
capacity – 34.5%.

In the arable soil layer, the content of key nu-
trients was: 35 mg/kg of soil for nitrates (NO₃⁻), 
45 mg/kg of soil for available phosphorus (P₂O₅), 
and 358 mg/kg of soil for exchangeable potas-
sium (K₂O).

The scientific research involved the study of 
two factors. Factor A – soybean varieties of dif-
ferent maturity groups: early-maturing Krynytsia, 
Rizdvyana, Zlatoslava; early-ripening Aurelinа, 
Bettina, NS Maximus. Factor B – seed inocula-
tion with bacterial preparations: control (water 
treatment); Bioboost Plus (1.6  l/t); Biomag-Soy 
(4 l/t); Ekovital (2 l/t); Humisol (8 l/t); Optimize 
400 (1.8 l/t); Rhizogumin (2 l/t). 

Originators of the soybean varieties selected 
for the study: 
	• Krynytsia – Yuriev Plant Production Institute 

of the National Academy of Agrarian Sciences 
of Ukraine; 

	• Rizdvyana – Yuriev Plant Production Institute 
of the National Academy of Agrarian Sciences 
of Ukraine;

	• Zlatoslava – National Academy of Agrarian 
Sciences of Ukraine;

	• Aurelinа – Austrian company Saatzucht 
Donau Ges.m.b.H. & CoKG;

	• Bettina – University of Guelph (Canada);
	• NS Maximus – Institute of Field and Vegeta-

ble Crops, Novi Sad (Serbia).

The main characteristics of the studied soy-
bean varieties are presented in Table  1. All se-
lected varieties for the experiment are resistant to 
drought, lodging, and shattering. Bioboost Plus 
– a liquid sterile inoculant containing two highly 
active strains of Delftia acidovorans and Brady-
rhizobium japonicum. The product is manufac-
tured by Lallemand SAS (Canada).

Figure 2. Air temperature (°C) during the research years (according to the meteorological station of Mykolaiv 
National Agrarian University)
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Figure 3. Fractions of granulometric composition by genetic horizons of southern black soil research plots, % 
based on absolutely dry non-carbonate weight

Table 1. Main characteristics of the soybean varieties grown in the experiment

Indicators
Early-maturing varieties Early-ripening varieties

Krynytsia Rizdvyana Zlatoslava Aurelinа Bettina NS 
Maximus

Year of entry of the variety into the State 
Register of Ukraine 2017 2017 2018 2019 2019 2019

Vegetation period, days 100–110 90–100 90–100 110–115 107–113 110–115

Plant height, cm 65–68 70–80 80–100 65–95 65–95 68–90

Height of the lower pod attachment, cm 11–13 12–14 17–20 9–16 8–15 15–20

Crude protein content, % 39–40 39–40 39–40 40–42 36–38 35–36

Oil content, % 19–20 21–22 22–23 22–23 22–24 20–22

Weight of 1000 seeds, g 144–168 147–159 140–160 180–200 150–180 150–170
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Biomag-Soy – a liquid concentrated mixture 
containing Bradyrhizobium japonicum rhizobia 
and their metabolic products. The producer is 
PJSC “Enzyme Company” (Ukraine). 

Ekovital – a multi-component bacterial sus-
pension whose main active ingredients are highly 
active strains of Bradyrhizobium japonicum and 
Bacillus megaterium. The inoculant is produced 
by the D.K. Zabolotny Institute of Microbiology 
and Virology of the National Academy of Sci-
ences of Ukraine. 

Humisol – a liquid concentrate based on bio-
humus that retains all the beneficial properties 
of vermicompost due to specialized production 
technologies. It contains humic substances, mac-
ro- and microelements, fulvic acids, vitamins, 
amino acids, phytohormones, and beneficial soil 
microflora. The product is manufactured by LLC 
“Agrofirma Hermes” (Ukraine). 

Optimize 400 – a soluble concentrate from 
the German company Bayer CropScience AG. 
Active ingredients: Bradyrhizobium japonicum 
and lipochitooligosaccharide.

Rhizogumin – a bacterial suspension of 
Bradyrhizobium japonicum rhizobia, containing 
a complex of biologically active substances, in-
cluding auxins, amino acids, humic acids, cyto-
kinins, chelated microelements, and initial doses 
of macronutrients. The producer of Rhizogumin 
is the Institute of Agricultural Microbiology and 
Agro-Industrial Production of the National Acad-
emy of Agrarian Sciences of Ukraine.

The experiment was conducted in four repli-
cations, with an experimental plot area of 200 m2 
(10 × 20 m) and an accounting plot area of 107 m2 
(5.35 × 20 m).

Grain yield was measured for each experi-
mental plot using the weight method. In the col-
lected grain samples, the protein content was de-
termined by measuring total nitrogen according to 
the Kjeldahl method (State Standard of Ukraine 
7169:2010 – Feeds, compound feeds, feed raw 
materials. Methods for determining nitrogen and 
crude protein content). The oil content was mea-
sured by extraction in a Soxhlet apparatus using 
the method of S.V. Rushkovsky (State Standard 
of Ukraine 13496.15–97 – Feeds, compound 
feeds, feed raw materials. Methods for determin-
ing crude fat content).

The statistical analysis of the field ex-
periment results was performed using vari-
ance analysis according to V.O. Ushkarenko’s 

methodology, utilizing the “Agrostat” computer 
program [Ushkarenko et al., 2008].

Soybean was preceded by corn for grain. 
After harvesting, the field was disked twice to a 
depth of 6–8 cm and 10–12 cm. Two weeks later, 
plowing was carried out to a depth of 28–30 cm. 
In spring, harrowing was performed at a depth of 
5–6 cm, followed by pre-sowing cultivation at the 
same depth. Nitrogen and phosphorus fertilizers 
(ammonium nitrate and double granulated super-
phosphate) were applied during pre-sowing culti-
vation at a rate of N60P30. Before sowing, the seeds 
were treated with bacterial preparations accord-
ing to the experimental design. The sowing meth-
od was wide-row with 70 cm row spacing. After 
sowing, the field was rolled. During the growing 
season, inter-row cultivation, irrigation, and treat-
ment against diseases and pests were performed. 
Soybeans were harvested using a New Holland 
combine with a Cressoni SF2 soybean header at a 
seed moisture content of 13–14%.

RESULTS AND DISCUSSION 

The minimum yield was observed in all early-
maturing soybean varieties in the control variant 
of the experiment. Seed inoculation with bacte-
rial preparations significantly increased yield, 
as confirmed by the results of variance analysis, 
which validated the reliability of the obtained 
yield increments. The differences between vari-
ants exceeded the statistical significance thresh-
old (Table 2). 

The least impact on the yield of early-ma-
turing soybean varieties was observed with Rhi-
zogumin and Humisol, which increased yield by 
0.08–0.17 t/ha and 0.12–0.16 t/ha, respectively. 
This corresponds to a 3.05–6.75% and 4.76–
6.11% increase compared to the control variant 
with water-treated seeds.

The highest yield increase was achieved with 
the inoculants Ekovital and Optimize 400: 0.60–
0.63 t/ha (23.81–25.00%) for the Krynytsia vari-
ety; 0.55–0.66 t/ha (20.99–25.19%) for the Rizd-
vyana variety; 0.54–0.65 t/ha (20.15–24.25%) for 
the Zlatoslava variety.

 On average, across early-maturing soybean 
varieties, pre-sowing inoculation with Ekovital 
and Optimize 400 resulted in a yield of 3.17–3.25 
t/ha (Figure 4a), which exceeded the control vari-
ant (water-treated seeds) by 21.46–24.52% (Fig-
ure 4b). All studied inoculants contributed to an 
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increase in the yield of early-ripening soybean 
varieties compared to the control variant (water 
treatment). The yield increase for the Aurelina 
variety ranged from 0.07 to 0.65 t/ha or 2.15–
20.00% (Table 3). The NS Maximus variety re-
sponded to pre-sowing seed inoculation with a 
yield increase of 0.07–0.62 t/ha or 2.19–19.44%. 
A slightly lower efficiency was observed for the 
Bettina variety, with a yield increase of 0.06–0.59 
t/ha or 1.94–19.09%.

The highest yield increase in all soybean 
varieties was achieved using Optimize 400 and 
Ekovital, confirming their high efficiency in stim-
ulating plant growth and development. The Rhi-
zogumin inoculant resulted in the smallest yield 
increase compared to other bacterial preparations. 
Its effect fell within the experimental error range 
(LSD05), making the yield increase statistically 

insignificant. A statistically significant but lowest 
yield increase for early-ripening soybean variet-
ies was observed with Humisol. On average, its 
use resulted in a yield of 3.31  t/ha (Figure 5a), 
which was only 4.09% higher than the control 
variant (Figure 5b).

Analyzing the yield of different soybean va-
rieties, it was noted that early-ripening varieties 
produced a higher yield compared to early-matur-
ing varieties (Figure 6). This is attributed to their 
longer growing season and more efficient utiliza-
tion of moisture and nutrients.

Among the early-maturing varieties, the low-
est grain yield was recorded for the Krynytsia 
variety (2.87 t/ha), while the highest yield was 
observed for the Zlatoslava variety (3.01 t/ha) 
(Figure 6a). The yield increase of Zlatoslava com-
pared to other studied early-maturing varieties 

Table 2. Effect of seed Inoculation on the yield of early-maturing soybean varieties (average for 2021–2022)

Inoculants
(factor В)

Early-maturing varieties (factor A)

Krynytsia Rizdvyana Zlatoslava

Yield, t/ha
Increase over 

control Yield, t/ha
Increase over 

control Yield, t/ha
Increase over 

control
t/ha % t/ha % t/ha %

Control 
(water treatment) 2.52 – – 2.62 – – 2.68 – –

Bioboost Plus 3.10 0.58 23.02 3.07 0.45 17.18 3.18 0.50 18.66

Biomag-Soy 2.88 0.36 14.29 2.97 0.35 13.36 3.05 0.37 13.81

Ekovital 3.12 0.60 23.81 3.17 0.55 20.99 3.22 0.54 20.15

Humisol 2.64 0.12 4.76 2.78 0.16 6.11 2.82 0.14 5.22

Optimize 400 3.15 0.63 25.00 3.28 0.66 25.19 3.33 0.65 24.25

Rhizogumin 2.69 0.17 6.75 2.70 0.08 3.05 2.78 0.10 3.73

LSD05, t/ha 2021 – 0.11
2022 – 0.10

2021 – 0.15
2022 – 0.12

2021 – 0.13
2022 – 0.11

Figure 4. Average yield (t/ha) indicators of early-maturing soybean varieties (a) and their increase (%) compared 
to the control (b) under the influence of seed inoculation (average for 2021–2022)
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Table 3. Effect of seed inoculation on the yield of early-ripening soybean varieties (average for 2021–2022)

Inoculants
(factor В)

Early-ripening varieties (factor A)

Aurelina Bettina NS Maximus

Yield, t/ha
Increase over 

control Yield, t/ha
Increase over 

control Yield, t/ha
Increase over 

control
t/ha % t/ha % t/ha %

Control 
(water treatment) 3.25 – – 3.09 – – 3.19 – –

Bioboost Plus 3.75 0.50 15.38 3.58 0.49 15.86 3.66 0.47 14.73

Biomag-Soy 3.61 0.36 11.08 3.46 0.37 11.97 3.57 0.38 11.91

Ekovital 3.77 0.52 16.00 3.67 0.58 18.77 3.72 0.53 16.61

Humisol 3.39 0.14 4.31 3.22 0.13 4.21 3.33 0.14 4.39

Optimize 400 3.90 0.65 20.00 3.68 0.59 19.09 3.81 0.62 19.44

Rhizogumin 3.32 0.07 2.15 3.15 0.06 1.94 3.26 0.07 2.19

LSD05, t/ha 2021 – 0.13
2022 – 0.10

2021 – 0.12
2022 – 0.11

2021 – 0.12
2022 – 0.10

Figure 5. Average yield indicators (t/ha) of early-ripening soybean varieties (a) and their increase (%) compared 
to the control (b) under the influence of seed inoculation (average for 2021–2022)

Figure 6. Average yield levels of early-maturing (a) and early-ripening (b) soybean varieties across bacterial 
treatments (average for 2021–2022), t/ha

exceeded the calculated critical deviation (LSD05 
= 0.05–0.06 t/ha), indicating high potential for 
this variety under the soil and climatic condi-
tions of the study area. Among the early-ripening 

varieties, the Bettina variety (3.41 t/ha) had a low-
er yield compared to Aurelina (3.57 t/ha) and NS 
Maximus (3.51 t/ha) (Figure 6b). The calculated 
critical deviation (LSD05) for the yield of varieties 
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in this maturity group was 0.07–0.08 t/ha, indicat-
ing no statistically significant differences between 
Aurelina and NS Maximus.

The analysis of the impact of inoculants on 
the protein content in soybean grain showed that 
all studied bacterial preparations contributed to its 
increase compared to the control, which provided 
a protein content of 37.3% (Figure 7a). The small-
est increase in protein content was provided by the 
variants using Rhizogumin (0.5%) and Humisol 
(0.6%), while the highest increase was observed 
with Optimize 400 (1.8%) and Ekovital (1.5%) 
(Figure 7b). The maximum amount of protein was 
accumulated in the soybean grain of the variants 
with pre-sowing seed inoculation using Optimize 
400 (39.1%) and Ekovital (38.8%), indicating the 
high effectiveness of these inoculants in optimiz-
ing nitrogen nutrition for soybean plants.

The minimum oil content was determined in 
the soybean grain of the control variant of the ex-
periment with water-treated seeds – 19.1% (Fig-
ure 8a). Inoculation with bacterial preparations 

contributed to an increase in this indicator by 
0.3–0.7% (Figure 8b). The lowest effectiveness 
regarding oil content was provided by the inocu-
lants Ekovital and Optimize 400. With their use, 
the oil content increased by only 0.3% compared 
to the control. The maximum increase in this in-
dicator was achieved through the inoculation of 
seeds with the bacterial preparation Rhizogumin – 
19.8%, which exceeded the control by 0.7%.

All studied inoculants contributed to an in-
crease in the conditional yield of protein per 
hectare of soybean crops compared to the control 
variant, where this indicator was determined at a 
minimum level of 1.08 t/ha (Table 4). The seed 
inoculation allowed for an increase in the condi-
tional yield of protein by 0.05–0.30 t/ha or 4.63–
27.78% compared to the control. The smallest in-
creases in conditional protein yield were provided 
by seed inoculation with Rhizogumin (+0.05 t/ha) 
and Humisol (+0.07 t/ha). The highest conditional 
yield of protein per hectare of soybean crops was 
achieved with the use of Optimize 400 (1.38 t/ha, 

Figure 7. Protein content in soybean grain (%) under the influence of pre-sowing seed inoculation (a) and its 
increase compared to the control (b) (averaged data across studied varieties) (mean for 2021–2022), %

Figure 8. Oil content in soybean grain under the influence of pre-sowing seed inoculation (a) and its increase 
compared to the control (b) (averaged data across studied varieties) (mean for 2021–2022), %
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which is 0.30 t/ha more than the control) and Eko-
vital (1.34 t/ha, which is 0.26 t/ha more than the 
control), demonstrating the high effectiveness of 
these bacterial preparations in enhancing soybean 
crop productivity through improved nitrogen nu-
trition and protein synthesis.

Based on the research results, a positive ef-
fect of seed inoculation with bacterial prepara-
tions on the oil productivity of soybean has been 
established. In the control variant of the experi-
ment, where seeds were treated with water, the 
conditional yield of oil was 0.55 t/ha. Bacterial 
inoculation increased this yield by 0.04–0.13 t/ha 
or 7.27–23.64%. The smallest increase in this in-
dicator, due to a lower level of formed yield, was 
found in the experimental variants using Rhizogu-
min (0.04 t/ha or 7.27%) and Humisol (0.05 t/ha 
or 9.09%). The maximum values of conditional 
oil yield were achieved with the use of Optimize 
400, Bioboost Plus, and Ekovital – 0.67–0.68 t/
ha, which is 0.12–0.13 t/ha or 21.82–23.64% 
more compared to the control.

Our research substantiates that the application 
of biological approaches in the cultivation of soy-
bean varieties, specifically the pre-sowing inocu-
lation of seeds with various strains of nitrogen-
fixing bacteria, can significantly increase yield 
and improve grain quality. This improvement oc-
curs due to enhanced plant resilience to adverse 
conditions and stress factors. The results obtained 
are of great importance for developing strategies 
aimed at environmental conservation, increasing 
the productivity of this valuable leguminous crop, 
and supporting the sustainable development of 
the agricultural sector.

An analysis of scientific sources indicates the 
relevance of these issues, which are examined by 
many authors from different perspectives across 

various natural and climatic zones. For instance, 
studies conducted in arid climate conditions with 
limited irrigation have identified the positive im-
pact of fertilization with complex fertilizers con-
taining iron and water-saving irrigation on soy-
bean productivity [El Amine et al., 2024].

Cultivating soybeans under irrigation with 
full watering for 90 days during the growing sea-
son, followed by cessation of watering during the 
grain filling and ripening phases, in combination 
with seed inoculation, has shown that this tech-
nology significantly mitigates the drought-in-
duced reduction in sugar, protein, and fat content 
in the grains compared to non-irrigated plots. The 
authors of these studies [Sheteiwy et al., 2021] 
explain the obtained results as a weakening of 
stress manifestations and activation of growth 
processes, especially under drought conditions, 
due to seed inoculation. Their conclusions closely 
align with the results of our research.

Similar research results have been reported 
by other authors [Jabborova et al., 2021], who 
studied the effect of inoculation in soybean culti-
vation under non-irrigated conditions. According 
to their data, droughts and the stress they cause 
limit the productivity of agricultural crops. How-
ever, inoculation with nitrogen-fixing bacteria 
and rhizobacteria stimulates growth processes 
and increases the drought resistance of plants 
when grown in arid and semi-arid regions. With 
the increase in drought resistance due to seed 
inoculation, the process of nodule formation is 
activated, and nutrient uptake by soybean plants 
under drought conditions is enhanced. This is 
particularly attributed to the strengthening of the 
root system’s growth. Specifically, compared to 
the control group, root length increased by 56%, 

Table 4. Conditional yield of protein and oil per hectare of soybean crops (average for 2021–2022)

Inoculants

Conditional yield of protein per hectare of crops Conditional yield of oil per hectare of crops

t/ha
± compared to control

t/ha
± compared to control

t/ha % t/ha %
Control 

(water treatment) 1.08 0.00 0.00 0.55 0.00 0.00

Bioboost Plus 1.29 +0.21 +19.44 0.67 +0.12 +21.82

Biomag-Soy 1.24 +0.16 +14.81 0.64 +0.09 +16.36

Ekovital 1.34 +0.26 +24.07 0.67 +0.12 +21.82

Humisol 1.15 +0.07 +6.48 0.60 +0.05 +9.09

Optimize 400 1.38 +0.30 +27.78 0.68 +0.13 +23.64

Rhizogumin 1.13 +0.05 +4.63 0.59 +0.04 +7.27
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shoot length by 33%, dry weight of the root sys-
tem by 47%, and shoot weight by 48%.

Chinese researchers [Gao et al., 2021] ob-
served an increase in the efficiency of nutrient 
utilization due to improved microbial conditions 
during soybean cultivation, which contributed to 
increased yields of this crop. Other researchers 
[Didur et al., 2023; Zhang et al., 2023] also report 
a positive impact of microbial inoculants on the 
growth processes of soybean plants and their abil-
ity to enhance grain yield.

According to research conducted in the soil-
climatic conditions of South Africa, it was es-
tablished that inoculation and mycorrhization of 
seeds alleviate plant stress from drought, promote 
the accumulation of greater above-ground bio-
mass, increase yield, and enhance the fat content 
in soybean grains. The authors [Igiehon et al., 
2021] determined that the fat content in the grains 
increased by 8.4%, including a higher presence of 
fatty acids that are beneficial for human health. 
Additionally, seed inoculation significantly in-
creased the yield of large grain fractions.

Similar results regarding the effectiveness of 
seed inoculation, especially in combination with 
foliar fertilization using biopreparations, have 
been obtained in the soil-climatic conditions of 
the Forest-Steppe zone in Ukraine. Researchers 
[Didur et al., 2023] found that this approach con-
tributes to a significant increase in soybean yield, 
reaching a maximum of 3.31 t/ha. Such positive 
changes are explained by the ability of this crop 
not only to fix atmospheric nitrogen through sym-
biosis with nodule bacteria but also to partially 
assimilate it, which significantly reduces the 
need for mineral fertilizers. Through biological 
nitrogen fixation, plants receive sufficient nitro-
gen to form high-quality yields while simultane-
ously improving soil fertility. The additional use 
of biopreparations in foliar fertilization enhances 
the effectiveness of this agricultural practice by 
activating metabolic processes in plants, stimulat-
ing their growth and development, and increas-
ing their resistance to stress factors, including 
drought and temperature fluctuations.

According to research on the impact of 
mineral fertilizers and manure on the main soil 
properties in the subtropical conditions of Cen-
tral India, it was determined that the applica-
tion of these agronomic practices contributes to 
increased soybean productivity by improving 
soil fertility. The nutrition of leguminous crops, 
particularly soybeans, plays an important role 

in cultivation technology since these plants can 
utilize both mineral nitrogen from the soil and 
nitrogen symbiotically fixed by nodule bacteria. 
An optimal combination of these nutrient sources 
allows for the optimization of nitrogen supply to 
plants, facilitating intensive growth, high-quality 
yield formation, and maintaining nitrogen bal-
ance in the soil [Bangre et al., 2024].

In experimental studies conducted in the 
southeastern region of Poland, the impact of min-
eral nitrogen nutrition and seed inoculation on 
soybean productivity was examined. Two variet-
ies of this crop were selected for the experiments, 
to which nitrogen fertilizers were applied in dif-
ferent doses – N0, N30, and N60. A crucial element 
of the cultivation technology scheme was pre-
sowing inoculation of seeds with Bradyrhizobium 
japonicum (HiStick® Soy and Nitragina). The 
results obtained showed that the comprehensive 
application of these agronomic measures posi-
tively influenced the formation of the crop’s gen-
erative organs. In particular, the authors observed 
an increase in the number of pods per plant, the 
number of seeds per pod, and an increase in their 
weight. This trend confirms the appropriateness 
of combining nitrogen nutrition with biological 
inoculation, which allows for optimizing the ni-
trogen balance in the soil, improving the morpho-
physiological indicators of plants, and enhancing 
their productivity under appropriate soil-climatic 
conditions [Szpunar-Krok et al., 2023].

In the conditions of the Subcarpathian 
Voivodeship in Poland, the effectiveness of vari-
ous soybean seed treatment methods was studied 
on the Mavka variety, specifically using a new 
coating (chitosan + alginate/PEG) and the inocu-
lant HiStick® Soy, which contains Bradyrhizobi-
um japonicum bacteria. The research results indi-
cated that using only coated seeds did not ensure 
proper nodule formation, while the application 
of only the inoculant positively influenced plant 
development but did not provide the expected 
planting density. The most effective approach was 
found to be the combination of inoculation with 
seed coating, which resulted in maximum yield 
(4.32 t/ha), whereas exclusively inoculated seeds 
produced a slightly lower but very close produc-
tivity (4.23 t/ha) compared to the control yield of 
3.64 t/ha. The study concluded that seed coating 
is an effective measure only when combined with 
inoculation, confirming the importance of biolog-
ical seed treatment for increasing soybean yield 
[Jarecki, 2021].
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In research conducted by scientists in Brazil 
[Bueno et al., 2022], it was established that soybean 
seed inoculation promotes active plant growth and 
significantly improves their physiological state. 
Specifically, it was determined that this process di-
rectly affects the formation of a robust root system, 
enhances nutrient uptake, and intensifies nitrogen 
fixation. Furthermore, researchers found a close re-
lationship between inoculant concentration and the 
need for mineral fertilizer application: when there 
is a sufficient number of effective nitrogen-fixing 
bacteria, the need for additional nitrogen nutrition 
significantly decreases. This indicates the prom-
ising use of biological inoculation as an environ-
mentally safe and economically viable method for 
optimizing soybean nutrition.

Chinese scientists [Ai et al., 2022] report sig-
nificant positive effects of rhizobacteria on activat-
ing growth processes in soybeans, increasing crop 
productivity, and improving the quality character-
istics of the harvest. They conducted comprehen-
sive studies under both vegetative and field condi-
tions and found that seed inoculation contributes 
to the formation of a greater number of pods per 
plant, with an average increase of 46.78%, ulti-
mately impacting overall yield. Additionally, un-
der the influence of nitrogen-fixing bacteria, the 
technological and quality properties of the grain 
significantly improve: oil content increases by 
5.23%, and the weight of 1000 grains rises by 
9.13%, indicating the formation of full-fledged 
and well-formed seeds. The results obtained are 
consistent with our findings regarding increased 
oil content in soybean grain and confirm the ap-
propriateness of using inoculation as an effective 
agronomic measure to enhance soybean produc-
tivity and improve its commercial properties.

Considering the value of consuming veg-
etable oils, research was conducted at the Variety 
Evaluation Research Station in Przecław (Po-
land) with two soybean varieties, under which 
different doses of nitrogen fertilizers were applied 
and seed inoculation was performed. The authors 
concluded that the quality of the grain depended 
on the weather conditions of the growing year, 
fertilizers, seed inoculation, and significantly 
on varietal characteristics [Szpunar-Krok and 
Wondołowska-Grabowska, 2022].

Studies conducted in the Right Bank Forest-
Steppe of Ukraine also confirm that the variety is 
a determining factor in achieving high soybean 
grain yields. Thus, with the pre-sowing treat-
ment of seeds using a bacterial preparation and a 

growth regulator, the studied varieties accumulat-
ed varying amounts of protein, fat, carbohydrates, 
enzymes, vitamins, and minerals in their grains 
based on their chemical composition. The amino 
acids produced by the plants differed in solubility 
and nutritional value. Consequently, the obtained 
grain yield levels varied among the varieties in 
the authors’ studies under the same technological 
elements of their cultivation [Mazur et al., 2023].

Polish researchers [Szpunar-Krok and 
Wondołowska-Grabowska, 2022] indicate that 
different soybean varieties respond differently 
to both technological cultivation measures and 
changes in weather conditions, confirming the 
importance of selection and adaptation of variet-
ies to specific agro-climatic zones. The results of 
the studies demonstrate significant variability in 
soybean yield levels depending on varietal char-
acteristics, moisture conditions, and temperature 
regime throughout the growing season. Particu-
lar attention was paid to changes in yield qual-
ity indicators, specifically the fat content in the 
grains, which varied significantly depending on 
the weather conditions of a given year. This fur-
ther confirms that the effectiveness of soybean 
cultivation largely depends on the combination 
of optimal agronomic practices, weather factors, 
and the genetic potential of the variety.

In studies conducted in southeastern Poland, 
the response of two soybean varieties (Aldana and 
Annushka) to the application of mineral fertilizers 
at doses of N30 and N60 was examined, as well as 
to pre-sowing inoculation of seeds with different 
strains of nitrogen-fixing bacteria. The authors [Sz-
punar-Krok et al., 2021] established that the stud-
ied varieties exhibited differentiated responses to 
nitrogen nutrition levels, as well as significant vari-
ability in indicators depending on the weather con-
ditions during the years of cultivation and the type 
of inoculant used. Specifically, it was determined 
that these factors significantly influenced primarily 
the fat content in the grains and its fatty acid com-
position, which are fundamental to soybean yield 
quality. Based on the conducted research, Polish 
scientists concluded that the selection of varieties 
for cultivation should consider not only their adap-
tive potential and yield level but also the dynamics 
of changes in the chemical composition of grains 
depending on agronomic and climatic factors. 
Similar trends are also observed in our research 
conducted in the context of soil-climatic condi-
tions in the Southern Steppe of Ukraine, further 
confirming the relevance of our findings.
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CONCLUSIONS

Seed inoculation with bacterial preparations 
significantly increases the yield of early-ripening 
soybean varieties. The minimum yield level was 
formed in the control variant with water-treated 
seeds. The lowest effectiveness was determined 
with the use of Rhizogumin and Humisol. The 
maximum yield increase was provided by Eko-
vital and Optimize 400 – up to 25% compared to 
the control. The average yield when using these 
inoculants reached 3.17–3.25 t/ha, which justifies 
their use for increasing the productivity of early-
ripening soybean varieties.

All studied inoculants increased the yield of 
early-ripening soybean varieties; however, their 
effectiveness varied. The highest yield increase 
was achieved with the inoculants Optimize 400 
and Ekovital, confirming their ability to stimu-
late plant growth and development significantly. 
The smallest effect was observed with Rhizogu-
min, where the yield increase was statistically 
insignificant. The inoculant Humisol also dem-
onstrated low effectiveness, providing only a 4% 
increase in yield.

Analysis of the research results revealed a 
higher yield of early-ripening soybean variet-
ies compared to early-maturing varieties, which 
can be explained by their longer growing period 
and prolonged utilization of water and nutrients. 
Among the early-maturing varieties, Zlatoslava 
was identified as the most productive, exceeding 
the critical deviation (LSD05) and demonstrating 
high potential in the study area. Among early-
ripening varieties, Aurelina provided the highest 
yield, although there were no statistically signifi-
cant differences between it and the NS Maximus 
variety. This indicates similar levels of produc-
tivity for these varieties and their prospects for 
cultivation in the research region.

Seed inoculation confirmed the effectiveness 
of bacterial preparations in increasing protein 
and oil content in soybean grain. The most ef-
fective inoculants for increasing protein content 
were Optimize 400 and Ekovital, while Rhi-
zogumin was most effective for oil content. All 
studied bacterial preparations contributed to an 
increase in the conditional yield of protein and 
oil per hectare of crops. Seed bacterization pro-
vided an increase in conditional protein yield 
by 4.63–27.78% and oil yield by 7.27–23.64% 
compared to the control (water treatment). The 
lowest indicators of conditional protein and oil 

yields were found in variants using Rhizogumin 
and Humisol, while the highest were achieved 
with Optimize 400 and Ekovital.
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