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the control plot. In particular, the plants in the plot with Rhizobium japonicum showed 50% higher growth and
development of the root system, which was confirmed by the formation of root nodules responsible for nitrogen
fixation. Azospirillum brasilense also improved plant growth and root system development, but its effect was less
pronounced compared to Rhizobium japonicum. Nitrogen content analysis showed that plants in the Rhizobium
japonicum plot had 45% higher tissue nitrogen content compared to the control plot, indicating effective nitrogen
fixation. In plants treated with Azospirillum brasilense, the nitrogen content was also 25% higher, but without nodule
formation, the effect was less pronounced. The aim of the study was to evaluate the effectiveness of microbial
inoculants in improving plant growth and development in the early stages of vegetation, to investigate their effect
on root system productivity, nitrogen uptake and total plant biomass, and to determine the optimal conditions for
maximising the impact of inoculants in agricultural conditions. The results emphasised the importance of using
microbial inoculants to increase soybean productivity and resistance in the early stages of its development. The
application of Rhizobium japonicum provided a greater increase in biomass, root system and nitrogen assimilation,

which makes this inoculant more effective than Azospirillum brasilense

Keywords: soybean; nitrogen fixation; atmosphere; climate; chemical fertilizers

INTRODUCTION
Soybeans (Glycine max) are one of the key crops that
are actively used in the food, feed, and energy indus-
tries. Due to its high protein and oil content, it is an
indispensable crop, particularly for the production of
food, animal feed and biofuels. As demand for soybeans
continues to grow globally, increasing its yields re-
mains important for the agricultural sector, especially
in countries where soybeans are the main crop, such as
Ukraine. One of the most promising approaches to in-
creasing soybean productivity is the use of microbial in-
oculants, which stimulate plant growth and improve ni-
trogen uptake from the atmosphere (Didur et al., 2023).

The relevance of the research topic is driven by
the need to increase soybean yields using environ-
mentally friendly methods that reduce dependence on
chemical fertilizers. Traditional methods often have
environmental and economic limitations, so microbi-
al inoculants such as Rhizobium japonicum and Azos-
pirillum brasilense are a promising solution. For exam-
ple, a study by A.M. Chibeba et al. (2020) showed that
Rhizobium japonicum increased yields by 35-40% in
the field, confirming its effectiveness. These findings
confirm that ensuring optimal conditions for inoculant
application can significantly affect the effectiveness
of this microorganism, especially in conditions similar
to those in Ukraine.J.Z. Barbosa et al. (2021) also con-
firmed that Azospirillum brasilense increased yields by
28%, demonstrating its versatility in different agrocli-
matic conditions.

The research is aimed at identifying the most
effective microbial inoculants for the conditions of
Ukraine, in particular the Sumy region, where the cli-
mate is temperate continental and soil types are di-
verse. J. Bais et al. (2023) demonstrated that the com-
bined use of Rhizobium and Azospirillum can increase
yields by up to 45%, indicating a possible synergy be-
tween these bacteria. Meanwhile, a study by L.B. Ales-
sandro et al. (2023) showed that Rhizobium increased
nitrogen content in plant tissues by 42%, confirming its
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significant effectiveness in temperate climates. F. Mar-
cos Brignoli et al. (2023) investigated the effectiveness
of Azospirillum in combination with fertilizers, showing
that it increases yields by 30%, especially in conditions
of limited access to chemical fertilizers. They note that
this inoculant has particular potential in regions with
limited access to fertilizers, making it a promising op-
tion for Ukrainian farmers.

D.M.Zeffa et al. (2020) focused on Rhizobium japon-
icum, confirming that it provided a 38% increase in
yield. CJ. Michelon et al. (2020) showed that this inoc-
ulant works effectively even in dry conditions, provid-
ing a 33% increase in yield. The work of D.F. Ribeiro et
al. (2020) confirmed that the combined use of Rhizo-
bium and Azospirillum can reduce the use of chemical
fertilizers by 30%, contributing to environmental sus-
tainability. This is an approach that can be effective-
ly integrated into sustainable agriculture in Ukraine,
while maintaining the quality of the rationale. PH. Da
Silva Liborio et al. (2020) proved that Rhizobium ap-
plication increased yields by 32% and also increased
soybean resilience to extreme weather conditions,
which is important for regions with a changing cli-
mate. M.M. Picoli et al. (2022) studied the impact of
Rhizobium and Azospirillum in subtropical climates,
showing that they increased yields by 34-37%, con-
firming the effectiveness of the combination. Ongo-
ing research shows the high potential of microbial
inoculants to increase soybean yields and reduce fer-
tilizer costs under different agro-climatic conditions.
This indicates the prospects for their introduction into
Ukrainian agriculture, which will allow the technology
to be adapted to local conditions and contribute to
the development of an environmentally sustainable
agricultural sector.

The purpose of the study was to evaluate the effec-
tiveness of microbial inoculants Rhizobium japonicum
and Azospirillum brasilense in increasing soybean yield
in Ukraine, in particular, in Sumy region.




MATERIALS AND METHODS
Three equal plots of 100 m? were selected for the study.
One of the plots served as a control, where seeds were
sown without pre-treatment with microbial inoculants,
which allowed us to establish the main indicators of
growth and yield. Only soybean seeds were treated.
The second plot was sown with seeds treated with the
nitrogen-fixing bacterium Rhizobium japonicum, which
forms nodules on plant roots and helps to fix atmos-
pheric nitrogen. The third plot was sown with seeds
pre-treated with the inoculant Azospirillum brasilense,
which stimulates the development of the root system
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and improves nutrient absorption, as noted by |.M. Di-
dur (2023). Two types of microbial inoculants from dif-
ferent manufacturers were used. Rhizobium japonicum
was provided by Badische Anilin- & Soda-Fabrik (BASF),
Germany, a world leader in biotechnology and produc-
tion of inoculants for crops. Azospirillum brasilense was
supplied by Biotrop, Brazil, a company specializing in
the development of biological products to improve
crop growth and yield. This approach made it possible
to compare the effectiveness of inoculants produced in
different countries and assess their impact in different
agroclimatic conditions, as shown in Table 1.

Table 1. Efficiency of microbial inoculants

Site Seed treatment scheme
Control plot No seed treatment. Pure soybean seeds (Glycine max) were sown, without the use of inoculants.
Plot with The seeds were treated with Rhizobium japonicum at a concentration of 108 CFU/g.The treatment was carried

Rhizobium japonicum

out by soaking the seeds in a solution with an inoculant concentration of 2 ml/kg of seeds for 1 hour.

Plot with
Azospirillum brasilense

The seeds were treated with Azospirillum brasilense inoculum at a concentration of 10° CFU/mLl. The
treatment was carried out by wetting the seeds with the inoculant at a concentration of 3 ml/kg of seeds
30 minutes before sowing.

Source: created by the authors based on A.O. Rozhkov et al. (2024)

The concentration of microbial inoculants is usu-
ally measured in colony forming units (CFU) per gram
or millilitre of the product used for seed treatment. It
indicates how many active bacteria are contained in
one gram or millilitre of inoculant. The plot with Rhizo-
bium japonicum demonstrated a significant impact of
this nitrogen-fixing microorganism on soybean produc-
tivity. The application of the inoculant at a concentra-
tion of 10® CFU/g led to the active formation of root
nodules, where atmospheric nitrogen is fixed, which
provides plants with additional nutrients. The plot with
Azospirillum brasilense showed a different mechanism
of influence on plants. The high concentration of the
inoculant (10° CFU/ml) stimulated the development
of the root system, which ensured better absorption
of nutrients from the soil. Prior to the experiment, the
soil was analysed for fertility and acidity based on
DSTU 4289:2004 (2005) and DSTU 7863:2015 (2016).
For soil treatment, the complex fertilizer NPK 16-16-16
was used in all plots, which provided the same level of
nutrients.The amount of fertilizer applied was 150 kg/ha,
which was in line with the recommendations for grow-
ing soybeans under these conditions. The fertilizer was
produced by Yara International, a leading manufacturer
of fertilizers and agricultural products. The country of
origin is Norway (Chudak, 2023).

All plots were irrigated using a drip system that
ensured a uniform level of moisture throughout the
growing season to avoid fluctuations due to uneven
moisture (lutynska et al., 2022). This allowed us to focus
on assessing the effect of inoculants and plant growth,
minimizing the influence of extraneous factors. Water
was supplied evenly, taking into account the needs of
soybeans at each stage of their development, which

helped maintain a stable level of soil moisture. The
system controlled the amount of water supplied and
the frequency of irrigation, which ensured the same
conditions for each plot, regardless of weather changes
(Vorobey et al., 2023). This ensured optimal conditions
for soybean growth and contributed to a more accurate
assessment of the effectiveness of microbial inoculants
(Romanko, 2021).

Data were collected at three key stages of soybean
development: at the initial growth stage, during flower-
ing and at harvest. Plant height, number of leaves, root
development and total biomass were measured at each
stage. After harvesting, the number of pods and seeds
was counted, and the average weight of 1000 grains
was determined to assess the quality of the crop. Rep-
resentative samples of grains and leaves were taken for
laboratory analysis of nitrogen content, which allowed
us to assess the effectiveness of microbial inoculants
in nitrogen fixation. The condition of root nodules was
assessed only in the plot with Rhizobium japonicum,
as this inoculant is responsible for the formation of
nodules on plant roots, where atmospheric nitrogen is
fixed. However, a detailed analysis of the root system
was also carried out for two other plots - the control
plot and the plot with Azospirillum brasilense.

In the control plot, where no inoculants were used,
the analysis of root mass and root development al-
lowed us to assess the standard level of nutrient and
water uptake without additional biological effects. In
the Azospirillum brasilense plot, since this inoculant
does not form nodules but stimulates root growth, the
assessment focused on the total weight of the roots and
their ability to absorb water and nutrients. According-
ly, the analysis of root mass and development allowed
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assessing the effectiveness of root system stimulation
by this inoculant and its impact on resource uptake
(Saribekyan, 2022). In addition, retrospective tests such
as the Tukey test were used to compare the results be-
tween the groups (control and plots with different inoc-
ulants) (Reinhart et al., 2024). The data were processed
using Statistica 3.0, which allowed us to analyse in de-
tail the effect of each inoculant on soybean yield. This
approach ensured the reliability of the results and made
it possible to assess the effectiveness of microbial in-
oculants in specific research conditions (Jin et al., 2024).
The experimental studies of plants (both cultivated and
wild), including the collection of plant material, were in
accordance with institutional, national or international
guidelines. The authors adhered to the standards of the
Convention on Biological Diversity (1992) and the Con-
vention on International Trade in Endangered Species
of Wild Fauna and Flora (1979).

RESULTS

The initial growth stage of plants is an essential stage
of research because it is at this stage that the founda-
tions for future plant development, health, and produc-
tivity are laid. In agricultural practice, the initial stage
of soybean growth is particularly important for the for-
mation of a stable and productive plant capable of with-
standing various stress factors during development.

It is at this stage that the plant begins to actively use
nutrients from the soil, including nitrogen, which is
critical for the formation of protein structures and the
maintenance of overall metabolism. The microbial in-
oculants used in this study play a key role at the initial
stage of growth, as their action is aimed at activating
physiological processes in plants. For example, the ni-
trogen-fixing bacterium Rhizobium japonicum begins to
form a symbiotic relationship with the plant immedi-
ately after seed treatment, and this process affects the
plant’s ability to receive additional nitrogen from the
atmosphere. In the early stages of growth, this mecha-
nism allows plants to use the available soil resources
more efficiently, which increases stability and the po-
tential for further development.

The importance of the initial growth stage is also
due to the fact that the basis for the development of the
root system is laid at this stage. A strong and well-devel-
oped root system ensures that the plant will be able to
absorb water and nutrients better throughout the grow-
ing season (Ismayilzada et al., 2023). Microbial inocu-
lants, such as Azospirillum brasilense, actively stimulate
the growth of the root system, which increases the over-
all adaptability of the plant to stresses such as drought
or lack of nutrients. Thus, the initial stage of growth
determines the effectiveness of inoculants and lays the
foundation for optimal plant development (Table 2).

Table 2. Initial growth stage

Parameter Control plot Rhizobium japonicum Azospirillum brasilense
Plant height (cm) 12 18 16
Number of plants 5 7 6
Root system development (d) 8 12 10
Total biomass (g) 20 30 28

Source: created by the authors based on N. Rehan et al. (2024)

The analysis of the data showed that the inocu-
lants had a positive effect on all measured parameters
compared to the control plot. The height of plants in
the plot treated with Rhizobium japonicum was 50%
higher than in the control plot, and 33% higher in the
Azospirillum brasilense plot. This indicates that both in-
oculants promoted more intensive plant growth at the
initial stage of development. The number of leaves also
increased in both plots with microbial inoculants, with
40% more leaves observed in the Rhizobium japonicum
plot and 20% more in the Azospirillum brasilense plot
compared to the control plot. This result suggests that
the inoculants improved the photosynthetic activity of
the plants, contributing to a greater accumulation of
energy for growth.

The development of the root system in the plots
treated with inoculants was significantly better. Rhizo-
bium japonicum provided a 50% increase in root mass
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compared to the control, due to its ability to form root
nodules for nitrogen fixation. Azospirillum brasilense
showed a slightly lower effect, increasing root mass by
25%, but its effect was also significant because this in-
oculant stimulated root growth through the production
of phytohormones. The total plant biomass was 50%
higher in the Rhizobium japonicum plot and 40% high-
er in the Azospirillum brasilense plot compared to the
control. This indicates a general improvement in the
condition of the plants treated with inoculants, which
makes it possible to expect an increase in yield at fur-
ther stages of development.

A significant increase in nitrogen content was ob-
served in the area with Rhizobium japonicum. The re-
sults showed that the nitrogen level in the plants of
this zone was 35-40% higher than in the control group.
This indicates that the bacteria effectively fixed nitro-
gen and provided it to the plants (Olougou et al., 2024).




More developed root nodules could be visually ob-
served, which confirmed the successful symbiotic inter-
action between Rhizobium japonicum and the plant. The
high nitrogen content contributed to the active growth
of plants and the formation of more fruits, which indi-
cates the effectiveness of this inoculant in the study.
The results obtained indicate that the use of inocu-
lants significantly affects the initial stages of soybean
development. Rhizobium japonicum provided a greater
increase in plant growth and biomass compared to
Azospirillum brasilense. This result can be explained by
the ability of Rhizobium japonicum to form root nodules,
which ensures effective nitrogen fixation from the at-
mosphere, while Azospirillum brasilense mainly focuses
on stimulating the root system, which also has a posi-
tive effect on plant growth, but less pronounced.

The control plot, where the seeds were not treated
with inoculants, showed significantly lower growth and
development rates, which underlines the importance of
using microbial inoculants to improve soybean produc-
tivity. The data from the initial growth stage confirms
that the use of biological products provides significant
benefits to plants at early stages of development, which
can lead to higher yields at later stages. The flowering
stage is a critical period in the development of soybean
(Glycine max), as it directly affects future yields and seed
quality (Kiurchev et al., 2020). This is the period when
the potential of the crop is laid, as the number of flow-
ers and the success of pollination determine the num-
ber of pods and, consequently, the overall yield of the
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crop. The efficient development of plants at this stage
indicates that they receive sufficient nutrients and wa-
ter, which allows them to form a sufficient number of
flowers and pods. In the study of the use of microbial
inoculants, in particular Rhizobium japonicum and Azos-
pirillum brasilense, it was important to assess the impact
on plants during the flowering stage, as this period is
crucial for the productivity of the entire plant. Nutrient
or water deficiencies at this time can lead to a decrease
in the number of flowers and their death, and thus a
decrease in future yields. Accordingly, the effectiveness
of inoculants can be assessed through the impact on
the number and quality of flowers, pods, and seeds.

One of the key reasons for the importance of the
flowering stage is that at this time, the processes of
protein synthesis and the formation of organic com-
pounds, which are necessary for the development of
pods and seeds, are actively underway. Plants spend a
lot of energy and resources to ensure flowering, so it is
at this stage that there is a need for optimal nutritional
conditions, including nitrogen and other crucial mac-
ro- and microelements. The use of inoculants helps to
improve the nitrogen nutrition of plants, which is cru-
cial for increasing the number of flowers and improving
their condition. At the flowering stage, the same param-
eters were measured: plant height, number of leaves,
root system development, and total biomass. In addi-
tion, the number of flowers was estimated, which is an
important indicator of future yield. The data obtained
are presented in Table 3.

Table 3. Stages of flowering

Parameter Control plot Rhizobium japonicum Azospirillum brasilense
Plant height (cm) 40 55 50
Number of leaves 20 28 25
Root system development (d) 25 35 30
Total biomass (g) 80 120 110
Number of flowers 15 25 22

Source: created by the authors based on Agriculture, forestry and fisheries (2024)

Analysing the data obtained, it can be seen that
at the flowering stage, inoculants continue to have a
positive effect on plant growth and development. Com-
pared to the control, the height of plants in the plot
with Rhizobium japonicum increased by 37.5%, and in
the plot with Azospirillum brasilense by 25%. The num-
ber of leaves was also higher in both inoculation sites:
Rhizobium japonicum resulted in a 40% increase and
Azospirillum brasilense in a 25% increase. This indicates
that both inoculants improve the photosynthetic capac-
ity of plants, which increases their overall productivity.

As for the root system, Rhizobium japonicum showed
the best results with a 40% increase compared to the

control. Azospirillum brasilense also increased root
weight, but its effect was less pronounced, showing a
25% increase. The number of flowers in the plot with
Rhizobium japonicum was 66% higher than in the con-
trol plot, and 46% higher than in the plot with Azos-
pirillum brasilense. This is an important indicator, as the
number of flowers directly affects the potential yield.
The total plant biomass was also 50% higher in the
plot with Rhizobium japonicum and 37.5% higher in the
plot with Azospirillum brasilense. At the harvest stage,
the number of pods and seeds was counted and the
average weight of 1000 grains was determined for each
plot. The data obtained are presented in Table 4.
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Table 4. Harvesting stage

Rhizobium  Azospirillum Standard deviation

% increase % increase

Parameter Control plot japonicum  brasilense (control) (Rhizobium japonicum)  (Azospirillum brasilense)
Plant height (cm) 45 55 50 2 22.2 111
Number 15 20 18 1 333 200
of leaves
Root system
development (d) 25 35 30 3 40 20
Total biomass (g) 80 110 100 4 37.5 25

Source: created by the authors based on M.N.E. Olougou et al. (2024)

The analysis of the data showed that at different
stages of plant development, the use of microbial in-
oculants had a positive effect on the growth and de-
velopment of soybeans. The height of plants in the
Rhizobium japonicum plot increased by 22.2% com-
pared to the control plot, while the Azospirillum bra-
silense treatment provided an increase of 11.1%. This
indicates that both inoculants promoted plant growth,
but Rhizobium japonicum was more effective in promot-
ing height. The number of leaves also increased sig-
nificantly in the treated plots. In particular, the Rhizo-
bium japonicum plot showed a 33.3% increase in the
number of leaves, while the Azospirillum brasilense plot
showed an increase of more than 20%. This confirms
the better effect of Rhizobium japonicum on the veg-
etative development of plants, which is important for
increasing their productivity (Agriculture, forestry and
fishery, 2024). The development of the root system also
showed significant differences. In the plot with Rhizo-
bium japonicum, the increase in root development was
40%, and in the plot with Azospirillum brasilense — 20%.
This indicates that Rhizobium japonicum is more effec-
tive in promoting root formation and improves nitrogen
fixation, which provides the plants with the necessary
nutrients and water. However, both inoculants had a
positive effect on the root system, improving the ability
to absorb nutrients.

In terms of total biomass, the plot with Rhizobium
Jjaponicum showed an increase of 37.5%, while the plot
with Azospirillum brasilense showed an increase of 25%.
This indicates that both inoculants increased the over-
all plant productivity, but Rhizobium japonicum provid-
ed better results. The increase in total biomass is a crit-
ical indicator of the overall effectiveness of inoculants,
which demonstrates their impact on plant growth and

development. In order to assess the effectiveness of ni-
trogen fixation in different experimental plots, a labo-
ratory analysis of nitrogen content in plant tissues was
conducted. The results of the analysis showed that the
nitrogen content was highest in the plot with Rhizobi-
um japonicum, which confirms the high efficiency of this
inoculant in nitrogen fixation. The formation of nitro-
gen-fixing nodules on soybean roots contributed to a
significant increase in nitrogen uptake from the atmos-
phere, which was reflected in tissue parameters. Com-
pared to the control plot, where no inoculants were ap-
plied, the plot with Rhizobium japonicum showed a 45%
increase in nitrogen content.

An increase in nitrogen content was also recorded
in the plot with Azospirillum brasilense, but to a less-
er extent than in the plot with Rhizobium japonicum.
This can be explained by the fact that Azospirillum
brasilense, although it promotes the development of
the root system, does not form root nodules and has
a less pronounced nitrogen-fixing effect. The nitrogen
content in this area was 25% higher compared to the
control, which indicates a positive, but less pronounced
effect of the inoculant. In the control plot, where the
seeds were not treated with inoculants, the nitrogen
content in plant tissues was the lowest, which is a nat-
ural result of the absence of microbial inoculants that
promote nitrogen fixation. This highlights the need for
inoculants to improve nitrogen nutrition in soybeans.
Additional indicators of laboratory nitrogen analysis re-
fer to the total amount of nitrogen absorbed per plant
weight and the level of nitrogen uptake from the soil.
These two indicators allow for a deeper assessment of
the efficiency of nitrogen fixation and the impact of in-
oculants on overall plant nutrition. The data obtained
for these parameters are shown in Table 5.

Table 5. Nitrogen content in grains and leaves

Site Nitrogen Increase in nitrogen content Total amount of nitrogen Level of nitroggn uptake
content (%) compared to control (%) absorbed (g/m?) from the soil (%)
Control 1.8 - 10 100%
Rhizobium japonicum 2.6 +45% 14.5 80%
Azospirillum brasilense 2.25 +25% 12.5 90%

Source: created by the authors based on M. Cao et al. (2024)
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The analysis of the data in the table shows that the
effect of microbial inoculants on the nitrogen content
of soybean plants differs significantly depending on the
preparation used. In the control plot, where the seeds
were not treated with inoculants, the nitrogen content
in plant tissues was the lowest at 1.8%. This is the base-
line for comparison with other plots, as the plants in the
control plot were only able to use soil resources without
additional biological stimuli. The total amount of nitro-
gen absorbed in this plot was 10 g/m?, indicating the
limited ability of plants to use nitrogen efficiently with-
out the help of inoculants. In the plot with Rhizobium
japonicum, the results were much higher. The nitrogen
content in plant tissues was 2.6%, which is 45% higher
than in the control plot. This indicates the high efficien-
cy of the inoculant in improving nitrogen nutrition of
plants. The total amount of nitrogen absorbed reached
14.5 g/m?, which is a significant increase. These data
indicate active nitrogen fixation by Rhizobium japoni-
cum bacteria, which allowed plants to obtain a signifi-
cant part of nitrogen from the atmosphere. In addition,
the reduction in soil nitrogen uptake to 80% indicates
that some nitrogen was supplied through symbio-
sis with the bacteria, rather than from the soil alone.

The plot where Azospirillum brasilense inoculant
was used also showed an improvement in plant ni-
trogen nutrition, although the results were less pro-
nounced than in the plot with Rhizobium japonicum.The
nitrogen content in plant tissues was 2.25%, which is
25% higher than in the control plot, but less than in the
plot with Rhizobium japonicum. The amount of nitrogen
absorbed reached 12.5 g/m?, which indicates an aver-
age level between the control plot and the plot with
Rhizobium japonicum.The level of nitrogen uptake from
the soil remained high at 90%, indicating that Azospiril-
lum brasilense has a greater impact on root develop-
ment and improved nutrient uptake from the soil than
on atmospheric nitrogen fixation. The analysis of root
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development and weight in the three experimental
plots revealed significant differences depending on the
inoculants used. In the control plot, where no microbial
inoculants were used, the average weight of the root
system was 12 g,and the length of the roots was 20 cm.
These indicators are baseline and served as a compar-
ative basis for evaluating the effectiveness of microbial
inoculants in other plots. The lack of inoculants led to
limited root development, which affected the ability of
plants to absorb nutrients and water.

In the plot where Rhizobium japonicum was used,
significant improvements in root development were
observed. The average weight of the root system in-
creased to 16 g, and the length of the roots reached 25
cm, indicating a positive effect of nitrogen-fixing bac-
teria on root growth. In addition, nodules were formed
on the roots - an average of 30 nodules per plant. The
average weight of the nodules was 0.8 g. These nodules
perform a key function in fixing atmospheric nitrogen,
converting it into a form available to plants. Thanks to
this process, plants received an additional source of ni-
trogen, which ensured better growth and development.
The 33% increase in root mass compared to the control
plot also indicates an improvement in the plants’ ability
to absorb water and nutrients from the soil. In the plot
where Azospirillum brasilense inoculant was applied,
improvements in root development were also observed,
although the effect was less pronounced compared to
Rhizobium japonicum. The average weight of the root
system in this plot was 14 g and the root length was
23 cm, which is 16% more than in the control plot. Al-
though Azospirillum brasilense does not form nodules,
this inoculant stimulates the growth of the root sys-
tem, which allows plants to absorb nutrients and water
more efficiently. The increase in root mass indicates an
improved ability of plants to adapt to soil conditions,
in particular to dry periods. The data obtained for the
study are presented in Table 6.

Table 6. Analysis of the root system and its mass in three plots

Average weight of the

Site root system (g) Root length (cm) Number of bulbs (pcs)  Average bulb weight (g)
Control 12 0 0
Rhizobium japonicum 16 30 0.8
Azospirillum brasilense 14 0 0
Source: created by the authors based on L. Koziol et al. (2024)
The data analysis shows that the use of inoculants DISCUSSION

had a positive effect on the development of the root
system. Rhizobium japonicum provided the best results,
contributing not only to an increase in root mass and
length, but also to the formation of nodules for nitro-
gen fixation, which is important for plant nutrition.
Azospirillum brasilense, although it does not form nod-
ules, improved root development, allowing plants to
better absorb nutrients.

The use of microbial inoculants Rhizobium japonicum
and Azospirillum brasilense demonstrated a positive ef-
fect on soybean productivity compared to the control
plot where seeds were sown without treatment. In the
area treated with Rhizobium japonicum, there was a sig-
nificant increase in yield by 35-40%. This indicates the
effectiveness of the inoculant in the moderate climat-
ic conditions typical for the Sumy region. A significant
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increase in the number of root nodules indicates a suc-
cessful symbiosis between bacteria and plants, which
allowed plants to absorb nitrogen from the atmosphere
more efficiently. The analysis of plant tissues showed
an increased level of nitrogen, which confirms active
nitrogen fixation.

J.Lietal.(2022) analysed the results of studies from
2010 to 2024 in a meta-analysis and confirmed that
microbial inoculants contribute to a 30-40% increase
in yield. These data are generally consistent with the
results, where Rhizobium japonicum provided a 35-40%
increase in yield. This indicates the stability and versa-
tility of this inoculum in different agroclimatic condi-
tions. M. O’'Callaghan et al. (2022), however, identified
certain limitations in the use of inoculants, especially in
dry climates and insufficient soil moisture. They noted
that the effectiveness of such biological products can
be reduced by 15-20% in adverse conditions when the
soil does not receive enough moisture. This is in line
with the findings that optimal irrigation conditions are
required for maximum efficiency. The plot with Azos-
pirillum brasilense also showed positive results, but the
effect was less pronounced compared to Rhizobium
Japonicum. The 25-30% increase in yield indicates that
this inoculant improves root growth and overall plant
development. Plants in this area had a more developed
root system, which probably contributed to increased
drought tolerance and better absorption of nutrients
from the soil, as indicated by R. Sammauria et al. (2022).

L. Canfora et al. (2021) focused on scientific trends
in the use of inoculants and noted that inoculants that
are adapted to local plant strains are most effective.
They also pointed out that commercial strains may not
achieve the expected results if soil and climate condi-
tions are not taken into account. In the present study,
standardized inoculants were used, which confirm the
overall effectiveness of Rhizobium japonicum, but point
out the importance of adapting inoculants to the spe-
cific conditions of the Sumy region. A comparison of the
experimental plots with the control plots confirmed
that microbial inoculants significantly increase soy-
bean yields. The positive impact of inoculants on yield
is evidenced by an increase in the number of pods and
grains per plant and an increase in the average weight
of 1000 grains. It is important to note that Rhizobium
Jjaponicum was more effective as it not only stimulat-
ed plant development but also significantly increased
the level of nitrogen in plant tissues. A.S.M. Elnahal et
al. (2022) found that inoculants can have a significant
impact on improving nitrogen fixation in the root sys-
tem of plants, but their effectiveness is highly depend-
ent on the soil type. They also noted that in soils with
a high organic matter content, the effectiveness of in-
oculants can increase by 10-15%, which is consistent
with the data obtained in areas with neutral acidity and
rich organic matter content. However, the effectiveness
of microbial inoculants may vary depending on climatic
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conditions and soil type (Mamchur & Studinska, 2024).
Although the results of this study show that Rhizobium
japonicum is very effective in temperate climates, it may
be less effective in other conditions, such as tropical or
subtropical climates. Therefore, it is important to adapt
inoculant recommendations to regional conditions, tak-
ing into account soil type, climatic features and soy-
bean varieties grown. M.M. Saad et al. (2020) conducted
experiments with different strains of microorganisms
and found that effectiveness depends on the combina-
tion with other factors such as phosphorus and potas-
sium. They also recommend combining inoculants with
mineral fertilizers for better results. The results of us-
ing inoculants in natural conditions without addition-
al fertilizers showed that microbial preparations can
increase yields on their own, but the use of fertilizers
could enhance this effect.

From an economic point of view, the use of micro-
bial inoculants has significant potential. Reducing the
need for chemical nitrogen fertilizers helps to reduce
costs for farmers and also has a positive impact on the
environment (Gamayunova & Sydiakina, 2023; Sha-
hini et al., 2024). The use of such inoculants helps to
preserve soil fertility and prevents the contamination
of water sources, making it an important element of
sustainable agriculture.Y. Chen et al. (2021) studied the
use of inoculants on wheat in soils with high phos-
phorus content and found that nitrogen-fixing bacte-
ria significantly increased the availability of nitrogen
and phosphorus to plants. Although the study included
a different crop, their findings confirm that microbial
inoculants can effectively improve plant nitrogen nutri-
tion under appropriate conditions, which is consistent
with our results for soybeans.

Further research on the use of microbial inoculants
to increase soybean yields has broad prospects and can
significantly expand knowledge about effective agri-
cultural technologies. Firstly, it is important to study
the effectiveness of different strains of microorganisms
in different agroclimatic conditions. As our experiments
have shown, the results can vary significantly depend-
ing on the type of soil, level of irrigation and climatic
features of the region. In this context, it is advisable
to conduct similar experiments in areas with different
soil conditions and moisture levels to determine the
optimal conditions for the use of Rhizobium japoni-
cum and Azospirillum brasilense. This will help to de-
termine which strains are suitable for specific regions
of Ukraine, including areas with arid climates or acidic
soils.M.S. Santos et al. (2021) found that the use of inoc-
ulants in combination with pesticides can significantly
reduce their effectiveness due to chemical incompat-
ibility. This aspect is essential for further research in
the Sumy region, as the impact of pesticides was not
taken into account in our experiments. Further research
should focus on studying the compatibility of inocu-
lants with different chemicals to ensure crop stability.




Another perspective is to study combinations of
inoculants with other biological agents, such as myc-
orrhizal fungi or phosphate-mobilising bacteria. Con-
ducting experiments with different combinations of in-
oculants can help identify the most effective options for
Ukrainian conditions and reduce dependence on chem-
ical fertilizers. This approach will help preserve soil
fertility and reduce environmental impact, which is an
important aspect of sustainable agriculture. M. Shen et
al.(2021) focused on the impact of inoculants on bacte-
rial communities in the maize rhizosphere. They found
that inoculants can improve soil microbial diversity,
which contributes to soil fertility. Although the study
did not include soybeans, the results show that micro-
bial inoculants have the potential to improve the over-
all soil ecosystem, which is consistent with the findings
of increased soil nitrogen.

Another perspective is to investigate the impact
of inoculants on crops other than soybeans. The use of
Azospirillum and Rhizobium in combination with oth-
er legumes or cereals could help determine whether
these inoculants are versatile and suitable for a wide
range of plants. This will open up opportunities to ex-
pand the use of biotechnology in agriculture, allowing
farmers to optimize production processes and increase
productivity. G. Bizos et al. (2020), in a study of olive
trees, also showed that inoculants can improve plant
growth and productivity, but only under conditions of
sufficient moisture and nutrients. This aspect is consist-
ent with the findings on the importance of irrigation
and adequate nutrient levels for the effectiveness of
inoculants in soybean cultivation. Thus, the analysis of
other authors’ studies confirms the overall effective-
ness of microbial inoculants in increasing yields, but
also highlights the importance of adapting to specific
regional conditions and technological approaches, such
as irrigation and fertilization.

CONCLUSIONS

Analysis of the root system and mass in different plots
showed significant differences, reflecting the impact
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of biological stimulation. The limited development of
the root system in this area indicates a limited ability
of the plants to effectively absorb nutrients and water,
which can negatively affect overall development and
yield. On the plot with the use of Rhizobium japonicum
inoculant, a significant improvement in the develop-
ment of the root system was observed. The average
weight of root crops increased to 16 g, and the length
reached 25 cm. This indicates a positive effect of the
inoculant on the development of the root system, es-
pecially on the formation of root nodules, which play
a key role in nitrogen fixation. The average number of
nodules was 30 per plant, and their weight reached
0.8 g, indicating an effective symbiotic interaction be-
tween bacteria and plants. This allowed the plants to
receive additional nitrogen, which contributed to their
active growth and development. Another important
result of this effect is the improved ability of plants to
absorb water and nutrients.

In the plot with Azospirillum brasilense inoculum, an
improvement in root development was also recorded,
although the effect was less pronounced than in the
plot with Rhizobium japonicum. The average weight of
the root system was 14 g, and the length of the roots
reached 23 cm, which is 16% more than in the con-
trol plot. Although Azospirillum brasilense does not
form root nodules, its ability to stimulate root growth
provides improved nutrient and water uptake. This is
especially relevant in resource-limited environments
where a developed root system gives plants an advan-
tage. The obtained results clearly demonstrate that the
use of Rhizobium japonicum and Azospirillum brasilense
inoculants has a positive effect on the development of
the root system and the general condition of soybean
plants. Particularly important is the ability of Rhizobium
japonicum to stimulate the formation of nodules that
provide additional nitrogen nutrition, which is a signifi-
cant advantage of this inoculant. Azospirillum brasilense,
although it does not form nodules, helps to improve the
root system by stimulating root growth.

of the microbial inoculants used. In the control plot, ACKNOWLEDGEMENTS
where no inoculants were applied, the average weight  None.
of the root system was 12 g,and the length of the roots
reached 20 cm. This is a basic indicator that reflects CONFLICT OF INTEREST
the standard development of plants in the absence None.
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AHoTauif. Y cTaTTi HaBeaeHO pe3ynbTaTu JOCNiIOXKEeHb BNAMBY MIKpPOOHWMX iHOKYNAHTIB Rhizobium japonicum Ta
Azospirillum brasilense Ha picT i po3BuTOK coi (Glycine max) Ha nMo4YaTKOBMX eTanax ii po3BMTKY. [locnigxeHHs
NPOBOAMAN HA TPbOX AOCNIAHUX AiNSHKAX: KOHTPONbHIN 6e3 06pobKu, AiNgHLi 3 iHOKYNSHTOM Rhizobium japonicum
Ta AiNgHUi 3 iHOKynaHTOM Azospirillum brasilense. OLiHIOBaNM OCHOBHI NOKA3HUKMW: BUCOTY POC/IMH, KiNIbKiCTb TNCTKIB,
PO3BMTOK KOPEHEBOI CMCTEMM Ta 3arasibHy 6ioMacy Ha pi3HMX eTanax PoCTy POC/IMH, @ TAaKOX NabopaTopHUiA aHani3
BMICTY @30Ty B TKAHWHAX pOC/IUH. Pe3ynbTati AOCNIAKEHHS NOKa3anu, WO iIHOKYASHTU Manu 3HAYHWI BNAMB Ha BCI
BMMIpSHI NapamMeTpu MOPIBHAHO 3 KOHTPOIbHOK AiNSHKOK. 30KpeMa, pOCAuHM Ha LingHui 3 Rhizobium japonicum
nokasanu Ha 50 % 6inblunit picT i pO3BUTOK KOPEHEBOI CUCTEMM, LLO MiATBEPIKYBANOCS YTBOPEHHAM KOPEHEBUX
6ynbboyoK, BianoBifanbHMx 3a dikcauito a3ory. Azospirillum brasilense TakoX NokpallyBaB pPicT PpOC/MH i PO3BUTOK
KOpEHEeBOT CUCTEMMU, ane Moro edekT ByB MEHLL BUPAXXeHUM NOPIBHAHO 3 Rhizobium japonicum. AHani3 BMicTy a3oTy
MoKasas, WO POCAUHM HA AiNaHUi Rhizobium japonicum manu Ha 45 % BULWLMI BMICT @30Ty B TKAHWMHAX NOPiBHSHO
3 KOHTPOJIbHOK [iNSHKOW, WO CBifYMTb Npo edekTUBHY dikcalito a3oTy. Y pocanHax, o6pobnenunx Azospirillum
brasilense, BMicT a30Ty Takox OyB Ha 25 % BuLwMM, ane 6e3 yTBopeHHs 6ynbbouok edekT 6yB MeHLL BMPaAXXEHUM.
MeTot0 foCniAXeHHS Byno OLiHUTU ePeKTUBHICTb BUKOPUCTAHHS MiKPOOHMX IHOKYNSHTIB A5 NOKPALLEHHS poCTy Ta
PO3BUTKY POC/IMH Ha MOYATKOBMX eTanax Beretauii, LOCAIANTU TXHIN BNAMB HA NPOAYKTUBHICTb KOPEHEBOI CUCTEMM,
MOMMHAHHS 30Ty Ta 3arasbHy 6ioMacy poC/vH, @ TaKOX BU3HAYMTU ONTUMANbHI YMOBM AN MaKCMManbHOMO BM/MBY
{HOKYNSHTIB Yy CiNlbCbKOrocnoaapCbkmux ymoBax. OTpMMaHi pe3ynbTati NigKpecaoTb BaXAMBICTb BUKOPUCTAHHS
MiKpOOHMX IHOKYNSHTIB ANS MiABULLEHHS MPOLYKTMBHOCTI Ta CTiMKOCTI COi Ha MOYaTKOBMX eTanax ii po3BWTKY.
3actocyBaHHs Rhizobium japonicum 3abe3neuynno GinblwMii NpupicT GioMacu, KOPEHEeBOi CUMCTEMM Ta 33aCBOEHHS
a30TYy, Wo pobuTb el iHOKYNSHT Binblw ePekTUBHUM NOPIBHAHO 3 Azospirillum brasilense
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Scientific Horizons, 2024, Vol. 27, No. 10



https://orcid.org/0000-0002-8698-0008
https://orcid.org/0000-0002-8367-6334
https://orcid.org/0000-0003-3511-5054
https://orcid.org/0000-0002-4529-3623
https://orcid.org/0000-0002-2014-9748
https://doi.org/10.35868/1997-3004.38.29-39
https://doi.org/10.7717/peerj.7905

