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ABSTRACT

The article presents the results of four-year studies (2022—-2025) on the influence of complex elements of cultivation
technology — inoculation and foliar feeding — on the content of protein and fat in soybean seeds of the Samorodok
and Amadeus varieties. It was found that the use of bioinoculant (Rizoline-r + Rizosave) in combination with two-
stage feeding (Organic Balance, Azotofit, Helprost soy/boron) ensures maximum accumulation of nutrients: the
content of crude protein increased to 39.67-39.77%, and fat — to 20.20-20.64%. Special attention is paid to the issue
of post-harvest processing. The effectiveness of the infrared micronization method as an energy-saving method of
inactivating anti-nutrients (trypsin and urease inhibitors) is substantiated. A technological approach is proposed that
combines the cultivation of high-quality raw materials on reclaimed lands with its subsequent deep thermal
processing to create a safe and high-energy feed base.

Keywords: soybean, inoculation, foliar feeding, protein, fat, infrared micronization, antinutrients.

INTRODUCTION

In modern agricultural science, the improvement and optimization of soybean cultivation technologies remains one
of the priority tasks for achieving high, stable and economically justified yields (Petrychenko et. al. 2024; Didur &
Zyuzko, 2025a). The level of productivity and seed quality of this important protein and oil crop is significantly
affected by the complex interaction of many factors: agrotechnical measures, pre-sowing seed treatment, sowing
dates and methods, seeding rate, fertilizer system, methods of main and pre-sowing soil cultivation, soil and climatic
conditions, genotypic characteristics of varieties and internal physiological processes of plants (Didur & Zyuzko,
2025b; Didur, et. al. 2025a). Of particular importance are scientific studies of the influence of seed inoculation and
foliar feeding with complex chelate microfertilizers on the formation of the main quality indicators of seeds in
conditions of increasing requirements for productivity and environmental friendliness of technologies (Solona et. al.
2025; Hetman et. al. 2024; Petrychenko et. al. 2022; Kaletnik, et. al. 2024). In modern soybean production, the
quality of soybean seeds, which is determined primarily by the protein and fat content, is a critically important factor
for its further use in the food industry, feed production and as a raw material for various biotechnological processes
(Didur & Pantsyreva, 2025a; Hnatiuk et. al. 2019; Petrychenko et. al. 2025). The protein and fat content in soybean
seeds is not a constant value and can vary depending on a number of factors, including the genetic characteristics of
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the variety, agrotechnical cultivation methods, soil and climatic conditions and the degree of maturity of the seeds at
the time of harvesting. In-depth knowledge of the patterns that determine the dynamics of the accumulation of these
main reserve substances is critically important for the targeted optimization of soybean cultivation technologies in
order to obtain high-quality products with controlled and predictable quality characteristics (Didur et. al., 2024;
Petrychenko et. al. 2024).

World agriculture is experiencing a real «soybean boom» a rapid increase in the popularity of soybeans as one of the
most profitable and sought-after crops on the global market. Due to the high content of protein and valuable
nutrients, soybeans have firmly established themselves as leaders. This wave has not bypassed Ukraine: Ukrainian
farmers, always sensitive to market conditions, are actively developing this crop. Soybeans are rapidly expanding
their sown areas, penetrating even into regions that were recently considered unsuitable for them (Pantsyreva et. al.
2025). This trend is not accidental. The growing demand for soybeans and their processed products stimulates a
constant increase in prices, which guarantees a stable and high income. Ukrainian farmers are increasingly switching
from the model of exporting raw materials to its processing. Investments in processing infrastructure allow farmers
to significantly increase business profitability, while stimulating the country's economic growth and creating new
social prospects in rural areas (Didur & Pantsyreva, 2025b; Tkachuk et. al., 2025b; Vdovenko et. al. 2025). One of
the priority areas is the development of effective approaches to restoring soil fertility on roughly reclaimed lands
that have been significantly affected by hostilities. Growing soybeans on such lands helps to increase their fertility
due to the crop's ability to accumulate atmospheric nitrogen and accumulate organic matter, which enhances
humification processes. At the same time, it is necessary to improve feed production technologies to increase the
efficiency of feed conversion into livestock products, as well as to ensure energy-saving processing of the obtained
raw materials in order to improve the nutritional value of the high-protein feed base.

Soybeans, rich in protein and other nutrients, play a key role in the production of compound feed. Soybean
processing can become an extremely profitable business in two key cases: 1) High production volumes (agricultural
companies and holdings that own significant areas of soybean crops have access to raw materials, which makes
processing economically profitable. Own soybean production makes it possible to control the quality of raw
materials and prices for them, which guarantees stability and competitive advantages). 2) The presence of livestock
farming on the farm (the production of soy-based feed, especially for high-yielding animal breeds with good
genetics and feed conversion, can significantly increase the profitability of livestock farming).

Processing soybeans at domestic facilities provides an opportunity to receive additional income from raw materials,
which, compared to simply selling beans, makes the business more profitable, and also makes the country less
dependent on imported feed. Soybeans, although rich in protein and other nutrients, contain certain «harmfuly
compounds for digestion, called enzyme inhibitors. These substances can negatively affect the absorption of
nutrients from food and lead to digestive problems. To make soybeans safe for human consumption or for feeding to
animals, it is necessary to conduct additional heat treatment. This process destroys anti-nutrients, making soybeans
more digestible and useful. There are several methods of heat treatment of soybeans — drying, roasting,
micronization, extrusion, cooking, autoclaving, cavitation. It is important to note that not all heat treatment methods
are equally effective (Tkachuk et. al., 2024; Bulgakov et. al., 2023; Tkach et. al., 2023).

The purpose of our research, carried out at the expense of the state budget fund on the topic: «Development of
scientific and technological support for increasing soil fertility and rational use of the potential of biological
resources» (state registration number 0124U000444), is to purposefully increase soil fertility by developing and
implementing competitive bioorganic varietal technologies for growing leguminous crops, which ensure effective
restoration and improvement of roughly reclaimed lands. At the same time, the key direction is the rational use of
the biological potential of the resulting products through the creation of a comprehensive technical and technological
support for the process of infrared micronization of soybean grain with subsequent vibration grinding, which allows
achieving full inactivation of anti-nutrients and significant improvement of the functional and nutritional properties
of the resulting high-protein feed.

RESULTS

In this regard, our research is aimed at studying the dynamics of protein and fat accumulation in soybean seeds
depending on inoculation and foliar feeding, with further research into the process of infrared micronization as the
final stage of technological preparation of high-protein raw materials (Korobko, 2025; Mazur et. al., 2021; Tkachuk
et. al., 2025a; Okrushko et. al., 2025; Didur, et. al. 2025b; Khaietska et. al., 2025).
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The efficiency of soybean cultivation and its value as a raw material directly depend on the quality of the obtained
seeds. Today, the key direction of research is the search for ways to improve these characteristics through a
combination of biological inoculation and plant treatment with modern chelate microfertilizers, which meets the
requirements of ecological and high-yield agriculture. Protein and fat content indicators are fundamental criteria for
soybean quality, determining its demand in the food industry, feed production and biotechnology. Since these
parameters are dynamic and depend on the genotype of the variety, climatic conditions and cultivation technology,
the study of their variability is a necessary condition for the development of adaptive agricultural techniques aimed
at obtaining seeds with a predicted chemical composition.

Table 1. Crude protein content in soybean seeds of the Samorodok variety depending
on inoculation and foliar feeding.

Factor A Factor B Factor C Crude protein content, %
2022 2023 2024 2025 Average for
4 years
Samorodok Without 1 37,45 34,01 36,21 36,1 3594+ 14
inoculation 2 38,48 34,07 36,41 36,55 36,38+ 1,8
3 38,33 34,57 37,51 37,1 36,88+ 1,6
4 38,65 35,07 37,95 37,6 37,32+1,5
Rizoline-r + 1 3891 34,82 37,51 37,45 37,17+ 1,7
Rizosave 2 40,31 35,45 38,01 38,2 37,99 +£19
3 39,41 35,95 38,41 38,6 38,09+ 1,5
4 40,51 38,39 40,11 40,05 39,77+0.9
LSDys 0,72

Note:17 Without feeding2i Azotofitr, Helprost soy; Azotofit, Helprost boron 37 Organic Balance, Helprost soy;
Organic Balance, Helprost borod i Organic Balance, Azotofit Helprost soy; Organic Balance, AzotefjitHelprost boron.

According to the results of our research, the use of a complex system of nutrition intensification provides a
significant and statistically significant increase in protein productivity of soybeans of the Samorodok variety.

In the control variant without pre-sowing seed treatment and top dressing, the crude protein content index on
average over four years was 35.94%. The maximum crude protein content index over the years of research was
recorded in the variant with a combination of inoculation with the bioinoculant Rizoline-r and the bioprotector
Rizosave and two-time complex top dressing of plants with biological preparations Azotofit-r and Organic Balance
in combination with chelated microfertilizers Helprost soy and Helprost boron, which amounted to 39.77%.

Table 2. Crude protein content in soybean seeds of the Amadeus variety depending
on inoculation and foliar feeding.

Crude protein content, %
Factor A Factor B Factor C 2022 2023 2024 2025 Average for
4 years
1 39,78 36,26 37,71 35,89 35,89 £ 141
Without 2 40,35 36,51 37,81 36,32 36,32 £ 1,80
inoculation 3 40,92 36,95 38,41 36,8 36,80 + 1,62
Amadeus 4 41,60 37,20 39,51 37,22 37,22 £1,54
Rizoline-r 1 41,49 36,51 38,81 37,08 37,08 £ 1,70
+ 2 41,71 37,51 39,81 37,92 37,92 £1,99
Rizosave 3 41,83 37,64 40,11 38,26 38,01 + 1,45
4 42,62 38,26 40,31 39,67 39,67 +£091
LSD s 0,68

Notel i Without feeding2i Azotofitr, Helprost soy; Azotofit, Helprost boron 37 Organic Balance, Helprost soy;
Organic Balance, Helprost boropd i Organic Balance, Azotofit Helprost soy; Organic Balance, AzotefjitHelprost boron.

The minimum average crude protein content in soybean seeds of the Amadeus variety was recorded in the variant
without inoculation and top dressing (control), which was 35.89%. The maximum crude protein content over the
years of research was recorded in the variant with a combination of inoculation with the bioinoculant Rizoline-r and
the bioprotector Rizosave and two-time complex top dressing of plants with biological preparations Azotofit-r and
Organic Balance in combination with chelated microfertilizers Helprost soy and Helprost boron, which was 39.67%.
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Maximum seed quality is achieved only by combining pre-sowing seed treatment and complex foliar fertilization.
This allows to increase the crude protein content by an average of 3.83% compared to absolute control (without
inoculation and fertilization). To stabilize the quality indicators of soybeans in a changing climate, inoculation with
preparations such as Rizoline + Rizosave should be a mandatory element of the technology. This not only increases
protein, but also makes the crop less vulnerable to nitrogen deficiency in critical phases of development. The
complex fertilization scheme (option 4), which includes Organic Balance, Azotofit and Helprost (soybean/boron), is
the most justified for obtaining high-protein grain. Similar results were obtained for the fat content in soybean seeds
of the Samorodok and Amadeus varieties (tables 3,4).

Table 3. Fat content in soybean seeds of the Samorodok variety depending
on inoculation and foliar feeding.

Fat content, %
Factor A Factor B Factor C 2022 2023 2024 2025 Average for
4 years
1 18,54 19,53 16,44 18,17 18,17+ 1,3
Without 2 18,73 19,75 16,82 18,43 1843+1,2
inoculation 3 18,92 19,79 17,08 18,6 18,60 + 1,1
Samorodok 4 20,43 21,23 17,38 19,68 19,68 £ 1,6
. 1 19,23 20,51 17,23 18,99 18,99 £ 1,4
R‘Z"i‘“e'r 2 20,69 21,52 17,42 19,88 19,88 + 1,8
Rizosave 3 21,22 21,86 17,70 20,26 20,26 1,9
4 21,57 22,62 17,74 20,64 20,64 +2,1
LSD g5 0,55

Note: 11 Without feeding2 1 Azotofitr, Helprost soy; Azotofit, Helprost boron 31 Organic Balance, Helprost soy;
Organic Balance, Helprost borod i Organic Balance, Azotofit Helprost soy; Organic Balance, AzotefjitHelprost boron.

Scientific studies of the dynamics of fat content in soybean seeds of the Samorodok and Amadeus varieties (2022—
2025) revealed a positive correlation between nutrition intensification and quality indicators of the harvest.

The highest seed quality indicators were recorded when inoculating with the bioinoculant Rizoline-r and the
bioprotector Rizosave and twice complex plant feeding with the biological preparations Azotofit-r and Organic
Balance in combination with the chelate microfertilizers Helprost soy and Helprost boron. For the Samorodok
variety, the maximum fat content reached 20.64% (average for 4 years), which is +13.6% relative to the absolute
control (variant without inoculation and without feeding - 18.17%). The peak values of fat content for this variant
were observed in 2023, reaching 22.62%, while the most unfavorable year was 2024 (17.74%).

The Amadeus variety had similar results. The maximum fat content reached 20.20% (average for 4 years), which is
+12.4% compared to the absolute control (17.97%). The peak values of fat content for this variant were observed in
2023, reaching 22.35%, while the most unfavorable year was 2024, when the indicator was 17.75% (table 4).

Table 4. Fat content in soybean seeds of the Amadeus variety depending on inoculation and foliar feeding.

Factor Fat content, %
Factor A Factor B C 2022 2023 2004 2005 Average for
4 years
1 18,42 18,82 16,66 17,97 17,97+ 1,0
Without 2 18,72 19,18 17,01 18,3 18,30+ 1,0
inoculation 3 18,84 19,46 17,03 18,44 18,44+ 1,1
Amadeus 4 19,14 20,66 17,43 19,08 19,08+ 1,4
ol 1 19,10 20,21 17,16 18,82 18,82+ 1,3
R‘Z°+‘“e'r 2 19,55 21,66 17,39 19,53 19,53 + 1,8
Rizosave 3 19,97 21,83 17,54 19,78 19,78 + 1,8
4 20,49 22,35 17,75 20,2 20,20 +2,0
LSD s 0,51

Note: 11 Without feedin@®2 1 Azotofitr, Helprost soy; Azotofit, Helprost boron 3 - Organic Balance, Helprost soy;
Organic Balance, Helprost borgd i Organic Balance, Azotofit, Helprost soy; Organic Balance, AzotefjitHelprost boron.

Analysis of protein content in the Amadeus variety showed the highest level of protein accumulation at 40.4%,

which is +6.5% higher than its control value (37.92%). The Samorodok variety showed the most significant increase
in protein — up to 39.67%, which is +10.5% compared to the control (35.89%).
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Analysis of fat content in the Samorodok variety turned out to be the leader in fat content — 20.64%, providing an
increase of +13.6% compared to the control variant (18.17%). The Amadeus variety under intensive technology
provided a fat content of 20.2%, which corresponds to an increase of +12.4% compared to the control (17.97%).

(Fig. 1.)
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Figure 1. Dynamics of protein and fat content in soybean seeds depending on varietal characteristics

and elements of growing technology (average for 2022-2025).
Note(1)i Without feeding(4)i Organic Balance, Azotofit Helprost soy; Organic Balance, AzotefjtHelprost boron.

The graph clearly illustrates that the Amadeus variety is genetically predisposed to higher protein accumulation,
while the Samorodok variety responds better to intensification of technology by increasing fat content.

For both studied varieties, the maximum quality indicators were recorded when using the full technological scheme
(with pre-sowing seed treatment with the bioinoculant Rizoline-r and the bioprotector Rizosave and two-time
complex plant feeding with Azotofit-r and Organic Balance in combination with chelated microfertilizers Helprost
soy and Helprost boron) compared to absolute control.

The quality of soybean seeds is crucial for both human and animal nutrition, as it determines the final nutritional
value and safety of the products produced from it (tofu, soy milk, soy sauce, textured soy protein). Soy is an
indispensable source of protein in the production of highly nutritious compound feeds (in the form of cake or meal)
for all types of farm animals (pigs, poultry, cattle).

The quality of feed soybeans is critically determined by the level of inactivation of antinutrients (especially trypsin
and urease inhibitors). Insufficient heat treatment of soybeans leads to reduced protein digestibility, impaired
digestion, reduced nutrient absorption and, as a result, reduced feeding efficiency and economic losses. However,
proper processing (heat treatment, soaking, fermentation, germination) significantly reduces their content or
inactivates them, making soybeans safe and nutritious for consumption.

Infrared micronization of soybeans is recognized as one of the most effective methods for inactivating antinutrients,
including trypsin and urease inhibitors. Rapid, intense heating to 200-220 °C not only deactivates antinutrients, but
also improves starch digestibility and oil availability by breaking oil capsules.

Infrared micronization of seeds, sometimes called a type of roasting. IR micronization consists of rapidly heating
whole soybeans using infrared radiation. Ceramic or nichrome heaters are usually used, which emit infrared rays
that penetrate the grain and cause intense vibration of molecules (in particular water molecules). This leads to a very
rapid and powerful increase in the internal temperature of the product. The temperature inside the grain can reach
200-220 °C. Rapid heating causes a sharp increase in the vapor pressure inside the seeds due to the evaporation of
moisture. The rapid, intense heating inherent in micronization is highly effective in destroying antinutrients.

In addition to inactivating antinutrients, IR micronization causes a number of positive changes:

- improved starch digestibility (heating and high steam pressure contribute to the breakdown of starch, increasing its
availability for digestion);

- rupture of oil capsules (increased internal steam pressure contributes to the rupture of cell walls and oil capsules,
which improves the availability of soybean oil and the overall digestibility of soybeans);

- the IR micronization method is noted as more energy-efficient and faster than traditional long-term cooking.

As part of our research, a schematic diagram of energy-efficient equipment for the inactivation of antinutrients in
legumes using infrared micronization methods is being developed. The conducted studies confirm that.

As part of our research, a schematic diagram (Fig. 2) of a continuous infrared micronization unit has been
developed. The design of the unit involves a combination of intensive infrared heating of the grain mass with
mechanical mixing and controlled transportation of the product through the heat-affected zone.
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Figure 2. Schematic diagram of a continuous IR micronization installation.

The operation of the installation is as follows. Soybean seeds from the loading hopper through an adjustable
dispenser are fed by a conveying mechanism into the infrared treatment chamber, where a uniform layer of the
product is formed. In the heat-affected zone, the grain is exposed to intense infrared radiation with simultaneous
mechanical mixing, which ensures uniform heating and stability of the temperature regime. After reaching the
specified heat treatment parameters, the product enters the stabilization and cooling zone, after which it is unloaded
for further use or grinding.

One of the key indicators of the effectiveness of soybean heat treatment is the degree of inactivation of anti-
nutrients, in particular trypsin inhibitors and urease activity. These compounds negatively affect protein digestibility
and nutrient absorption in animals, therefore their reduction is a necessary condition for preparing soybeans for use
in feed rations. To assess the effectiveness of infrared micronization, the change in the relative content of anti-
nutrient components before and after treatment was analyzed (Fig. 3).
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Trypsin inhibitors Urease activity

m After micronization, % m Before micronization, %

Figure 3. Change in the content of anti-nutritional components of soybeans after IR micronization

As can be seen from Fig. 3, infrared micronization provides a significant reduction in the level of antinutrients in
soybeans. The content of trypsin inhibitors decreases by approximately 90%, while urease activity decreases by
85%. This result is explained by the intensive short-term heating of the grain to a temperature of over 200 °C, which
causes denaturation of protein enzyme inhibitors. The obtained data confirm the high efficiency of infrared
micronization as a method of preparing soybeans for feed use.

Thus, the combination of intensive soybean cultivation technology with subsequent infrared micronization of seeds
ensures the formation of high-quality protein raw materials with increased biological value and reduced content of
antinutrients, which confirms the feasibility of using an integrated technological approach in feed production.
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CONCLUSIONS

1 The use of a complete technological scheme (inoculation + complex foliar feeding) is a critical factor in
improving seed quality. This allowed increasing the crude protein content by an average of 3.83% and the
fat content by 12.4-13.6% compared to the control variants without treatment.

1 A genetic predisposition of varieties to the accumulation of certain substances was revealed: the Amadeus
variety demonstrates a higher basic level of protein (up to 40.4% under intensive technology), while the
Samorodok variety shows better plasticity in terms of fat accumulation (up to 20.64%) under intensification
of nutrition.

1 Growing soybeans using the proposed bioorganic technologies on roughly reclaimed lands contributes to
the restoration of soil fertility (nitrogen accumulation) and provides highly liquid raw materials for
processing.

1 The conducted studies confirm that the use of infrared micronization ensures rapid achievement of a
temperature regime of 180-220 °C in soybean grains within 60—120 s, which guarantees effective
inactivation of anti-nutrients while reducing energy consumption compared to traditional heat treatment
methods. Uniform heating is ensured by mechanical mixing of the product layer and the optimal distance
between the emitters and the grain mass.

1 The combination of adaptive cultivation technology with the developed scheme of energy-efficient
equipment for IR micronization allows you to create a closed cycle of production of high-quality protein
feeds with high profitability and minimal energy consumption.

1 Funding from the Grant of the President of Ukraine to young scientists and doctors of science «Increasing
the productivity of organic crop production through the biologization of technologies during the post-war
recovery period to ensure national food security» (grantee Thor Didur).
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