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Background. In organic farming conditions and increasing hydrothermal stress,
the use of biological preparations as effective tools for improving the adaptability of
soybeans is becoming particularly relevant. The integrated application of arbuscular
mycorrhizal fungi, nitrogen-fixing bacteria, and phytohormonal regulators allows activa-
ting the plant physiological and biochemical processes. This biotechnological approach
provides mitigation of the negative impact of hydrothermal stresses and maintains crop
productivity even under unfavorable growing conditions.

Materials and Methods. The object of the study is the total chlorophyll content,
leaf surface area, proline, and malondialdehyde (MDA) concentration, as well as the
productivity of soybeans Khorol variety under unstable moisture conditions and influ-
enced by rhizosphere microorganisms and various phytohormones in the composition
of the biopreparations. Field, laboratory (physiological, biochemical), and statistical
methods were used.

Results. The use of biopreparations improved biochemical, physiological, and
morphological properties, as well as soybean productivity, indicating an improved plant
status. The highest levels of total Chl (a+b) content were recorded in 2023 under the
combined application of Mycofriend, Profix, and Violar, showing an average increase
of 42.3 % and 26.7 % compared to the control, respectively. The leaf area reached
29.24 thousand m?/ha, while the yield amounted to 3.23 t/ha, exceeding the control
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by 28.9 % and 47.5 %, respectively. The elevated proline content (7.27 mg/g) and
a lower MDA level (7.14 mg/g) during stress reflect reduced oxidative damage and
better osmoregulation due to the synergistic action of mycorrhiza, rhizobia, and phyto-
hormones.

Conclusion. The complex application of biopreparations (Mycofriend + Profix +
Violar) in the organic cultivation system of the soybean Khorol variety promotes the
activation of physiological and biochemical processes, increasing productivity and plant
stress resistance under hydrothermal stress conditions.

Keywords: arbuscular mycorrhizal fungi, phytohormonal regulators, chlorophylls,
leaf area, yield, proline, malondialdehyde

INTRODUCTION

The growing global demand for environmentally safe products, transformation of
climatic conditions, progressive loss of biodiversity, and soil degradation prioritize the
development of organic farming as an effective strategy to minimize anthropogenic pres-
sure on agroecosystems (Didora & Kluchevych, 2021; Sanders et al., 2025). Thereby,
the implementation of biological preparations to enhance crop productivity and stress
resistance becomes particularly significant.

Soybean (Glycine max (L.) Merr.), as a leading protein-oil crop occupies key posi-
tions in the structure of organic production in Ukraine, providing 24.7 % of the European
Union’s needs and ranking second among countries exporting organic soybeans to the
European market (Chaika et al., 2023). At the same time, global climate change and
the increasing frequency of periods of unstable moisture during vegetation are critical
risk factors, creating an ever-growing threat to yield stability and overall sustainability
of agricultural production (Gouli et al., 2024). The search for effective adaptation strate-
gies to maintain stable productivity of organic soybeans under hydrothermal stress has
become increasingly relevant, as drought conditions can lead to crop losses of up to
100 % (Poudel et al., 2023).

A promising approach to addressing this problem is the use of microbial bioprepara-
tions based on rhizobia, arbuscular mycorrhizal (AMF), and plant growth-promoting
bacteria (PGPB) — microorganisms that stimulate plant growth and form various types
of symbiotic and associative interactions with them (Ahmad et al., 2022). Not only can
these microorganisms optimize plant mineral nutrition but also modulate their physiolo-
gical-biochemical response to abiotic stresses, including water deficit (Bouremani et al.,
2023). Symbiotic interactions of soybeans with AMF significantly improve the absorp-
tion of phosphorus and other mineral elements (Basiru et al., 2020), while associations
with rhizobia, primarily Bradyrhizobium japonicum, increase the efficiency of biological
fixation of atmospheric nitrogen, stimulate root system development, and improve the
overall physiological status of plants (Inbaraj, 2021). Importantly, PGPB also demon-
strate the ability to enhance mycorrhizal colonization of the root system, induce spore
germination of AMF, synthesize a wide range of phytohormones (auxins, cytokinins, gib-
berellins, abscisic acid), and activate plant antioxidant defense systems (Umashankar
et al., 2023). This creates prerequisites for increasing the crops’ adaptability to adverse
environmental factors (Sun & Shahrajabian, 2023).

Products of microbial origin with phytohormonal activity, including biopreparations
with complexes of low-molecular biologically active compounds synthesized by PGPB
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strains without the participation of viable cells, are of great importance (Liao et al., 2025).
These compounds function as signaling molecules, regulating the expression of stress
resistance genes, osmotic balance, morphogenetic processes, and biosynthesis of pro-
tective metabolites, which collectively provide plant adaptation to water deficit condi-
tions (Shaukat et al., 2024). Integration of such metabolites with AMF or rhizobia pro-
motes synergistic effects on key physiological and biochemical processes, contributing
to increased soybean productivity, stress resistance, and formation of a balanced bio-
logical nutrition system (Ferreira et al., 2020).

Thus, the ecologization of agricultural production through the implementation of
multicomponent biological preparations that combine the functions of growth stimula-
tors, stress resistance inducers, and phytopathogen antagonists opens fundamentally
new possibilities for increasing the productivity of agricultural crops, particularly soy-
beans. At the same time, comprehensive studies of the synergistic interaction of AMF,
rhizobia, and bioactive metabolites in soybean agrocenoses within organic farming sys-
tems remain fragmentary. This determines the high relevance of the proposed research,
the aim of which is to study the synergistic effect of complex biological preparations
based on AMF, rhizobia, and bioactive metabolites for enhancing the soybean adapta-
bility under organic farming conditions and hydrothermal stress.

MATERIALS AND METHODS

Experimental site and conditions. The field experiments were conducted in 2022—
2024 under the agroecological conditions of the Left-Bank Forest-Steppe of Ukraine
(Kremenchuk District, Poltava Region), using the early-maturing soybean Khorol vari-
ety, which has been included in the Register of Plant Varieties of Ukraine since 2011.

The soil of the experimental site was classified as residual-solonetzic chernozem
on loess deposits, characterized by a medium supply of nitrogen and phosphorus and a
high content of potassium. Agrochemical properties of the arable layer (0—20 cm), deter-
mined with a multiparametric photometer Palintest SK500 (Palintest Ltd., UK), were
as follows: pH,.— 6.3; humus content — 5.2 %; total nitrogen — 58.6 mg/kg; available
phosphorus — 78.3 mg/kg; exchangeable potassium — 138.4 mg/kg.

Field trials were laid out in a randomized block design with three replications. The
total experimental area was 0.3 ha, with an accounting area of 0.1 ha. Standard agro-
technical practices for the region were employed, adapted to comply with organic farm-
ing principles. Soybean was sown following spring barley as the preceding crop. Sowing
was carried out at the optimal time for each year, at a depth of 5 cm, with row spacing
of 38 cm and a seeding rate of 700,000 viable seeds per hectare.

Meteorological conditions varied markedly throughout the cultivation period (2022—
2024), which had a substantial impact on the growth, development, and physiological
responses of the soybean Khorol variety. The growing season of 2022 was marked by
a relatively even distribution of precipitation during May-July (46-57 mm), followed by
a moderate decline in August (38 mm). Average daily air temperatures ranged from
15 to 21 °C. These hydrothermal parameters closely matched the long-term climatic
norms and were generally favorable for the realization of the crop’s productive poten-
tial. In 2023, both precipitation (48—67 mm) and air temperature (16—22 °C) increased
compared to the previous year, particularly during June—July. These conditions can be
regarded as optimal for soybean growth and development, promoting the activity of bio-
preparations and facilitating the establishment of efficient symbiotic interactions.
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In contrast, the 2024 season was characterized by anomalous hydrothermal condi-
tions. Precipitation levels dropped sharply to just 9 mm in May and 3 mm in both July
and August, indicating the onset of severe drought. Combined with elevated average
daily temperatures (1524 °C), which peaked in July, these factors induced pronounced
stress during critical stages of soybean ontogenesis (bud formation, bloom, and grain
filling). Such unfavorable conditions limited the crop’s ability to fully realize its genetic
yield potential.

Design and treatments. The study involved a selection of microbial bioprepa-
rations representative of current-generation inoculants with diverse modes of action
and compositions: Mycofriend® and Profix® as a microbial consortium, and Violar® as
a metabolic bioproduct based on biologically active compounds of microbial origin.

Profix® (Certis Belchim, Belgium) comprises a consortium of nitrogen-fixing bac-
teria, Bradyrhizobium japonicum strain USDA442 (532 C) and B. diazoefficiens strains
SEIMA 5079 and SEIMA 5080, with a total concentration of 5-10° CFU/g. Sterile ground
peat serves as the carrier matrix, maintaining microbial viability and promoting the
development of effective symbiosis.

Mycofriend® (solid form; BTU-Center, Ukraine) is a microbial complex including
AMF (Glomus sp., Trichoderma harzianum) and rhizosphere bacteria from various func-
tional groups (Pseudomonas fluorescens, Streptomyces sp., Bacillus subtilis, B. mega-
terium var. phosphaticum, B. mucilaginous, Enterobacter sp.), with a minimum total
concentration of 1.0-108 CFU/q.

Mycofriend® (liquid form; BTU-Center, Ukraine) contains the same microbial com-
position as the solid form, supplemented with biologically active substances including
phytohormones, vitamins, fungicidal metabolites, and amino acids. Viable cell concen-
tration ranges from 1.0 to 1.5-10% CFU/mL.

Violar® (LLC “IC Bioinvest-Agro”, Ukraine) is a cell-free metabolic preparation con-
taining a complex of bioactive metabolites produced by Streptomyces violaceus IMV
Ac-5027. Its multifunctional activity is attributed to the presence of phytohormones such
as auxin (3.6 mg/L), cytokinin (1.9 mg/L), and gibberellin (1.6 mg/L) classes, along
with free amino acids (2.2 mg/L), lipids (5.5 mg/L), sterols (1.71 mg/L), abscisic acid
(0.02 mg/L), and a range of unsaturated fatty acids.

The scheme of the experiment included five variants for treatment: 1) Without
inoculation — seed and plant treatment with an equivalent volume of water (control);
2) Mycofriend — seed treatment with Mycofriend® (liquid form), diluted 1:10, at a dose
of 1.5 L/t, applied 1 hour before sowing; 3) Mycofriend + Profix — complex seed inocula-
tion with Mycofriend® (solid form, 1.5 kg/t, dry method) followed, after 30 minutes, by
inoculation with Profix® (1.25 kg per 500 kg of seed), both applied 30 minutes prior to
sowing; 4) Mycofriend + Violar — seed inoculation with Mycofriend® (solid form, 1.5 kg/t,
dry method) followed by foliar spraying at the BBCH 61 stage with Violar® (100 mL/ha,
diluted in 200 L of water); 5) Mycofriend + Profix + Violar — combined treatment invol-
ving seed inoculation with Mycofriend® (solid form, 1.5 kg/t, dry method), followed by
Profix® inoculation (1.25 kg per 500 kg of seed, 30 minutes later), and foliar application
of Violar® (100 mL/ha, diluted in 200 L of water) at the BBCH 61 stage.

Pre-sowing soybean seed treatment with the biological preparation Mycofriend in
dry form was performed using a stationary batch-type seed treater AL-50 (AGRALEX,
Poland). Seed treatment with solutions of biopreparations involved seed soaking
according to the specified doses and exposure time, ensuring uniform coverage of the
seed material. Foliar spraying of soybean crops at the BBCH 61 stage was conducted
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using a Solo backpack sprayer (Germany), which ensures uniform application of the
working solution to the leaf surface.

Physiological and biochemical measurements. Plant material for the determina-
tion of chlorophyll, proline, and MDA content was collected during the BBCH 61 stage.
For the quantitative analysis of photosynthetic pigments, freshly harvested plant mate-
rial was used, with pigment extraction performed in 96 % ethanol. The determination
of chlorophyll a (Chl a) and chlorophyll b (Chl b) was carried out by direct spectropho-
tometric analysis of ethanol extracts without prior chromatographic separation. Optical
density was measured at wavelengths of 665 nm (Chl a) and 649 nm (Chl b) using
a ULAB 108 UV spectrophotometer (ULAB, China). Pigment content was calculated
according to the equations proposed by A. R. Wellburn (1994).

Proline and malondialdehyde (MDA) concentrations in soybean leaf tissues were
analyzed following modified protocols developed by M. K. Fatema et al. (2023).

The assimilation surface area of leaves was precisely calculated using the Easy
Leaf Area software (Easlon & Bloom, 2014). The integral index of the leaf area per unit
crop area (m?/ha) was obtained by multiplying the average leaf area per plant by the
number of plants per hectare, taking into account actual plant density.

Soybean productivity was assessed by complete manual harvesting of plants from
designated plots following preliminary cutting of the aboveground biomass.

Statistical analysis. For each treatment variant, the arithmetic mean (X) and
standard error of the mean (SE) were calculated. Statistical significance of differences
among treatments was determined using one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s HSD post hoc test at a significance level of P <0.05. Data processing
and visualization were performed in the R software environment (R Core Team, New
Zealand, version 4.4.3, 2025-02-28).

RESULTS AND DISCUSSION

For a comprehensive assessment of the soybean adaptability under hydrothermal
stress, key physiological-biochemical and morphological indicators reflecting the func-
tional state of plants at different levels of organization were analyzed. The total chloro-
phyll a and b content (Chl (a+b)) served as a marker of the photosynthetic apparatus
condition. Leaf surface area was used as an integral morphological indicator of photo-
synthetic activity. Proline content was measured to assess the level of osmotic adapta-
tion. Malondialdehyde (MDA) concentration indicated the degree of oxidative damage
to cell membranes. Yield was considered an integral productivity indicator reflecting the
effectiveness of adaptive mechanisms in response to stress factors.

Chlorophyll content in soybean leaves. Three-year studies of the bioprepara-
tions’ impact on the Chl (a+b) content in soybean Khorol variety plants revealed sig-
nificant differences both between treatment variants and between vegetation seasons
(Fig. 1). A clear relationship between hydrothermal conditions and pigment complex
formation was established. Inter-annual dynamics of Chl (a+b) demonstrates a pro-
nounced connection with weather conditions: maximum pigment content was recorded
in 2023 (4.12 mg/g of fresh weight), which exceeded the 2022 indicators by 11.7 %
(3.69 mg/g). In contrast, in 2024, which was characterized by critical moisture defi-
ciency, a sharp decrease in chlorophyll content to 2.94 mg/g was observed, which is
28.6 % less compared to the previous year, confirming the crucial role of water supply
in the biosynthesis of photosynthetic pigments.
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Application of biopreparations promoted chlorophyll accumulation, with the extent
of stimulation varying depending on the treatment. Mono-treatment with Mycofriend
solution increased Chl (a+b) content by 10.3 % relative to the control. Binary composi-
tions proved more effective: combining Mycofriend with Profix provided an increase
of 23.3 %, and the combination of Mycofriend with Violar — by 26.3 %. The highest
efficiency was demonstrated by the three-component complex (Mycofriend + Profix +
Violar), which increased chlorophyll content by 37.3 % relative to the control and by
24.5 % compared to mono-treatment with Mycofriend.
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Fig. 1. Chl (a+b) content in soybean plants at the beginning of the blooming phase
Note: x+ SE, n=10; 2022, 2023, 2024 — research years. Different letters a, b, ¢, d indicate statistically sig-
nificant differences in Chl (a+b) content between treatments, determined using Tukey’s test (P <0.05)

Notably, the relative effectiveness of complex treatment was maintained throughout
all years of research, independent of hydrothermal conditions. In the favorable 2023,
the three-component combination resulted in an increase in Chl (a+b) content of 37.1 %
(4.73 vs. 3.45 mg/g in control), and in the dry 2024, the relative increase was 37.8 %
(3.39 vs. 2.46 mg/g), demonstrating the effectiveness of the biopreparation complex in
sustaining the photosynthetic apparatus of soybean plants under different hydrothermal
conditions.

Leaf surface area and soybean yield. Figure 2 shows the leaf surface area of
soybean plants under different treatments. Mono-treatment with Mycofriend provided an
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increase in leaf surface area by an average of 12.6 % compared to the control. Binary
combinations demonstrated increased efficiency: combining Mycofriend with Profix
and Violar caused an additional increase of 7.1 % and 8.4 % respectively, relative to
mono-treatment. Maximum development of assimilation surface (29.24 thousand m?ha)
was achieved with the complex application of three biopreparations, which exceeded the
variant with Mycofriend by 14.5 %, indicating synergistic interaction between components.
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Fig. 2. Leaf surface area of soybean plants at the beginning of the blooming phase
Note: x* SE, n=10; 2022, 2023, 2024 — research years. Different letters a, b, c, d indicate statistically sig-
nificant differences in leaf surface area between treatments, determined using Tukey’s test (P <0.05)

Asimilar trend was observed regarding yield (Fig. 3). The use of Mycofriend increased
productivity by 24.2 % compared to the control. Combinations of Mycofriend + Profix and
Mycofriend + Violar provided additional yield growth of 8.1 % and 12.1 % respectively.
The three-component treatment demonstrated the highest efficiency — 3.27 t/ha on ave-
rage over three years, which exceeded the variant with Mycofriend mono-treatment by
20.2 %, confirming the synergism of biopreparations of different nature.

A direct correlation was established between the development of assimilation
surface and yield formation depending on hydrothermal conditions during vegetation
(Fig. 4). In 2022, leaf surface area varied from 23.4 to 28.92 thousand m?ha, in 2023 —
from 25.10 to 32.03 thousand m*ha, and in the dry 2024 — from 19.55 to 26.39 thou-
sand m?ha.
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Fig. 3. Soybean yield depending on treatment variants
Note: x + SE, n = 10; 2022, 2023, 2024 — research years. Different letters a, b, ¢, d indicate statistically
significant differences in yield between treatments, determined using Tukey’s test (P <0.05)

The principal component analysis (PCA) biplot visually demonstrates the cor-
relation between leaf area and soybean yield during the 2022—-2024 period. The first
two principal components explain 100% of the data variation (Dim1 = 98.8 %, Dim2 =
1.2 %), confirming the established direct correlation between assimilation surface and
yield formation.

Vector analysis of the biplot confirms a strong positive correlation between leaf
area and soybean yield, indicated by the acute angle between the corresponding vec-
tors. Analysis of point distribution in the principal component space clearly identifies
three clusters corresponding to different hydrothermal conditions of the research years.

In the favorable year of 2023, the most compact grouping of all variants was
observed in the right part of the biplot, corresponding to positive values of both leaf area
and yield. This is consistent with optimal hydrothermal conditions (48—-67 mm precipi-
tation per month), which ensured the maximum realization of the correlation between
assimilation surface and productivity.

The distribution for 2024 presents a contrast with extremely dry conditions (3 mm
precipitation in July—August), where points are located in the lower part of the biplot.
This demonstrates the disruption of normal correlation due to water stress, which criti-
cally affected assimilation surface formation.
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Fig. 4. Principal component biplot showing relationships between soybean leaf area and yield under different
treatments and hydrothermal conditions (2022-2024)

Note: each point represents the average mean of a specific treatment in a given year. The PCA was based
on standardized values of leaf surface area and yield. Colors indicate the year of observation. Ellipses
represent groupings by year. The proximity of points and arrows indicates the strength and direction of
correlation between variables. The plot illustrates that both leaf area and yield were positively associ-
ated and influenced by seasonal hydrothermal conditions

Data from 2022 occupy an intermediate position, demonstrating moderate correla-
tion strength under average hydrothermal conditions.

The vector arrangement demonstrates that the first principal component (98.8 % of
variation) reflects the general nature of the correlation between the studied parameters,
confirming the statistical significance of the established relationship between assimila-
tion surface development and yield formation depending on hydrothermal conditions
during vegetation.

Favorable conditions in 2023 contributed to an increase in leaf surface by an aver-
age of 8.7 % compared to 2022, with treatment efficiency proportionally increasing with
the biopreparations’ composition: in the control, the increase was 7.3 %, with Mycofriend
mono-treatment — 8.2 %, in binary combinations — 8.9-9.1 %, and with the three-com-
ponent scheme — 10.8 %. This confirms that biopreparations with different action opti-
mize the functioning of the photosynthetic apparatus and enhance crop productivity.
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Particularly indicative is the differentiated reaction of plants to hydrothermal stress
in 2024. The decrease in leaf surface area compared to 2023 was: in the control —
22.1 %, with Mycofriend mono-treatment — 20.0 %, in binary combination variants —
19.3 % and 18.1 %, while with complex treatment — only 16.4 %. This indicates the
ability of biopreparations, especially in combination, to support the development of the
photosynthetic apparatus even under unfavorable growing conditions.

Soybean yield also reflected the influence of climatic factors: maximum indicators
were recorded in 2023 (2.46-3.57 t/ha), while minimum — in 2024 (1.86-2.96 t/ha),
which is on average 19.2 % less compared to the previous year and 10.0 % less com-
pared to 2022. Under favorable conditions in 2023, the increase in yield relative to
2022 was differentiated depending on the treatment variant: from 9.8 % in the control to
13.3 % with the three-component scheme.

Under conditions of hydrothermal deficit in 2024, the decrease in yield compared
to 2023 was the greatest in the control (24.4 %) and the lowest with the application
of the three-component composition (17.1 %), demonstrating the protective effect of
complex biopreparation treatment. Intermediate positions were occupied by variants
with Mycofriend mono-treatment (22.5 %), as well as combinations of Mycofriend +
Profix (21.3 %) and Mycofriend + Violar (20.2 %).

The obtained results confirm the ability of biological preparations to mitigate the
impact of abiotic stressors, particularly under conditions of hydrothermal deficit, main-
taining the morphophysiological state of plants and preserving their productive poten-
tial. The combination of Mycofriend + Profix + Violar proved to be most effective in
ensuring a stable yield of soybean Khorol variety even under unfavorable growing con-
ditions, confirming the expediency of using complex biopreparation schemes in organic
farming.

The revealed differentiated adaptive response of soybeans to hydrothermal stress
demonstrates the potential of combined biopreparations as an effective tool for increa-
sing stress resistance of cultivated plants under conditions of climatic factor instability.

Proline and MDA as stress indicators. Analysis of proline and MDA content in
soybean leaves revealed regular changes in these biochemical stress markers depen-
ding on hydrothermal conditions and the biopreparations applied (Fig. 5, 6). Both indica-
tors serve as reliable indicators of plant adaptive reactions to abiotic stressors, primarily
soil moisture deficit.

Proline content as an osmoprotector. During the three-year study, a clear trend
toward an increasing proline concentration was observed, which correlated with dete-
riorating water supply to crops and differentiated depending on the treatment variants
(Fig. 5). In the control plots, the average proline level was 5.80 mg/g fresh weight, while
Mycofriend mono-treatment increased this indicator by 9.1 % (6.33 mg/g). Binary com-
binations revealed a more powerful stimulatory effect: combining Mycofriend with Profix
and Violar contributed to an increase in proline content by 16.9 % and 20.2 % respectively,
compared to mono-treatment. Maximum concentration (7.27 mg/g) was recorded with the
three-component scheme, which exceeded the variant with Mycofriend by 14.8 %.

Inter-annual differences in proline accumulation demonstrate a pronounced
dependence on hydrothermal conditions. With a favorable moisture supply in 2023,
the increase in proline concentration was minimal: in control — 6.3 %; with Mycofriend
mono-treatment — 2.8 %; in variants with binary combinations — 2.1 % and 1.1 %; with
the three-component scheme — 1.1 %. In contrast, in the dry 2024, a sharp increase
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in proline content was recorded in all experimental variants (6.87—8.71 mg/g), on ave-
rage by 28.6 %, however, with different intensities: in control — 26.8 %; with Mycofriend
mono-treatment — 25.7 %; in variants Mycofriend + Profix — 27.7 %; Mycofriend +
Violar — 30.2 %; with three-component treatment — 32.4 %.

Myc + Prof + Vio

V)

N
N
Control Hd
)
N
Control Hc

V)

Myc + Prof + Vio

<
«
Control |—|d

N
3

25 50
Proline content, ug/g

o]
o

Fig. 5. Proline content in soybean leaf tissues at the BBCH 61 stage depending on treatments
Note: x * SE, n = 10; 2022, 2023, 2024 — research years. Different letters a, b, c, d indicate statistically
significant differences in proline content between treatments, determined using Tukey’s test (P <0.05)

Malondialdehyde as a marker of oxidative stress. An inverse relationship
was established regarding the MDA content, — a decrease in its concentration with
the application of biopreparations (Fig. 6). In the control, an average MDA level
was 12.17 mg/g fresh weight, while in treatment variants, its gradual decrease was
observed: Mycofriend — 10.30 mg/g; Mycofriend + Profix — 8.89 mg/g; Mycofriend +
Violar — 8.17 mg/g; Mycofriend + Profix + Violar — 7.14 mg/g.

Temporal differences in the MDA content also proved to be indicative. In the dry
2024, a sharp increase in its concentration was recorded in all variants (average level —
13.17 mg/g), while in 2022 and 2023, the indicators were significantly lower — 7.61 mg/g
and 7.22 mg/g, respectively. In the optimal hydrothermal regime of 2023, a decrease in
MDA content compared to 2022 was found in all treatment variants: in the control — by
2.8 %; with Mycofriend application — by 3.9 %; in binary combination variants — by 5.4 %
and 6.9%; with the three-component scheme — by 8.3 %.
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Fig. 6. MDA content in soybean leaf tissues at the BBCH 61 stage depending on treatments
Note: x i+ SE, n=10; 2022, 2023, 2024 — research years. Different letters a, b, c, d indicate statistically sig-
nificant differences in the MDA content between treatments, determined using Tukey'’s test (P <0.05)

Stressful conditions in 2024 caused a significant increase in MDA levels compared
to 2023, however, with different intensities: in control — by 96.2%; with Mycofriend
mono-treatment — by 88.7 %; in variants Mycofriend + Profix — by 82.7 %; Mycofriend
+ Violar — by 61.8 %; with three-component treatment — only by 56.3 %. It can be
assumed that the applied biopreparations exert a complex effect on the condition of cell
membranes and contribute to a reduction in MDA levels under stress conditions. This
is consistent with literature data indicating that MDA is a reliable marker of lipid peroxi-
dation and oxidative stress in plants, and that its decreased content is associated with
improved membrane integrity and enhanced stress tolerance (Heath & Packer, 1968;
Gill & Tuteja, 2010; Hasanuzzaman et al., 2020).

The obtained results align with current scientific findings regarding the role of
arbuscular mycorrhizal fungi, nitrogen-fixing bacteria, and phytohormones in bioprepa-
rations in enhancing soybean adaptability under adverse growing conditions. Symbiosis
of plants with AMF activates cellular energy metabolism, intensifying photosynthetic
processes: chlorophyll content increases, leaf surface expands, CO, fixation rate
increases, and assimilate transport to the root system is enhanced (Yang et al., 2021;
Bogati & Walczak, 2022).
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Inoculation with AMF stimulates the accumulation of osmolytes (sugars, pro-
line, glycine betaine), which play a key role in osmoregulation and provide an adap-
tive response of plants to water deficit, and also affect the level of photosynthetic pig-
ments in soybean plants (Wu et al., 2017; Begum et al., 2023). S. A. Mona et al. (2017)
reported that T. harzianum soybean seed inoculation caused an increase of 15.04 % in
total chlorophylls despite the drought stress and led to a 2.0 % proline level increase. In
our study, the application of the biopreparation Mycofriend, which contains arbuscular
mycorrhizal fungi (AMF), contributed to a 10.3 % increase in total chlorophyll content
compared to the control. AMF inoculation (Mycofriend) also caused an increase in leaf
proline levels of 28.6 % on average.

Simultaneously, the activity of antioxidant enzymes increases, particularly that of
catalase and superoxide dismutase, which contributes to the stabilization of cell mem-
branes and a reduction of the MDA content by 30-50 %, indicating strengthening of the
antioxidant defense system (Mirshad & Puthur, 2016; Li et al., 2019).

The use of phytohormones in combination with AMF or rhizobia increases plant
stress resistance, optimizes the biological nutrition system, and enhances soybean pro-
ductivity (Ferreira et al., 2020). Synergistic relationships between AMF and rhizobia are
fundamental for ensuring effective nitrogen fixation and optimization of mineral nutrition,
which forms stable productive agrocenoses resistant to hydrothermal fluctuations and
extreme temperature regimes (Li et al., 2019; Miljakovi¢ et al., 2022). M. S. Sheteiwy
et al. (2021) showed that the application of B. japonicum, AMF strains, and their com-
bination in soybean seed inoculation contributed to an increase in chlorophyll content
by 35.4 %, 41.5 %, and 39.0 %, which correlated with an increase in yield by 25.9 %,
32.5 %, and 25.0 %, respectively.

Our results confirm the synergistic effects between AMF and rhizobia, as well as
between AMF and phytohormones. The addition of Profix, a preparation containing nitro-
gen-fixing bacteria, to Mycofriend led to a significant increase in total chlorophyll con-
tent (by 23.3 %), while the combined use of the phytohormonal preparation Violar with
Mycofriend resulted in an even greater increase (by 26.3 %). These improvements in
physiological parameters were reflected in soybean productivity. The use of Mycofriend
alone increased yield by 24.2 % compared to the control, whereas the combinations
of Mycofriend + Profix and Mycofriend + Violar further enhanced yield by 8.1 % and
12.1 %, respectively.

Under conditions of increasing climate change and growing frequency of extreme
weather events, the implementation of anti-stress protection elements in crop cultiva-
tion systems becomes particularly relevant. Complex application of biopreparations of
different nature — AMF, phytohormonal regulators, nitrogen-fixing bacteria — provides
a synergistic effect and sustainable adaptation of plants to unfavorable conditions.
Widespread implementation of such biotechnological approaches can not only stabilize
yield but also become the basis for forming sustainable, resource-efficient agroecosys-
tems under conditions of global climate change.

CONCLUSION

The conducted study demonstrates a pronounced multifaceted positive effect of bio-
preparations (monotreatment or in combinations) on physiological and biochemical pro-
cesses, as well as on soybean productivity (cv. Khorol) under hydrothermal conditions.
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The integrated application of the biopreparations Mycofriend, Profix, and Violar resulted
in the maximum effect: total chlorophyll content Chl (a+b) increased by 37.3 %, leaf
assimilation area grew by 28.9 %, which together led to a significant improvement in
yield (up to 47.5 %). This effect can be explained by the synergistic interaction of AMF,
nitrogen-fixing bacteria, and phytohormonal substances contained within the bioprepa-
rations.

The study also revealed a considerable improvement in the soybean plant’s adapt-
ability under biopreparation treatment, as reflected by a reduced intensity of oxidative
stress: proline accumulation (as an osmoprotectant) increased by 25.3 %, while MDA
content decreased by 41.1 %.

Considering the performance advantages observed across variable moisture
years, the combined application of Mycofriend, Profix, and Violar can be recommended
for organic soybean cultivation in regions facing recurrent hydrothermal stress to sus-
tain yield and crop resilience under climate challenges.

Based on the current findings, the further studies should be conducted to evaluate
(i) an expanded panel of biopreparation combinations (7 treatment variants and con-
trol) to refine dose—composition recommendations; (ii) include additional drought- and
stress-responsive physiological indicators such as abscisic acid (ABA) concentration,
relative water content (RWC), and stomatal conductance to better link microbial treat-
ments with plant water status regulation. Where data permit, integrating agronomic per-
formance with techno-economic analyses will further support on-farm decision-making
and regional scaling.
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AOAMTUBHICTb COI 3A KOMMJIIEKCHOI OBPOBKU BIOMPEMAPATAMM
PI3HOI NPUPOOU B YMOBAX OPIAHIYHOIO 3EMJIEPOGCTBA
TATIAPOTEPMIYHOIO CTPECY

TemsiHa Yalika', IpouHa Kopomkoea?,
laHHa lNocnenoea?, HiHenb KoeaneHko?, Bikmop JIsweHKo?

" Monmasckke 8id00ineHHs1 Akademil Hayk mexHOMo2idHoT KibepHemuku YkpaiHu
8yn. Koseans, 3, lNonmaesa 36013, YkpaiHa

2 [Monmaecbkkuli OepxxasHull azpapHull yHisepcumem
8yr1. Ckoeopodu, 1/3, MNonmaesa 36003, YkpaiHa

O6r'pyHTYBaHHA. B ymoBax opraHiuHOro 3emnepobcTBa Ta NOCUITEHHS MiapoTepMiy-
HOro CTpecy 0CcOobNMMBOI akTyarnbHOCTI HabyBae 3acTOCyBaHHSA BiONOriYHMX Npenaparis Sk
e(EeKTVMBHMX IHCTPYMEHTIB MNiABULLEHHSA aAanTUBHOCTI coi. KoMnneKkcHe 3acTocyBaHHSA
apOyCcKynapHUX MIKOPU3HUX rpubiB, a3oTdikcytoumx 6akTepin i iToropMoHanbHUX pery-
NATOPIB Aae 3Mory akTuByBaTh qidionoriyHi Ta GioximiuHi npouecu pocnuH. Takui Gio-
TEXHONMOrMYHUIA Niaxig 3abesnevye MOM'SIKLLEHHS HEraTUBHOIO BMJIMBY TiAPOTEPMIYHMX
CTPECIB i NiATPMMYE NPOAYKTMBHICTb KySbTYP HaBiTb 3@ HECNPUATIIMBMX YMOB BUPOLLY-
BaHHSI.

Matepianu Ta metoau. OG’eKTOM AOCHIAXKEHHST € 3aranbHUA BMICT Xrnopodiny,
nsoLla MCTKOBOI NOBEPXHI, KOHLEHTpaLis NponiHy Ta ManoHoBoro aianegerigy (MOA),
a TaKoX MPOOYKTUBHICTb COi copTy XOpOos 3a YMOB HeCTabinbHOro 3BONIOXEHHS Mif
BMMBOM pr30cdepHUX MiKPOOPraHi3MiB i pPi3HMX DiTOrOPMOHIB Yy cknagi 6ionpenaparis.
BukopuncTtaHo nonbogi, nadopaTopHi (gisionorivHi, 6ioxiMiyHi) Ta cTaTUCTUYHI MeToaM.

Pe3ynbratn. BukopuctaHHa GionpenapartiB nokpalimno GioximiyHi, gisionorivHi Ta
MOPOOrivHi MOKa3HUKM, @ TakoX MPOAYKTMBHICTb COi, WO CBiAYMTb NPO MOKPAaLLEHHS
CTaHy pOCnvH. HamBuwmn piBeHb 3aranbHoro xnopodiny (a+b) 3aapeectpoBaHo B 2023 p.
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3a KombiHoBaHoro 3actocyBaHHs Mycofriend, Profix i Violar, nokasytoun cepegHe 36inb-
LWeHHs BignoBigHO Ha 42,3 % i 26,7 % nopiBHAHO 3 KOHTponem. [rowa NUCTKOBOI
noBepxHi gocarna 29,24 tnc. m?/ra, a BpoxarnHicTb — 3,23 T/ra, NepeBuLLYIOHYN KOHT-
porb Ha 28,9 % Ta 47,5 % BignosigHo. lNigBnwennit BMICT nponiHy (7,27 mr/r) i HX-
ynn pieeHb MIA (7,14 mr/r) nig 4ac ctpecy BigobpaxarTb 3HWKEHHSI OKUCIIOBaNbHOMO
MOLLKOPKEHHS Ta Kpally OCMOPEryrsuilo 3aBOsKM CUHEPTIYHIA Aii Mikopuan, pi3obin
i (PITOrOPMOHIB.

BucHoBkK. KomnnekcHe 3acTtocyBaHHs GionpenapartiB (MikodpeHn + Profix +
Bionap) y cnctemi opraHiyHOro BUpOLLYyBaHHSA COi COPTY XOpon cnpusie akTuaaLii gisio-
noro-6ioxiMiYHNX MpoLueciB, NOBULLEHHIO NPOAYKTUBHOCTI Ta CTPECOCTINKOCTI POCIUH
3a YMOB rigpoTepMi4YHOro CTpecy.

Knroyoei crioea: apbycKynsapHO-MiKOpU3HI rpmbun, iTOropMoHarnbHi perynatopu,
XJ10poinu, nnowa AMCTKOBOI NOBEPXHIi, BPOXANHICTb, NPOFiH,
MarnoHOBWUI Oianbaerig
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