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Background. In organic farming conditions under increasing frequency of hydro-
thermal stress, ensuring stable soybean yield and seed quality requires the use of bio-
logical preparations capable of activating plant adaptive mechanisms. The integrated
application of arbuscular mycorrhizal fungi, nitrogen-fixing bacteria, and microbial
biostimulants with phytohormonal activity may improve plant water status, reduce oxi-
dative damage, and enhance seed biochemical composition. However, the effects of
such multicomponent systems on vyield structure components, seed protein, oil, and
nitrogen content under variable hydrothermal conditions remain insufficiently studied.

Materials and Methods. Field experiments were conducted in 2022-2024 under
organic farming conditions in the Left-Bank Forest-Steppe of Ukraine using the early-
maturing soybean cv. Khorol. Eight treatment variants were evaluated: control, Profix,
Violar, Mycofriend, Profix + Violar, Mycofriend + Profix, Mycofriend + Violar, and
Mycofriend + Profix + Violar. Seed protein and oil content were determined by NIR
spectroscopy; relative water content (RWC), stomatal conductance (gs), abscisic acid
(ABA), and malondialdehyde (MDA) were assessed at the BBCH 61 stage. Statistical
analysis included one-way ANOVA followed by Tukey’s HSD test, Pearson correlation,
and principal component analysis (PCA).

Results. The highest yield (2.96—3.57 t/ha) and seed quality were recorded under
the Mycofriend + Profix + Violar treatment across all years, exceeding the control by
40.6-59.1%. Seed protein content increased by up to 5.7 percentage points, and oil
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content reached 19.3 %. Yield gains were primarily driven by an increased number
of seeds per plant (up to 130), while thousand-seed weight remained relatively sta-
ble. Under hydrothermal deficit in 2024, combined treatments maintained higher RWC
(up to 91.9 %), lower MDA (-47.7 % vs. control), and reduced ABA accumulation, with
strong correlations confirmed between RWC and yield (r = 0.92; P < 0.001) and between
ABA and gs (r =-0.98; P < 0.001).

Conclusion. The complex application of Mycofriend, Profix, and Violar in organic
soybean cultivation consistently improved yield, seed nutritional quality, and physiologi-
cal stress tolerance across years with contrasting hydrothermal conditions. Stabilization
of plant water status and limitation of oxidative damage were identified as key mecha-
nisms underlying productivity maintenance under drought.

Keywords: arbuscular mycorrhizal fungi, rhizobia, phytohormones, abscisic acid,
malondialdehyde, relative water content

INTRODUCTION

The agricultural sector is currently facing a dual challenge posed by complex abio-
tic stressors and continued global population growth. Abiotic stress remains a persistent
threat to agricultural productivity and may cause yield losses of up to 70 % (Biswas
et al., 2023). At the same time, soybean is one of the leading oilseed crops in global
production and continues to show steady growth trends (USDA FAS, 2024), largely
owing to the versatile use of its seeds, particularly for food and feed purposes (Jarecki
& Migut, 2022). Growing demand, along with the development of new cultivars charac-
terized by stable yields and high seed quality, continues to promote the expansion of
soybean cultivation worldwide (Prusinski, 2020). However, realization of the crop’s pro-
ductive potential is increasingly constrained, primarily by hydrothermal instability during
the growing season.

Microbial biostimulants based on arbuscular mycorrhizal fungi (AMF), rhizobia, plant
growth-promoting rhizobacteria (PGPB), and phytohormones are considered a promis-
ing tool for improving soybean productivity and stress tolerance (Ahmad et al., 2022;
Shaffique et al., 2023). Symbiotic interactions with AMF enhance phosphorus and water
uptake, activate antioxidant enzymes, and reduce the intensity of lipid peroxidation,
thereby stabilizing cell membranes under drought conditions (Mirshad & Puthur, 2016;
Li et al., 2019). Associations with Bradyrhizobium japonicum ensure the biological fixa-
tion of atmospheric nitrogen and stimulate root system development; however, intensi-
fication of nitrogen nutrition may be accompanied by a redistribution of assimilates from
the lipid fraction in favor of the protein fraction (Carciochi et al., 2019; Jarecki, 2024).

Co-inoculation with B. japonicum and AMF can increase yield, improve plant water
status, and reduce oxidative damage to cell membranes under field water deficit condi-
tions (Sheteiwy et al., 2021; Igiehon et al., 2021). The application of three-component
microbial consortia can further increase seed protein and oil content, and the magnitude
of this effect increases with consortium complexity (Rafique et al., 2025).

Phytohormonal biostimulants complement microbial inoculants by regulating the
balance between growth processes and plant defense responses. Abscisic acid (ABA)
plays a key role in controlling stomatal conductance and activating antioxidant sys-
tems under water deficit (Munemasa et al., 2015; Liao et al., 2025), whereas auxins,
cytokinins, and gibberellins optimize phytohormonal balance and enhance plant stress
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tolerance (Verma et al., 2016; Hasanuzzaman et al., 2020). The integration of these
metabolites with AMF and rhizobia produces synergistic effects on key physiological
and biochemical processes, thereby contributing to an improvement in crop productivity
under adverse growing conditions (Chaika et al., 2025).

Despite the extensive experimental data, information on the comparative effective-
ness of mono- and multicomponent systems of microbial and phytohormonal biostimu-
lants in terms of soybean vyield, yield components, and seed quality parameters (pro-
tein, oil, and total nitrogen content) under variable hydrothermal conditions in field
experiments within organic farming systems in the Left-Bank Forest-Steppe of Ukraine
remains limited.

The aim of this study was to evaluate the effects of microbial biostimulants based
on AMF (Glomus sp., Trichoderma harzianum + PGPB), a nitrogen-fixing inoculant
(B. japonicum), and a phytohormonal preparation, applied separately and in different
combinations, on soybean yield, yield components, seed quality, and the physiological
and biochemical status of plants under variable hydrothermal conditions in an organic
production system.

MATERIALS AND METHODS

Field experiments were conducted during 2022—-2024 under agroecological con-
ditions in the Left-Bank Forest-Steppe of Ukraine (Poltava region). The object of the
study was the early-maturing soybean cultivar Khorol (originator — Research Institute of
Soybean LLC). The soil of the experimental plots was residual solonetzic Chernozem
on loess deposits. Agrochemical analysis of the arable soil layer (0-20 cm) was per-
formed using a multiparameter photometer Palintest SK500 (Palintest Ltd., UK). The
following parameters were determined: pH(KCI) — 6.3 (slightly acidic reaction); humus
content — 5.2 % (high); total nitrogen — 58.6 mg/kg and available phosphorus — 78.3 mg/
kg (medium supply level); exchangeable potassium — 138.4 mg/kg (high).

The experiment was conducted using a randomized block design with four replica-
tions. The total plot area was 0.3 ha, and the accounting area was 0.1 ha.

Agronomic practices complied with the regional requirements of organic soybean
production technology (Chaika et al., 2025) and included: (i) autumn plowing with
a reversible plow after the preceding crop (spring barley); (i) spring harrowing with
a heavy drag harrow to conserve soil moisture; (iii) pre-sowing cultivation with a stubble
cultivator; (iv) pre-emergence harrowing at the weed seedling stage (white thread stage)
and post-emergence harrowing with a Striegel tine harrow; (v) two inter-row cultivations.

Sowing was carried out at the optimal dates for each year (April 20 — May 5) at
a depth of 5 cm. Row spacing was 38 cm, and the seeding rate was 700 thousand viable
seeds per hectare.

Weather conditions and precipitation dynamics were monitored annually during the
soybean growing season (May—August), which allowed the degree of moisture supply
to be assessed using the Selyaninov hydrothermal coefficient (HTC) (Koval & Brauning,
2024). The soybean growing seasons of 2022—-2024 were characterized by considerable
variability in the hydrothermal regime (Fig. 1), allowing them to be classified as follows:
2022 — favorable; 2023 — extremely favorable; 2024 — stressful (hydrothermal deficit).

Three commercial preparations with different mechanisms of action and potential
for synergistic interactions were selected to evaluate the effectiveness of biological
agents in organic soybean production. These included: (i) Mycofriend® (BTU-Center,
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Ukraine) — a complex of mycorrhizal fungi (Glomus sp., Trichoderma harzianum) and
rhizosphere bacteria (Pseudomonas fluorescens, Streptomyces sp., Bacillus megate-
rium var. phosphaticum, B. mucilaginosus, B. subtilis, Enterobacter sp.); (ii) Profix®
(Certis Belchim, Belgium) containing three strains of nodule bacteria: Bradyrhizobium
jJjaponicum USDA442 (532 C) and B. diazoefficiens SEIMA 5079 and SEIMA 5080;
(i) Violar® (Bioinvest-Agro LLC, Ukraine) — a phytohormonal preparation containing
auxins, cytokinins, gibberellins, abscisic acid, free amino acids, lipids, and sterols.
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Fig. 1. Precipitation dynamics, mean monthly temperature, and the hydrothermal coefficient (HTC) in the
soybean growing seasons of 2022—2024

The experimental design included eight biopreparation treatment variants described
in a previous study (Chaika et al., 2025): (i) control (water); (ii) Profix (Prof); (iii) Violar
(Vio); (iv) Mycofriend (Myc); (v) Profix + Violar (Prof+Vio); (vi) Mycofriend + Profix
(Myc + Prof); (vii) Mycofriend + Violar (Myc+Vio); (viii) Mycofriend + Profix + Violar
(Myc + Prof + Vio). Seed treatment was performed before sowing (30—60 min) accord-
ing to the recommended application rates, and crop spraying was carried out at the
BBCH 61 stage (beginning of flowering).

To determine relative water content (RWC), one leaf from each of ten plants per
plot was sampled weekly for seven weeks, starting in the second half of May. RWC was
calculated using the standard formula (Patané et al., 2022).

Abscisic acid (ABA) content in leaves was determined by fluorescence spectros-
copy using a PerkinElmer LS-45 spectrometer; extract preparation was performed
according to the protocol described in (Li et al., 2009). Stomatal conductance (gs) was
measured using an SC-1 porometer (Decagon Devices, Inc., USA) with a measurement
interval of 30 s in four replicates per treatment. These parameters were measured once
at the BBCH 61 growth stage.

The malondialdehyde (MDA) content in leaf tissues was determined once at the
BBCH 61 stage according to the method described in (Fatema et al., 2023). Protein
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and oil contents in soybean seeds were measured at the full maturity stage (R8) after
harvesting using near-infrared spectroscopy (NIR) on an AgriCheck Plus analyzer
(Bruins Instruments, Germany) with a calibration model for soybean. The results were
expressed as a percentage of dry matter.

The total nitrogen (N, %) content was calculated using the formula:

N (%) = Protein (%) / 5.71,
where 5.71 is the conversion coefficient for soybean (FAO, 2003).

Thousand seed weight (TSW) was determined at the full maturity stage (R8) using
cleaned seeds. For each replicate, 1000 seeds were counted and weighed, after which
the values were adjusted to a standard moisture content of 14.0 % to ensure compara-
bility among treatments and years.

The number of seeds per plant was determined at the full maturity stage (R8)
before harvesting. Ten plants were randomly selected from the central part of each plot
in each replicate to avoid border effects. The plants were cut at ground level, air-dried,
and manually threshed, after which the number of seeds was counted and the mean
value per plant was calculated.

Plants were harvested manually from the net plot area after cutting the above-
ground biomass; the yield was adjusted to 14 % moisture content and expressed in t/ha.

For each year, the mean value (X) and standard error (SE) were calculated for
each treatment. Differences among treatments within each year were assessed using
one-way analysis of variance (ANOVA) followed by Tukey’s HSD post hoc test (P <
0.05) as the data were analyzed separately for each year to account for contrasting
hydrothermal conditions, which were considered as distinct environmental scenarios
rather than a uniform experimental factor. Principal component analysis (PCA) was
applied to standardized data to evaluate the overall relationships among the studied
variables. Correlations were assessed using Pearson’s correlation coefficient (r) based
on mean values (X) for each year x treatment combination (n = 24), with statistical sig-
nificance determined at P < 0.05. Statistical analyses and visualization were performed
in RStudio® (R Core Team, version 4.4.3).

RESULTS AND DISCUSSION

Soybean seed yield and quality under bacterial and hormonal treatments.
The obtained results confirmed a significant dependence of yield and seed biochemi-
cal composition on the hydrothermal conditions of the year and the biological inocula-
tion system (Fig. 2). The most pronounced differences among the treatments were
observed in 2024, which was characterized by a hydrothermal deficit (Fig. 1).

The yield from the control plots was 2.24 t/ha in 2022, 2.46 t/ha in 2023, and
1.86 t/ha in 2024 (-24.4 % compared with 2023). Monopreparations provided a yield
increase of 0.26—-0.56 t/ha depending on the year, with the highest absolute increase
observed in 2023. Combined treatments produced a pronounced synergistic effect, and
the Myc + Prof + Vio treatment showed the highest yield in all years — 3.15, 3.57, and
2.96 t/ha, respectively, exceeding the control by 40.6-59.1 %. The relative advantage of
the combined treatment was the greatest in the unfavorable year of 2024.

The three-year average yield ranged from 2.19 t/ha in the control to 3.23 t/ha under
the Myc + Prof + Vio treatment, corresponding to an increase of 1.04 t/ha (+47.5 %).
The ranking of treatments by yield remained consistent across all study years.
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Fig. 2. Effects of microbial and hormonal seed treatments on (A) yield, (B) seed protein content, and (C) seed
oil content of soybean under organic farming conditions (2022—-2024)
Note: Mean + SE; different letters indicate significant differences (Tukey’s HSD, P < 0.05)

The seed protein content increased with the application of biological preparations.
In the control treatment, it ranged from 35.63 to 38.14 %, whereas under the combined
treatments it reached 41.66—42.56 %, depending on the treatment combination and the
year. The highest values were recorded under the Myc + Prof + Vio treatment (43.17 %
in 2022, 43.85 % in 2023, and 40.66 % in 2024), exceeding the control by 5.0-5.7 per-
centage points. Even in the dry year of 2024, the relative advantage of the combined
treatments was maintained.

Changes in oil content under the application of biological preparations showed
a different trend compared with changes in protein content. Profix application slightly
reduced oil content (17.0-17.5 %), indicating a redistribution of assimilates toward pro-
tein synthesis. In contrast, Violar treatments contributed to an increase in this parameter.
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The highest oil content was again recorded under the Myc + Prof + Vio treatment (18.8—
19.3 %), exceeding the control by 1.0-1.2 percentage points.

In 2024, the overall oil content in the seeds tended to increase, which is consis-
tent with the typical soybean response to water deficit. At the same time, the combined
treatments maintained a high protein content without pronounced antagonism between
the two parameters.

Thus, the relative advantage of the combined treatments across all parameters was
the most pronounced under the stressful conditions of 2024, indicating an enhanced
synergistic effect of the biopreparation consortium (Myc + Prof + Vio) under hydrother-
mal deficit conditions.

Structural components of soybean yield. Yield variability was primarily associa-
ted with changes in the number of seeds per plant, whereas the thousand-seed weight
showed comparatively lower variation (Fig. 3).
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Fig. 3. Effects of microbial and hormonal seed treatments on (A) number of seeds per plant and (B) thou-
sand-seed weight (TSW) of soybean under organic farming conditions (2022—2024)
Note: Mean + SE; different letters indicate significant differences (Tukey’s HSD, P < 0.05)

The number of seeds per plant in the control was 62, 69, and 55 in 2022—-2024,
respectively. Biological treatments significantly increased this parameter, particu-
larly under combined applications. The highest values were observed under the
Myc + Prof + Vio treatment (117, 130, and 103 seeds per plant), exceeding the control
by 48-61 seeds per plant, depending on the year. In 2024, the reduction in the number
of seeds per plant was the main factor contributing to lower yield in the control.

The thousand seed weight ranged from 168-171 g in the control to 176-181 g in the
combined treatments. The highest values were recorded under the Myc + Prof + Vio treat-
ment (179, 181, and 176 g), exceeding the control by 8-10 g. The interannual variability
of this parameter was less pronounced compared with the variation in the seed number.
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Therefore, the yield gain was determined primarily by an increase in the yield repro-
ductive component (the number of seeds per plant), while the TSW performed a stabiliz-
ing function.

Total nitrogen content in soybean seed. The total nitrogen content depended on
both the year and the inoculation system (Fig. 4). The highest values were recorded in
2023, whereas the lowest were observed in 2024.

In the control samples, the nitrogen content was 6.60, 6.68, and 6.24 % in 2022—
2024, respectively. The biological preparations increased this value to 6.84-7.52 %,
with the highest levels observed under the Myc+Prof+Vio treatment (7.56, 7.68, and
7.12 %). The increase compared with the control amounted to 0.88—1.00 percentage

points.
Prof
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Fig. 4. Total nitrogen content in soybean seed under microbial and hormonal seed treatments in organic
farming conditions (2022—2024)

In 2024, the decline in nitrogen content was more pronounced in the control sam-
ples, whereas under the combined treatment, its level remained relatively stable, indi-
cating a partial mitigation of water deficit effects. The dynamics of total nitrogen changes
were consistent with the changes in protein content, suggesting a synchronous response
of nitrogen metabolism to the action of biological preparations.

Physiological and biochemical indicators of soybean productivity. PCA-based
analysis of relationships between physiological parameters and yield revealed a clear
differentiation of treatments depending on the year hydrothermal conditions (Fig. 5).
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The first principal component (Dim1, 84.7 %) represented a gradient associated with
water balance and oxidative stress: the vectors of RWC, gs, and yield were oriented
within the same quadrant, whereas ABA and MDA were in the opposite one.
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Fig. 5. Principal component analysis (PCA) of physiological traits (ABA, MDA, RWC, gs) and yield in soy-
bean (2022-2024)

Note: Dim1 and Dim2 explain 84.7 % and 12.2 % of total variance, respectively. Vectors denote variable
loadings. Pearson correlation coefficients (r) and associated P values are provided

In 2024, which was characterized by a hydrothermal deficit, control plants showed
an increase in ABA content to 8.5 nmol/g and MDA to 17.93 pg/g, along with a decrease
in RWC to 69.7 % and gs to 0.19 mol/m?*s; this was accompanied by a yield reduc-
tion to 1.86 t/ha. Under the Myc + Prof + Vio treatment, these parameters remained at
markedly better levels: ABA — 5.6 nmol/g, MDA — 9.37 ug/g (-47.7 % compared with
the control), RWC — 91.9 % (+22.2 percentage points), and gs — 0.39 mol/m?s. In the
more favorable years of 2022—2023, the differences among treatments were less pro-
nounced; however, the ranking of treatments remained consistent.

Correlation analysis quantitatively confirmed these relationships: a strong positive
correlation was found between RWC and yield (r = 0.92; P < 0.001), a negative correla-
tion between MDA and yield (r =-0.67; P <0.001), and a very strong negative correlation
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between ABA and gs (r = -0.98; P < 0.001), indicating a key role of ABA-dependent
mechanisms in the regulation of transpiration under hydrothermal stress.

Our results agree with data on the synergistic effects of microbial consortia on
soybean productivity. M. Rafique et al. (2025) showed that three-component inocula-
tion increased yield by 20.5 % and the protein and oil contents by 8.78 % and 10.52 %,
respectively, with the effect intensifying with increasing consortium complexity.

Mono-inoculation with rhizobia was associated with lower oil content, reflecting the
classical antagonistic relationship between protein and oil accumulation under inten-
sified nitrogen nutrition (Carciochi et al., 2019; Jarecki, 2024). At the same time, co-
inoculation of rhizobia with arbuscular mycorrhizal fungi (AMF) can partially mitigate this
antagonism through the synergy of nitrogen, phosphorus, and water nutrition (Igiehon
et al., 2021).

It should be noted that the establishment of mycorrhizal symbiosis is sensitive to
soil moisture conditions during early plant development. Despite the hydrothermal defi-
cit observed in 2024, periods of sufficient moisture supply during the early growing sea-
son (Fig. 1) supported the initial formation of symbiotic associations. Once established,
arbuscular mycorrhizal fungi are known to maintain functional activity under drought,
contributing to improved plant water status under subsequent stress conditions.

The observed pattern is consistent with the current understanding that under water
deficit, the processes of flowering, pollination, and pod formation are the most vulne-
rable (Fatema et al., 2023; Poudel et al., 2023). M. S. Sheteiwy et al. (2021) reported
that co-inoculation with AMF and B. japonicum under drought conditions increased the
pod number by 28-34 % and the seed number by 30-36 %, which was accompanied by
a yield increase of 25-32 %. N. O. Igiehon et al. (2021) also confirmed that the produc-
tivity gain under co-inoculation was realized mainly through an increase in seed weight
per plant, rather than through a substantial increase in the individual seed weight.

Thus, biological preparations support the plants’ reproductive potential primarily by
optimizing the numerical components of yield structure. These agronomic effects are
consistent with earlier findings demonstrating the productivity and economic benefits of
microbial-hormonal treatments in organic soybean cultivation under climate variability
(Chaika & Korotkova, 2025), where the highest-performing treatment (Myc + Prof + Viol)
increased profit to 1575 €/ha and profitability to 369.0 %, confirming that the yield gain
offsets the treatment costs.

The increase in seed total nitrogen content directly explains the rise in protein con-
tent, since soybean protein is a function of nitrogen accumulation and remobilization
during the reproductive period (Carciochi et al., 2019). M. Rafique et al. (2025) reported
that three-component inoculation increased plant nitrogen nutrition by 7.33 %, which
correlated with a higher yield. O. Stajkovi¢-Srbinovi¢ et al. (2020) also confirmed that
Bradyrhizobium inoculation increased N uptake and raised yield up to 125 % compared
with the control. The relative stability of nitrogen content under the combined treatments
during the dry 2024 season indicates a partial mitigation of the negative effects of water
deficit on symbiotic nitrogen fixation due to the synergistic action of AMF and rhizobia.

The present results are in accordance with experimental evidence on the role of
biostimulants in maintaining plant water status and limiting oxidative damage under
drought conditions. M. S. Sheteiwy et al. (2021) and N. Begum et al. (2023) reported that
AMF inoculation or its co-inoculation with Bradyrhizobium increased RWC by 8-12 % and

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2026 e Tom 20 / N2 2  C. 151-166



MICROBIAL BIOSTIMULANTS ENHANCE SOYBEAN YIELD AND SEED QUALITY UNDER HYDROTHERMAL STRESS... 1 61

reduced MDA by 20-37 %. P. P. Mirshad & J. T. Puthur (2016) and J. Li et al. (2019) found
that AMF enhance the catalase activity and superoxide dismutase, thereby reducing MDA
content by 30-50 %. The strong negative correlation between ABA and stomatal conduct-
ance (r =-0.98; P < 0.001) confirms the key role of ABA-dependent signaling cascades in
the regulation of transpiration under hydrothermal stress (Munemasa et al., 2015; Liao
et al., 2025).

Although abscisic acid is known to induce stomatal closure under water deficit, the
reduced ABA levels observed in treated plants in this study did not result in impaired
water conservation. On the contrary, treated plants maintained higher RWC and ade-
quate gs, indicating a more balanced regulation of transpiration rather than excessive
water loss. This suggests that biostimulant application may optimize hormonal sign-
aling, allowing plants to maintain both water status and photosynthetic activity under
stress conditions.

Modulation of hormonal signaling ensured an optimal balance between limiting
transpiration and maintaining photosynthetic activity, which was reflected in the RWC
stabilization and a reduction in lipid peroxidation intensity (Hasanuzzaman et al., 2020).
This relationship between physiological indicators of photosynthetic activity and crop
productivity has also been demonstrated in previous studies (Ahmed et al., 2023). Thus,
the stabilization of plant water status and the limitation of oxidative damage are key
mechanisms supporting soybean productivity under moisture deficit conditions.

Despite the robustness of the three-year dataset, the results of this study should be
interpreted with consideration of certain limitations. The experiments were conducted at
a single location within the Left-Bank Forest-Steppe of Ukraine under specific soil and
climatic conditions, which may limit the direct extrapolation of the findings to other agro-
ecological zones. In addition, only one soybean cultivar (Khorol) was evaluated, and
the response to biostimulant treatments may vary depending on genotype. Therefore,
further multi-site and multi-year studies involving soybean cultivars of different maturity
groups across diverse soil—climatic conditions are required to confirm the broader appli-
cability of the observed effects.

CONCLUSION

Three-year field experiments revealed that the combined application of the biological
preparations Mycofriend + Profix + Violar under organic farming conditions ensured the
highest yield of the soybean Khorol cultivar in all study years, reaching 3.15-3.57 t/ha.

The yield increase of 40.6—-59.1 % was primarily associated with a greater number
of seeds per plant (103—-130 vs. 55-69 in the control), whereas the TSW varied within
a narrower range (176-181 g vs. 168-171 g).

Complex inoculation promoted an increase in seed protein content to 40.66—
43.85 % (+5.0-5.7 percentage points compared with the control) and oil content to
18.8-19.3 % (+1.0-1.2 percentage points), as well as an increase in total nitrogen
by 0.88-1.00 percentage points. In contrast to rhizobial mono-inoculation, which was
accompanied by a decrease in oil content, the combined treatments partially mitigated
the antagonistic relationship between the protein and lipid fractions.

Under the hydrothermal deficit conditions of 2024, the Myc + Prof + Vio seed treat-
ment ensured an RWC of 91.9 % (+22.2 percentage points compared with the control),
reduced MDA content by 47.7 %, and lowered ABA to 5.6 nmol/g, while maintaining
higher stomatal conductance (gs 0.39 mol/m?s). Strong correlations were observed
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between RWC and yield (r = 0.92; P < 0.001) and between ABA and gs (r = -0.98;
P < 0.001), confirming the key role of plant water status and ABA-dependent regulation
of transpiration in determining soybean productivity under stress conditions.

Thus, the combined application of Mycofriend + Profix + Violar can be recom-
mended as an effective biological strategy for maintaining soybean yield and seed qual-
ity in organic production systems under variable hydrothermal condition.
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MIKPOBHI BIOCTUMYNATOPU NIABULLYIOTb BPOXAMHICTb
| AKICTb HACIHHA COI 3A NAPOTEPMIYHOIO CTPECY
B OPrAHIMHOMY 3EMJIEPOBCTBI

TemsiHa Yalika', IpouHa Kopomkoea?,

Bikmop JlaweHko?, AHHa PubanbyeHko?, Onbea MineHko?

' BidokpemneHuli cmpykmypHuli nidpo3adin

“AepapHo-ekoHOMIYHUU ¢haxosull koredx [Nonmascbko20 OepxasHO20 agpapHO20 yHisepcumemy”
syn. Ckosopodu, 18, lNMonmasa 36003, YkpaiHa

2 [Monmasecbkuli OepxkasHuli agpapHull yHieepcumem
8yn. Ckosopodu, 1/3, lNonmasa 36003, YkpaiHa

OOGrpyHTYBaHHSA. Y cUCTEMi OpraHiyHoOro 3emnepobCTBa i 3pOCTaHHS 4acToTu
NPOSIBIB rigpOTEPMIYHOro CTpecy 3abeaneyeHHs cTabinbHOT BPOXXanHOCTI COi Ta BUCOKOT
SIKOCTi HacCiHHA noTpebye 3acTocyBaHHSA BionoriyHMX Npenaparis, 34aTHUX akTMBYBaTU
aganTuBHI MexaHiaMu pocnvH. KoMmnnekcHe 3actocyBaHHsS apbyCKynapHUX MIKOPU3HUX
rpunbis, asoTdikcytoumx H6akTepin i MiKpoBHMX BioCTUMYNATOPIB 3 PiTOrOPMOHANBHOK
AKTUBHICTIO MOXE€ 3MEHLUUTM OKUCIIIOBANbHE MOLLKOMKEHHS, MOKPALLMTL BOOHWUNA
cTaTtyc pocnuH Ta nokpawmTtu BioxiMiyHWMIiA cknaj HaciHHA. BogHovac BMAMB Takux
GaraTOKOMMOHEHTHNX CUCTEM Ha efNeMeHTU CTPYKTYpu BpoxKato, BMICT Binka, Xupy 1
a30TYy B HACiHHI 32 MIHNUBKX FigPOTEPMIYHUX YMOB AOCNIAXEHO HELOCTATHLO.

Matepianu i metoau. NMonbosi gocnian nposoaunu y 2022—-2024 pp. B ymMoBax
opraHiyHoro 3emnepobcrBa JliBobepexHoro Jlicocteny YkpaiHu i3 BUKOPUCTaHHSM
paHHbocTUrnoro copty coi Xopon. OuiHtoBanu BiCiM BapiaHTiB 06pO6KM: KOHTPOrb,
Profix, Bionap, MikocbpeHa, Profix + Bionap, MikocpeHg + Profix, Mikodpeng + Bionap
Ta MikogpeHg + Profix + Bionap. BmicT 6inka Ta »upy B HaciHHi BU3Hayanu mMeTtoLoM
6nvxHbOI  iHdbpadepBoHoi cnektpockonii (BIC). BigHocHWIA BMICT BoAM B NMCTKax
(BBB), npoagwnxosy nposigHicTs (IMI1), BMicT abcumsooi kucnotn (ABK) Ta manoHoBoro
giansaerigy (MOA) BusHavanu y ¢pasi BBCH 61. CtatnuctnuHy o6pobky pesynesratiB npo-
BOOMIN 3 BUKOPUCTAHHAM ofHohakTopHoro ancnepcinHoro aHanidy (ANOVA) 3 Tectom
Tetoki HSD, kopensuinHoro aHanisy NipcoHa 1 aHanidy ronoBHuUX KOMMoHeHT (PCA).

Pe3ynbraTtu. Hansuwy BpoxarHicTb (2,96—3,57 T/ra) Ta HavkpaLLi NOKa3HUKM AKOCTI
HaCiHHA B yCi poku gocnigxeHb 3adikcoBaHo Ha BapiaHTi Mycofriend + Profix + Violar,
Wwo nepesuyBano KoHTpornb Ha 40,6-59,1 %. OcobnunBo BUpaxeHUn edekT KoMM-
NEeKCHOI HOKYMAUii cnocTepirann 3a ymMoB OediluuTy BOMOrv, KOMu pisHULA MK
KOHTPOSbHUMMK 1 06pobreHnmMm BapiaHTamm 3poctana. BmicT Ginka B HaciHHI 3pocTaB oo
5,7 BifCOTKOBMX NYHKTIB, a BMICT Xupy gocsaras 19,3 %. 3a KoMnnekcHOro 3acTocyBaHHsi
npenapariB He cnocTepiranu pi3koro aHTaroHi3aMy MiX HakonuueHHaAM Binka Ta xupy,
WO cBigYMTbL Npo Binbl 36anaHcoBaHe popMyBaHHS BiIOXiIMIYHOIO Ckragy HacCiHHA.
MpupicT ypoXaHOCTi 3yMOBMOBANo nepeBaXKHO 30iNbLUEHHSA KifbKOCTi HaCiHWH Ha
pocnuHi (go 130 wr.), Toai sk maca 1000 HaCiHWMH nMLanacs BiAHOCHO CTabinbHO.
OCHOBHUIM BHECOK Y hOPMYBaHHSI BpOXXanNHOCTi 3abe3neyyBano niaBuLLeHHs peanisauii
penpPOaYKTMBHOIO NoTeHuiany pocnuH. 3a ymMoB rigpotepmidHoro gediumnty y 2024 p.
KoMbBiHOBaHi 06pobkn Aasanu BuLi 3Ha4eHHA BBB (go 91,9 %), Hwxumi Bmict MOA
(-47,7 % nopiBHSIHO 3 KOHTPONEM) Ta 3MeHLeHe HakonuyeHHst ABK. BCcTaHOBNEHO TiCHI
KopensauirHi 38’a3kn Mk BBB i BpoxawHicTio (r = 0,92; P < 0,001) Ta mix ABK i M1
(r=-0,98; P <0,001).

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica ¢ 2026 ¢ Tom 20/ Ne 2 e C. 151-166



166 Tetiana Chaika, Iryna Korotkova, Victor Liashenko, Anna Rybalchenko, Olga Milenko

BucHoBkK. KomnnekcHe 3actocyBaHHs npenapatiB MikodpeHa, Profix i Bionap
y TexHomnorii BUpOLLYyBaHHA OpraHivyHoi coi 3abesnevyBano cTabinbHe nigBULLEHHS
BPOXAaMHOCTI, NMOKPaLLEeHHA Xap4yoBOIl LIHHOCTI HACiHHA Ta 3pOCTaHHsA idionorivyHol
CTIVIKOCTi POCIIMH [0 CTpecy B POKM 3 KOHTPACTHUMW T[igpoTEPMIYHUMWU YyMOBaMMU.
KroyoBMMKn MexaHiamamu nNigTpMMaHHA NPOAYKTUBHOCTI 3a YMOB AequiunTy BOOMm
€ cTabinizauis BogHOro crtaTycy pOCivH i 0OMEXEHHS1 iIHTEHCUBHOCTI OKCUMOATUBHOIO
YLLUKOMXKEHHS.

Knrovoei crroea: apOyckynspHi MikopuaHi rpubu, pnsobii, pitoropmoHm, abcumnsosa
KucroTta, MasioHOBWUI Aianbaeria, BigHOCHMIA BMICT BOAM
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