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Abstract. In the context of organic farming and hydrothermal stress, the use of biopreparations - particularly
arbuscular mycorrhiza, rhizobial bacteria, and phytohormonal treatments - has gained special significance
as a means of enhancing the adaptive properties of soybean. Their application helps to mitigate the negative
effects of abiotic factors and maintain crop productivity. This study aimed to assess the adaptive potential of
soybeans under organic farming conditions through the application of mycorrhizal, bacterial, and phytohormonal
biopreparations during periods of hydrothermal stress. Based on a field study conducted in the Poltava Region,
the influence of biopreparations of various origins on the biochemical, physiological-morphological, and stress-
indicative parameters, as well as the productivity of the Khorol soybean variety, was analysed. The application of
biopreparations significantly improved biochemical and physiological-morphological indicators, as well as the
productivity of soybeans, indicating an improvement in the overall physiological condition of the plants. The
highest concentrations of chlorophylls a and b were recorded in 2023 under the three-component treatment
(Mycofriend with Profix and Violar), where the average increase in Chl a over the years of research was 42.3%, and
Chl b was 26.7% compared with the control. The assimilative leaf area reached an average of 29.24 thousand m?/ha,
while yield was recorded at 3.23 t/ha, exceeding the control by 28.9% and 49.0% respectively. In the drought affected
2024 season, the adaptive application of biopreparations contributed to a reduction in leaf surface area loss within
the range of 16.4-20.0% and yield reduction of 17.1-20.0%, compared with the control, where losses amounted
to 22.1% and 24.4%, respectively. The use of biopreparations under hydrothermal stress in 2024 also resulted
in an increase in proline concentration (up to 7.27 mg/g) and a decrease in MDA content (down to 7.14 mg/qg),
indicating reduced oxidative stress and improved osmoregulation. This effect is attributed to the synergistic action
of mycorrhiza formation, nitrogen fixation, and phytohormonal activity. The practical significance of the findings
lies in demonstrating the potential of integrated biological treatments to enhance the yield and stress tolerance
of soybeans under the conditions of organic farming and climate-related challenges
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INTRODUCTION

In the current context of climate instability, agricultural
production is increasingly challenged by intensifying
hydrothermal stress, which leads to significant disrup-
tions in the physiological and biochemical processes of
plants, ultimately reducing their productivity and resil-
ience. The organic farming system, which relies on nat-
ural mechanisms of crop growth regulation and protec-
tion, is particularly sensitive to such changes. Against
this backdrop, the search for agrobiological solutions
capable of enhancing plant adaptability to adverse en-
vironmental conditions is of growing relevance. Among
these solutions is the application of mycorrhizal fun-
gi, rhizobial bacteria and phytohormonal treatments,
which can synergistically support the physiological
condition of plants, improve nutrient uptake efficiency
and modulate stress responses. Investigating the effec-
tiveness of such biopreparations in soybean cultivation
under organic farming conditions is of considerable
scientific and practical interest, especially in light of
the urgent need to strengthen crop adaptability during
drought-prone years.

As noted by G.Di Capua & S.Rahmstorf (2023), there
is a global trend towards increasing frequency and in-
tensity of abiotic stress factors, which adversely affect
the growth, development and productivity of major ag-
ricultural crops. Under such conditions, the studies of
A.Muhammad et al.(2024) have identified disruptions in
the physiological and biochemical processes in plants,
resulting in suppressed growth compared with opti-
mal cultivation conditions. According to S. Chattaraj et
al. (2025), this situation is causing growing concern in
the agricultural sector and is driving global demand for
effective, environmentally safe strategies to mitigate
the negative effects of stress factors. In this context,
T.Sa (2024) highlighted the ability of beneficial micro-
organisms to enhance plant resistance to abiotic stress,
emphasising the crucial role of plant-microbiome in-
teractions as a fundamental prerequisite for stable
agricultural production in the face of climate change.

Alongside these challenges, the growing demand
for environmentally friendly products, climate change,
biodiversity loss and soil degradation are driving the
development of organic farming as a strategy to re-
duce the anthropogenic pressure on agroecosystems.
According to J. Sanders et al. (2025), organic farming
can contribute to addressing current environmental
and resource-related issues and is rightly regarded as
a key approach to sustainable land use. Within this sys-
tem, the use of biological preparations to enhance crop
productivity and stress tolerance plays an especially
important role. Research by T. Chaika et al. (2023) indi-
cated that soybean (Glycine max (L.) Merr.), as a leading

Chaika and Lotysh

protein and oilseed crop, holds a central position in the
structure of organic production in Ukraine, accounting
for 24.7% of the EU’s demand. This places Ukraine sec-
ond among the countries exporting organic soybeans
to the European market.

At the same time, as noted by S. Gouli et al. (2024),
climate change and increasingly erratic moisture condi-
tions during the growing season are critical risk factors,
posing a growing threat to crop yields and the overall
resilience of agriculture. This highlights the need for
effective adaptive solutions to stabilise the productivi-
ty of organic soybeans under abiotic stress, as drought
conditions can lead to yield losses of up to 100%. In
the context of organic farming, the use of arbuscular
mycorrhizal (AM) fungi, rhizobial bacteria and phyto-
hormones represents a promising agrobiotechnological
strategy, particularly in soybean cultivation. R.K. Ravi et
al. (2024) reported that AM fungi promote crop growth
by enhancing nutrient uptake and play a key role in
regulating water balance and improving plant nutri-
tion under adverse conditions. According to the stud-
ies of M.P. Inbaraj (2021) and W. Sun & M.H. Shahra-
jabian (2023), the combined inoculation of soybean
with AM fungi and rhizobial bacteria - particularly
Bradyrhizobium japonicum - enhances the efficiency of
biological nitrogen fixation and improves the overall
physiological condition of the plants.

In their study, Z. Liao et al. (2025) stated that phy-
tohormones play a pivotal role in the system of adap-
tive mechanisms that counteract drought stress. Acting
as endogenous signalling molecules, they coordinate
the expression of drought-resistance genes, regulate
osmotic balance, modify the architecture of both root
systems and aerial plant parts, and induce the bio-
synthesis of protective compounds, thus enabling a
comprehensive physiological adaptation to moisture
deficiency. Such biological approaches align with the
principles of organic farming by supporting soil fertility
and reducing the need for chemical fertilisers, there-
by lowering the environmental impact on agroecosys-
tems. As a result, the ecological intensification of crop
production through biopreparations - combining the
functions of growth stimulators, pathogen antagonists,
and stress resistance inducers - represents a promising
strategy for improving crop productivity, particularly
in soybean cultivation. At the same time, comprehen-
sive studies on the synergistic interaction of arbus-
cular mycorrhizal fungi, rhizobial bacteria and exog-
enous phytohormones in soybean agrocenoses under
organic farming conditions remain largely unexplored.
This highlights the high scientific and practical rele-
vance of the present study, particularly in the context of

Ukrainian Black Sea Region Agrarian Science, 29(2), 34-49

35



36

The effect of biopreparations on the adaptive properties...

intensifying hydrothermal stress and the urgent need
to enhance the adaptive potential of agricultural crops.

This research aimed to assess the adaptive poten-
tial of organically grown soybeans under the influence
of mycorrhizal, bacterial and phytohormonal bioprepa-
rations across years with differing moisture and tem-
perature conditions. To achieve this aim, the following
objectives were pursued: to evaluate the biochemical,
physiological-morphological, stress-indicator param-
eters and productivity of soybean concerning the ap-
plication of mycorrhizal, bacterial and phytohormonal
biopreparations; and to analyse the effectiveness of
integrated biological stimulation of soybean stress tol-
erance under organic farming conditions depending on
the climatic conditions of the growing season.

MATERIALS AND METHODS
Experimental research was carried out from May to Au-
gust during the years 2022-2024 on trial plots located
in Khudoliivka Village, Kremenchuk District, Poltava
Region. The research was conducted following ethical
requirements. Experimental studies on plants, includ-
ing the collection of plant material, followed institu-
tional and international guidelines. The research also
complied with the standards of the Convention on Bio-
logical Diversity (1992).

The experimental site is characterised by high envi-
ronmental quality due to the presence of nearby forest
plantations and Lake Sudebske. The soil cover of the
trial plots is represented by residual-solonetz cher-
nozem on loess deposits, with a medium Llevel of nitro-
gen and phosphorus availability and a high potassium
content. Agrochemical parameters of the soil were de-
termined in the arable layer (0-20 cm) using a Palintest
SK500 multiparameter photometer (Palintest Ltd., Unit-
ed Kingdom). According to the analysis, the soil had the
following properties: acidity (pH KCl) - 6.3 (slightly
acidic reaction); humus content - 5.2%; total nitrogen -
58.6 mg/kg; available phosphorus - 78.3 mg/kg; ex-
changeable potassium - 138.4 mg/kg. The total area of
the experimental plot was 0.3 ha, with the accounting
area covering 0.1 ha.

The research material consisted of the early-matur-
ing Ukrainian soybean variety Khorol, developed by the
Soybean Research Institute LLC. Field experiments were
conducted in triplicate with randomised placement of
treatment variants. Standard agronomic practices for
the region were applied during the cultivation process.
Soybeans were sown after spring barley as a preceding
crop. Sowing was carried out at optimal dates, under
the climatic conditions of each research year, to a depth
of 5 cm, with row spacing of 38 cm and a seeding rate
of 700,000 viable seeds per hectare.
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Soil cultivation techniques, adapted to the princi-
ples of organic farming, included a sequence of oper-
ations: deep autumn ploughing using a mouldboard
plough, early spring harrowing with heavy harrows to
conserve soil moisture, pre-sowing cultivation with
a stubble cultivator, and mechanical weed control
through the use of mesh harrows both before and after
crop emergence, followed by two inter-row cultivations.
To provide biological protection of the crops from pests,
Trichogramma entomophages were manually released
three times at a rate of 100,000-200,000 individuals per
hectare, distributed across 50 locations per hectare: be-
fore sowing, 30 days after the first application,and addi-
tionally if a high level of pest infestation was observed.

The experimental design was implemented as fol-
lows: Variant 1 - control (seed and plant treatment with
an equivalent volume of water); Variant 2 - seed treat-
ment with Mycofriend®-sc (BTU-Centre, Ukraine), using
a diluted solution (1:10) at a rate of 1.5 L/t of seed, ap-
plied one hour before sowing;Variant 3 — seed treatment
using the dry method with Mycofriend-wp (BTU-Centre,
Ukraine) at a rate of 1.5 kg/t. After 30 minutes, seeds
were inoculated with Profix® (Certis Belchim, Belgium)
using the dry method, 30 minutes before sowing, at a
rate of 1.25 kg per 500 kg of seed; Variant 4 - dry seed
treatment with Mycofriend-wp at a rate of 1.5 kg/t. Dur-
ing the budding to early flowering stage, plants were
sprayed with a diluted solution of Violar® (Innovation
Company Bioinvest-Agro LLC, Ukraine) - 100 mL dilut-
ed in 200 L of water per hectare; Variant 5 - dry seed
treatment with Mycofriend-wp at a rate of 1.5 kg/t. Af-
ter 30 minutes, seeds were inoculated with Profix using
the dry method 30 minutes before sowing at a rate of
1.25 kg per 500 kg of seed. During the budding to early
flowering stage, soybean crops were sprayed with the
phytohormone complex preparation Violar at a rate of
100 mL/ha, diluted in 200 L of water.

To obtain representative data on the effective-
ness of biopreparations in organic soybean cultivation,
products with different mechanisms of action on plant
physiological processes and various forms of symbiot-
ic interaction were selected. Particular attention was
paid to the potential synergistic effects of interactions
between components when choosing the bioprepara-
tions. In Mycofriend-wp and Mycofriend-sc, synergy is
achieved through the mutually reinforcing effects of
mycorrhizal fungi and rhizosphere bacteria. Specifical-
ly, Pseudomonas fluorescens secretes metabolites that
stimulate hyphal development in Glomus sp., while
the mycorrhizal fungi improve phosphorus availability
for Bacillus species. The Bradyrhizobium strains in Pro-
fix exhibit functional complementarity due to differ-
ing colonisation dynamics of root tissues and distinct



temperature optima for nitrogenase activity, ensuring
stable nitrogen fixation across a wide range of agro-
ecological conditions. In Violar, synergism is realised
through a balanced ratio of phytohormones from var-
ious classes, enabling comprehensive regulation of
growth and adaptive processes in the plant organism.
Observations of weather conditions and precipi-
tation dynamics were carried out annually during the
growing season (May-August), enabling an assessment
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of the impact of hydrothermal conditions on soybean
performance. The degree of moisture during each
month of the growing season was evaluated using the
hydrothermal coefficient (HTC) developed by G.T. Sely-
aninov (Koval & Brauning, 2024). Weather conditions
during the 2022-2024 soybean growing seasons were
characterised by significant variability in the hydrother-
mal regime, with a marked deterioration in cultivation
conditions in 2024 (Fig. 1).

1.2
1.0

a 0.8 o Precipitation, mm

0.6 Temperature, °C

0.4
Hydrothermal coefficient

June July August

2024

Figure 1. Dynamics of precipitation, average monthly temperature,
and hydrothermal coefficient during the soybean growing season, 2022-2024

Source: developed by the authors

An analysis of HTC dynamics indicates that the
2022 and 2023 seasons provided mostly favourable
conditions for soybean growth and development, with
HTC values generally ranging between 0.6 and 1.1.
In contrast, 2024 was marked by a critical decline in
HTC to 0.0-0.2 in July and August, accompanied by a
rise in average daily temperatures to 22°C-24°C and a
severe precipitation deficit (2-8 mm). This combination
of extremely high temperatures and exceptionally low
moisture indicates the presence of pronounced hydro-
thermal stress during the critical phases of soybean de-
velopment (flowering and pod formation). Under organ-
ic farming conditions, this stress was partially mitigated
through the use of bacterial preparations from the
PGPB (plant growth-promoting bacteria) group, which
are capable of stimulating root system development,
improving the plant water regime, and inducing physio-
logical and biochemical mechanisms of drought resist-
ance. This contributed to the preservation of the soy-
bean’s adaptive potential and the stabilisation of yields,
even under conditions of severe hydrothermal stress.

Freshly collected plant material was used to ana-
lyse photosynthetic pigments, with pigment extraction
carried out in a 96% ethanol solution. The quantitative
determination of chlorophyll a (Chl a) and chlorophyll
b (Chl b) was performed using direct spectrophotometry
of ethanol extracts, without prior chromatography. Op-
tical density was measured at wavelengths of 665 nm
(for Chl @) and 649 nm (for Chl b) using a ULAB 108 UV

spectrophotometer (ULAB, China). Pigment content in
the experimental samples was calculated using the for-
mulas proposed by A.R. Wellburn (1994). To determine
the leaf assimilation area, the Easy Leaf Area (n.d.) soft-
ware was used. The integral indicator of leaf surface
area per unit of sown area (m2/ha) was calculated by
multiplying the average leaf area per plant by the num-
ber of plants per hectare. The concentrations of proline
and malondialdehyde (MDA) in soybean leaf tissues
were analysed in accordance with the methodologi-
cal guidelines developed by M.K. Fatema et al. (2023).
Soybean yield was determined by fully harvesting the
accounting plots manually, following the preliminary
cutting of aboveground phytomass.

The significance of the experimental data was as-
sessed using analysis of variance (ANOVA) with the Sta-
tistica 12.0 software package (StatSoft Inc., USA, 2013).
Mean values and standard deviations (SD) were calcu-
lated using Tukey’s test (P <0.05) with Bonferroni correc-
tion. To test statistical hypotheses regarding function-
al relationships between the experimental indicators,
correlation analysis was carried out using Pearson
correlation coefficients. The strength and direction of
relationships between variables were interpreted ac-
cording to the standard scale (r=%+0.1-0.3 - weak;*0.3-
0.7 - moderate; #0.7-1.0 - strong). The statistical signif-
icance of the correlation coefficients was determined at
a significance level of P <0.05. Statistical analysis was
performed using the Statistica 12.0 software.
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RESULTS AND DISCUSSION
The selection of biological products for the experimen-
tal study was based on a comprehensive analysis of
their composition, with particular attention to the pres-

pigments, physiological parameters, productivity, and
stress indicators for the soybean cultivar Khorol are
presented in Tables 1-3.

ence of various functional groups of plant growth-pro- - \i
moting bacteria (PGPB) and the specificity of their bio- Rhizobia ﬁ';ra:?::
logical action. Figure 2 presents a summarised scheme Bradyrhizobium japonicum, \
. . . . . Bradyrhizobibum diazoefficiens
of the functional groups of microorganisms included in (Profix®) Phosphate
the selected biopreparations and the directions of their J == \solubilization
biological activity, which contribute to growth stimula-
tion and enhanced plant resilience. PGPB & AMF growth
Thus, the biopreparations chosen for the study rep- ST stlmulatlon
X X X k Bacillus spp., Arbuscular
resent a representative selection of modern microbial mycorrhizal fungi
inoculants with diverse mechanisms of action and com- (MikoppeHn®)

positional features, as well as a metabolic bioprepa-
ration based on biologically active metabolites. This
selection enables a comprehensive evaluation of their
effectiveness and supports the development of optimal
application strategies in agricultural production. The
results of the quantitative analysis of photosynthetic

Stress
tolerance

Figure 2. Effects of PGPMs in soybean
Source: developed by the authors

hormones, bioavctive
\compounds (Violare®)
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Table 1. Dynamics of Chl a and Chl b content in soybean leaves depending on the method
of biopreparation application, 2022-2024 (x+=SD, n=10)

Biopreparation Chla, mg/g Chl b, mg/g
application 2023
Variant 1 2.22+0.066° 2.40£0.0702 1.78%0.052° 0.86+0.029° 1.05%0.0292 0.68+0.018
Variant 2 2.49 £0.068° 2.69+0.077° 1.99+0.059° 0.92+0.026° 1.12+0.027° 0.73+0.017°
Variant 3 2.82+0.082¢ 3.05%0.088¢ 2.26%0.070° 0.99+0.028¢ 1.21+£0.037¢ 0.78+0.023¢
Variant 4 2.89£0.088¢ 3.12+0.086° 2.31£0.071¢ 1.01+0.029¢ 1.24+0.038¢ 0.80£0.021¢
Variant 5 3.15+0.089¢ 3.41+0.100¢ 2.53+0.077¢ 1.08+0.030¢ 1.32+0.041¢ 0.86+0.0294

Notes: 1. Biopreparation application: Variant 1 - control; Variant 2 - Mycofriend-sc (1.5 L/t); Variant 3 - Mycofriend-wp
(1.5 kg/t) with Profix (1.25 kg/500 kg seed); Variant 4 — Mycofriend-wp (1.5 kg/t) with Violar (100 mL/ha); Variant 5 -
Mycofriend-wp (1.5 kg/t) with Profix (1.25 kg/500 kg seed) and Violar (100 mL/ha). 2. Letters a, b, c and d indicate mean
values that differ significantly within each row of the table (between biopreparation application variants), based on

pairwise comparisons using Tukey’s test (p <0.05) with Bonferroni correction

Source: developed by the authors

Based on the data presented in Table 1, a statisti-
cally significant positive effect of biopreparations on
the accumulation of Chl a and Chl b in soybean leaves
was established. The results of three years of observa-
tions indicated that the application of Mycofriend had
a beneficial impact on the functional state of the pho-
tosynthetic apparatus compared to the control. Specif-
ically, the average increase in Chl a and Chl b content
was 12.2% and 7.0%, respectively, relative to the con-
trol. Each successive combination of biological agents
in the experimental variants contributed to a further
increase in pigment concentration, indicating the
presence of a synergistic effect. When Mycofriend was
applied in combination with Profix, the average con-
tent of Chl a and Chl b increased by 13.4% and 7.6%,
respectively, compared to Mycofriend alone. A similar
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trend was observed in the variant combining Mycof-
riend with Violar, where the increase reached 15.9%
for Chl a and 10.9% for Chl b.

The highest pigment levels were recorded in the var-
iant with the three-component treatment, where the av-
erage increase in Chl a and Chl b content reached 26.8%
and 18.5%, respectively, compared to the application of
Mycofriend alone. These results confirm the high effec-
tiveness of the combined action of biological agents and
demonstrate a consistent trend towards increased levels
of key photosynthetic pigments in soybean leaves un-
der their influence. The dynamics of the measured in-
dicators over the three-year study period indicate that
2023 was the most favourable year for the development
of the photosynthetic apparatus. This is evidenced by
the highest recorded values of Chl a and Chl b under



all treatment variants (Table 1): Mycofriend - 2.69 and
1.12 mg/g; Mycofriend with Profix - 3.05 and 1.21 mg/g;
Mycofriend with Violar - 3.12 and 1.24 mg/g; Mycofriend
with Profix and Violar - 3.41 and 1.32 mg/g, respectively.

In contrast, a noticeable decrease in these values
was observed in 2024 across all experimental vari-
ants, due to critical hydrothermal stress, which inhib-
ited chlorophyll synthesis. However, even under these
unfavourable weather conditions, the combined appli-
cation of biopreparations led to a significant increase
in Chl a and Chl b content compared to the control:
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by 11.8% and 7.4% with Mycofriend; by 27.0% and
14.7% with Mycofriend and Profix; by 29.8% and 17.6%
with Mycofriend and Violar; and by 42.1% and 26.5%
with Mycofriend, Profix and Violar. Thus, the combined
use of biopreparations - particularly Mycofriend with
Profix and Violar - ensured optimal functioning of the
soybean photosynthetic apparatus, even under hydro-
thermal stress. Analysis of the data in Table 2 revealed
clear trends in the influence of biopreparations and
weather conditions on leaf surface area and yield of
the Khorol soybean variety over the 2022-2024 period.

Table 2. Dynamics of leaf surface area and soybean yield depending on the method
of biopreparation application, 2022-2024 (x+=SD, n=10)

Biopreparation Leaf surface area, thousand m*/ha Yield, t/ha
application 2022 2023 2024 2022 2023 2024
Variant 1 23.40+0.688¢ 25.10%0.7477 19.55%0.571° 2.24+0.066° 2.46+0.070° 1.86%0.059°
Variant 2 25.99£0.765° 28.11+0.824° 22.49+0.688" 2.73£0.077° 3.01+0.088" 2.41£0.070°
Variant 3 27.63+0.813¢ 30.09+0.887¢ 24.28+0.718¢ 2.93+0.088¢ 3.24%0.095¢ 2.65+0.077¢
Variant 4 27.81%0.818¢ 30.34+0.895¢ 24.85+0.736¢ 3.02%0.088¢ 3.36+0.100¢ 2.76+0.082¢
Variant 5 28.92+0.854¢ 32.03%0.942¢ 26.78+0.788¢ 3.15+0.088¢ 3.57%0.095¢ 2.96+0.088¢

Notes: 1. Biopreparation application: Variant 1 - control; Variant 2 - Mycofriend-sc (1.5 L/t); Variant 3 - Mycofriend-
wp (1.5 kg/t) with Profix (1.25 kg/500 kg seed); Variant 4 - Mycofriend-wp (1.5 kg/t) with Violar (100 mL/ha);
Variant 5 - Mycofriend-wp (1.5 kg/t) with Profix (1.25 kg/500 kg seed) and Violar (100 mL/ha). 2. Letters a, b, c and d
indicate mean values that differ significantly within each row of the table (between biopreparation application variants),

based on pairwise comparisons using Tukey’s test (p < 0.05) with Bonferroni correction

Source: developed by the authors

The dynamics of changes in leaf assimilatory sur-
face area demonstrate a significant influence of bio-
preparations, both in comparison with the control and
with the application of Mycofriend alone, which result-
ed in an average increase in leaf surface area of 12.6%.
The use of combined treatment schemes - specifically,
Mycofriend in combination with Profix and Violar - led
to an additional increase in leaf surface area of 7.1%
and 8.4% on average, respectively, compared to the My-
cofriendonly treatment. The highest values for assimila-
tory surface area were recorded in the variant involving
the combined application of all three biopreparations,
averaging 29.24 thousand m?%/ha, which exceeded the
Mycofriend-only variant by 14.5%. This confirms the
positive impact of integrated biopreparation use and
highlights their synergistic effect.

The positive impact of biopreparations is also
clearly evident in the yield dynamics. The use of My-
cofriend contributed to an average increase in soy-
bean yield of 24.2% compared to the control. Com-
bined application of Mycofriend with Profix and Violar
resulted in an additional yield increase of 8.1% and
12.1%, respectively, relative to the Mycofriend-only
treatment. The highest yield values over the three-
year period were recorded in the variant involving the

three-component treatment, which averaged 3.27 t/ha
and exceeded the yield achieved with Mycofriend alone
by 20.2%.This indicates the substantial effectiveness of
their combined use and their synergistic effect. Corre-
lation analysis confirms a direct relationship between
the development of the assimilatory surface area and
yield formation, and prevailing climatic conditions. In
2024, a decrease in precipitation — particularly during
July and August - was associated with a reduction in
both leaf area and yield. In 2022, the leaf surface area
ranged from 23.4 to 28.92 thousand m?%/ha depending
on the treatment (with the minimum in the control and
the maximum under the three-component treatment);
in 2023, it ranged from 25.10 to 32.03 thousand m?%/ha;
and in 2024, from 19.55 to 26.39 thousand m?/ha.

The increase in leaf surface area in 2023 averaged
8.7% compared to 2022 and closely correlated with the
application of biopreparations: in the control plots -
7.3%; with Mycofriend - 8.2%; with the combination
of Mycofriend and Profix - 8.9%; with Mycofriend and
Violar - 9.1%; and with the combined use of Mycof-
riend, Profix and Violar - 10.8%. Thus, the application
of biopreparations of various types contributed to the
activation of morphogenetic processes in the plant
organism and the optimisation of the functioning
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of the soybean photosynthetic apparatus. This was re-
flected in a progressive increase in the assimilatory
surface area and, consequently, a rise in the crop’s po-
tential productivity due to the intensification of pho-
tosynthetic processes.

The reduction in leaf surface area under the abiotic
stress conditions of 2024, compared to the favourable
conditions of 2023, varied depending on the bioprepa-
rations used: control - 22.1%; Mycofriend - 20.0%; My-
cofriend with Profix = 19.3%; Mycofriend with Violar -
18.1%; and Mycofriend with Profix and Violar - 16.4%.
These findings confirm the effectiveness of bioprepara-
tions in promoting leaf development even under abiot-
ic stress, particularly when all three biopreparations of
different natures were used in combination. An analy-
sis of yield under varying weather conditions revealed
that the highest levels were recorded in 2023, ranging
from 2.46 to 3.57 t/ha, while the lowest were observed
in 2024, ranging from 1.86 to 2.96 t/ha - an average
decrease of 19.2% compared to the previous year and
10.0% compared to 2022 (Table 2). It is noteworthy that
under the favourable conditions of 2023,yield increases
were dependent on the application of biopreparations.
Specifically, the control variant showed a 9.8% increase

compared to 2022, while the use of Mycofriend result-
ed in a 10.3% increase, Mycofriend with Profix — 10.6%,
Mycofriend with Violar - 11.3%, and Mycofriend with
Profix and Violar - 13.3%. In 2024, under more stressful
conditions for plant growth due to hydrothermal stress,
particularly during the critical stages of soybean vege-
tation, yield reductions compared to 2023 also varied
depending on the biopreparation treatment: control -
24.4%, Mycofriend - 20.0%, Mycofriend with Profix -
18.2%, Mycofriend with Violar - 17.9%, and Mycofriend
with Profix and Violar - 17.1%.

The observed variation in soybean adaptive re-
sponses confirms the role of biopreparations as effec-
tive tools for mitigating the effects of abiotic stress and
highlights the potential of combined biopreparations
to enhance crop stress tolerance under increasing-
ly unstable climatic conditions. According to the data
presented in Table 3, there was a clear trend in the
concentration of proline and malondialdehyde (MDA)
in soybean leaves, depending on both the weather
conditions of the study years and the biopreparation
treatment schemes. Both indicators are important bio-
chemical markers that reflect plant adaptive responses
to stress factors, particularly soil moisture deficit.

Table 3. Dynamics of proline and MDA content in soybean plants depending
on the biopreparation application method, 2022-2024 (x £SD,n=10)

Proline, mg/g MDA, mg/g
2023 2023

5.42 £0.159° 9.17+0.272°

Biopreparation

application

Variant 1 5.10 £ 0.147° 6.87 £0.206% 9.40 £ 0.279° 17.93 £ 0.530°

Variant 2 5.72+0.165° 5.88+0.177° 7.39+0.217° 8.19+0.242° 7.87 £0.236° 14.85 £ 0.442°
Variant 3 6.12£0.173¢ 6.25* 0.186¢ 798 * 0.236¢ 726 £0.217¢ 6.87 £ 0.206° 12.55 +0.371¢
Variant 4 6.28 £0.185¢ 6.35+0.188¢ 8.27 £ 0.247¢ 6.92 £0.200¢ 6.44 £0.191¢ 11.15 £0.324¢
Variant 5 6.51 +0.195¢ 6.58 +0.202¢ 8.71+0.254¢ 6.28 £0.193¢ 5.76 £0.170¢ 9.37+0.276

Notes: 1. Biopreparation application: Variant 1 - control; Variant 2 - Mycofriend-sc (1.5 L/t); Variant 3 - Mycofriend-
wp (1.5 kg/t) with Profix (1.25 kg/500 kg seed); Variant 4 - Mycofriend-wp (1.5 kg/t) with Violar (100 mL/ha);
Variant 5 - Mycofriend-wp (1.5 kg/t) with Profix (1.25 kg/500 kg seed) and Violar (100 mL/ha). 2. Letters a, b, c and d
indicate mean values that differ significantly within each row of the table (between biopreparation application variants),

based on pairwise comparisons using Tukey’s test (p < 0.05) with Bonferroni correction

Source: developed by the authors

Over the period from 2022 to 2024, there was a
steady increase in proline concentration across all
treatment variants, showing a clear dependence on
hydrothermal conditions and the applied bioprepa-
rations (Table 3). For instance, in the control variant,
the average proline content was 5.80 mg/g, while the
use of Mycofriend resulted in 6.33 mg/g - an increase
of 9.1%. When Mycofriend was applied in combina-
tion with Profix and Violar, proline levels increased by
16.9% and 20.2%, respectively,compared to Mycofriend
alone. The highest proline concentration was recorded
under the three-component biopreparation treatment,
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with an average annual value of 7.27 mg/g - 14.8%
higher than in the Mycofriend-only treatment.

In the moisture-favourable conditions of 2023, the
increase in proline concentration was minimal, particu-
larly in the variants with biopreparation treatments: in
the control — 6.3%; with Mycofriend - 2.8%; with the
combination of Mycofriend and Profix - 2.1%; with
Mycofriend and Violar - 1.1%; and with the combined
application of Mycofriend, Profix, and Violar - 1.1%.
Under hydrothermal stress in 2024, the highest values
were recorded (ranging from 6.87 to 8.71 mg/g of fresh
weight), along with a significant increase in proline



concentration across all treatment variants (on average
28.6%). However, the intensity of this increase varied,
reflecting the specific influence of the biopreparations
applied:in the control - 26.8%; with Mycofriend - 25.7%
(attributed to the protective effect of mycorrhiza); with
Mycofriend and Profix — 27.7% (resulting from the acti-
vation of both symbiotic systems in response to stress);
with Mycofriend and Violar - 30.2% (a synergistic ef-
fect of mycorrhiza and phytohormones in regulating
osmotic potential); and with the combined application
of Mycofriend, Profix, and Violar - 32.4%, which was the
highest value, resulting from the integrated activation
of all adaptive mechanisms.

Thus, biopreparations activate various adaptive
mechanisms: mycorrhiza enhances water uptake, nitro-
gen fixation improves nitrogen nutrition, and phytohor-
mones regulate metabolic processes. Together, these
factors create conditions conducive to the synthesis of
increased amounts of proline, an adaptive osmopro-
tectant, which enables plants to better withstand stress
by maintaining cellular water balance. This dynamic in
proline content not only demonstrates the successful
activation of the plant’s defence mechanisms through
the use of biopreparations but also confirms their ca-
pacity to stimulate a more effective adaptive response
to hydrothermal stress. In contrast, the content of
malondialdehyde (MDA) (Table 3) showed an opposite
trend - a decrease in average values depending on the
biopreparation applied.In the control,the MDA level was
12.17 mg/g, whereas with biopreparation treatments it
decreased significantly: with Mycofriend - 10.30 mg/g;
with Mycofriend and Profix - 8.89 mg/g; with Mycof-
riend and Violar - 8.17 mg/g; and with the combined
application of Mycofriend, Profix,and Violar - 7.14 mg/qg.

The temporal dynamics of MDA also revealed a sig-
nificant increase during the drought conditions of 2024
across all treatment variants, with an average level of
13.17 mg/g, compared with 7.61 mg/g in 2022 and 7.22
mag/g in the more favourable conditions of 2023. In the
hydrothermally balanced year of 2023, a reduction in
MDA concentration was observed for all treatments
relative to 2022: in the control - 2.8%; with Mycof-
riend - 3.9%; with Mycofriend and Profix - 5.4%; with
Mycofriend and Violar - 6.9%; and with the combined
application of Mycofriend, Profix, and Violar - 8.3%. The
stress conditions in 2024 led to a sharp increase in MDA
content, although with varying intensity depending on
the treatment compared to 2023: in the control - 96.2%;
with Mycofriend - 88.7% (a result of the protective effect
of mycorrhiza); with Mycofriend and Profix - 82.7% (re-
flecting enhanced antioxidant activity due to the func-
tion of both symbiotic systems); with Mycofriend and
Violar - 72.4% (more effective protection of membrane
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structures through phytohormonal stimulation of anti-
oxidant systems); and with the combined application
of Mycofriend, Profix, and Violar - 62.7% (the highest
effectiveness in protecting cellular membranes).

Thus, the biopreparations demonstrated a clear
ability to reduce oxidative stress effectively through a
range of complementary mechanisms: mycorrhizae im-
prove water supply and mineral nutrition; nitrogen-fix-
ing bacteria enhance nitrogen uptake and the synthesis
of protein components of the antioxidant system; and
phytohormones (particularly those in Violar) activate
both enzymatic and non-enzymatic defence mecha-
nisms. This combined action resulted in reduced lipid
peroxidation intensity, as confirmed by the dynamics
of MDA content, which decreased under conditions of
effective adaptation. This trend corresponded with pro-
line levels and indicated the formation of more efficient
antioxidant systems, contributing overall to improved
soybean resilience under hydrothermal stress.

To enable deeper analysis of the results and to
visualise the variability of the experimental indicators,
box plot diagrams were constructed based on statisti-
cal data from Tables 1-3 (Figs. 3-5). These plots display
medians, interquartile ranges, and extreme values for
each treatment variant, offering a multidimensional
view of the experimental results and their statistical
significance. This graphical format allows for a clear
assessment of the distribution of the measured param-
eters and supports the evaluation of the effectiveness
of different biopreparation combinations in relation to
key physiological and biochemical indicators as well as
crop performance. Such an approach enhances data in-
terpretation and helps reveal patterns that may remain
unnoticed in tabular presentation alone.

Analysis of Figure 3(a) revealed a clear trend to-
wards increased Chl a content in soybean leaves under
the influence of biopreparations. The control variant
was characterised by the lowest Chl a content (medi-
an - 2.2 mg/g) and a narrow range of variation (1.73-
2.47 mg/g). Mono-inoculation with the mycorrhizal
preparation (variant 2) resulted in a moderate increase
in Chl a concentration (median - 2.5 mg/g), accompa-
nied by a broader fluctuation range. A marked increase
in Chl a content was observed with the combined ap-
plication of mycorrhiza and the rhizobial preparation
(variant 3) and with the phytohormonal preparation
(variant 4), where the median values reached 2.8 and
2.9 mg/g, respectively. The highest accumulation of
Chl a was recorded in the triple combination treat-
ment (variant 5), where the median reached 3.2 mg/g
and the upper limit exceeded 3.51 mg/g - 26.7% high-
er compared with variant 2. It is worth noting that the
integrated application of the biopreparations not only
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contributed to an increase in average values but also
resulted in a broader variation range. This indicates en-
hanced adaptive plasticity of the plant photosynthetic
apparatus under combined biological treatment and
a greater capacity to respond dynamically to environ-
mental factors.
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Figure 3. Effect of biopreparation application
on the content of Chl a (a) and Chl b (b) in soybean plants
Notes: 1) treatment variants: Contr - control (1); Myc -
Mycofriend (2); Myc+Prof - Mycofriend with Profix (3);
Myc+Vio - Mycofriend with Violar (4); Myc+Prof+Vio -
Mycofriend with Profix and Violar (5); 2) the content of
Chl a and Chl b in soybean leaves was measured at the
flowering stage
Source: developed by the authors

Analysis of Figure 3(b), which illustrates the Chl b
content in soybean leaves under various biopreparation
combinations, reveals a distinct pattern of increasing
pigment concentration corresponding to the complex-
ity of the biogenic composition. The control variant
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exhibited the lowest Chl b content (median - 0.86 mg/q)
with variability ranging from 0.66 to 1.08 mg/g.Monoin-
oculation with the mycorrhizal preparation (variant 2)
led to a moderate increase in Chl b concentration (medi-
an - 0.92 mg/q). Increasing the complexity of the treat-
ment by combining mycorrhiza with the rhizobial inoc-
ulant (variant 3) or with the phytohormonal preparation
(variant 4) resulted in a further rise in pigment activity
(medians - 0.99 and 1.01 mg/g, respectively), accompa-
nied by a broader range of variation. The highest accu-
mulation of Chl b was observed in the triple bioprepara-
tion combination (variant 5), where the median reached
1.08 mg/g and maximum values reached 1.36 mg/g -
18.3% higher compared with variant 2. Notably, this
variant also displayed an expanded interquartile range,
indicating increased variability in plant response and
a possible differentiation in the expression of the syn-
ergistic effect under microecological heterogeneity.

Analysis of Figure 4(a), which presents the dynam-
ics of soybean leaf surface area under various biolog-
ical treatment combinations, reveals clear patterns of
variation in this parameter. The control variant exhib-
ited the smallest assimilative surface area (median -
23.4 thousand m?/ha; range - 18,826.0 thousand m?/
ha), indicating relatively high variability in the exper-
imental data. Application of the mycorrhizal prepara-
tion (variant 2) significantly stimulated leaf develop-
ment (median - 26.0 thousand m?2/ha), exceeding the
control by 11.1%, thereby confirming the positive ef-
fect of arbuscular mycorrhiza on the formation of the
photosynthetic apparatus. Combining mycorrhiza with
rhizobial bacteria (variant 3) led to a further increase
in leaf surface area (median - 27.6 thousand m?/ha),
while a similar trend was observed in the variant com-
bined with the phytohormonal preparation (variant 4),
where the median reached 27.8 thousand m?/ha. The
strongest stimulatory effect was recorded in the triple
combination treatment (variant 5), with a median of
28.9 thousand m?/ha and maximum values reaching
33 thousand m?/ha, representing a 14.0% increase
compared with variant 2.

Notably, the increase in the number of biological
agents in the treatment combinations is accompanied
by both a rise in average values and an increase in the
variability of the experimental indicator. This suggests
a complex interaction between the components of the
biopreparations and a heterogeneous response among
plants of the same cultivar. At the same time, variants
3 and 5 show a tendency towards a narrowing of the
interquartile range, indicating greater stability and
predictability of the effect when these combinations
are used. Additionally, a general trend towards an ex-
pansion of the minimum-maximum range (whiskers)



of the box plots is observed with increasing treatment
complexity, further highlighting the positive influence
of bioagents on the parameters of the soybean photo-
synthetic apparatus.
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Figure 4. Effect of biopreparation application
on leaf surface area (a) and yield (b) of soybean plants

Notes: 1) treatment variants: Contr - control (1); Myc -
Mycofriend (2); Myc+Prof - Mycofriend with Profix (3);
Myc+Vio - Mycofriend with Violar (4); Myc+Prof+Vio -
Mycofriend with Profix and Violar (5). 2) the content of the
leaf surface area was measured at the flowering stage
Source: developed by the authors

The analysis of the box plot diagram presented in
Figure 4(b) illustrates the effect of different bioprepa-
ration combinations on soybean yield. The control var-
iant is characterised by the lowest productivity, with
a median of approximately 2.2 t/ha and a wide range
of variation (from 1.80 to 2.53 t/ha), indicating unsta-
ble yield performance in untreated plants. Application
of the mycorrhizal preparation (variant 2) results in a
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significant yield increase, with the median reaching
2.7 t/ha - 21.9% higher than the control - highlighting
the crucial role of arbuscular mycorrhiza in enhanc-
ing crop productivity. The interquartile range remains
moderate, but there is a general shift of the values to-
wards higher levels. The binary combination of mycor-
rhiza with rhizobial bacteria (variant 3) leads to a fur-
ther increase in yield, with a median of approximately
2.9 t/ha - 7.3% higher than variant 2 - and an exten-
sion of the upper range to 3.34 t/ha. This confirms the
synergistic effect of the symbiotic partnership between
mycorrhizal fungi and nitrogen-fixing bacteria. The
interquartile range is relatively wide, indicating some
variability in plant response to this treatment.

The combination of mycorrhiza with the phytohor-
monal preparation (variant 4) shows an even more pro-
nounced positive effect on soybean productivity, with a
median value of approximately 3.0 t/ha - 10.6% higher
than variant 2. The interquartile range narrows slight-
ly compared to variant 3, suggesting a more uniform
plant response. The highest yield values are recorded
with the combined application of all three components
(variant 5), where the median reaches approximately
3.2 t/ha, representing a 17.2% increase over variant 2.
The upper quartile reaches 3.66 t/ha - the highest val-
ue among all treatment variants.

A clear progressive trend can be observed in the in-
crease of both median values and minimum and maxi-
mum yield indicators with each additional component of
the biopreparations. This reflects the synergistic effect
of their combined application on crop productivity. The
minimum values (lower extremes) also show consist-
ent growth - from 1.80 t/ha in the control to 2.87 t/ha
in variant 5 — confirming the stability of the positive
effect of biopreparations even under less favourable
conditions. The maximum values (upper extremes) rise
from 2.53 t/ha in the control to 3.66 t/ha in variant 5,
indicating a high potential for yield improvement when
biopreparations are applied in combination.

By integrating data from Tables 1-3 and Figure 3, it
can be concluded that the increase in yield results from
the overall positive influence of the biopreparations
on the physiological condition of soybean plants -
particularly the increase in Chl a and Chl b content,
expansion of leaf surface area, enhanced proline syn-
thesis, and reduction in oxidative stress (as indicated
by MDA content). The box plot in Figure 5(a) illustrates
the changes in proline levels in soybean plants under
the influence of different biopreparation combinations.
In the control variant, the proline content is relatively
low, with a median of 5.4 mg/g and a moderate range
of variation (~5.0 to 7.1 mg/q), indicating some varia-
bility within the control group. The application of the
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mycorrhizal preparation (variant 2) contributes to an
increase in proline content, with a median of approx-
imately 6.0 mg/g, which is 20.0% higher than the con-
trol. The interquartile range is slightly narrower than in
the control, suggesting reduced variability.
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Figure 5. Effect of biopreparation application on proline (a)
and MDA (b) content in soybean plants

Notes: treatment variants: Contr - control (1); Myc -

Mycofriend (2); Myc+Prof - Mycofriend with Profix (3);

Myc+Vio - Mycofriend with Violar (4); Myc+Prof+Vio -

Mycofriend with Profix and Violar (5)

Source: developed by the authors

The combined application of mycorrhiza with rhizo-
bial bacteria (variant 3) results in a further increase in
proline concentration, with a median of approximately
6.3 mg/g and an extended variation range reaching up
to 8.2 mg/g. This indicates the activation of adaptive
mechanisms in plants, along with considerable var-
iability in responses. Even more pronounced proline
accumulation is observed when mycorrhiza is used
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in combination with the phytohormonal preparation
(variant 4), where the median value reaches 6.5 mg/g -
8.3% higher than in variant 2. At the same time, the
interquartile range narrows compared to variant 3, sug-
gesting a more uniform physiological response among
plants. The highest proline accumulation is recorded in
variant 5, where all three agents — mycorrhizal prepa-
ration, rhizobial bacteria, and phytohormonal supple-
ment - are applied together. The median reaches ap-
proximately 6.9 mg/g, which is 15.0% higher than in
variant 2 and 27.8% higher compared to the control.

The upper quartile rises to 8.6 mg/g, while the low-
er extreme increases to approximately 6.0 mg/g, indi-
cating not only an overall enhancement of the adaptive
response but also its stability across all treated plants.
The overall trend of increased proline content in the var-
iants with biopreparations confirms that the response to
hydrothermal stress largely depends on the degree of
involvement of symbiotic interactions and the bioregu-
latory activity of the applied agents. The accumulation
of proline, as one of the key osmoprotectants and stabi-
lisers of cellular metabolism, is regarded as an indicator
of enhanced plant tolerance to adverse environmental
conditions, which may also indirectly influence yield.

The analysis of the box plot diagram in Figure 5(b)
reveals clear patterns in the changes in MDA content
in soybean plants under the influence of various bio-
preparation combinations. The control variant is char-
acterised by the highest MDA levels, with a median of
approximately 9.5 mg/g and a wide range of variation
(8.89-18.47 mg/q), indicating intense lipid peroxidation
and the development of oxidative stress in untreated
plants. The application of the mycorrhizal preparation
(variant 2) significantly reduces MDA content (median
~8.2 mg/g, 13.7% lower than the control) and decreas-
es indicator variability, pointing to the activation of the
antioxidant defence system under the influence of my-
corrhizal fungi. Although the interquartile range (7.63-
15.3 mg/qg) remains fairly wide, it is less pronounced
compared to the control. The binary combination of
mycorrhiza and rhizobial bacteria (variant 3) results
in a further reduction in MDA content to a median of
approximately 7.3 mg/g, demonstrating the enhanced
protective effect of the symbiotic partnership between
the two microbial groups. The interquartile range nar-
rows (6.66-12.93 mg/q).

An even more pronounced reduction in MDA lev-
els is achieved with the combination of mycorrhiza and
the phytohormonal preparation (variant 4), where the
median value reaches approximately 6.9 mg/g - 15.9%
lower than in variant 2. This effect is attributed to the
stimulation of endogenous antioxidant defence mech-
anisms by phytohormones. The interquartile range is



narrower still, at 6.25-11.48 mg/g. The lowest MDA
content is recorded in the triple combination of bio-
preparations (variant 5), with a median value of ap-
proximately 6.3 mg/g - 23.2% lower than in variant 2.
This variant also exhibits the narrowest interquartile
range (5.59-9.65 mg/qg), indicating a stable anti-stress
effect resulting from the integrated application of bi-
opreparations. MDA is one of the primary products of
lipid peroxidation and is widely used as a marker of ox-
idative stress in plant tissues. A reduction in its content
reflects an increase in antioxidant potential and overall
plant stress tolerance. The data obtained confirm that
the combined use of biopreparations significantly en-
hances the ability of plants to withstand stress factors,
particularly when mycorrhiza, rhizobial bacteria, and
phytohormonal preparations are applied together.

To validate the observed trends and determine the
functional relationships between the indicators, a cor-
relation analysis was conducted to provide a deeper
insight into the mechanisms of biopreparation action.
A strong positive correlation between chlorophyll con-
tent (a and b) and yield (R?=0.897, r=0.947, p < 0.05)
confirms the crucial role of photosynthetic activity in
determining plant productivity. A high positive correla-
tion between leaf surface area and chlorophyll content
(R? = 0.956, r=0.978, p < 0.05) indicates the interde-
pendence of both quantitative and qualitative charac-
teristics of the photosynthetic apparatus.

In addition, a statistically significant positive cor-
relation was identified between leaf surface area and
yield (R*=0.949, r=0.974, p < 0.05), further confirming
the pivotal role of a well-developed photosynthetic
apparatus in ensuring high plant productivity. Under
the influence of complex biopreparations, a notable
increase in the correlation between photosynthetic
parameters and yield was observed, indicating an op-
timisation of internal functional relationships within
the plant. Statistical analysis of the experimental data
confirmed a statistically significant negative correlation
between MDA content and soybean vyield (R? = 0.661;
r=-0.813; p<0.05),suggesting a considerable inhibitory
effect of intensified lipid peroxidation on crop produc-
tivity. Moreover, significant negative correlations were
found between MDA content and key photosynthetic
indicators: Chl a (r=-0.882; p<0.05), Chl b (r=-0.832;
p<0.05), and leaf surface area (r=-0.878; p<0.05). All
identified correlations are strong (|r] >0.7) and statisti-
cally significant (p < 0.05), confirming a close relation-
ship between the intensity of oxidative processes and
the functional state of the photosynthetic apparatus.

The obtained results indicate that oxidative
stress, as reflected by MDA accumulation, exerts a pro-
nounced negative effect on the formation of structural
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components of the photosynthetic system and on
chlorophyll biosynthesis, which in turn reduces plant
productivity. This confirms the critical role of antiox-
idant protection in ensuring effective photosynthetic
activity and in determining yield outcomes. The estab-
lished correlations may be interpreted as evidence of
the synergistic action of biopreparation components
on key physiological processes, leading to the devel-
opment of a balanced donor-acceptor system within
the plant and, consequently, to an increase in its pro-
ductive potential. Such functional relationships are of
fundamental importance for understanding the mech-
anisms underlying crop productivity and may inform
the development of strategies for optimising cultiva-
tion practices. Thus, under organic farming conditions,
achieving high soybean yields remains particularly
challenging - even under favourable soil conditions -
due to the impact of hydrothermal stress.

To promote the development of resilient agroeco-
systems for leguminous crops, particularly soybeans,
the application of seed treatments with inoculants,
arbuscular mycorrhizal (AM) fungi, biostimulants, and
hormonal agents is considered highly relevant. This is
supported by the findings of M. Nadeem et al. (2019)
and R.Zia et al.(2021). In the present study, pre-sowing
application of biopreparations had a positive effect on
the physiological and biochemical parameters of the
plants, notably contributing to an increase in chloro-
phyll content, which stimulated the photochemical ac-
tivity of chloroplasts and enhanced photosynthetic ef-
ficiency. Specifically, the use of Mycofriend, Profix, and
Violar, in various combinations, resulted in an average
increase in Chl a and Chl b contents by 12.2%-15.9%
and 7.0%-10.9%, respectively, compared with the con-
trol. This rise in photosynthetic pigment levels was
accompanied by an expansion of the leaf surface area
by 12.6%-28.9%, reaching 25.53-29.24 thousand m?%/
ha, along with a reduction in the adverse effects of hy-
drothermal stress by 2.1%-5.7% relative to the control.
These findings are consistent with those of A. Radzyk-
hovskyi (2019), where the combined application of the
biopreparations Rizoline, Rizosave, and Mycofriend
led to an increase in leaf area by 5.2%-8.5%. A strong
positive correlation was found between chlorophyll
content (r=0.947), leaf surface area (r=0.974), and
yield level. The yield increase varied depending on
the specific biological treatment, ranging from 24.2%
to 47.5% (2.72-3.23 t/ha compared with 2.19 t/ha in
the control). The relationship between seed treatment
and increased soybean biological productivity is also
supported by the articles of S. Zimmer et al. (2016),
M. Leggett et al. (2017), and M. Serafin-Andrzejews-
ka et al. (2024).
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As confirmed by the study conducted by L.B. Mar-
tinez-Garcia et al. (2013), the effectiveness of mycor-
rhizal application under various agroecological con-
ditions contributed to yield increases of 15%-40% for
soybeans, 20%-70% for maize, 15%-30% for cereal
crops, and up to 200% for vegetables. These effects
are attributed to the genotypic characteristics of the
crops, cultivation conditions, and the efficiency of sym-
biotic interactions. Similar findings were reported by
A.Radzykhovskyi (2019), where the combined use of the
biopreparations Rizoline, Rizosave, and Mycofriend re-
sulted in an increase in soybean yield to 4.18-4.23 t/ha,
representing a 25.5-27.0% improvement compared with
the control. These data confirm the existence of synergy
between inoculants and mycorrhizal agents, expressed
through enhanced nutrient uptake and increased stress
tolerance within agroecosystems.

According to N.A. MiloSevic et al. (2012), soil micro-
organisms improve plant drought resistance by produc-
ing polysaccharides that enhance soil structure, as well
as biologically active substances (indoleacetic acid,
deaminase, and proline), which support water regime
regulation via fungal mycelium. M. Ashraf & M.R. Fool-
ad (2007) also highlight the protective role of proline
under water stress conditions. The study confirms an
increase in proline concentration during the droughtaf-
fected year of 2024, ranging from 25.7% to 32.4%, de-
pending on the biopreparations applied. These findings
are consistent with the results of X. Yang et al. (2021)
demonstrated that, under drought conditions, the ac-
cumulation of osmotically active compounds is pos-
itively correlated with plant resilience. According to
S.A. Mona et al. (2017), inoculation promotes proline
accumulation under both normal and stress conditions.

Research by K. Bogati & M.Walczak (2022) indicates
that arbuscular mycorrhizal (AM) fungi can reduce MDA
content by 32% under moderate drought. The present
results support this trend, showing a reduction in MDA
levels across treatment variants by 15.4% to 47.5%,
with the highest effect observed under triple treatment.
The findings demonstrate that, under organic farming
conditions and increasing hydrothermal stress, the
most effective strategy is the combined application of
biopreparations, including rhizobial bacteria, AM fungi,
and biostimulants. Their synergistic interaction ensures
the development of resilient soybean agrocenoses with
high yield potential, as confirmed by experimental data
and aligned with findings from other researchers.

CONCLUSIONS
The research findings indicate that the intensification of
climate change and the increasing frequency of extreme
weather events necessitate a revision of conventional

Ukrainian Black Sea Region Agrarian Science, 29(2), 34-49

agronomic practices, with the integration of mandatory
anti-stress protection measures. Notably high effective-
ness in enhancing the adaptive potential of soybeans
was observed with the use of the combined formula-
tion of Mycofriend, Profix, and Violar. The application
of these biopreparations led to an average increase in
Chl a and Chl b content in soybean leaves of 12.2%-
42.2% and 7.0%-26.7%, respectively, compared to the
control, with the greatest effect achieved under simul-
taneous application of all three treatments. Impor-
tantly, biopreparation treatment maintained elevated
chlorophyll levels even under the hydrothermal stress
conditions of 2024. A strong positive correlation was
established between the content of Chl a and Chl b and
both leaf surface area (r=0.978) and yield (r=0.947),
demonstrating the interdependence between quantita-
tive and qualitative parameters of the photosynthetic
system and confirming the critical role of photosyn-
thetic activity in determining plant productivity.

It has been demonstrated that the leaf surface area
of soybean plants responds positively to biopreparation
treatment, increasing by 12.6%-28.9% compared to the
control, with the greatest effect observed under com-
bined application of all biopreparations (29.24 thou-
sand m?/ha).The use of biopreparations significantly mit-
igated the effects of hydrothermal stress in 2024, as the
reduction in leaf surface area compared to the favoura-
ble conditions of 2023 was as follows: control - 22.1%,;
Mycofriend - 20.0%; Mycofriend with Profix — 19.3%;
Mycofriend with Violar - 18.1%; Mycofriend with Profix
and Violar - 16.4%. These findings confirm the effec-
tiveness of biopreparations in stimulating the develop-
ment of the leaf apparatus even under hydrothermal
stress, particularly when biopreparations of different
origins are applied in combination. A notable positive
effect of biopreparations on soybean yield was also re-
corded, with an average increase of 24.2%-47.5% com-
pared to the control, reaching a maximum of 3.23 t/ha
under the combined treatment. In 2024, under more
stressful conditions for plant growth due to hydro-
thermal stress, particularly during the critical stages of
soybean vegetation, yield reductions compared to 2023
also varied depending on the biopreparation treat-
ment: control - 24.4%, Mycofriend - 20.0%, Mycofriend
with Profix - 18.2%, Mycofriend with Violar - 17.9%, and
Mycofriend with Profix and Violar - 17.1%.

It was found that proline accumulation in soybean
leaves during the experimental period showed a clear
dependence on the hydrothermal regime and the appli-
cation of biopreparations. Their use resulted in an aver-
age increase in proline levels of 9.1%-25.3% compared
to the control, and under hydrothermal stress condi-
tions, by 7.6%-32.4% compared to 2023. This indicates



the successful activation of the plants’ defence mecha-
nisms in response to biopreparations and confirms their
ability to stimulate a more effective adaptive response
to hydrothermal stress. It was established that the low-
est concentrations of MDA were recorded following
the application of biopreparations (7.14-10.3 mg/q),
whereas the highest level was observed in the control
(12.17 mg/g). The stressful conditions of 2024 caused a
significant increase in MDA content compared to 2023,
although the intensity varied depending on the treat-
ment: control — 96.2%; Mycofriend - 88.7%; Mycofriend
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MDA accumulation and enhancing the antioxidant de-
fence of plants, thereby supporting the efficiency of
photosynthetic activity and the formation of high yields.
Furtherresearch should focus on assessing the impact of
biopreparations on the hormonal status of plants, which
will provide a deeper understanding of the mechanisms
underlying soybean stress tolerance and help identify
the most effective combination of biological agents for
minimising the effects of climate change on agroeco-
system productivity under organic farming conditions.

with Profix - 82.7%; Mycofriend with Violar - 72.4%; ACKNOWLEDGEMENTS
Mycofriend with Profix and Violar - 62.7%. None.

A statistically significant negative correlation
was found between MDA content and soybean yield FUNDING
(r=-0.81), Chl a content (r=-0.882), Chl b content None.
(r=-0.832), and leaf surface area (r=-0.878). Thus, the
application of biopreparations - particularly the combi- CONFLICT OF INTEREST
nation of all three components - contributes to reducing  None.
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BnnuB 6ionpenapaTiB Ha aganTUBHI BIACTUBOCTI COi
B OpraHiyHOMy 3eM/iepo6CTBi B yMOBaXx rigpoTepMiyHoro crpecy

TetaHa Yaiika

KaHanpaT eKOHOMIYHMX Hayk, 3aBifyBad BigLiny

MonTaBcbKe BigAineHHs AkageMii HayK TEXHONOrIYHOI KibepHeTHKkM YKpaiHu
36013, Byn. IBaHa baHka, 3, M. [onTaea, YkpaiHa
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Irop Jlotuw

KaHanaaT CinbCbKOrocnoapCbKnx Hayk, BUKNaaau

BipokpemneHui cTpyKTypHUi Niapo3ain «ArpapHo-eKoHOMiIYHMI haxoBui Kosedx MNonTaBcbkoro
[LeP>XaBHOr0 arpapHOro yHiBepcuTeTy»

36003, Byn. CkoBopoaM, 18, M. MNonTaea, YkpaiHa
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AHoTauif. B ymoBax opraHiyHOro semnepobctBa Ta rifpoTepMiyHOro ctpecy 0cobnvMBOro 3HayeHHs Habysae
BMKOPWUCTaHHS OionoriyHMx mnpenapatiB, 30Kkpema apbyckynspHoi Mikopusu, pu3sobianbHux 6akTepint i
hITOropMoHanbHUX Npenaparis, K iHCTPYMEHTIB MiABMILEHHS afanTMBHWUX BNACTMBOCTEN COi. IX 3acTocyBaHHS
CNPUNE NOMAKLIEHHIO HErAaTUBHOMO BMJIMBY aBiOTUUYHMX YUHHMKIB | NIATPUMAHHIO MPOAYKTUBHOCTI KyNbTypu. MeToto
[OCNiOKEeHHs 6yno NpoBeCTM OLIHKY afganTMBHOMO NOTEHLiany COi B YMOBax OpraHiYHoro semnepobcrea 3a fgii
MiKOpu3HUMX, BakTepianbHMX i diToropMoHanbHMX BionpenapartiB 3a rigpoTepMiyHoro crpecy. Ha ocHoBi NonbLOBOro
pocnipkeHHs B yMoBax [lonTaBcbkoi obnacti pocnimpkeHo Bnaue BionpenapatiB pi3HOi npupoam Ha BioxiMiuHi,
disionoro-MopdonoriyHi, CTpec-iHAMKATOPHI MOKAa3HMKM Ta MNPOAYKTUBHICTb COi copTy XOpos. 3acToCyBaHHS
6ionpenapaTiB AOCTOBIPHO MiABMLLYBaNoO HioxiMiuHi, Gizionoro-Mop@ponoriyHi NOKasHWKKM Ta NPOAYKTUBHICTb COI,
O CBiAYUTb NPO NOKPALLEHHS 3arafbHOro isioNnoriyHoro CtaHy pocaunH. HarBuLli KoHUeHTpauii xnopodinis a i b
crnocTepiranncs 3a yMoB TPMKOMMNOHEHTHOI 06pobku (MikodpeHg, i3 Profix i Bionap) y 2023 poui, ae npupict Chl
a CTAHOBWB Y CepeaHbOMY 3a pOKM JocniaxeHHs 42,3 %,a Chl b - 26,7 % nopiBHAHO 3 KOHTposieM. ACMMInaLifHa
MOBEPXHS NIMCTKIB Aocarana cepeaHboro 3HaveHHa 29,24 tuc. M2/ra, a BpoxaiHicTb — 3,23 T/ra, WO NepeBuLLyBano
KOHTponb Ha 28,9 % i 49,0 % signogigHo. Y nocywnueoMy 2024 poui 3aBASKM afanTOreHHOMY 3aCTOCYBaHHIO
HionpenapaTiB BiAbOYyNOCb 3MEHLIEHHS BTPAT MNOLL JMCTKOBOI MoBepxHi B Mexax 16,4-20,0 % i BpoxanHocTi —
17,1-20,0 %, ToAi 9K Ha KOHTponi BTpaTh ctaHoBuan 22,1 % i 24,4 % signosigHo. BukopuctaHHs 6ionpenaparis 3a
rigpotepmivHoro ctpecy 2024 poky npu3Beno A0 3pOCTaHHS KOHUEHTpauii nponiHy (8o 7,27 Mr/r) Ta 3HUXEHHSM
BMmicTy MDA (mo 7,14 wmr/r), Wo CBiAYMTb NP0 3MEHLUEHHS OKCMAATMBHOMO CTPEeCy M MOKPALLEHHS ocMoperynauii
3aBOSAKM CMHeEprii MiKOpM30yTBOpEHHS, asoTdikcauii Ta aii diToropMoHiB. lNpakTMyHe 3HAYEHHS OTPUMAHMX
pe3ynbTaTiB NOASIrA€ Y pO3KPUTTI NOTEHLiany KOMNAEKCHOI BionoriyHoi 06pobkM Ans NiABULWEHHS BPOXAMHOCTI Ta
CTPeCOCTiMKOCTI COi B YMOBAX OpraHiuyHoro 3emnepobcrea M KNiMaTUYHUX BUKIUKIB

KniouoBi cnoBa: ap6yckynspHi MikopusHi rpubu; pusobianbHi 6akTepii; GiToropMoHu; xnopodin; naowa IMCTKOBOI
NOBEPXHi; BPOXaMHICTb; NPOJiH; MaNOHOBWI Aianbaeria,
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