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Abstract. The research aim was to investigate the effect of pre-sowing complex inoculation with
endophytic and nodule bacteria on the rhizosphere microbiocenosis, soil macronutrient content,
adaptive potential and productivity of soybean under the influence of stressful weather and climatic
factors. A split-plots design was used to conduct a two-factor field experiment with soybean
varieties of different maturity groups: the ultra-early maturing ‘Diona’ and the medium-early
maturing ‘Sviatohor’. Microbiological methods were used to obtain inoculants based on nodule and
endophytic bacteria (Bradyrhizobium japonicum as part of the complex bioformulation Ryzobin* and
their mixtures with endophytic bacteria Bacillus velezensis IMV B-8134, B-8135, Pseudomonas sp.
6), as well as to determine the abundance of microorganisms from various ecological-functional
groups by inoculating soil suspensions onto selective agar media. Agrochemical methods were
used to determine soil macronutrients, and statistical methods were applied for data analysis. The
stimulatory and stress-protective effects of co-inoculation of seeds with nodule and endophytic
bacteria on microbial communities in the rhizosphere soil, as well as on the development and yield
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of various soybean varieties on irrigated lands in southern Ukraine, have been demonstrated. An
increase in the number of microorganisms belonging to the main ecological- functional groups and
in the content of available forms of nitrogen, phosphorus and potassium in the rhizosphere soil
was established. The most effective treatment in terms of synergistic action on soybean was found
to be the treatment of seeds with RyzobinX in combination with Bacillus velezensis IMB B-8134. The
average yield for the ‘Diona’ variety was 2.69 t/ha and for the ‘Sviatohor’ variety — 2.95 t/ha, which
exceeded the control values by 38-40%. Practical value lies in effective pre-sowing endophyte-
rhizobial co-inoculation of soybean seeds, improving productivity and stability of agrophytocenoses
under climate change

Keywords: Glycine max (L.) Merr.; symbiotic bacteria; stressful climate factors; irrigation; rhizosphere

microbiota; macronutrients; effectiveness

INTRODUCTION
In the context of global climate change, the design
of agricultural systems with enhanced resistance
to stress factors has become one of the priority are-
as of scientific research and innovation. The use of
biological preparations based on active strains of
symbiotic microorganisms capable of forming mu-
tualistic relationships with the host plant contrib-
utes to plant adaptation to extreme environmental
conditions and increases crop productivity. The
use of complex multi-strain formulations with a
multi-vector stress-protective effect is particularly
promising. As noted by L. Shangguan (2023), global
warming alters the duration of the growing season
and the geographical distribution of agricultural
crops, resulting in some traditional cultivation re-
gions potentially losing suitability for certain crops,
while the demand for water resources increases. At
the same time, W. Zhu et al. (2024) emphasised that
changes in precipitation patterns negatively affect
plant growth and productivity, which may lead to
yield reductions and create risks to food security.
According to M. Yanagi (2024), climate change af-
fects the distribution and availability of water re-
sources, potentially causing water shortages and
droughts and, consequently, significantly com-
plicating irrigated agriculture. Soybean (Glycine
max (L.) Merr.) is an important global agricultur-
al crop that supplies protein and oil for the food
industry and feed production. However, soybean is
highly vulnerable to various abiotic stresses, par-
ticularly drought and heat during the flowering
stage, which may significantly reduce yield (Xia et
al., 2026). Soybean grows best at temperatures be-
tween 20°C and 25°C, but prolonged exposure to
temperatures above 29°C results in a reduction in
bean number and seed weight. Temperatures above

35°C severely disrupt flowering, bean setting and
grain filling (Thenveettil et al., 2025). With ongo-
ing global climate change, the simultaneous oc-
currence of heat and drought stress is becoming
increasingly frequent, especially in semi-arid and
drought-prone regions.

Modern agricultural practices, as highlighted
by H. Tariq et al. (2025), depend heavily on syn-
thetic fertilisers and pesticides, which are major
contributors to greenhouse gas emissions, ground-
water contamination and disruption of agroecosys-
tem dynamics. These issues underline the urgent
need for sustainable alternatives that maintain
crop productivity while minimising environmental
impact. In the study by I.S. Marquez et al. (2025), it
was shown that despite the significant influence of
abiotic factors — temperature, precipitation regime
and nutrient availability — on plant resilience and
productivity, interactions with microorganisms
constitute an important mechanism for improv-
ing physiological status and yield. According to
D.M. Zeffa et al. (2020), co-inoculation of soybean
with Bradyrhizobium strains and plant growth-pro-
moting rhizobacteria provides a synergistic effect
manifested in enhanced root system development,
increased nodule formation, improved efficiency
of symbiotic nitrogen fixation and, consequent-
ly, increased productivity. Bacterial endophytes,
both rhizobial and non-rhizobial, are considered
critically important for the growth and resilience
of legume host plants, as they participate in at-
mospheric nitrogen fixation, phytohormone syn-
thesis, nutrient mobilisation and regulation of
metabolic processes, while also increasing plant
tolerance to abiotic and biotic stresses, including
drought, temperature fluctuations and pathogen
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infection (Mayhood & Mirza, 2021). According
to N. Shevchuk et al. (2025) and Y. Zhakypbek et
al. (2026), due to their localisation within internal
plant compartments, endophytes are able to inter-
act closely with plant tissues and influence process-
es such as regulation of water balance and stomatal
activity, nutrient distribution and stress signalling
pathways, thereby contributing to improved toler-
ance to water deficit. The development and imple-
mentation of new environmentally safe biological
preparations based on rhizobial and non-rhizobial
endophytic bacteria therefore remain highly rele-
vant. Accordingly, the aim of the study was to de-
termine the effect of pre-sowing complex inocula-
tion with endophytic and nodule-forming bacteria
on the rhizosphere microbiocenosis, soil macro-
nutrient content, adaptive potential and produc-
tivity of soybean varieties differing in maturity
group under the influence of stressful weather and
climatic factors.

MATERIALS AND METHODS
Field experiments were conducted during 2024-2025
on irrigated land located in the urban-type set-
tlement of Naddniprianske, Kherson Region, on
a specially equipped irrigated field site, follow-
ing generally accepted agronomic methods and
methodological guidelines. The geographical co-
ordinates of the site were 46°44'53.6" N latitude
and 32°42'55.7" E longitude, at an altitude of 50 m
above sea level. The soil was dark chestnut, me-
dium loamy, slightly solonetzic, formed on car-
bonate loess. The humus content (according to
Tyurin) in the arable layer was 2.2%, total nitro-
gen 0.17%, available phosphorus (according to
Machigin) 30.0 mg/kg, and exchangeable potas-
sium 300 mg/kg of soil. The lowest moisture ca-
pacity of the 0-100 cm soil layer was 21.3%, and
the wilting point was 9.5% relative to the mass
of absolutely dry soil. Bulk density was 1.41 t/
m?, and the pH of the aqueous soil extract in the
arable layer ranged from 6.8 to 7.2. A two-factor
field experiment was established using a split-plot
design. The sowing plot area was 15 m? and the
accounting plot area was 10 m?, with four replica-
tions. In the experimental design, the main plots
(first-order plots, factor A) consisted of soybean
varieties: the ultra-early maturing ‘Diona’ and the
medium-early maturing ‘Sviatohor’. The subplots
(second-order plots, factor B) included microbial

inoculants: Control 1 (without water spraying);
Control 2 (water spraying); Ryzobin*® (an asso-
ciation of three strains of Bradyrhizobium japon-
icum: B. japonicum UCM B-6018, UCM B-6023,
UCM B-6035); RyzobinX + Bacillus velezensis IMV
B-8134; RyzobinX + B. velezensis IMV B-8135; and
RyzobinX + Pseudomonas sp. 6. For the complex en-
dophyte-rhizobial inoculation of soybean seeds of
different maturity groups, strains of microorgan-
isms from the culture collection of the Department
of General and Soil Microbiology of the D.K. Zab-
olotny Institute of Microbiology and Virology of
the National Academy of Sciences of Ukraine were
used. Seed inoculation was performed according to
the methods described by H. Iutynska et al. (2022).
The titre of symbiotic bacteria in the inoculant
was at least 3-5 x 10° cells/ml. Treatment was car-
ried out by spraying the seeds, with an inoculant
application rate of 1.0 1 per 1 t of seed.

Weather and climatic factors influencing pro-
duction processes during the yield formation peri-
od of soybean varieties differing in maturity group
were determined by assessing average tempera-
ture, relative air humidity and atmospheric pre-
cipitation during interphase periods, i.e. the main
indicators significantly affecting evaporation rate,
moisture deficit and the moisture coefficient (Ro-
manchuk, 2020). These indicators, taking weather
conditions into account, were determined accord-
ing to generally accepted methods described by
V.0. Ushkarenko et al. (2019). The overall charac-
terisation of the main weather parameters during
the interphase periods of both soybean varieties
was based on observations from the meteorolog-
ical station in the settlement of Naddniprianske.
Soybean varieties were sown during the first ten
days of May with a row spacing of 45 ¢cm and a
sowing depth of 2-3 cm. The sowing rate for the
‘Diona’ variety was 800,000 viable seeds per hec-
tare and for ‘Sviatohor’ 600,000 viable seeds per
hectare. During the flowering to early bean forma-
tion stage, the abundance of microorganisms be-
longing to the main ecological-functional groups
in the soybean rhizosphere was determined. Enu-
meration was performed using the surface plat-
ing method of soil suspensions with appropriate
tenfold dilutions onto selective agar media. In
particular, phosphate-mobilising microorganisms
were cultured on mineral medium with sodium
phenolphthalein phosphate, pedotrophic micro-

94 Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026



organisms on soil agar, oligotrophic microorgan-
isms on starvation (water) agar, and oligonitro-
trophic and nitrogen-fixing microorganisms on
Ashby medium. Incubation was carried out at 28°C
for 5-7 days. The number of microorganisms was
expressed as colony-forming units per 1 g of ab-
solutely dry soil, taking soil moisture into account
(CFU g! soil), which was determined gravimet-
rically. At the bean maturity stage, yield assess-
ment was conducted with adjustment to standard
seed moisture content. Harvesting was carried out
using a Sampo-130 combine harvester (Sampo
Rosenlew Ltd, Finland). Soybean yield was evalu-
ated according to the generally accepted methods
of field experimentation described by V.O. Ushka-
renko et al. (2019) and expressed in t/ha. The re-
sults of all laboratory and field experiments with
four replications were analysed using Microsoft
Excel 2010 software. Multifactor analysis of vari-
ance (ANOVA) was applied for statistical analysis.
Differences were considered statistically signif-
icant at p <0.05. Field studies were conducted in
accordance with the principles of biodiversity con-
servation under the provisions of the Convention
on Biological Diversity (1992), as well as bioethical
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principles and environmental safety standards.
Sampling was performed with minimal impact on
plants and their habitats.

RESULTS AND DISCUSSION

The agrometeorological conditions of the grow-
ing season in the southern part of the Steppe zone
(Kherson Region) were characterised by a moder-
ately hot and extremely arid climate. Evaporation
and moisture deficit during the growing season
varied considerably and depended on average daily
temperature, relative air humidity and the amount
of productive atmospheric precipitation. The total
duration of the interphase period “emergence -
beginning of branching” during the cultivation
of both soybean varieties in 2024-2025 did not
exceed 18 days, during which 21.1 mm of precip-
itation fell, accounting for 12.3-20.9% of the total
precipitation received throughout the crop grow-
ing season. The duration of the interphase period
“beginning of branching - beginning of flowering”
for the soybean variety ‘Diona’ was 22 days, dur-
ing which 24.6 mm of atmospheric precipitation
fell, representing 24.5% of the total precipitation
amount (Table 1).

Table 1. Hydrothermal conditions during the interphase periods of soybean varieties differing

in maturity group, average for 2024-2025

Cofondar | empetature, | Pecipaton. | Relatieay | Bvaporaton | Mesture | cotfcen
‘Diona’ variety
Emergence - beginning of branching (18 days)
18.05-04.06 19.3 \ 21.1 \ 57.0 | 1519 [ 1308 0.14
Beginning of branching - beginning of flowering (22 days)
05.06-26.06 22.9 \ 24.6 | 460 | 2230 | 1984 0.11
Beginning of flowering - beginning of bean formation (15 days)
27.06-11.07 26.5 \ 19.0 | 400 | 2864 | 2674 0.07
Beginning of bean formation - beginning of seed filling (16 days)
12.07-27.07 283 | 9.3 | 40 [ 3017 | 2924 0.03
Beginning of seed filling - beginning of seed ripening (16 days)
28.07-12.08 258 | 6.4 | 440 | 2601 | 2537 0.02
Beginning of seed ripening - full seed maturity (14 days)
13.08-26.08 242 | 199 [ 400 | 2614 | 2415 0.08
Total
101 days 24.5 | 1003 [ 450 | 14845 | 13842 0.07
‘Sviatohor’ variety
Emergence - beginning of branching (18 days)
19.05-05.06 198 [ 211 | 560 | 1589 | 1378 0.13
Beginning of branching - beginning of flowering (26 days)
06.06-01.07 23.2 \ 24.6 | 460 | 2258 | 2012 0.11
Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026 95
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Table 1. Continued

Cofonsar | dempetatre, | Prectaton | Relatieal | Euporaion, | Molsture | coefcen
Beginning of flowering - beginning of bean formation (20 days)
02.07-21.07 | 28.1 \ 283 \ 40.0 3045 | 2762 | 0.09
Beginning of bean formation - beginning of seed filling (22 days)
22.07-12.08 | 26.3 \ 6.4 | 430 2700 [ 2636 | 0.02
Beginning of seed filling - beginning of seed ripening (22 days)
13.08-03.09 | 242 \ 286 \ 41.0 | 2574 [ 2285 | 0.11
Beginning of seed ripening - full seed maturity (16 days)
04.09-19.09 | 207 \ 61.5 \ 49.0 | 1917 [ 1302 | 032
Total
124days | 24.1 7o [ 460 | 14085 [ 12375 | 0.12

Source: compiled by the authors

The duration of this interphase period for
the variety ‘Sviatohor’ was 26 days, during which
24.6 mm of precipitation fell, accounting for 14.4%
of the total precipitation during the crop growing
season. At an average daily temperature of 22.9°C
and relative air humidity of 46.0%, evaporation
during this interphase period under cultivation of
the variety ‘Diona’ reached 223.0 mm, while the
moisture deficit amounted to 198.4 mm. During
cultivation of the variety ‘Sviatohor’ in the inter-
phase period “beginning of branching — beginning
of flowering”, 24.6 mm of atmospheric precipita-
tion fell and evaporation amounted to 225.8 mm,
resulting in a moisture deficit of 201.2 mm. The
moisture coefficient during cultivation of the va-
riety ‘Diona’ reached 0.11 and, correspondingly,
0.11 for the variety ‘Sviatohor’, indicating condi-
tions characteristic of desert environments in the
southern part of the Steppe zone. During the inter-
phase period “beginning of flowering — beginning
of bean formation”, the total duration of which
for the variety ‘Diona’ was 14 days, at an average
temperature of 26.5°C and relative air humidity of
40.0%, evaporation increased to 286.4 mm and the
moisture deficit reached 267.4 mm. The amount
of precipitation during cultivation of the variety
‘Diona’ in this interphase period was 19.0 mm, or
18.9% of the total precipitation received during
the crop growing season. Under these weather
conditions, the moisture coefficient for the variety
‘Diona’ was 0.07, which is characteristic of desert
conditions, while for the variety ‘Sviatohor’ it was
0.09. During the interphase period “beginning
of bean formation - beginning of seed filling”,
the amount of atmospheric precipitation during

cultivation of the variety ‘Diona’ was 9.3 mm, or
9.2% of the total precipitation received during
the variety’s growing season. At an average tem-
perature of 28.3°C and relative air humidity of
41.0%, evaporation during this interphase period
under cultivation of the variety ‘Diona’ increased
to 301.7 mm, while the moisture deficit reached
292.4 mm. During cultivation of the medium-early
variety ‘Sviatohor’ in the interphase period “be-
ginning of bean formation — beginning of seed
filling”, the total duration of which was 22 days,
adverse weather conditions negatively affected
crop yield formation. At an average daily temper-
ature of 26.3°C and relative air humidity of 43.0%,
evaporation amounted to 270.0 mm and the
moisture deficit reached 263.6 mm. Under these
weather conditions, the moisture coefficient was
0.03, which is characteristic of desert conditions.
During the interphase period “beginning of seed
filling - full seed maturity”, the moisture coeffi-
cient during cultivation of the variety ‘Diona’ over
16 days did not exceed 0.02, which is characteristic
of desert conditions, while for the variety ‘Sviato-
hor’ it amounted to 0.11. The moisture coefficient
during cultivation of the variety ‘Diona’ was 0.08
(desert conditions) and, correspondingly, 0.32 for
the variety ‘Sviatohor’ (semi-arid zone). The total
duration of both interphase periods during culti-
vation of the variety ‘Diona’ was 30 days, while for
the variety ‘Sviatohor’ it was 38 days.

The reduction of the negative effects of ex-
treme weather conditions observed during the
cultivation of both soybean varieties in the in-
terphase periods “emergence - beginning of
branching”, “beginning of seed filling — beginning

96 Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026



of seed ripening” and “beginning of seed ripen-
ing - full seed maturity” was achieved through
irrigation during the growing season using drip
irrigation. During cultivation of the ultra-early
variety ‘Diona’, 18 irrigations were carried out
during the growing season with an irrigation rate
of 5,315 m®/ha, while for the medium-early varie-
ty ‘Sviatohor’, 20 irrigations were applied with an
irrigation rate of 5,548 m®/ha. The abundance of
microorganisms and their metabolic activity are
regarded as indicators of soil biological activity

Tytova et al.

(Jezierska-Tys et al., 2020). Determination of the
abundance of microorganisms belonging to dif-
ferent ecological-functional groups in the soy-
bean rhizosphere, depending on inoculation with
rhizobia and endophytic bacteria, was carried out
during the “flowering — beginning of bean forma-
tion” stage. It was established that soybean seed
inoculation influenced the abundance of microor-
ganisms belonging to different ecological-func-
tional groups in the rhizosphere soil of both soy-
bean varieties under investigation (Table 2).

Table 2. Abundance of microorganisms in rhizosphere soil (CFU g™? soil), average for 2024-2025

T PhosPhate-mopilising .Pedotropr-\ic pligotropt.\ic N.itrogen-fi).(ing
microorganisms microorganisms microorganisms microorganisms
‘Diona’ variety
1 9.9+1.1 47.7+5.7 46.6+9.3 16.1+£2.9
2 30.8+2.4 56.4+2.2 88.9+18.5 17.1+£1.8
3 13.9+3.2 49.1+£1.1 110.7+£17.9 229+3.7
4 16.3+2.1 57.7+9.7 28.2+4.7 22.5+3.3
5 13.7£1.0 25.5+3,9 64.7+6.2 17.2+2.8
‘Sviatohor’ variety
1 26.1+1.2 42.7+7.7 67.7+11.1 73.9+16.8
2 33.2+24 44.8+6.1 72.7+11.7 75.4+11.0
3 32.7+6.7 41.1+£6.7 58.0+6.7 40.9+4.5
4 31.6+6.3 50.2+7.5 57.3+11.8 72.1+£13.7
5 25.1+2.5 45.2+8.1 78.4+6.9 68.9+7.5

Note: 1 - Control (without treatment); 2 — Ryzobin¥; 3 — RyzobinX + B. velezensis IMV B-8134; 4 — RyzobinX + B. velezensis

IMV B-8135; 5 — RyzobinK + Pseudomonas sp. 6
Source: compiled by the authors

Soils frequently contain large amounts of
insoluble mineral and organic phosphorus com-
pounds, although phosphorus is essential for the
growth of most plants and microorganisms. One
approach to improving phosphorus nutrition of
plants is the use of microorganisms capable of in-
creasing the mobility of phosphorus compounds
(Malynovska, 2021). The highest abundance of
phosphate-mobilising microorganisms was re-
corded following the application of Ryzobin®
alone and in combination with the endophytic
strains B. velezensis IMV B-8134 and B. velezen-
sis IMV B-8135. In these treatments, their abun-
dance reached 13.9-33.2 million CFU/g of soil.
At the same time, the best values exceeded the
control by 3.1 times for the variety ‘Diona’ and by
1.3 times for the variety ‘Sviatohor’. Pedotrophic
microorganisms participate in the transformation
of organic matter and humus formation, while an

increase in their abundance indicates intensifica-
tion of these processes (Maslovska et al., 2025).
The greatest abundance of pedotrophic microor-
ganisms in the rhizosphere soil of both studied
varieties was promoted by inoculation with the
complex Ryzobin® + B. velezensis IMV B-8135. In
these treatments, the abundance of pedotrophs
was higher than in the non-inoculated control
by 21.0% for the variety ‘Diona’ and 17.6% for the
variety ‘Sviatohor’. Oligotrophic microorganisms
are adapted to ecological niches with low sub-
strate concentrations and limited energy flow, and
an increase in their abundance in soil, according
to N.B. Dragone et al. (2024), may indicate more
active utilisation of residual available nutrients.
The highest abundance of oligotrophic microor-
ganisms in the rhizosphere soil of soybean va-
riety ‘Diona’ was promoted by inoculation with
the complex Ryzobin® + B. velezensis IMV B-8134,
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which exceeded the control value by 2.4 times. In
the rhizosphere soil of soybean variety ‘Sviatohor’,
the highest abundance of oligotrophic microor-
ganisms was observed under inoculation with Ry-
zobin® + Pseudomonas sp. 6, which was 1.2 times
higher than the control.

Nitrogen is an essential macronutrient for
plants; however, most of it is present in the at-
mosphere in the inaccessible form of N». Thus,
replenishment of nitrogen reserves occurs, among
other mechanisms, through biological fixation by
nitrogen-fixing microorganisms, which convert it
into compounds available to plants (Zulfarina et
al., 2017). An increase in their abundance in rhiz-
osphere soil contributes to the supply of available
nitrogen to plants, improvement of plant growth
and maintenance of soil fertility. In the rhizos-
phere soil of soybean variety ‘Diona’, the highest
abundance of nitrogen-fixing microorganisms
(22.9 million CFU/g of soil) was recorded in the
treatment Ryzobin® + B. velezensis IMV B-8134,
which was 42.2% higher than in the control treat-
ment. In the rhizosphere of soybean variety ‘Svi-
atohor’, the differences between treatments aver-
aged over the years of study were not statistically
significant. Thus, the rhizosphere soil of both soy-
bean varieties under complex endophyte-rhizo-
bial inoculation was characterised by increased

biological activity, as evidenced by the high abun-
dance of microorganisms belonging to the main
ecological-functional groups. This contributed to
increased plant resistance to arid weather and cli-
matic conditions and to higher productivity.

Determination of nutrient content in the
0-20 cm layer of dark chestnut soil in the exper-
imental field showed that the complex microbial
preparations had a positive residual effect on the
soil, enriching it with nutrients available to plants.
In the soil of treatments where inoculation with
nodule-forming and endophytic bacteria was ap-
plied, the content of mineral nitrogen increased.
During cultivation of soybean variety ‘Diona’ in
the interphase period “beginning of branching —
beginning of flowering”, the mineral nitrogen con-
tent under bacterial inoculation increased by 4.75-
5.72 mg/kg compared with the control treatments.
It was also established that during cultivation of
soybean varieties under irrigation with complex
endophyte-rhizobial seed inoculation, the con-
tent of available phosphorus changed during the
interphase period “beginning of branching - be-
ginning of flowering”. In the 0-20 cm soil layer, its
maximum content was recorded in the treatment
RyzobinX + B. velezensis IMV B-8134 at 38.4 mg/kg,
which was higher than in the soil of the control
treatments (Table 3).

Table 3. Agrochemical composition of dark chestnut soil under soybean plants in the 0-20 cm layer
during the “beginning of branching - beginning of flowering” stage, mg/kg

Mineral nitrogen Available Exchangeable
Inoculants content (N-NO_ + phosphorus potassium content
N-NH)) content (P,0,) (K,0)
‘Diona’ variety
Control 1 (without seed treatment) 23.67 23.4 155
Control 2 (seed treatment with water) 22.69 26.3 162
RyzobinX 28.82 38.0 200
Ryzobin® + B. velezensis IMV B-8134 27.62 38.4 242
Ryzobin + B. velezensis IMV B-8135 28.42 37.6 230
Ryzobin® + Pseudomonas sp. 6 26.00 373 216
LSD, 2.27 5.58 28.4
‘Sviatohor’ variety
Control 1 (without seed treatment) 15.77 26.4 225
Control 2 (seed treatment with water) 17.58 246 202
RyzobinK 27.75 37.8 228
Ryzobin® + B. velezensis IMV B-8134 30.22 38.2 235
Ryzobin + B. velezensis IMV B-8135 32.06 37.3 207
Ryzobin® + Pseudomonas sp. 6 24.80 37.4 218
LSD, ;s 5.83 5.08 10.1
Source: compiled by the authors
98 Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026




In the other treatments, the values of this
parameter ranged within 37.6-38.3 and 37.3-
38.0 mg/kg of soil. The content of exchangeable
potassium during the interphase period “begin-
ning of branching - beginning of flowering” in
the 0-20 cm soil layer under the treatment Ry-
zobin® + B. velezensis IMV B-8134 was the high-
est for the ‘Diona’ variety, reaching 242.75 mg/
kg; correspondingly, for the ‘Sviatohor’ variety it
amounted to 235 mg/kg, whereas in the control
treatments its content was the lowest, amounting
to 202 and 225 mg/kg of soil. During the interphase

Tytova et al.

period “beginning of bean formation — beginning
of bean filling”, the content of mineral nitrogen
increased in the soil under plants inoculated with
nodule-forming and endophytic bacteria. During
cultivation of the soybean variety ‘Diona’, the
mineral nitrogen content under bacterial inoc-
ulation increased by 18.0-22.4 mg/kg compared
with the control treatments. In the cultivation
of the soybean variety ‘Sviatohor’, the mineral
nitrogen content in the soil of inoculated treat-
ments increased by 1.8-3.4 mg/kg compared with
the control values (Table 4).

Table 4. Agrochemical composition of dark chestnut soil under soybean plants in the 0-20 cm layer

during the “beginning of bean formation — beginning of bean filling” stage, mg/kg

Mineral nitrogen g Exchangeable
Available phosphorus A
Inoculants content content (P.0,) potassium
(N-NO,+ N-NH,) 275 content (K,0)
‘Diona’ variety
Control 1 (without seed treatment) 12.27 62.5 163
Control 2 (seed treatment with water) 12.75 62.7 163
Ryzobin¥ 19.72 64.3 197
Ryzobin® + B. velezensis IMV B-8134 35.11 64.8 201
RyzobinX + B. velezensis IMV B-8135 30.30 69.2 246
RyzobinK + Pseudomonas sp. 6 29.10 60.6 176
LSD, 7.77 2.34 25.0
‘Sviatohor’ variety
Control 1 (without seed treatment) 38.8 61.8 227
Control 2 (seed treatment with water) 38.9 61.9 227
Ryzobin¥ 42.20 63.5 154
Ryzobin® + B. velezensis IMV B-8134 40.60 62.2 231
Ryzobin® + B. velezensis IMV B-8135 40.00 68.4 208
RyzobinK + Pseudomonas sp. 6 41.90 69.3 187
LSD, 1.16 4.22 28.0

Source: compiled by the authors

During the cultivation of soybean varieties
under irrigation conditions with complex endo-
phyte-rhizobial seed inoculation, the content of
available phosphorus changed during the inter-
phase period “beginning of bean formation - be-
ginning of bean filling”. In the 0-20 cm soil layer,
its maximum content was recorded in the treat-
ment RyzobinX + B. velezensis IMV B-8135, reaching
69.2 mg/kg, which was higher than in the control
treatments. In the remaining treatments, the val-
ues of this parameter ranged within 63.2-64.8 and
54.6-68.4 mg/kg of soil. The content of exchange-
able potassium compounds in the 0-20 c¢cm layer
under the treatment Ryzobin® + B. velezensis IMV
B-8135 during cultivation of the soybean variety
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‘Diona’ was the highest, amounting to 246 mg/kg,
whereas in the control treatments its content was
the lowest at 163 mg/kg of soil; correspondingly, for
the variety ‘Sviatohor’ it amounted to 231 mg/kg.
The obtained data regarding the increase in min-
eral nitrogen and available phosphorus content
in the soil under complex inoculation are consist-
ent with the findings of P. Xing et al. (2022), who
demonstrated that co-inoculation of B. japonicum
5038 with Bacillus aryabhattai MV35-5 promot-
ed an increase in soil nitrogen content and had a
significant effect on its accumulation in soybean
plants, while inoculation with B. japonicum 5038
and Paenibacillus mucilaginosus 3016 contributed to
an increase in the content of available phosphorus
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in the soybean rhizosphere soil. Thus, the effec-
tiveness of bacterial preparations is determined by
the ability of the bacteria on which they are based
to fix atmospheric nitrogen and promote mineral-
isation of soil organic matter, thereby improving
the mineral nutrition of plants. Modern bacterial
preparations contribute to the formation of a pow-
erful nitrogen-fixing apparatus (nodules) on roots,
intensive development of leguminous plants and

protection against diseases, which helps to obtain
high seed yields with superior sowing qualities. For
obtaining consistently high soybean seed yields,
optimum plant density is of considerable impor-
tance, as it promotes intensive crop growth and
development. In the present study, the sowing rate
for the variety ‘Diona’ was 800 thousand seeds/ha
and, correspondingly, for the variety ‘Sviatohor’
600 thousand viable seeds/ha (Table 5).

Table 5. Plant density, field germination and survival of soybean plants depending on variety
and application of bacterial preparations

100

Seed sowing Emerged Field seed B at_: it
Inoculants rate, plants, germination, maturity Pl‘a nt
thousand/ha | thousand/ha % stage, SR S
thousand/ha
‘Diona’ variety
Control 1 (without seed treatment) 800,000 400,000 50.0 340,000 85.0
Control 2 (seed treatment with water) 800,000 400,000 50.0 340,000 85.0
Ryzobin¥ 800,000 480,000 60.0 470,000 97.9
RyzobinX + B. velezensis IMV B-8134 800,000 570,000 71.3 560,000 98.2
Ryzobin* + B. velezensis IMV B-8135 800,000 560,000 70.0 540,000 96.4
RyzobinX + Pseudomonas sp. 6 800,000 520,000 65.0 510,000 98.1
LSDg.0s 64,1 8.02 82.7 5.42
‘Sviatohor’ variety
Control 1 (without seed treatment) 600,000 310,000 51.7 290,000 93.5
Control 2 (seed treatment with water) 600,000 310,000 51.7 290,000 93.5
RyzobinX 600,000 360,000 60.0 350,000 97.2
RyzobinX + B. velezensis IMV B-8134 600,000 380,000 63.3 370,000 97.4
Ryzobink + B. velezensis IMV B-8135 600,000 380,000 63.3 370,000 97.4
Ryzobink + Pseudomonas sp. 6 600,000 360,000 60.0 350,000 97.2
LSD, s 26.3 4.33 29.7 1.62

Source: compiled by the authors

During the growing season of both soybean va-
rieties under study, part of the plants died off, re-
sulting in areduction in crop density within the field
experiment plots. Complex endophyte-rhizobial
seed inoculation had a significant effect on plant
preservation. The highest survival rate of plants of
the variety ‘Diona’ was observed under seed inocu-
lation with Ryzobin® + B. velezensis IMV B-8134 at
98.2% and RyzobinX + B. velezensis IMV B-8135 at
96.4%, while for the variety ‘Sviatohor’ the highest
survival rate was recorded under inoculation with
the composition RyzobinX + B. velezensis IMV B-8134
at 97.4%. The lowest plant survival was observed in
the control treatments, ranging from 85.0 to 93.5%.
Soybean inoculation with rhizobia promotes im-
proved nitrogen nutrition of plants, their growth

and yield formation. During the experiments, the
application of inoculation with the preparation
Ryzobin¥, containing three strains of B. japoni-
cum, resulted in a yield increase compared with
the non-inoculated treatment of 9.23% (0.18 t/ha)
for the soybean variety ‘Diona’ and 14.2% (0.30 t/ha)
for the variety ‘Sviatohor’. Considerably bet-
ter results were achieved under complex endo-
phyte-rhizobial inoculation. During the years of
research, the maximum seed yield of both studied
varieties was obtained in the treatment with com-
plex seed inoculation RyzobinX + B. velezensis IMV
B-8134, averaging 2.69 t/ha for the ultra-early ma-
turing variety ‘Diona’ and 2.95 t/ha for the medi-
um-early maturing variety ‘Sviatohor’, which ex-
ceeded the control values by 38-40% (Table 6).
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Table 6. Seed yield of soybean varieties differing in maturity group under endophyte-rhizobial
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inoculation on irrigated lands of the Southern Steppe of Ukraine, t/ha, 2024-2025

Inoculants (B) Yield, t/ha r:}:fi:laeg:olgg':tarz? 1
2024 | 2025 average | t/ha %
‘Diona’ variety (A,)

Control 1 (without seed treatment) 2.77 1.13 1.95 - -

Control 2 (seed treatment with water) 2.80 1.15 1.97 - -
Ryzobin¥ 3.02 1.25 2.13 0.18 9.23
RyzobinX + B. velezensis IMV B-8134 3.57 1.82 2.69 0.74 37.9
Ryzobin* + B. velezensis IMV B-8135 3.26 1.77 2.51 0.56 28.7
Ryzobink + Pseudomonas sp. 6 3.01 1.66 2.33 0.38 19.4

‘Sviatohor' variety (A,)

Control 1 (without seed treatment) 2.84 1.37 2.10 - -

Control 2 (seed treatment with water) 2.85 1.38 2.1 - -
RyzobinX 3.11 1.69 2.40 0.30 14.2
Ryzobin® + B. velezensis IMV B-8134 3.77 2.14 2.95 0.85 40.4
RyzobinX + B. velezensis IMV B-8135 3.39 1.98 2.68 0.58 27.6
Ryzobin® + Pseudomonas sp. 6 3.11 1.98 2.54 0.44 20.9

Note: LSD,.os for partial effects: factor A — 0.154 t/ha, factor B — 0.091 t/ha; for mean (main) effects: factor A — 0.058 t/ha,

factor B - 0.065 t/ha
Source: compiled by the authors

High yields were also obtained in the treatment
Ryzobin® + B. velezensis IMV B-8135, amounting to
2.51 t/ha for the variety ‘Diona’ and 2.68 t/ha for the
variety ‘Sviatohor’. The yield increase of the vari-
ety ‘Diona’ under complex seed inoculation in the
different experimental treatments, compared with
Control 1, was as follows: RyzobinX - 0.18 t/ha; Ry-
zobin® + B. velezensis IMV B-8134 — 0.74 t/ha; Ry-
zobinX + B. velezensis IMV B-8135 — 0.56 t/ha; and
Ryzobin* + Pseudomonas sp. 6 — 0.38 t/ha. During
cultivation of the medium-early variety ‘Sviatohor’,
the yield increase was also sufficiently high and, in
the respective experimental treatments, reached:
Ryzobin* - 0.30 t/ha; Ryzobin* + B. velezensis IMV
B-8134 — 0.85 t/ha; Ryzobin® + B. velezensis IMV
B-8135 - 0.58 t/ha; and RyzobinX + Pseudomonas sp.
6 — 0.44 t/ha. The lowest yield of conditioned seed
for both soybean varieties was obtained in the con-
trol treatments (Control 1 and Control 2), amount-
ing to 1.95-1.97 t/ha for the variety ‘Diona’ and
2.10-2.11 t/ha for the variety ‘Sviatohor’. During
the years of research, the highest seed yield for both
soybean varieties was obtained in the treatment
with complex seed inoculation Ryzobin* + B. ve-
lezensis IMV B-8134, averaging 2.69 t/ha for the
ultra-early maturing variety ‘Diona’ and 2.95 t/ha
for the medium-early variety ‘Sviatohor’, which ex-
ceeded the control values by 38-40%.

Increasing the productivity of grain legumes
through the use of the potential of symbiotic and
non-symbiotic microorganisms is an economically
and environmentally justified practice in modern
agriculture. In the study by E. Szpunar-Krok et
al. (2023), under rhizobial inoculation with
B. japonicum and in the absence of nitrogen fer-
tilisation, the soybean variety Aldana showed an
average increase in seed yield of 7.1% (0.28 t/ha),
while the variety Annushka showed an increase
of 14.6% (0.50 t/ha). In experiments conducted
by M. Leggett et al. (2017) in the United States of
America, inoculation of soybean with B. japonicum
resulted in an average increase in soybean grain
yield of 1.67% over four years of trials, while in Ar-
gentina the increase reached 6.39% over five years
of trials, equivalent to 60 and 190 kg/ha respec-
tively. Positive effects of complex seed inoculation
using several strains simultaneously have also
been reported. Thus, T.C. Tu et al. (2021) demon-
strated that co-inoculation with the Bradyrhizobi-
um isolate Bra6 and various Pseudomonas isolates
enhanced the formation of active symbiotic sys-
tems, nutrient uptake and soybean biomass accu-
mulation. However, it should be noted that despite
the general approaches, the application of differ-
ent inoculants requires adjustment taking into ac-
count the characteristics of indigenous microbiota,
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soil conditions and especially climate change. The
experiments demonstrated the positive effect of
the multistrain seed inoculation applied in the
present study — a consortium of microorganisms
consisting of three strains of nodule-forming bac-
teria and one of the newly isolated strains of en-
dophytic bacteria.

CONCLUSIONS
It was established that the development of cli-
mate-oriented agrotechnologies is an important
prerequisite for increasing the efficiency of agri-
culture in arid regions. The expediency of using
plant growth-promoting bacteria as a promising
approach to enhancing crop resilience and pro-
ductivity was demonstrated. The obtained data
indicated an increase in the physiological activity
of microorganisms belonging to the main ecolog-
ical-functional groups, as well as in the content
of mineral nitrogen and available phosphorus in
soybean rhizosphere soil under endophyte-rhizo-
bial inoculation. Owing to the effectiveness of
complex inoculation and the active development
of agronomically beneficial groups within the
rhizosphere microbiome, plant density and the
intensity of crop growth and development in-
creased. Complex endophyte-rhizobial seed in-
oculation promoted soybean plant survival under
unfavourable climatic factors. The highest sur-
vival rate of plants of both studied varieties was
observed under inoculation with the composition
Ryzobin® + B. velezensis IMV B-8134. In the same
treatment, the maximum vyield of both soybean
varieties was obtained, averaging 2.69 t/ha for the
ultra-early maturing variety ‘Diona’ and 2.95 t/ha
for the medium-early variety ‘Sviatohor’, which
exceeded the control values by 38-40%. Thus, the
effectiveness of bacterial preparations is deter-
mined by the ability of the bacteria on which they

are based to fix atmospheric nitrogen, promote
mineralisation of soil organic matter, improve
plant mineral nutrition and stress resistance, and
enhance the biological activity of the rhizosphere
microbiocenosis. In summary, the present study
established the stimulatory and stress-protec-
tive effects of endophyte-rhizobial inoculation
on the biological activity of rhizosphere microbi-
ota, enrichment of soil with essential nutrients,
adaptive potential and productivity of soybean
varieties differing in maturity group under stress-
ful weather and climatic conditions. It was con-
cluded that co-inoculation with nodule-forming
and non-rhizobial endophytic bacteria is an en-
vironmentally safe stress-protective strategy and
a powerful natural resource for modern agricul-
tural biotechnologies. Future research perspec-
tives include investigating the effectiveness of
endophyte-rhizobial inoculation in other climatic
zones of Ukraine during the cultivation of grain
legumes, as well as studying the prospects for the
application of endophytic bacteria in the cultiva-
tion of cereal and industrial crops.
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AHoraiisg. MeTolo JoCiIKeHHs 6Y7I0 BUBUEHHS BIJIMBY TMepeanociBHOT KOMITJIEKCHOT iHORY/ S|
eHgodiTHMMM Ta OynbOOUYKOBMMU OGakTepissMu Ha pusochepHmuii MikpobioleHO3, BMicCT
MakpoeJieMeHTiB y I'PYHTi, aJanTUBHMIA TOTeHIiad i MPOAYKTUBHICTH cOi 3a [Oii cTpecoBux
MOTOAHUX i KAIMaTUYHUX YMHHUKIB. [ TpoBeneHHS ABOGAKTOPHOTO IOJbOBOrO AOCHTimY
BUKOPUCTAHO METO/I PO3LIeIJIEHUX IiSTHOK i3 coOpTaMy COi Pi3HUX IPYII CTUTIOCTI: yAbTpapaHHIM
‘IioHa’ Ta cepegHbOpaHHIM ‘CBsATOrOop’. Mikpo6ioJoTiuHi METOAY 3aCTOCOBYBAIN JJIsI OTPUMaHHS
iHOKYJISIHTiB Ha OcCHOBi Oynb60ukOoBMX i eHmodiTHUX 6Gaktepiit (Bradyrhizobium japonicum y
CKIami KOMIIEeKCHOro 6Giompemaparty Pus3o6in® Ta ix cywmimeit 3 eHmodiTHMMM OGakTepisMu
Bacillus velezensis IMB B-8134, B-8135, Pseudomonas sp. 6), a TaKOX AJIs1 BUSHAUEHHS UMCETbHOCTI

104

Biological Systems: Theory and Innovation, Vol. 17, No. 2, 2026


https://doi.org/10.50908/arr.4.1_89
https://doi.org/10.7717/peerj.7905
https://doi.org/10.3390/plants15050753
https://doi.org/10.50908/arr.4.3_474
https://www.researchgate.net/publication/322335494_The_Abundance_of_Nitrogen_Fixing_Nitrifying_Denitrifying_and_Ammonifying_Bacteria_in_the_Soil_of_Tropical_Rainforests_and_Oil_Palm_Plantations_in_Jambi
https://orcid.org/0000-0003-3131-4355
https://orcid.org/0000-0002-5572-0094
https://orcid.org/0000-0001-5574-4961
https://orcid.org/0000-0001-6692-2946

Tytova et al.

MiKpOOpraHi3MiB pi3HMX €KOJIOTO-(PYHKIIOHAJBHUX I'PYI HIJISIXOM BUCIBY I'DYHTOBUX CYCIEH3iii Ha
CeJIeKTMBHI arapM3oBaHi cepemoBuina. ArpoxiMiuHi MeTOAM BUKOPUCTOBYBAJIU [JISI BUSHAUEHHS
BMICTYy MaKpoeJeMeHTiB y I'PYHTi, CTATUCTUUHI — A 06po6KM OoTpuMMaHUX JaHMuX. [TokaszaHO
CTUMYJIOBAAbHUIT i CTpec-mpOTEeKTOPHUI edeKTM KOiHOKyJsIii HaciHHS OYAb60YKOBUMM Ta
eHpodiTHMMM GakTepisiMmM Ha MiKpoOHi yrpynoBaHHs pu3ocdepHOro IPyHTY, a TAaKOX Ha picT i
BPOKAlHICTh Pi3HUX COPTiB coi Ha 3pomryBaHux 3emysix [liBgenHoro Cteny YKpainu. BctaHOBI€HO
3pOCTaHHS UMCEeIbHOCTI MiKpOOPraHi3MiB OCHOBHUX €K0JIOT0-(DYHKI[IOHAABHUX IPYI i i IBUIEHH I
BMicTy mocTynmHuX ¢Gopm asoTy, hocdopy Ta Kajiio B pusochepHoMy I'pyHTi. HaltepekTuBHIimIMUM
BapiaHTOM 3a CMHEPTiYHMM BIIJIMBOM Ha COI0 BUSIBUJIOCSI 00p06IeHHS HaciHHs TpeniapaToM P1306iu®
y noenHaHHi 3 Bacillus velezensis IMB B-8134. CepenHs BpokaiiHicTb 1Jis1 cOpTy ‘[lioHa’ cTaHOBMIIA
2,69 1/ra, nas copty ‘CBsarorop’ — 2,95 1/ra, 1m0 epeBuUIyBaJo KOHTPOIb Ha 38-40 %. [IpakTuuHa
LIiHHICTh pO6OTHU MOJIATAE B eeKTUBHOCTI MepeAnociBHOI eHA0diTHO-pM306iaIbHOT KOIHOKYIISILiT
HaciHHA coi, mo 3a6e3mneuye MiABUIIEHHS MPOAYKTUBHOCTI Ta cTabinbHOCTi arpodiToneHosiB B
yMOBax KJIiMaTUYHUX 3MiH

KmiouoBi cimoBa: Glycine max (L.) Merr.; cum6ioTnuHi 6akTepii; cTpecoBi KIiMaTU4Hi UMHHUKMA;
3poIleHHs; pu3ocdepHa MikKpobioTa; MakKpoeieMeHT!; e(eKTUBHICTb
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