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Symbiotic productivity of soybeans depending on inoculation
and fertiliser in conditions of the Right-Bank Forest-Steppe

Abstract. Given the high value of the biochemical composition of soybean seeds and the versatility
of using this crop, the need for it will continue to grow, which makes it necessary to improve existing
and develop new technologies for its cultivation, considering local agroclimatic resources. Therefore,
this study, aiming to investigate the agroecological foundations of the use of chemical and biological
techniques in modern technologies for growing soybeans, is relevant. The purpose of the study was
to identify the features of the formation of symbiotic productivity of soybeans under the influence
of bacterial and mineral fertiliser in the conditions of the Right-Bank Forest-Steppe of Ukraine.
A field method was laid down according to the developed scheme to achieve this goal. The positive
effect of mineral fertiliser and inoculation on the formation of the symbiotic apparatus of soy and
its productivity was established. The smallest increase in the number of root nodules was noted for
the introduction of N, .P, K_ —24.7-273%, depending on the variety. Small initial doses of nitrogen

45~ 607760
were more effective — within the limits of N, . - they provided an increase in the number of active
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bulbs by 51.2-106.9%. Bacterisation of seeds with the complex bacterial preparation Phosphonitragine
increased the number of active nodules on soybean roots by 106.8-138.6%, depending on the variety.
The interaction of technological methods of mineral fertilisation and inoculation contributed to an
increase in both the number of nodules with leghemoglobin - by 128.5-198.6%, and their mass - by
1111-147.6%. The soy symbiotic apparatus was maximally developed by interacting seed inoculation
factors with a bacterial preparation containing Br. japonicum and B. Mucilaginosus strains and applying
N, P K.+ N, in the budding phase. This technological model of crop cultivation provided the highest
productivity of legume-rhizobial symbiosis of soybean plants in terms of the volume of accumulation
of symbiotically fixed nitrogen - in the early-ripening soybean variety Vilshanka - 124.2 kg/ha, in
the medium-ripening variety Suziriia - 130.3 kg/ha. The practical importance of the obtained results
is in the improvement of varietal technologies for growing soybeans based on the complex application
of seed inoculation with a bacterial preparation and the introduction of nitrogen fertilisers in retail
against the background of phosphorus-potassium fertiliser

Keywords: mineral fertiliser; variety;, symbiotic apparatus; active symbiotic potential; biological

nitrogen

INTRODUCTION

Soy (Glycine max) occupies a leading place in
world agriculture as a crop that can be harvest-
ed twice (protein and oil) in one growing year, is
characterised by a unique biochemical compo-
sition of seeds, the versatility of use, high pro-
duction growth rates, a positive effect on the
qualitative composition of the soil and the ability
to fix atmospheric nitrogen in interaction with
nodule bacteria. Given the substantial advantag-
es of soybeans, the need for them will continue
to grow, which makes it necessary to improve
existing and develop new technologies for their
cultivation, considering local agroclimatic re-
sources (Furman et al., 2022; Shovkova, 2022).
One of the determining factors for the for-
mation of high and stable seed productivity
of soybeans is mineral fertilisers and varietal
characteristics, the share of which in the forma-
tion of the yield level reaches, respectively, 58.5-
782 and 76.6% (Chynchyk, 2017). Pre-sowing
seed inoculation can increase crop productivity
by 50% or more (Kozar, 2015). Therewith, due to
the symbiotic interaction with nodule bacteria,

the ability of soy to independently meet its need
for nitrogenis at 25-75%, which substantially re-
duces the economic and environmental burden
when growing it (Faridula et al., 2015; Chynchyk,
2017). However, the effectiveness of symbio-
sis largely depends on the complementarity of
symbiotic partners, hydrothermal resources,
nitrogen nutrition conditions, etc. (Patyka et al.,
2015; Petrychenko et al., 2018).

Soybeans are ademanding crop for the avail-
ability of nutrients in the soil. For the formation
of 1centner of the seeds of its plant, according to
Lykhochvor et al.(2016), 6.5-7.5 kg of nitrogen, 1.3-
17 kg of phosphorus, and 1.8-2.2 kg of potassium
are consumed. According to other researchers
(Bahmat & Chynchyk, 2010; Melnyk § Romanko,
2015), the need for these macronutrients is even
higher: nitrogen is needed in the amount of -
7.2-10.0 kg, phosphorus - 17-4.0 kg, potassium -
2.2-4.4 kg, which explains the positive reaction
of soybeans to the application of mineral fertil-
isers in an easily accessible form. The greatest
need of plants for nitrogen is due to the high
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protein content of soy seeds. Due to their ability
to assimilate atmospheric nitrogen in symbiosis
with nitrogen-fixing nodule bacteria, soybeans
can fix up to 180 kg/ha or more of biological ni-
trogen, which is also characterised by good as-
similation by subsequent crops and no negative
impact on ecological balance (Didora, 2018).

As a result, soybean plants can partially or
completely meet their nitrogen needs, which
allows growing them with only minimal doses
of nitrogen fertilisers or their complete absence
(Faridula, et al., 2015; Didora, 2018; ). However, the
efficiency of fixing molecular nitrogen from the
atmosphere due to the symbiotic interaction be-
tween soybean plants and nodule bacteria is not
always high, which is due to the influence of var-
ious abiotic, biotic, and anthropogenic factors
on them, for example, lack or excess of moisture,
low or high temperatures, high acidity of the
soil solution, mineral nutrition conditions, etc.
(Petrychenko et al., 2018). High symbiotic perfor-
mance is provided only by a well-developed and
highly active symbiotic apparatus (Patyka et al.,
2015; Petrychenko et al., 2018), the formation of
which largely depends on the reasonable selec-
tion of symbiotic partners (Patyka et al.,2015; Na-
keiet al., 2022), since microbial-plant interaction
is not always characterised by high productivity
in terms of the amount of fixed atmospheric ni-
trogen, which is associated with the high vari-
etal specificity of soybeans to nodule bacterial
strains (Petrychenko et al., 2018; Didora, 2019).

An important agrotechnical measure that
contributes to the formation of a highly pro-
ductive soy-rhizobial symbiosis is the cultiva-
tion of soybeans based on bacterial and miner-
al nutrition (Chynchyk, 2017, Shovkova, 2022).
For example, applying phosphorus-potassi-
um fertilisers positively affects the increase in
the number of nodules and the productivity of
symbiosis in general (Ciampitti § Salvagiotti,
2018). As for the combined use of inoculants

and nitrogen minerals, the opinions of the sci-
entific community are ambiguous (Faridula et
al., 2015; Kobak et al., 2017, Chynchyk, 2017). It is
believed that small starting doses of nitrogen, in
the range of 15-30 kg/ha, have a positive effect
on the process of nodule formation on the soy-
beanroots in the initial growing season of plants
(Patyka et al., 2015; Furman et al., 2022). Higher
doses of nitrogen fertilisers inhibit the forma-
tion of the symbiotic system, reduce its effec-
tiveness, and can lead to the complete termina-
tion of symbiotic relationships (Moldovan, 2018;
Furman et al., 2022;). The ambiguity of opinions
regarding the feasibility of applying nitrogen
fertilisers for soybeans is due to the complexity
and multi-stage formation and functioning of
various legume-rhizobial structures (Chekhova
& Chekhov, 2019; Shevnikov et al., 2022).
Effective use of the bioclimatic potential of
the region in the cultivation of soybeans is pos-
sible only if the development and introduction
into production of such technologies for its cul-
tivation that maximally correspond to the genet-
ic characteristics of the variety and consider the
complex interaction of the plant organism with
hydrothermal and soil resources (Petrychenko et
al., 2018; Shevnikov et al., 2022).
Today,breedershave created manyhigh-tech
and highly productive soybean varieties, howev-
er, the level of realisation of their genetic poten-
tial of productivity is substantially determined
by the soil and climatic conditions of a particular
growing area and adapted cultivation technol-
ogy, which is especially important in the con-
text of climate change (Petrychenko et al., 2018).
Since soybeans are characterised by a strong
reaction to the length of the day, the most suit-
able for its cultivation is the geographical zone,
the width of which is 160-240 km in the direction
from South to North. The displacement of geo-
graphical space leads to changes in the duration
of the vegetation period, productivity, qualitative
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composition of seeds, adaptive properties, sym-
biotic productivity, and response to stress fac-
tors (Petrychenko et al., 2018; Didora, 2019).

In this regard, an urgent and timely scien-
tific task is to correct the technology of growing
modern soybean varieties, considering the re-
quirements of the culture for life factors.

The purpose of the study was to establish the
influence of seed bacterisation and the norms
andtiming of mineralfertiliserapplication onthe
formation of symbiotic productivity of soybeans
in the Forest-Steppe of Right-Bank Ukraine.

MATERIALS AND METHODS

The study was conducted during 2013-2015in the
experimental field of the state enterprise “Ex-
perimental Farm “Salivonkivske” of the Institute
of Bioenergy Crops and Sugar Beet of the Nation-
al Academy of Agrarian Sciences of Ukraine. The
soil of the experimental site is typical low-hu-
mus chernozem with a humus content in the
arable layer of 4.56%, easily hydrolysed nitrogen
(DSTU 7863:2015 , 2016) - 155-161 mg/kg of soil,
mobile phosphorus (DSTU 4115-2002 , 2003) -
44-54 mg/kg potassium exchange rate - 95-
107 mg/kg of soil, the pH of salt extract is 6.7-7.2.

The field experiment was conducted accord-
ing to the scheme: factor A - variety: Vilshanka
(early-ripening) and Suziriia (medium-ripening)
of selection of the National Scientific Centre “In-
stitute of Agriculture of the National Academy of
Agrarian Sciences”; Factor B - pre-sowing seed
treatment: without inoculation, Phosphoni-
tragine; factor C - fertiliser: without fertilisers
(control), P_ K., N.P. K., N, P K, N, P _K

607607 V15" 607160 V30T 601607 V45T 601607
P K +N

60”760 15’ N15P60K60 + NlS’ N30P60K60 + NlS'

Soybean sowing was conducted in the first
half of May in a wide-row way with a row spac-
ing of 45 cm when the soil warmed up at a seed
depth of up to 10-12°C. The predecessor is winter
wheat. The repetition is fourfold. Placement of

options is systematic. Phosphorous and potash

fertilisers (granulated superphosphate and pot-
ash salt) were applied for the main tillage at the
rate of P, K_; nitrogen (ammonium nitrate) - for
pre-sowing cultivation and top dressing of soy-
bean plants in the budding phase in accordance
with the experiment scheme.

Seed inoculation was conducted on the day
of sowing with a complex bacterial preparation
for agricultural purposes certified in Ukraine -
Phosphonitragine (developed by the National
Scientific Centre “Institute of Agriculture of the
National Academy of Agrarian Sciences”), which
contains strains of nodule bacteria (Br. japonicum)
and phosphatmobilising microorganisms (B. mu-
cilaginosus). Seed bacterisation was conducted
in accordance with the requirements specified
in the recommendations for this type of work
(Recommendations for effective application...,
1997). Since the seeds were treated with Maxim
XL 035 FS mordant (1 L/t of seeds) 14 days be-
fore sowing, the bacterial load level was doubled
and amounted to 400 thousand cells per 1 seed.

Planning of the experiment scheme, laying
of the field experiment, placement of variants
and repetitions was conducted in accordance
with the requirements and recommendations
set out in the manual “Fundamentals of scien-
tific research in agronomy” (Yeshchenko, 2005).
Sampling to determine the size of the symbiot-
ic apparatus was conducted by the method of
monoliths (Posypanov, 1993) in the main phe-
nological phases of soybean development, the
onset of which was determined by the visual
method according to the “Methodology of State
variety testing of agricultural crops” (2000).

The total number and mass of nodules, the
number and mass of active nodules, the active
symbiotic potential, and the amount of biologi-
cally fixed nitrogen were determined according
to Posypanova (1993) methods.

Weather conditions during the years of
the study were characterised by a substantial
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difference both in years and in relation to long-
term averages. In 2013, depending on the dura-
tion of the growing season of plants, their growth
and development took place at an average daily
temperature 0f19.1-19.8°C, the sum of active tem-
peratures (>10,°C) - 2036.3-2258.7°C and precip-
itation amounts - 251.4-334.0 mm. In 2014, the
values of these indicators were, respectively,
18.6-19.5°C,2020.4-2216.7°C,and 308.7-337.2 mm,;
in 2015 - 21.1-21.6°C, 2040.5-2324.4°C, and 135.3-
166.5 mm. In general, in the last year of the study,
the hydrothermal coefficient for the growing
season was 0.6-0.7, while the optimal value for
this crop was 1.0-17 (Petrychenko et al.,, 2018).

RESULTS AND DISCUSSION

Analysis of the field experiment results indicates
a positive influence of the examined technolog-
ical methods of growing soybeans on the forma-
tion of its symbiotic apparatus. It was established
that on the root system of plants of the Vilshanka
and Suziriia varieties examined in the experi-
ment, the number of nodules increased inten-
sively before the onset of the phenological phase
of seed filling, further on, with the approach of
the physiological ripeness phase, their number
gradually decreased (Table 1). This pattern was
observed both in relation to the total number of
root nodules and in relation to their active part.

Table 1. Dynamics of the number of nodules on the roots of soybean plants depending on inoculation
and norms and terms of application of mineral fertilisers (average for 2013-2015), pcs./plant

Phase of plant growth and development
Fertiliser Inoculation budding full bloom filling seeds
total ‘ active users total ‘ active users total ‘ active users
Vilshanka Variety
Without fertilisers n/i 10.1 6.6 14.2 11.9 18.2 14.5
(control) i 25.1 205 296 25.2 39.8 346
b K n/i 13.5 10.2 19.4 17.1 254 21.2
£0°60 i 28.3 23.8 324 26.8 41.5 36.4
n/i 16.0 12.5 211 17.9 26.2 23.5
N..P._K -
15" 60760 i 28.9 24.1 32.7 27.3 43.1 37.8
n/i 19.2 15.6 22.2 18.2 315 27.3
NSOPGOKSD H
i 29.5 24.5 334 27.7 45.2 40.0
n/i 12.6 8.4 17.8 13.2 24.5 194
N4 PGOKGD H
s i 17.7 12.0 231 17.6 33.4 27.0
n/i 13.7 10.4 20.2 17.7 26.2 23.6
P K _+N
0760 15 i 28.2 23.7 32.6 27.1 44.3 38.6
n/i 16.2 12.7 22.8 194 33.2 29.4
N15P60K60 + NlS H
i 28.7 23.8 343 29.0 50.0 42.8
n/i 194 15.8 25.2 20.8 34.5 30.0
N.P K +N -
307 60760~ a5 i 29.0 23.6 35.4 29.4 51.3 43.3
Suziriia variety
Without fertilisers n/i 11.8 8.1 20.5 18.1 24.5 20.7
(control) i 26.7 22.2 38.1 34.8 48.3 428
b K n/i 15.9 124 26.3 24.2 33.1 28.7
60760 i 30.8 26.5 41.6 36.1 52.2 47.3
n/i 211 17.6 29.1 25.7 35.2 31.3
N15P60K50
i 32.6 27.6 43.2 37.5 53.0 47.8
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Table 1, Continued

Phase of plant growth and development
Fertiliser Inoculation budding full bloom filling seeds
total active users total active users total active users
Suziriia variety
n/i 25.2 21.4 32.2 27.9 38.4 33.9
N30P60K50
i 35.6 30.4 44.8 38.7 54.1 48.3
n/i 14.7 10.1 25.7 21.6 29.3 24.0
N45P60K60
i 21.1 16.7 33.6 26.4 40.9 33.8
n/i 16.0 12.6 27.1 24.7 36.0 323
P60K60+ N15
i 30.8 26.0 42.8 36.6 53.8 48.0
n/i 21.0 17.4 33.2 29.7 40.2 35.9
N15P60K60+ NlS
i 323 27.2 46.1 40.7 56.5 50.3
n/i 249 21.1 34.6 29.9 41.4 36.8
N30P60K60+ NlS
i 35.2 29.6 47.2 41.0 57.1 51.0
HIP, . total 3.44 4.05 5.21
HIP, . variety 1.23 1.39 1.56
HIP . fertiliser 2.57 3.08 3.46
HIP, s inoculation 1.23 1.39 1.56

Note: *n/i - seeds with no inoculation; i - inoculated seeds

Thus, in the budding phase, the total num-
ber of nodules on plants of the control variant
was 101 pcs./plant in the Vilshanka variety and
11,8 pcs./plant in the Suziriia variety, of which
there were 6.6 and 81 active nodules on one
plant, respectively. Improvement of phospho-
rus-potassium nutrition conditions due to the
introduction of P, K contributed to an increase
in the total number of nodules - by 34-4.1 pcs./
plant, depending on the variety, including their
active part - by 3.6 and 4.3 pcs./plant. A more in-
tensive increase in the number of root nodules
was observed when applying full mineral fertil-
iser - by 2.5-13.1 (total number) and 1.8-134 pcs./
plant (active bulbs). However, the effect of such
fertiliser on the formation of a symbiotic appara-
tus varied substantially depending on the norms
and timing of nitrogen fertiliser application.

Itwasdeterminedthatsmallstartingdosesof

nitrogen are within the limits of N,, . had a pos-

itive effect on the formation of root nodules, the
total number of which increased by 58.4-113.6%,
of which the active part - by 89.3-164.2%. The ap-
plication of N, against the background of P, K,
had a positive, but not so pronounced effect, as
a result of which the increase in the total num-
ber of nodules relative to absolute control in the
Vilshanka variety was only 24.8%, in the Suziriia
variety - 24.6%, including active ones, respec-
tively, 27.3 and 24.7%. The intensity and size of
the symbiotic apparatus were determined by in-
oculation with Phosphonitragine rather than by
applying mineral fertilisers. Pre-sowing bacter-
isation of soybean seeds with a complex prepa-
ration containing Br. japonicum and B. Mucilag-
inosus stains provided an increase in the total
number of nodules and their active component
in the early-ripening Vilshanka variety, respec-
tively, by 1485 and 2101%, in the medium-rip-
ening Suziriia variety - by 126.3 and 174.1%.
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The most effective agricultural method for
the formation of a well-developed symbiotic sys-
tem in plants of the examined soybean varieties
was the combined effect of seed inoculation and
mineral fertilisers with the norm of N, P, K, .
The interaction of these factors provided an in-
crease in the total number of root nodules in the
Vilshanka variety by 192.1%, and in the Suziri-
ia variety - by 2017%, of which active ones - by
271.2 and 275.3%, respectively.

Before the onset of the seed filling phase,
when the symbiotic apparatus of soybeans
reached its maximum development, there
was a certain redistribution between the vari-
ants of the experiment. As at the first stages of
soy-rhizobial symbiosis formation, the small-
est number of nodules was formed in areas of
absolute control (without inoculation and min-
eral fertilisers) - 18.2 pieces were formed in the
Vilshanka variety per plant, in the Suziriia va-
riety - 24.5 pcs./plant. Among all other variants
of the experiment scheme, the least developed
symbiotic apparatus was in plants grown in are-
as where N,.P_ K was applied - the increase in
the total number of nodules and their active part
was 4.8-6.3 and 3.3-4.9 pcs./plant or 19.6-34.6
and 16.0-3.8%, respectively. investigating the
interaction of mineral fertiliser and bacterisa-
tion factors, it was established that the smallest
increase in root nodules was also noted for the

introduction of N, P, K., - 15.2-164 pcs./plant
(total quantity) and 12.5-13.1 pcs./plant (active in-
gredients) or 670-83.5 and 63.3-86.2%, respec-
tively. Of all the fertiliser options, the separate
application of nitrogen fertilisers against the
background of P, K  had the most positive effect
on the formation of root nodules, both with and
without inoculation.

The most favourable conditions for the for-
mation of root nodules were formed according
to the technological model of soybean cultiva-
tion, which provided for inoculation of seeds
with a complex bacterial preparation containing
nodule bacteria and fosformobilising microor-
ganisms and the introduction of N, P, K. +N,..
In this variant, the increase in the total number
of root nodules and their active part in the Vil-
shanka variety was 33.1 and 28.8 pcs./plant or
181.9 and 198.6%, respectively. The Suziriia varie-
ty had a similar relationship - 32.6 and 30.3 pcs./
plant or 1331 and 146.9%.

An important characteristic of the process
of formation of the symbiotic apparatus of soy-
beans is the mass of root nodules (Table. 2). Ac-
cording to the average research results, it was
established that the dynamics of the formation
of the total mass of nodules and their active part,
depending on the action and interaction of the
examined factors, was similar to the dynamics of
changes in their number.

Table 2. Dynamics of the raw mass of nodules on the roots of soybean plants depending on inoculation
and the norms and terms of mineral fertiliser application (average for 2013-2015), g/plant

Phase of plant growth and development
Fertiliser Inoculation budding full bloom filling seeds
total ‘ active users total ‘ active users total ‘ active users
Vilshanka Variety
Without fertilisers n/i 0.29 0.19 0.45 0.39 0.61 0.51
(control) i 0.67 0.46 0.97 0.85 1.27 1.07
P K n/i 0.34 0.23 0.58 0.52 0.78 0.66
60°60 i 0.75 0.51 1.04 0.92 1.32 1.12
n/i 0.41 0.28 0.65 0.59 0.86 0.73
NlSPGOKGO H

i 0.79 0.56 1.06 0.96 1.36 1.16
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Table 2, Continued

Phase of plant growth and development
Fertiliser Inoculation budding full bloom filling seeds
total active users total active users total ‘ active users
Vilshanka Variety
N_P_K n/i 0.52 0.36 0.77 0.70 0.92 0.78
307 60760 i 0.84 0.58 1.08 0.98 1.39 1.19
NP K n/i 0.30 0.20 0.53 0.46 0.73 0.60
45 60760 i 0.47 0.28 0.80 0.69 0.97 0.78
PK +N,, n/i 0.36 0.24 0.63 0.56 0.87 0.75
60" 60 i 0.76 0.50 1.05 0.94 1.37 1.17
n/i 0.43 0.30 0.79 0.72 0.95 0.81
N15P60K60+N H
i 0.77 0.54 1.10 1.01 1.43 1.23
n/i 0.54 0.38 0.86 0.80 0.97 0.83
N30P60K60+N H
i 0.82 0.55 1.14 1.06 1.45 1.26
Suziriia variety
Without fertilisers n/i 0.33 0.22 0.61 0.52 0.77 0.63
(control) i 0.78 0.53 1.23 1.07 1.49 1.22
P K n/i 0.38 0.26 0.84 0.72 0.87 0.72
£0°60 i 0.84 0.58 1.30 1.15 1.61 1.33
NP K n/i 0.56 0.39 0.93 0.84 0.98 0.81
15" 60°60 i 0.90 0.64 1.37 1.23 1.68 1.39
NP K n/i 0.68 0.48 1.05 0.93 1.11 0.92
307 60760 i 0.95 0.70 1.43 1.28 1.75 1.46
NP K n/i 0.35 0.23 0.78 0.67 0.83 0.68
45 60760 i 0.54 0.37 1.10 0.93 1.24 0.98
PK +N,, n/i 0.39 0.27 0.87 0.77 1.00 0.83
60°60 i 0.84 0.56 1.33 1.18 1.71 1.42
n/i 0.53 0.38 1.09 0.96 1.21 1.01
N15P60K60+N H
i 0.89 0.61 1.47 1.33 1.81 1.52
n/i 0.67 0.46 1.15 1.05 1.29 1.07
N30P60K60+N H
i 0.91 0.66 1.52 1.39 1.84 1..56
HIP, , total 0.10 0.13 0.12
HIP, s variety 0.03 0.05 0.04
HIP,  fertiliser 0.06 0.08 0.09
HIP . inoculation 0.03 0.05 0.04

Note: *n/i - seeds with no inoculation; i - inoculated seeds

In the budding phase, the total mass of all
nodules ranged from 0.29-0.95 g/plant, of which
active ones - 019-0.70 g/plant. The lowest total
mass of nodules and their active part was ob-
served on the roots of plants from the control
areas - 0.29-0.33 and 0.19-0.22 g/plant, depend-
ing on the variety. The most powerful symbi-
otic apparatus by weight with a total mass of

nodules of 0.84-0.95 g/plant, including active
0.58-0.70 g/plant, was formed due to the inter-
action of inoculation factors and the applica-
tion of a complete mineral fertiliser in normal
N,P. K, The increase in the mass of nodule
formations relative to the control was, respec-
tively, 187.9-189.7 and 205.3-218.2%. An increase

in the mass of root nodules, and their number,
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was observed before the onset of the pheno-
logical phase of seed filling, during which the
total mass of nodules reached 0.61-1.84 g/plant,
including active ones - up to 0.51-1.56 g/plant.

All the examined variants of technological
techniques contributed to an increase in the
mass of nodules. The interaction of inoculation
factors and separate application of nitrogen
fertilisers N, ,. had the most positive effect on
the process of mass formation of the symbiotic
apparatus against the background of P, K, . The
maximum total mass of nodules - at the level
of 145-1.84 g/plant and their active part - in the
range of 1.26-1.56 g/plant was noted at the ex-
periment site, where pre-sowing bacterisation
of seeds was conducted with a bacterial prepa-
ration containing Br. japonicum and B. Mucilagi-
nosus and with the application of N, P, K  +N...
The increase to control was 137.7-139.0 and 147.1-
147.6%, respectively. Both in terms of the number

and mass of all the bulbs of more powerful ones,

the symbiotic apparatus formed a medium-rip-
ening Suziriia variety.

An important indicator of the effective-
ness of legume-rhizobial symbiosis is the active
symbiotic potential, which lasts from the ap-
pearance to the destruction of leghemoglobin
in root nodules (Patyka, 2015; Kobak, 2017; Fur-
man, 2022). Seed inoculation with Phosphoni-
tragine and mineral fertilisers had a positive
effect on the efficiency of interaction between
micro- and macrosymbionts (Table 3). The most
effective symbiotic relationships were for seed
bacterisation and, accordingly, more intensive
colonisation of soybean plant roots with sym-
biotic bacteria. As a result, the increase in the
active symbiotic potential in relation to control
for the period from the budding phase to the
onset of physiological ripeness of seeds in the
Vilshanka variety was 4.81 thousand kg-days/ha,
in the Suziriia variety - 5.46 thousand kg-days/
ha or 47.8 and 46.7%, respectively.

Table 3. Efficiency of symbiotic nitrogen fixation of soybeans depending
on the influence of organised factors (average for 2013-2015), kg/ha

Vilshanka Suziriia
Fertiiser | Inoculation | 0 oueand | amountof fixed | SCTC VTR | amount of fxed
P kg-d;y/ha nitrogen, kg/ha P kg-d’ay/ha nitrogen, kg/ha
Without n/i 10.06 65.1+7.7%* 11.69 70.9+10.6
fertilisers
(control) i 14.87 99.2+14.4 17.15 104.3+13.6
P K n/i 11.21 68.0+9.4 13.04 74.2+9.4
60760 i 16.04 106.3+13.0 18.55 112.5+14.8
n/i 12.11 70.2+8.7 14.10 75.5+7.6
NlSPGOKGO H
i 16.63 108.4+14.0 19.75 118.2+18.2
NP K n/i 13.06 73.9+8.7 15.15 76.5+10.8
307 60760 i 17.27 112.4+15.5 20.51 121.3+19.2
n/i 10.50 68.9+9.6 12.29 71.8+7.2
NASPSOK“ i 12.87 103.8+15.4 14.40 107.1+18.5
P K _+N n/i 11.98 71.8+10.1 13.84 76.0+10.9
60760 11 i 16.43 110.8+15.7 19.43 120.9+20.5
n/i 13.31 78.2+10.8 15.75 78.8+9.8
N15P60K60+ NlS H
i 17.82 118.8+20.6 21.30 127.1+22.1
n/i 14.11 80.1+10.1 16.28 81.0+10.0
NaoPooKeo ™ Nis i 18.40 124.2+19.9 22.23 130.3+21.2
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Table 3, Continued

Vilshanka Suziriia
Fertiliser Inoculation actlvg symbiotic amount of fixed actm_e symbiotic amount of fixed
potential, thousand X ke/h potential, thousand N ke/h
kg-day/ha nitrogen, kg/ha kg-day/ha nitrogen, kg/ha
HIP, . total 1.05 1.05
HIPO_Osvariety 0.52 _ 3 0.52
HIP . fertiliser 0.87 0.87
HIP, .inoculation 0.52 0.52

Note: *n/i - seeds with no inoculation; i - inoculated seeds; ** M + m - reliability interval of the arithmetic mean

at the 5% substantiality level

The effectiveness of applying mineral fertil-
isers in the experiment was substantially deter-
mined by the norms and terms of applying nitro-
gen fertilisers against the background of P_ K.
The least effective was a one-time application of
N,.asaresult, the increase in the active symbiot-
ic potential relative to the control did not exceed
4.4-51%, depending on the variety. However, the
introduction of the same nitrogen rate by retail
method, on the contrary, provided maximum
efficiency of legume-rhizobial symbiosis - the
symbiotic potential increased by 39.2-40.3%.

According to this indicator, the best option
in the experiment was the one where a combi-
nation of technological methods of inoculation
and application was examined N, P K  +N, -
the growth of active symbiotic potential reached
82.9-90.2%. The highest symbiotic activity is
characteristic of the Suziriia variety.

The productivity of legume-rhizobial sym-
biosis is characterised by the amount of sym-
biotically fixed nitrogen, for calculations of the
accumulation volumes of which data on the
active symbiotic potential and specific active
symbiosis were used (Posypanov, 1993). Soybean
crops on control variants were the least symbi-
otically productive - 65.1-70.9 kg/ha, depending
on the variety. Inoculation of seeds with a bac-
terial preparation provided an increase in the
volume of biological nitrogen accumulation by
471-52.4% to the level of 99.2-104.3 kg/ha.

The application of mineral fertilisers, in
comparison with bacterisation, affected the
productivity of nitrogen fixation less effective-
ly - in the Vilshanka variety, the increase was
4.5-23.0%, in the Suziriia variety — 4.7-14.2%. Of
all the variants of the experiment, where the in-
fluence of the norms of complete mineral fer-
tiliser on symbiotic productivity was examined,
the lowest values were obtained for applying
N,.P, K., - 689-71.8 kg/ha, which almost did not
differ from the values obtained on the variants
where only phosphorus-potassium fertiliser
was conducted - 68.0-74.2 kg/ha.

The most intense accumulation of symbiot-
ically fixed nitrogen occurred due to the interac-
tion of technological measures of seed bacterisa-
tion with Phosphonitragin and retail application
of nitrogen fertilisers in the norm N, _,. against
the background of P, K, - 1188-130.3 t/ha,
which exceeded the control by 71.3-75.6%.

The intensity of development and the level
of productivity of the soybean symbiotic appa-
ratus are substantially determined by techno-
logical factors (Melnyk & Romanko, 2015; Pet-
rychenko et al., 2018; Didora et al., 2019). Among
the factors that most affect the formation and
functioning of root nodules, most researchers
distinguish inoculation and mineral fertilisers
(Didora, 2018; Furman et al., 2022). Thus, ac-
cording to the results of the studies by Chynchyk
(2017), before the onset of the seed filling phase,
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inoculation provided an increase in the raw
mass of nodules with leghemoglobin at the level
of 0.126-0.140 g/plant, depending on the variety,
fertiliser application - 0.019-0.034 g/plant, while
the difference between varieties in this indica-
tor did not exceed 0.002 g/plant. According to
VF. Kaminsky (2006), pre-sowing bacterisation
of seeds provided an increase in the mass of ac-
tive nodules in the range of 0.15-0.35 g/plant and
their number in the basal part of the root - 22-
29 pcs./plant. Kots § Mamenko (2015) note that in
plants inoculated 7 days before sowing, the mass
of nodules in the stage of 3 real leaves exceeded
the control by 1.5-2.0 times. In the experiments
of 0. Temriienko (2018), fertilisation and seed in-
oculation provided an increase in the number of
active nodules by 14.7-18.3 pcs./plant or 76-77%,
while the difference between the varieties on
the control variants did not exceed 7.3 pcs./plant.
The same pattern was observed in relation to the
mass of active nodules. The results obtained in
this study confirm the data of these researchers
(Temriienko, 2018; Furman et al., 2022). It was es-
tablished that in the budding phase due to inoc-
ulation, the increase in the number and mass of
active nodules was 13.9-14.1 pcs./plant and 0.27-
0.31 g/plant, due to mineral fertiliser - respec-
tively, 3.6-13.0 pcs./plant and 0.04-0.24 g/plant,
while the difference between the varieties in the
control variants did not exceed 1.5 pcs./plant and
0.03 g/plant. Thus, the pattern was observed be-
fore the onset of the seed filling phase.

The presented results of the study also show
a positive effect on the formation of the symbi-
otic apparatus of phosphorus-potassium fer-
tilisers, the introduction of which in a dose of
P, K., against the background of inoculation,
provided an increase in the number and mass
of active nodules in the seed filling phase in the
range of 1.8-4.5 pcs./plant and 0.05-0.11 g/plant
relative to variants where only inoculation was
performed. The obtained data are confirmed in

the experiments of Gamaiunova & Nazarchuk
(2013), who note that the application of phos-
phorus-potassium fertilisers in the norm of
P,.K,, in combination with bacterisation of soy-
bean seeds, compared only with bacterisation,
provided an increase in the number of active
nodules on plant roots by 40-81.8%.

More substantial increases in both the mass
of active root nodules and their number were
noted for the combination of inoculation and full
mineral fertiliser application. Moreover, the size
of the symbiotic apparatus was most influenced
by the norms and timing of nitrogen fertilisers,
the importance of which in soybean cultivation
is the most controversial agrotechnical measure
(Faridula et al., 2015; Chynchyk, 2017). According
to the results presented in the study, the smallest
increase in the number and mass of active nod-
ules both on non-inoculated plants and during
pre-sowing seed inoculation was observed with
a separate application of nitrogen fertilisers in a
dose of N,, against the background of P, K, . The
symbiotic apparatus was most developed under
the condition of the interaction of seed bacteri-
sation factors and the introduction of low doses
of nitrogen fertilisers - N, . against the back-
ground of P, K  These data confirm the scientific
statement of many researchers (Li, 2020) on the
positive effect of low doses of nitrogen fertilisers
ontheformationofrootnodulesonsoybeanroots.

A valuable result of this study is the con-
firmed positive effect of separate application of
nitrogen fertilisers on the formation of the soy-
bean symbiotic apparatus. It is established that
nitrogen fertilisers applied in the norm N, dur-
ing pre-sowing cultivation and in the budding
phase of plants in combination with technolog-
ical measures of seed bacterisation ensures the
formation of the most developed symbiotic ap-
paratus. The increase in the number and mass of
active nodules from the use of such a technolog-
ical model, compared with a single application

76 Plant and Soil Science (14)1



Furman et al.

of the same nitrogen rate, is 16.3-17.2 pcs./plant
and 048-0.58 g/plant. The results obtained in th
study are confirmed by FR. Bender et al. (2022)
and V. Didora et al. (2019).

It is established that the technological
model that contributes to the formation of the
most developed symbiotic apparatus ensures
the accumulation of the maximum amount of
biological nitrogen. The higher efficiency of
legume-rhizobial symbiosis is determined by
fertilisation and inoculation than the varietal
characteristics of soybeans, which is confirmed
by the results of the studies by other research-
ers who have examined the influence of tech-
nological techniques on the effectiveness of
soybean symbiosis (Bender et al, 2022). The
presented study states that the difference be-
tween the examined soybean varieties in terms
of the level of biological nitrogen accumulation
was insubstantial and did not exceed 5.8 kg/ha.
Inoculation of seeds of the early-ripening Vil-
shanka variety and the medium-ripening Suz-
iriia variety provided an increase in biological
nitrogen at the level of 33.4-34.1 kg/ha. The ad-
dition of a complete mineral fertiliser against
the background of seed bacterisation increased
the increase in accumulated atmospheric nitro-
gen by 43.3-59.4 kg/ha. Other researchers also
note a more substantial positive effect of ap-
plying a complete mineral fertiliser compared
to inoculation on the process of atmospheric
nitrogen accumulation. According to V.F. Dido-
ra et al. (2019) when growing soybeans in the
absence of mineral fertiliser, seed inoculation
contributed to the accumulation of 82.3 kg/ha,
the introduction of N_ P, K_ increased this vol-
ume of biological nitrogen by 46.1 kg/ha. Thus,
bacterial and mineral nutrition is an important
factor influencing the formation and productiv-
ity of the soybean symbiotic apparatus, which
is a substantial factor in enriching the soil with
biological nitrogen.

CONCLUSIONS

As a result of the study, it was established that
growing soybeans based on reasonable bac-
terial and mineral nutrition in the conditions
of the right-bank Forest-Steppe of Ukraine on
typical low-humus chernozem allows forming
a highly productive soy-rhizobial symbiosis.
The effectiveness of the symbiotic system was
largely determined by the norms and timing of
nitrogen fertiliser application against the back-
ground of phosphorus-potassium fertiliser and
inoculation. The application of only phospho-
rous-potash fertilisers, although had a posi-
tive effect on the formation of the number and
mass of root nodules, the size and efficiency of
the symbiotic apparatus with the addition of a
complete mineral fertiliser were substantially
higher both inoculation and in its absence. With
the application of P, K, , the number of active
nodules in the budding phase increased - by
3.6-4.3 pcs./plant, depending on the variety, for
applying full mineral fertiliser - by 1.8-13.4 pcs./
plant. With a separate application of nitrogen
fertilisers, small starting doses of nitrogen were
more effective - within the limits of N, ,,, which
provided an increase in the number of active
bulbs by 89.3-164.2%, with the application of N,
against the background of P_ K, the number of
active bulbs increased only by 24.7-27.3%. Inoc-
ulation with a complex preparation, containing
Br. japonicum and B. Mucilaginosus strains pro-
vided an increase in the number of active nod-
ules by 174.1-210.1%. The interaction of fertiliser
and inoculation factors increased the increase
in the number of active root nodules by 271.2-
275.3%. The most favourable conditions for the
formation of a well-developed symbiotic ap-
paratus on the root systems of soybean plants
of Vilshanka and Suziriia are obtained accord-
ing to the technological model of their cultiva-
tion, which provided for inoculation of seeds
with a bacterial preparation containing nodule
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bacteria and fosformobilising microorganisms
and the introduction of N, P, K  +N, inthe bud-
ding phase. The interaction of these technologi-
cal techniques provided an increase in the num-
ber of active root nodules in an early-ripening
variety by 198.6%, and in a medium-ripening va-
riety — by 146.9%. Similar patterns were observed
in the mass of active root nodules, the increase
in control on this variant was 147.0-147.6%, and
the level of active symbiotic potential, the in-

crease of which reached 82.9-90.2%. In all var-

on strains of nodule bacteria and fosformobilis-
ing microorganisms provided the highest pro-
ductivity of symbiotic systems in terms of the
volume of accumulation of symbiotically fixed
nitrogen - in the early-ripening soybean variety
Vilshanka - 124.2 kg/ha, in the medium-ripening
variety Suziriia - 130.3 kg/ha. Further research
will be aimed at investigating the effect of bac-
terial and mineral fertiliser on the formation of
highly productive soybean crops.

iants of the experiment, the highest symbiotic ACKNOWLEDGEMENTS
activity is characteristic of the variety Suziriia. None.
Application of full mineral fertiliser in the norm
of N, P K. + N, and conducting pre-sowing CONFLICT OF INTERESTS
seed bacterisation with the preparation based None.
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CuM6ioTUUYHa NPOAYKTUBHICTb COi 3aNeXXHO BiA iHOKynsauii
Ta yno6peHHs B ymoBax NMpaBo6epe)xHoro Jlicocteny

AHoOTauig. BpaxoBylouM BHUCOKY LIHHICTh 6i0XiMiYHOTO CKJIafly HaciHHS cOi Ta yHiBepCaJbHICTh
BUKOPUCTAHHSA L€l KyIBTYpH, ITOTpebU B Hill i Hafasli 3poCTaTUMYTh, 10 06YMOBIIIOE HEOOXiTHICTh
YIOCKOHAJIEHHS iCHYIOUMX Ta pO3pO6KY HOBHX TEXHOJOTIN ii BHUpOIIYBaHHS 3 ypaXyBaHHIM
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Furman et al.

MiclieBUX arpoKJIiMaTUYHUX pecypciB. TOMy, Ha CbOTOJHI IOCTII>ReHHS, CIIPAMOBaHI Ha BUBUEHHS
arpoeKoJIOTiYHUX OCHOB BUKOPUCTAHHA XIMIYHMX Ta 6i0JNOTIUHMX TIIPUHOMIB y CydYacHUX
TEXHOJIOTIsIX BUPOIIYBaHHS COI € aKTyaJbHUMU. MeTOI0 HOCTiIKeHb 6Y/I0 BUABUTH OCO6JINBOCTI
dopMyBaHHS CHUMOGIOTMYHOI TMPOAYKTUBHOCTI COI IIifi, BIIMBOM 6aKTepiaibHO-MiHepaabHOTO
yIo6peHHs B yMOBax ITpaBobepeskHOTo JlicocTemny VRpaiHu. [ ZOCATHEHHS METH 6YJI0 3aKJIaZIeHO
TIOJIbOBUY METOJ 3a PO3pO6JIEHOI0 CXeMOK. BCTAaHOBJIEHO ITOSUTHMBHUI BIUIUB MiHEpaIbHOTO
ymobpeHHs Ta iHOKyALii Ha GopMyBaHHA CUM6IOTUYHOrO arapaTy col Ta HOoro MPOAYKTHUBHICTb.
HariMeHIIMI NPpUPICT KibKOCTI KopeHeBUX 6yIbO0OYOK BigMiuanu 3a BHeceHHs N, P K = - 247-
27,3 % 3aJeXHO Bif copTy. Binbin ebeKTUBHUMU OyiY HEBEIMKI CTAPTOBI 03U a30Ty — ¥ MesKax
N, ., — BOHM 3abe3Me4yBajy IPUPICT KiJIbKOCTi aKTUBHUX 6y/Ib60UOK Ha 51,2-106,9 %. BakTepu3aiia
HaciHHS KOMIUIEKCHUM 6aKTepiaJbHUM IIperiapaToM ®ocdoHiTpariH 36inblIyBaga KilbKicTh
aKTMBHUX 6y/Ib60Y0K Ha KopeHax coi Ha 106,8-138,6 % 3aJIeyKHO BiZl COPTY. B3aeMOig TEXHOJIOTIUHIX
MIPUMOMIB MiHepaJIbHOTO YAOOPEHHS Ta iHORY/IALII CIpUsiyia 3pOCTaHHIO K KUTBKOCTI 6yIb6040K
3 JIerreMorniob6iHoM — Ha 128,5-198,6 %, Tak i ix Macu — Ha 111,1-147,6 %. MaKCUMaJIbHOTO PO3BUTKY
cuM6iOTUYHUI arapaT coi ZocsaraB Ipy B3aeMopil dakTopiB iHOKy/ALl HaciHHA 6aKTepiaTbHUM
IperapaTroM, 10 MiCTUTh IITaMU MiCTUTB WITaMM Br. japonicum i B. Mucilaginosus Ta BHeceHHS
N, P, K., + N, v dasi byToHisamil Taka TexHOIOT{YHa MOJIeIb BUPOILYBaHHSA Ky/IbTyPHY 3abe3Mednia
HaWBUILYy IIPOAYKTUBHICTH 6060BO-pr306iaibHOTO CcuM6io3y pocnuH coi 3a  obcaramu
HaKOIMYEHHS CUM610TUYHO GpiKCOBAHOTO 30Ty — ¥ CKOPOCTUITIOTO COPTY Coi BinbIaHKa — 124,2 Kr/
ra, y CepegHBOCTUIIIOro copTy Cy3ip'a — 130,3 kr/ra. [IpakTUYHE 3HAUEHHS OfepyKaHUX Pe3yJIbTaTiB
IOCTiIXeHb IIONATAE B YIOOCKOHAJIEHHI COPTOBMUX TEXHOJIOTIM BUPOIIyBaHHS COI Ha OCHOBI
KOMIUJIEKCHOTO 3aCTOCYBaHHS IHOKy/ALi HaciHHA 6aKTepiaJibHUM IperapaToM Ta BHECEHHS

a30THUX JO6PUB B po3apibHuii crioci6 Ha doHi pocdopHO-KaiHHOTO yoo6peHHS

KnouoBi cnoBa: MiHepaJibHe J06pHBO; COPT, CUMOIOTMYHUM artapar; akKTUBHUYM CUM6ioTUYHUIN
MOTeHIIiaJT; 6i0JIOriYHUNI a30T
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