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Abstract

Background: Rhizobial inoculation in combination with fungicidal seed treatment is an effective solution for improving soybean re-
sistance to modern climate changes due to the maximum implementation of the plant’s stress-protective antioxidant properties and their
nitrogen-fixing potential, which will contribute to the preservation of the environment. Methods: Model ecosystems at different stages
of legume—rhizobial symbiosis formation, created by treatment before sowing soybean seeds with a fungicide (fludioxonil, 25 g/L) and
inoculation with an active strain of Bradyrhizobium japonicum (titer 10° cells per mL), were subjected to microbiological, biochemical,
and physiological testing methods in controlled and field conditions. Results: Seed treatment with fungicide and rhizobia showed dif-
ferent patterns in the dynamics of key antioxidant enzymes in soybean nodules under drought conditions. Superoxide dismutase activity
increased by 32.7% under moderate stress, while catalase increased by 90.6% under long-term stress. An increase in the antioxidant
enzyme activity induced the regulation of lipoperoxidation processes during drought and after the restoration of irrigation. Regenera-
tion after stress was evident in soybean plants with a combination of fungicide seed treatment and rhizobial inoculant, where enzyme
levels and lipoperoxidation processes returned to control plant levels. Applying seed treatment with fungicide and Rhizobium led to the
preservation of the symbiotic apparatus functioning in drought conditions. As proof of this, molecular nitrogen fixation by nodules has
a higher efficiency of 25.6% compared to soybeans without fungicide treatment. In the field, fungicidal treatment of seeds in a complex
with rhizobia inoculant induced prolongation of the symbiotic apparatus functioning in the reproductive period of soybean ontogenesis.
This positively affected the nitrogen-fixing activity of soybeans during the pod formation stage by more than 71.7%, as well as increasing
soybean yield by 12.7% in the field. Conclusions: The application of Rhizobium inoculant and fungicide to seeds contributed to the de-
velopment of antioxidant protection of soybean plants during droughts due to the activation of key enzymatic complexes and regulation
of lipoperoxidation processes, which have a positive effect on nitrogen fixation and productivity of soybeans. This is a necessary element
in soybean agrotechnologies to improve plant adaptation and resilience in the context of modern climate change.

Keywords: Bradyrhizobium japonicum; soybean (Glycine max (L.) Merr.); malondialdehyde; superoxide dismutase; catalase; nitrogen-
fixing activity; nodulation; drought

1. Introduction food to animal feed, industrial products, and ingredients to
precursor materials [1]. Soybeans are grown on approxi-
mately 119 million hectares worldwide, with a total annual
production of 319 million tons, and the share of soybeans in
global oilseed production is about 55% [FAOSTAT 2013—
17].

Strategically important issues today are the obtain-
ing high and stable crop yields by creating rational tech-
nologies for their cultivation. Specifically, crop production
is of strategic importance for the world global economy.
Legumes are a key ingredient in food and are an increas-
ingly a renewable raw material for industrial and energy
purposes [1]. The formation of their high productivity, like
most cultivated plants, is largely determined by the complex
influence of external factors, among which the main role is
played by global climate changes, the spread of phytodis-
eases, environmental pollution by agrochemicals [2,3].

Soybean is one of the most highly profitable advanced
agricultural crops in the world [http://soystats.com/compo
sition-of-a-soybean/]. It is one of the most widely grown
and consumed oil crops, with its uses ranging from human

Global climate changes and frequent droughts world-
wide increase agricultural risks [2], including soybean
growing. Under modern climate change conditions, a re-
duction in the yield of cultivated plants by more than 50%
of their potential productivity is possible, which can con-
stitute serious food security issues [3]. Therefore, studying
the reactions and formation of the adaptation potential of
cultivated plants, including soybeans, to climate change is
of great economic and social importance.
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Realizing the potential productivity of leguminous
crops is one of the main concerns in ensuring their high
yields and is determined by a harmonious combination of all
modern methods: organizational and economic, agrotech-
nical, immunological, biological, and chemical [4,5]. One
of the important technological techniques used in growing
soybeans is poisoning seeds with fungicidal drugs since
the loss of seed yield from damage to soybeans by phy-
topathogens is up to 40% [6,7].

Decisions regarding the protection of cultivated plants
should be aimed at finding ways to reduce their harmfulness
to the environment. Hence, the productivity of cultivated
plants can be increased via the maximum mobilization of
their stress-protective properties and the realization that ge-
netics represent the most effective and economically justi-
fied solution for environmental and plant protection. The
main criteria for the competitiveness of agricultural prod-
ucts on the world market should be the economic criteria
of its value and strict control over the quality and safety of
products. In this aspect, active research is being conducted
on the possibility of using seed inoculation with nodule bac-
teria and fungicides to regulate the metabolism of legumi-
nous crops and increase their tolerance and productivity [8—
12].

The efficiency of the functioning of the legume-
rhizobial symbiosis under unfavorable growing conditions
depends on the ability of the host plant to induce its antioxi-
dant protection systems. This leads to adaptive adjustments
in the plant metabolism and increases its tolerance [13,14].
On the one hand, this can negatively affect the formation
and functioning of the symbiosis. Moreover, it can stimu-
late the development of plant protective reactions and their
adaptation to stress.

Antioxidant defense systems play a key role in plant
adaptation to unfavorable factors [15]. Among them, con-
siderable attention has been paid to the role of antioxidant
enzymatic complexes involved in the neutralization of re-
active oxygen species (ROS), the accumulation of which
in a plant cell under stress initiates the processes of ox-
idative destruction of membrane structures [16]. At the
same time, it has been proven that ROS can act as signal-
ing molecules involved in activating defense systems un-
der stress, particularly inducing the synthesis of antioxidant
enzymes [17]. Therefore, studying the role of antioxidant
enzymes in maintaining a stationary level of free radical
processes in the cell under the effects of drought is impor-
tant for developing protective properties of plants, includ-
ing when establishing mutualistic relationships.

The presented research approach proves that using ac-
tive Bradyrhizobium virulent strains in combination with a
fungicide is important for increasing the implementation of
protective and nitrogen-fixing properties in soybeans under
drought conditions. Research in this aspect is important
for creating effective symbiotic systems involving active
strains of nodule bacteria using the treatment of seeds with

fungicides as an alternative means to provide plants with en-
vironmentally friendly nitrogen while increasing their tol-
erance to appropriate growing conditions.

This work aimed to investigate the effect of the pre-
sowing seed treatment with fungicide and inoculation with
rhizobia on the development of stress-protective properties
in soybeans and the efficiency of the symbiosis functioning
under optimal plant growth and drought conditions. Our
research includes elements of modern soybean cultivation
agrotechnologies in the context of obtaining ecologically
and economically safe crops.

The study was based on the following hypothesis: pre-
sowing seed treatment with fungicide and active rhizobia
will increase the antioxidant properties of plants, which
will ensure improved tolerance and productivity of soybean
symbiosis with B. japonicum under drought conditions.

The presented study emphasizes the need for a com-
prehensive and multidimensional understanding of the
abovementioned processes when choosing the most effec-
tive means for creating stress-resistant legume-rhizobial
systems.

2. Materials and Methods
2.1 Objects of Research

Soybeans (Glycine max (L.) Merr.) of the Almaz va-
riety (early maturing variety) were selected for the study
(originator—Poltava State Agrarian Academy, Ukraine)
from the 2007 Register of Plant Varieties of Ukraine
and recommended for cultivation in the forest steppe of
Ukraine. Before sowing, soybean seeds were treated with a
solution of fludioxonil (25 g/L), after which they were inoc-
ulated with a suspension of rhizobia from the active virulent
Tn5 mutant B1-20 for an hour. The inoculation titer was
200-300 thousand rhizobia cells per seed. The control was
soybean plants of the variant with inoculation of seeds with
rhizobia without fungicidal treatment, which were grown
under optimal moisture supply conditions.

2.2 Rhizobia Culture

An active, virulent Tn5 mutant of Bradyrhizobium
Jjaponicum B1-20 was created by transposon mutagenesis
from the original strain 646 using Escherichia coli S17-1
with the plasmid pSUP5011, which contains the Tn5 trans-
poson (pSUP5011::Tn5mob) at the Institute of Plant Phys-
iology and Genetics of the National Academy of Sciences
of Ukraine.

Nodule bacteria were cultivated in liquid yeast man-
nitol agar in 750 mL flasks in a shaking device (220 rpm)
at 26-28 °C. The B. japonicum culture in the exponential
growth stage (92-96 h) was used as an inoculum. The
amount of inoculum added to the flasks was 2% of the
medium volume. The amount of rhizobia in the suspension
added to 200 mL of culture medium was 10° cells/mL. The
purity of bacterial cultures was checked by seeding on meat
peptone agar.
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Fig. 1. Schematic representation of plant growth experiment under controlled conditions. Soybean under optimal water supply
(60% TMC) and drought (30% TMC). 40th day, 46th day, 52nd day—days after soybean growth stages: third trifoliate (V3), beginning

flowering (R1), and full bloom (R2). TMC, total moisture content.

2.3 Plant Growth Experiment under Controlled Conditions

The research was conducted as a pot experiment. Soy-
bean seeds were planted in pots without holes at the bottom,
weighing 10 kg. The substrate for plant growth was ster-
ile sand. Plants were grown on Herligel’s nutrient mixture
of macro- and microelements with a nitrogen rate of 0.25,
which was added to sterile sand.

Soybean plants inoculated with bacteria were grown
under natural light and optimal water supply, which was
maintained at 60% total moisture content (TMC) by con-
trolled watering. The amount of watering the plants re-
ceived was calculated based on the mass of the empty pot,
the dry mass of sand (per pot), and its moisture content. Be-
fore filling the pots, sterile sand was analyzed for moisture
content (3.12%) and capacity (19.67%).

Three stages characterized the period of active nitro-
gen fixation by the soybeans: third trifoliate (40 days after
sowing), beginning flowering (46 days after sowing), and
full bloom (52 days after sowing). The plants were sub-
jected to drought for 12 days, comprising the five days of
the third trifoliate stage, which continued for seven days
into the beginning flowering stage. Control plants received
60% TMC—optimal water supply (control) during this pe-
riod. After this period, i.e., in the soybean full bloom
stage, the stressed plants were provided optimal watering
(60% TMC) for a seven-day restoration period (Fig. 1).
Nodule samples for analysis were taken in stages: third
trifoliate (V3), beginning flowering (R1), and full bloom
(R2). Plants grown under conditions of optimal water sup-
ply (60% TMC) were used as the control.
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2.4 Plant Growth Experiment in the Field

Soybean sowing was carried out in early May to a
depth of 3—5 cm at a rate of 40 seeds per 1 linear meter,
while the upper sowing layer of soil was heated to 10-15
°C (Fig. 2). Plots were placed randomly. The accounting
area was 5 m?. Repetition was 4-fold. Biometric obser-
vations of the formation of the vegetative mass of plants
were carried out during the vegetation stage. At the third
trifoliate, full bloom, and pod formation stages, plants were
selected to determine the nodulation ability of B. japonicum
(number, mass of nodules, Nitrogen-fixing activity (NFA))
in 10-fold repetitions. Nodule samples for the analysis were
taken in stages: third trifoliate (V3), full bloom (R2), and
pod formation (R4). Plants inoculated with rhizobia with-
out fungicidal seed treatment were used as the control.

2.5 Nitrogen-Fixing Activity

The nitrogen-fixing activity was analyzed using an
Agilent Gas chromatograph (GC) System 6850 gas chro-
matograph (Agilent, Santa Clara, CA, USA) with a flame
ionization detector [18]. Gas separation was carried out on
a column (Supelco Porapak N) at a thermostat temperature
of 55 °C and a detector temperature of 150 °C. The carrier
gas was helium (20 mL/min). The analyzed gas mixture
sample volume was 1 cm3. Total NFA was expressed in
molar units of ethylene formed (umoL CoHy) per plant in
h. The value of the specific NFA was calculated per unit
mass of nodules and expressed in molar units of ethylene
formed per hour (umoL CoH,4/g nodules x h).
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Fig. 2. Schematic representation of the field experiment with soybeans. Data were recorded on the 56th and 72nd days, days after

soybean growth stages: full bloom (R2) and pod formation (R4).

2.6 Nodulation Activity

The amount and mass of the soybean nodules deter-
mined the nodulation activity.

2.7 Lipid Peroxidation

The level of lipid peroxidation (LPO) was determined
by changing the content of its final product, malondialde-
hyde (MDA), as a result of a reaction with thiobarbituric
acid by the Shimadzu UV-1900 scanning two-beam spec-
trophotometer (Shimadzu Corporation. Kyoto, Japan) at A
=532 nm. The degree of non-specific absorption was cal-
culated at A = 600 nm. The results are presented regarding
the number of nmol of MDA per gram of dry mass, using
the molar extinction coefficient of 1.55 x 10 cm™! x M~!
[19].

2.8 Dry Matter Mass

The dry matter mass was determined by drying sam-
ples of aboveground and underground plant parts to a con-
stant value at +105 °C.

2.9 Extraction and Determination of Catalase Activity

To obtain the enzyme extract, a portion of the plant
material was triturated (ratio 1:2) with a cooled 0.5 M Tris
HCI buffer (pH 7.8) containing 5 mM [S-mercaptoethanol
and 0.1% polyvinylpyrrolidone. The supernatant was taken
and assayed for Catalase (CAT) activity (EC 1.11.1.6.) via
the development of a color reaction with ammonium molyb-
date; the concentration was measured by the Shimadzu UV-
1900 scanning two-beam spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) at A = 410 nm [20]. The re-
sults are presented in units of enzyme activity per mg of
total soluble protein per minute.

2.10 Extraction and Determination of Superoxide
Dismutase Activity

The Superoxide Dismutase (SOD) activity in the su-
pernatant (EC 1.15.1.1) was determined by its ability to in-
hibit the photochemical reduction of nitroblue tetrazolium
[21]. The reaction mixture contained 50 mM phosphate
buffer (pH 7.8), 13 mM methionine, 2 pM riboflavin, 63
UM p-nitroblue tetrazolium, 0.1 mM EDTA, and 100 pL
of enzyme extract. The reaction proceeded for 15 min at a
light intensity of 70 umoL quanta/(m? x s) illumination by
fluorescent lamps with a power of 15 W. The optical density
was measured at 560 nm by the Shimadzu UV-1900 scan-
ning two-beam spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). The results are presented in units of enzyme
activity per mg of total soluble protein per minute.

2.11 Total Soluble Protein Measurements

Total soluble protein content was determined using the
Bradford assay [22]. The soluble protein content was mea-
sured using bovine serum albumin based on the standard
curve method.

2.12 Conducting Electrophoresis

The acidic forms of peroxidase were separated by disc
electrophoresis in a 10% polyacrylamide gel in vertical
blocks at 4—6 °C in 0.2 M Tris—glycine (pH 8.3) buffer [23].
Bromophenol blue was used as the leading colorant. To vi-
sualize the peroxidase isoforms, the gel was incubated for
10 min in a cooled 5 mM benzidine solution in Na—acetate
buffer (pH 5.2), washed with distilled water, and incubated
in 0.3% hydrogen peroxide solution until blue coloration
appeared. Electrophoresis was performed in 5-fold repeti-
tion.
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Fig. 3. Malondialdehyde (MDA) content in soybean nodules after fungicide seed treatment and Rhizobium inoculation under

optimal watering—control (green) and drought/restoration (red) conditions. The arrows indicate trends progressing from the third

trifoliate (V3) stage to the beginning flowering (R1) and full bloom (R2) stages. Data compared to the control (optimal watering) are
probable by Tp < 0.05, *Tp < 0.01, TTTp < 0.001. According to the Mann-Whitney U-test, the significance level (p) indicates

statistical significance between control and drought conditions.

2.13 Productivity

The grain harvest was recorded by manual harvesting
and then weighed.

2.14 Statistical Analysis

All statistical analyses were performed using STATIS-
TICA ver. 13.3 software package [24]. The significance
of differences in the physiological parameters was tested,
and the results of the tests are presented in the Figures and
Tables as T + SD (Z =+ standard deviation). The data com-
pared to the control (optimal watering) are probable by Tp
< 0.05, TTp < 0.01, T*Tp < 0.001. A nonparametric
Mann—Whitney U test was used to determine the differ-
ences between two independent groups (control vs. stress).

2.15 Reagents and Equipment

Detailed information about the reagents and equip-
ment used in this study is provided in the supplementary
materials (see Supplementary Table 1).

3. Results

Prolonged drought promoted an increase in MDA in
soybean nodules inoculated with rhizobia without fungi-
cide seed treatment by 126.8% (third trifoliate stage) and by
153.7% (beginning flowering stage), compared to its con-
centration in the control soybeans under optimal watering,
60% TMC (Fig. 3). The use of seed inoculation combined
with fungicide treatment led to a 93.6% increase in MDA
content in soybean nodules under moderate drought con-
ditions in the third trifoliate stage and a 138.5% increase
under prolonged drought in the beginning flowering stage
compared to the control (60% TMC) (Fig. 3).

In the post-stress period, nodule MDA decreased by
24.3% when seeds were treated with both fungicide and in-
oculant. In the variant with rhizobia inoculation without
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fungicide, the MDA concentration was similar to that in
plants unaffected by drought (Fig. 3).

The drought caused an increase in the SOD activity
by 38.2-40.6% in soybean nodules inoculated with rhizo-
bia without fungicide treatment, compared to the activity
of the enzyme in the control variant with optimal watering
(Fig. 4A). An increase in SOD activity was also found in
soybean nodules formed by active rhizobia after seed treat-
ment with a fungicide. Moreover, there was 32.7% higher
enzyme activity under moderate moisture deficit and 16.5%
under long-term stress compared to the control (Fig. 4A).
In the post-stress period, SOD activity in soybean nodules
was 20% higher than the control in both variants exposed
to drought.

At the third trifoliate stage, under moderate stress,
there was no statistically significant difference in the lev-
els of CAT activity in soybean nodules between the experi-
mental variants (Fig. 4B). During prolonged drought in the
beginning flowering stage, an increase in enzyme activity
was observed in the soybean nodules of both experimental
variants. The activity of CAT in soybean nodules increased
by 100.8% under seed inoculation with rhizobia and fungi-
cide treatment and by 90.6% when using seed bacterization
without fungicide, compared to the enzyme activity in soy-
beans under optimal watering (60% TMC) (Fig. 4B). After
restoring watering of the plants, CAT activity was increased
by 22.3% in soybean nodules inoculated with rhizobia, but
without fungicide seed treatment compared to the enzyme
level in soybean nodules not affected by drought (control,
60% TMC) (Fig. 4B). In fungicide- and inoculant-treated
soybeans, the level of CAT activity in nodules was restored
to the optimal level as in the control group.

The study of molecular genetic polymorphisms in en-
zymes is a method used to identify the metabolism speci-
ficity of various plant types. The peroxidase family is char-
acterized by polyfunctionality and high heterogeneity of its
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Fig. 4. Superoxide dismutase (SOD) (4) and catalase (CAT) (B) activity in soybean nodules after fungicide seed treatment and
Rhizobium inoculation under optimal watering—control (green) and drought/restoration (red) conditions. The arrows indicate
trends progressing from the third trifoliate (V3) stage to the beginning flowering (R1) and full bloom (R2) stages. Data compared to
the control (optimal watering) are probable by Tp < 0.05, **p < 0.01, "*+p < 0.001. According to the Mann—Whitney U-test, the
significance level (p) indicates statistical significance between control and drought conditions.

isoenzyme system, and its isoenzymes can be uniquely rep-
resented in different plant genotypes.

Under optimal water supply, no significant differences
in the molecular spectra of peroxidases between the inves-
tigated variants were recorded. However, under the influ-
ence of drought, the electrophoreogram shows a clear in-
crease in peroxidase fractions when the fungicide was ap-
plied without rhizobia inoculation, compared to other vari-
ants (Fig. 5).

During the drought, nodulation processes in soybeans
were inhibited in both experimental variants (Figs. 6,7).
However, after the stress period, the root nodulation pro-
cesses recovered better in the soybean variant treated with
fungicide and inoculated with rhizobia. This is evidenced
by a decrease of 32.7% in the number of nodules on the
roots of the soybeans inoculated with rhizobia without us-
ing fungicide compared to the control. Meanwhile, in soy-
beans under complex treatment with fungicide and rhizobia,
the number of nodules on the roots was consistent with the
control plants (Fig. 6).

As a result of drought, a decrease in NFA was ob-
served in soybean nodules of both experimental variants,
while in the post-stress period, a more intensive recovery
of the nitrogen fixation process to the control level was ob-
served in soybean inoculated with rhizobia and seed treat-

ment with a fungicide. In particular, it was recorded that in
soybeans without fungicidal seed treatment, the NFA value
in nodules was 51.9% lower and 25.6% lower in soybeans
with complex seed treatment with fungicide and rhizobia
compared to the control (Fig. 6). Therefore, the fixation of
molecular nitrogen by nodules was 26.3% more effective in
soybeans under complex fungicide treatment and rhizobia
inoculation.

Field results indicate that fungicide seed treatment
along with rhizobia inoculation led to a 36% reduction in
the number of soybean nodules in the third trifoliate stage
(Fig. 8). Atthe same time, a 28.1% decrease in the levels of
NFA nodules formed by B. japonicum was observed when
the seeds were treated with a fungicide in the field (Fig. 8).
In the full bloom stage of soybeans in the field, there were
no statistically significant differences in the levels of nodu-
lation and nitrogen fixation processes between the investi-
gated variants (Fig. 8). In the pod formation stage, the ac-
tivity of these processes increased in soybeans treated with
fungicide and rhizobial inoculant. This is evidenced by a
26.8% increase in the number of soybean nodules, as well
as a 71.7% improvement in the NFA of nodules when inoc-
ulating seeds with rhizobia and using fungicide treatment
compared to similar indicators in soybean without fungi-
cide application (Fig. 8).
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60% TMC; 13, 14, 15—fungicide, 60% TMC; 16, 17, 18—fungicide + rhizobia, 60% TMC; TMC, total moisture content.
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Fig. 6. Effect of fungicide seed treatment and Rhizobium on soybean nodulation and nitrogen-fixing activity (NFA) in nodules.
The figure shows the total value of the indicators analyzed during the third trifoliolate (V3), beginning flowering (R1), and full bloom
(R2) stages. The data compared to the control (optimal watering) are probable by Tp < 0.05, TTp < 0.01, T7Fp < 0.001; the level
of significance (p) indicates statistical significance between control and drought conditions. Statistical significance according to the
Mann—Whitney U test.

Evaluation of soybean productivity in the field showed 4. Discussion
a 12.9% increase in grain yield in the seeds treated with
fungicide and rhizobial inoculation compared to the variant
without fungicide application (Fig. 9).

Plant adaptations to external factors are a complex re-
sponse involving the perception of the stressor by the plant
organism, the initiation of signal transduction pathways,
and physiological and biochemical changes in the cell that
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Fig. 9. Rhizobium inoculant and seed-applied fungicide effect on soybean productivity in the field.

determine the level of development by the plant organism
[25,26]. At the same time, the pro-oxidant—antioxidant bal-
ance in plant cells is disturbed, leading to increased ROS
production and activation of peroxidation of cell membrane
structures [27]. Activation of the lipoperoxidation process

is one of the primary nonspecific links in the general stress
response of a plant organism, which can initiate the acti-
vation of other defense mechanisms [28]. A significant
amount of information is available on the signaling func-
tions of both ROS and lipoperoxidation products. These are
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considered stress markers and signaling mediators, which
are necessary for developing an adaptive response [16,17].
Antioxidant systems play a decisive role in forming protec-
tive reactions and adapting plants to stress factors, among
which enzymatic complexes are important [27].

The analysis of the results showed that pre-sowing of
fungicide seeds treatment together with rhizobia inocula-
tion under optimal water supply of soybean does not induce
statistically significant changes in the course of lipoperox-
idation processes, the activity of SOD and CAT enzyme
complexes, or the efficiency of molecular nitrogen fixation
by nodules in the conditions of a pot experiment, compared
with soybean pre-sowed without the use of fungicides. This
proves that using such a treatment does not significantly
alter plant metabolism and does not negatively affect the
functioning of the soybean symbiosis under optimal grow-
ing conditions.

Under conditions of drought, the development of an-
tioxidant protection by plants was recorded, as evidenced
by an increase in the activity of key antioxidant enzymes
(SOD and CAT) in soybean nodules inoculated with rhi-
zobia and treated with a fungicide. At the same time,
SOD activity increased more significantly under moderate
drought conditions, while CAT activity did likewise under
prolonged stress.

Therefore, different enzymatic complexes are in-
cluded in the work at various intensities, depending on the
influence of the stress factor, such as drought. An increase
in SOD activity in soybean nodules subjected to moder-
ate dehydration is an apparent consequence of the active
involvement of the enzyme in the disposal of excessive
ROS production in the cells. This could lead to the regula-
tion of the plant’s pro-oxidant—antioxidant status by activat-
ing other antioxidant enzymatic complexes to protect cells
from drought-induced oxidative damage. The long-term ef-
fect of drought was an increase in CAT activity in soybean
nodules inoculated with rhizobia of fungicide-treated seeds,
which could be a consequence of the active involvement of
the enzyme in the disposal of excessive hydrogen perox-
ide production—the product of the SOD reaction. Concur-
rently, an increase in the fractions of the molecular spec-
tra of peroxidases was observed on the electrophoregram
of soybean nodules under drought conditions.

We noted changes in the activity of antioxidant en-
zymes (SOD and CAT) in soybean nodules inoculated with
rhizobia after seed treatment with a fungicide, contributed
to adaptive changes in soybean metabolism under drought
conditions, which in turn induced a slowdown in the devel-
opment of lipoperoxidation processes during stress. This is
evidenced by a lower level of MDA accumulation in nod-
ules formed by rhizobia and treatment of seeds with fungi-
cides, compared to its concentration in soybeans without the
use of fungicides. Apparently, the fungicidal treatment of
seeds, together with the inoculation of active rhizobia, ac-
tivates the antioxidant enzymes SOD and CAT in soybean
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nodules during drought, which contributes to the regulation
of the development of the lipoperoxidation process and the
protection of cells from oxidative damage. Therefore, in
drought conditions, the application of fungicidal treatment
to seeds together with inoculating with active rhizobia does
not negatively affect soybean metabolism but, on the con-
trary, promotes adaptive changes in plant metabolism. As
proof of this, after exposure to drought, a rapid recovery of
the lipoperoxidation process and the activity of antioxidant
enzymes to the control level (optimal water supply) was ob-
served in soybean nodules in the variant with fungicide and
inoculant seed treatment.

It was found that during prolonged drought, both rhi-
zobia nodule activity and NFA in soybean nodules are in-
hibited by the pre-sowing treatment of seeds with a fungi-
cide. However, after exposure to stress (restoration phase),
these indicators were at the control level in the variant
with fungicide and inoculant treatment. This indicates that
the symbiotic apparatus functioning is preserved during
the long-term effects of drought and the post-stress pe-
riod. Therefore, changes in the activity of SOD and CAT
and the intensity of lipid peroxidation in soybean nodules
inoculated with rhizobia during the pre-sowing fungicide
treatment of seeds indicate the development of plant stress-
protective reactions. Subsequently, these contribute to the
adaptive changes in metabolism and the preservation of the
symbiotic apparatus functioning.

The biological ability of soybeans to the symbiotic
type of nutrition, caused by nodule bacteria of the genus
Rhizobium, provides plants with fixed atmospheric nitrogen
in the form of organic compounds during the most neces-
sary period of plant growth and development, which makes
it possible to form stable and environmentally friendly
crops [29]. Ultimately, the yield of agricultural crops, in-
cluding legumes, results from a complex interaction be-
tween the plant’s genetic potential and a complex multitude
of environmental factors [30]. Grain productivity of legu-
minous crops is also determined by symbiotic productivity,
which depends on the efficiency of symbiosis formed with
highly active virulent strains of nodule bacteria [31].

Pre-sowing fungicidal treatment of seeds and inocula-
tion in the field slowed down the nodule formation and ni-
trogen fixation processes in the third trifoliate leaves stage.
However, during the full bloom of soybeans treated with
fungicides, the activity of these processes was restored to
the control level (rhizobia without fungicides). While in
the pod formation stage, when treated with fungicides, there
was an increase in both nodulation processes and the level
of molecular nitrogen fixation by nodules, which was not
observed in soybeans in the field without using fungicides.
This positively affected the effectiveness of the symbiosis
in the field and also led to a 12.9% increase in soybean
productivity when the fungicide was used with the inocu-
lant. In the field, the increase in the mass of the soybean
grains (t/ha) was quite significant, considering the uncon-
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trolled growing conditions, where there is an influence by
a whole complex of factors of different natures.

5. Conclusions

Pre-sowing seeds treatment with fungicide (fludiox-
onil, 25 g/L) and rhizobial inoculant induces the formation
of stress-protective reactions by activating the SOD and
CAT enzymatic complexes and regulating the lipoperoxi-
dation process in soybean nodules, which contributes to the
symbiotic apparatus functioning during drought.

Rhizobium inoculant and seed-applied fungicide (flu-
dioxonil, 25 g/L) effects ensure effective fixation of molec-
ular nitrogen in nodules in the field by extending the pe-
riod of symbiotic apparatus functionality at the reproduc-
tive stage of plant development. This has a positive effect
on the soybean yield in the field.

It has been proven that fungicide application and ac-
tive virulent Rhizobium strains are important for improv-
ing the protective properties and nitrogen-fixing potential
of soybeans during drought. Our research emphasizes the
perspective of such an agroecological approach to growing
soybeans under modern climate changes to obtain ecologi-
cally and economically safe crop products.
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