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Introduction

Background. With the increase in soybean cultivation areas, inoculants are becoming increasingly sought
after. They are not only compatible with the original preparations for seed treatment of soybean but also
offer the possibility of applying them for several days or even months before sowing into the soil.

Objective. The viability of new strains of nodule bacteria Bradyrhizobium japonicum (strain PC0O7 and strain
B78) was investigated on the surface of soybean seeds treated with fungicides Fever and Maxim XL during
the extended storage of inoculated seeds. Additionally, their ability for nitrogen fixation under symbiotic
conditions was evaluated.

Methods. Cultivation, serial dilution method, determination of bacterial titer of inoculants, quantification of
colony forming units (CFU), gas chromatography.

Results. In laboratory conditions, on the soybean seeds of Almaz and Vasylkivska varieties, the viability of
the nodule bacteria B. japonicum PCO7 and B78, which are more resistant to the active substances of these
fungicides in pure culture, decreased. This reduction was dependent on the storage period, the fungicide used,
and the strain of inoculant. One day after inoculation on the seeds without the use of fungicide, 68.6—75.4%
CFU of the initial number was retained. Seeds treated with the fungicide Fever contained 36.5—38.3% CFU,
and those treated with Maxim XL contained 26.2—27.0% CFU. The use of inoculants based on fungicide-
resistant strains of B. japonicum PCO07 and B78 also provided high cell viability — 2.41—2.8x10° (on the seeds
without treatment), 1.40—1.70x10% (with Fever) and 0.8—1.17x10° (with Maxim XL) CFU/seed after 5 days
of storage. The nitrogen-fixing activity of root nodules in soybean plants of Almaz and Vasylkivska varieties,
whose seeds were treated with Fever, decreased on both varieties by 18.4—22.4% and 32.1—-39.5%,
respectively and for treatment with Maxim XL, the reduction was 24.5—33.7% and 47.7—75.2%, respectively,
during the storage of seeds for 5 and 7 days before sowing, compared to control variants (seeds without
fungicide treatment).

Conclusions. The utilization of fungicide-resistant strains of B. japonicum PC07 and B78 for bacterization of
soybean seeds treated with fungicides Fever and Maxim XL provides a high inoculation titer during 5 days of
storage. Viability of microbial cells on seeds treated with fungicides significantly diminishes during storage for
more than 7—14 days. Insufficient titer of CFU of B. japonicum strains PC07 and B78 on the seed surface
after 14 days of storage can considerably impede the efficacy of biopreparations. Therefore, it is crucial to
seek substances that can enhance the resistance of rhizobia on seeds to the adverse effects of fungicide seed
treatment, ensuring a longer period of their viability.

Keywords: Bradyrhizobium japonicum; viability of rhizobia; seed treatment fungicide; fungicide Fever;
fungicide Maxim XL; soybean seeds.

nitrogen fertilizers, prevents negative environmental
impacts, increases productivity and improves soy-

Soybeans are a classic legume, and modern
cultivation techniques incorporate various elements,
including treatment with chemicals of fungicidal or
insecticidal action and inoculation with nodule
bacteria B. japonicum. The seed treatment conduces
to increase the field germination, to obtain even
seedlings, to reduce the damage of soybean plants
by diseases and pests and, as a result, to obtain a
higher yield [1, 2]. Inoculation of seeds with mi-
crobial preparations reduces the use of high-value

bean grain quality [3, 4]. However, seed treatment
with pesticides, especially fungicides or trace ele-
ments, can rapidly kill the bacteria on the seed,
affecting the functioning and productivity of the
legume-rhizobial symbiosis.

Currently in the world much attention is paid
to the study of the effects fungicides on micro-
organisms which are bioagents of microbial prepa-
rations [5]. Imfelda & Vuilleumierb [6] claims that
fungicides can have different effects on microor-
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ganisms stimulated plant growth. Deshwal et al. [7]
and Ahemad & Khan [8] reported the metabolic
versatility of the genus Bradyrhizobium sp., regar-
ding the utilization of chlorinated aromatics as an
energy source. Mishra ef al. [9] conversely, showed
that exposure to compounds such as benomyl,
carbendazim, and captan reduces the number of
B. japonicum populations by 14—45% while the po-
pulation of phosphate-solubilizing bacteria showed
a slight reduction.

Toxicity of fungicides for nodule bacteria de-
pends on the active substances in their compo-
sition, and is also related to the components
(surfactants, emulsifiers, antiseptics, etc.), which
manufacturers add to the preparations to improve
the technological properties [10—12].

According to literature sources, not all active
substances of fungicides are toxic to various species
and strains of diazotrophs. Gaind ef al. [13] found
that on chickpea seed (Cicer arietinum) treated
with the poison bavistin population Mesorhizobium
ciceri (SP4) and Azotobacter chroococcum (M4) had
a more viable compared to rhizobia on seed treated
with thiram. A greater amount of A. chroococcum
(CBD-15) was isolated from seeds treated with thi-
ram. In laboratory conditions A. chroococcum (W5)
showed better survival on wheat (Triticum aestivum)
seeds in the presence of the fungicide bavistin
compared to thiram and captan. However, all stu-
died strains of diazotrophs showed a decrease in
the viability of the population with long-term
contact with fungicides.

Contact of soybean rhizobia with fludioxonil
on inoculated seeds reduces by more than 25% the
number of survivors bacteria compared to control
48 hours after inoculation. Alginate has been shown
to promote bacterial protection by reducing the in-
hibitory effect of the fungicide Carbendazim and
Fludioxonil to 24 hours of drying. These results
indicate that the use of polymers in bacterial
inoculants is a promising alternative to reduce the
negative effect of fungicides on cell viability. These
results indicate that the use of polymers in bacterial
inoculants is a promising alternative to reduce the
negative effect of fungicides on cell viability [14].

The following information is known about
the effect of other fungicides on the survival of
B. japonicum bacteria on seeds. Fungicides based
on carbendazim, copper oxide, carboxin, thiram,
pencycuron had a small negative effect on the sur-
vival rate of B. japonicum on seeds, as well as soy-
bean yield. Therefore, they are considered compati-
ble with soybean seed inoculation. Revellin ef al. [15]
found that fungicides with the active substances

13

carbendazim + iprodione, metalaxyl, hymexazole re-
duced the number of B. japonicum cells on seeds,
and fungicides based on carbendazim with thiram
and pencycuron did not have a negative effect on
the survival of B. japonicum on treated seeds.

Researchers from Brazil noted a decrease in
the survival of bacteria on seeds due to co-treat-
ment of seeds with fungicides (based on benomyl,
captan, carbendazim, carboxin, difenoconazole, thia-
bendazole, thiram, tolylfluanid) with inoculation of
soybean with active strains Bradyrhizobium sp. The
number of viable rhizobia cells decreased by 62%
in 2 hours and by 95% in a day after seed treat-
ment [16].

Tariq et al. resistance of pea rhizobia to
benzimidazoles was established [17].

In soybean production technology, seeds are
traditionally inoculated in the sowing day or the day
before sowing. With the increase of sown areas
under soybeans there is a need for pre-treatment
with plant protection products (PPP) and treatment
with microbial preparations of seed. It is resulting in
higher demand for inoculants, which are not only
compatible with the original preparations for seed
treatment of soybean, but also ensuring the pro-
longed viability of rhizobium cells on the seed.

Development and improvement of elements
of technologies that ensure the survival of bacteria
on seeds for a long time after inoculation, espe-
cially at the use of chemical synthesis substances is
becoming increasingly important [18—20].

Compounds like polymers and alginate can
enhance bacterial survival, but their effect in the pre-
sence of chemicals is not sufficiently studied [21].
Another (biological) way to prolong the activity of
nodule bacteria on the surface of seeds treated with
fungicides is possible. This involves obtaining and
using strains of inoculants that are insensitive
(tolerant) to PPP, including nitrogen-fixing micro-
organisms, as well as rhizobia with enhanced pro-
duction of biologically active substances, including
exopolysaccharides. Natural polysaccharides serve
as a protective biofilm for bacteria and can en-
hance the resilience of rhizobia to adverse condi-
tions in the external environment. This increases
the shelf life of the microbial preparation and, at
the same time, serves as an adhesive to the surface
of the seed [22, 23]. The use of nodule bacteria
with natural resistance to fungicides has the poten-
tial to minimize the time between seed fungicide
treatment and inoculation. It also ensures a higher
quantity of viable rhizobia on soybean seeds. The
positive effect allows for time and resource savings
during seed preparation.
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In Iast years, Fever and Maxim XL are widely
used among soybean fungicides. They are less toxic
to nodule bacteria [24, 25]. At the same time to
"List of pesticides and agrochemicals approved for
use in Ukraine in 2023" includes many of prepa-
rations that are used to treat soybean seeds in order
to limit the development of phytopathogens and
contain the same active substances as Fever and
Maxim XL. In addition, some of the registered
fungicides are mixed preparations that combine
other compounds with prothioconazole, fludioxonil
or metalaxyl-M [26].

The tolerance of nodule bacteria to fungicides
and their prolonged presence on seeds as inoculants
does not rule out possible negative consequences in
the formation and functioning of symbiosis.

Therefore, the aim of our work was to
investigate the viability of new strains of nodule
bacteria B.japonicum on the surface of soybean
seeds treated with fungicides Fever and Maxim XL,
both with and without the use of chemical PPP
during the prolonged storage of inoculated seeds.
Additionally, we aimed to assess their ability to
nitrogen fixation under symbiotic conditions.

Materials and Methods

The objects of the investigate were strains of
nodule bacteria B. japonicum from the collection of
N,-fixing microorganisms of the Institute of Plant
Physiology and Genetics National Academy of
Sciences of Ukraine, received by the authors of the
article. B. japonicum PCO07 strain — analytically se-
lected, isolated from nodules of Kyivska 27 variety,
which was cultivated for a long time at the agro-
biostation of Pavlo Tychyna Uman State Pedago-
gical University, Ukraine. B.japonicum B78 strain
obtained as a result of intergeneric conjugation be-
tween Escherichia coli S17-1 (pSUP5011::Tn5mob)
and B. japonicum 646. Recombinant strain B78 is a
derivative of the parental (basic) strain B.japoni-
cum 646 (traditional selection). The use of recom-
binant strains resistant to fungicides in pure culture
as model objects is a promising direction in order
to identify the possibility of the combined or
sequential use of recombinant strains of rhizobia
and PPP to increase the productivity of legumi-
nous crops. In pure culture, recombinant strains
show a higher level of resistance to a number of
fungicides, including Fever and Maxim XL compa-
red to the original parental forms and a number of
other investigated strains [24, 25].

Restoration of physiological activity of nodule
bacteria B. japonicum after storage in the museum
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collection, determination of bacterial titer of ino-
culants was carried out by standard microbiological
methods [27].

In the laboratory experiment were performed
with the soybean (Glycine max (L.) Merr.) seeds of
Almaz variety (creator — Poltava State Agrarian
Academy, Ukraine), included in the Register of
plant varieties of Ukraine since 2007 and Vasyl-
kivska variety (at joint selection of The National
Scientific Center Institute of Agriculture of NAAS,
Institute of Plant Physiology and Genetics of NAS
of Ukraine and The Plant Breeding and Genetics
Institute — National Center of Seed and Cultivar
Investigation).

Soybean seeds were sterilized with 70% etha-
nol solution and washed with sterile water before
starting the experiment. It were treated (50 g por-
tions in glass cups) for 60 minutes with fungicides
Maxim XL and Fever, according to the instruc-
tions provided by the manufacturers. Solutions of
fungicides were prepared based on the concentra-
tion of preparations recommended by manufactu-
rers for pre-sowing treatment of soybean seeds.

Maxim XL 035 FS (Syngenta, Switzerland) is
a fungicide of contact and penetrating action
against a wide range of the most common diseases.
Active substances (fludioxonil (25 g/1, phenylpyrrole
class), metalaxyl-M (10 g/1, phenylamide class)
spread in the soil during germination, are adsorbed
by the roots and distributed throughout the plant.
The consumption rate of the preparations for the
treatment of soybean seeds is 1.0 1/t. The use of the
working solution is 10 I/t of seeds.

Fever ("Bayer CropScience AG", Germany) is
a systemic contact fungicide with the active sub-
stance prothioconazole (300 g/l, triazole subclass).
The consumption rate of the preparations for the
treatment of soybean seeds is 0.2—0.41/t. The use
of the working solution is 10 1/t of seeds [24].

Two hours after treatment, soybean seeds
were inoculated with aqueous monosuspensions of
nodule bacteria based on strains of B. japonicum
PCO07 and B78. Bacteria were grown on mannitol-
yeast agar (YMA) for 7 days at 28 °C (YMA g/I:
K,HPO, — 0.5; MgSO,x7H,0 — 0.2; NaCl — 0.1;
mannitol — 10.0; yeast extract — 0.5; agar — 15.0—
17.0; distilled water, sterilized at 1 atm for 30 min,
pH 6.8—7.2). The culture from agar was washed
off with sterile water, a thick suspension (20 ml)
was prepared, which was used to inoculate flasks
(volume — 350 ml). Cultivation was carried out for
6 days at a temperature of 28 °C and constant
aeration of the growing medium. The finished
liquid-phase preparation of nodule bacteria was



Innov Biosyst Bioeng, 2023, vol. 7, no. 4

diluted to the required concentration and inoculated
by them with soybean seeds (per 50 g of seeds —
1 ml of suspension). Inoculated seeds were stored
at room temperature (23 + 2 °C). Bacterial titers of
inoculants were CFU 5.1—5.9x10°/ml.

Samples were analyzed 2 and 4 hours after seed
inoculation and 1, 2, 5, 7, 14, 21, 28, and 35 days
after inoculation. At the appointed time, 10 inocu-
lated seeds were transferred aseptically into a glass
flask containing 100 ml of sterile H,O. The flasks
were shaken in a shaker for 5 minutes. 1 ml of
suspension was taken from each flask and a series
of successive dilutions in sterile water was prepa-
red. The number of colony-forming units (CFU)
on the surface of soybean seeds was determined by
serial dilution [27]. Aliquots of 100 ul (0.1 ml)
from each dilution of each batch were distributed
on yeast mannitol agar plates in Petri dishes and
incubated at 28 +2°C. Colonies (CFU) were
counted after 7 days. The number of bacterial cells
stored on the seeds was determined based on the
average number of colonies of the two dilutions
closest to the counting range. The studies included
an assessment of the survival of bacteria on soy-
bean seeds treated with the fungicides Maxim XL
and Fever and without the use of chemical PPP.
Variants of the experiment, in which soybean seeds
were not treated with fungicides, but only seeds
were inoculated with nodule bacteria B. japonicum
were used the controls.

The dynamics of reducing the viability of
microbial cells was calculated as a percentage of
the number of microorganisms at each subsequent
point of determination to their initial number.

In vegetative experiments, the symbiotic acti-
vity of nodule bacteria B. japonicum PC07 and B78
was studied after their prolonged presence on the
surface of soybean seeds of Almaz and Vasylkivska
varieties. Seeds of soybean, inoculated with nodule
bacteria B.japonicum PC07 and B78 from a labo-
ratory study, were sown in pots filled with substrate
(washed river sand). The soybean seeds were stored
for 5 and 7 days at a temperature of (23 +2°C)
and humidity (60%) before sowing. In each pot,
8 plants were grown under 60% substrate humidity
relative to full saturation, and they were exposed to
natural light. The inner surface of the pots was
sterilized in advance with a 20% H,O, solution. A
mixture of Hellriegel [28] with 0.25 norm of nitro-
gen served as the source of mineral nutrition for
the plants. The experiment was repeated 7 times.

The nitrogen-fixing activity (NFA) of root
nodules was determined using the acetylene method
by Hardy [29] in the stage of three true leaves (on
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the 35th day after the emergence of uniform plant
shoots). Roots with nodules were placed in tightly
sealed glass bottles with a capacity of 75 cm?, where
a 10% concentration of acetylene was created. The
incubation duration was 1 hour. After incubation,
the gas mixture was analyzed using the gas
chromatograph "Agilent Technologies 6850" (USA)
Network GC System with a flame ionization de-
tector. 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.
Nitrogen was used as the carrier gas (50 ml per
1 min). The volume of the analyzed sample of the
gas mixture was 1 cm’. Pure ethylene obtained
from ethyl alcohol and concentrated sulfuric acid
heated to 160°C was used as a standard. The
amount of ethylene formed from acetylene under
the action of nitrogenase in the incubated sample
was expressed in molar units (umol).

Statistical analysis was performed using MS
Excel. The tables show the arithmetic mean values
and their standard errors (x = SE). All differences
were considered significant at P < 0.05.

Results

The selection of strains for the study was
determined by their high symbiotic activity and
efficiency under conditions of vegetative and field
experiments (2015—2020). We previously conducted
studies to determine the resistance of several strains
of nodule bacteria B. japonicum to plant protection
agents using the "agar diffusion method". Both
strains PC07 and B78 in pure culture (in vitro)
were found to be relatively insensitive to the fun-
gicides Fever and Maxim XL [24, 25].

The viability of strains of nodule bacteria
B. japonicum PC07 and B78 on soybean seeds of
Almaz and Vasylkivska varieties was studied depen-
ding on the applied fungicide and the storage period
of inoculated seeds in the laboratory conditions.

Two hours after inoculation on soybean
seeds of the Almaz variety (without fungicide
treatment), the bacterial amount decreased by
18.7% (B. japonicum PC07) and 14.6% (B.japo-
nicum B78) compared to their initial amount on
the seeds (100%). This is indicated by the bacterial
titer of suspensions (aliquots) obtained by rinsing
rhizobia from the seeds. After 2 hours, 81.3%
(4.8x10° CFU/seed) of B. japonicum PCO07 cells and
85.4% (4.1x10° CFU/seed) of B. japonicum B78 cells
remained viable. After the next 2 hours, the number
of rhizobia on seeds decreased by another 6.8%
(B. japonicum PCO07) and 8.3% (B. japonicum B78)
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compared to the result obtained in the previous
determination point (Tables 1, 2).

The period from inoculation until the end of
the first day can be noted as "adaptive" for rhizobia
on the seed surface, as a gradual (slow) decrease in
the amount of microbial cells has been observed. A
short-term "stabilization" of the amount of CFU
during the first day on the surface of soybean seeds
was characteristic only for soy rhizobia that did not
come into contact with fungicides. As a result of
the research, it was determined that after the first
day, the amount of nodule bacteria on the seeds of
the control variant decreased on average by 31.4%
(PC07) and 24.6% (B78). On the soybean seeds of
the Almaz variety, there remained 68.6% (PCO07)
and 75.4% (B78) of CFU, respectively (Table 2).
On the soybean seeds of the Vasylkivska variety,
there were 69.2% (PCO07) and 74.9% (B78).
Therefore, a certain amount of nodule bacteria
B. japonicum PC07 and B78 during the first day,
even under optimal seed storage conditions in the
laboratory, lost viability without contact with arti-
ficially synthesized compounds (Tables 3, 4).

The reduction in the population of B. japonicum
on untreated with PPP seeds (control variants)
after 24 hours of storage with chemical seed treat-
ments is primarily explained by desiccation, accor-
ding to the researchers [30].

According to the results of our research, the
number of CFU on soybean seeds of the Almaz
variety after 5 days was 47.4% (B. japonicum PCO07)
and 53.1% (B. japonicum B78). On the seeds of the
Vasylkivska variety, it was 48.2% (PC07) and 53%
(B78). A rapid decrease in the number of viable
nodule bacteria on soybean seeds (without fungicide
treatment) was observed on the 7th day of storage.
As a result, from the initial number of the rhizobium
strain PC0O7 on soybean seeds of both varieties,
8.5—8.8% remained (4.2-5.2x10° CFU/seed), and on
seeds inoculated with the strain B78, 15.2—15.6%
remained (7.5—7.6x10° CFU/seed) (Tables 1—4). The
number of bacteria left on the seeds after 7 days
was still sufficient for the formation of legume-
rhizobial symbiosis. This is due to the fact that the
initial number of bacteria that entered the seed was
quite significant 4.8x10° and 5.9x10® CFU/seed.

It is known that high-quality rhizobial inocu-
lants should provide no less than 10>—107 bacterial
cells per seed [31]. The high efficiency of symbiosis
was provided by viable rhizobias on granulated seeds
in the amount of 2.47x107/seed for large-seeded
and 1.13x10°/seed for small-seeded legumes [32].

After 14, 21, and 28 days were recorded 1.16%
(69.0x10° CFU), 0.02% (1.2x10° CFU) and 0.005%
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(0.03x10° CFU) viable rhizobia of the B.japonicum
PCO07 strain on soybean seeds without treated with
fungicides, as well as 1.31% (63.0x10° CFU), 0.43%
(2.1x10°* CFU) and 0.013% (0.65x10* CFU) rhizo-
bia of the B. japonicum B78 strain.

At the same time, on the seeds of the
Vasylkivska variety without fungicide treatment,
the indicators of the number of viable rhizobium
cells on the seeds were 1.2% (60.0x10° CFU),
0.025% (12.5x10* CFU), 0.003% (0.15x10*> CFU)
viable rhizobia of the B.japonicum PC07 strain
B. japonicum PCO07, a takox 1.2% (60.0x10° CFU),
0.39% (19.5x10? CFU), 0.015% (7.5x10> CFU) rhi-
zobia of the B. japonicum B78 strain.

On 28th and 35th days, a critically small
number of living rhizobial cells was observed on
seeds inoculated with PC07, in fact, the CFU titer
dropped to null. However, in the aliquot obtained
from the rinsing of seeds of the Almaz and Vasyl-
kivska varieties, inoculated with B.japonicum B78
(see Tables 1, 3) on day 28, 6.5—7.5x10*> CFU were
detected.

The next stage of the research was to deter-
mine the number of viable rhizobia on seeds
treated with fungicides after the specified storage
period. After 2 and 4 hours on seeds treated with
the fungicide Fever, 63.8% and 51.0% CFU of the
PCO07 strain, as well as 61.5% and 55.7% CFU of
the B78 strain, were detected, respectively. On seeds
treated with the fungicide Maxim XL, the indi-
cators were 62.5% and 46.2% for the PCO07 strain,
and 53.3% and 51.1% for the B78 strain, respec-
tively. The number of viable rhizobia on the seeds
of both soybean varieties, after contact with fun-
gicides for 4 hours of seed storage, also decreased
compared to the control (without the use of
chemical PPP).

There was also a decrease in the titer of CFU
rhizobia from the first to the fifth day of seed
storage (in 5 days). On seeds treated with the
fungicide Fever, 30.2% of the PCO07 strain rhizobia
and 32.3% of the B78 strain rhizobia remained.

Under the conditions of contact of nodule
bacteria with the fungicide Maxim XL on Almaz
soybean seeds, the CFU values were 20.0% (PC07)
and 23.3% (B78) of the initial cell number of these
strains (Table 1). On the Vasylkivska soybean seeds
treated with the fungicide Maxim XL after 5 days
of storage, the CFU values were 21.0% (PCO07)
and 22.5% (B78) (Table 4). Thus, no significant
differences in the number of viable rhizobia on
untreated and fungicide-treated soybean seeds were
found over 28 days, depending on the soybean
variety (see Tables 1—4).
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Table 1: Viability of B.japonicum strains (CFU/seed) on the surface of soybean seeds treated with fungicides and without using chemical plant protection products during extended storage in
laboratory (Almaz variety)

Storage time of inoculated seeds

Initial
Option number of " ih days after inoculation
CFU/seed 1 5 7 14 21 28 35
. N (59+024) (48+024) (44+025 (41+021) (2.8+0.15) (52+023) (69.0+3.31) (12.0+0.52) (0.3+0.01) (0.02+0.001)
PCO7 (without fungicide) X106 X106 <106 X106 X106 «10° «10° <102 <107 <107
(47+024) (3.0+0.16) (24+0.12) (1.8+0.08) (1.4+0.07) (0.2+0.01) (10.7+0.46) (2.0+0.12) (0.1 +0.004)
Fever+PC07 X106 X106 %106 %106 %106 <105 «10° <107 X102 0
. (4.0+022) (25+0.13) (1.9+0.08) (1.1+0.05 (0.8+0.04) (0.2+0.01) (0.9+0.05)
Maxim XL+PC07 10 109 109 10 10 103 103 0 0 0
. N (48+028) (41+0.19) (3.7+0.19) (3.6+0.17) (2.6+0.12) (7.5+0.37) (63.0+2.85) (21.0+091) (6.5+0.39) (0.5+0.02)
B78 (without fungicide) X106 %106 %106 %106 %106 «10° «10° <102 <102 <102
Fever+B78 (52+023) (32+0.16) (29+0.12) (1.9+0.10) (1.7+0.08) (0.6+0.03) (24.0+1.02) (10.5+0.60) (5.0+0.23) (0.3+0.01)
%100 x10° x10° %108 %108 x10° x103 x10? x10? x10?
. (45+022) (24+0.12) (1.9+0.08) (1.2+0.06) (1.1+0.06) (0.2+0.01) (1.0+0.04) (0.1+0.005)
Maxim XI+B78 10 109 109 10 10 103 103 x10? 0 0

Table 2: Dynamics of viability reduction (%) the strains of B. japonicum on the surface of soybean seeds treated with fungicides and without using chemical plant protection products during
extended storage (laboratory experiments, Almaz variety)

Storage time of inoculated seeds

Option days after inoculation
2h 4h

1 5 7 14 21 28 35
PCO07 (without fungicide) 81.3 74.5 68.6 47.4 8.8 1.16 0.02 0.005 0
Fever+PC07 63.8 51.0 38.3 30.2 0.42 0.22 0.004 0.0002 0
Maxim XL+PC07 62.5 46.2 26.2 20.0 0.04 0.02 0 0 0
B78 (without fungicide) 85.4 77.1 75.4 53.1 15.6 1.31 0.43 0.013 0.0009
Fever+B78 61.5 55.7 36.5 32.3 1.13 0.46 0.02 0.0096 0.0006

Maxim XL+B78 53.3 51.1 26.6 233 0.51 0.022 0.0002 0 0
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Table 3: Viability of B. japonicum strains (CFU/seed) on the surface of soybean seeds treated with fungicides and without using chemical plant protection products during extended storage in
laboratory (Vasylkivska variety)

Storage time of inoculated seeds

Initial
Option number of 2 h ih days after inoculation
CFU/seed 1 5 7 14 21 28 35
) — (5.0£0.14) (41:022) (37£020) (346£020) (24120.10) (4220.13) (60.022.25) (12.5£022) (0.15%0.01)
PCO7 (without fungicide) X106 X106 %106 <106 <106 %105 <10° %102 <102 0
(52+025) (33+0.15) (27+010) (19009 (1.6£0.06) (02:0.02) (13.0£0.12) (1.6+0.13)
Fever+PC07 X106 X106 X106 X106 X106 «10° <10° %102 0 0
. (30:012) (31£012) (232006) (1352003) (1.05£0.02) (0.17£0.02) (0.090.03)
Maxim XL+PC07 X106 X106 X106 X106 X106 <10° <10° 0 0 0
) — (5.0:020) (43+020) (38+019) (3.7+012) (26+0.18) (7.6:030) (60.0£35) (195:0.10) (7.52030) (0.4=0.01)
B78 (without fungicide) X106 X106 X106 X106 X106 <105 X10° %102 <102 %102
Fevert B78 (49:024) (33:0.13) (27+010) (1.9+0.14) (1.6£0.06) (0.6+0.02) (223+1.12) (156+080) (4.4%0.20) .
© %108 %108 %108 %100 %108 %103 x103 x10? x10?
) (52:020) (28+0.10) (272005 (142004 (1.17£0.08) (03:001) (1.3£0.03) (0.1%0.005)
Maxim XL+B78 X106 X106 X106 <106 X106 «10° «10° X102 0 0

Table 4: Dynamics of viability reduction (%) the strains of B. japonicum on the surface of soybean seeds treated with fungicides and without using chemical plant protection products during
extended storage (laboratory experiments, Vasylkivska variety)

Storage time of inoculated seeds

Option days after inoculation
2h 4 h

1 5 7 14 21 28 35
PC07 (without fungicide) 82.0 74.2 69.2 48.2 8.5 1.2 0.025 0.003 0
Fever+PC07 64.0 51.5 37.8 31.0 0,04 0.25 0.03 0 0
Maxim XL+PC07 61.8 45.9 27.0 21.0 0.035 0.019 0 0 0
B78 (without fungicide) 86.0 76.5 74.9 53.0 15.2 1.2 0.39 0.015 0.0008
Fever+B78 63.4 56.0 37.0 32.5 1.2 0.44 0.018 0.008 0

Maxim XL+B78 54.0 52.2 27.0 22.5 0.6 0.02 0.0002 0 0
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In our opinion, the "effectiveness" of their
contact with fungicides on seeds after 5 days of
complex pre-sowing treatment (fungicide + bio-pre-
paration) can be characterized as a "prolonged
survival period" due to the physiological features of
these microsymbionts.

After 7 days of storage there was a sharp de-
cline in the survival of rhizobia. The number of
CFU PCO07 strain on seeds treated with Fever de-
creased 26 times, and B78 strain in 12.7 times
compared to the number of cells on seeds without
the use of fungicides. At the same time, on the
seeds of the treated Fever were kept 20 000 (PC07)
and 59 000 microbial cells/seed (B78).

On seeds treated with Maxim XL, the number
of rhizobia PCO07 strain after 7 days was non-
competitive and insufficient for the effective for-
mation of legume-rhizobial symbiosis. Under simi-
lar conditions, nodule bacteria B. japonicum B78
proved to be more viable (the number of CFU was
23 000/seed).

A similar trend of decreasing viable rhizobia
cell number is observed in the soybean seeds of the
Vasylkivska variety. The soybean seeds of the Almaz
and Vasylkivska varieties, treated with the fungicide
Maxim XL and inoculated with the rhizobia strains
PCO07 and B78, are not advisable for use as plan-
ting material after 14 days of storage due to insuf-
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ficient CFU for the formation of an effective
legume-rhizobial symbiosis (see Tables 1—4).

In the conditions of a vegetation study, the
symbiotic activity of the nodule bacteria was
determined after 5 and 7 days of storage of soy-
bean seeds (Almaz and Vasylkivska varieties), trea-
ted with fungicides and inoculated with the strains
B. japonicum PCO07 and B. japonicum B78.

It has been established that fungicide-resistant
nodule bacteria PC07 and B78, which remained on
soybean seeds and retained viability, preserved their
functional activity. Symbiotic organs (nodules) for-
med on the roots of soybean plants of both varieties
with their participation. The intensity of nitrogen-
fixing activity of soybeans is presented in Table 5.

The nitrogen-fixing activity of root nodules
in soybean plants of the Almaz and Vasylkivska
varieties, whose seeds were treated with Fever
+ B. japonicum PCO07, decreased on both varieties
by 21.7-22.4% and 36.0—39.5% for seed storage,
respectively, 5 and 7 days before sowing, compared
to the control variant (seeds without fungicide
treatment). Under similar conditions, the use of
Fever + B. japonicum B78 on both soybean varieties
resulted in a smaller reduction in nitrogen fixation
indicators in soybean root nodules, specifically by
18.4—20.0% and 32.1—34.6%, depending on the
seed storage period.

Table 5: The nitrogen-fixing activity (NFA) of soybean root nodules (umol C,H,/(plant-hour)) formed with the participation of
B. japonicum strains after seed storage in laboratory conditions (at a temperature of 23 +2°C) (the stage of three true leaves,

vegetative experiment)

Almaz variety

Vasylkivska variety

Storage time of inoculated seeds

days after inoculation

Option
5 7 5 7
NFA % A*, % NFA % A*, % | NFA % A*,% NFA % A*, %
PC07
Fever+ PC07 ;6?37 78,3 21,7 J_rO.OE.;(())4 65,0 36,0 ;587 77,6 224 i()d§063 60,5 39,5
XLabcy  soos 063 BT gy 252 TS| g 6L 329 gp us 752
Fever+ B78 il(')?gg 81,6 18,4 io(')?(}3 67,9 32,1 J_rl(.)é(‘)‘g 80,0 20,0 io(')?gz 65,4 34,6

Note. A* — decrease in NFA (%) relative to the control.
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The most significant reduction in nitrogen-
fixing activity compared to all other experimental
variants was observed due to the combined applica-
tion of Maxim XL + B. japonicum PCO07. Nitrogen-
fixing activity of soybean root nodules in both
varieties lagged behind the indicators of the control
variant by 32.9—33.8% and 74.8—75.2% during the
storage of treated seeds for 5 and 7 days before
sowing, respectively.

Other results were observed in the variant
with the treatment of soybean seeds Maxim XL
+ B. japonicum B78 compared to using Maxim XL
+ PCO07. The decrease in nitrogenase activity in sym-
biosis with both varieties was 24.5—26.8% (5 days
of seed storage before sowing) and 41.8—47.7%
(7 days of storage of treated seeds) compared to
control variants.

Discussion

The study of the viability of new strains of
nodule bacteria B. japonicum on soybean seeds after
treatment with modern fungicides during prolonged
storage is extremely relevant.

Currently, there is a wide range of pesticides,
including fungicides [26]. Among them, Fever and
Maxim XL fungicides are quite common and widely
used plant protection agents in modern Ukraine.
Many new fungicidal preparations for use in agri-
cultural crop cultivation technologies also utilize
the traditional active substance fludioxonil (active
substance in Maxim XL) and prothioconazole, a sub-
class of triazolinthiones (active substance in Fever).

At the same time, there is limited information
in the literature regarding the impact of these
fungicides on nodule bacteria on seeds when they
come into direct contact.

We deemed it worthwhile to study the impact
of the fungicides Maxim XL and Fever on the
viability of the new strains B. japonicum PCO07 and
B78, which were selected by us for their agronomi-
cally valuable symbiotic and cultural properties.

Based on our conducted research, it was
determined that the survival rate of the nodule
bacteria from both strains on seeds treated with
Fever was somewhat higher compared to the
application of the Maxim XL preparation. However,
it was lower than on seeds in the control variant
(without treatment with chemical PPP). It is pos-
sible that this is associated with the greater toxicity
of the components of Maxim XL. The results of
artificial modeling of the effects of Maxim XL and
Fever on these rhizobial strains confirm this
assumption.
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In laboratory conditions, it was demonstrated
that growth inhibition zones around the "well"
containing 1 production norm of Fever are absent,
and strains PC07 and B78 are assessed as insen-
sitive to this fungicide. With the use of 2 produc-
tion norms of the fungicide, the inhibition zone
around the "wells" for strain PC07 was 7.9 mm,
and for strain B78, it was 9.0 mm. Therefore, the
strains were identified as having low sensitivity to
Maxim XL [24, 25].

Araujo et al. [35] and Hungria et al. [36] assert
that the toxicity of pesticides against nitrogen-
fixing microorganisms can be more pronounced
when seeds are inoculated prematurely, allowing
Bradyrhizobium cells to be in contact with treated
soybean seeds for several days, weeks, or even
months. Seeds inoculated with B. elkanii SEMIA 587
and treated with Standak Top (containing substan-
ces with fungicidal action: pyraclostrobin, thiofanate-
methyl, and the insecticide fipronil) showed almost
no viable microbial cells after 15 days.

Martyniuk [37] notes that soybean seeds and
seeds of other agricultural crops, treated with fun-
gicides and inoculated with rhizobial inoculants,
should be planted as soon as possible after bacteri-
zation. The author suggests that this would help
prevent possible toxic effects of chemical fungi-
cides on the rhizobia.

Researchers did not find significant differences
in the number of CFU of B. japonicum on soybean
seeds treated with fungicides compared to untreated
seeds (control) two hours after inoculation [38].
After storing the seeds for 24 hours, the number of
microbial cells of B.japonicum was significantly
lower compared to seeds analyzed later after
inoculation. After 24 hours, the fungicide-treated
seeds had fewer live cells of B. japonicum compared
to untreated seeds. The authors suggested that the
fungicide containing carboxin (20%) and thiram
(20%) is more toxic to soybean rhizobia compared
to the biofungicide, which primarily consists of tea
tree oil (23.8%) [38].

The dynamics of the decrease in the number
of viable cells of nitrogen-fixing microorganisms
depend on environmental conditions and vary
among species and strains of rhizobia [39]. The
crucial parameter capable of influencing the sur-
vival of rhizobia on treated legume seeds is mois-
ture. This indicator requires particular attention
under conditions of prolonged storage of inocu-
lated seeds [18]. However, in this study, the main
factors affecting the series of parameters we inves-
tigated were fungicides with different compositions,
genotypes of microsymbionts, and the duration of
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storage of treated seeds before sowing, while main-
taining a constant moisture level. Further explo-
ration involves the possibility of conducting a series
of experiments involving the selection and combi-
nation of different storage conditions (moisture,
temperature) for inoculated seeds, and studying the
viability of rhizobia in the presence of fungicides.
Sartori et al. [40] demonstrated that pre-inocula-
tion of soybean seeds for 30 days can negatively
impact the recovery of CFU of B.elkanii, bio-
logical nitrogen fixation, plant growth, and the
mass of thousands of grains. The only pesticide
seed treatment that was similar to the untreated
control in both greenhouse and field experiments
was a combination of pyraclostrobin + thiophanate-
methyl + fipronil, while the other two were negative
for one or more variables. Survival rates are influ-
enced by the initial condition of cells in the ino-
culant, their quantity, age, purity, strain, and type
of inoculant [41, 42].

Sandini et al. [43] indicated that some com-
binations of fungicides and insecticides may adver-
sely affect the physiological quality of seeds stored
for up to 51 days before sowing, but none of them
questioned the formation of nodules involving
B. elkanii and soybean yield in field conditions.

So, the researchers emphasize the crucial
measures for successfully addressing the issue of
symbiotic binding of atmospheric nitrogen and
creating a productive legume-rhizobial symbiosis.
It's important to select inoculant-strains with a
high degree of tolerance to PPP and adverse envi-
ronmental factors. The inoculants should have a
high bacterial titer (number of CFU/mL of the
microbial preparation). The number of viable rhi-
zobial cells on untreated seeds and those treated
with artificially synthesized compounds should be
sufficient for optimal root infection of plants.

It's crucial to search for substances that would
enhance the resistance of rhizobia on seeds to the
negative effects of fungicides and provide a longer
period of their viability. This could contribute to
more effective and sustained symbiotic relation-
ships with the plants.

Conclusions

Based on our conducted research, it is neces-
sary to highlight the positive results. Inoculation of
soybean seeds with fungicide-resistant B. japonicum
strains PC07 and B78 under stressful conditions
(fungicides, prolonged seed storage, laboratory seed
storage conditions) proved to be successful. Since,
under the defined conditions, rhizobia cells maintai-
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ned viability on soybean seeds for an extended pe-
riod. At the same time, no synthetic chemicals were
applied to enhance the survival of rhizobia [18—20].

In laboratory conditions at 23 + 2 °C, the via-
bility of nodule bacteria B. japonicum strains PC07
and B78 on soybean seeds gradually decreased. It
depended on the seed storage period, the fungicide
used, and the inoculant strain. The authors found
that the reduction in the number of viable cells of
nodule bacteria on soybean seeds does not depend
on the soybean variety used. Since the number of
CFU in the aliquot wash from the seeds of Almaz
and Vasylkivska soybean varieties did not exhibit
significant differences.

The high viability of B. japonicum strains PCO7
and B78 on soybean seeds treated with fungicides
is observed for 5 days without the use of auxiliary
substances with the function of protecting cells
from negative factors. Under the defined conditi-
ons of the laboratory study, storing seeds for more
than 7—14 days provokes a rapid decrease in the
number of viable microbial cells on the seed
surface.

By using the initial inoculation bacterial titer
(CFU 5.1-5.9x10°/ml) for seed bacterization treated
with fungicides, the rhizobial cells that remained
viable on the seeds after 5—7 days were functio-
nally active.

Under the conditions of symbiosis with the
new strains of rhizobia, nitrogen-fixing activity of
the root nodules was determined in the stage of the
formation of the three true leaves. In the future, it
would be worthwhile to investigate the effectiveness
of symbiosis, particularly in terms of soybean seed
yield. It is worth analyzing the dependence of the
survival of rhizobial cells on seed from external
influencing factors (humidity, temperature) during
prolonged storage of treated seeds (fungicide + rhi-
zobia).

Research on new fungicide-resistant strains of
B. japonicum as the bacterial basis for preparations
on solid carriers appears promising. This could aim
to increase the number of viable rhizobia cells on
seeds during prolonged seed storage before plan-
ting. To reduce fungicidal stress on rhizobia and
prevent rapid drying of the inoculant on the seed
surface, one can try adding natural substances to
the inoculant.
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H.A. Bopo6e|7|1, K.IM. KyKonl, C.A Koup', M.M. I'IyXTaeBMql, B.NM. Matuka®

"HeTuTyT dhisionorii pocnvH i reHeTvkm HAH Ykpaikn, Kuis, Ykpaina
2IHCT|/|TyT mikpo6ionorii i Bipyconorii im. [1.K. 3a6onotHoro HAH Ykpainu, Kuis, YkpaiHa

XUTTE3OATHICTb BYNbBEOYKOBUX BAKTEPIA BRADYRHIZOBIUM JAPONICUM HA HACIHHI COI,
NPOTPYEHOMY ®YHIIUMOAMU, NMPU OOBrOTPUBAJIOMY 3BEPITAHHI

Mpo6nemartuka. 3i 36inbWeEHHAM NOCIBHMX MNIoLW, Mig coeto Bce binblue cTaTb 3aTpebyBaHNMU iHOKYNAHTU, He TiMbKW CYMICHI 3
opuWriHanbHUMKU NPOTPYMHUKaAMM HaCiHHSA COi, ane N 3 MOXNMBICTIO HaHeceHHs GionpenapaTy 3a Kinbka OHIB abo HaBiTb MicALiB A0
NnociBy B I'PYHT.

Merta. [locnianTtn XnTTe3aaTHICTb HOBUX LWTaMiB OynbboyukoBux 6akTepinn Bradyrhizobium japonicum (wrtamn PCO7 i B78) Ha noBepxHi
HaciHHs coi, obpobneHoro dyHriungammu desep i Makcum XL, npoTsrom TpuBanoro 36epiraHHs iHOKYNbOBAHOrO HAaCiHHSA, a TaKoX
oUiHUTK iX 3aaTHICTb o dikcauii N, 3a ymoB cumbiosy.
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Metopuka peanisauii. KynbTuByBaHHS, MeTOA CepiiHOTO PO3BEeAEHHS, BU3HAYEeHHS OakTepianbHOro TUTPY iHOKYMSAHTIB, KiNbKOCTI
KOMoHieyTBOpIOBanbHMX oguHuub (KYO), razoBa xpomatorpadisi.

Pe3ynbTatn. Y nabopaTopHux ymoBax Ha HaciHHi coi copTiB AnmMa3 i BacunbkiBcbka xuTTe3gaTHiCTb OynbboukoBux OakTepin
B. japonicum PCO07 i B78, aki y YucTiii KynbTypi € 6inblu CTINKMMK [0 Ail0Y4NX PEYOBUH 3a3HAaYeHVX NPOTPYMHMKIB, 3MEHLLyBanacs
i 3anexana Big TepMiHy 36epiraHHs HaCiHHSl, BUKOPUCTAHOro YHriuuay Ta LTamy-iHoKynsHTy. Yepe3 1 oy nicns iHokynsauii Ha
HaciHHi 6e3 3acToCyBaHHSA NPOTPYMHWMKIB BUsBNeHo 68,6—75,4 % KYO Big noyaTkoBoi KinbkocTi. Ha HaciHHi, 06pobneHomy dyHriumaom
deBep, — 36,5-38,3%, yHriumaom Makcum XL — 26,2-27,0% KYO. Micns 5-tn gi6 36epiraHHA HaCiHHA KiNbKiCTb NOMNynsuin KNiTuH
popisHioBana 2,41-2,8x10° (HenpoTpyeHe HaciHHs), 1,4—1,70x10° (npoTpyeHe deBepom (mpotiokoHason, 300 r/n)) Ta 0,8—1,17x10°
(npotpyeHe Makcumom XL (dnyagiokcorin, 25 r/n, metanakcun-M, 10 r/nm)) KYO/HaciHuHy. A3oTdikcyBanbHa akTMBHICTb KOPEHEBUX
6ynbbo4ok pocnuH coi copTiB Anmas i BacunbkiBcbka, HaciHHA Skux 6yrno obpobneHe Pesepom, 3meHwwmnaca Ha 060x copTax Ha
18,4-22,4 i 32,1-39,5 %, a 3a 06pobkn Makcumom XL — Ha 24,5-33,7 i 47,7-75,2 % 3a 36epiraHHs HaciHHs BignosigHo 5 i 7 gi6 oo
nociBy NOPIBHAHO 3 KOHTPOSIbHUMM BapiaHTaMu (HaciHHA 6e3 06pobku yHriunaamn).

BucHoBku. 3actocyBaHHS yHriumMaocTiikmx wTtamis B. japonicum PCO7 i B78 gna 6akTepwmsadii HaciHHS coi, obpobneHoro npe-
napatamu ®esep i Makcum XL, 3abe3neyye BUCOKWIA iHOKYNSILiNHWIA TUTP npoTarom 5-Tu Ai6 36epiraHHs HaciHHA. XKuTTesgaTtHicTb
HakTepianbHUX KMITMH Ha NPOTPYEHOMY HACiHHI ICTOTHO 3MEHLUYETLCA Npu oro 3bepiraHHi noHad 7—14 pi6. HepgoctatHin Tntp KYO
wramiB B. japonicum PCO07 i B78 Ha noBepxHi HaciHHs nicnsa 14-Tu ai6 oro 36epiraHHa Moxe 3MEeHWNTN eheKTUBHICTb 3aCTOCYBaHHSA
GionpenapaTiB. AKTyarnbHUM € MOLUYK PeYOBMWH, siki 6 Cnpusinu NiaBWLLEHHIO CTIAKOCTI pM306ili Ha HacCiHHI A0 HeraTMBHOrO BNIUBY
NpoTpYWMHUKIB i 3abe3nedyBanu 6 TpuBaniwnin TEPMIH iX XXUTTE3AATHOCTI.

KnrouoBi cnoBa: Bradyrhizobium japonicum; xuttesgaTtHicTe pu3o6iii; NpoTpyriHMK dyHriumaHoi Aii; dyHriung ®esep; dyHriuna
Makcum XL; HaciHHs coi.



