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enzymes — polyphenol oxidase and guaiacol peroxidase in the early stages of the formation and functioning of various symbiotic
systems Glycine max — Bradyrhizobium japonicum. In the research we used microbiological, physiological, biochemical methods,
gas chromatography and spectrophotometry. The objects of the study were selected symbiotic systems formed with the participation
of soybean (Glycine max (L.) Merr.), Diamond variety, strains Bradyrhizobium japonicum 634b (active, virulent) and 604k (inactive,
highly virulent) and fungicides Maxim XL 035 PS (fludioxonil, 25 g/L, metalaxyl, 10 g/L), and Standak Top (fipronil, 250 g/L,
thiophanate methyl, 225 g/L, piraclostrobin, 25 g/L). Before sowing, the seeds of soybean were treated with solutions of fungicides,
calculated on the basis of one rate of expenditure of the active substance of each preparation indicated by the producer per ton of seed.
One part of the seeds treated with fungicides was inoculated with rhizobium culture for 1 h (the titre of bacteria was 108 cells in
1 ml). The other part of the fungicide-treated seeds was not inoculated by rhizobium culture. As a result of the research, it was
revealed that an effective symbiotic system formed with the participation of soybean plants and the active strain rhizobia 634b is
characterized by a high level of polyphenol oxidase activity and low guaiacol peroxidase in roots and root nodules in the stages of
second and third true leaves. Such changes in the activity of enzymes occurred along with the formation of nodules which actively
fixed the molecular nitrogen of the atmosphere. An ineffective symbiotic system (strain 604k) is characterized by an elevated level of
polyphenol oxidase activity in the roots and guaiacol peroxidase in the root nodules, which is accompanied by activation of the
process of nodulation. Treatment of soybean seeds with fungicides in an effective symbiotic system leads to a change in the activity
of the enzymes of the phenolic metabolism, which induced adaptive changes in plant metabolism and growth of nitrogenase activity
of the root nodules. The recorded changes in the activity of both enzymes for the action of fungicides in the ineffective symbiotic
system can be considered as a kind of response of the plant to the treatment and were observed along with the reduction of the
processes of nodulation into the stage of the third true leaf.
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Introduction

Symbiosis between nodules bacteria and legumes is based on a
complex sequence of morphophysiological changes in partner cells (La-
ranjo et al., 2014; Argawa et al., 2017; McCormick, 2018). The initial
stages of interaction are triggered by a cascade of signals that symbionts
exchange with each other, and are accompanied by a series of molecular
interactions. The primary signal is the specific phenolic compounds, in
particular flavonoids, which are rooted in the rhizosphere and cause che-
motaxis and expression of the nodulation genes in rhizobia. In response,
the bacteria synthesize lipochitooligosaccharides (Nod-factors) that trigger
the development of root nodules (Chang et al., 2009; Desbrosses et al.,
2011; Andrews & Andrews, 2017). It is believed that phenolic com-
pounds act as signal inducers of virulence genes at the moment of interac-
tion between micro and macrosymbionts (Yoruk et al., 2003; Shimizu
etal., 2007). The study of the chemical nature of the signaling compounds
or inductors of the Nod-genes, which are isolated by the roots of the host
plant, was established by their flavonoid nature. In particular, Glycine max
(L.) Merr. — Bradyrhizobium japonicum inducers are isoflavones — dad-
zein and genestein (Kosslak et al., 1987). Oxidation of flavonoids in plants
is mainly catalyzed by polyphenol oxidases (catecholoxidases and lacca-
ses) and peroxidases (Taranto et al., 2017; Panadare & Rathod, 2018).
The activity of these enzymes is induced both during vegetation of plants

and under the influence of environmental stressors, in particular microbial
infections — the so-called "pathogenic attacks" (Araji et al., 2014; Mishra
etal., 2016). The composition of phenolic compounds and their amount in
a plant varies significantly from the moment of infection of legumes, no-
dule formation and aging (Yoruk et al., 2003; Shimizu et al., 2007). It has
been shown that during the growing season of soybean, phenolic com-
pounds accumulate in the tissues, which reaches a maximum during the
plant budding stage (Novikova & Sidorova, 2003; Jemo et al., 2017).
Such data testify to their participation both in the processes of general
metabolism of plants, and those related to nitrogen fixation, in particular.

In recent years, research has been actively conducted to study the
effect of drugs with a fungicidal effect on the effectiveness of legume-
rhizobium symbiosis (Bikrol et al., 2005; Fox et al., 2007; Araujo et al.,
2017; Mikolaevsky et al., 2017; Standish et al., 2018). Scientists note
that one of the important factors for protecting soybean plants from
diseases and pests is seed treatment with seed disinfectants combined
with B. japonicum microsymbontive inoculants, which in tum contribute
to stress resistance and plant productivity (Mikolaevsky et al., 2017).
At the same time, studies have found that drugs with fungicidal activity
cause a disturbance of the regulatory signaling system between the
macro- and microsymbiont, blocking the activity of the nodulation
genes, and decreasing the level of the rhizobial Nod factor (Bikrol et al.,
2005; Fox et al., 2007; Araujo et al., 2017).
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One of the most important aspects of the development of legume-
rhizobium symbiosis is believed to be the macrosymbiont regulation of
the early stages of symbiosis: the introduction of rhizobia in root tissue
and the initiation of the formation of plant-microbial structures — nodule
(Glyanko, 2016; Andrews & Andrews, 2017; Pradhan et al., 2018). Dis-
closure of the formation of protective reactions in the symbiosis of legu-
mes with strains of nodules bacteria is important for finding effective
symbiotic systems that are able to realize their adaptive potential for the
action of stress factors, and the expansion and deepening of research in
this direction involves the improvement of existing and the creation of
new physiological means of regulating their adaptive ability under
stressful conditions.

The aim of the work was to study the effect of complex seed treat-
ment with fungicides and rhizobium culture on the activity of phenolic
metabolism enzymes — polyphenol oxidase and guaiacol peroxidase in
the early stages of the formation and functioning of various symbiotic
systems G. max — B. japonicum.

Materials and methods

The objects of the study are selected symbiotic systems, formed with
participation of soybean (Glycine max (L.) Merr.) Diamond variety,
strains Bradyrhizobium japonicum 634b (active, virulent) and 604k (in-
active, highly virulent) and fungicides Maxim XL 035 PS (fluvidoxonil,
25 g/L, metalaxyl, 10 g/L) and Standak Top (fipronil, 250 g/L, thiopha-
nate methyl, 225 g/L, piraclostrobin, 25 g/L). We used B. japonicum
strains from the museum collection of the Symbiotic Nitrogen Fixation
Department of the Institute of Plant Physiology and Genetics of the Na-
tional Academy of Sciences of Ukraine. Before sowing, soybeans were
treated with solutions of fungicides, calculated on the basis of one rate
of expenditure of the active substance of each preparation indicated by
the producer per ton of seeds.

For research, fungicides were used that differed in the spectrum of
action of active substances. In particular, the active ingredients (fipronil,
thiophanate-methyl, pyraclostrobin), which are part of Standak Top, com-
bine fungicidal and insecticidal action. Each of these substances has a
special mechanism of action, as well as the duration of protective action.
In particular, the action of fipronil consists in blocking gamma-amino-
butyric acid, which regulates the passage of the nerve impulse through
chlorine channels in the membranes of the nerve cells, causing a violati-
on of the function of the nervous system of insects. Pyraclosterobin
interferes with mitochondrial breathing, blocking the transport of elect-
rons, and violates the energy exchange in a fungus cell. Thiophanate-
methyl suppresses the formation of ergosterol, as well as the biosynthe-
sis of nucleic acids in fungal cells (www.demetra-agra.com.ua).

The fungicide Maxim XL contains two active ingredients (fludio-
xonil and metalaxyl), one of which, fludioxonil, is an analogue of a na-
tural antibiotic, is excreted by soil bacteria Pseudomonas pyrocinia,
which inhibit the growth of pathogenic fungi. Influence of substances of
the subclass of triazolintion on the growth and reproduction of the pa-
thogen is associated with a violation of the function of cell membranes
(www.demetra-agra.com.ua).

One part of the seeds treated with fungicides was inoculated with
suspension of rhizobium culture for 1 hour. The culture of thizobium
was grown on solid mannitol — yeast medium for 9 days at 26-28 °C
(the titer of bacteria was 108 cells in 1 ml). The other part of fungicide-
treated seeds was not inoculated by rhizobium culture.

Plants were grown in sand pots in the application of a nutritional
mixture of Gelrigel with 0.25 nitrogen rates from natural light and opti-
mal water supply (60% of full water capacity). For research, soybean
roots were selected in the early stages of ontogenesis — seedling leaves,
primordial leaves, first true leaf, second true leaf, and root nodules in the
stage of third true leaf. The control options were: non-inoculated plants
without fungicide treatment, and plants inoculated with strains 634b and
604k without using fungicide treatment.

The nodulation ability of B. japonicum was determined by counting
the number and mass of root nodules. Nitrogenase activity (acetylene
reduction activity) of intact plants was measured on gas chromatograph
"Agilent GC system 6850" (USA) with flame-ionization detector (Har-

dy, 1968). The separation of gases was carried out on a column (Supelco
Porapak N) at a thermostat temperature of 55 °C and a detector — 150 °C.
The carrier gas was helium (20 ml per 1 minute). The volume of the
analyzed sample of the gas mixture was 1 cm’. As a standard, pure
ethylene (Sigma-Aldrich, No. 536164, USA) was used.

To obtain the enzyme extract, the weight of the plant material (1 : 2)
was homogenized with a cooled 60 mM phosphate buffer (pH 7.5) con-
taining 2 mM ethylenediaminetetraacetic acid, 1 mM phenylmethylsul-
fonyl fluoride, 5 mM B-mercaptoethanol and 1% polyvinylpyrrolidone.
The homogenate was centrifuged at 10,000 rpm for 20 minutes at 4 °C.
The supernatant was used to determine the activity of enzymes using
the Smart Spec Plus spectrophotometer (USA).

Guaiacol peroxidase activity (EC 1.11.1.7) was determined by the
increase in optical density at 470 nm for a minute as a result of oxidation
of guaiacol (extinction coefficient & = 26.6 mmol 'em™) (Egley, 1983).
The reaction mixture contained 60 mM potassium phosphate buffer
(pH 7.0), 0.1 mM ethylenediaminetetraacetic acid, 0.5% guaiacol, 100 mM
hydrogen peroxide. The reaction was initiated by the addition of a su-
pernatant. The results are presented in pmoles of the oxidized guaiacol
on the protein concentration (mg) in the supernatant.

Polyphenol oxidase activity (EC 1.10.3.1) — ascending optical den-
sity at 420 nm for a minute in the presence of pyrocatechin (Kamal
etal,, 2015). The reaction mixture contained 60 mM potassium phos-
phate buffer (pH 7.4), 0.1 mM ethylenediaminetetraacetic acid, 0.05 M
pyrocatechin. The reaction was initiated by the addition a supernatant.
The results are presented in units of activity of the enzyme (U) on the
concentration of protein (mg) in the supernatant. The content of total
soluble protein in the enzyme extract was determined by Bradford (1976).

The results were statistically analyzed in the Statistica 6.0 (Statsoft
Inc., USA) program pack. The tables and figures show the arithmetic
mean values and their standard errors (x + SE). The reliability of the
differences between the samples was evaluated using the single-factor
dispersion analysis ANOVA. Bonferroni pairwise test was carried out
after ANOVA for the determination of significant differences (P < 0.05)
between the means of the values obtained for each groups.

Results

The treatment of soybean seeds with fungicide Maxim XL resulted
in an increase in the activity of guaiacol peroxidase in the roots of
99.8% and 288.2%, respectively in the seedlings and primordial leaves
(Table 1). By the action of the Standak Top, the activity of the enzyme
decreased by 46.8% in the stage of seedlings and increased by 436.9%
in the stage of primordial leaves. In the subsequent stages of ontogenesis
(first and second true leaves), the activity of guaiacol peroxidase was at
the level of untreated plants in both variants using fungicides.

The inoculation of soybean seeds by inactive highly-virulent strain
604k induced slight changes in the activity of guaiacol peroxidase in the
roots in the stages of primordial leaves, the first and second true leaves,
as compared to non-ionoculated plants.

The use of pre-sowing treatment of soybean seeds with Maxim XL
and Standak Top fungicides together with inoculation of the inactive
rhizobia strain 604k caused a significant increase in the activity of gua-
iacol peroxidase in the roots in the stages of seedlings and primordial
leaves and the first true leaf. In the next stages of ontogenesis (first and
second true leaves), the activity of guaiacol peroxidase was fixed at the
level of untreated plants in both variants using fungicides.

The inoculation of soybean seeds with the active rhizobia strain 634b
did not cause changes in the activity of guaiacol peroxidase in soybean
roots during the early stages of vegetation to the second true leaf stage,
when the enzyme activity decreased by 70.4% compared to non-inocu-
lated plants. The treatment of seeds with fungicides together with the
active strain of 634b rhizome led to an increase in the activity of
guaiacol peroxidase in the roots in the primidary leaf stage under the
action of Maxim XL and in the stage of the first true leaf for the action
of the Standak Top, as compared to inoculated plants without processing
with fungicides. In the stage of the second true leaf, the activity of the
enzyme was reduced by the actions of the Standak Top and did not
significantly increase under the actions of Maxim XL.
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Table 1

Influence of fungicides on activities of guaiacol peroxidase in soybean roots inoculated by B. japonicum

(nmol of oxidized guaiacol/mg protein - min, x + SE, n=15)

Stages of ontogenesis
Variants seedlings primordial first second
leaves leaves true leaf true leaf
Non-inoculated plants 8.11+0.56 621+057 2414+1.62 202.12+£2044
Maxim XL 1621+1.13™ 2411+1.68™ 25.12+1.73 322.14+22.55"
Standak Top 4310217 3334+234™ 2815+1.28" 278111571
Strain 634b 722+048" 821+0.62" 24.12+146 8642+5.11™
Maxim XL+ strain 634b 13.14£1.12"% 17.12+£1327# 215+1.17% 95.13+643™%
Standak Top + strain 634b 8430597 12.14+0.84"% 341224177 61.15£424™%
Strain 604x 532+037" 1423+098™ 11.15+0.78™ 380542861
Maxim XL + strain 604k 160241237 3112£2.177 32.124£2237 310.12+£26.64"
Standak Top + strain 604k 8.14+£061" 19.12+1.13™ 35234254 367.12+22.71"

Note: data compared to the control are reliable at ** — P < 0.05, 7 — P < 0.01, 7" P <0.001 (* — relative to the variant without inoculation, * and * — relative to the

variants with inoculation with strains 634b and 604k, respectively).

Table 2
Influence of fungicides on the activities of polyphenol oxidase in soybean roots inoculated by B. japonicum (U/mg protein - min, X + SE, n=5)
. Stages of ontogenesis
Variants - - .

seedlings leaves primordial leaves first true leaf second true leaf
Non-inoculated plants 3.68+022 3.55+025 4.60+027 5324032
Maxim XL 324+0.19 445+026 5.85+035" 561+036
Standak Top 5.82+034" 579+034" 6.14+036" 729+043™
Strain 634b 6.52+045™ 3524021 3.84+023 4714028
Maxim XL + strain 634b 481+£028% 533+034"7 3.80+024 4474026
Standak Top + strain 634b 39140237 495+029"% 746+044" 6.18+037"%
Strain 604k 4714028 4024024 725040 7.71+£048™
Maxim XL + strain 604k 535+032" 4124025 537+032" 411+£032°
Standak Top + strain 604k 825+0.51" 8.11+048" 822+049™ 567+044

Note: see Table 1.

It was established that in plants of non-inoculated soybean, the acti-
vity of polyphenol oxidase in the roots increased by 25.3% and 27.1%
respectively in the stage of primordial leaves and the first true leaf of
seeds pretreated with fungicide Maxim XL (Table 2). In the stage of the
second true leaf, activity of the enzyme was observed at the level of
plants without treatment by fungicides. The Standak Top showed an
increase in the activity of the enzyme during the early stages of ontoge-
nesis. Following soybean inoculation with the inactive rhizobia 604k
strain, the activity of polyphenol oxidase increased in the roots, especially
in the first (57.6%) and second (44.9%) true leaves stages.

Seed treatment by Maxim XL fungicide together with an inoculum
(strain 604k) induced a decrease in enzyme activity in the first and
second true leaf stage by 25.9% and 46.6%, respectively, as compared
to inoculated plants without processing with fungicides. In the variant
with the treatment with Standak Top and an inoculum (strain 604k), an
increase in the activity of polyphenol oxidase in the seedlings (75.1%)
and primordial leaves (101.7%) was recorded. In the stage of the first
true leaf, activity of the enzyme was almost at the level of untreated
plants and decreased to 26.4% in the stage of the second true leaf.

In the symbiotic system formed with the participation of soybeans
and the active strain 634b, the increase in the activity of polyphenol
oxidase in the roots by 77.1% in the stage of seedlings leaves and the
approximation of the activity of the enzyme to the level of non-inocula-
ted plants in the subsequent stages of ontogenesis was revealed.

Seed treatment by fungicide Maxim XL together with an inoculant
634b induced a decrease in the activity of polyphenol oxidase in the
roots in the stage of seedlings leaves (by 26.2%), an increase in the stage
of primordial leaves (by 51.4%), and an approximation of the activity of
the enzyme to inoculated plants in the stages of the first and second true
leaves. Standak Top in combination with inoculum (strain 634b), sho-
wed a decrease in the activity of polyphenol oxidase in the roots in the
stage of the seedlings’ leaves (by 40.1%) and an increase in the activity
of the enzyme in the subsequent stages of ontogenesis.

In the stage of third true leaf, the symbiotic system formed with the
participation of soybean plants and the active strain rhizobia 634b diffe-
red by a low level of guaiacol peroxidase activity in root nodules

(20 times) and a high level of polyphenol oxidase activity (3 times),
compared to plants inoculated with an inactive strain 604k (Table 3).

Table 3

Influence of fungicides on activities of enzymes of phenolic
metabolism in soybean root nodules inoculated by B. japonicum
in stage of the third true leaf (x = SE, n=5)

Guaiacol peroxidase, Polyphenol oxidase, U/

Variants nmol of oxidized . .

. . . mg protein - min

guaiacol/mg protein - min

Strain 634b 32114224 5.66+0.34
Maxim XL + strain 634b 24.13+1.627 435+026"
Standak Top + strain 634b 3516 +2.54 3.65+0227
Strain 604k 780.14+52.44 2.11+0.12
Maxim XL + strain 604k 41023 +21.82° 2.62+0.16
Standak Top + strain 604k 53044 +33.74" 4.82+028"

Note: see Table 1.

Treatment of soybean seeds with fungicides together with the inac-
tive rhizobia strain 604k induced a decrease in the activity of guaiacol
peroxidase in root nodules by 47.4% (Maxim XL) and 32.1% (Standak
Top). At the same time, we did not detect significant changes in the
activity of the enzyme in soybean root nodules inoculated with the
rhizobia 634b active strain for the action of fungicidal preparations.

Pre-treatment of soybean seeds with fungicides, in combination with
inoculation of the inactive strain of thizobium 604k, led to an increase in
the activity of polyphenol oxidase in root nodules, especially in the case
of Standak Top by 128.4%. In plants whose seeds were treated with
fungicides together with the active strain 634b, the decrease in the acti-
vity of polyphenol oxidase in the root nodules by 23.1% (Maxim XL)
and 35.5% (Standak Top) was observed.

In the symbiotic system formed with the participation of soybean
plants and the inactive strain of the rhizobium 604k together with the
treatment of seeds with fungicide Maxim XL we fixed reduction of the
process of nodulation into the stage of third true leaf, as evidenced by a
decrease in the number of root nodules (by 41.2%) and their mass (by
18.0%) (Table 4).
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When seeds were treated with the Standak Top fungicide together
with the 604k inoculum, an increase in the number of root nodules by
35.9% was observed during the stage of the second true leaf, which de-
creased by 29.8% during the stage of third true leaf. At the same time,
the mass of root nodules in this variant of the experiment was almost at
the level of plants without fungicide treatment.

In the symbiotic system formed with soybean and active strain 634b,
the treatment of seeds with fungicide Maxim XL resulted in an increase
in the number of nodules on the plant roots in the stage of the third true
leaf, while the effects of the Standak Top showed an increase in their
number in the stages of second and third true leaves. At the same time,

Table 4
Influence of fungicides on the formation of symbiotic apparatus
of soybeans inoculated by B. japonicum (x £+ SE, n=§)

the mass of root nodules in variants with treatment an inoculum (strain
634b) and fungicides was at the level of inoculated plants.

It was found that pre-treatment of seeds with fungicide Maxim XL
together with an inoculum (strain 634b) contributed to an increase in the
total nitrogenase activity of the root nodules by 39.2-35.7% in the sta-
ges of second and third true leaves, whereas their specific nitrogenase
activity increased by 24.1-38.7% (Fig. 1). Treatment of seeds with fun-
gicide Standak Top together with an inoculum (strain 634b) also resul-
ted in an increase in both the total by 56.8-42.9% and specific (by 46.4—
46.1%) nitrogenase activity of the symbiotic apparatus respectively in
the stages of second and third true leaves.

Stages of ontogenesis
Variants first true leaf second true leaf third true leaf
number, pe. / plant mass, mg / plant number, pc. / plant mass, mg/ plant number, pc. / plant mass, mg / plant
Strain 634b 12.11+0.78 22.12+1.54 1681 +1.17 7123 +4.98 17.62+1.12 191.14+13.35
Maxim XL + strain 634b 1242+0.72 2111+ 1317 1442+ 086 722245117 2424+ 1697 18222+12.737
Standak Top +strain 634b ~ 13.51 £0.82° 21.14+133" 1825+ 1.12% 71424523 1882+ 1.16% 181,16+ 12.64*
Strain 604k 17.33+1.21 32224225 22.88+1.62 52224361 59.62+3.57 13433+943
Maxim XL + strain 604k 1833 +1.28" 33.54+2.15 2921+2.15" 61.56+422" 35.12+£245" 110.12+£8.72°
Standak Top +strain 604k~ 17.61 £1.26 2223+1.23" 31.11+£2.16" 8712571 41.83+2.51" 133.24+£9.31
Note: see Table 1.
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Fig. 1. Influence of fungicides on the total TNA (a) and specific SNA (b) nitrogenase activity of soybean symbiotic apparatus by inoculated
B. japonicum: the colour of the bars in the diagram is filled in according to the variants: white — strain 634b, grey — Maxim XL + strain 634b,
black — Standak Top + strain 634b; stages of ontogenesis: I — the first true leaf, Il —the second true leaf, IIl — the third true leaf (x + SE, n=38);

the data compared with the control (strain 634b) are reliable at*— P < 0.05,7 —P <0.01,7* — P <0.001

Discussion

Phenolic compounds play an important role in legume-rhizobium
symbiosis, since they not only induce the onset of symbiosis as signals —
mediators for the actions of Nod-factors, but also affect the redistribution
of auxin, thus controlling the formation of nodules, and also remain re-
gulators of the physiological state of the symbiotic system as at the
stages of active nitrogen fixation and aging of nodules (Pourcel et al., 2007,
Keet et al., 2017). A study of the activity of polyphenol oxidase in root
nodules suggests a possible connection of the enzyme with the properties
of thizobia virulence. Scientists have found that the activity of polyphe-
nol oxidase in symbiotic systems formed with the participation of highly
virulent mutants was higher compared with the middle virulence mu-
tants (Kots et al., 2010). At the same time, the activity of the enzyme in
soybean root nodules formed by low-virulent mutants had the lowest
level of enzymatic activity.

It was suggested that the high level of peroxidase activity in soy-
beans, inoculated with B. japonicum, indicates a possible change in the
phytohormonal balance of the symbiotic system (Fedorova et al., 1992).
Evidence of the special role of peroxidase in plant metabolism is its
ability not only to carry out auxin oxidative degradation, but also to par-
ticipate in a number of other reactions: photosynthesis, phenolic catabo-
lism (oxidation of flavonoids), cell wall lignification, and general biolo-
gical oxidation processes (Kartashova et al., 2000; Rosa, 2018).

The analysis of the results showed that for the ineffective symbiosis
of soybean plants and inactive strains of 604k, the growth of the activity
of polyphenol oxidase in the roots in the stage of the first and second
true leaves, which was accompanied by activation of the processes of
nodulation at the roots of plants, is characteristic. With the symbiotic
system formed with the participation of soybeans and the active strain of
rhizobia 634b an increased level of polyphenol oxidase in the roots was
noted in the the stages of the seedlings’ leaves, but this pattern was not
continued at the next the stages of ontogenesis. At the same time, no
significant changes in guaiacol peroxidase activity were detected in the
roots of plants inoculated with rhizobia strain 634b during the early
stages of the ontogenesis of soybean to second true leaf stages, when the
activity of the enzyme decreased markedly. Such changes were accom-
panied by the appearance of nodules on the roots, which actively fixed
the molecular nitrogen of the atmosphere.

It was recorded that in the ineffective symbiotic system, application
of seed treatment with fungicides led to an increase in the activity of
guaiacol peroxidase in the roots during the early stages of the vegetation
season of soybeans to the second true leaf. At the same time, the activity
of polyphenol oxidase in the roots decreased in the stage of the second
true leaf. Such changes in the activity of enzymes occurred against the
background of a significant increase in the process of nodulation in the
roots of plants in the stage of the second true leaf in variants with a
common treatment with rhizobia (strain 604k) and fungicides.
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In an effective symbiotic system, the application of seed treatment
with fungicides led to a slight increase in the activity of guaiacol peroxi-
dase in the roots, especially in the stages of seedlings and primordial
leaves, as well as increased activity of polyphenol oxidase by the action
of Standak Top and the absence of significant changes in the activity of
the enzyme under the action of Maxim during soybean growth. This oc-
curred along with an increase in the nitrogenase activity of the symbio-
tic soybean apparatus during the combined treatment of rhizobia and
fungicides. A low level of activity of guaiacol peroxidase and increased
polyphenol oxidase in soybean root nodules inoculated with rhizobium
634b active strain were detected, compared with plants inoculated with
an inactive strain 604k.

When using fungicides in an ineffective symbiotic system, a de-
crease in the activity of guaiacol peroxidase and an increase in polyphe-
nol oxidase in root nodules in the stage of third true leaf was observed,
accompanied by inhibition of nodulation processes in plant roots.

At the same time, in the effective symbiotic system for the action of
fungicides, insignificant changes were observed in the level of guaiacol
peroxidase activity and a decrease in the activity of polyphenol oxidase
in soybean root nodules, which was accompanied by an increase in
nodulation and nitrogen fixation processes.

The discovery of legume-rhizobium interaction mechanisms is as-
sociated with the overcoming of the host plant’s defense systems by
bacteria (Beatty & Good, 2011). It has been proven (Pauly et al., 2006;
Glyanko, 2016) that the main participants in the recognition process of
partners of symbiosis are, on the one hand, rhizobia lipochitooligosac-
charides (Nod-factors), and on the other hand, the receptor-like kinases
(RLK) legumes. Nod-factors are synthesized by rhizobia bacteria as a
result of the expression of nod-genes, which initiate the synthesis of
phenolic compounds secreted by the plant into the rhizosphere. Nod-
factors are perceived by the plant's epidermal cells, on the plasma mem-
brane of which the complex of receptor-like kinases is located. The che-
mical recognition of partners in the early stages of legume-rhizobium
symbiosis leads to the activation of symbiotic pathways in the host plant
associated with infection and bulbous formation (Murray, 2011) and,
apparently, with the suppression of protective systems (Gourion et al.,
2015). This is the first reaction of the host plant to invasion of rhizobia:
the bacterial component in the form of the Nod-factor (MAMP-pattern)
and the plant component in the form of receptor-like kinases, located on
the plasmalemma of the cell (LysM RLK) and intracellular (LRR RLK)
(Ferguson et al., 2010).

It has been proved that when establishing the molecular interaction
between the macro- and microsymbionts, the enhanced generation of
reactive oxygen species occurs as a result of the activation of the host
plant's defense reactions to infection (Glyanko, 2016). Modulation of
the macrosymbiont metabolism (a legume plant) under the influence of
microsymbiont (rthizobia), which is expressed in the accumulation of
reactive oxygen species, indicates a hypersensitive response of plant
cells. This indicates the possible participation of reactive oxygen species
in the regulation of infection processes and nodulation in the interaction
of symbionts. In this case, the macrosymbiote develops a "systemic in-
duced resistance" that manifests itself in non-legume plants when infec-
ted with non-pathogenic microorganisms (Pieterse et al., 1998). Therefore,
it is believed that protective reactions are similar to the initial phases of
the interaction of plants with phytopathogens (Pamiske, 2000; Manchanda
& Garg, 2007; Ivanov et al., 2012). The legume-rhizobium interaction
leads a host plant to local reactions that occur with repression or inducti-
on of defense mechanisms and is accompanied by the generation of re-
active oxygen species, increased activity of oxidative and other enzymes
(peroxidase, catalase, polyphenol oxidase, superoxide dismutase), accu-
mulation of phenolic compounds, and also by increase in the activity of
antioxidant protection, which prevents the destructive action of free ra-
dicals (Pauly et al., 2006; Mittler et al., 2011; Damiani et al., 2016;
Glyanko, 2016; Mittler, 2017).

It is believed that a high level of polyphenol oxidase activity in nit-
rogen-fixing nodules may indicate the similarity of some reactions — the
response of plants to infection by pathogenic microorganisms and rhizo-
bium inoculation (Soto et al., 2006; Pradhan et al., 2018; Shimna &
Thangavel, 2018). However, in the nodules, the result of these reactions

is not the inactivation of the microorganism, but the regulation of its re-
production and metabolic activity in the symbiosomes. In the literature,
the peroxidase reaction is considered as the response to the penetration
of rhizobia into a plant cell (Zhiznevskaya et al., 2001). At the same
time, it is believed that peroxidases can carry enough information about
the physiological state of the plant and serve as a criterion of resistance
to the action of stress factors of biotic and abiotic nature (Chen & Vier-
ling, 2000; Kumar et al., 2017).

Publications of recent years indicate that active research has been
conducted on the use of fungicidal preparations to regulate plant meta-
bolism and increase their stress tolerance to the action of biotic factors
(Dicheng et al., 2018; Standish et al., 2018; Tackenberg et al., 2018).
It has been proven that soybean plants with active symbiotic apparatus
are more resistant to damage from a wide range of diseases, and that a
clear combination of all measures aimed at optimizing the symbiosis
process contributes to the formation of a powerful symbiotic apparatus,
improving the phytosanitary condition of crops, improving soil fertility
and obtaining high soybean yields with better quality indicators (Miko-
laevsky et al., 2017). On the other hand, scientists have shown that
pesticides can affect inhibition of the flavonoid Nod receptor, inducing
the inhibition of the synthesis and secretion of flavonoid substances
produced by the plant, thereby disrupting legume-rhizobium signaling
(Bikrol et al., 2005; Fox et al., 2007; Araujo et al., 2017; Standish et al.,
2018). In addition, it was found that each of the studied chemicals com-
petitively limited the activation of the Nod gene factor, depending on its
concentration and inhibitory action. Aspects of the molecular interaction
of symbiosis partners in the early stages are well known, but an
integrated approach to the use of this knowledge in order to regulate and
improve the processes of nodulation and nitrogen fixation under the
influence of stress factors is still unclear and needs further careful study.

Conclusions

The effective symbiotic system formed with the participation of
soybean plants and the active strain rhizobia 634b is characterized by a
high level of polyphenol oxidase activity and low guaiacol peroxidase
in roots and root nodules in the stages of second and third true leaves.
Such changes in the activity of enzymes occurred along with the forma-
tion of nodules, which actively fixed the molecular nitrogen of the
atmosphere. An ineffective symbiotic system (strain 604k) is characteri-
zed by an elevated level of polyphenol oxidase activity in the roots and
guaiacol peroxidase in the root nodules, which is accompanied by acti-
vation of the process of nodulation. Treatment of soybean seeds with
fungicides in an effective symbiotic system leads to a change in the acti-
vity of the enzymes of the phenolic metabolism, which induced adap-
tive changes in plant metabolism and growth of nitrogenase activity of
the root nodules. The recorded changes in the activity of both enzymes
for the action of fungicides in the ineffective symbiotic system can be
considered as a kind of response of the plant to the treatment and are
observed along with the reduction of the processes of nodulation into
the stage of the third true leaf.
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