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PHENYLALANINE AMMONIA-LYASE ENZYME
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AND VIRULATION STRAIN AND TREATMENT
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Phenylalanine ammonia-lyase (PAL) is a key enzyme of the phenylpropanoid pathway and provides
precursors for the synthesis of many secondary metabolites, which are necessary for the development and
protection of plants from external factors of various natures, in particular plays an important role in the
formation and development of their symbiosis with microorganisms. Aim. To study the activity of PAL in
soybean plants in the early stages of legume-rhizobial symbiosis under the influence of seed inoculation
with Bradyrhizobium japonicum strains with different symbiotic properties on the background of fungicide
treatment. Methods. Microbiology (bacterial culture growing, seeds inoculation), physiological (pot
experiment), biochemical (determining the PAL enzyme activity). Results. Inoculation of soybean seeds
with active virulent rhizobia induces a significant decrease in PAL activity in the roots at the primordial
leaf stage and a significant increase in its activity level at the first true leaf stage, compared to inactive
symbiosis. At the stage of third true leaf, the activity of PAL increased more significantly in soybean root
nodules formed by inactive rhizobia, compared to active symbiosis. However, at the stage of third true
leaves, the activity of PAL in soybean root nodules formed by inactive rhizobia increased significantly
compared to active symbiosis. The use of fungicides for pre-sowing treatment of soybean seeds induces
changes in the level of PAL activity in roots and nodules, which do not affect the overall dynamics of
enzyme activity in different effective symbiotic systems Glycine max-Bradyrhizobium japonicum.
Conclusions. The activity of PAL in the roots and especially in the root nodules of soybeans in the early
stage of plant development in the case of fungicides using and bacterization is primarily due to the action
of the inoculation factor, and is determined by the symbiotic properties of rhizobia strains, in particular,
their virulence and nitrogen fixation activity.

Keywords: soybean (Glycine max (L.) Merr.), nodule bacteria, symbiotic system, virulence, nitrogen
fixation activity, strain, Maxim XL, Standak Top.

The formation of protective reactions of le-
gumes to the invasion of rhizobia has significant
similarities with pathogenic pathways [1]. There
is a cross-interaction between the transduction
pathways of ethylene, jasmonic and salicylic acids,
which modulates the response of plants to infection
and leads to the formation of systemically acquired
resistance [2].

Phenylalanine ammonium lyase (PAL) (EC
4.3.1.5) is a key enzyme in the response of plants
to biotic stress, including rhizobacteria-induced
systemic resistance (ISR) [3]. It has been shown
that PAL gene expression is activated by the
ethylene/jasmonate signaling pathway, which
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leads to the development of ISR. Gene expression
and PAL enzyme activity can be considered
as markers of this protective reaction [4]. This
enzyme is important in the biosynthesis of a wide
range of secondary metabolites: polyphenols,
phenylpropanoids, lignin monomers, salicylic
acid (SA) and other compounds that are necessary
for plant development and their protection from
external factors [5]. Although the biochemical
function of PAL is well established, the functional
significance of its genes in symbiotic processes has
not been sufficiently studied.

It has been proven that the PAL gene in Lotus
japonicus (LjPAL1) plays a different role in the
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establishment of symbiosis with Mesorhizobium
loti, influencing the development of rhizobial
infection and nodules structure by modifying the
lignin content, as well as regulating the endogenous
biosynthesis of SA and modulating SA-dependent
signaling [6]. Transgenic plants overexpressing
the LjPAL1 gene (LjPAL1-OE) showed a delay in
the infection process and a decrease in the number
of infection threads and nodules after M. /oti
inoculation. Conversely, in plants with inhibition of
the LjPAL1 (LjPAL1i) gene function, an increase
in the number of infectious threads and nodules,
as well as the induced regulation of nodulin gene
expression after M. /oti infection occurs [7].
Compared to wild-type, LJENOD40 and LjNIN
nodulin gene transcripts were more abundant in
rhizobia-infected roots of LjPAL11 plants and fewer
in LjPAL1-OE lines [7]. These results indicate
that LjPAL1 may act as a regulator of rhizobial
infection in symbiosis with legumes.

It is investigated that the activity of PAL in most
cases is associated with the content of phenolic
compounds and lignin, which play an important
role in inducing resistance of plants to stress factors
[8]. Thus, with the use of specific inhibitors of this
enzyme in plants, inhibition of the formation of
phenols and lignin precursors has been shown,
which has led to increased phytopathogenic
damage to plants, even genetically resistant forms
[9]. Therefore, it is believed that this enzyme may
serve as a marker of induced resistance to plant
diseases caused by phytopathogens.

Phenolic compounds act as signaling com-
pounds or inducers of virulence genes at the time
of interaction of micro- and macrosymbionts in
the formation of legume-rhizobial symbiosis [10].
They play an important role in legume-rhizobial
symbiosis, as they not only induce the onset of
symbiosis, but can also act as signals — mediators
of Nod-factors on the redistribution of auxin and
thus be regulators of the physiological state of the
symbiotic system and control the formation of
nodules, as in the stages active nitrogen fixation
and aging [11].

Studies have now shown that drugs with
fungicidal activity disrupt the regulatory signaling
system between macro- and microsymbionts by
blocking the activity of nodulation genes and
reducing the level of rhizobial Nod-factor [12]. It
is known that legumes with an active symbiotic
apparatus are resistant to a wide range of diseases,
and a clear combination of all measures aimed at
optimizing the process of symbiosis contributes
to the realization of their productive potential
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[13]. Active research is being conducted on the
possibility of using fungicides to regulate the
metabolism of legumes in symbiosis with nodule
bacteria and increase the tolerance of the formed
symbiotic systems to the action of biotic factors
[12,13].

The study of the functioning of PAL in the
early stages of legume-rhizobial interaction is of
theoretical importance to establish its participation
in the induction of protective reactions of legume
plants in response to inoculation of rhizobia with
different symbiotic properties under appropriate
growing conditions. And conducting such
studies in combination with the formation of the
symbiotic apparatus in legumes using fungicide
seed treatment will be important in practice to find
effective symbiotic systems that will be able to
maximize the symbiotic potential and at the same
time have high tolerance to external factors.

The aim was to study the activity of PAL in
soybean plants in the early stages of legume-
rhizobial symbiosis under the influence of seed
inoculation with different symbiotic properties
of Bradyrhizobium japonicum strains on the
background of fungicide treatment.

Materials and method. The objects of study
were symbiotic systems formed with the par-
ticipation of soybean plants (Glycine max (L.)
Merr.) Almaz cultivar, strains of B. japonicum —
634b (active, virulent) and 604k (inactive, highly
virulent) fungicides Maxim XL 035 PS (Syngenta,
Switzerland) and Standak Top (BASF, Germany).
We used B. japonicum strains from the museum
collection of symbiotic nitrogen fixation department
of the Institute of Plant Physiology and Genetics of
the NAS of Ukraine.

Inactive highly virulent strain B. japonicum
604k is a mutant that has lost the ability to efficient
symbiosis. It is isolated from the nodule during
the straining of strain 604k through its plants in
the zone of high radiation — «cesium spot» [14].
The active virulent strain of B. japonicum 634b
was isolated from soybean nodules by analytical
selection [a.s. USSR No. 922104, 1982].

Almaz soybean cultivar — early ripening,
recommended for cultivation in the Forest-
Steppe of Ukraine, created by hybridization of
the Molodavo line 3/86 and the Swedish variety
Fiskeby 840-5-3 on the basis of Poltava State
Agrarian Academy [certificate No. 07020, patent
No. 07105].

Fungicides that differed in the spectrum of
action of the active substances were used for the
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research. The composition of the fungicide Standak
Top includes active substances (fipronil, 250 g/L,
thiophanate-methyl, 225 g/L, pyraclostrobin,
25 g/L), which combine fungicidal and insectici-
dal action. The action of fipronil is to block
gamma-aminobutyric acid, which regulates the
passage of nerve impulses through chlorine
channels in the membranes of insect nerve cells.
Pyraclostrobin inhibits mitochondrial respiration
by blocking electron transfer and disrupting energy
metabolism in pathogen cells. Thiophanate-methyl
inhibits the formation of ergosterol, as well as
the biosynthesis of nucleic acids in fungal cells
[https://www.pesticidy.ru]. The composition of
the fungicide Maxim XL includes two active
substances (fludioxonil, 25 g/L, metalaxyl, 10 g/L),
one of which, fludioxonil, is an analogue of
a natural antibiotic released by soil bacteria
Pseudomonas pyrocinia. The mechanism of action
of this drug is associated with processes that induce
disruption of membrane transport functions in the
cells of the pathogen, thus inhibiting the growth
and reproduction of the pathogen [https://www.
pesticidy.ru].

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. One portion of the fungicide-treated seeds
was inoculated with rhizobia suspension for one
hour. The other part of seeds treated with fungicides
was sown without inoculation with rhizobia. A
separate variant of the experiments was soybean
seeds, not treated with fungicides, but inoculated
with nodule bacteria.

The culture of rhizobium was grown on solid
mannitol-yeast medium for 9 days at 2628 °C (the
titer of bacteria was 10® cells/mL). The inoculation
load was 200-300 thousand rhizobia cells per
seed. The control was non-inoculated plants, as
well as inoculated with rhizobia without the use of
fungicide seed treatment.

Plants were grown under strictly controlled
conditions of a growing experiment in pots with a
sterile substrate (sand) with the addition of Herligel
nutrient medium (0.25 nitrogen norms) according
to natural light and optimal water supply. For
research, soybean roots were selected in the early
stages of ontogenesis — seedlings leaves, primordial
leaves, first true leaf, second and third true leaves,
and as well as root nodules in the stage of third
true leaf.

Determination of PAL activity was performed
according to the modified method of Zuk [15].
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To obtain the enzyme extract, the plant material
was homogenized with a 0.2 M solution of borate
buffer (pH 8.8) in a ratio of 1:2 (weight/volume),
which contained 1 mM ethylenediaminetetraacetic
acid, 5 mM B-mercaptoethanol and 1 % poly-
vinylpyrrolidone. The homogenate was centrifuged
at 12,000 rpm for 20 min at 4 °C. The supernatant
was used to determine the activity of PAL using the
UV-1900 scanning two-beam spectrophotometer
(Shimadzu, Japan) at 290 nm for the formation
of trans-cinnamic acid in 0.1 M borate buffer (pH
8.8) in the presence of 50 mm of L-phenylalanine.
Incubation of the reaction mixture was performed
for 1 h at 40 °C. The results are presented in units
of activity of the enzyme on the concentration of
protein (mg) in the supernatant. The content of
total soluble protein in the enzyme extract was
determined by Bradford method [16].

The 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). Differences were considered to be
significant at P < 0.05.

Results. It is shown that the pre-sowing
treatment of soybean seeds with the fungicide
Standak Top shows a slight decrease in the activity
of PAL in the plant roots in the initial stages of
ontogenesis — seedlings leaves, primordial leaves
and the first true leaf, respectively, by 16.1; 14.4
and 10.5 %, compared with untreated plants
(Fig. 1A). In the stage of the second and third true
leaves, no significant differences were found in
the activity of the enzyme in soybean roots during
treatment with Standak Top and without its use.
Under the action of the fungicide Maxim XL, an
increase in the activity of PAL in the roots by 18.3 %
in the stage of primordial leaves was recorded.
Whereas in the stage of the first true leaf its activity
was at the level of untreated plants, and in the stage
of the second and third true leaves — increased by
16.5 and 22.9 %, respectively.

Inoculation of soybean seeds with rhizobia
of inactive strain 604k did not induce significant
changes in PAL activity in soybean roots in the
seedlings leaves stage and led to a decrease
in enzyme activity by 32.1 % in the stage of
primordial leaves, compared with non-inoculated
plants (see Fig. 1A, Fig. 1B). In the stage of the first
true leaf, the activity of the enzyme approached the
level of non-inoculated plants, and in the stages of
the second and third true leaves observed a slight
decrease in the level of its activity.
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Pre-treatment of soybean seeds with Standak
Top fungicide followed by inoculation with
rhizobia of inactive strain 604k showed a slight
increase in PAL activity in the roots by 11.8 % in
the seedlings leaves stage. Significant changes in
the activity of the enzyme in the roots with the use
of Maxim XL, in comparison with inoculated plants
without the use of fungicides were not detected
(Fig. 1B). In the stage of primordial leaves, a
decrease in the activity of the enzyme in the roots
of soybeans inoculated with inactive rhizobia by
37.1 and 32.1 %, respectively, under the action
of fungicides Maxim XL and Standak Top. In the
following stages of ontogenesis: the first, second
and third true leaves, in an inefficient symbiotic

system, there was an increase in the activity of
PAL in the roots, respectively, by 45.6, 57.5 % and
50.9 % under the actions of Maxim XL and 44.9,
59.9 and 63.1 % under the action of Standak Top,
compared with inoculated plants without the use of
fungicide treatment.

In an effective symbiotic system formed with
the participation of soybean plants and the active
strain of B. japonicum 634b, no significant changes
in the activity of PAL in the roots in the seedlings
leaves stage were recorded, compared with non-
inoculated plants (see Fig. 1C). However, there
was a decrease in its activity by 49.7 % in the stage
of primordial leaves. In the stage of the first true
leaf, the activity of the enzyme was at the level of
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Fig. 1. PAL activity in soybean roots with non-cultivated rhizobia (A) and by inoculation
with strains of B. japonicum 604k (B) and 634b (C) on the background of seed treatment with
fungicides. Stage of ontogenesis: I — seedlings leaves, II — primordial leaves, III — first true leaf,
IV — second true leaf, V — third true leaf (x = SE, n = 6); data compared to control are reliable
at *** — P <0.05; 7% > — P <0.01; " #* > — P <0.001 (*— relative to variants without fungicides;
#and * — relative to variants with inoculation of strains 604k and 634b, respectively).
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non-inoculated plants, whereas in the stages of the
second and third true leaves it decreased slightly, in
comparison with non-inoculated plants.

In the seedlings leaves stage, no significant
difference in PAL activity in soybean roots was
observed between variants of the experiment with
seed inoculation with inactive and active rhizobia
(see Fig. 1B, Fig 1C). However, in the stage of
primordial leaves, the activity of PAL in soybean
roots inoculated with the active strain of rhizobia
634b was 25.8 % lower compared to the activity of
the enzyme in the roots of soybeans inoculated with
an inactive strain of rhizobia 604k. In the following
stages of ontogenesis before the formation of the
third true leaf, no significant difference was found
in the activity of the enzyme in soybean roots by
seed inoculation with active and inactive rhizobia.

When using soybean seed treatment with
fungicides in an effective symbiotic system,
an increase in the activity of the enzyme in the
seedlings leaves stage by 16.5 % (Maxim XL) and
14.4 % (Standak Top), compared with inoculated
plants without fungicides (see Fig. 1C). In the
primordial leaf stage, PAL activity increased in
soybean roots inoculated with active rhizobia by
23.5 % during seed treatment with Standak Top
fungicide, whereas under Maxim XL the enzyme
activity was at the level of inoculated plants without
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fungicides. In the following stages of ontogenesis,
the first, second and third true leaves, the activity
of PAL increased significantly in soybean roots
in the formation of an effective symbiotic system
using pre-sowing seed treatment with Maxim XL
fungicide by 83.1, 80.6 and 90.3 %, and under
the influence Standak Top — by 36.7, 93.8 and
102.3 %, respectively.

It was investigated that in the stage of third
true leaves, the activity of PAL in the root nodules
of soybeans inoculated with the inactive rhizobia
strain 604k was 1.5 times higher compared to the
active rhizobia strain 634b (Fig. 2).

The use of pre-sowing treatment of soybean
seeds with fungicides by Maxim XL and Standak
Top led to an increase in PAL activity in soybean
root nodules in the stage of third true leaves,
regardless of the efficiency of the symbiotic
system (see Fig. 2). In particular, in soybean plants
treated with different fungicides simultaneously
with rhizobia of inactive strain 604k, the activity
of PAL in root nodules increased by 66.2 and
18.1 %, respectively, under the action of Maxim XL
and Standak Top. Whereas in the complex treatment
of seeds with fungicides and rhizobia of the active
strain 634b, the activity of PAL in the root nodules
increased by 39.6 and 46.8 %, respectively, under
the action of Maxim XL and Standak Top.
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Fig. 2. PAL in soybean root nodules in the stage of the third true leaf by inoculation seeds with
B. japonicum 604k (A) and 634b (B) and fungicide treatment. (x £ SE, n = 6); data compared
with control are reliable at # ** — P <0.01; #* ** — P <0.001 (* and ~ — relative to variants with

inoculation of strains 604k and 634b, respectively). In non-inoculated soybean rhizobia,
root nodules were not created.

Discussion. Rhizobial and pathogenic bacteria
have similar strategies for colonizing, penetrating,
and establishing effective infection of host plant
cells [17]. The PAL gene has been shown to act as
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a positive regulator of the SA-dependent protective
signal to control phytopathogens due to its
enzymatic activity in the phenylpropanoid pathway
[18]. Similarly, transgenic plants of L. japonicus
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with overexpression of the PAL gene (LjPAL1-OE)
were observed to increase the accumulation of SA
levels and less susceptibility to M. loti infection.
And in plants with loss of PAL gene function
(LjPAL11) — a decrease in the level of endogenous
SA and the expression of SA-dependent marker
gene [6].

It is known about the negative role of SA
in nodulation, as well as the possible need for
complementary rhizobia and (or) their Nod-
factor signal to inhibit SA-dependent defense
mechanism to facilitate bacterial penetration into
the plant and successfully establish a symbiotic
relationship with legumes [19]. In particular, when
inoculating Medicago. sativa complementary
strain of Rhizobium meliloti, the level of SA in
the roots of plants either decreased or did not
change. Inoculation of M. sativa with a strain of
R. leguminosarum or a mutant of R. meliloti,
defective in the biosynthesis of Nod-factors,
led to the accumulation of SA in the roots [20].
Thus, Nod-factors synthesized by complementary
rhizobia were involved in the suppression of SA-
mediated protection of legumes.

It was shown that SA-dependent protective
signaling mediated by PAL genes is rapidly activated
at the early stages of symbiotic interaction, which
is subsequently suppressed, which contributes to
the growth of an infectious thread in the root cortex
and the formation of nodule primordia [21]. These
results indicate that PAL can affect the early stages
of legume-rhizobial symbiosis by regulating the
SA-dependent protective signal.

It was studied that PAL genes regulate not only
the biosynthesis of SA, but also affect the root
architecture and the process of rhizobial infection
through modification of lignin synthesis [9].
Lignin, which is synthesized from phenylpropanoid
compounds, is the main structural component of
the secondary thickening of the cell wall [22]. It
adds stiffness to cell walls and mechanical stability
and thus influences plant tolerance to stressors
[23]. It has been suggested that accumulations of
phenylpropanoid compounds in the cells of some
plants, especially lignin, may form a mechanical
barrier to infection by microorganisms [24].
This was observed in transgenic plants LjPALI
(L. japonicus), which was accompanied by a
change in the number of infectious filaments and
nodules, and could lead to accelerated or slowed
down the organogenesis of nodules [18]. It has
been shown that in the model legume Medicago
sativa the decrease in lignin content correlates with
the increase in the number of nodules [25]. It is
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reported that the accumulation of endogenous SA
levels correlates with the lignin content in a number
of transgenic alfalfa lines [26]. In transgenic plants
L. japonicus LjPALI1, a decrease in lignin and SA
[6] was observed, although it is not yet clear how
this is related to symbiotic processes.

In our studies was found that inoculation of
soybean seeds with rhizobia of different efficiency
reduces the activity of PAL in soybean roots in the
stage of primordial leaves. The level of enzyme
activity decreased significantly in soybean roots
in symbiosis with active rhizobia, in comparison
with inactive symbiosis. We assume that changes
in the activity of PAL in the roots could affect
various processes that determine the peculiarities
of the formation of nodules, including the above-
mentioned. Obviously, this is necessary to change
the structure of the cell wall of the root, due to
the active formation of symbiotic structures — the
formation of nodular primordia.

Compared to the stage of primordial leaves,
in the stage of the first true leaf the activity of
PAL increases almost 2 times in soybean roots in
symbiosis with inactive rhizobia and 2.5 times in
active soybean-rhizobial symbiosis. The dynamics
of enzyme activity in the roots in the stages of the
second and third true leaves remains almost at
the same level and differs insignificantly in both
symbiotic systems, as well as the level of enzyme
activity in the roots of non-inoculated plants.

Earlier we showed that in the stage of
primordial leaves and in the stage of the first true
leaf significantly increase the intensity of ethylene
release by soybean plants by inoculation with
both active and inactive rhizobia [27]. It is known
that in soybean plants, which form nodules of the
deterministic type, the phytohormone ethylene
does not induce negative regulation of nodulation
processes, as in other legumes [28]. Ethylene
controls the site of initiation of nodules around
the stele, the number of sites of initiation of
nodules and the growth of nodule primordia [29].
It is believed that ethylene may also act through
the induction of flavonoid synthesis, which then
regulates the transport of indole-acetic acid [30].
Due to the fact that the expression of PAL genes is
activated by the signaling pathways of ethylene and
jasmonate, as described above, it is possible that
this has led to increased synthesis of the enzyme at
this stage of ontogenesis.

Experiments with transcription and translation
inhibitors have shown that increased PAL activity
depends on RNA and protein biosynthesis, and
its synthesis and repression occur in all induced

ISSN 1028-0987. Mixpobion. oicypn., 2021, T. 83, Ne 4



systems [31]. Whereas inactivation of the enzyme
is not a universal mechanism, as its synthesis
precedes the synthesis of a protein inhibitor induced
by trans-cinnamic acid. Regulation of the enzyme/
inhibitor ratio has evolved as an important means
of regulating the mechanisms of a living cell and its
peculiar response to a stressor [32].

In the stage of third true leaf, the level of PAL
activity in soybean root nodules formed by inactive
highly virulent rhizobia of strain 604k was almost
1.5 times higher compared to the activity of the
enzyme in soybean nodules in symbiosis with active
virulent rhizobia of strain 634b. In an inefficient
symbiotic system formed with the participation
of inactive highly virulent rhizobia of strain 604k,
a higher activity of the enzyme in soybean root
nodules was determined, in comparison with roots.
For an effective symbiotic system formed with the
participation of active virulent rhizobia of strain
634b, no significant differences in the activity of
the enzyme in the soybean roots and nodules were
recorded. In soybeans, the seeds of which were not
inoculated with rhizobia, no nodules were formed
on the roots (see Fig. 3). In our opinion, this was
due to the controlled conditions of the growing
experiment (specified in the method), which
excluded the possibility of bacterization of seeds
with rhizobia.

An inefficient symbiotic system formed with
the participation of soybean plants and inactive
highly virulent rhizobia of strain 604k is not able
to fully realize its symbiotic properties, as it forms
a large number of nodules on the roots, which are
unable to perform nitrogen-fixation function. This
can induce changes in the course of biochemical
processes, including increased activity of PAL, as
a response in the formation of a stress-protective
state of plants to the insufficient supply of
nitrogen in plants. Other researchers have already
demonstrated the high mobility of PAL in response
to various stressors and its key role in the synthesis
of protective secondary metabolites [33, 34]. Thus,
PAL is an extremely sensitive enzyme to changes
in the physiological state of plants, the level of
activity of which can change significantly in a short
period of time depending on the age and stage of
development of plants, organs and tissues, as well
as external factors.

The use of pre-sowing treatment of soybean
seeds with the fungicide Standak Top in the
absence of inoculation with rhizobia led to a
decrease in the activity of the enzyme in the roots
and increases its activity level under the fungicide
Maxim XL during the early stages of ontogenesis.
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It is obvious that such changes in the activity of
the enzyme in soybean roots were due to the
influence of active substances in the composition
of fungicides (description in the «materials and
method»). The fungicide Standak Top contains
a complex of chemical compounds that combine
fungicidal and insecticidal action, which can be
quite physiologically active for soybeans as a very
sensitive crop to certain growing conditions, as
shown earlier [35]. At the same time, this was not
observed under the action of Maxim XL fungi-
cide.

The use of pre-sowing treatment of seeds with
fungicides in an inefficient symbiotic system
formed with the participation of inactive highly
virulent rhizobia strain 604k is an even more
significant reduction in the activity of PAL in the
roots in the stage of primordial leaves. In this
stage of ontogenesis in an effective symbiotic
system formed by active virulent rhizobia of strain
634b, an increase in PAL activity in the roots was
observed with pre-treatment of seeds with Standak
Top fungicide, while under Maxim XL the enzyme
activity in the roots was at the level of inoculated
plants without the use of fungicide.

In the following stages of ontogenesis to the
formation of the third true leaf, the activity of PAL
in the roots increased in both symbiotic systems
with the use of fungicides, compared with the
activity of the enzyme in the roots of inoculated
soybeans without fungicides. In the stage of the
third true leaf, a significant increase in enzyme
activity was observed in soybean root nodules
formed by rhizobia of different efficiency during
seed treatment with fungicides, compared with
enzyme activity in these symbiotic systems without
fungicides.

It was found that the dynamics of enzyme
activity in soybean roots and root nodules in
different in efficiency symbiotic systems using
seed treatment with fungicides did not change
significantly during the early stages of ontogenesis.
Most likely, changes in enzyme activity in the
roots and, especially, in soybean root nodules in
symbiosis with rhizobia significantly depended
on the symbiotic properties of the strain, in
particular, its activity and virulence, the ability
to realize its nitrogen-fixation potential. Under
the action of fungicides there were only changes
in the level of enzyme activity in the roots and
nodules of soybeans, inoculated with rhizobia of
different efficiency, which could be the result of
specific changes in plant metabolism in response
to treatment.
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Studies have now shown that the treatment
of seeds with fungicides in combination with
bacterization is an important factor in protecting
plants from diseases and pests, and also helps to
increase their productivity [36, 37]. At the same
time, there is evidence that drugs with fungicidal
activity disrupt the regulatory signaling system
between macro- and microsymbionts by blocking
the activity of nodulation genes and reducing the
level of rhizobial Nod-factor [38]. The study of
the chemical nature of signaling compounds or
inducers of Nod-genes secreted by the roots of the
host plant showed their phenolic nature (flavonoids)
[39]. Phenolic compounds play an important role in
legume-rhizobial symbiosis, as they not only induce
symbiosis as mediators of Nod-factors, but also
affect the redistribution of auxin, thus controlling
the formation of nodules and remain regulators of
the physiological state of the symbiotic system in
process of plant growth and development [39]. It
is obvious that the increased level of PAL activity
found in the roots and root nodules of soybeans,
formed by different efficiency rhizobia when using
fungicides, could be due to the specific effect of
the latter on the phenolic metabolism of plants.
We have previously shown that under the action
of fungicidal substances in an inefficient symbiotic
system there was an increase in the activity of
guaiacol peroxidase in the roots and polyphenol
oxidase in the root nodules of soybeans in the
early stages of legume-rhizobial symbiosis. In an
effective symbiotic system, no significant changes
in the activity of these enzymes in soybean nodules
and roots were observed during pre-treatment of
seeds with fungicides [40]. At the same time, in
an effective symbiotic system with the use of both
fungicides, we recorded an increase in the synthesis
of ethylene by soybean plants in the early stages of
ontogenesis to the formation of the second true leaf
[27]. Whereas in the inefficient soybean-rhizobial
symbiosis under the action of fungicides, a decrease
in the intensity of ethylene release by soybean
plants in the primordial leaf stage and the absence
of their significant influence on its synthesis in the
subsequent stages of ontogenesis was observed.
The participation of ethylene in the phenolic
metabolism of legumes, in particular soybeans, we
mentioned earlier in this publication. One can only
testify to a complex set of biochemical processes
that determine the specificity of legume-rhizobial
interaction, especially under the influence of
additional factors, including fungicides.
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In this aspect, we have been conducting
research for the past three years. Indicators of
the formation and functioning of the symbiotic
apparatus of soybeans for seed treatment with
fungicides are not presented in this publication,
as they have a similar tendency to influence, as
noted in published works [27]. In an inefficient
symbiotic system formed with the participation of
soybean plants and inactive highly virulent rhizobia
strain 604k with the use of fungicides, inhibition of
nodulation processes in the stage of the first true
leaf was found, which was leveled to the stage of
the third true leaf [27]. Pre-treatment of seeds with
fungicides in an effective symbiotic system formed
with the participation of active virulent rhizobia
of strain 634b increased the activity of nodulation
and nitrogen fixation processes in soybean root
nodules. Such differences in the formation and
functioning of the symbiotic apparatus of soybeans
could be related to the complex of biochemical
processes identified by us (described above), which
occur in the early stages of symbiotic interaction
of soybeans — B. japonicum using seed inoculation
with different activity and virulence of rhizobia and
treatment of seeds with fungicides.

The data obtained indicate that inoculation
of soybean seeds with active, virulent rhizobia
of strain 634b and treatment with fungicides did
not have a negative effect on plant metabolism
and can be used to increase the realization of the
symbiotic potential of soybeans under appropriate
growing conditions. The proposed method of pre-
treatment the soybean seeds can be used in modern
technologies for growing this crop to meet the needs
of the plant in environmentally friendly nitrogen
and at the same time increase their tolerance to
external factors.

Conclusions. The activity of PAL in the roots
and especially in the root nodules of soybeans in
the early stage of plant development when using
fungicides and bacterization is primarily due to the
action of the inoculation factor, and is determined
by the symbiotic properties of rhizobia strains, in
particular, their virulence and nitrogen fixation
activity.
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AKTUBHICTb ®EHLJIAJIAHIH-
AMOHIN-JTIA3ZU Y CUMBIOTUYHIN
CUCTEMI GLYCINE MAX -
BRADYRHIZOBIUM JAPONICUM
IIPU IHOKY.JISILIi HACIHHS
PI3HUMM 3A AKTUBHICTIO 1
BIPYJIEHTHICTIO IITAMAMU
TA OBPOBKHU ®YHI'ILIUIAMHU

T.II. Mamenxo, C.A. Koup,
JIL.M. Muxankis, 10.0. Xomenko

Tnemumym ¢hizionoeii pociun i eenemuxu HAH
Yxpainu, eyn. Bacunvxiecvka, 31/17,
Kuis, 03022, Ykpaina

Peswome

Oeninananin-amoniii-niaza (OAJl) € kio490BUM
(hepMeHTOM (EeHIITPONAaHOITHOTO NIIAXY Ta 3abe3re-
qye MONEPETHIKIB IS CHHTE3y 0araTboX BTOPUHHUX
MeTaOoITITIB, sIKi HEOOXITHI /I PO3BUTKY 1 3aXUCTY
POCIHH 3a A1l 30BHILIIHIX YHHHUKIB PI3HOMAHITHOI
MPHUPOIH, 30KpEMa BiJIrparoTh BAXIIUBY POJIb IPU
CTaHOBJICHHI 1 PO3BUTKY iX cMMOi03y 3 Mikpoopra-
Hi3Mamu. Meta. BuBuntu aktuBHicte ®AJl y poc-
JMHAX COT Ha paHHIX eTamax (opMyBaHHs 0000BO-
pH300iaTbHOTO CHMOi03y MPHU THOKYJIAIIT HACIHHS
PI3HUMH 32 CUMOIOTHYHMMH BJIACTHUBOCTSIMH IITa-
Mamu Bradyrhizobium japonicum ua ¢poni 00poOKu
¢yHrinuaauMu npenaparamu. Metoau. MikpoOi-
oJIOTivHI (BUpPOIIYyBaHHS OaKTepiadbHOI KyIBTYpPH,
IHOKYJIAIIST HACIHHA), (i3iojoriuHi (BereTamiiitHuit
EKCIIEPUMEHT), O10XiMIUHI (BU3HAUCHHS aKTHBHOCTI
DAJT). O6 ekTamu AOCIIHKEHHS 00paHO CHMO10THY-
Hi CUCTEMH, YTBOpEHi 3a yuacTio coi (Glycine max
(L.) Merr.) copmy Anma3s, pizHux 3a e(HEKTUBHICTIO
mramiB Bradyrhizobium japonicum 6346 (akTUBHIA,
BipyJieHTHHI) 1 604K (HEaKTUBHUH, BUCOKOBIPYJICHT-
Hui) Ta Qynrinuaie Makcum XL 035 PS (Syngenta,
seitnapis) 1 Crangak Ton (BASF, Himeuunna).
PesyabTaTu. BuspneHo, 110 npu iHOKYJIALIT HACiH-
Hs coi pu300issMH Pi3HOT e(hEeKTUBHOCTI BiIOyBa€Th-
cs1 3HmKeHHs akTiuBHOCTI DAJ] y KopeHsx coi y dasi
MIPUMOP/iaIbHUX JUCTKIB. [Ipy 1IbOMY piBEHBb aKTHB-
HOCTI CH3UMY CyTTEBIIIE 3HIKYBABCS Y KOPEHSX COi
B cUMO01031 3 aKTUBHUMH PU3001MHU y MOPIBHAHHI 3
HEaKTHBHUM cUMOi030M. Y MOpiBHsHHI 3 (pa3oro mpu-

1. Wang Q, ' J, ™ H. Genetic and molecular
mechanisms underlying symbiotic specificity in
legume-rhizobium interactions. Front Plant Sci.
2018; 9:313.

ISSN 1028-0987. Mixpobion. sicypu., 2021, T. 83, No 4

MOpIiaJIbHUX JIUCTKIB y (pa3i MEepIIOro CIpaBKHbOTO
nuctka akTuBHiCTE DAJI 3pocTae Maibke B 2 pa3u y
KOpEHSIX coi B CMM01031 3 HEaKTUBHUMH PH300iIMH Ta
B 2,5 pa3u — y akTHBHOMY COEBO-PH3001aJIbHOMY CHM-
01031. Y HacTynHHX (hazax oHTOreHe3y 10 (popMyBaH-
HSl TPETHOTO CIIPABKHBOTO JINCTKA aKTUBHICTH €H3H-
My Y KOPEHSX 3aJIMIIA€THCS MPAKTHYHO HA TAKOMY K
PiBHI Ta HE CYTTEBO BiPi3HIETHCSA B 000X CUMOIOTHY-
HHUX CHCTEMaX, a TAKOX BiJ PiBHS HOTO aKTMBHOCTI Yy
KOPCHSX HEIHOKYJIBOBAaHHUX PoCIuH. Y (azi TpeTboro
CTIPaBXHBOTO JINCTKA piBeHb akTHBHOCTI DAJI y KO-
peHeBHX Oynb00YKax cOi, YTBOPCHUX HEAKTHBHUMHU
BHCOKOBIPYJIGHTHUMHU pu300isiMu mtamy 604k OyB
Maitxke y 1,5 pasu Bulle y TOpPIBHSHHI 3 aKTUBHICTIO
eH3uMy y Oynb0oukax coi B cMM0103i 3 aKTHUBHUMHU
BipyJlIeHTHUMH pru300isiMu mramy 6346. Bukopucran-
Hs (QYHTIIMIHUX TIPETapaTiB i epeArnociBHOT 00-
POOKH HACIHHSI COi Ta IHOKYJIALIT PI3HUMH IIITAMaMH
pu300iil cipuunHsie 3HMKEHHs akTUBHOCTI DAl y
KOopeHsX y (asi mpuMop/ialbHUX JINCTKIB Ta MiIBH-
IIEHHSI PiBHS aKTUBHOCTI €H3UMY Y HACTYyNHUX (hazax
OHTOTeHe3y 70 (hOpMyBaHHS TPETHOTO CIIPABKHBOTO
TICTKa. BUSABIIEHO CyTTEBE 3pOCTAaHHS PIiBHS aKTHB-
HOCTI €H3UMY y KOpEHEBUX OyJib00YKax coi B 000X
CUMOIOTUYHHUX CHCTEMax 3a BUKOPUCTAHHS (YHTi-
LUHUX TpenapaTiB. BcTaHoBIEHO, 10 BUKOPHCTaH-
HSl (pyHTIIMIHUX PEYOBUH IHAYKY€ 3MiHM PiBHS aK-
tuBHOCTI PAJI y KOpeHsx i KopeHeBHX Oyap00UKax,
SIK1 HE BILTMBAIOTh HA 3arajibHy TUHAMIKY aKTHBHOCTI
(bepMeHTy y pi3HUX 32 PEKTHUBHICTIO CUMOIOTHYHHX
cucremax Glycine max-Bradyrhizobium japonicum.
BucHoBkHu. AKTHBHICTG (DeHiNaTaHIH-aMOHIN-Tia31
y KOPEHSIX Ta 0COOJIMBO Y KOpeHEBUX OyinbpO0oYKax coi
Ha paHHIX (azax po3BUTKY POCIUH IIPH 3aCTOCYBAH-
Hi QyHTIOHIIB Ta OakTepu3allii o0yMOBJICHa, B Tiep-
Iy Yepry, i€ (Gakropa iHOKYJISIIT i BU3HAYAETHCS
CUMOIOTMYHUMU BJIACTUBOCTAMHM IITaMiB pU300ii,
30KpeMa iX BipyJIEHTHICTIO Ta a30T(IKCYBAIbHOIO aK-
THUBHICTIO.

Kurouosi cnosa: cost (Glycine max (L.) Merr.),
OynbOoukoBi OakTepii, cuMOIOTHYHA cUCTEMa, BIpy-
JIEHTHICTb, a30T(iKCyBaJIbHA aKTUBHICTb, IITaM, Max-
cuM XL, Crangax Torm.
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