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Introduction

Morgun, V. V., Kots, S. Y., Mamenko, T. P., Rybachenko, L. I, & Pukhtaievych, P. P. (2021). Regulation of superoxide dismutase
activity in soybean plants by inoculating seeds with rhizobia containing nanoparticles of metal carboxylates under conditions of diffe-
rent water supply. Biosystems Diversity, 29(1), 33-38. doi:10.15421/012105

Soybean is one of the most profitable advanced crops in agricultural production in Ukraine and the world as a whole. Therefore, stu-
dies of means of regulation and increase in the adaptive capacity of soybeans in symbiosis with nodule bacteria under the action of unfa-
vourable environmental factors are relevant and should be aimed at the use of complex bacterial compositions involving modern nano-
technological approaches. Nanocarboxylates of ferrum, molybdenum and germanium metals were used as components of rhizobia in-
oculation suspension for soybean seed treatment to study the effectiveness of their complex effect on the regulation of the activity of the
key antioxidant enzyme superoxide dismutase in plants under drought. Various symbiotic systems were used, which included soybean
plants and inoculation suspensions based on the active, virulent TnS-mutant Bradyrhizobium japonicum B1-20 by adding nanoparticles
of ferrum, germanium and molybdenum carboxylates to the culture medium in a ratio of 1: 1000. Citric acid was the chelator. A model
drought lasting 14 days was created during the period of active fixation of atmospheric molecular nitrogen by root nodules of soybeans in
the budding and flowering stages, by means of controlled watering of plants to 30% of the total moisture content. In the stage of bean
formation, watering of plants was resumed to the optimal level — 60% of the total moisture content. The control was soybean plants, the
seeds of which were inoculated with a suspension of thizobia without the addition of chelated metals. The following research methods
were used in the work — microbiological, physiological and biochemical. According to the results, it was found that when nanoparticles of
carboxylates of ferrum, molybdenum and germanium were added to the inoculation suspension of rhizobia, there was an increase in
superoxide dismutase activity in root nodules and a decrease in soybean leaves under optimal water supply conditions of plants. This
indicates the initial changes in the activity of the antioxidant enzyme in these symbiotic systems, induced by the influence of chelated
metals in combination with the rhizobia of the active Tn5-mutant B. japonicum B1-20. Prolonged drought induced an increase in the
overall level of superoxide dismutase activity in soybean nodules and leaves, compared to plants grown under optimal watering condi-
tions. The symbiotic system formed by soybeans and B. japonicum with molybdenum carboxylate nanoparticles was the most sensitive to
long-term drought exposure, compared to two other soybean-rhizobial symbioses using ferrum and germanium nanocarboxylates. This
was manifested in the unstable reaction of the enzyme to the action of drought — suppression or intensification of the level of its activity in
the root nodules and leaves of soybeans inoculated with rhizobia containing molybdenum carboxylate nanoparticles. In symbiotic systems
with the participation of germanium and ferrum nanocarboxylates, slight changes were revealed in superoxide dismutase activity in root
nodules and leaves of plants during drought and restoration of enzyme activity to the level of plants with optimal watering after water
stress. It is concluded that the addition to the culture medium of thizobia Tn5-mutant B1-20 of nanocarboxylates of germanium or ferrum
is an effective means of regulating the activity of the antioxidant enzyme superoxide dismutase in soybean root nodules and leaves, which
can contribute to an increase in the protective properties and adaptation of plants to the action of dehydration.

Keywords: Glycine max; Bradyrhizobium japonicum; antioxidant enzymes; symbiotic system; germanium; ferrum; molybdenum.

nic peroxides and their radicals. The antioxidant enzyme superoxide dis-
mutase is considered to be crucial in protecting plant cells from oxidative

In the plant organism, there is a physiologically normal level of free
radical processes, which is necessary to regulate the phase state of lipids,
membrane permeability, and a number of biosynthetic processes (Mham-
di & Van Breusegem, 2018). This steady state is determined by the func-
tioning of a complex system of free radical oxidation inhibitors (Foyer &
Noctor, 2005). Changes in the properties of membrane structures and cell
metabolism that occur as a result of activation of lipid peroxidation under
the action of stressors are among the initial, primary links in the chain of
processes that lead to the formation of a state of stress. At the same time,
the activation of antioxidant systems is a factor that gives the plant orga-
nism increased stability (Laxa et al., 2019).

The main initiator of free radical oxidation of membrane lipids is con-
sidered to be superoxide, which is generated in many spontaneous and
enzymatic oxidation reactions, and the products of its secondary transfor-
mation can be singlet oxygen, hydroxyl radical, hydrogen peroxide, orga-

degradation due to the development of oxidative stress caused by external
factors (Alscher et al., 2020). It is involved in the utilization of superoxide
radical anions to hydrogen peroxide and water. However, the effective
operation of superoxide dismutase requires a complex of enzymes that
will utilize the hydrogen peroxide formed as a result of the dismutation re-
action. These enzymes include enzymes such as catalase, peroxidase, glu-
tathione transferase, etc. (Sarker & Oba, 2018; Hasanuzzaman et al., 2019;
Tyagi et al,, 2020). Different isoforms of enzymes-antioxidants work in
different compartments — chloroplasts, cytosols, peroxisomes, where reac-
tive oxygen species are formed in the process of various redox reactions
(Rubio et al., 2005; Asensio et al., 2011; Tyagi et al., 2017).

Superoxide dismutases belong to the group of metalloenzymes and,
depending on the metal in the cofactor, emit Fe- (iron), Mn- (manganese)
CuZn- (copper-zinc) dependent superoxide dismutase (SOD) (respective-
ly FeSOD, MnSOD and CuZnSOD) (Moran et al., 2003; Talukdar &
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Talukdar, 2013). All of these isoenzymes are present in the root nodules of
legumes, although they have different subcellular localization, which de-
termines their specific functions (Becana et al., 2010; de Deus et al., 2015).
In nondeterministic nodules of Medicago sativa and Pisum sativum, tran-
scripts of cytosolic CuZnSOD:s are found predominantly in the meristem,
infection zone, and nitrogen fixation zone (Rubio et al., 2004). In this case,
CuZnSOD is localized in the cytoplasm, namely in the areas adjacent to
the cell walls, the walls of the infection threads, and also in the matrix of
the infection threads. In addition, this isoenzyme is found in the intercellu-
lar spaces of cortex cells and in cells in the nitrogen fixation zone (Rubio
etal.,, 2004; Asensio et al., 2012). MnSOD is localized mainly in the zone
of nitrogen fixation, and is also present inside infectious filaments of bacte-
ria, in bacteroids and mitochondria. In the nodules, a common localization
of hydrogen peroxide was detected with CuZnCOD, and not with
MnCOD. Thus, CuZnCOD is one of the most important sources of hyd-
rogen peroxide in root nodules, which is important for the formation and
growth of infectious filaments (Wisniewski et al., 2000). Bacteroids con-
tain MnSOD in the cytosol and CuZnSOD in the periplasmic space.
These enzymes are encoded by the corresponding bacterial sodA and
sodC genes (Santos et al., 2000). Transcriptomic analysis of Medicago
truncatula nodules showed that genes encoding CuZnSOD and mito-
chondrial MnSOD isoforms are actively expressed in root nodules, while
cytosolic FeSOD gene expression remains relatively low (Benedito et al.,
2008).

It has been proven that in determinate nodules of Lotus japonicus, the
expression of the genes of cytosolic CuZnSOD and mitochondrial
MnSOD, the number and activity of enzymes decreases with age.
In young nodules, CuZnSOD is localized in cells that are dividing, as well
as in infectious filaments and infected cells. At the same time, the tran-
scription of FeSOD 11, which encodes cytosolic FeSOD, is activated with
age, while FeSOD I, which encodes plastid FeSOD, does not change. It is
believed that two cytosolic enzymes, CuZnSOD and FeSOD 11, are capa-
ble of functionally compensating each other at the late stages of nodule
development. In addition, the induction of FeSOD 11 is associated with an
increase in Fe availability in senescent nodules as a result of leghemoglo-
bin degradation (Rubio et al., 2007).

It is proved that the activity of superoxide dismutase can change in
different ways: in some cases there is an increase, in others — a decrease
depending on the intensity of the stress factor (intensity and duration of
action), as well as the adaptability of the plant organism (Matamoros et al.,
2003; Laxa, 2019). Under salt stress, the activity of FeSOD in the root no-
dules of Phaseolus vulgaris increases, while the activity of CuZnSOD and
MnSOD does not change (Tejera et al., 2004; Jebara et al., 2005). In Ara-
chis hypogaea plants, under drought conditions, the number of CuZnSOD
transcripts in the root nodules increases, while the activity of MnSOD
does not change (Furlan et al., 2014). The opposite results were obtained
with respect to superoxide dismutase activity in Pisum sativum and Gly-
cine max tubers under drought. In the first case, a decrease in the activity
of superoxide dismutase was revealed, in the second, its increase (Gogor-
cena et al., 1995; Porcel et al., 2003). This difference in the reaction of
superoxide dismutase isoenzymes in different legume species emphasizes
the need to study gene expression and regulation of enzyme activity in
more detail (Ivanova & Cygankov, 2017).

The discovery of the peculiarities of the formation of protective reac-
tions of soybean plants under the action of stressors of various natures,
including drought, is important to determine the participation of antioxi-
dant enzymes in the adaptation potential of plants in symbiosis with no-
dule bacteria. The search for effective means to regulate and mobilize the
protective reactions of plants under stress is necessary to increase their
adaptation to adverse growing conditions. In this aspect, special attention
should be paid to the development of bacterial compositions containing
both nitrogen-fixing microorganisms and chelated metal compounds in
the form of carboxylate nanoparticles. This will become an important di-
rection in solving the problem of micronutrient nutrition in legumes. It is
shown that the addition of germanium and iron compounds chelated with
carboxylic acids to the inoculation suspension leads to increased nitrogen-
fixing activity of symbiotic systems of soybean-B. japonicum, and when
molybdenum is added, soybean yield is increased under optimal plant
growing conditions (Kots et al., 2019).
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Previously, we studied changes in the activity of antioxidant enzymes
in soybean plants in symbiosis with strains and Tn5 mutants of B. japoni-
cum, which differ in symbiotic properties — virulence and fixation activity
of molecular nitrogen in the atmosphere. It was shown that the symbiotic
system with the participation of nodule bacteria TnS-mutant B1-20 dif-
fered among other soybean symbioses in maintaining the functioning of
the nitrogen-fixing apparatus under drought conditions. This was due to
the regulation of prooxidant-antioxidant processes towards the activation
of protective antioxidant enzymes, including superoxide dismutase (Ma-
menko et al.,, 2018).

Nanocarboxylates of ferrum, molybdenum and germanium metals
were used as components of rhizobia inoculation suspension for soybean
seed treatment to study the effectiveness of their complex effect on the re-
gulation of the activity of the key antioxidant enzyme superoxide dismu-
tase in plants under drought.

Materials and method

The objects of study were symbiotic systems formed with the partici-
pation of soybean plants (Glycine max (L.) Merr.) varieties Almaz and
Bradyrhizobium japonicum TnS5-mutant B1-20 for the addition of carbo-
xylates of metals ferrum (Fe), germanium (Ge) and molybdenum (Mo).
The work used an active, virulent TnS-mutant B. japonicum B1-20 from
the museum collection of nitrogen-fixing microorganisms of the symbio-
tic nitrogen fixation department, which was deposited at the D. K. Zabo-
lotny Institute of Microbiology and Virology with registration number B-
7538 (Kots & Vorobei, 2018). Before sowing, soybean seeds were inocu-
lated with a culture of rhizobia containing nanocarboxylates of microele-
ments ferrum, germanium and molybdenum. Some of the soybean seeds
were inoculated with a pure culture of rhizobia without adding chelated
metals to the culture medium.

The culture of slow-growing nodule bacteria was grown at 26-28 °C
for 9 days on mannitol-yeast medium, in which chelated metals (nanocar-
boxylates of microelements) of ferrum (Fe), germanium (Ge), molybde-
num (Mo) were added in a ratio of 1:1000. Citric acid was the chelator.
The microelement preparations used by us are provided by LLC Scientific
and Production Company “Avatar” (Kyiv, Ukraine). They are obtained in
two stages: 1 — obtaining an aqueous colloidal solution of nanoparticles of
microelements by dispersing highly purified granules of the corresponding
metals by pulses of electric current in deionized water (Kosinov & Kaplu-
nenko, 2008); 2 — obtaining metal carboxylates by the reaction of direct
interaction of the obtained nanoparticles with food carboxylic acid (Kap-
lunenko & Kosinov, 2009).

The bacteria were cultivated in Erlenmeyer flasks containing 200 mL
of nutrient medium by the method of periodic incubation on a circular
shaker with a rotation speed of 220 rpm./min. The inoculum was intro-
duced into the flasks at a concentration of 2% of the volume of the nutrient
medium. The number of rhizobia in the suspension introduced into the
nutrient medium was 108 cells/mL.

The plants were grown in sand culture on a nutrient medium of Hel-
rigel with 0.25 nitrogen under natural light and optimal water supply 60%
of total moisture content. The duration of the drought for 14 days was
created during the period of active fixation of molecular nitrogen in the
atmosphere by the nodules of soybean roots — the budding and flowering
stages, using controlled watering of plants up to 30% of total moisture
content. In the stage of bean formation, watering of plants was resumed to
the optimal level — 60% of total moisture content within 7 days. The con-
trol was soybean plants, the seeds of which were inoculated with a sus-
pension of thizobia without the addition of chelated metals.

To obtain the enzyme extract, the weight of the plant material was
homogenized with a cooled 60 mM phosphate buffer (pH 7.5) containing
2 mM ethylenediaminetetraacetic acid, 1 mM phenylmethylsulfonyl fluo-
ride, 5 mM B-mercaptoethanol and 1% polyvinylpyrrolidone. The homo-
genate was centrifuged at 10,000 rpm for 20 minutes at 4 °C. The super-
natant was used to determine the activity of enzymes using the UV-1900
scanning two-beam spectrophotometer (Shimadzu, Japan). Superoxide
dismutase activity (EC 1.15.1.1) was determined by the ability of the en-
zyme to inhibit the photochemical reduction of nitro blue tetrazolium chlo-
ride (NBT) (Alscher et al., 2002). The reaction mixture contained 60 mM
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phosphate buffer (pH 7.8), 13 mM methionine, 2 um riboflavin, 63 um
p-nitro blue tetrazolium chloride, 0.1 mM ethylenediaminetetraacetic acid,
and 100 pL of enzyme extract. The assay consists of a purely chemical
sequence of reactions including 13 mM methionine, 2 pum riboflavin,
63 um p-nitro blue tetrazolium chloride, 0.1 mM ethylenediaminetetra-
acetic acid, and 100 pL of enzyme extract. The reaction was initiated by
illumination with fluorescent lamps with a power of 15 W and a light in-
tensity of 70 pumol quanta/(m® - s) for 15 min. The optical density was
measured at 560 nm. The results are presented in units of activity of the
enzyme on the concentration of protein (mg) in the supernatant. The con-
tent of total soluble protein in the enzyme extract was determined by Brad-
ford (1976). Analysis of the data was made using Statistica 6.0 (StatSoft
Inc., USA) program. The data are presented in tables as x + SD (x + standard
deviation). Differences between the values in the control and experimental
groups were determined using the Tukey test, where the differences were
considered reliable at P < 0.05 (taking into account the Bonferroni correc-
tion).

Results

Under optimal plant growing conditions, the activity of superoxide
dismutase in soybean root nodules inoculated by rhizobia with the additi-
on of metal carboxylate nanoparticles was higher compared to the level of
its activity in plants of the symbiotic system without the use of chelated
metals (Table 1). Treatment of soybean seeds with an inoculation suspen-
sion containing germanium carboxylate showed an increase in enzyme
activity in root nodules during the following stages of ontogenesis by
16.6% at thestage of three true leaves, 34.2% at the stage of budding,
53.9% at the stage of of flowering and 77.6% at the stage of of bean for-
mation. The use of the inoculation suspension with molybdenum carbox-
ylate nanoparticles did not cause significant changes in the activity of the
enzyme in the stage of the three true leaves. However, it led to an increase
in superoxide dismutase activity in soybean root nodules from the bud-
ding stage to the formation of beans by 28.3-30.5%. The complex inocu-
lation of soybeans seeds with ferrum nanocarboxylate, the activity of the
enzyme in root nodules increased by 27.4% in the stage of three true
leaves, increased insignificantly during the budding and flowering stages,
and increased by 45.4% in the stage of bean formation, compared with
plants in symbiosis with rhizobia without the use of chelated metals.

Table 1

The effect of inoculation of soybean seeds Bradyrhizobium japonicum
with the content of metal carboxylate nanoparticles on the activity

of superoxide dismutase in root nodules, under optimal water supply
(60% of total moisture content, units act./mg protein, x + SD, n= 6)

Stages of ontogenesis

Variants three true leaves  budding  flowering beal:jiznna—
B. japonicum B1-20 466+33"  422+£31" 518+36" 457+32°
B.japonicum B1-20 504+42°  5014£36° S71+41°  665+46°
+ ferrum
B japonicum B1-20 543+£38"  566+4.1° 798455 812456
+ germanium
BjaponiamBI20 55 o b 541135 659146 5964410
+ molybdenum

Note: different letters indicate values that differ significantly from each other in the
same columns of the table by comparison with the Tukey test, P < 0.05 (taking into
account the Bonferroni correction).

Prolonged drought in the budding and flowering stages led to an in-
crease in the overall level of superoxide dismutase activity in soybean root
nodules in all variants of the experiment (Table 1, 2). The highest enzyme
activity was observed in soybean root nodules by inoculation of seeds
with thizobia without the use of metal carboxylates. Thus, under the action
of drought in the budding stage, its activity increased by 151.9% and did
not increase significantly during the flowering stage — 21.3%. After re-
sumption of watering of plants in the stage of bean formation, its activity
intensified by 218.2%, in comparison with non-inoculated plants, which
were grown under optimal watering conditions.

In soybean inoculated with rhizobia containing ferrum carboxylate
nanoparticles, there were no significant changes in the activity of super-

oxide dismutase in root nodules due to the action of drought in the bud-
ding stage and a decrease in its activity by 25.1% in the flowering stage,
compared with plants of the symbiotic system without the use of chelated
metals, which also grew in arid conditions (Table 2). When using soybean
seed inoculation suspensions containing germanium carboxylate nanopar-
ticles, no significant differences were observed in the response of the anti-
oxidant enzyme in root nodules to drought, compared to plants in symbi-
osis with B. japonicum, without the use of chelated metals, which also
grew in arid conditions. When rhizobia suspension containing molybde-
num nanoparticles was used for inoculation of soybean seeds, the activity
of superoxide dismutase in root nodules was reduced by 20.6% due to
drought in the budding stage and increased by 29.5% in the flowering
stage, compared with plants of the symbiotic system without use chelated
metals, which also grew in arid conditions.

After resumption of plant watering, in the stage of bean formation,
almost the same level of increase in the activity of superoxide dismutase in
the nodules of soybean roots inoculated with rhizobia containing nanocar-
boxylates of ferrum, molybdenum and germanium was shown (Table 2).
However, the activity of the enzyme in symbiotic systems with the partici-
pation of chelated microelements was lower, compared with plants of the
symbiotic system without the use of chelated metals. This difference is
due to the rapid increase in its level of activity in the root nodules of soy-
beans inoculated with rhizobia without adding to the culture medium che-
lated microelements, after the action of water stress.

Table 2

The effect of inoculation of soybean seeds Bradyrhizobium japonicum
with the content of metal carboxylate nanoparticles on the activity

of superoxide dismutase in root nodules, under the influence

of insufficient water supply (units act./mg protein, X + SD, n=6)

Stages of ontogenesis
budding flowering bean formation
N e iy i T
(30% of total moisture content) 0 tent)

B. japonicum B1-20 1063+7.1° 62.8+44" 1455+£10.8"
BjaponicumBI20 4151495 471453 976468
+ferrum
B.japonicumBI20 g1 4, b 35446 968+67"
+germanium
B. japonicum B1-20 c . b
+ molvbdenum 843458 814+57 994+7.1

Note: see Table 1.

Under optimal water supply conditions, soybeans inoculated with rhi-
zobia containing chelated metals showed a decrease in superoxide dismu-
tase activity in the leaves, compared with plants in symbiosis with B. japo-
nicum without the use of chelated metals (Table 3). The most significant
decrease in enzyme activity in soybean leaves was observed in the variant
with the use of ferrum carboxylate nanoparticles in the stage of three true
leaves by 47.1%, in the budding stage by 36.2%, in the flowering stage by
41.4% and a slight decrease in its activity by 15.7% in the stage of beans
formation. With the use of germanium carboxylate nanoparticles, the en-
zyme activity in the leaves decreased in the stages of three true leaves and
budding by 36.5% and 21.7%, respectively, and did not change signifi-
cantly in subsequent stageses of ontogenesis, compared with plants of the
symbiotic system without the use of chelated microelements. When using
molybdenum nanoparticles, no significant changes in the activity of the
enzyme in the leaves were determined, compared with inoculated plants
without the use of chelated metals, at the initial stages of ontogenesis until
the stage of bean formation, when the level of its activity decreased by
26.6%. Under moderate exposure to water stress in the budding stage, the
activity of superoxide dismutase in soybean leaves inoculated with thizo-
bia without the use of chelated metals decreased by 22.5%, compared
with plants with optimal watering (Table 3, 4). During prolonged dehydra-
tion in the flowering stage, the enzyme activity in the leaves increased by
22.2%, and after the action of water stress in the bean formation stage —
was restored to the level of plants with optimal water supply.

When soybean seed inoculation with rhizobia together with ferrum
carboxylate nanoparticles was used, no significant changes in superoxide
dismutase activity in soybean leaves were observed during drought in the
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budding stage and a slight decrease was observed in its activity in the
flowering stage by 12.5% compared to plants in symbiosis with B. japoni-
cum without the use of chelated metals symbiotic (Table 4). Treatment of
soybean seeds with rhizobia together with germanium carboxylate nano-
particles showed similar dynamics of enzyme activity in the leaves during
drought, as in the case of ferrum nanocarboxylate. In particular, the absen-
ce of significant changes in the activity of superoxide dismutase in the lea-
ves under the action of drought in the budding stage and a slight decrease
in its activity level by 16.1% under the action of drought in the flowering
stage. The use of soybean inoculation simultaneously with molybdenum
carboxylate nanoparticles did not change the activity of superoxide dismu-
tase in the leaves under the action of drought in the budding stage and
increase its activity by 38.5% under the action of dehydration in the flo-
wering stage.

Table 3

The effect of inoculation of soybean seeds Bradyrhizobium japonicum
with the content of metal carboxylate nanoparticles on the activity

of superoxide dismutase in leaves, under optimal water supply

(60% of total moisture content, units act./mg protein, x + SD, n= 6)

Stages of ontogenesis
Variants three true . . bean
leaves budding flowering formation
B japonicumB1-20 125287 1213+85 1188+83" 117882
B japonicumBI20 oy 400 773454 696448 993469
+ ferrum
BjaponicumBI-20 094\ 55 9501668 955+67 931465
+ germanium
BjaponicmBI20 155 g 10664765 10744755  864L61°
+ molybdenum

Note: see Table 1.

Table 4

The effect of inoculation of soybean seeds Bradyrhizobium japonicum
with the content of metal carboxylate nanoparticles on the activity

of superoxide dismutase in leaves, under the influence of insufficient
water supply (units act./mg protein, x = SD, n=6)

Stages of ontogenesis
budding flowering bean formation
Variants drought or 14 days (0% Zﬁéﬁzﬁlﬁﬁzﬁ
of total moisture content) ¥ 0
content)

B.japonicumB1-20  938+66" 1453+ 102" 212+85
B.japonicum BI-20+ 1055 4 700 1271288 1399498
ferrum
B.japoniamBI20+ 153 4 7gp 1918185 1178+82°
germanium
B.japonicum BI20+ a7, 610 20124 142¢ 126.5£8.8°
molybdenum

Note: see Table 1.

In the post-stress period, it was recorded that in the variants of the ex-
periment with inoculation of soybean seeds with rhizobia in combination
with chelated metals germanium and molybdenum, the activity of the en-
zyme in the leaves was approximately the same and did not differ from
the level of its activity in symbiotic plants without metal nanocarboxylates
(Table 4). However, in the symbiotic system with the participation of fer-
rum nanocarboxylate, the activity of superoxide dismutase in the leaves
increased slightly by 15.5% after the resumption of watering plants in the
stage of bean formation.

Discussion

The activity of superoxide dismutase is regulated depending on the
metabolic needs of the cell, which are determined by the intensity of stress
exposure, its duration, the degree of plant sensitivity, etc. (Udvardi & Poo-
le, 2013; Laxa, 2019). It is believed that reactive oxygen species, calcium
ions, nitric oxide, glutathione, as well as phytohormones, in particular abs-
cisic and salicylic acids, are involved in the signal transduction pathways
that lead to the activation of superoxide dismutase and the expression of its
genes (Pauly et al., 2006; Suzuki et al., 2012; Palma et al., 2013; Udvardi
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& Poole, 2013). The increase in superoxide dismutase activity is a respon-
se to the increase in the production of superoxide radicals due to the acti-
vation of its latent forms or the synthesis of new macromolecules. Howe-
ver, at a certain level of oxidative stress there is a decrease in superoxide
dismutase activity, which is associated with depletion of the enzyme pool
due to increased utilization of superoxide radicals, reduced synthesis or incre-
ased dehydration of its molecules (Alscher et al., 2002; Tyagi et al., 2017).

The analysis of the obtained results showed that when soybean seeds
are inoculated with a culture of thizobia Tn5-mutant B1-20 containing na-
noparticles of metal carboxylates, changes in superoxide dismutase activity
in root nodules and leaves of soybeans occur under optimal conditions of
plant growth during ontogenesis from the stage of three true leaves to the
formation of beans. This is manifested in an increase in the activity of the
enzyme in the root nodules and a decrease in its activity in soybean leaves
by adding metal nanocarboxylates to the inoculation suspension, compa-
red with plants in symbiosis with rhizobia without the use of chelated mic-
roelements. Such dynamics of enzyme activity were most indicative for
root nodules in the variant of inoculation of soybean seeds with rhizobia
suspension containing germanium nanoparticles and for leaves — when
ferrum nanoparticles were added to the culture medium of B. japonicum.
This indicates the initial changes in the activity of the antioxidant enzyme
in these symbiotic systems, induced by the action of chelated microele-
ments in combination with the inoculation of soybean seeds with rhizobia
of the TnS-mutant B1-20.

Prolonged drought leads to an increase in the overall level of super-
oxide dismutase activity in root nodules and soybean leaves, compared to
plants grown under optimal watering conditions.

In soybeans in symbiosis with nodule bacteria TnS-mutant B1-20 for
the addition of ferrum nanocarboxylate, no significant changes in the acti-
vity of superoxide dismutase in root nodules and leaves were recorded due
to the action of dehydration in the budding stage and a decrease in the
level of its activity in these plant organs due to the action of drought in the
flowering stage. Inoculation of soybean B. japonicum with molybdenum
carboxylate nanoparticles under dehydration was observed to inhibit su-
peroxide dismutase activity in root nodules during the budding stage. Ho-
wever, there was an increase in its activity in root nodules and leaves
under prolonged exposure to water stress during the flowering stage. Soy-
beans inoculated with rhizobia containing germanium carboxylate nano-
particles did not show significant changes in superoxide dismutase activity
in root nodules due to drought and a slight decrease in the level of its acti-
vity in leaves due to dehydration during the flowering stage.

After the action of water stress in all symbiotic systems formed with
the participation of soybean plants, B. japonicum TnS-mutant B1-20 and
chelated microelements, approximately the same level of enzyme activity
was found in root nodules and leaves, which was almost at the level of
plants with optimal watering. The only exception was increase in enzyme
activity in leaves of soybean in symbiosis with rhizobia with the addition
of ferrum carboxylate nanoparticles.

It is believed that trace elements of metals in very low concentrations
can be used as a kind of stress factor of very low levels (Taran et al,
2016). Their action in accordance with the principle of hormesis, can indi-
rectly contribute to the development of adaptive potential of plants by in-
ducing changes in the course of certain biochemical reactions in plant cells
(Taran et al., 2016). It is shown that the use of micronutrient nanoparticles
significantly changes physiological and biochemical processes in plants, in
particular, it increases the activity of enzymes, intensifies photosynthetic
processes, and improves mineral nutrition of plants (Kole et al., 2013; Du
et al,, 2015). The role of chemical properties of metal nanoparticles for
modulation of the antioxidant defense system and physiological processes
involved in the development of adaptive reactions of plants is shown (Ta-
ran et al., 2016). It has been shown that various metal nanoparticles exhibit
antioxidant ability and exhibit enzyme-like properties. In particular, nano-
particles of cerium (nCeO,) and iron (nFe;0,) oxides exhibit catalase-like
activity; and oxides of cerium (nCeQ,), iron (nFe;0y), cobalt (nCos0,),
manganese (nMnQ,), copper (nCuQ) and nanoparticles of aurum (nAu) —
to peroxidase; cerium oxide (nCeQ,), platinum (nPt) and fullerene nano-
particles exhibit properties similar to superoxide dismutase (Wu et al., 2015).
It has been found that treatment of isolated Vigna radiata chloroplasts
with manganese nanoparticles (nMn) modulates the activity of photosys-
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tem II by increasing water cleavage and oxygen evolution, which increa-
ses the activity of photophosphorylation processes in the electron transport
chain (Pradhan et al., 2013). The use of germanium, iron and molybde-
num nanocarboxylates as components of the inoculation suspension indu-
ces an increase in nitrogen-fixing activity and optimization of photosyn-
thetic processes in soybean plants in symbiosis with nodule bacteria (Kots
etal,,2019).

To date, there are no unequivocal beliefs about the influence of metal
nanoparticles on the course of physiological and biochemical processes in
plants, which proves the relevance of further research in this direction.
This will clarify the role of chelated microelements in maintaining the ho-
meostasis of plant cells under the action of external factors of various
natures.

Despite a significant number of studies on the participation of antioxi-
dant enzymes, including superoxide dimutase, in the formation of protec-
tive reactions of legumes in symbiosis with nodule bacteria under drought,
the mechanism of this phenomenon is still not fully understood (Becana
etal., 2010; Asensio et al., 2011; Kunert et al., 2016; Gutiérrez-Martinez
etal,, 2020). Superoxide dismutase does not provide complete protection
of the cell from oxidative stress, because its work produces hydrogen per-
oxide, which is an inhibitor of the enzyme. Therefore, the effective func-
tioning of this enzyme is largely determined by the functioning of other
components of the defense system, in particular, those that utilize hydro-
gen peroxide (catalase, peroxidase) and enzymes of the ascorbate-gluta-
thione cycle (Sarker & Oba, 2018; Hasanuzzaman et al., 2019; Tyagi
etal., 2020). We have previously shown that the formation of defense
reactions in soybeans in symbiosis with B. japonicum under the influence
of drought is associated with the activation of superoxide dismutase, adap-
tive changes in the activity of catalase and ascorbate peroxidase in root
nodules, roots and leaves, which induce the regulation of peroxide content
and the intensity of lipid peroxidation processes (Mamenko et al., 2019).
In our opinion, further research should focus on studying the effect of che-
lated micronutrients on the antioxidant status of plant cells. This will show
their participation in the formation of protective reactions of legumes and
the possibility of joint use with nodule bacteria to increase the adaptability
and productive potential of legume-rhizobial symbiosis under drought.

Conclusions

The use of nanoparticles of molybdenum, ferrum and germanium in
combination with rhizobia Tn5-mutant B1-20 leads to changes in the acti-
vity of the antioxidant enzyme superoxide dismutase in soybean plants —
an increase in root nodules and a decrease in leaves under optimal grow-
ing conditions. In drought conditions, unstable dynamics of antioxidant
enzyme activity were detected — inhibition or intensification in soybean
root nodules and leaves inoculated with rhizobia containing molybdenum
carboxylate nanoparticles, which indicates the sensitivity of this symbiotic
System to water stress.

The addition of nanoparticles of germanium or ferrum carboxylates to
the inoculation suspension of thizobia of the Tn5 mutant B1-20 showed
insignificant changes in the enzyme activity in root nodules and soybean
leaves during dehydration and after exposure to water stress, which indi-
cates a high tolerance of these symbioses to growing conditions.
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