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INTRODUCTION
One of current strategic tasks of agriculture is to 

improve environmental and sustainable land manage-

ment. The process of biological fi xation of molecular 
nitrogen by microorganismsis the only natural source 
of providing plants with nitrogen, not impairing the 
environmental ecology. The formation of legume-rhi-
zobial symbiotic systems, involving active strains of 
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Aim. The elaboration of effi cient legume-rhizobial symbiosis systems, involving active strains of nodule bacteria, in the 
combination with fungicide seed treatment may be an alternative method of providing ecologically friendly nitrogen sources 
to plants and promoting their tolerance to the external factors, which is relevant for preservation and restoration of envi-
ronmental quality. Therefore, the aim of our study was to determine the impact of pre-sowing seed treatment with fungi-
cides, which differ in the action spectrum of active substances – Standak Top (fi pronil, 250 g/l, thiophanate-methyl, 225 g/l, 
pyraclostrobin, 25 g/l) and Maxim XL (fl udioxonyl, 25 g/l, metalaxyl, 10 g/l), on the intensity of the development of lipid 
peroxidation processes, the activity of antioxidant enzyme ascorbate peroxidase and nitrogen fi xation activity in soybeans on 
the early stages of forming legume-rhizobial symbiosis. Methods. Microbiological (cultivation of a bacterial culture, seed 
inoculation), physiological (vegetative experiment), biochemical (spectrophotometric determination of the content of lipid 
peroxidation products and the activity of ascorbate peroxidase; measuring the nitrogen-fi xation activity using a gas chro-
matography). Results. It was found that pre-sowing fungicide treatment of soybean seeds and subsequent inoculation with 
active rhizobia of strain 634b did not result in the change in the content of TBA-active products in roots and root nodules (the 
values of indices were within the experiment deviation). At the same time, after seed inoculation using rhizobia and treat-
ment with Maxim XL, there was an increase in the activity of ascorbate peroxidase in the roots from 20.3 to 30.8 %, and with 
Standak Top – from 20.0 to 29.8 % during the early stages of ontogenesis till the formation of the third ternate leaf. Here, 
the activity of the enzyme in root nodules increased by 24.7–40.3 % at the fungicidal effect. Our data demonstrate that the 
combination of fungicide seed treatment and inoculation with active rhizobia does not induce lipid peroxidation processes, 
but promotes the initiation of protective antioxidant properties in soybeans. It is accompanied with effi cient functioning of 
the symbiotic apparatus, which is manifested in the increase in nitrogen-fi xing activity of nodule bacteria, formed by active 
rhizobia of strain 634b after the seed treatment with Standak Top – by 98.3 and 78.1 % and after Maxim XL – by 78.6 and 
196.2 % respectively, during the stages of the second and third ternate leaves. Conclusions. The pre-sowing soybean seed 
treatment with fungicides Standak Top and Maxim XL and the subsequent inoculation with active rhizobia of strain 634b 
does not induce the development of lipid peroxidation processes, but increases the activity of the antioxidant enzyme, ascor-
bate peroxidase, in the roots and root nodules, which is accompanied with the effi cient work of the symbiotic apparatus on 
the early stages of determining legume-rhizobial symbiosis. This method of seed treatment may be a novel measure, to use 
in the technologies of cultivating soybeans to enhance the realization of the symbiotic potential and meet the needs of plants 
in ecologically friendly nitrogen, and to promote the formation of their tolerance to the corresponding cultivation conditions.
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nodule bacteria, in combination with fungicide seed 
treatment is an important measure to enhance the ef-
fi ciency of fi xing ecologically pure nitrogen by plants 
and simultaneously increase their tolerance to the ef-
fect of biotic factors.

Solving the issue of a shift in balance in the plant-
pathogen-environment system and protection of plants 
from plant pathogenic microorganisms is one of the 
most important components in technologies of culti-
vating crops, including legumes (Kobak et al, 2016). 
In this aspect, there should be an integrated system 
of protecting crops depending on their phytosanitary 
state with harmonious combination of all the modern
methods: organizational-economic, agrotechnical, im-
munologic, biologic, and chemical ones (Tribel and 
Strigun, 2011). At the same time, one of the main 
problems of plant protection is not just the application 
of chemical methods to protect plants, but rather the 
search for the ways to decrease the level of their harm-
fulness for environment (Petrichenko and Kots, 2014; 
Mamenko et al, 2019; Mamenko et al, 2020).

The plants of the family Fabaceae in the symbiosis 
with nodule bacteria (Rhizobiaceae) form an active 
symbiotic apparatus, and a combination of all the mea-
sures, aimed at the optimization of this process, pro-
motes the realization of their nitrogen-fi xation potential 
(Joshi et al, 2014). At present, there are active studies 
on the possibility of using seed inoculation with nodule 
bacteria prior the planting to regulate the metabolism 
of legumes and enhance their tolerance to biotic effects 
(Dicheng et al, 2018; Standish et al, 2018; Alonso-
Monge et al, 2020; Laktionov et al, 2020; Rathjen et 
al, 2020; Getachew et al, 2021; Martinez et al, 2021; 
Santos et el, 2021).

During the formation of legume-rhizobial symbiosis, 
there is enhanced generation of reactive oxygen species 
(ROS), formed in the process of protective reactions 
of a host plant in response to the effect of external fac-
tors, including infection with microorganisms (Wang 
et al, 2018). ROS in plants are mainly formed during 
the processes of breathing, photosynthesis, and fi xation 
of molecular nitrogen. The decisive role in maintaining 
the balance in production and scavenging of ROS in 
plant cells is simultaneously played by two systems of 
the plant organism – the antioxidant system to elimi-
nate their excess and the signaling one, ensuring the 
initiation of protection mechanisms (Laxa et al, 2019; 
Noctor et al, 2018). A key enzyme in the antioxidant 
protection of cells, playing a relevant role in regulating 
ROS levels in plants under the effect of various external 

factors is ascorbate peroxidase (APO) (EC 1.11.1.11). 
APO is involved in cross-transduction pathways along 
with other antioxidant enzymes, eliminating ROS ex-
cess and stabilizing the internal biochemical state of a 
cell under stress factors, which leads to the tolerance of 
plants (Asthir et al, 2020).

A relevant role in perceiving ROS signals is played 
by cellular membranes with most starting enzymatic 
systems, involved in the initiation of calcium, lipoxy-
genase, phosphatide-oxalate signaling systems (Ayala 
et al, 2014). Therefore, there are no doubts concerning 
the participation of lipid peroxidation (LP) processes in 
the regulation of the system, supporting the homeosta-
sis of plant cells, including the restoration of microbe-
plant interactions.

Soybean is the main leguminous crop in agriculture 
of both Ukraine and globally. At the same time, this 
crop is very sensitive to cultivation conditions and 
during the vegetation period is affected by many di-
sease agents, which may lead to 15–30 % loss of
grain, the decrease in protein content by 4–5 %, and 
3–7 % decrease in fat (Kobak et al, 2016).

The fungicides with different action spectra of ac-
tive substances were selected for the study. Standak 
Top contains such chemical substances as fi pronil, 
250 g/l, thiophanate-methyl, 225 g/l, pyraclostrobin, 
25 g/l, with combined fungicidal and insecticidal ef-
fect. The effect of fi pronil lies in blocking gamma-
aminobutyric acid, which regulates the passing of 
a nervous impulse through chloride channels in the 
membranes of nervous cells of insects. Pyraclostrobin 
inhibits the mitochondrial respiration, blocking elec-
tron transfer and impairment of energy metabolism in 
the cells of a pathogen. Thiophanate-methyl inhibits 
the formation of ergosterol and the biosynthesis of 
nucleic acids in the cells of fungi (https://www.agro.
basf.ru/ru/Products/Overview/).

Maxim XL contains two active substances – fl uodi-
oxonil, 25 g/l, metalaxyl, 10 g/l). Fluodioxonil is the 
analogue of a natural antibiotic, released by soil bacte-
ria Pseudomonas pyrocinia. The mechanism of action 
of this preparation is related to the processes, inducing 
the impairment of transporting functions of mem-
branes in the cells of a disease agent, thus inhibiting 
the growth and reproduction of the pathogen (https://
www.syngenta.ua/product/crop-protection/).

Active virulent Bradyrhizobium japonicum, strain 
634b, are used in bacterial preparations for soybeans to 
enhance the effi ciency of fi xing molecular atmospheric 
nitrogen by root nodules (Novikova et al, 1984).
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The determination of the specifi cities in the forma-
tion of protective properties of legumes in the symbio-
sis with nodule bacteria strains using seed dressers is 
relevant for the search for effi cient symbiotic systems, 
which would maximally realize their nitrogen-fi xation 
potential and have enhanced adaptation ability.

The aim of the study was to investigate the impact 
of pre-sowing treatment of seeds, using fungicides 
Standak Top and Maxim XL, on the development of 
lipid peroxidation processes, the activity of antioxidant 
enzyme ascorbate peroxidase and nitrogen fi xation ac-
tivity in soybeans on early stages of the formation of 
legume-rhizobial symbiosis to fi nd the possibility of 
using this treatment method to enhance protective and 
symbiotic properties of plants.

MATERIALS AND METHODS
The studies were conducted under controlled veg-

etation conditions using soybeans plants (Glycine max 
(L.) Merr.) of Almaz variety – an early ripening vari-
ety, recommended for cultivation in the Forest-Steppe 
of Ukraine, obtained by hybridization of a Moldavian 
line 3/86 and a Swedish variety Fiskeby 840-5-3 at the 
Poltava State Agrarian Academy (Biliavska, 2007).

The work was done using strains Bradyrhizobium ja-
ponicum 634b (active, virulent) (Novikova et al, 1984) 
and 604k (inactive, highly virulent) (Tolkachev et al, 
1995) of different effi ciency from the museum collec-
tion of nitrogen-fi xing microorganisms from the De-
partment of symbiotic nitrogen-fi xation at the Institute 
of Plant Physiology and Genetics, the NAS of Ukraine. 
Inactive highly virulent strain B. japonicum 604k is a 
mutant, isolated from the nodule while passaging strain 
604k through soybeans plants in the high radiation 
area – “cesium spot” which lost its ability of effec-
tive symbiosis (Tolkachev et al, 1995). Active virulent 
strain B. japonicum 634b was isolated from the soybean 
nodule by analytic selection (Novikova et al, 1984).

Prior to sowing, the soybean seeds were treated with 
the solutions of fungicides Maxim XL 035 PS (Syngen-
ta, Switzerland) and Standak Top (BASF, Germany), 
according to the application rate for one dose of each 
preparation, indicated by the manufacturer per one ton 
of seeds – Standak Top (10 l/t), Maxim XL (1 l/t). One 
part of seeds, treated with fungicide, was inoculated 
with the suspension of rhizobia for one hour. The cul-
ture of slow-growing nodule bacteria was cultivated on 
mannitol-yeast medium for 9 days at 26–28 °С (the titer 
of bacteria was 108 cells in 1 ml). The inoculation titre 
was 200–300 thousand cells of rhizobia per one seed. 
Another part of the seeds, treated with fungicides, was 

not subjected to inoculation with rhizobia. The control 
was the variants without bacterization and fungicidal 
treatment of seeds and with inoculation using rhizobia 
(364b and 604k) without fungicides.

The plants were cultivated in pots on sandy medium 
with the addition of Herligel nutrient solution (0.25 
nitrogen norm) (Grodzinskii, 1973) under natural il-
lumination and optimal water  supply. To conduct the 
studies, the roots of soybeans were extracted in early 
stages of ontogenesis – primordial leaves (VC), the fi rst 
ternate leaf (V1), the second (V2) and third (V3) ter-
nate leaves as well as root nodules during the stage of 
the third ternate leaf (V3). There were 12 pots per one 
variant, 6 plants per pot.

Biological nitrogen fi xation (BNF) was measured 
using the gas chromatograph “Agilent GC system 
6850” (USA) with the fl ame ionization detector (Hardy, 
1968) at the core facility of multiple access to devices/
equipment “Gas Chromatography-Mass-Spectrome-
try” of the Institute of Plant Physiology and Genetics, 
the NAS of Ukraine. Gas separation was performed at 
the column (Supelco Porapak N) at the thermostat tem-
perature of 55 °С and the detector – 150 °С. Helium 
was a carrier gas (20 ml per 1 minute). The volume of 
the gas mixture sample under analysis was 1 cc. Pure 
ethylene was used as a standard (Sigma-Aldrich, No. 
536164, USA) (https://www.sigmaaldrich.com/UA/en/
product/aldrich/536164). 

The total activity of BNF was presented in molar 
units of the ethylene obtained (μmol C2H4) per plant 
per one hour. The value of its specifi c quantity was cal-
culated per unit of mass of root nodules from one plant 
and presented in molar units of ethylene obtained in 
one hour (μmol С2Н4 / h nodules·h).

To determine the activity of the antioxidant enzyme 
APO, the weighed quantity of plant material was ho-
mogenized with cooled 60 mM phosphate buffer (pH 
7.5) in the 1:2 ratio (mass/volume), containing 2 mM 
EDTA, 1 mM PMSF, 5 mM β-mercaptoethanol and
1 % polyvinylpyrrolidone. The homogenate was cen-
trifuged at 10,000 rpm for 20 min at 4 °С. The superna-
tant was used to determine APO activity. The reaction 
mixture contained: 60 mM potassium-phosphate buffer 
(рН 7.0), 0.1 mM EDTA, 0.2 mM ascorbate, 0.1 mM 
hydrogen peroxide. The reaction was initiated with
100 μl supernatant. APO activity was measured by 
the decrease in optic density at the wavelength of 290 
nm for 2 min due to the oxidation of ascorbate (ɛ = 
= 2.8 mM–1cm–1) using the scanning double-beam 
spectrophotometer UV-1900 (Shimadzu, Japan) (Na-
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kano and Asada, 1981). The results were presented in 
μmol of the oxidated ascorbate calculated as per the 
content (mg) of the total soluble protein per one min-
ute, which was defi ned according to Bradford (Brad-
ford, 1976).

The intensity of the course of  LP processes was es-
timated by the content of TBA-active products, deter-
mined as a result of color reaction with thiobarbituric 
acid (TBA). To obtain the plant extract, the samples 
(0.5 g) were homogenized with 3 ml of distilled water. 
Then 3 ml of trichloracetic acid was added to sample 
and homogenized again. Two samples, 2 ml each, were 
extracted from each homogenate. 2 ml trichloracetic 
acid was added to one of them and used as a control 
on the spectrophotometer. 2 ml of TBA solution was 
added to the other (experimental) sample. The samples 
were incubated for 30 min on water bath, cooled, and 
centrifuged at 3,000 rpm for 10 min. The supernatant 
liquid was carefully taken by a syringe into tubes and 
measured on the spectrophotometer at λ = 532 nm. 
The value of non-specifi c absorption was calculated at
λ = 600 nm. The results were presented as calculated 
per number of nmol malondialdehyde (MDA) in a 
gram of wet weight using a molar coeffi cient of extinc-
tion 1.55 × 105 cm–1 · M–1 (Heath and Paker, 1968). The 
nitrogen fi xation activity was determined in 10 repeats, 
and the biochemical parameters (TBA-active products 
and APO) – in 6 repeats.

Figures 1–3 and Table 1 present the arithmetic means 
and their standard deviations (х ± SE). The signifi cance 
of differences between the samplings was evaluated by 
ANOVA method, using U-criterion of Mann-Whitney. 
The differences were deemed reliable at P < 0.05. 

RESULTS 
It was determined that the treatment of soybean 

seeds with fungicide Standak Top led to the increase 
in the content of TBA-active products in the roots by 
16.1 % during the stage of primordial leaves as com-
pared to the concentration of these substances in the 
soybean roots in the variant without seed treatment 
(Fig. 1, a). During this stage of ontogenesis, no differ-
ences were found in the course of  LP in the soybean 
roots between the experiment variants with seed treat-
ment using Maxim XL and without such treatment. 
During the stage of the fi rst ternate leaf, there was 
intense development of  LP in the soybean roots at 
the effect of Standak Top which is manifested in the 
increase in the content of TBA-active products by 
53.2 % as compared with the concentration of these 
substances in the soybean roots in the variant without 

seed treatment, whereas at the effect of Maxim XL the 
content of TBA-active products increased by 14.8 % 
in the roots. No development of LP was determined 
during the subsequent stages of ontogenesis until the 
formation of the third ternate leaf at the effect of both 
fungicides, since the level of TBA-active products in 
the roots was within the experiment deviation.

The inoculation of soybean seeds with inactive, high-
ly virulent rhizobia of strain 604k led to the decrease 
in the content of TBA-active products in the roots 
by 16.1 % during the stage of primordial leaves and 
the increase in their concentration in the roots during 
the stage of the fi rst ternate leaf by 27.2 % as com-
pared with the non-inoculated plants (see Fig. 1, a, b). 
During the following stage of ontogenesis until the 
formation of the third ternate leaf, the intensity of LP 
in the soybean roots in the symbiosis with inactive
rhizobia remained practically on the same level.

Soybean seed treatment with Maxim XL in combina-
tion with rhizobia of inactive strain 604k did not in-
duce signifi cant changes in the LP in the roots during 
the stages of primordial leaves and the fi rst ternate leaf 
as compared with the inoculated plants without fungi-
cides (Fig. 1, b). During the stages of the second and 
third ternate leaves, there was a decrease in the devel-
opment of these processes in the roots by 17.3–17.6 % 
after seed treatment with Maxim XL and inoculation 
with inactive rhizobia of strain 604k. 

In case of using Standak Top for pre-sowing seed 
treatment and inoculation with rhizobia of the inac-
tive strain 604k, there was a decrease in the inten-
sity of LP in the roots in early stages of ontogenesis
(Fig. 1, b). When Standak Top was used for seed treat-
ment during the stage of primordial leaves, there was a 
decrease by 25.8 % in the content of lipid peroxidation 
products in the soybean roots, inoculated with inactive 
rhizobia, as compared with the concentration of TBA-
active products in the roots of inoculated plants without 
fungicides. During the phase of the fi rst ternate leaf and 
prior to the formation of the third ternate leaf there was 
a decrease in the level of lipid peroxidation products by 
20.0 % in the soybean roots after seed treatment with 
Maxim XL and inoculation with inactive rhizobia.

After the inoculation of soybeans with active soy-
bean rhizobia, there was a considerable decrease in 
the development of  LP in the roots during the stage 
of primordial leaves as compared with the inoculated 
plants (by 38.3 %) and inoculated inactive rhizobia (by
26.5 %) (see Fig. 1, a, b, c). During the subsequent 
stages of ontogenesis until the formation of the third 



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 8   No. 2   202128

MAMENKO et al.

ternate leaf, the rate of these processes in soybeans 
roots in the symbiosis with active rhizobia was lower 
as compared with their development in the inactive 
symbiotic system.

The variants with pre-sowing treatment of soybean 
seeds using fungicides Maxim XL and Standak Top 
and subsequent inoculation with rhizobia of the active 
strain 634b did not demonstrate considerable differen-
ces during LP in the roots in early stage of growth and 
development of plants as compared with inoculated 
plants without seed dressers (Fig. 1, c). 

The treatment of soybean seeds with fungicides
without bacterization induced the increase in APO
activity in the roots in early stages of ontogenesis 
till the formation of the third ternate leaf from 30 to 
40 % at the effect of Standak Top and from 40 to 
50 % at the effect of Maxim XL (Fig. 2, a).

After the inoculation of soybean seeds with rhizo-
bia of inactive highly virulent strain 604k, there was 
an increased activity of APO in the soybean roots by 
31.7 % during the stage of primordial leaves and by 
24.0 % during the stage of the fi rst ternate leaf as com-

pared with non-inoculated plants. During the following  
stages of ontogenesis until the formation of the third 
ternate leaf, the activity of the enzyme in the roots of 
soybean plants, inoculated with inactive rhizobia, re-
mained practically on the same level (Fig. 2, b).

The pre-sowing treatment of soybean seeds with 
fungicides and inoculation with inactive rhizobia did 
not demonstrate signifi cant changes in the activity of 
the enzyme in the soybean roots as compared with the 
inoculated plants without the application of fungicides 
during the stage of primordial leaves. During the stage 
of the fi rst ternate leaf, the activity of the enzyme in-
creased in the roots of these plants by 26.3 and 16.8 % 
respectively, after the application of Standak Top and 
Maxim XL. During the following stages of ontogen-
esis, the activity of the enzyme in the roots gradually 
increased and reached its maximal level of activity in 
the stage of the third ternate leaf which was 51.2 % 
(Standak Top) and 37.5 % (Maxim XL) higher than in 
the inoculated plants without the fungicides.

After the inoculation of soybean seeds with the active 
virulent strain of rhizobia 634b, there was an increase 

Fig. 1. The impact of fungicide seed treatment 
on the content of TBA-active products in the 
roots of soybeans, non-inoculated with rhizo-
bia (a) and inoculated with inactive (b), active 
(c) strains of B. japonicum in early  stages of 
ontogenesis: VC – primordial leaves, V1 –
fi rst ternate leaf, V2 – second ternate leaf, 
V3 – third ternate leaf. (x ± SE, n = 6); the 
data as compared with the control are reliable 
at + ≠ × – P <0.05; ++ ≠≠ ×× – P <0.01; +++ ≠≠≠ ××× – 
P < 0.001 (+ – regarding the variant without the 
fungicide treatment; ≠ і × – regarding variants 
with the inoculation using strains 604k and 
634b, respectively)
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in APO activity in the soybean roots during the stage of 
the primordial leaf and the fi rst ternate leaf by 56.2 and 
30.8 % respectively as compared with the inoculated 
plants (Fig. 2, c). During the following stages of onto-
genesis until the formation of the third ternate leaf, the 

activity of the enzyme in the roots of these plants was 
at the level of the non-inoculated ones. No signifi cant 
differences were found in the level of APO activity in 
the soybeans roots in the active symbiotic system as 
compared with the inactive symbiosis.

Fig. 2. The impact of fungicide seed treatment 
on APO activity in the roots of soybeans, non-
inoculated with soybean rhizobia (a) and in-
oculated with inactive (b), active (c) strains of 
B. japonicum in early  stages of ontogenesis: 
VC – primordial leaves, V1 – fi rst ternate leaf, 
V2 – second ternate leaf, V3 – third ternate 
leaf. (x ± SE, n = 6); the data as compared 
with the control are reliable at    + ≠ × – P < 0.05;
++ ≠≠ ×× – P < 0.01; +++ ≠≠≠ ××× – P < 0.001 (+ – 
regarding the variant without the fungicide 
treatment; ≠ і × – regarding variants with the 
inoculation using strains 604k and 634b, re-
spectively) 

The impact of fungicide seed treatment on the intensity of LP and APO activity in soybean root nodules, formed by B. japoni-
cum strains of different effi ciency. Stage of the third ternate leaf (x ± SE, n = 6)

Variant TBA-active products, 
nmol MDA / g of wet weight

Ascorbate peroxidase, μmol
of ascorbate/mg of protein ∙ min

Strain 604k
Standak Top + strain 604k
Maxim XL + strain 604k
Strain 634b
Standak Top + strain 634b
Maxim XL + strain 634b

222.45 ± 15.25
281.22 ± 19.14#

236.74 ± 16.11
104.02 ± 7.18
116.83 ± 8.11
106.73 ± 9.12

0.621 ± 0.051
0.674 ± 0.044
0.533 ± 0.032#

0.186 ± 0.012
0.261 ± 0.018××

0.232 ± 0.016××

Note: the data as compared with the control are reliable at ≠ × – P < 0.05; ≠≠ ×× – P < 0.01; ≠≠≠ ××× – P < 0.001 (≠ і × – regarding the 
variants with the inoculation with strains 604k and 634b, respectively). Soybeans, the seeds of which had not been inoculated 
with rhizobia, did not form root nodules.
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The treatment of soybean seeds with fungicides and 
the inoculation with active rhizobia did not induce reli-
able changes in APO activity in the roots in the stage 
of primordial leaves as compared with the inoculated 
plants without fungicides. During the stage of the fi rst 
ternate leaf, the activity of the enzyme increased in the 
roots of these plants by 29.8 % at the effect of Standak 
Top and by 20.3 % at the effect of Maxim XL. During 
the stage of the second and third ternate leaves, the ac-
tivity of the enzyme in the soybean roots increased by 
12.3 and 20.0 %, respectively, at the effect of Standak 
Top, while after Maxim XL these values amounted to 
24.6 and 32.8 %, respectively.

During the stage of the third ternate leaf, the content 
of TBA-active products in the soybean root nodules, 
formed by inactive rhizobia of strain 604k, was 2.1 
times higher than in soybean root nodules in the sym-
biosis with active rhizobia of strain 634b (Table).

After soybean seed treatment with Standak Top in the 
ineffi cient symbiotic system, there was a 26.4 % increase 
in the concentration of lipid peroxidation products in the 
soybean root nodules in the stage of the third ternate leaf. 
However, after the effect of Standak Top in the effi cient 
symbiotic system no reliable increase in the content of 
TBA-active products was registered in the soybean root 
nodules as compared with the inoculated soybeans plants 
without the application of fungicides. 

The seed treatment with Maxim XL did not demon-
strate any signifi cant differences in the accumulation 
of lipid peroxidation products in the soybeans root 
nodules in both symbiotic systems, formed with the in-
volvement of different strains of rhizobia.

During the stage of the third ternate leaf, APO ac-
tivity in the soybean root nodules, formed by inactive 
rhizobia, exceeded the level of enzyme activity in the 
soybean roots nodules, inoculated with active rhizobia, 
3.3 times (Table). 

The fungicide seed treatment and the inoculation 
with inactive rhizobia of strain 604k did not lead to sig-
nifi cant changes in APO activity in the soybean root 
nodules, whereas after the fungicide seed treatment and 
inoculation with active rhizobia of strain 634b, there 
was an increase in the enzyme activity in root nodules 
by 40.3 % (Standak Top) and 24.7 % (Maxim XL).

The pre-sowing treatment of soybean seeds with fun-
gicides and inoculation with the rhizobia of active strain 
634b promotes enhanced fi xation of molecular atmo-
spheric nitrogen by root nodules of the soybeans (Fig. 3). 
During the stages of the second and third ternate leaves, 

at the effect of Standak Top the total  BNF of root nod-
ules increased 1.9 and 1.7 times respectively, whereas 
its specifi c value increased 1.9 and 1.2 times. In case of 
using Maxim XL to treat seeds, there was an 1.7 and 2.9 
times increase in the total BNF of the root nodules, and 
its specifi c value increased 17 and 1.8 times during the 
phases of the second and third ternate leaves.

DISCUSSION

The symbiosis of legumes and nodule bacteria is one 
of the most effi cient biological nitrogen fi xation sys-
tems, which is of great ecologic and practical relevance 
(Patyka et al, 2015). And the targeted combination of 
all the measures, aimed at optimizing the symbiosis 
process, promotes the formation of a powerful symbi-
otic apparatus, improvement in the phytosanitary state 
of the fi elds, improvement in soil fertility and obtai-
ning high yield of soybeans with the best quality indi-
ces (Mikolaevsky et al, 2017). The study of key mech-
anisms of symbiotic interaction regulation is required 
for possible management of this process with the pur-
pose of enhancing the realization of nitrogen fi xation 
potential and tolerance of legumes to the corresponding 
cultivation conditions.

Recent publications demonstrate active studies on 
the application of fungicidal preparations to regulate 
the metabolism of legumes in the symbiosis with no-
dule bacteria to increase their tolerance to biotic fac-
tors (Joshi et al, 2014; Dicheng et al, 2018; Standish 
et al, 2018). To conduct a more detailed analysis of the 
specifi city of the course of physiological-biochemical 
processes during the formation of legume-rhizobial 
symbiosis at the fungicidal seed treatment, we used the 
symbiotic systems, formed by rhizobia strains with dif-
ferent activity and virulence. 

The analysis of the results demonstrated that in 
both symbiotic systems, regardless of the activity and 
virulence of rhizobia strains, there was a decrease in 
the content of TBA-active products in soybean roots 
during the stage of primordial leaves. Their concentra-
tion in the soybean roots in the symbiosis with active 
rhizobia was lower as compared to inactive symbio-
sis. During the subsequent stages of ontogenesis prior 
to the formation of the third ternate leaf, there was an 
increase in  PL intensity in soybean roots in both sym-
biotic systems. The level of development of these pro-
cesses in the roots was higher in the ineffi cient symbi-
otic system than in the effi cient one.

There was an increase in APO activity in soybean 
roots during the early stages of the growth and deve-
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lopment of plants, with the maximal level of activity 
during the stage of the third ternate leaf and practically 
no differences between both symbiotic systems.

The stage of primordial leaves is especially important 
for soybean plants in the symbiosis with nodule bacte-
ria. During this period of ontogenesis, there is active 
formation of symbiotic structures – nodule primordia, 
which is accompanied with the restructuring in the cel-
lular wall of the root (Gallego-Giraldo et al, 2014, Sulis 
et al, 2020) and, obviously, has relevant changes during 
the biochemical processes under investigation.

During the stages of the fi rst and second ternate 
leaves, there is intense formation of nodules on soy-
bean roots which fi x molecular atmospheric nitrogen, 
although very poorly. During the stage of the third ter-
nate leaf, the structure of root nodules is formed in such 
a way, that they are capable of active nitrogen fi xation, 
which is ensured by the work of nitrogenase enzyme 
complex (Andrews, 2017; Wang et al, 2018).

We demonstrated that during the stage of the third 
ternate leaf, the accumulation of lipid peroxidation 
products in the soybean root nodules, formed by inac-
tive rhizobia, was twice higher and the level of APO 
activity was three times higher than the level of the 
mentioned indices in the soybean root nodules, formed 
by active rhizobia. The observed changes in biochemi-
cal processes in the soybean root nodules, formed by 
inactive rhizobia, were conditioned by the fact that al-
though the ineffi cient symbiotic system, formed with 

the involvement of inactive highly virulent rhizobia of 
strain 604k, forms a great number of nodules on soy-
bean roots, they still are not capable of realizing their 
nitrogen fi xation function completely. It may induce 
the formation of stress-protective state of plants as a 
response to the insuffi cient provision for the needs of a 
plant in nitrogen, which is accompanied with changes 
in biochemical processes in root nodules, the increase 
in PL and the activity of antioxidant protection sys-
tems, including the antioxidant enzyme APO.

It is known that the accumulation of lipid peroxida-
tion products in plants may demonstrate the transfer 
of cellular metabolism into the stressor state under the 
effect of external factors. At the same time, they may 
play a key role in forming stress-protective responses 
and supporting homeostasis of plant cells (Ayala et al, 
2014). The balance between both parts of the prooxi-
dant-antioxidant system – PL, on the one hand, and the 
antioxidant activity, on the other, is the requirement for 
normal life activity of the cell, including the formation 
of plant-microbial interactions (Laxa et al, 2014).

The researchers note that an important factor in pro-
tecting soybean plants from diseases and pests is fun-
gicide seed treatment in the combination with the 
application of inoculants, based on microsymbionts 
Bradyrhizobium japonicum, which, in their turn, pro-
mote the increase in resistance to stress and productivity 
of plants (Joshi et al, 2014; Mikolaevsky et al, 2017) At 
the same time, some studies demonstrated that the prep-

Fig. 3. The impact of soybeans seed treatment with fungicides and their inoculation with B. japonicum 634b on the total (a) 
and specifi c (b) BNF activity of the root nodules during early stages of ontogenesis: V2 – the second ternate leaf, V3 – the 
third ternate leaf. (x ± SE, n = 6); the mean values of the indices for three years are presented; the data as compared with the 
control are reliable at × – P <0.05; ×× – P <0.01; ××× – P <0.001 (× – as compared with the variant with the inoculation with strain 
634b). No BNF was registered in the root nodules in the ineffi cient symbiotic system



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 8   No. 2   202132

MAMENKO et al.

arations with fungicidal activity cause an impairment of 
the regulatory signaling system between macro- and mi-
crosymbionts, blocking of activity of nodulation genes, 
and a decrease in the level of rhizobial Nod-factor (Fox 
et al, 2007; Rathjen et al, 2020). In addition, each in-
vestigated chemical substance competitively limited the 
activation of gene Nod-factor depending on its concen-
tration and inhibiting action (Bikrol et al, 2005).

Our studies demonstrated that the pre-sowing seed 
treatment with fungicides without bacterization leads 
to the increase in the intensity of PL processes and 
signifi cant intensifi cation of APO activity in the soy-
bean roots during early stages of plant development. 
The fungicide seed treatment on the background of 
inoculation with inactive rhizobia induced a signifi cant 
decrease in the development of LP in soybeans roots 
as compared with the inoculated plants without fungi-
cides. The bacterization of seeds with active rhizobia 
and fungicide treatment induced the approximation of 
the intensity in the development of these processes in 
the roots to the level, equal to that of inoculated plants 
without fungicides. These data may suggest a positive 
impact of the fungicide seed treatment and inoculation 
with active rhizobia on preserving the integrity of cel-
lular membranes (Sweeney et al, 2018a, 2018b).

When fungicides were applied in both symbiotic sys-
tems, no reliable changes were registered in the APO 
activity value in the soybean roots during the stage of 
primordial leaves and the fi rst ternate leaf. During the 
stages of the second and third ternate leaves, the level 
of enzyme activity was higher in the soybean roots in 
the variants with the seed inoculation with inactive rhi-
zobia and fungicide treatment, especially with Standak 
Top. We also registered an increase in the intensity of 
PL processes in soybean root nodules during the stage 
of the third ternate leaf in the ineffi cient symbiotic sys-
tem after the application of Standak Top. No increase 
in APO activity was registered in soybean root nodules, 
formed by inactive rhizobia at the effect of both fungi-
cides (the data are presented in Table).

Under the application of fungicides in the effi cient 
symbiotic system, there was another tendency in the 
development of these processes – an insignifi cant accu-
mulation of lipid peroxidation products and the increase 
in APO activity in the soybean root nodules during the 
stage of the third ternate leaf. In our opinion, this spe-
cifi c course of the mentioned biochemical processes in 
soybeans under the inoculation of the seeds with rhizo-
bia and the treatment with fungicidal preparations was 
conditioned, fi rst and foremost, by different symbiotic 

properties of the strain, their activity and virulence, 
and the formation of active and inactive nodules on the 
roots, as described above.

The indices of the formation and functioning of root 
nodules in legumes in the symbiosis with nodule bacte-
ria are an integral component of evaluating the effi cien-
cy of their symbiotic apparatus. The combination of the 
results of such studies and some biochemical indices is 
important in determining the specifi city of functioning 
of the formed symbiotic system, its ability to realize its 
symbiotic and adaptive potentials at the effect of addi-
tional factors, including the effect of fungicides.

We have been conducting studies on this aspect for 
the last three years (2019–2021). Our studies demon-
strate this tendency in nodule-formation process in 
soybeans at the effect of fungicidal preparations, thus 
the results are not presented in this article. However, 
BNF indices of soybean root nodules were different in 
some years if the seeds were treated with the fungicides 
under investigation, which was described in the publi-
cations (Mamenko et al, 2019; Mamenko et al, 2020). 
For instance, in 2019 we registered a similar tendency 
in the effect of both fungicidal preparations, which was 
manifested in the BNF increase in the soybeans (Ma-
menko et al, 2019). In 2020, the seed treatment with 
Maxim XL demonstrated better indices of BNF of root 
nodules as compared with this index in soybeans under 
the application of Standak Top (Mamenko et al, 2020).

This article presents the generalization of three sets 
of annual data (including 2021). These data demon-
strate that the application of fungicide Maxim XL for 
pre-sowing treatment of soybean seeds and inocula-
tion with active rhizobia of strain 634b promoted the 
increase in BNF of root nodules by 196.2 % while af-
ter Standak Top this index increased by 78.1 % during 
the stage of the third ternate leaf. Our results do not 
deny the positive effect of seed treatment with Standak 
Top, but suggest that both fungicidal preparations are 
effi cient and increase BNF of soybeans when used in 
combination with active rhizobia. However, the selec-
tion of one of investigated fungicides should be condi-
tioned by, fi rst and foremost, the task of the researcher, 
considering different spectra of active substances in 
their composition. As previously mentioned, Standak 
Top contains chemical substances with fungicidal and 
insecticidal effect. 

CONCLUSIONS
The pre-sowing seed treatment with fungicides Stan-

dak Top and Maxim XL and subsequent inoculation 
with active rhizobia of strain 634b does not cause the 
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development of LP processes but stimulates the activity 
of antioxidant enzyme APO in the roots (within 20.0–
30.8 %) and root nodules (by 24.7 and 40.3 %) which 
is accompanied with the increase in nitrogen fi xation 
activity (by 78.1 and 196.2 %) in soybeans on early sta-
ges of the legume-rhizobial symbiosis. This method of 
seed treatment may be used in modern technologies of 
soybeans cultivation to provide for the needs of plants 
in ecologically pure nitrogen and to enhance the rea-
lization of their protective antioxidant properties due to 
the stimulation of the activity of antioxidant enzymes, 
which would promote the development of soybeans 
tolerance to the corresponding cultivation conditions.
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Мета. Створення ефективних бобово-ризобіальних сим-
біотичних систем за участю активних штамів буль-
бочкових бактерій у поєднанні з обробкою насіння 
фунгіцидами може бути альтернативним шляхом для 
забезпечення рослин екологічно чистими джерелами 
азоту та сприятиме підвищенню їхньої толерантності 
до дії зовнішніх чинників, що має важливе значення для 
збереження і відтворення якості довкілля. У зв’язку з 
цим метою нашої роботи було з’ясувати вплив перед-
посівної обробки насіння фунгіцидами, які відрізня-
ються за спектром дії діючих речовин – Стандак То-
пом (фіпроніл, 250 г/л, тіофанат-метил, 225 г/л, 
піраклостробін, 25 г/л) і Максимом XL (флудіоксо-
ніл, 25 г/л, металаксил, 10 г/л) на інтенсивність роз-
витку процесів ліпопероксидації, активність антиокси-
дантного ензиму аскорбатпероксидази та азотфіксу-
вальну активність у сої на ранніх етапах формування 
бобово-ризобіального симбіозу. Методи. Мікробіоло-
гічні (вирощування бактеріальної культури, інокуляція
насіння), фізіологічні (вегетаційний експеримент), біо-
хімічні (спектрофотометричне визначення вмісту про-

дуктів ліпопероксидації та активності аскорбатперокси-
дази, а також вимірювання азотфіксувальної активності 
за допомогою газового хроматографа). Результати. Вста-
новлено, що передпосівна обробка насіння сої фун-
гіцидами та наступна інокуляція активними ризобіями 
штаму 634б не призводить до зміни вмісту ТБК-ак-
тивних продуктів у коренях і кореневих бульбочках 
(значення показників у межах похибки досліду). Вод-
ночас за інокуляції насіння ризобіями та обробки 
Максимом XL зафіксовано підвищення активності 
аскорбатпероксидази у коренях від 20,3 до 30,8 %, а 
за використання Стандак Топу – від 20,0 до 29,8 % 
впродовж ранніх фаз онтогенезу до формування третьо-
го трійчастого листка. При цьому активність ензиму у 
кореневих бульбочках підвищується на 24,7–40,3 % за 
дії фунгіцидів. Отримані дані засвідчують, що вико-
ристання обробки насіння фунгіцидними препаратами 
сумісно з інокуляцією активними ризобіями не індукує 
розвиток процесів ліпопероксидації, однак сприяє вклю-
ченню захисних антиоксидантних властивостей у сої. 
Це супроводжується ефективним функціонуванням сим-
біотичного апарату, про що свідчить зростання азот-
фіксувальної активності кореневих бульбочок, утворе-
них активними ризобіями штаму 634б за обробки на-
сіння Стандак Топом на 98,3 і 78,1 %, а за ви-
користання Максиму XL на 78,6 і 196,2 %, відпо-
відно, у фази другого і третього трійчастого листків.
Висновки. Передпосівна обробка насіння сої фунгі-
цидами Стандак Топом і Максимом XL та наступна 
інокуляція активними ризобіями штаму 634б не спри-
чиняє розвиток процесів ліпопероксидації та під-
вищує активність антиоксидантного ензиму аскорбат-
пероксидази у коренях і кореневих бульбочках, що 
супроводжується ефективною роботою симбіотичного 
апарату на ранніх етапах встановлення бобово-ризо-
біального симбіозу. Такий спосіб обробки насіння може 
бути сучасним заходом у технологіях вирощування сої 
для підвищення реалізації симбіотичного потенціалу та 
забезпечення потреб рослин в екологічно чистому азоті, 
а також сприятиме формуванню їх толерантності до 
відповідних умов вирощування. 

Ключові слова: Glycine max (L.) Merr, Bradyrhizobium 
japonicum, ТБК-активні продукти, аскорбатпероксидаза, 
азотфіксація, нодуляція, симбіотична система, фунгіцид.
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