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Background. Increasing the yield of soybean necessitates the maintenance of
a high protein level in seeds, and therefore the process of fixing atmospheric N,. Seed
inoculation with soybean nitrogen-fixing bacteria is known to improve N_-fixation and
soybean grain yield. At the same time, the introduction of new nodule bacteria strains
into preparations for soybean inoculation requires the study of their influence on the
main interconnected physiological processes that form the basis of leguminous plants
productivity — N,-fixation and photosynthesis. The aim of the work was to study the
relationship of vegetative growth and grain productivity of soybean inoculated with new
nodule bacteria Bradyrhizobium japonicum strains of different functional activity with the
plants’ symbiotic and photosynthetic apparatuses functioning.

Materials and Methods. The research was carried out on symbiotic systems cre-
ated with soybean plants (Glycine max (L.) Merr.) of the Almaz variety and nodule bac-
teria B. japonicum strains: analytically selected PC09, and recombinant strains B157,
B201, D45, D52 (pSUP5011::Tn5mob) and C30 (pSUP2021::Tn5) from the N,-fixing
microorganisms museum collection of the Institute of Plant Physiology and Genetics
NAS of Ukraine. Research methods — microbiological, biochemical and physiological,
statistical analysis.

Results. It was found that the N,-fixing activity (NFA) of nodules formed by
B. japonicum PCQ9, D45, D52, B157 and B201 strains at the stage of 3 true leaves
exceeded the NFA of nodules formed by Tn5-mutant C30 by 1.6—4.0 times, and at the
stage of budding—beginning of flowering — by 4.2-6.2 times. Highly active strains also
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differed from each other in NFA, although to a lesser extent than with strain C30. On the
basis of a comparative analysis of the physiological indices of soybean inoculated with
B. japonicum strains of different activity, close positive linear correlations were found
between NFA, photosynthetic rate, and the biological and grain productivity of plants.

Conclusions. The results obtained indicate that the higher the nodulating and NFA
of rhizobia in the symbiotic system soybean—Bradyrhizobium japonicum, the higher the
functional activity of photosynthetic apparatus formed by plants. This provides a more
complete genetic potential release of soybean crop productivity.

Keywords: Glycine max (L.) Merr., Bradyrhizobium japonicum, symbiosis,
nodulation, N,-fixing activity, photosynthesis, productivity

INTRODUCTION

Soybean belongs to the most important crops of world agriculture, and is the most
common among legumes and oil crops. It is grown in more than 60 countries because it
plays a crucial role in grain, food and feed balances and improves soil fertility (Vanlauwe
etal., 2019; Hanhur et al., 2020; Omairi et al., 2022). The main soybean producing coun-
tries are the United States of America, Brazil, Argentina, China and India.

Along with the increase in soybean yields in recent decades (Vogel et al., 2021;
Umburanas et al., 2022), the need to maintain a high level of protein in seeds has
increased, which in turn has increased the plants’ need for nitrogen through the pro-
cess of atmospheric N, fixation (Ciampitti & Salvagiotti, 2018). It is known that due to
the biological fixation of N,, soybean plants provide 36—-69 % of the necessary nitrogen
(Kots, 2021; Tellesa et al., 2023), and the rest — from available mineral nitrogen in the
soil (Ohyama et al., 2017).

The practice of seed inoculation with soybean N,-fixing bacteria has long been
successfully implemented worldwide as it improves N, fixation and soybean grain yield
(Yuan et al., 2020; Nakei et al., 2022). In Brazil, 100 % of the areas currently under
soybean cultivation have been inoculated at least once, and about 60 % of these areas
are re-inoculated each year (Tellesa et al., 2023). It is an affordable, environmentally
friendly, and highly efficient source of nitrogen in agricultural soils (Ohyama et al., 2017;
Halwani et al., 2021).

There is sufficient evidence for the effectiveness of soybean inoculation with indus-
trial rhizobia strains. The use of preparations based on nodule bacteria, selected on the
basis of competitiveness, N, assimilation activity, complementarity to the plants spe-
cies and variety, tolerance to environmental stress factors contributes to increasing the
N, fixation activity (NFA) in root nodules during the plants growing season, as well as
increasing the photosynthetic rate, increasing the yield and protein content in grain
(Omari et al., 2022; Nakei et al., 2022).

At the same time, the introduction of new nodule bacteria strains into preparations
for soybean inoculation requires the study of their influence on the main interconnected
physiological processes that form the basis of the leguminous plants productivity — N,
fixation and photosynthesis.

Therefore, the aim of the work was to study the relationship of vegetative growth
and grain productivity of soybean inoculated with nodule bacteria Bradyrhizobium
japonicum strains of different functional activity, created by us, with the plants’ symbiotic
and photosynthetic apparatuses functioning.
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MATERIALS AND METHODS

The research was carried out on symbiotic systems created with soybean plants
(Glycine max (L.) Merr.) of the Almaz variety (originator — Poltava State Agrarian
Academy, Ukraine, included in the Register of plant varieties of Ukraine since 2007),
and different Bradyrhizobium japonicum strains.

Nodule bacteria strains PC09, D45, D52, B157, B201, C30 were obtained from the
N,-fixing microorganisms museum collection of the Department of Symbiotic Nitrogen
Fixation of the Institute of Plant Physiology and Genetics NAS of Ukraine. The B. japoni-
cum PCOQ9 strain was isolated from nodules of the soybean variety Kyivska 27, which
grew on dark gray podzolized soil in the Uman district, Cherkasy region of Ukraine.
B. japonicum strains B157 and B201 are the Tn5-mutants (pSUP5011::Tn5mob) of
B. japonicum strain 646, strains D45, D52 are the Tn5 mutants (pSUP5011::Tn5mob) of
B. japonicum strain 634b, strain C30 is the Tn5-mutant (pSUP2021::Tn5) of B. japoni-
cum strain 634b. The rhizobia cultures were grown at 26-28 °C on the Yeast Extract
Mannitol (YEM) media ((g/L): KH,PO, — 0.5, MgSO, — 0.2, NaCl — 0.1, yeast extract —
1.0, mannitol — 10.0) for 7 days, and inoculants were prepared the bacterial titer of
which was 10° cells/mL.

Soybean seeds were sterilized for 15 min with 70% ethanol, washed under run-
ning water for 1 h, inoculated with a bacterial suspension for 60 min (which provided an
inoculation load of 480-500 thousand bacterial cells per 1 seed), and sown in the sub-
strate. Soybean plants were grown in pots pre-sterilized with a 20% H,O, solution, on
washed river sand (10 kg per pot, 12 plants per pot), under natural lighting and optimal
moisture (60 % FC). The source of mineral nutrition was Hellriegel’s mixture with 0.25 of
nitrogen rate (the full nitrogen rate is 0.708 g of Ca(NO,), per 1 kg of substrate), to which
microelements were added. The treatments were replicated seven times.

Indices of symbiotic effectiveness and growth parameters were determined at the
stages of 3 true leaves and budding—beginning of flowering. The number and weight
of nodules on soybean roots as well as aboveground and root fresh weight of soy-
bean plants inoculated with different strains of B. japonicum were determined. NFA
was determined in four replications. The total chlorophyll content and parameters of the
photosynthetic apparatus activity were determined at the budding—beginning of flower-
ing stage in 3 replications.

Grain productivity was determined at full maturity. Biometric indices (the above-
ground part, roots, nodules, and grain weight) were determined in 10 replications.

NFA was determined by the level of nodules acetylene-reducing activity by the acety-
lene method (Hardy et al., 1968), and was expressed as the amount of ethylene (umol)
produced by the nodules of an individual plant within a one-hour incubation period. The
gas mixture was analyzed on an Agilent Technologies 6850 Network GC System gas
chromatograph (USA) with a flame ionization detector, on a column (Supelco Porapak N)
at a thermostat temperature of +55 °C and a detector temperature of +150 °C. The car-
rier gas was helium (20 mL/min). The sample volume of the gas mixture was 1 cm?.
Pure ethylene (Sigma-Aldrich, USA) was used as a standard.

The total chlorophyll content (a+b) in plant leaves was determined by the macera-
tion-free method by extraction with dimethyl sulfoxide (Wellburn, 1994). For determina-
tions, leaf samples were taken from the middle tiers of five randomized plants of the
same treatment. The optical density of the solutions was determined on a Shimadzu
UV-1900 spectrophotometer (Japan) at 649 and 665 nm.
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The net photosynthetic, photorespiration and transpiration rates were recorded
under controlled conditions with the EGM-5 gas analyzer (PP Systems, USA) at the
stage of budding—beginning of flowering. The middle part of the third from the top intact
leaf was placed in a temperature-controlled chamber (25 °C) and illuminated by a TA-11
LED spotlight (50 W, color temperature 5200 K). The illumination at the chamber level
was 1500 pmol/(m?-s) of photosynthetically active radiation. Conditioned atmospheric
air with humidity about 10 mbar was blown through the chamber at a rate of 1 L/min.
The photorespiration rate was estimated by the postillumination CO, burst from a leaf
for 1 min after the light was turned off. Gas exchange parameters were calculated accor-
ding to conventional methods (Busch et al., 2024). Measurements were performed in
three biological replications.

All statistical analyses were performed using STATISTICA ver. 7.0 software package.
Significance of differences between samples was evaluated by one-way analysis of vari-
ance (ANOVA), where differences were considered significant at P <0.05 using Tukey’s
test. In the tables and graphs arithmetic means and their standard errors (x+SE) are
presented.

RESULTS AND DISCUSSION

The primary indicator of the beginning of interaction between leguminous plants
and nodule bacteria is the formation of active nodules (symbiotic organs) on the roots,
which determines the ability of leguminous—rhizobial systems to fix atmospheric N,
(Kots, 2021). Positive dynamics of nodule formation on the roots of inoculated soybean
plants were revealed in all treatments. The highly active B. japonicum strains PC09 and
B201 were ahead of other microsymbionts in the number and weight of nodules initiated
and formed with their participation (Table 1). At the same time, the infectivity of D45,
D52 and B157 strains in symbiosis was somewhat inferior to the previous ones. The
nodule-forming ability of C30 strain when establishing a symbiosis with soybean was
the lowest — at the period of budding—beginning of flowering, the weight of nodules was
by 4.6-5.5 times less compared to plants in other treatments (see Table 1).

Differences in inoculant strains in terms of nodulating activity led to different func-
tioning of Glycine max—B. japonicum symbiotic complexes, that is, the symbiotic appa-
ratus formed by different strains of nodule bacteria was characterized by different NFA.
At the stage of 3 true leaves, the NFA of root nodules formed by C30 strain was inferior
to this index of other microsymbionts by 1.6—4.0 times, and at the budding—beginning
of flowering stage — by 4.2-6.2 times (see Table 1). Since the plants were grown on
sand with Hellriegel’'s mixture with 0.25 of nitrogen rate, this element was actually used
by them completely in the early period of their growth and development. Obviously, fur-
ther N, fixation by nodules was the dominant source of nitrogen-containing compounds
for soybean plants.

At the stage of budding—beginning of flowering, the highest NFA was under inocula-
tion with strain PC09, and the lowest — with strain C30. This index was lower in strains
D52 and B201 (without a significant difference between them) compared with PC09,
and even lower for strains D45 and B157 (again, without a significant difference in this
pair). Interestingly, these pairs were formed by Tn-5-mutants of two different strains, but
obtained using the same plasmid (Vorobey et al., 2013).

It should be noted that nodules formed with the involvement of B157 and B201
strains provided the highest level of N, fixation at the stage of 3 true leaves, and were
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somewhat inferior in functional activity to other active microsymbionts at the stage of
budding-beginning of flowering. In contrast, at this stage, the NFA of soybean in symbio-
sis with B. japonicum PC09 and D52 strains increased significantly. This indicates the
probably different NFA dynamics of soybean-rhizobial systems, which can be caused
by a number of factors from both the micro- and macrosymbiont side. In particular,
variations in NFA during the soybean growth cycle are explained by differences in the
expression of genes that control nodule development (Mergaert et al., 2020).

Table 1. Number, fresh weight and N,-fixing activity (NFA) of nodules on roots of soybean
plants inoculated with different strains of B. japonicum and grown in pots on
washed river sand with Hellriegel’s mixture (0.25 of nitrogen rate) under natural
lighting and optimal moisture (60 % FC)

Tr((:?rt;?ne)nt Nodule number, pcs/plant Nodule weight, mg/plant umol Czﬁfl?g;lant “h)
Developmental stage of 3 true leaves
C30 3.30.1¢ 8.0+0.3¢° 0.32+0.02¢
PC09 17.3+1.5° 48.0%0.12 0.50+0.02°
D45 10.0+0.5° 25.0+0.2¢ 0.54+0.01°
D52 12.8+1.5° 30.0£0.1¢ 0.53+0.02°
B157 13.840.5° 34.0£0.2° 1.3040.01°
B201 22.040.5° 49.040.22 1.14£0.03°
Developmental stage of budding-beginning of flowering
C30 3.5+0.2° 43.4+2.7° 1.03+0.12°
PC09 28.3+1.5° 238.7+14.22 6.43+0.322
D45 23.8+1.3° 198.0+13.12 4.80+0.23°
D52 26.8+1.8%® 207.3+13.7° 5.96+0.31%
B157 27.3+1.4% 211.2+8.7° 4.90+0.13°
B201 24.3+1.8%® 227.047.5° 5.75+0.12%

Note: different superscript letters indicate significant differences among treatments at the same develop-
mental stage, as determined by Tukey’s post-hoc test following a one-way ANOVA (P <0.05)

The microsymbiont B. japonicum C30 formed the inefficient symbiosis with soy-
bean, which significantly affected the growth of the aboveground part of plants under
this treatment. The root system of plants inoculated with C30 strain was less developed
and significantly inferior in fresh weight to plants of other treatments. Inoculation with
active rhizobia stimulated growth processes in soybean, in particular, rhizogenesis and
the growth of the aboveground part (Table 2).

The increased N, assimilation rate in root nodules formed by B. japonicum B157
and B201 strains improved the nitrogen nutrition of soybean, which contributed to an
increase in the plants aboveground fresh weight by 16.3—25.0 % compared to the use of
the less active strain C30. Aboveground biomass accumulation largely determines the
level of crop productivity because it enhances the production and storage of assimilate
reserves, which are subsequently utilized for the development of reproductive struc-
tures and grain formation (Vogel et al., 2021).
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Table 2. Aboveground and root fresh weight of soybean plants inoculated with different
strains of B. japonicum and grown in pots on washed river sand with Hellriegel’s
mixture (0.25 of nitrogen rate) under natural lighting and optimal moisture (60 % FC)

Treatment (strain) Aboveground weight, g/plant Root weight, g/plant
Developmental stage of 3 true leaves
C30 2.56+0.17° 1.35+0.12°
PC09 3.27+0.222 1.85+0.09°
D45 2.95+0.18¢2 1.52+0.112°
D52 3.35+0.202 1.86+0.08°
B157 3.20+0.122 1.49+0.10%
B201 3.45+0.182 1.74+0.11°

Developmental stage of budding-beginning of flowering

C30 3.92+0.13° 2.54+0.04°
PC09 4.70+0.23° 2.96+0.18°
D45 4.50+0.21° 2.67+0.20°
D52 4.73+0.182 2.93+0.17°
B157 4.56+0.16° 2.56+0.16°
B201 4.90+0.22° 2.62+0.08°

Note: different superscript letters indicate significant differences among treatments at the same develop-
mental stage, as determined by Tukey’s post-hoc test following a one-way ANOVA (P <0.05)

The root system of plants inoculated with B. japonicum PCQ9, D52 strains was well
developed (see Table 2), which obviously increased the area of water and nutrients
absorption from the substrate. At the same time, at the stage of budding—beginning of
flowering, the aboveground fresh weight had increased by 19.9-20.7 %, and the roots
fresh weight increased by 15.3-16.5 % compared to the index of plants that developed
under a low-active symbiosis with B. japonicum C30 strain.

A number of authors report that bean number and yield of soybean were positively
correlated with the number and weight of nodules at the growth stages of 3 true leaves
and budding (Thilakarathna & Raizada, 2017; Moretti et al., 2018). Our observations
and literature data show that the active formation of N,-fixing nodules on soybean roots
is important for increasing the grain yield (Kots, 2021; Nakei et al., 2022).

It should be noted that under conditions of the pot experiment, equivalent external
conditions for the formation and functioning of legume—rhizobial symbiosis (plants growing
substrate, mineral nitrogen starting dose, water supply, light regime, etc.) were created.
The only variable factor in the plant-bacteria system was the B. japonicum genotypes,
as they possessed distinct genetic origins and varied in their potential for atmospheric N,
fixation through the action of the nitrogenase enzyme. This enabled the exploration of the
interconnections between symbiotic N, fixation, photosynthesis, and grain productivity in
Almaz variety soybean plants as influenced by the activity of B. japonicum strains.
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It is known that in annual plants, including soybean, physiological and biochemical
processes reach their maximum at the flowering period (Hamawi et al., 2023). After the
appearance of new sink organs (fruits), they acquire the highest priority in the source-sink
system of the plant. This is accompanied by the outflow to them of a larger share of
assimilates newly synthesized by the photosynthetic apparatus, and temporarily deposi-
ted before the end of flowering, as well as by remobilization of nitrogen-containing com-
pounds from vegetative organs, especially from leaves (Havé et al., 2017). Therefore,
during the soybean ripening period, the activities of the symbiotic and photosynthetic
apparatuses decrease: the former — due to a decrease in the proportion of the assimi-
lates incoming it to meet energy and biosynthetic needs, and the latter — due to the
outflow of nitrogen-containing compounds, which are mainly the degradation products
of structural and enzymatic proteins of chloroplasts, to fruits.

Based on this assumption, in order to find relationships between the activities of the
symbiotic and photosynthetic apparatuses, and the soybean plants productivity under
inoculation with different nodule bacteria strains, we used physiological indices at the
stage of budding—beginning of flowering (Table 3). The grain productivity of plants is
given when seed reach full maturity. As already mentioned, since the plants were grown
in sand culture under a four-fold reduced dose of nitrogen in the nutrient solution, it is
arguable that the symbiotic apparatus was the main source of this element for plants.

Table 3. Parameters of the photosynthetic apparatus activity, transpiration rate, and
biological productivity at the budding-beginning of flowering stage, and grain
performance of soybean plants at full maturity stage under inoculation with
different nodule bacteria strains
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C30 1.60+0.05° 15.30+0.16° 2.21+0.07¢ 6.46+0.19° 3.97+0.12°
PCO09 2.05+0.06° 18.2940.25° 3.32+0.102 7.66+0.232 4.82+0.14°
D45 1.70£0.05° 17.23+0.22° 3.05+0.09° 7.17+0.22° 4.37+0.13°
D52 1.94+0.06%° 18.42+0.252 3.56+0.112 7.65+0.23° 4.52+0.142>
B157 1.85+0.06° 18.05+0.242 3.39£0.10° 7.12+0.212 4.32+0.13°
B201 2.20+0.07° 18.07+0.242 3.06+0.09° 7.52+0.232 4.63+0.142°

Note: different superscript letters indicate significant differences among treatments at the same develop-
mental stage, as determined by Tukey’s post-hoc test following a one-way ANOVA (P <0.05)

It is known that the development and functioning of the photosynthetic apparatus
depends on the supply of plants with nitrogen, since without this macronutrient the
synthesis of proteins, most of which are concentrated precisely in the chloroplasts of
the leaves mesophyll cells, is impossible (Luo et al., 2021). The main enzyme of CO,

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e bionoriuxi Ctygii / Studia Biologica e 2024 e Tom 18 / Ne 4 « C. 93-108



100 Nadiya Vorobey, Kateryna Kukol, Petro Pukhtaievych, Sergii Kots, Dmytro Kiriziy

assimilation (RuBisCO) can amount to 50 % of the soluble protein in photosynthetic cell.
There is evidence in the literature that parameters of biological nitrogen fixation and
soybean photosynthesis are closely related, in particular, chlorophyll content in leaves
at the stage of full flowering can serve as an indicator of the level of nitrogen fixation
(Hamawi et al., 2023).

These statements are supported by the data in Table 3 which show that the total
chlorophyll content in leaves was the highest in the plants inoculated with the PC09
strain and the lowest in those inoculated with the C30 strain. The photosynthesis and
transpiration rates were also the lowest in the last treatment, and the highest — under
inoculation with strain D52, in which case NFA was the second highest after PC09. It
should be noted that we recorded both net photosynthesis and photorespiration. Thus,
Table 3 shows the value of gross photosynthesis, which is calculated as the sum of
these gas exchange parameters. This index reflects the activity of the CO, assimilation
process more accurately as it takes into account the masking effect of the emission of
CO, in the light as a result of photorespiration, which is reassimilated inside the leaf.

If we calculate the ratio of photosynthesis to transpiration, we will get an index of
the photosynthetic water-use efficiency (also called instantaneous water-use efficiency
WUE: (Busch et al., 2024)) (Fig. 1). On average, it was 5.75 pmol CO,/mmol H,O for all
treatments. This value completely coincides with the results previously obtained in other
experiments with soybean, which confirms its representativeness for this crop (Kiriziy
et al., 2022).
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Fig. 1. Photosynthetic water-use efficiency (also called instantaneous water-use efficiency WUEI) in leaves
of soybean plants at the budding—beginning of flowering stage inoculated with different B. japonicum
strains

The fresh weight of the whole plant, which characterizes its biological productivity,
as well as the grain weight from the plant, were the highest under inoculation with the
PCOQ9 strain, and the lowest — with the C30 strain.

Therefore, the primary analysis of experimental data revealed their variability
depending on the strain of nodule bacteria used for inoculation, which is the basis for fin-
ding correlational relationships between them. Since the symbiotic apparatus is the main
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source of nitrogen-containing compounds in the plant, without which the functioning of the
photosynthetic apparatus is impossible, firstly the relationships between NFA and the total
chlorophyll content in leaves, and their CO, assimilation rate were investigated (Fig. 2).
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Fig. 2. Correlations between the N,-fixing activity (NFA), chlorophyll content, and the photosynthetic rate in
soybean plants at the budding—beginning of flowering stage inoculated with different B. japonicum
strains (f.w. — fresh weight)

The first relationship was approximated by a quadratic equation with a lag phase in
the NFA range of 1-3.5 pmol C,H,/(plant-h). This phenomenon can be explained by very
low NFA in plants inoculated with strain C30. Obviously, in this treatment, the formation
of the photosynthetic apparatus took place mainly due to the starting dose of mineral
nitrogen, which was insufficient to fully unlock the genetic potential of soybean plants.
This is confirmed by the lowest value of the photosynthetic rate under this treatment.

It should also be noted that chlorophyll content in the plant leaves under inoculation
with the D45 strain practically did not differ from C30, but their NFA and photosynthetic
rate were significantly higher. It can be speculated that nitrogen-containing compounds
coming from the nodules of plants inoculated with D45 strain have directed mainly to the
formation of structural and enzymatic proteins in chloroplasts, which are involved in CO,
assimilation processes, while the amount of photosynthetic pigments was quite suffi-
cient for their energy supply. A stimulating effect on the photosynthesis of the increased
demand for assimilates from the nodules formed by this strain, compared to strain C30,
is also not excluded. It is known that increasing the attractive power of the sink stimu-
lates the activity of the source of assimilates, in this case — the photosynthetic apparatus
(Glanz-ldan et al., 2020). All these factors led to an almost linear relationship between
NFA and the photosynthetic rate with a rather high close correlation (see Fig. 2).

Usually, there is a correlation between the chlorophyll content in leaves and CO,
assimilation rate, but this statement is valid for a certain range of these indices. In Fig. 3
can be seen that in our experiments a close linear correlation of the photosynthetic rate
with the chlorophyll content was observed for the values of the latter in the range from
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1.6 to 2.0 mg/g of fresh weight. With a further increase in the chlorophyll content, the
photosynthetic rate remained almost at the same level (even with some tendency to
decrease), and there was no correlation between these indices.
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Fig. 3. Correlations between the chlorophyll content and photosynthetic rate in leaves of soybean plants at
the budding—beginning of flowering stage inoculated with different B. japonicum strains

As a rule, a high chlorophyll content in leaves is characteristic of plants well sup-
plied with nitrogen (Vorobey et al., 2021). Under such conditions, especially during the
flowering period, a certain excess of chemically bound nitrogen may occur, which the
plant deposits and later uses for fruit growth. The main nitrogen-containing compounds
in which it is stored are non-structural proteins. These are mainly proteins of the leaf
photosynthetic apparatus. At the same time, there is information that due to the high
need for nitrogen in leguminous plants for seed filling, the lipoxygenase enzyme also
plays a significant role in its deposition. It accumulates in large quantities in the vacuo-
les of paraveinal mesophyll cells (Fischer et al., 1999).

Among nitrogen-storage compounds, RuBisCO, which at the same time is the
main enzyme of CO, assimilation, occupies a special place (Feller et al., 2008; Luo
et al., 2021). According to some data, it can accumulate in chloroplasts in amounts
close to the transition to the crystalline form, while its overall activity decreases (Sakoda
et al., 2019). This can explain the lack of relationship between the photosynthesis and
chlorophyll content at its high values when the mesophyll cells in leaves during the
flowering period have filled with a large number of chloroplasts, the photosynthetic acti-
vity of which was inhibited by an excess of deposited nitrogen-containing compounds.
However, in the further process of ripening, these compounds are remobilized into the
grain, while the photosynthetic apparatus activity remains at a high level for longer,
since the excess of reserve proteins is initially remobilized. All this facilitates an increase
in the grain productivity of soybean plants.

This is confirmed by correlations between NFA and the whole plant fresh weight at
the budding—beginning of flowering stage, and grain weight at full maturity (Fig. 4). It is
interesting that in the first case the correlation coefficient was slightly higher than in the
second.
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Fig. 4. Correlations between N,-fixing activity (NFA) and the whole plant fresh weight at the budding-begin-
ning of flowering stage (A), and grain (B) weight per plant at full maturity

Similar correlations were observed between the photosynthetic rate and the whole
plant fresh weight during the flowering period, and grain weight at full maturity (Fig. 5).
However, in this case, the correlations were quite high, but somewhat lower than for
NFA. It can be assumed that not all nitrogen-containing compounds originating from
nodules participate in the photosynthetic apparatus functioning. A significant part of
them is used for growth processes, or is deposited for further remobilization into grain.
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Fig. 5. Correlations between the photosynthetic rate and the whole plant fresh weight at the budding—beginning
of flowering stage (A), and grain (B) weight per plant at full maturity

It should also be noted that the relationship between the whole plant weight and its
grain productivity is mediated by the system of source-sink relations between vegetative
and generative organs, including the patterns of assimilates and nitrogen-containing
compounds redistribution between them. At the same time, the remobilization coeffi-
cients are usually less than 1, that is, not all assimilates from the vegetative organs get
into the grain when it is filled. In addition, a lot of assimilated carbon is incorporated in
the cell wall structural elements, and remains in the dry vegetative organs after ripening.
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On our opinion, all these are the reasons for a certain decrease of the correlation coeffi-
cients between NFA, photosynthesis and grain weight, compared to the correlations
with whole plant fresh weight.

CONCLUSIONS

The rhizobia strains used in our work formed symbiotic systems of different effec-
tiveness with soybean plants of the same variety. The number and weight of nodules,
as well as NFA per plant, differed significantly between inoculation treatments. Since
the plants grew on a sandy substrate on a nutrient medium with a nitrogen rate reduced
by 4 times, the main source of this element during the budding—beginning of flowering
stages was the symbiotic apparatus. This led to the existence of close positive correla-
tions between NFA and the leaf photosynthetic rate, as well as between these physio-
logical indices and the biological, and grain productivity of plants.

Hence, we have identified quantitative connections between the two main compo-
nents of the production process of legume-rhizobium symbiosis — N, fixation and photo-
synthesis. The higher the efficiency of N, fixation of a particular strain of rhizobia used
for inoculation, the higher the performance of the photosynthetic apparatus of soybean
plants. This, in turn, helps to improve their provision with assimilated carbon and nitro-
gen, which facilitates a more complete realization of the productivity genetic potential of
a soybean variety. Therefore, the expediency of creating new rhizobia strains with high
NFA for further increasing the yield of this strategic for mankind crop is physiologically
substantiated.
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3ANEXHICTb NPOAYKTUBHOCTI COI Bij ®YHKLIOHYBAHHS
CUMBIOTUYHOIO TA ®OTOCUHTETUYHOIO ATMNAPATIB

Hadisi Bopob6eli, KamepuHa Kykonn,
Mempo lNyxmaeeuy, Cepeit Koyb, Amumpo Kipizit

IHecmumym ¢pisionoaii pocnuH i 2eHemuxku HAH YkpaiHu
8yn. Bacunbkiscbka, 31/17, Kuie 03022, YkpaiHa

BcTyn. TMigBuLeHHs BpOXanWHOCTI COi 3yMOBMOE HeOOXigHICTb miagTpumMyBaTu
BMCOKMI piBeHb Bifnka B HaCiHHI, a oTxe, npouec dikcauii atmocdepHoro N,. Bigomo,
LLLO IHOKYTSILiS HAaCiHHS a3oTdhikcyBanbHUMK GakTepismm col nokpaiyye N-dikcauito Ta
BpOXaWHiCTb 3epHa coi. [Nopsag i3 TuM, BBEAEHHSI HOBUX LUTamiB Oynbbo4vkoBux bakTe-
pin y npenapatu Ans iHOKynsuii coi notpebye BMBYEHHS IXHBOrO BMIIMBY Ha OCHOBHI
B3aEMOMNOB’A3aHi isionoriyHi npouecn, €ki CTaHOBMATb OCHOBY MPOAYKTUBHOCTI
6060BMX pocnuH — a3oTdikcauio i poTocuHTe3. ToMy mMeTor poboTn Byrno BUBYMTU
3anexHicTb (bopMyBaHHS BeretatMBHOI Macu Ta 3epHOBOT MPOAYKTUBHOCTI COI, iHO-
KynbOBaHOI pi3HMMK 3a (DYHKLIOHANbHOK akTUBHICTIO OynbboykoBuMKN BGakTepismu
B. japonicum, Bif, akTUBHOCTI (OYHKLIOHYBaHHA CMMOIOTMYHOIO Ta POTOCMHTETUYHOTIO
anapary pOCHvH.

Matepianu Ta metogu. OG’eKT OOCNIIKEHHA — CUMOBIOTUYHI CUCTEMMW, CTBOPEHI
3a yyacTio pocnuH coi (Glycine max (L.) Merr.) copty Anmas i 6yns6o4koBux 6akTepin
Bradyrhizobium japonicum: aHaniTu4Ho cenekuioHoBaHoro PC09 Ta pekoMBiHaHTHMUX
wramis B157, B201, D45, D52 (pSUP5011::Tn5mob) i C30 (pSUP2021::TnS5) i3 my3en-
HOT Konekuii asoTdikcyBanbHUX MikpoopraHiamis IOPIT HAH YkpaiHu. Metoau pgocni-
IKEHHS1 — MiKpoObionorivHi, GioximiyHi Ta disionoriyHi, CTaTUCTUYHUI aHani3.

Pe3ynbraTtu. BusiBneHo, Lo iHTEHCUBHICTb asoTdikcauii 6ynboo4vok (ADPA), cdop-
MOBaHUX Kynetypamu B. japonicum PC09, D45, D52, B157 1 B201, y dhasy 3-x cnpaBxHix
nncTkiB nepesuyBana APA Bynbbo4ok, cchopmoBaHmx Tns-mytaHtom C30 B 1,6-4,0
pasu, a y cpasy OyToHi3auii—noyaTky uBiTiHHA — B 4,2—6,2 pa3a. Ha nigctasi nopiBHsANb-
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HOro aHanidy isionoriyHMX NOKa3HKUKIB COT, IHOKYNbOBaHOT PI3HNMM 3a aKTUBHICTHO LUTa-
MaMu B. japonicum 3HamgeHo TiCHI MO3UTUBHI MiHINHI kopensauinHi 3B’sa3kn Mk ADA,
iHTEHCMBHICTIO DOTOCMHTE3Y Ta BiONOriYHO | 3ePHOBO MPOAYKTUBHICTHO POCIVH.
BucHoBku. OTpyMaHi pesynsraTti cigyathb, WO YuM Binblua HogynsuiHa 1 a3oT-
dikcyBarnbHa akTUBHICTb pn306ilt y CUMBIOTUYHIN cnucTemi cos—B. japonicum, TUM BULLLA
dyHKLUiOHanbHa akTUBHICTb CCPOPMOBAHOIO pocrMHamMu POTOCUHTETUYHOIO anapary.
Lle 3abesnevye NoBHilLe PO3KPUTTS FEHETUYHOTO NOTEHLiany NPOAYKTUBHOCTI KyNbTypW.

Knroyoei cnoea: Glycine max (L.) Merr., Bradyrhizobium japonicum, cum0ios,
HoOynsauisi,  asoTdikcyBanibHa  aKTUBHICTb,  (DOTOCUHTES,

NPOOYKTUBHICTb
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