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REGULATION OF THE PRODUCTION PROCESS AND SYMBIOTIC NITROGEN FIXATION OF СLYCINE MAX (L.) MERRILL UNDER THE INFLUENCE OF PACLOBUTRAZOL
Introduction. The problem of increasing the yield of the leading crops is exacerbated by the rapid increase in population. One of the directions of solving the problem of obtaining high and stable crops in world plant growing is the use of intensive technologies using synthetic plant growth regulators. An analysis of the trends in the chemistry of world crop production suggests that the use of plant bioregulators at this stage is effective, and the regulation of physiological processes by drugs of this group is highly specific and can not be achieved by other means of influence [1]. At present stage of development of agricultural production, one of the key tasks is the substantial increase and stabilization of the production of leguminous crops, in particular soybeans, which is an important source of protein-balanced amino acids [2]. The world market for soybean seeds production is one of the most dynamic in the agrarian sector, and optimization of the structural components of cultivating this culture is among the main needs of modern crop production.

The amount of nitrogen in the soil is one of the factors that determine the yield capacity of crops. In the soils of most regions of Ukraine, nitrogen compounds are not sufficiently available to plants. In the process of symbiosis of legumes with nodule bacteria, the accumulated biological nitrogen is an effective way to replenish its stocks [3]. The means to increase the level of biological fixation of atmospheric nitrogen is the inoculation of seeds with highly efficatious strains of nodule bacteria [3, 4]. The development of nodules and the penetration of rhizobia in the roots of plants occurs both with macro- and micro-symbionts [5]. 
It is known that the formation of bean-rhizobia symbiosis is significantly influenced by phytohormones, which have a special place in regulation of the relationship between plants and nodule bacteria [6]. The positive influence of auxins and cytokinins on this process has been established [7, 8, 9]. However, the influence of gibberellins on the formation of a symbiotic apparatus has not been studied well enough. Not numerous works devoted to this problem indicate that they either do not act to form a complex with nodule bacteria or produce a negative effect [6, 7], which needs deeper study to clarify this issue.
Modern plant physiology has in its application growth regulators with antigibberellic mechanism - retardants. They block either the synthesis of these phytohormones, or the formation of the hormone-receptor complex [10]. Thus, the use of retardants will make it possible to artificially change the activity of phytohormones and influence the plant morphogenesis.

However, retardants are characterized by selectivity, have different rates of transference, translocation and decomposition in a plant [11].

An effective retardant of the triazol series is paclobutrazol. The effect of this preparation on legume cultures is studied insufficiently, that is why, in our opinion, the effect of this retardant on morphogenesis, the effectiveness of symbiotic nitrogen fixation, seed yield and quality of soybean culture products are actual.

During 2016, under the conditions of vegetation experiment, the influence of complex application of strain 634b and 0.025% paclobutrazol on Agat soybean culture was studied.

The strain of slow-growing nodule bacteria Bradyrhizobium japonicum 634b (the strain is standard for soy) was used in the experiment. During the budding phase the inoculated plants were treated with 0.025% water solution of paclobutrazol, while the control plants - with tap water only. During the vegetation the peculiarities of sourse - sink system formation, the specificity of symbiotic nitrogen fixation in soybean plants under the influence of paclobutrazol in concern with their role in the culture productivity were studied.
Growth characteristics and the leaf surface formation of soybean plants under the effect of inoculation and retardant treatment. It is known that the generally specific feature of the growth regulators is growth inhibition of the axial organs due to the influence on the physiological processes [1, 12]. The literature data indicate various mechanisms how to activate retardants belonging to different groups of chemical compounds. The basis of the inhibitory effect of the triazol derivative retardants, to which pocloburtazol belongs, is blocking the synthesis of gibberellins [10]. Paclobutrazol interferes with the oxidation of ent-kauren into ent-kaurenic acid at three successive stages of transformation [1, 13]. The effect of paclobutrazol manifests itself in the linear size plant reducing due to the influence on apical and marginal meristems [10]. This property is used to increase the mechanical stability of cereals and some dicotyledonous plants. It is also known that the high physiological activity of the triazol derivative retardants is manifested in the inhibition of the growth of axial organs [10, 14, 15], stimulation of root growth, increase of productivity [16, 17], resistence to the pathogenic factors [1, 13].

We have established that the use of both preparations (of the strain and retardant) causes morphological changes, modifications in the growth intensity of certain organs in different phases of soy development. In particular, seed inoculation with strain Bradyrhizobium japonicum 634b had a stimulating effect and provided an increase in plant height (Figure. 1). On the contrary, pacloburatrazol against the background of preliminary seed inoculation with B. japonicum strain caused ihibition in the plant growth.
The effect of retardant application was manifested in the significant inhibition of the stem growth and strengthening of the branches already in the phase of massive formation of beans. A similar trend of stem changes as a result of the action of paclobutrazol (reduction of apical dominance) was observed for a number of other cultures: black rowanberry trees and raspberry-canes [10], sugar beet plants of the second year vegetation [17], potatoes [18, 19], winter rape [16], flax [20], poppy [22, 23], tomatoes [24] sunflower [25].
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[image: image2.emf][image: image3.emf][image: image4.emf]Figure 1. Influence of the strain Bradyrhizobium japonicum 634b and paclobutrazol on growth of soybean plants (at the end of vegetation).
For soybean plants, the decrease in the stem linear size of the experimental plants occured under the influence of retardant due to shortening of the internode length by 8-12%. Moreover, the number of internodes remained constant. It is known that shortening  the length and increasing the diameter of individual nodes of the stems is determined by the peculiarities of the differentiation of cells and tissues under the conditions of retardants [11]. The application of the strain of nodule bacteria B. japonicum 634 b enhanced growth of soy leaves in number as well as their total area in comparison with spontaneous inoculation of the control plants (Table 1).
Table 1. Effect of inoculation and paclobutrazol on morpho-physiological characteristics of soybean leaves
	Period of vegetation
	Indicator
	Control
	Strain Br. japonicum 634b
	Strain Br. japonicum 634b + 0,025% paclobutrazol

	Flowering
	Total number 
of leaves, pcs.
	5.88±3.15
	8.76±1.34*
	9.43±1.34*

	
	Leaf surface area, см2
	186.72±4.13
	251.24±2.86*
	263.12±3.11*

	
	NPP g/m2·day
	1.66±0.28
	2.74±0.42*
	3.08±0.27*

	Mass formation of beans
	Total number 
of leaves, pcs.
	8.39±2.82
	10.35±2.23*
	12.84±2.13*

	
	Leaf surface area, см2
	236.42±2.12
	289.48±2.48*
	300.22±3.18*

	
	NPP g/m2 day 
	1.69±0.28
	2.52±016*
	3.66±0.27*

	The phase of green bean
	Total number 
of leaves, pcs.
	11.22±2.15
	15.74±4.10
	23.74±3.12*

	
	Leaf surface area, см2
	287.24±4.22
	321.17±3.34*
	356.21±2.84*

	
	NPP g/m2 day
	0.96±0.34
	1.45±0.13
	2.67±0.32*


* - significant differences Р≤0.05.

The experimental plants had the largest area of laminae when being inoculated with standard strain 634b in the flowering phase and at the beginning of the bean formation (Table. 1). In the phase of green bean, in the case of complex application of the strain and retardant, the leaf surface and the net productivity photosynthesis (NPP) indices continued to increase on account of the number of newly formed leaves and exceeded those under inoculation only (Table. 1).

It is known that the leaf photosynthetic activity is largely determined by its mesostructure, and the development of leaf tissue is under hormonal control.
By now, the influence of retardants on the leaf mesostructure characteristics has been though insufficiently clarified. It is also found out that potato plants under influence of chlorcholinchlorid had the thickening of the leaf blade by increasing the size of the mesophilic and epidermal cells plants in other scientific works.only the growth either wall or spongy tissues affected by the retardants is indicated [11, 15, 20, 27]. In raspberry and rape plants [10, 16] thickening of leaves also occurred due to increased chlorenchyma under the influence of dextrel, paclobutrazol and chlormequat chloride. Previously it was found that retardants stimulate the better development of assimilation parenchym in the overground part of potato, tomato, [15, 24], sugar beet [17], sunflower [25], poppy [23], flax [20] аnd a number of other plants [28].
The data obtained indicate similar changes to occur in the leaves of soybean plants. Antgibberellic preparation with the preceding B. japonicum strain inoculation enhanced thickening of the leaf blades from 243.7 ± 2.4 μm under the standard strain up to 334.0 ± 4.2 μm in the variant with paclobutrazol and strain background against 296.5 ± 4.1 μm - in the control plants without any treatment. The increase in thickness of the soy leaf blade occured on account of changes in the mesophyll` while the thickness of the leaf epidermis was not significantly changed. The retardant treatment of the inoculated plants caused an increase in the cell volume of the wall parenchyma. It is also established that the maximum effect was apparant under the integrated application of strain B. japonicum 634b and 0.025% paclobutrazol, where the cell volume of the wall parenchyma equaled 5196 ± 62 μm3 against 4225 ± 57 μm3 with the strain only, and up to 3968 ± 73 μm3 in the control variant without any treatment. 
Thus, fixed by us growth of leaves in number as well as the total area of the blade surface in consequence of optimization of the mesostructural rearrangement of leaves in the variants imploying strain 634 b and a complex application of strain and paclobutrazol created the preconditions for stirring up photosynthetic processes of soybean plants. In particular, the indicators of pure photosynthesis (Table. 1) under the preparations were higher than those in the control variant. It is found out that both inoculation and combined application of the strain and the growth inhibitor brought about  a positive effect on the parameters of  NPP during the period of active formation of reproductive organs – the beans. The highest indices of NPP were in the variant with 0.025% of paclobutrazol (Table. 1). 
It is known that the indicator of pure productivity characterizes the photosynthetic activity of a unit of the leaf area. Taking into consideration the fact that in the experimental variants both the amount and the total area of laminae increased simultaneously, we can conclude that in these variants the gross photosynthetic activity of plants increased in general.

The analysis of the soybean dry matter mass accumulation (in the phase of green bean) indicates increase in the mass of the whole plant and in the mass of beans when the both preparations are used (in the case with the combined treatment) and growth of the beans proportion in the total weight of plants in comparison with that of control (Figure. 2). 

Thus, the inoculation effect and the treatment of soy plants with the retardant against B. japonicum strain background cause changes in the functioning of the source - sink system and the redistribution of assimilates towards bean formation.
[image: image5.emf]
Figure 2. Effect of strain B. japonicum and the retardant on the accumulation of dry matter by plant organs of soybean (green bean phase).
There are not numerous works devoted to the effect of retardants on the anatomical structure of the legume plant stem [9, 29], while the study of the integrated influence of growth regulators on these parameters are practically scanty. We found out that growth regulators caused changes in the histogenesis of soy plants, thickening of the stem either under the seed treatment with a bacterial preparation or the combined application of the strain and antigibberellic preparation of paclobutrazol (Table 2).
	Variant
	Diameter of the stem, higher than the root neck, mm
	Diameter of the stem in the middle part, cm
	Bark thickness μm
	Thickness of the epidermis,  µm
	Colenchyme thickness,

µm
	Sclerenchyma thickness, µm

	
	
	
	
	
	
	

	Control
	7.24±0.34
	0.43±0.32
	513.4±9.4
	70.5±9.2
	69.7±8.1
	145.9±9.4

	Strain 634 b
	8.11±0.41*
	0.49±0.81
	519.8±11.4
	73.4±9.8
	71.4±8.2
	166.7±9.3*

	Strain 634b+0,025% paclobutrazol
	9.92±0.34*
	0.62±0.54*
	568.4±9.7*
	72.6±8.2
	83.2±13.0*
	207.5±6.8*


 Table 2. Influence of inoculation with Bradyrhizobium japonicum strain and treatment with 0.025% paclobutrazol on the anatomical parameters of a soyabean stem

* - significant differences P≤0.05 
Under the influence of the preparations there was observed an increase in the stem diameter of the treated plants. Changes in the stem thickness occurred due to the growth of the bark tissue. The complex application of the strain and retardant also provoked the increase in size of the colenchyme and sclerenchyma cells (Table 2).

Thus, due to the effects of inoculation and that of the retardant against the strain background, there was a better development of mechanical tissues, which contributed to the strengthening of the soybean stem and in this way providing technological advantages for harvesting.

Efficiency of the symbiotic system of soybean - Bradyrhizobium japonicum under the effect of paclobutrazol.
One of the priorities in modern agriculture is taking advantage of symbiotic nitrogen fixation for increasing the crop capacity of legumes. The research of the influence of plant growth regulators on the physiological activity of the micro-symbionts of legume plants is relevant and important for serching the ways to increase the productivity of symbiotic systems and improve soil fertility [3, 4, 5]. The development and functioning of the root nodules requires regulation, in particular the use of phytohormones. There are detected four hormones in the root nodules, auxins, cytokinins, gibberellins and abscisic acid. Their concentration in the nodules is essentially higher than in the noninoculated roots [5, 8]. A change in the balance of the root phytohormones is among the efficacious mechanisms of nodule formation [9, 28]. However, the question still needs clarification; which of the participants of symbiosis - the host plant or bacteria appear to be the source of hormones that are involved in the regulation of the symbiotic system [5].

The presented literary data on the contents of gibberellins in concern with the functional activity of nodules prove to be contradictory. Though, the ability of nodule bacteria to synthesize gibberellins is defined [6, 9]. The formation of nodules on the roots of legumes under the condition of gibberellin is delayed [9], moreover, in the experiments with the gibberellin application in the soil there was not noticeable quantitative increase of nodules. The exogenous gibberellin being applied did not cause any increase in nitrogen-fixing activity [7]. As it is seen, the issue of hormonal regulation of symbiotic nitrogen fixation, although being one of the most important ones, remains underexplored so far.

The criterion to evaluate the effectiveness of complementary interaction of macro- and micro-symbionts is the virulence of the nodule bacteria, which is determined by the number of formed nodules [5].

[image: image6.emf]In the course of research, there was an observable growth of nodules in number which was caused by the application of strain B. japonicum against spontaneous inoculation. When applying the retardant on the soy plant inoculated with B. japonicum 634b strain, there was observed an increase in the mass of nodules per plant in the flowering phase (Figure 3). 
Figure 3. Dynamics of mass accumulation of soybean nodules under 634 b 
strain and pacloburtazol.
The analysis of the dynamics of the root nodule mass accumulation proved to be maximum under the joint application of the strain and the retardant in the phase of bean formation (Figure 3.)
The retardant applied caused the increase of root nodules in number as well as their mass against spontaneous inoculation with the standard strain. The mass of nodules continued its growth even during the period of crop production (Figure. 3). In subsequent phases of the soybean plant development, the nodules gradually died out.

It is acknowledged that virulence of nodule bacteria is important for the formation of effective symbiosis, but the crucial role in this process belongs to the nitrogen-fixing activity of the formed nodules [3, 5].

We found out that under the processing with strain 634b B. japonicum the nitrogen activity significantly increased in all investigated phases of vegetation in comparison with spontaneous inoculation. Maximum acetyleneresistant activity was noted in the phase of bean formation (Figure. 4).
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The combined application of bacteria and treatment with paclobutrazol led to a shift in the maximum activity of nitrogenase to a later stage of ontogeny – the phase of green bean.
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Figure 4. Dynamics of total nitrogenase activity of soyabeans under the action 
of strain B. japonicum 634b and paclobutrazol

On the way of nitrogen transformation, the first reaction to restore nitrate to nitrite carries nitrate reduction [5]. Assimilation of nitrates can take place both in photosynthesizing and in non-synthesizing organs, therefore their assimilation occures due to the  interaction of two main "poles" of assimilation – roots and leaves. We established that, with the mutual use of the strain and retardant, the activity of nitrate reduction in the leaves significantly increased in comparison with bactereasation only. Particularly, in the flowering phase, the activity of the enzyme was 3.64 ± 0.06 μg of NO2- g of raw matter in the variant with strain 634 b + 0.025% paclobutrazol compared with 2.98 ± 0.04 μg of NO2- g of crude substance under the action of 634b strain. The same changes in the nitrate reduction activity were also characteristic of the root. The decrease in the activity of this enzyme in the vegetative soy organs in the subsequent phases of vegetationwas accompanied by an increase in the activity of the nitrogenase complex.

Influence of seed legume inoculation and anti-gibberellin preparation on the productivity and quality of soybean seeds
The processes of assimilate redistribution between organs and parts of the plant, including temporary storage and reutilization, play an important role in yield formation [30]. The problem of the mutual effect of the combined use of inoculation and the retardant on the source-sink relations in soybean plants was not actually studied. The changes in morphogenesis, established during the study, the functioning of the donor-acceptor system influenced by inoculation with the strain Bradyrhizobium japonicum and that of the retardant resulted in a significant increase in the productivity of soybean plants (Figure. 2 A). The increase in soybean crop capacity in the experimental variants was due to the number of beans per plant and the mass of seeds. (Figure. 2 B). The analysis of the nitrogen contents, under the condition of B. japonicum strain and the combined use of inoculation and retardant, indicates a slight increase in the seed content element at the end of vegetation against that with spontaneous inoculation. It is established that pre-sowing inoculation of seeds with the strain Bradyrhizobium japonicum 634b caused changes in their quality. Thus, bactereozation positively influenced the accumulation of nitrogen in the soybean seeds against spontaneous inoculation of seeds with local strains of nodule bacteria. The co-application of the strain and the retardant did not significantly alter the nitrogen contents in soybean seeds compared with the use of strains only
It is established that the application of the strain and retardant did not significantly affect the phosphorus contents in soybeans against that in the control variant without any processing, although the potassium increased (Table 3).

Table 3. The effect of seed legume inoculation and retardant on the contents of nitrogen, phosphorus and potassium in soybean seeds (in % dry matter)

	Variant
	N
	Р
	K

	Control
	4.93±0.08
	0.80±0.04
	0.58±0.05

	Strain B. japonicum 634b
	5.66±0.07*
	0.82±0.05
	0.63±0.04

	Strain 634b+ 0,025% paclobutrazol
	5.73±0.09*
	0.83±0.03
	0.76±0.07*


* - significant differences P≤0.05 
The analysis of the contents of oil in the soybean seeds indicates that inoculation of seeds with the strain of 634b led to an increase in their amount. A complex application of the strain with the subsequent paclobutrazol treatment did not significantly affect the accumulation of oil in the seeds, though improved its quality.

In the composition of fatty acids of soybean oil, we found such unsaturated fatty acids as linoleic (18:2), oleic (18:1), α-linolenic (18:3), and saturated fatty acids - palmitic (16:0), stearic (18:0), and arachinic (20:0) [31].
Several studies show that the application of retardants leads to a change in the profile of fatty acids and the correlation in unsaturated and saturated fatty acids. In particular, such increase is apparent under the condition of chlormequat chloride in sunflower [25], rape [16], poppy and flax oils [20, 21]. The carried out research indicated the changes in the contents and the ratio of higher fatty acids in the soy oil under the effects of inoculation and the retardant treatment. The analysis of the data suggests an increase in the ratio of unsaturated / saturated fatty acids under the mutual effect of the strain and retardant, which is an important indicator of soybean oil quality (Figure 5).
The changes in the ratio of higher fatty acids under the application of Bradyrhizobium japonicum 634b followed by the treatment of plants with the retardant occurred on account of the essentially increased contents of linoleic and the reduction of palmitic acid.

Thus, the application of paclobutrazol against the inoculation background positively impacted the profile of fatty acids, increasing favorably the ratio of unsaturated / saturated fatty acids. The most qualitative oil was obtained in the case with 0.025% of paclobutrazol agaist inoculation with strain 634 b background.
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Consequently, the inoculation of seeds with strain Bradyrhizobium japonicum 634b, followed by treatment with the retardant led to increased crop capacity and improved product quality.

Figure 5. The contents of higher fatty acids in the soybean oil from the plants inoculated with strain b. japonicum 634 b and 0.025% paclobutrazol treatment (%).
Conclusion. It has been established that the use of nodule bacteria and triazolol derivative preparation - paclobutrazol leads to optimization of the donor-acceptor system, increasing the activity of soybean-rhizobial complexes, improving the mesostructure of leaves, which positively affects the redistribution of assimilates towards the formation of reproductive organs - beans and improvement of the crop capacity  potential of Glycine max .

The complex use of seeds inoculated with strain Bradyrhizobium japonicum 634b and the retardant of paclobutrazol in the budding phase significantly influenced morphogenesis and the production process of soybean culture. Such treatments contributed to the formation of a larger number of leaves, the growth of total area of the leaf surface, optimized the mesostructure of laminae (more powerful walled cell  assimilative tissue was formed), which, in its turn, resulted in enhancement of photosynthetic productivity both per unit of the leaf area and plant as a whole. The positive effect of the strain and paclobutrazol complex on the anatomical structure of the stem was apparant. This integrated treatment contributed to the better development of mechanical tissues and increased strength of the stem, which conditioned technological benefits in harvesting.
The positive effect of these treatments also manifested itself in the efficacy of the symbiotic relations of macro- and microsymbionts, growing nodules in number as well as increasing nitrogen and nitrate reduction activity. 
It follows as an evident consequence that such changes enhanced the crop capacity and product quality at the expense of increasing beans in number and putting on in weight. The correlation of unsaturated / saturated fatty acids in the soy seeds essencially increased.
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Abstract. The effect of paclobutrazol on the functioning of soybean symbiotic systems - Bradyrhizobium japonicum - soybean has been studied. It was found out that inoculation of seeds with efficacious strain 634b and the subsequent treatment of soybean plants with the retardant in the budding phase caused changes in the functioning of the donor-acceptor system, the improvement of nitrogen supply, and the redistribution of assimilates towards the formation of beans. Under the effect of the retardant, the nitrogen activity of the root nodules in the inoculated soy plants sufficiently intensified. The peak of acetyleneresistant activity in the development of plants shifted to a later stage. The complex application of inoculation with the strain and the triazol derivative preparation resulted in increased crop yields characterized by growing beans in number and the weight of seeds per plant. Use of the retardant on the inoculated with Bradyrhizobium japonicum strain 634b soybean plants also causes positive changes in the product quality. 
Key words: Glycine max (L.) Merrill, Bradyrhizobium japonicum, paclobutrazol, morphogenesis, productivity.

1 - control (plants without treatment); 2 - strain 634b; 3 - strain 634b + 0.025%  paclobutrazol trazol.
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� – control, � – chlormequat chloride. Sampling dates: 1-5 – 10-, 20-, 30-, 40-, 50th day after treatment.








� – control, � – chlormequat chloride. Sampling dates: 1-5 – 10-, 20-, 30-, 40-, 50th day after treatment.








� – control, � – chlormequat chloride. Sampling dates: 1-5 – 10-, 20-, 30-, 40-, 50th day after treatment.
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1- control; 2 - strain 634b; 3 - strain 634b + 0,025% paclobutrazol. A - weight of plant, g, B - the formation of beans.
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1- control; 2 - strain 634b; 3 - strain 634b + 0,025% PB. A - the flowering phase, B - the formation of beans.
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A - the flowering phase, B - the formation of beans, C - the phase of green bean. 1- control; 2 - strain 634b; 3 - strain 634b + 0,025% paclobutrazol
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Nitrogen fixation activity (μmol C2H4 / (plant / h))
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A - control, B - inoculation with strain 634b, C - strain 634b + 0.025% paclobutrazol: 1 – 16:0, 2 – 18:0, 3 – 18:1, 4 – 18:2, 5 – 18:3, 6 – 20:0 
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