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A b s t r a c t  
 

Stimulation of nitrogen-fixing symbiosis by is an important mechanism of interaction be-
tween rhizobacteria and leguminous plants. At the same time, little is known about intraspecific (va-
rietal) variability of leguminous when responding to inoculation with rhizobacteria. Our recent model 
studies of hydroponic soybean seedlings showed that rhizobacteria Pseudomonas oryzihabitans Ep4 
can better stimulate growth and colonize the roots of Nice Mecha and Swapa soybean plants when 
compared to Bara variety. The purpose of this work was to study the variety-specific responses of 
soybeans plants to inoculation with rhizosphere bacteria (rhizobacteria) producing auxins and con-
taining 1-aminocyclopropane-1-carboxylate (ACC) deaminase at various levels of plant mineral nu-
trition under agrocenosis conditions. The subject plants were three early ripening soybean Glycine 
max (L.) Merr. varieties of the northern ecotypes Nice Mecha, Swapa and Bara. Rhizobacterial 
strains Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-P4 were used for inoculation. 
Biopreparation rizotorfin containing a nodule bacterium Bradyrhizobium japonicum strain 634b was 
used for the formation of nitrogen-fixing symbiosis. Three-year field experiments were conducted in 
2013-2015 years in the northernmost area of soybean cultivation (Orel region) on a dark gray forest 
medium-loamy soil. Mineral fertilizer ‘diamofoska’ was applied 7 days before sowing. Two mineral 
nutrition levels of N30P81K81 and N44P116K116 were used. In all treatments with rhizotorfin there 
was an increase in nodule biomass and nodule number, except the treatment of cultivar Bara at 
N30P81K81. In using lower mineral nutrition with risotorphin, the strain Ps. oryzihabitans Ep4 in-
creased number (by 140 %) and weigh (by 176 %) of nodules and nitrogen-fixing activity (by 69 %) 
of Swapa plants at flowering. At a higher mineral nutrition the influence of Ps. oryzihabitans Ep4 on 
the legume-rhizobia symbiosis manifested by the increased nodule number on Swapa roots (by 55 %) 
and nitrogen-fixing activity of Bara variety (by 205 %), whereas the strain V. paradoxus 3-P4 in-
creased nitrogen fixation of Nice Mecha (by 231 %) and Bara (by 205 %). The positive effects of 
both rhizobacterial strains on the plant growth at the flowering stage, as well as on the content of 
nutrients (Mg, Ca, B, Fe, Zn and Mo) in leaves were more pronounced on varieties Nice Mecha 
and Swapa at lower and/or higher mineral nutrition. At N30P81K81 the increase of shoot biomass at 
the flowering stage in cultivars Nice Mecha and Swapa was obtained after inoculation with mono-
cultures of the studied rhizobacteria and after combination of rhizobacteria with rhizotorfin as well. 
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However cultivar Bara has a positive response to mono-inoculation with rhizotorfin. At N44P116K116 
a combined inoculation of cultivar Bara with rhizotorfin and strain Ps. oryzihabitans Ep4, as well as 
cultivar Nice Mecha with rhizotorfin and strain V. paradoxus 3-P4, was significantly more efficient as 
compared to mono-inoculation with rhizotorfin. As a rule, the positive effects of both rhizobacterial 
strains on plant growth at flowering, as well as on the content of nutrient elements (Mg, Ca, B, Fe, 
Zn and Mo) in leaves, were more pronounced on cultivars Nice Mecha and Swapa at a lower and/or 
a higher level of mineral nutrition. The maximum effect of rhizobacteria on seed yield and seed 
quality (protein and fat content) is also obtained by inoculation of varieties Nice Mecha and Swapa. 
However, variety Bara has the highest response to mineral fertilizers. The differences found between 
soybean varieties in the response to inoculation with plant growth-promoting rhizobacteria indicate a 
higher degree of integration between associative microorganisms and varieties Nice Mecha and 
Swapa compared to variety Bara. The results of this study indicate the promise for creating plant-
microbe systems that combine a high degree of symbiotrophy and assimilation of nutrients from 
fertilizers and soil. 
 

Keywords: Glycine max, Pseudomonas, Variovorax, intraspecies variability, mineral nutri-
tion, rhizosphere, symbiotic nitrogen fixation, phytohormones, agrocenosis 

 
 

At present time, considerable experimental data has been accumulated 
on the positive effect of associative rhizosphere bacteria (rhizobacteria) on the 
growth, nutrition, and adaptation of agricultural plants to unfavorable climatic 
and soilborne factors by fixing atmospheric nitrogen, production or utilization of 
biologically active substances, mobilization of nutrients in the rhizosphere, in-
duction of system stability and biocontrol of phytopathogens [1-5]. The ability to 
stimulate the formation of nitrogen-fixing symbiosis with nodule bacteria serves 
as an important mechanism for leguminous plants to interact with rhizobacteria. 
Thus, the number of nodules on soybean roots increases upon combined inocu-
lation with nodule bacteria Bradyrhizobium japonicum and rhizobacteria Pseudo-
monas fluorescens [9-11], Azospirillum brasilense [12], Bacillus subtilis [13-17], B. 
thuringiensis [13, 14, 18], B. megaterium [19], Paenibacillus lautus [19], as well as 
with unidentified phosphate-mobilizing bacteria. The action of rhizobacteria can 
be associated with a decrease in the biosynthesis of ethylene, stress phytohor-
mone (to which the process of nodulation is highly sensitive) due to the utiliza-
tion of its precursor 1-aminocyclopropane-1-carboxylate (ACC) by rhizobacteria 
which use the ACC deaminase enzyme [19, 21-23]. It is supposed that the pro-
duction of auxins by rhizobacteria, stimulating root growth and nodulation, is 
involved in the activation of nitrogen-fixing symbiosis [4, 8, 24]. However, in 
most of the studies enumerated, the mechanisms of the positive impact of 
rhizobacteria on the soybean symbiosis with nodule bacteria were not studied. 

It is also little known about the intraspecific (varietal) variability of le-
guminous plants in response to rhizobacteria inoculations. Four pea varieties 
have demonstrated significant differences in the Ps. brassicacearum Am3 strain 
effects on the absorption of nutrients (N, P, K, Ca, S, Fe) from the soil con-
taminated with heavy metals [25]. The influence of the Az. brasilense rhizobacte-
ria, which fix nitrogen and produces auxins, on the growth of sorghum [26], 
wheat [27] and bean [28] varied significantly depending on the variety. Similar 
results were obtained for the related species, Az. lipoferum, in the experiments 
with corn varieties [29]. Varietal specificity in the effects of rhizobacteria on leg-
ume-rhizobia symbiosis in soybean [15, 30], pea [31-32] and chick pea [33] has 
been revealed. Differences in the expression of the genes associated with auxin 
and ethylene signaling are described for two rice varieties upon Az. lipoferum in-
oculation [34]. The variation in the ability of the introduced rhizobacteria popu-
lations to colonize plant roots depending on the variety has been also described 
in other studies [27, 35]. Nevertheless, the reasons for the intraspecific variability 
of plant-bacteria interactions have not been studied yet, which restrains signifi-
cantly the application of the latter as biopreparations [36]. 

Soybean is the main leguminous crop in the Russian Federation. Its 
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growth and nutrition depend to a significant extent on symbiosis with nodule 
bacteria and rhizobacteria. To expand the area of this crop, varieties resistant to 
cold and adapted to nutrient-poor soil are needed. For the northernmost area of 
soybean cultivation in Russia, the Orel Region, early ripening varieties of the 
northern ecotypes were created: Nice Mecha, Swapa and Bara. However, little is 
known about their symbiotic characteristics and potential. It can be assumed that 
rhizobacteria producing auxins and containing ACC deaminase should facilitate 
soybean adaptation to unfavorable climatic and soil conditions.  

The authors have previously shown in model studies of hydroponic soy-
bean seedlings that rhizobacteria Ps. oryzihabitans Ep4, producing auxins and 
containing ACC deaminase, perform stimulation of the growth and root coloni-
zation at a higher degree in Nice Mecha and Swapa varieties compared to the 
Bara variety. This is due to the intense root exudation of organic acids, sugars, 
and amino acids and their effective utilization and transformation by rhizobacte-
ria [32]. The close integration of Ps. oryzihabitans Ep4 strain with the Nice 
Mecha and Swapa varieties was partially confirmed by the results of the field 
experiment at a combined inoculation of plants with nodule bacteria [37].  

In this report, the authors describe for the first time the positive effect of 
the rhizosphere bacteria, containing ACC deaminase, on different varieties of 
soybean northern ecotypes and their symbiosis with nodule bacteria.  

The purpose of this study was to reveal the correlation of the variety-
specific responses of soybean plants with rhizobacterial inoculation and mineral 
nutrition under agrocenosis conditions. 

Techniques. The highest quality seeds of early ripening released soybean 
Glycine max (L.) Merr. varieties Nice Mecha and Swapa were obtained from the 
Federal Scientific Center of Legumes and Cereal Crops (Orel), the seeds of the 
Bara variety from Soybean Complex LLC (Krasnodar).  

At inoculation, the used strains of associative bacteria containing ACC 
deaminase and producing auxins were Pseudomonas oryzihabitans Ep4 [38] and 
Variovorax paradoxus 3-P4 [39]. To prepare the inoculum, the associative bacte-
ria were cultured in previously formulated liquid nutrient medium [40] for 4 days 
at 28 C and 180 rpm. The resulting suspension was diluted with sterile faucet 
water to a final concentration 107 cells/ml. To generate nitrogen-fixing symbio-
sis, biopreparation rhizotorfin (ECOS, Saint Petersburg) containing nodule bac-
teria Bradyrhizobium japonicum 634b in sterilized turf as a carrier was used 
(109 cells/g turf). The purity of the inocula and the biopreparation was con-
firmed by microbiological methods. All the strains were deposited in the Institu-
tional Collection of Beneficial Microorganisms of Agricultural Designation (All-
Russia Research Institute for Agricultural Microbiology, Saint Petersburg).  

The soil of the plots on which the field experiments were conducted 
(APC Integration, Orel State Agricultural University, Lavrovo, Orel Province, 
2013-2015), dark gray forest medium-loamy, humus content 3.4±0.1%, mobile 
nitrogen 57±8 mg/kg, labile phosphorus 100±8 mg/kg, mobile potassium 136±9 
mg/kg, pH 5.0±0.06 (average data for 3 years). Soil characteristics were deter-
mined by standard methods.  

The plants were cultivated in a seven-field crop rotation system of the 
grain type with full plot randomization (the plot square 10 m2) in a fourfold 
analysis for each variant, the crop was preceded by bare fallow. Mineral fertilizer 
(diammophoska) was applied 7 days before sowing (N30P81K81 and N44P116K116, 
70 and 100%, respectively, for planned crop yield 3 t/ha). Immediately prior to 
sowing, the seeds were pretreated with Maxim KS fungicide (fludioxonil, 
2 ml/kg seeds; Syngenta LLC, Russia) at a working concentration to which the 
strains under study are resistant according to preliminary tests. A part of the 
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seeds was pretreated with rhizotorfin (strain B. japonicum 634b, 2g/kg seeds). 
The seeding rate for all the seeds is 70 pcs/m2 (selection seeding-machine 
Plotseed XL, Wintersteiger, Austria). The inocula of Ps. oryzihabitans Ep4 and 
V. paradoxus 3-P4 (200 ml/m2) were used to treat root zone on the day 10 and 
day 27 after sowing (seedlings and 2-3 true leaves, respectively), samples without 
inoculation were used as controls (for the evaluation of rhizobacteria effects by 
integral parameters upon co-inoculation, the sample with rhizotorfin served as a 
control). For all the variants, the soil preparation Dual Gold, EC (1.6 l/ha; Syn-
genta LLC, Russia) was applied before sowing and Bazagran, AS (2 l/ha; BASF 
LLC, Russia) at three true leaves. Insecticide Karate Zeon, MCS (0.4 l/ha; Syn-
genta LLC, Russia) was used for pest control. Two weeks before harvesting, the 
plants were desiccated with Reglon Super, AS (1.5 l/ha; Syngenta LLC, Russia). 
The seeds were harvested by a combine harvester TERRION-SAMPO SR2010 
(Agrotekhmash, Russia).  

Nitrogenase (nitrogen-fixing) activity was evaluated in roots at flowering 
by acetylene method [42]. The roots of 5 plants from each plot were washed 
with water, nodules were counted up, roots were placed into the airproof flasks 
(250 ml) and incubated in 10% acetylene atmosphere for 1 h at 25 C. The reac-
tion was terminated by 2.5% formalin solution, the ethylene concentration was 
determined (gas chromatography system FGC-1, ECAN LLC SPE, Russia). The 
nodules were separated from the roots, desiccated and weighed. The leaves of 
the plants of each plot were desiccated and used for elemental analysis. 

The seed protein and lipids were measured using the infrared grain ana-
lyzer Infratec™ 1241 (FOS", Denmark) according to the manufacturer's guide-
lines. The quantity of B, Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Ni, P, S, Zn in 
leaves was assessed using an emission spectrometer ICPE-9000 (Shimadzu, Ja-
pan). For this, dry leaves were milled and burnt in the mixture of concentrated 
HNO3 and 38% H2O2 (1:1) at 70 C (DigiBlock system, LabTech, Italy). The 
total nitrogen content in leaves was determined (an automatic analyzer Kjeltec 
2300, FOSS Analytical, Denmark).  

Statistical processing was performed with STATISTICA 10 software 
(StatSoft, Inc., USA). The dispersion analysis (Fisher minimal mean difference 
test), Student t-criterion and correlation analysis were used. The mean values 
(M) and mean values errors (±SEM) were calculated.  

Results. Rhizotorfin with N30P81K81 increased the number of nodules for 
all the varieties, and with N44P116K116 for Nice Mecha and Swapa as compared to 
control (Table 1). Combined inoculation with rhizobacteria also led to more in-
tensive nodule formation; moreover, the Swapa variety demonstrated a statistically 
higher number of nodules compared to rhizotorfin mono-inoculation (see Table 
1). Rhizotorfin increased the weight of nodules. Combined treatment with 
rhizotorfin and Ps. oryzihabitans Ep4 increased nodule weight for Swapa plants at 
both levels of mineral nutrition, as well as nitrogen-fixing activity at N30P81K81 as 
compared to control and rhizotorfin application. With V.  paradoxus 3-P4 at 70% 
level of mineral nutrition, the Swapa and Bara plants statistically significant in-
creased the nodule weight (p < 0.001 and p = 0.044, respectively). Higher nitro-
gen fixation for all the varieties at the 100% mineral nutrition was scored only at a 
combined inoculation with nodule and associative bacteria (see Table 1). 

N30P81K81 increased overground plant weight at flowering of Nice 
Mecha and Swapa varieties both with bacterial monocultures and in the case of 
combination with rhizotorfin. However, the Bara variety demonstrated positive 
response only to rhizotorfin mono-inoculation (see Table 2). At N44P116K116 
rhizotorfin increased the overground plant weight only for Nice Mecha and 
Swapa varieties. For Bara variety, combined inoculation with Ps. oryzihabitans  
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1. Symbiotic indicators of soybean Glycine max (L.) Merr. varieties during flowering as influenced by nodule bacteria Bradyrhizobium japonicum 634b 
(rhizotorfin) and associative bacteria Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-P4 at different levels of mineral nutrition 
(M±SEM, APC Integration of Orel State Agricultural University, Lavrovo, Orel Province, 2013-2015) 

Variant 
Nodule number, pcs./plant Nodule weight, mg/plant Nitrogenase activity, µmol C2H4/(plantŁh)  

Nice Mecha Swapa Bara Nice Mecha Swapa Bara Nice Mecha Swapa Bara 
 N30P81K81 (70 %) 

No inoculation 3±1a 2±1a 2±1a 56±23a 41±11a 28±13a 0.34±0.14a 0.57±0.16a 0.08±0.03a 
B. japonicum 634b 18±3b 10±2b 16±4b 603±120bc 339±86b 288±78b 1.15±0.27bc 1.13±0.21ab 0.37±0.05b 
Ps. oryzihabitans Ep4 4±1a 4±1a 1±0a 124±49a 124±58ab 41±15a 0.43±0.21a 0.63±0.13a 0.20±0.07ab 
V. paradoxus 3P-4 12±5ab 2±1a 3±1a 288±121ab 108±43ab 48±23a 0.80±0.32ab 0.40±0.16a 0.41±0.15ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 21±3b 24±3c 12±4b 707±145c 937±166c 357±115bc 0.88±0.15b 1.91±0.32c 0.55±0.13b 
B. japonicum 634b + V. paradoxus 3P-4 15±2b 23±3c 12±2b 696±137c 581±81c 469±90c 1.69±0.46c 1.68±0.35bc 0.61±0.16b 

N44P116K116 (100 %) 
No inoculation 4±1a 1±0,3a 1±0a 144±45a 44±17a 22±7a 0.05±0.01a 0.43±0.19a 0.22±0.10a 
B. japonicum 634b 20±6b 11±2b 5±1ab 685±170bc 363±107bc 173±42b 0.64±0.04b 1.03±0.21ab 0.35±0.06a 
Ps. oryzihabitans Ep4 11±4ab 3±1a 3±1ab 629±230bc 156±69b 43±18a 0.47±0.08ab 0.78±0.27ab 0.37±0.14a 
V. paradoxus 3P-4 7±4a 1±0a 1±0a 344±224ab 51±14a 13±4a 0.47±0.10ab 0.42±0.14a 0.47±0.20ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 19±6b 17±3c 8±1b 1025±379c 439±113c 189±25b 1.07±0.27bc 1.15±0.24b 1.07±0.31c 
B. japonicum 634b + V. paradoxus 3P-4 13±2b 11±2b 6±1b 835±117c 373±94bc 173±24b 2.12±0.58c 1.33±0.26b 0.77±0.17bc 
N o t e. For each fertilizer dosage, statistically significant differing variants are designated by Latin letters (Fisher test, MMD, p < 0.05, n = 12). 

 
 
 
 
 
 
 
 
 
 

 



982 

Ep4 strain, and for Nice Mecha variety with V. paradoxus 3-P4 were statistically 
more effective (p = 0.015 and p = 0.039, respectively) (see Table 2) than 
rhizotorfin mono-inoculation. Ps. oryzihabitans Ep4 and V. paradoxus 3-P4 
strains statistically significantly increased the root weight (p between 0.045 and 
0.0012) in Nice Mecha variety at mono-inoculation and at a combined inocula-
tion with rhizotorfin regardless of mineral nutrition levels (see Table 2). The in-
oculation with V. paradoxus 3-P4, as well as use of this strain or Ps. 
oryzihabitans Ep4 in combination with rhizotorfin, positively influenced the root 
weight in Swapa and Bara varieties. 

2. Plant biomass of soybean Glycine max (L.) Merr. varieties during flowering as 
influenced by nodule bacteria Bradyrhizobium japonicum 634b (rhizotorfin) and 
associative bacteria Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-
P4 at different levels of mineral nutrition (M±SEM, APC Integration of Orel 
State Agricultural University, Lavrovo, Orel Province, 2013-2015) 

Variant 

Dry weight, g/plant 
overground part roots 

Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 

N30P81K81 (70 %) 
No inoculation 39±2a 35±4a 44±2a 3.5±0.1a 3.9±0.2a 3.8±0.3a 
B. japonicum 634b 45±2b 46±3b 55±4b 4.1±0.3ab 5.1±0.4ab 4.1±0.2ab 
Ps. oryzihabitans Ep4 49±3bc 45±2ab 43±2a 4.3±0.2bc 5.1±0.4ab 4.6±0.5b 
V. paradoxus 3P-4 48±1bc 47±5b 44±4a 4.5±0.1bc 5.8±0.6b 4.3±0.4ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 48±2bc 46±5b 47±4ab 4.1±0.3b 6.1±0.5b 4.2±0.2ab 
B. japonicum 634b + V. paradoxus 3P-4 52±1c 50±3b 41±4a 4.8±0.2c 5.0±0.3ab 4.7±0.4b 

N44P116K116 (100 %) 
No inoculation 27±3a 46±1a 47±2a 3.5±0.1a 4.8±0.3a 3.7±0.2a 
B. japonicum 634b 36±1b 57±3b 49±3ab 3.9±0.3ab 6.1±0.6ab 4.0±0.2ab 
Ps. oryzihabitans Ep4 35±1b 48±4ab 59±4bc 4.2±0.2b 5.5±0.5ab 3.9±0.2ab 
V. paradoxus 3P-4 33±1ab 52±4ab 53±5abc 4.5±0.2b 5.2±0.4ab 3.8±0.2ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 39±0bc 57±5b 61±3c 4.2±0.2b 6.4±0.8b 4.5±0.1b 
B. japonicum 634b + V. paradoxus 3P-4 42±1c 52±4ab 58±5bc 4.1±0.1b 6.3±0.8b 4.0±0.2ab 
N o t e. For each fertilizer dosage, statistically significant differing variants are designated by Latin letters (Fisher 
test, MMD, p < 0.05, n = 12). 

 

N content in leaves increased in all cases with rhizotorfin (Table 3). At 
the 70% level of mineral nutrition, both strains of rhizobacteria increased the P 
content in the leaves of Nice Mecha variety at mono- and combined inoculation 
(see Table 3). This indicator was higher in Swapa plants upon inoculation with 
rhizotorfin and Ps. oryzihabitans Ep4 regardless of the level of mineral nutrition, 
whereas in Bara plants solely at the 70% level. Mg, Ca, B, Fe, Zn and Mo con-
tent (see Table 3) in the leaves of Nice Mecha and Swapa plants when using 
rhizotorfin and Ps. oryzihabitans Ep4 mixture, was generally higher. A similar, 
but less pronounced effect result was obtained for two these varieties upon 
rhizotorfin and V. paradoxus 3-P4 inoculation: at N30P81K81 the bacteria did not 
affect Mg, Ca, B and Zn, and at N44P116K116 the content of P did not increase. 
Both control and inoculated plants of Bara variety (in contrast to the rest two 
varieties) differed insignificantly in elemental composition of leaves, which mani-
fested for Mg, B, Zn, Mo at 70% nutrition level and for P, Fe and Zn at the 
100% level (see Tables 3, 4). The positive effect of the combined inoculation on 
patterns of macro- and microelements was in many cases statistically significant 
compared to control plants without inoculation, as well as to rhizotorfin applica-
tion (see Tables 3, 4). 

Rhizotorfin and rhizobacteria did not increase Co, Cu, K, Mn, Ni and S 
accumulation in leaves. The exceptions were rise of Co level in Nice Mecha (by 
15%, p = 0.015, n = 12) and Swapa (by 26%, p = 0.015, n = 12), as well as S 
content increase in Swapa variety (by 23%, p = 0.016, n = 12) in response to 
rhizotorfin and Ps. oryzihabitans inoculation (data not shown).  
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3. Macroelements in leaves of soybean Glycine max (L.) Merr. varieties during flowering as influenced by nodule bacteria Bradyrhizobium japonicum 
634b (rhizotorfin) and associative bacteria Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-P4 at different levels of mineral nutrition 
(M±SEM, APC Integration of Orel State Agricultural University, Lavrovo, Orel Province, 2013-2015) 

Variant 
N, mg/g P, mg/g Mg, м mg/g Ca, mg/g 

Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 

N30P81K81 (70 %) 
No inoculation 25.5±0.6a 26.3±0.6a 26.3±1.0a 10.1±0.4a 10.7±0.4a 10.3±0.3a 5.0±0.4ab 4.0±0.2a 4.2±0.2a 18.0±0.9a 16.2±0.9a 17.6±0.8a 
B. japonicum 634b 29.4±07c 31.2±1.0bc 30.9±1.1b 10.8±0.3a 11.8±0.3ab 10.4±0.3a 4.9±0.4a 4.4±0.2ab 4.7±0.2a 19.0±0.9a 16.6±1.0a 19.1±0.4ab 
Ps. oryzihabitans Ep4 27.6±0.8bc 27.8±1.0a 27.6±0.9a 11.3±0.5b 11.7±0.5ab 11.0±0.6ab 5.2±0.4ab 4.5±0.3ab 4.5±0.3a 20.2±0.8ab 17.2±1.3a 17.8±0.8ab 
V. paradoxus 3P-4 27.1±0.7ab 28.1±0.8ab 27.6±0.9a 11.1±0.4b 11.2±0.5ab 10.7±0.3a 5.3±0.4ab 4.4±0.2ab 4.2±0.2a 18.5±0.8a 16.0±0.5a 18.5±0.8ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 30.7±0.6c 32.6±1.0c 32.6±0.9b 11.8±0.4b 12.5±0.4b 12.0±0.5b 5.9±0.4b 5.0±0.3c 4.7±0.2a 21.7±1.1b 20.1±1.3b 19.6±0.7b 
B. japonicum 634b + V. paradoxus 3P-4 29.9±0.9c 31.2±1.2bc 31.3±1.2b 11.7±0.3b 12.0±0.6ab 10.7±0.5a 5.1±0.4ab 4.9±0.2bc 4.7±0.2a 19.3±1.0ab 17.2±1.0a 19.2±0.5ab 

N44P116K116 (100 %) 
No inoculation 28.9±0.7a 30.4±1.3a 29.4± 1.3a 11.7±0.2a 12.3±0.5a 11.6±0.4a 4.4±0.1a 4.7±0.3ab 4.2±0.1a 17.9±1.0a 16.1±0.6a 15.8±0.3a 
B. japonicum 634b 32.5±0.8bc 33.9±1.2bc 32.2±1.0b 12.1±0.2a 12.2±0.4a 11.8±0.4a 4.9±0.1ab 4.6±0.3a 4.1±0.2a 21.6±0.9bc 16.9±0.6a 17.3±0.6ab 
Ps. oryzihabitans Ep4 30.0±1.1a 32.2±1.5ab 31.3±1.1a 12.6±0.3ab 13.2±0.6ab 11.8±0.5a 5.3±0.2ab 4.6±0.2a 4.3±0.2ab 22.7±1.1c 17.1±0.6a 16.4±0.8a 
V. paradoxus 3P-4 30.5±1.1ab 31.7±1.7a 30.1±1.1a 12.1±0.5a 12.4±0.6a 11.9±0.4a 4.9±0.2ab 4.7±0.2ab 4.1±0.2a 19.5±0.9ab 16.8±0.4a 17.0±0.7ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 33.5±0.6c 35.4±1.1c 34.1±0.9b 13.4±0.1b 14.5±0.6b 12.8±0.6a 5.5±0.3b 5.3±0.2bc 5.1±0.4c 24.1±1.4c 21.7±1.7b 18.9±0.7b 
B. japonicum 634b + V. paradoxus 3P-4 32.0±0.6bc 35.2±1.2bc 33.5±0.9b 12.0±0.4a 13.1±0.6ab 12.0±0.6a 5.4±0.5ab 5.5±0.2c 4.9±0.5bc 22.4±1.3bc 17.3±1.1a 18.6±0.7b 
N o t e. For each fertilizer dosage, statistically significant differing variants are designated by Latin letters (Fisher test, MMD, p < 0.05, n = 12). 
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4. Microelements in leaves of soybean Glycine max (L.) Merr. varieties during flowering as influenced by nodule bacteria Bradyrhizobium japonicum 
634b (rhizotorfin) and associative bacteria Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-P4 at different levels of mineral nutrition 
(M±SEM, APC Integration of Orel State Agricultural University, Lavrovo, Orel Province, 2013-2015) 

Variant 
B, μg/g Fe, μg/g Zn, μg/g Mo, μg/g 

Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 
Nice 
Mecha 

Swapa Bara 

N30P81K81 (70 %) 
No inoculation 45±2a 39±2a 50±5a 109±3ab 112±4a 108±7a 30±3a 35±3a 39±3a 9.3±0.4a 8.7±0.2a 9.4±0.3a 
B. japonicum 634b 54±4ab 45±3a 52±5a 102±5a 112±5a 122±11a 31±3a 41±3ab 37±2a 9.6±0.3a 9.1±0.3a 9.7±0.2a 
Ps. oryzihabitans Ep4 49±5ab 46±4a 50±4a 125±8b 137±17b 130±10ab 35±2ab 40±3a 37±3a 10.1±0.3ab 8.8±0.3a 9.7±0.3a 
V. paradoxus 3P-4 55±4b 46±4a 52±4a 123±13b 126±13ab 112±7a 34±2ab 37±3a 35±3a 9.8±0.3ab 8.9±0.3a 9.4±0.3a 
B. japonicum 634b + Ps. oryzihabitans Ep4 53±3ab 58±4b 56±5a 143±8b 137±7b 145±12b 39±3b 49±4b 38±3a 10.6±0.3b 10.3±0.5b 10.0±0.4a 
B. japonicum 634b + V. paradoxus 3P-4 54±5ab 48±4a 51±4a 126±8b 126±4ab 139±12b 34±3ab 36±3a 36±3a 10.2±0.4b 9.3±0.4a 9.6±0.2a 

N44P116K116 (100 %) 
No inoculation 55±1a 42±1a 42±2a 121±4a 103±5a 112±6a 42±1a 34±3a 39±2a 9.7±0.1a 8.6±0.3a 9.0±0.2a 
B. japonicum 634b 55±2a 44±2ab 55±5b 130±8ab 117±8ab 118±10a 45±2a 45±3b 40±2a 10.7±0.2b 9.1±0.3ab 8.7±0.3a 
Ps. oryzihabitans Ep4 57±3a 47±3ab 55±4b 132±6ab 116±5ab 114±5a 42±3a 39±3ab 37±2a 11.1±0.2bc 9.0±0.2ab 8.6±0.2a 
V. paradoxus 3P-4 56±2a 50±2ab 55±3b 123±4a 128±6bc 115±5a 41±2a 41±2ab 41±3a 10.2±0.3ab 9.2±0.1ab 9.0±0.2a 
B. japonicum 634b + Ps. oryzihabitans Ep4 62±5a 60±5c 74±6c 164±8c 144±12c 133±4a 47±2a 47±3b 43±2a 11.9±0.4c 9.3±0.2ab 10.1±0.4b 
B. japonicum 634b + V. paradoxus 3P-4 61±4a 53±4bc 52±3b 150±9bc 130±6bc 131±5a 45±2a 43±3b 40±2a 11.6±0.4c 9.5±0.4b 10.0±0.4b 
N o t e. For each fertilizer dosage, statistically significant differing variants are designated by Latin letters (Fisher test, MMD, p < 0.05, n = 12). 
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5. Plant productivity of soybean Glycine max (L.) Merr. varieties during flowering as influenced by nodule bacteria Bradyrhizobium japonicum 634b 
(rhizotorfin) and associative bacteria Pseudomonas oryzihabitans Ep4 and Variovorax paradoxus 3-P4 at different levels of mineral nutrition 
(M±SEM, APC Integration of Orel State Agricultural University, Lavrovo, Orel Province, 2013-2015) 

Variant 
Crop productivity, g/m2 Protein content in seeds, % Lipid content in seeds, % 

Nice Mecha Swapa Bara Nice Mecha Swapa Bara Nice Mecha Swapa Bara 
N30P81K81 (70 %) 

No inoculation 217±10a 200±14a 204±6a 34.2±2.0a 31.6±0.7a 33.0±0.8a 21.0±0.8a 23.2±0.9a 23.7±1.2a 
B. japonicum 634b 262±8b 264±16b 258±9bc 38.1±0.7b 34.4±0.4b 34.6±1.0a 22.8±0.4b 24.5±0.8b 24.0±0.8ab 
Ps. oryzihabitans Ep4 250±11ab 258±10b 240±10bc 38.1±0.9b 33.7±0.9a 34.5±1.7a 21.8±0.5ab 24.7±0.6ab 23.3±0.9a 
V. paradoxus 3P-4 260±14b 229±6ab 226±11ab 38.2±0.6b 35.9±0.3b 34.6±0.3a 21.7±0.7ab 23.9±0.8ab 24.3±1.1ab 
B. japonicum 634b + Ps. oryzihabitans Ep4 249±12ab 313±15c 251±10c 39.0±1.0b 41.1±0.7c 35.1±0.8ab 23.2±0.7b 23.9±0.3ab 25.9±1.1b 
B. japonicum 634b + V. paradoxus 3P-4 270±14b 280±17bc 270±15c 38.3±0.6b 36.4±0.9b 37.8±0.9b 21.8±0.9ab 24.9±0.6b 22.5±0.3a 

N44P116K116 (100 %) 
No inoculation 204±26a 237±11a 266±21a 34.6±2.4a 32.7±1.3a 33.3±0.8a 19.8±0.5a 23.0±0.3a 22.6±0.4a 
B. japonicum 634b 249±12b 299±10b 312±6bc 39.3±1.2b 35.4±1.1bc 35.8±1.4ab 21.8±0.7b 22.5±0.3a 22.7±0.9a 
Ps. oryzihabitans Ep4 219±26ab 267±12ab 290±13a 40.1±1.1b 35.6±0.9c 35.0±0.8a 21.4±0.7ab 23.3±0.3ab 23.0±0.2a 
V. paradoxus 3P-4 235±18ab 272±17ab 293±15a 40.3±0.3b 33.2±1.3ab 35.7±0.7ab 21.8±0.3b 24.7±0.4b 23.2±0.2a 
B. japonicum 634b + Ps. oryzihabitans Ep4 251±13b 277±9b 343±7c 39.7±0.8b 37.9±0.5d 36.9±1.8b 22.0±0.5b 23.9±0.5ab 24.2±1.0a 
B. japonicum 634b + V. paradoxus 3P-4 253±10b 301±12b 313±15c 38.1±1.0b 36.3±0.6c 36.9±0.5b 22.9±0.3b 24.8±0.5b 23.4±0.4a 
N o t e. For each fertilizer dosage, statistically significant differing variants are designated by Latin letters (Fisher test, MMD, p < 0.05, n = 12). 
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At both levels of mineral nutrition, rhizotorfin has increased the seed 
yield of all varieties (maximum level at combined inoculations with rhizobacte-
ria) (Table 5). Swapa plants statistically significant increased crop productivity (p 
= 0.008) compared to rhizotorfin application upon its combination with Ps. 
oryzihabitans Ep4 at 100% mineral nutrition. The protein content in seeds in-
creased in Nice Mecha variety upon any inoculation, as well as in Swapa variety 
in all tests (except for mono-inoculations with Ps. oryzihabitans Ep4 and V. 
paradoxus 3-P4 at N30P81K81 and N44P116K116, respectively) (Table 5). For Bara 
variety, this effect was observed only for rhizotorfin and V. paradoxus 3-P4 com-
bination at N30P81K81, as well as for both rhizosphere strains at N44P116K116. 
The lipid content in seeds of inoculated plants was more frequently higher in 
Nice Mecha plants, less commonly in Swapa and only in one case (for 
rhizotorfin and Ps. oryzihabitans Ep4 co-inoculation at 70% level) in Bara varie-
ty (see Table 5). 

Field tests conducted by the authors of the present study have shown 
that rhizobacteria positively affect nitrogen-fixing symbiosis, growth, and nutri-
tion of early ripening varieties of soybean northern ecotypes. This data expands 
the concept of interaction between rhizobacteria and leguminous plants at co-
inoculation [11, 12, 14, 16], as compared to other varieties [15-19], at different 
types of nitrogen and phosphorus nutrition [20] in traditional soybean cultivating 
regions. The data of response specificity of varieties under study at the rhizobac-
teria inoculation has been confirmed. These findings indicate more effective in-
tegration of Ps. oryzihabitans Ep4 strain with Nice Mecha and Swapa varieties 
conditioned by root exudation patterns [37]. In these varieties the roots extract 
more organic acids and sugars, the nutrients for rhizobacteria, thus promoting 
rhizosphere colonization. Rhizobacteria, in turn, use Bara variety root exudates 
less (possibly due to the presence of antibacterial components). Another im-
portant component of exudates, tryptophane (the precursor of auxin biosynthesis 
in bacteria) [34] is not absorbed in Bara variety rhizosphere [37]. Our findings  
are in line with data pointing to the important role that the root exudates play in 
varietal specificity of rhizobacterial effects described for pea growth [32], soy-
bean legume-rhizobia symbiosis [15, 30], as well as Arabidopsis thaliana [45] and 
sorghum [46] growth.  

More effective interactions between rhizobacteria under study and Nice 
Mecha and Swapa plants compared to Bara variety are also confirmed by inte-
grated parameters of bacterial effects (Fig. 1). These parameters allow summing 
up the factors related to different aspect of specific plant response to inoculation 
but do not depend on the effect of rhizotorfin. In all the cases (except V. 
paradoxus 3-P4 which can influence symbiosis), the minimal rhizobacteria effect 
values were characteristic of Bara variety (see Fig. 1). Additionally, the effects of 
both strains on mineral nutrition and of V. paradoxus 3-P4 strain on Swapa plant 
biomass turned out to be statistically higher than that on Bara variety. It should 
be noted that the maximum relative values of rhizobacterial effects were obtained 
for nitrogen-fixing symbiosis parameters (see Table 1, Fig. 1). This fact indicates 
the importance of interactions between microorganisms in the rhizosphere not 
only for enhanced growth due to effective symbiosis but also for better mineral 
nutrition of plants. Indeed, additive and synergetic effects on the nutrient levels 
in leaves appear upon combined inoculation with rhizobacteria and rhizotorfin. 

The positive effect of rhizobacteria on nitrogen-fixing soybean symbiosis 
(the increase in nodule formation and acetylene-reductase activity) could be as-
sociated with the presence of ACC deaminase enzyme [38, 39]. It has been es-
tablished that ACC-utilizing rhizobacteria reduce the ACC content in the roots, 
contributing to a decrease in plant biosynthesis phytohormone ethylene, which 
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acts as an inhibitor of symbiotic nodule formation [23, 48]. In our experiments 
the stimulation of nodule formation in pea by V. paradoxus 5C-2 [21], as well as 
in the soybean Swapa variety by Ps. oryzihabitans Ep4 [37] strain has also been 
described. 

 

 

The obtained results are in line with the data of the researchers who 
studied the effects of combined inoculation with nodule and rhizosphere bacteria 
on the nitrogen-fixing symbiosis in different leguminous crops. Thus, it was 
shown that chick-pea inoculation with nodule bacteria Mesorhizobium ciceri and 
Ps. fluorescens [49] or Bacillus sp. [50] led to increased nodule number and nod-
ule weight. These factors were also increasing upon combined inoculation of 
bean plants with nodule bacteria R. leguminosarum bv. phaseoli and different spe-
cies of rhizobacteria of Bacillus genera [51-52], Ps. fluorescens or Az. lipoferum 
[53]. Rhizobacteria Az. brasilense, Azotobacter chroococcum, B. cereus, Ps. putida 
and Ps. fluorescens stimulated nodulation and nitrogen-fixing activity of pigeon-
pea (Cajanus cajan) upon application of nodule bacteria Rhizobium sp. bioprepa-
ration [54]. Similar results were obtained with rhizobacteria and nodule bacteria 
for pea [55, 56], lentil [56], Chickasano pea [57] and medick [58]. As a rule, in 
these experiments stimulation of nodule formation led to increased biomass of 
overground parts and seed harvests.  

The affection of the strains under study on the soybean plants was to a 
large extent similar as evidenced by the positive correlation between Ps. 
oryzihabitans Ep4 and V. paradoxus 3-P4 effects on the parameters measured at 
N30P81K81 (r = +0.60, p < 0.001, n = 48) and N44P116K116 (r = +0.70, p < 
0.001, n = 48). This could be due to similarity of the in mechanisms of their 
interaction with plants, as both strains exhibit high ACC deaminase activity and 
produce auxins and siderophores [37-39]. Nevertheless, Ps. oryzihabitans Ep4 
increased the content of nutrients in leaves to a greater extent compared to V. 
paradoxus 3-P4, especially at combined inoculation with nodule bacteria (see 
Tables 3, 4, Fig. 1). It is known that rhizobacteria of Pseudomonas genus can 

Fig. 1. Evaluation of Pseudomonas oryzi-
habitans Ep4 (A) and Variovorax paradoxus 
3P-4 (B) effects depending on soybean 
Glycine max (L.) Merr. Variety,  by in-
tegrated parameters: I — symbiosis 
(nodule number, nodule weight, nitro-
genase activity), II — biomass (over-
ground weight, root weight at flowering, 
crop productivity), III — N, P, K, Mg, 
Ca, B, Fe, Zn and Mo content in leaves, 
IV — quality (proteins and lipids in seeds); 
1 — Nice Mecha, 2 — Swapa, 3 — Bara. 
The rhizobacterial effect is calculated as 
a median value of the effect of compo-
nents compared to the corresponding 
control (with or without B. japonicum 
634b inoculation) against the back-
ground of each level of the two fertiliz-
ers (N30P81K81 or N44P116K116). Median 
values errors are designated by vertical 
intervals (±SEM). Statistically signifi-
cant differences between the varieties for 
each parameter are designated with dif-
ferent Latin letters (t-Student test, p < 
0.05) (APC Integration of Orel State 
Agricultural University, Lavrovo, Orel 
Province, 2013-2015). 
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mobilize soil nutrients, and their positive effect on mineral nutrition is important 
for plant growth improvement [4, 25, 43, 44]. However, only fragmentary data are 
available on the ability of rhizobacteria of the Variovorax genus to affect the plant 
consumption of nutrients. Thus, the authors had previously shown that the inocu-
lation of pea with V. paradoxus 5C-2 strain increased the plant consumption of N, 
P, K, Ca and Mg [25, 59]. The results presented in the current study indicate that 
V. paradoxus increases the consumption of nutrients by soybean, and this effect 
depends on the plant variety and mineral fertilizer dosage. 

 

 
Fig. 2. Soybean Glycine max (L.) Merr. varieties Nice Mecha (1), Swapa (2) and Bara (3) response 
to mineral fertilizers: Nnodule — nodule number, Wnodule — nodule weight, Nfix — nodule acety-
lene-reductase activity, OW — overground weight of dry plants at the flowering stage, RW — dry 
roots weight at the flowering stage, SW — seeds weight at the firm ripe stage; N, P, K, Ca, Mg, Fe, 
B, Cu, Mn, Mo, Ni and Zn — elemental content in leaves at flowering. The effect of fertilizer level 
is represented as the ratio of mean absolute values of the factor for all the inoculation variants at 
N30P81K81 to the mean value of this factor at N44P116K116. Statistically significant differences be-
tween the fertilizer levels are marked with the asterisks (Fisher MMD test, p < 0.05, n = 72) (APC 
Integration of Orel State Agricultural University, Lavrovo, Orel Province, 2013-2015). 

 

The observed effects on the plants for each of two rhizobacteria strains 
were similar at both mineral nutrition levels. The authors observed a positive corre-
lation of the effects at the given levels by measured parameters for Ps. oryzihabitans 
Ep4 (r = +0.61, p < 0.001, n = 48) and V. paradoxus 3-P4 (r = +0.49, p < 0.001, 
n = 48). The results give the evidence of the ability of rhizobacteria under study 
to mediate stable and positive affection on growth and nutritional parameters of 
soybean plants at different mineral nutrition dosages. At the same time, respons-
es of soybean varieties to mineral significantly differ, which are shown as aver-
aged effects of the fertilizer factor for all the inoculation variants (Fig. 2). First-
ly, at 100% level of mineral nutrition, the number and weight of nodules were 
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less for Swapa and Bara varieties, whereas for Nice Mecha variety the second 
factor increased. That means that the optimal dosage of the fertilizer (most likely 
nitrogenic) for nitrogen-fixing symbiosis formation is individual for each variety. 
Secondly, the positive growth response to the increase in the mineral fertilizer 
dosage was to a greater extent indicative for the Bara variety with the relatively 
low rhizobacterial symbiotic potential. This led to the maximum increase in the 
overground plant part and seed weight (see Fig. 1). Responsiveness to mineral 
fertilizers and symbiosis effectivity may be interdependent, as far as the plants 
have an evolutionary determinant aimed to compensate for low adaptation to 
unfavorable soil conditions by means of intensification of symbiotic interactions 
with microorganisms. This phenomenon was described by the authors of the pre-
sent study for the first time while investigating correlations between the effec-
tiveness of interaction of 99 pea genotypes with the arbuscular-mycorrhiza fungi 
and their resistance to heavy metals [60]. Thirdly, only the Bara variety has 
demonstrated the decrease in the leaf content of nutrients (Ca, Mn, Mo, and 
Ni) upon the fertilizer dosage increase (also K content reduction occurred in 
Nice Mecha variety) (see Fig. 1). This effect was possibly associated with the 
dilution of elements by biomass which the most significantly increased in Bara 
variety at 100% level of mineral nutrition. 

Therefore, rhizobacteria Pseudomonas oryzihabitans Ep4 and Variovorax 
paradoxus 3-P4 which produce auxins and exhibit ACC-deaminase activity can 
activate legume-rhizobia symbiosis, consumption of nutrients from the soil by 
the roots, and increase in seed quality of early ripening soybean varieties of the 
northern ecotype. This indicates the stability and significance of the effects ob-
served, and therefore the prospects of using such microorganisms as bioprepara-
tions to improve soybean adaptation to the northern regions of cultivation. Sig-
nificant genotypic differences between soybean varieties in their response to rhi-
zobacterial inoculation point to the higher extent of integration of rhizobacteria 
with Nice Mecha and Swapa plants in agrocenosis as compared to Bara variety. 
It is possible that the insufficiency of Bara plant symbiotic potential is compen-
sated by its ability to use mineral fertilizers more effectively. In this regard, crea-
tion of varieties and plant-microbial systems combining a high level of 
symbiotrophy and an ability to actively assimilate nutrients from fertilizers and 
soil is of interest. 
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