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Aim. To study the efficiency of inoculating spring barley with Azospirillum brasilense 410. Methods. 1) A field ex-
periment on turfpodzolic sandy soil with different mineral fertilization regimes; 2) A greenhouse experiment on sand
as substrate, with isotope dilution analysis using °N; 3) A lysimetric experiment in a stationary lysimetric installation.
Furthermore, chromatography to determine nitrogenase activity of bacteria in the root zone of plants, agrochemical,
and statistical methods. Results. Under field conditions, the inoculation with 4. brasilense 410 promoted a significant
increase (37-103 %) in the nitrogenase activity in the “soil-plant” system without any mineral fertilization and (espe-
cially) where N P, K  was used. A high fertilizer level (N, P, K, ) lead to a long-term inhibition of the nitrogenase
activity. In both cases (plants with and without inoculation with A. brasilense 410) this fertilization level showed an
increase in the nitrogenase activity only at the end of the vegetation period. The highest increase in yield (0.7 t/ha,
27 %) in yield following A. brasilense strain 410 inoculation, occurred in plots with NP, K, fertilization; the least
increase in yield (0.33 t/ha, 16.5 %) was observed in plots receiving no fertilizers. The pre-sowing inoculation led
to an increase in the protein content of 0.3—-1.0 % in the barley grain, especially when receiving high fertilization
levels, enhancing its value for the use in cereals and feeds, but decreasing its value for its use in brewing. The green-
house experiment with "N established an increase 77.1 % in the nitrogen intake into the plants due to the activation
of the nitrogen-fixation process and enhanced 29.5 % nitrogen consumption from fertilizers. The lysimetric studies
demonstrated that inoculation of spring barley cv Nosivsky with 4. brasilense 410 limited the vertical migration and
leaching of nitrogen by 27-30 %, potassium by 13-30, calcium by 32—51 %, manganese by 33—100 %, and water-sol-
uble organic matter by 46—75 %. Conclusions. The pre-sowing inoculation of spring barley cv. Nosivsky seeds with
A. brasilense 410 intensifies nitrogen consumption by plants within 29.5 % due to active nitrogen-fixation and a better
utilization of N from mineral fertilizers. The barley yield increase with 0.7 t/ha was in our limited experiment, using
one cultivar roughly equivalent to the increase after mineral fertilization with N P, K, . Thus, pre-sowing inoculation
with 4. brasilense 410 may lead to substantial reduction of the use of mineral fertilisers in practice.
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INTRODUCTION

Among plant growth-promoting rhizobacteria (PGPR)
(Kloepper et al, 1980), some of the most studied and
promising ones are the representatives of Azospiril-
lum genus (Florio et al, 2017; Le et al, 2019; Zeffa et
al, 2019). Numerous studies demonstrate the increase
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in the productivity of crops after the inoculation with
Azospirillum (Martins et al, 2017; Garsia et al, 2017;
Di Salvo et al, 2018; Scott et al, 2020). At the initial
stage of the investigation of Azospirillum bacteria, it
was thought that their prospect as a potential basis of
biofertilizers was related to their nitrogen-fixation abil-
ity. And though the contribution of Azospirillum into
the nitrogen nutrition of the inoculated plants due to
N, -fixation often raised doubts (Boddey et al, 1986;

64



THE EFFECT OF INOCULATION WITH AZOSPIRILLUM BRASILENSE STRAIN 410 ON SPRING BARLEY

Bashan et al, 1989), different studies confirmed pos-
sible activation of the associative nitrogen-fixation pro-
cess in case of inoculation (Saubidet, Barneix, 1998;
Rodrigues et al, 2008). The intake of atmospheric ni-
trogen into plants due to the inoculation with Azospi-
rillum is estimated within the range of 10 kg N/ha™!/
year. (Dobbelaere, Okon, 2007). Other researchers also
pay attention to the low levels of atmospheric nitro-
gen supply of plants inoculated with azospirilla (Fu-
kami et al, 2018; Cassan et al, 2020). However, this
rather modest index does not exclude the contribution
of Azospirillum to the enhanced yield of crops, since
the effect of these bacteria on plant development is ex-
plained not only by the biological fixation of nitrogen,
but also by other mechanisms, including the production
of phytohormones and other biologically active sub-
stances, and higher assimilation of nutrients, includ-
ing nitrogen by plants (Bashan et al, 2014; Souza et al,
2014; O’Callaghan, 2016; Fukami et al, 2018; Zeffa et
al, 2019). Both the increase in the activity of N, -fixa-
tion, and higher consumption of the active substance
from mineral fertilizers by the inoculated plants may
be used to reduce the use of mineral fertilizers, limit
the emission of N O (Calvo et al, 2016; Florio et al,
2019; Volkogon et al, 2021) and facilitate global food
production (Kenneth, 2017; Bargaz et al, 2018; Fasusi
et al, 2021). Research in this direction is therefore rel-
evant and urgent.

The current study was aimed at investigating the ef-
fect of Azospirillum brasilense under the temperate cli-
mate conditions of Ukraine at one location on a) the
nitrogen nutrition of barley plants, b) the yield of the
crop, and c) the quality of the product. We also con-
ducted research with different varieties of barley, on
different soils, under different agro-backgrounds, in
different zones of Ukraine. These results are reported
here, but will be subject of a further article.

MATERIALS AND METHODS

Field experiment. The study was conducted from
2018-2020 at the Institute of Agricultural Microbiol-
ogy and Agro-industrial Manufacture, the National
Academy of Agrarian Sciences of Ukraine in the
Polissia zone of Ukraine (Chernihiv). The soil was
turf-podzolic, pulverescent-sandy (pH_ — 5.8; hydro-
lytic soil acidity—2.5 mg-eq./100 g; humus content —
1.02 %; easily hydrolyzed nitrogen — 45 mg/kg of soil;
PO, — 170 mg/kg; K,O — 65 mg/kg). The climate in
the research area is moderately continental. The ave-
rage temperature in July is from 18.4 to 19.9 °C, in
January — from minus 6 °C to minus § °C. The period
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with a temperature above 10 °C is 150-160 days a year.
The amount of atmospheric precipitation was 500 mm
with minor differences by year. Weather conditions
were not substantial different over the three years.

The plots of 86.4 m? (7.2 x 12.0 m) were arranged in
a randomized block design. The experiment had four
repetitions within three blocks of variants with differ-
ent dosages of mineral fertilizers: 1) control — without
fertilizers, 2) N P K and 3) N, P, K, . Each block
contained the variants of spring barley, cv Nosivsky,
without inoculation and pre-sowing inoculation with

A. brasilense 410.

The Azospirillum brasilense strain 410 (IMV V-
7222) was originally isolated by Volkogon et al (1991)
from the rhizoplane of meadow ryegrass as an active
associative nitrogen fixer and producer of phytohor-
mones. and deposited in the Depository of the Insti-
tute of Microbiology and Virology (IMV), NAAS of
Ukraine. The strain is also stored at 4 °C in the labora-
tory collection on a semi-solid agar medium with ma-
late. The strain actively progresses in the root zones
of meadow ryegrass, spring barley, potatoes, and oats
and enhances the productivity of these crops (Volk-
ogon et al, 2006). To obtain inoculum, strain 410
was grown on a microbiological shaker at 180 rpm at
28 °C within 72 hours in the liquid culture medium,
the following composition (g/l of water): L-malic
acid — 5; KHPO, - 0.5; MgSO, x 7TH,O — 0.2;
NaCl - 0.1; FeSO, — 0.01; CaCl, - 0.02; KOH - 3.0;
(NH,),SO, - 3.0; yeast extract — 0.5; pH = 6.8.

Prior to sowing, the barley seeds of Nosivsky culti-
var were treated with the bacterial suspension (the
number of bacterial cells in 1 ml of suspension — 3.0 x
x 10% in a dose of 100 ml/200 kg of the seeding mate-
rial. The titer of the bacterial suspension was deter-
mined before use by direct microscopic counting with a
hemocytometer and by plating dilutions of the suspen-
sion on a semi-liquid medium with malate (Baldani et
al, 2014) using the acetylene test (Villemin et al, 1974).
Seed inoculation was carried out manually in the labo-
ratory by adding water (2.0 % of the seed weight) to
the bacterial suspensions to evenly distribute the bacte-
rial cells on the seeds. Bacterized seeds were planted
immediately after inoculation.The mineral fertilizers
(nitrogen — ammonia nitrate, phosphorus — superphos-
phate, potassium — potassium chloride) were intro-
duced in the estimated amounts prior to spring cultiva-
tion according to the scheme of the field experiment.
During all the study years, the predecessor crop in the
field was the potato.
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Nitrogenase activity of the “soil-plant” system was
determined in the field in different phases of plant de-
velopment using the acetylene reduction method (Har-
dy et al, 1968) with field chambers (Zviagintsev, 1991;
Kusa et al, 2008). Cylindrical stainless steel chambers,
0.3 m in diameter and 0.35 m high were used. The
chambers were installed in soil at the depth of 5 cm.
A water plug was made around the chamber for better
isolation of the system and prevention of the loss of
gases, accumulated in the chambers. A weighing cup
with water was put inside the chamber with the addi-
tion of 20 g of calcium acetylide prior to the exposition
(the reactions of calcium acetylide with water result in
the formation of acetylene). The research was carried
out in four-fold repetition. The period of the exposi-
tion with acetylene was 3 h. After the exposition, the
gas samples were taken from the chambers using sy-
ringes, placed into the medical vacuum flasks with rub-
ber membranes, and delivered to the laboratory. The
gas samples were analyzed on a gas chromatograph
“Chrom-5" (Czech Republic) with a flame ionization
detector and a 3m steel column, filled with sorbent
Parapak Q 60—80 mesh (Waters Corporation, USA);
the thermostat temperature — 40 °C; the use of gases:
hydrogen — 15 cc/min, nitrogen — 100 cc/min, air —
500 cc/min).

The nitrogenase activity in pumol of C,H, per 1 sq.m.
an hour was evaluated using formula 1:

HA=E -V, -V, 10000/S - t (1)

where: E — the amount of ethylene in a gas sample,
placed into the chromatograph; V, — the volume of
a gas phase in the flask, cc; V, — the volume of the cham-
ber, cc; 10,000 — the area in cm?; S — the area of the cham-
ber, in cm?; t — the time of exposure to acetylene in h.

The barley yield was determined by measuring the
grain weights at a standardized moisture content of
14 % from each plot.

The nitrogen content in grain was determined by
Kjeldahl method with the subsequent calculation as
per protein using the coefficient of 6.25 Preparation for
the analysis included the formation of average grain
samples and subsequent determination of the nitrogen
content according to the protocol (Rhee, 2001). Protein
content was determined in three analytical replicates.

Greenhouse experiment with >N. The study of the
specificities of nitrogen nutrition for spring barley
plants under the inoculation was conducted using the
method of isotope dilution (with “N) (Chalk, 1985;
Hardarson, Danso, 1993). The experiment was con-

66

ducted using well-washed river sand, heated at 900 °C.
The scheme of the experiment envisaged the following
variants: 1 — control, no inoculation; 2 — pre-sowing
inoculation with A. brasilense 410. Each experiment
variant included the application of “NH,"”NO, en-
riched with ®N — 99.5 % (at.). The substrate (1,000 g
of sand/glass vial) was introduced 13 mg N. A share of
labeled nitrogen was 1/3. In addition to nitrogen com-
pounds, other salts were introduced into the substrate,
according to Pryanishnikov (gkg™'): CaHPO, x 2H0 —
0,172; KCI - 0,16; MgSO, — 0,06, CaSO, x 2H,0 —
0,344; Fe,Cl, x 6H,O — 0,025 (Zhurbytskyi, 1986).
Demineralized water was used to fill the weight of the
vial up to 1,250 g and it was kept during the period
of plant cultivation (60 days), controlling it by daily
weighing. Each vial had 5 spring barley plants, Nos-
ivsky cultivar. The experiment had five repeats. The
inoculation of the seeds with Azospirillum in the cor-
responding variant was conducted as described above.
The plants were grown in a luminostate. The illumi-
nation mode — 20 thousand lux, the illumination peri-
od — 16 h per 24 h, the air temperature — 26 £ 2 °C.

The weight of the dry aboveground part of plants
and the weight of dry roots was measured; the nitrogen
content in the aboveground part, the roots, and sand
was determined by Kjeldahl method (Rhee, 2001). The
titrated solutions were oxidized with hydrochloric acid
and evaporated down to a small volume. Nitrogen in
the samples was transformed into N, by ammonia oxi-
dization using sodium hypobromite. The isotope com-
position of samples was determined using a mass spec-
trometer MI-1305 (Ukraine, Sumy).

Lysimetric experiment. The stationary lysimetric
installation of the Institute of Agricultural Microbiol-
ogy and Agroindustrial Manufacture, the NAAS, has
48 lysimeter sections, located in two parallel lines of
24 lysimeters each. The vessels for infiltrate collection
are placed under them. The lysimeters have a concrete
structure of the bulk type. They are filled with soil,
starting with the parent material, with the consideration
of the capacity of genetic horizons. The soil in the ly-
simeters was turf-podzolic sandy. The agrochemical in-
dices of the arable layer (0-23 cm) of soil: pH_, — 5.0;
humus content — 1.1 %; the content of P,O, — 170.0;
K,0 - 62.0 mg/kg of soil, were determined with the
methods described above. The planting area of each
lysimeter is 3.8 m2, the soil depth is 155 cm, the soil
weight is 10.5 tons/lysimeter.

Spring barley, Nosivsky cultivar, was grown in the
lysimeters.
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The scheme of the experiment:

1. No inoculation:
1. No fertilizers; 2. N, P K.

II. Inoculation with A. brasilense 410:
1. No fertilizers; 2. N_P_K

60 607 60"

The inoculation of the grain was conducted as de-
scribed above. The high dose of nitrogen fertilizers was
not included in this experiment, since preliminary re-
sults indicated that these high doses were suboptimal.

During the vegetation period, the washing (filtration)
waters were collected to determine the content of the
compounds of biogenic elements (NO,, NH,, P,O,, K, O,
Ca0, MgO) and soluble organic matter in them using
the relevant methods (Fomin, Fomin, 2000; Horodniy et
al, 2005). The crop performance in the experiment was

determined by direct weighing of grain from each plot.

Statistical analysis. The differences between the vari-
ant indices depending on the investigated factors were
analyzed using ANOVA at a 5 % level of significance
using Statistica 6.0 (Stat Soft Inc., USA) software.

RESULTS

Field studies. The determination of the field nitroge-
nase activity in the spring barley fields demonstrated
that the inoculation with A. brasilense ensured a sig-
nificant increase in the indices as compared to the vari-
ant without fertilizers for an extended period of time
(Table 1).

The observed effect was greatly eliminated only at
the end of the vegetation period. The highest indi-

ces of the nitrogenase activity were registered while
growing the inoculated plants with an average min-
eral fertilizer dose of N, P, K, . And the increase in
the activity in this variant was observed, starting with
the tillering phase and continuing throughout the veg-
etation period. However, the highest dose of mineral
fertilizers at the beginning of plant vegetation led to a
decrease in the nitrogenase activity and stimulated the
process of associative nitrogen-fixing only at the end
of the vegetation period. It also stimulated the nitro-
genase activity only in the phase of milky grain ripe-
ness. These results were confirmed in the following
two years of study. There were differences in absolute
values in different years, but the specificities of the ef-
fect of the investigated factors on nitrogenase activity
were the same.

The inoculation with A. brasilense resulted in a fair
increase of yield over all three years, but they depend-
ed on the mineral fertilization level. For instance, the
least inoculation-induced increase in performance was
registered when the barley was grown without mineral
fertilizers (Table 2). The highest inoculation-induced
increase in yield was obtained after the introduction
of mineral fertilizers in the dose of N P, K, into the
soil. When the inoculated plants were grown with the
highest mineral fertilization variant in the experiment
(N,,,P,0)K,,)), a substantially smaller yield increase
(0.39 t/ha) was obtained, which was confirmed over the
three-year study.

Inoculation promoted the increase in protein content
in the grain (Table 3).

Table 1. The effect of seed inoculation with 4. brasilense 410 on the nitrogenase activity in the root zone of spring barley
cv. Nosivsky plants in a field experiment with or without mineral fertilization in 2019 (data representative for the three years

of the experiments)

Nitrogenase activity, umol of C H,/m*h
Treatments
tillering stage stem elongation stage kernel milk stage

Variant I — no fertilizers
No inoculation 8.13 2.90 2.96
Inoculation with 4. brasilense 410 13.5% 5.91® 4.06

Variant Il - NP K,

No inoculation 8.50 3.50 6.28®
Inoculation with 4. brasilense 410 11.83% 15.89qb¢ 9.50%¢

Variant 111 — NWPWK]ZO
No inoculation 4.43 4.06 8.13°
Inoculation with A. brasilense 410 3.72 4.62 15.122b¢

Note. The changes are statistically significant at 95 % significance level: (*) in general for the experiment, (°) for agricultural
variants, (°) for inoculation with A. brasilense, and the interaction with fertilizers.
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Table 2. The effect of inoculation of spring barley cv. Nosivsky with A. brasilense 410, with or without the use of mineral

fertilizers on yield in a three-year field experiment

Yield, tons/ha Inoculation-
Treatments . induced
2018 2019 2020 average increase of
yield, t/ha
Variant I — no fertilizers
No inoculation 2.21 1.96 1.84 2.00 -
Inoculation with 4. brasilense 410 2.5520e 2.232be 2.20%e 2.332be 0.33
Variant II-N_P K,
No inoculation 2.74%® 2.61% 2.42® 2.59%® -
Inoculation with 4. brasilense 410 3.2620° 3.432b¢ 3.170be 3.292be 0.70
Variant 111 — NWP[MKIZO
No inoculation 2.93b 3.43% 2.81%® 3.06% -
Inoculation with 4. brasilense 410 3.40%e 3 72be 3.232be 3.4502¢ 0.39

Note. The changes are statistically significant at 95 % significance level: (*) in general for the experiment, (°) for agricultural
variants, (°) for inoculation with A. brasilense, and the interaction with fertilizers.

Table 3. The effect of inoculation of spring barley cv. Nosivsky with 4. brasilense 410, with or without the use of mineral
fertilizers on protein content in a three-year field experiment

Protein content, % Inoculation-
Treatments induced increase
2018 2019 2020 average of protein, %
Variant I — no fertilizers
No inoculation 8.3 8.1 8.5 8.3 —
Inoculation with 4. brasilense 410 8.6 8.6 8.9 8.7 04
Variant 11 — NWPWKW
No inoculation 10.3% 10.7% 10.5%® 10.5% -
Inoculation with 4. brasilense 410 10.9% 11.32 11.0® 11.1® 0.6
Variant 111 — N120P120K120
No inoculation 13.7%® 13.4%® 14.0% 13.7%® -
Inoculation with 4. brasilense 410 14.8abe 14.32b¢ 14.920¢ 14,730 1.0

Note. The changes are statistically significant at 95 % significance level: (*) in general for the experiment, (*) for agricultural

variants, (°) for inoculation with A. brasilense, and the interaction with fertilizers.

It should be noted that the pre-sowing inoculation of
grain while growing the crop without mineral fertiliz-
ers and also when grown with low doses of mineral
fertilizers led only to a slight increase in protein con-
tent. When growing plants with a high dose of mineral
fertilizers, there was a substantial (1.0 %) increase in
protein content of the grain (Table. 3)

Greenhouse experiment with °N. Because effect of
fertilizers and inoculation with A. brasilense 410 on the
nitrogenase activity in the root zone of barley plants
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under field conditions was studied using the indirect
acetylene method, we additionally studied the effect on
associative nitrogen-fixation using the method of iso-
tope ('°N) dilution. The obtained results demonstrate a
substantial effect of A. brasilense 410 on the formation
of both the weight of the aboveground part (by 53.9 %)
and the roots (by 78,5 %) (Table 4).

The effect of the investigated factors was especially viv-
id in nitrogen uptake by plants (Table 4). The indicators
of nitrogen content in the experimental plants were lower
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than the control, because the dilution of nitrogen concen-
tration due to the increase in biomass was observed. How-
ever, the total assimilation of nitrogen in the experimental
version significantly exceeded the control indicators.

The analysis of the isotope composition of samples
demonstrated that in case of the inoculation with
A. brasilense there was a substantial (77.1 %) increase
in the atmospheric nitrogen intake into plants. Azospi-
rillum also promoted the activated intake of nitrogen
from fertilizers by plants ( 29,5 %) (Table 5).

The determination of the residual nitrogen in sand
demonstrated low indices since the absence of colloid
parts in the sandy substrate and the development of the
introduced bacteria only within the root spheres did not
provide for the element fixation in the substrate.

The obtained data demonstrated that the application
of Azospirillum facilitated the decrease from 9.66 to
8.68 mg/vessel in the loss of mineral nitrogen, which
may be explained by its consumption by plants (Table 6).

Lysimetric experiment. The results of examination of
the biogenic element compounds content in the filtra-
tion lysimetric waters demonstrated the decrease in the
content of practically all the investigated compounds
due to inoculation. Special contrasts between the cor-
responding controls and experimental variants were
traced in the study of the content of nitrates, ammonia,
calcium, and manganese. Thus, losses of nitrates as a
result of inoculation of A. brasilense 410 decreased
by 21.3-33.4 %, KO — by 11.1-23.1 %, CaO — by
24.7-33.8 %, MgO — by 25-50 %, depending on the

Table 4. The effect of inoculation with 4.brasilense 410 on the biomass of spring barley cv. Nosivsky and the content of total
nitrogen (mineral salts, including nitrogen, were applied in all variants, specified under Material and Methods

Stems and leaves Roots Total (stems, leaves and roots)
Treatments content content content
weight of N+ weight of N** weight of N**
No inoculation 0.985 5.92 0.330 1.05 1.315 6.97
Inoculation with A. brasilense 410 1.516* 7.17% 0.589* 1.26% 2.105% 9.03%

Note. *) g/5 plants; **) mg/5 plants. The changes are statistically significant at 95 % significance level: (*) in general for the
experiment, (°) for agricultural variants, () for inoculation with A. brasilense, and the interaction with fertilizers.

Table 5. The effect of inoculation with 4. brasilense 410 on nitrogen uptake for spring barley cv. Nosivsky plants

Nitrogen, mg/5 plants

Variants of experiment
total (A) fertilizers (B) grain (C) biological (A-B-C)
No inoculation 6.97 3.32 2.25 1.40
Inoculation with 4. brasilense 410 9.03% 4.30 2.25 2.48*

Note. The changes are statistically significant at 95 % significance level: (¥ in general for the experiment, (°) for agricultural
variants, (°) for inoculation with A. brasilense, and the interaction with fertilizers.

Table 6. The nitrogen losses in the “plant-substrate” system with spring barley cv. Nosivsky after inoculation with

A. brasilense 410

Consumed nitrogen from

Nitrogen residue in the

Nitrogen losses,

Treatment fertilizers by the plants, substrate, mg/vessel mg/vessel
mg/vessel
Control (no inoculation) 3.32 0.02 9.66
Inoculation with A. brasilense 410 4.30% 0.02 8.68*

Note: the changes are statistically significant at 95 % significance level: (*) in general for the experiment, (°) for agricultural
variants, (°) for inoculation with A. brasilense, and the interaction with fertilizers.

AGRICULTURAL SCIENCE AND PRACTICE Vol.9 No.3 2022
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Table 7. The losses of nutrients, removed with the filtration water in a lysimetric experiment while growing spring barley cv.

Nosivsky, kg/ha

Experiment variants NO, NH, P,O; K,0 CaO MgO Water'-soluble

organic matter
No inoculation
No fertilizers 27.0 0.6 2.7 3.9 37.2 8.0 10.5
N PoKeo 30.5 1.4 2.7 4.5 40.5 12.0 12.0
Inoculation with A. brasilense 410
No fertilizers 18.02 not found 2.7 3.02 28.02 6.02 6.0?
N PooKeo 24.0° not found 2.7 4.0* 26.8? 6.0° 8.28

Note. Index * demonstrates a statistically significant decrease in the indices after inoculation, compared to the corresponding

controls (without inoculation).

Table 8. The performance of spring barley cv. Nosivsky after inoculation of seed with A. brasilense 410, with or without the
use of mineral fertilizers (2018-2020) (Lysimetric experiment)

Experiment variants Yield, tons/ha Yiiﬁéﬁg&iﬁ ?/EZ to Protein con;t/:nt in grain,
No inoculation
No fertilizers 2.56 - 8.7
NeoPsoKeo 3.55% - 10.4%
Inoculation with A. brasilense 410
No fertilizers 3.03% 0.47 9.0
NgiPsoKeo 4.08ab¢ 0.53 11.28b¢

Note: the changes are statistically significant at 95 % significance level: (*) in general for the experiment, () for agricultural

variants, (°) for inoculation with A. brasilense, and the interaction with fertilizers.

background of mineral fertilizers. No ammonia was
detected in the washing waters of the variants with in-
oculation. There is also a significant reduction in the
loss of water-soluble organic matter (by 31.7-42.9 %
compared to the corresponding controls) (Table 7).

The barley grain yield, obtained in the lysimeters, ex-
pressed t/ha! demonstrated that the increase in yield,
induced by fertilizers, is substantial, amounting to 0.99
(Table 8). The combination of mineral fertilizers and
pre-sowing inoculation led to an increase in yield up to
1.52 t/ha™ (63.2 %).

DISCUSSION

The results, obtained in the field experiments, dem-
onstrated significant perspectives of 4. brasilense 410
as a biofertilizer while growing spring barley in con-
ditions of Ukrainian moderate climate. Although the
inoculation in case of growing barley without mineral
fertilizers promoted the increase with an average of
60 % in the nitrogenase activity, the effect of 4. brasi-
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lense 410 under these conditions was much lower than
in combination with N, P, K . Our previous studies
with Azospirillum demonstrated that while growing
perennial ryegrass, Lolium perenne, the application of
mineral nitrogen in small doses promoted a better colo-
nization rate of bacteria in the root spheres of plants
and the manifestation of their nitrogenase activity
(Volkogon, 2013). It is quite possible this also applies
for A. brasilense — barley interaction.

The favorableness of the dose of mineral fertilizers
N, P, K, for the manifestation of the efficiency of Azo-
spirillum is also seen in the formation of spring barley
yield. In particular, the highest inoculation-induced
gains in crop productivity were noted against this ag-
ricultural variant. A high agricultural variant did not
realize the potential of Azospirillum in the interaction
with barley plants. Our results confirm those of Ozturk
et al (2003), using wheat and barley,and those of Sha-
harooma et al, 2008 and Gallart et al, 2021, using other

plant-microbe associations).
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The combination of inoculation with Azospirillum
with an average N dose (N, P, K, )led to a yield slight-
ly higher to that of a single high dose (N, ;P K,
without Azospirillum (3.29 and 3.06 t/ha, respectively),
which could lead to less depency on mineral fertilis-
ers in practice. The possibility of decreasing the doses
of mineral nitrogen fertilizers by the use of microbial
inoculants to achieve high yields of crops was also re-
ported by Hungria et al, 2010, Fukami et al, 2016; San-
tos et al, 2019 and Boleta et al, 2020.

The inoculation with Azospirillum had a positive ef-
fect (0.4 to 1.0 %) on the protein content, which dem-
onstrate an improved nitrogen nutrition of plants. It
should be noted that the increase in protein content in
grain is certainly a positive feature for the products, in-
tended for the production of cereals, flakes and fodder.
Plaza et al (2022) also drew attention to this aspect.
However, this effect is undesired for brewer’s barley
cultivars (Horash, Klymyshena, 2008). Thus, we con-
sider that while growing brewer’s barley on turf-pod-
zolic soil using A. brasilense for inoculation, mineral
fertilizers should be applied in low to prevent excessive
protein synthesis in the grain.

For instance, the "N nitrogen-dilution experiment
showed that the pre-sowing inoculation with A. brasi-
lense 410 promoted both a higher intake of atmosphe-
ric nitrogen into plants (by 77.1 %) and higher con-
sumption of mineral nitrogen (by 29.5 %). This is in
agreement with results of Fukami et al (2017) studying
maize. Higher consumption of nitrogen from the fertil-
izers by the inoculated plants may be induced by the
effect of physiologically active substances of Azospi-
rillum, not only on the rhizogenesis processes as de-
scribed by e.g. Adesemoye, Kloepper, 2009 and Pii et
al, 2018, but also on the additional synthesis and the
activation of the enzymes of nitrogen exchange of the
plants. For instance, there are data about the effect of
phytohormones of A4. brasilense on the activation of
plant enzyme systems of the nitrogen cycle, including
the ones, produced by rhizobacteria (Pereira-Defilippi
et al, 2017; Fonseca Breda et al, 2019).

It should be noted that it is not only nitrogen nutrition
of barley plants that is improved due to the inoculation
with Azospirillum. Our lysimetric experiment indirect-
ly demonstrated the improvement in phosphorus and
potassium nutrition as well. The inoculation resulted
in a decrease in the removal of micro-elements along
the soil profile out of the root-containing layer. Note-
worthy is a substantial decrease in leaching of calcium
and manganese compounds. A reduced loss of water-
soluble organic matter of 31.7-42.9 % was also noted.
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Certainly, the reduction of nutrient losses from soil
under inoculation may be explained by their better con-
sumption by the plants which is also shown above with
nitrogen, using the method of isotope (with *N) dilu-
tion. In addition, these reduced losses apparently also
resulted in higher grain yield, from 0.47 to 0.53 t/ha.

The decrease in the nutrients losses from soil un-
der inoculation may also hypothetically be explained
by an increase in root size. An enlarged root system is
capable of temporarily keeping substantial amounts of
nutrients in the form of organic compounds. After the
mineralization of plant residues, these nutrients may
serve as a source of nutrients for the following crops in
the rotation (Menichetti et al, 2015).

The reduction of the leaching of calcium and man-
ganese compounds under inoculation is an interesting
and significant aspect of effects of inoculation of Azo-
spirillum on the performance of crops and the fertility
of soils. For instance, calcium plays an important role
in metabolism regulation of both eukaryotes and pro-
karyotes (Paradelo et al, 2015) and in the aggregation
and structure-formation of soil (Rowley et al, 2018).
Manganese is actively involved in the chloroplast bio-
genesis of plants and promotes the active metabolism
of phosphorus in the plant organism (Kwon et al, 2019;
Alejandro et al, 2020). Manganese deficiency in plants
leads to chlorosis in leaves, and severe cases result in
growth delay (Bang et al, 2021). However, the observed
substantial decrease in the losses of calcium and man-
ganese compounds after inoculation with Azospirillum
by the inoculated plants remains unclear and requires
further studies.

The decrease in leaching of the water-soluble was
surprising. It may be assumed that some part of water-
soluble organic matter is consumed after its mineral-
ization by the inoculated plants. In addition, there is
a known ability of plants to consume low-molecular
organic substances and fragments of humic acids (Far-
zadfar et al, 2021). Thus, under the increased consump-
tion ability of the root system, there may be an increase
in the consumption of water-soluble organic matter by
plants.

The increase in the consumption of nutrients by plants
after inoculation with Azospirillum was also demon-
strated in other results, obtained in the lysimetric ex-
periment. For instance, in addition to the increase in the
barley performance rate, an increase in protein content
of 0.3-0.8 % in grain was registered. It is an additional
demonstration of the fact that in addition to the passive
nutrient uptake, including nitrogen, by plants due to the
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enlarged area of the consumption surface of the roots,
the pre-sowing inoculation also promotes changes in
the nitrogen metabolism of plants. This assumption
is confirmed by other authors (Pereira-Defilippi et al,
2017; Fonseca Breda et al, 2019).

We did not investigate in this field experiment the
effect of inoculation on the emission of nitrous oxide,
as suggested by Klimasmith and Kent (2022) (this will
be a next stage of our research). However, we think
that reducing the doses of nitrogen fertilizers for bar-
ley when using Azospirillum will reduce the amount of
substrate for the activity of nitrifying and denitrifying
microorganisms.

CONCLUSIONS

In our three-year field experiment, inoculation of
spring barley cv. Nosivsky seeds, planted in poor turf-
podzolic soil, with Azospirillum brasilense strain 410
stimulated the nitrogen nutrition of plants. This mani-
fested itself in an increased uptake of atmospheric ni-
trogen and a higher rate of nitrogen consumption from
the fertilizers, an increase of 16.5 % in yield and of
0.4-1.0 % in protein synthesis. Furthermore nitrogen
losses were diminished by 21.3-33.3 % and leaching
of some microelemewnts, more in particular Calcium
and Magensium were also reduced with 24.7-33.8 %
and 25.0-50.0 %, respectivelt.

The efficiency of the inoculation with Azospirillum
of springbarley on poor peat-podzolic soil was highest
when average doses of mineral fertilisers were applied.
No fertilization or high mineral fertilization rate led to
less efficient results tcrop growth 16.5 and 12.7 % re-
spectively).
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Merta. locmigutu epeKTUBHICTD IHOKYIIALIT STIMECHIO SIPOTO
3a BUKOpUCTaHHS Azospirillum brasilense 410. Metoam.
Bererauiiiauii gocnin 3a i3oTomHoro pos6asnenHs 3 N
(mimama KymeTypa), TOJMBOBHN JOCTIN Ha JACPHOBO-III-
30JIUCTOMY CYHILIAHOMY TIPYHTI, JI3UMETPUYHUH JOCIi]
y CTalliOHapHIH Ji3MMETPUYHIA yCTaHOBII, XpOMaTOrpa-
(iuHi — JUIs BU3HAYEHHSI HITPOreHa3HOI aKTUBHOCTI Oax-
Tepil y KOPEHEBil 30HI POCIHH, arpOXiMivHi, CTATUCTHYHI.
PesyabraTu. Y moap0BUX yMOBaxX 1HOKYIALis A. brasilense
410 cnopusiia JIOCTOBIPHOMY 3pOCTaHHIO HITPOTre€Ha3HOI
AKTHUBHOCTI B CHCTEMi «TPYHT-POCIHHA» MPH BUPOIIYyBaHHI
KyJasTypH 110 (poHy 0e3 100puB 1 (0co01BO!) 32 BHECCHHS
NP, K, Bucoxunii arpopon (NP K, ) 3abe3neqysan
TpUBaje NMPUTHIYCHHS HITPOT€Ha3HOI aKTMBHOCTI. Sk 0e3
IHOKYJISIIT, Tak 1 3a BUKOpHCTaHHs A. brasilense 410
3pOCTaHHS HITPOTCHA3HOI AaKTUBHOCTI MO MbOMY (poHY
CroCTepirajiy JIMIIe HanpukiHmi Bererauii pociuH. Haii-
ORI TTIPUPOCTH BPOXKAIHOCTI SIMEHIO SIPOTO BiJ 1HOKY-
JAIIT BIAMIYCHO TNPH BHPOIIYBAaHHI KYJBTypH IO (OHY
NP, K, HaliMenmii — no gony 6e3 nodpus. Ilepeanocis-
Ha IHOKYIAIiS 3a0e3medyBana 3pOCTaHHS BMICTy OLTKa y
3€pHI SIUMEHIO, OCOONMBO TIPH BHUPOLIYBaHHI KyJIBTYpH
10 BHCOKOMY arpo(oHy, IO MiABHUINY€E I[iHHICTH MPOTYK-
1ii, TPU3HAYCHOI JUIsi BUPOOHHUIITBA KPYI 1 KOPMIB st
XynoOu. Y Toi e Jac, e € HeOakaHUM IPH BUPOLIYBaHHI
[MMBOBAPHHUX COPTIB AUMEHI0. Y fociifi 3 "N BCTaHOBIICHO
3pOCTaHHSI HAJXOJUKEHHS a30Ty B POCIMHHU 32 IHOKYISIIT
SK HACHIMOK aKTHBi3amii mporecy asordikcarii, Tak i
3a paxyHOK IiJICHJICHHS 3aCBOEHHS a30Ty 3 n00puB. Jlizu-
METPUYHHMH JIOCITI/DKCHHAMH II0Ka3aHO, LIO0 1HOKYJISALIS
SYMEHIO SIPOTO a30CHipUiIaMH CIpHsie 0OMEKEHHIO BEpTH-
KaJbHOI Mirpauii crmoiyk asory, ¢ocdopy, Kajiiro, Kaib-
if0, MaHTaHy Ta BOIOPO3YMHHOI OPTaHIYHOI PEUOBMHH.
BucnoBku. IlepenmnociBHa iHOKYISIISE HACiHHS SYMEHIO
sporo A. brasilense 410 cupusie iHTeHCH}iKaIii 3acBo-
€HHSl POCIIMHAMHU a30Ty BHACIHIJOK aKTHBIi3alii Ipolecy
aszor¢ikcarlii Ta 3aCBOEHHS MAiF0Y0i PEYOBHHHU 3 TOOpUB.
BrumiB iHOKyJISIIT Ha ypOXKaHICTh SYMEHIO SIPOTO €KBi-
BAJICHTHUH ii MiHepaJbHUX J0OpHB y J03i, HE MEH-
miit 3a N P K . OTxe, 32 BAKOPHCTAHHS TIEPENNOCIBHOL
IHOKYJISILIT 3aIUIaHOBaHUM PIBEHb YpPOXKAHHOCTI KYJIBTYpH
MO)KHA OTPHMATH, CYTTEBO 3MEHIIMBIIH arpoXiMidHuil GoH.

KuarouoBi cioBa: iHoKymsiuist, Azospirillum brasilense, no6-
pHBa, STYMiHb, i30TONHE po30aBieHHs N, 1i3uMeTpH.
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ITPABHJIA 1J151 ABTOPIB

VY xypnani «Agricultural Science and Practice» myOmikyioTbes pesynbrard (GyHIAMEHTAIBHUX JOCHTIDKCHb 3 ITUTaHb
arpoHoMii, 6iororii, 6i0TexHOIOTii Ta Oi0iHKeHepil, BETepUHAPHOI METUIIIHH.

JpyxytoThest (hyHIaMEHTaIbHI CTATTi, OIVIIU JITepaTypH, KOPOTKi IMOBIIOMIICHHS, SIKi paHime He BuxaBamucs. OcoOmmuBo
MIPOCHUMO YHUKATH TEXHIYHOTO TIIariaTy Ta camMoIruiariaty. Penaxiis myxe yBa)KHO BiACIIIKOBYE I1i MOMEHTH.

Pyxornucu HajcuinaloThesl Ha KoH(pineHIiliHe perieH3yBaHHs clieniagicTaM BiAMOBITHOT ramysi.

3a yMOBH ITO3UTUBHOI peneHs3ii 3 pyKoIHcoM 3HaHOMHTLCS HAyKOBUH pefakTop — KoHdineHniiHo.

CrarTi HaICUIIAIOTECSI YKPAiHCHKOIO MOBOIO, TTEPEKIIAAAIOTHCS B pelakilii Oe3KOMTOBHO 1 MyOiKyIOThCS JIUIIE aHTIIIHCHKOIO
MOBOIO; pe3ioMe — YKpaiHChKOIO MOBOIO. B enexrponHiit Bepcii sxxypuaiy (http://www.agrisp.com) 3 2014 p. po3MiIIyoTscs
pe3oMe, CITUCOK JTITepaTypH i TOBHUI TEKCT CTaTeil aHITIHCHKOI0 MOBOIO (OKPIM ITOTOYHOTO POKY).

Ko:xHiii crarTi npucBorwernhes nudposuii inenrudikarop (DOI), 110 crpusie KOPSKTHOMY PO3IMOBCIOKCHHIO MaTepiay
CTaTTi B Mepexi [HTepHer.

KomIuiekT 10KyMeHTiB, HeOOXiTHUX /1 peecTpanii cTaTTi.
Enekmponnoio nowmoio Haocuiaromsca:

* JINCT — HANpaBJICHHA BiJ opranizaiii (pdf);

= TOTOBIp PO Tepeaady aBTopchkux mpas (pdf), opopmieHnit Ta MiAMUCAHIH OKPEMO KOXKHHM i3 CIIBaBTOPIB, HATIPUKIA,
4 aBropu — 4 1OTOBOPH (3pa30K IOTOBOPY Ha CalTi KypHAIY);

= 3BepTaeMo Barmry yBary Ha Te, 10 TOTOBIip MPO Ieperady aBTOPCHKUX MpaB HaOyBae YMHHOCTI MiCTS IPHHHATTS CTaTTi
no myOmikarii. ¥ pasi BigxmieHHs Bamoi cTaTTi penkoseriero )KypHaily JOTOBip aBTOMAaTHYHO BTpadae cuiry. [lianmucanus
JIOTOBOPY aBTOPOM O3HAauae, 1[0 BiH 03HAHOMIICHUH Ta 3T0/ICH 3 YMOBaMH J0TOBOPY;

* pyKomuc nmogaetses y popmatax: Teket (doc, docx); imoctpanii (.tif, .jpg, .cdr, excel); Tabmmi.

Crarti 00O0B’S3KOBO CYIPOBOMIKYIOTHCS YKPAiHCHKO-aHIIIIHCHKAM CIIOBHUKOM CHenn(pidHuX TepMiHiB (He Menme 30),

BHKOPHUCTAHUX y CTATTI.

Pykonuc mae micruru:

= ingexc Y/IK;

* Ha3BYy CTaTTi aHNIIHCHKOIO H yKpaTHCHKOIO MOBaMH;

* IPi3BUINA Ta IHII[IaJIX BCIX aBTOPIB JIBOMa MOBaMH;

* Ha3BY 1 NOMITOBY aJpecy(¥) 3 iHAeKCaMH YCTaHOB(BH), Jie PaIoe(f0Th) aBTOp(1), ABOMA MOBaMH;
* CJIEKTPOHHY IIOIITY BCIX aBTOPIB, aBTOPA JJIs TUCTYBAHHS MMO3HAYUTH 31POUKOIO.
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