
ORIGINAL RESEARCH
published: 14 May 2021

doi: 10.3389/fsufs.2021.606379

Frontiers in Sustainable Food Systems | www.frontiersin.org 1 May 2021 | Volume 5 | Article 606379

Edited by:

Everlon Cid Rigobelo,

São Paulo State University, Brazil

Reviewed by:

Noemi Carla Baron Cozentino,

São Paulo State University, Brazil

Ines Garcia De Salamone,

University of Buenos Aires, Argentina

Roberta Mendes,

São Paulo State University, Brazil

*Correspondence:

Mykola V. Volkogon

mvolkogon@gmail.com

Specialty section:

This article was submitted to

Crop Biology and Sustainability,

a section of the journal

Frontiers in Sustainable Food Systems

Received: 14 September 2020

Accepted: 13 April 2021

Published: 14 May 2021

Citation:

Volkogon VV, Dimova SB, Volkogon KI,

Sidorenko VP and Volkogon MV

(2021) Biological Nitrogen Fixation and

Denitrification in Rhizosphere of

Potato Plants in Response to the

Fertilization and Inoculation.

Front. Sustain. Food Syst. 5:606379.

doi: 10.3389/fsufs.2021.606379

Biological Nitrogen Fixation and
Denitrification in Rhizosphere of
Potato Plants in Response to the
Fertilization and Inoculation
Vitaliy V. Volkogon 1, Svitlana B. Dimova 1, Kateryna I. Volkogon 1, Vasyl P. Sidorenko 1 and

Mykola V. Volkogon 2*

1 Laboratory of Soil Microbiology, Department of Agricultural Microbiology, Institute of Agricultural Microbiology and

Agricultural Production of National Academy of Agrarian Sciences of Ukraine, Kyiv, Ukraine, 2 Plant Biology Department,

Educational and Scientific Center “Institute of Biology and Medicine”, Taras Shevchenko National University of Kyiv, Kyiv,

Ukraine

The study aim was to evaluate the potential nitrogen fixation and denitrification in the

rhizosphere soil of potato plants, crop yield and output quality in response to the

different fertilization systems and the inoculation with Azospirillum brasilense 410. Field

stationary experiment was conducted between 2016 and 2019 with potato in a crop

rotation system on leached chernozem soil. Farmyard manure, 40 t/ha, applied prior

to potatoes planting promotes nitrogen fixation (0.8–2.0 times compared to control).

However, it has also affected denitrification (in 1.4–2.2 times higher compared to control).

The lowest rate of mineral fertilizers used in the experiment, N40P40K40, was shown

as most environmentally feasible. Under its use the increase of soil nitrogenase activity

and low denitrification levels were observed. Same trends were also noted for the

medium fertilizer rate, N80P80K80. The highest doses of mineral fertilizers, N120P120K120,

substantially affected the denitrification process and reduced the nitrogen fixation activity

(in 1.9–2.2 times). The combination of manure with the medium fertilizers rate has also

resulted in high denitrification levels, while the soil nitrogen fixation activity has restored

only at flowering stage. Crop inoculation with A. brasilense combined with the manure

application, has not affected studied processes. However, crop inoculation after the

green manure intercropping has shown the growth of nitrogenase activity. Used on

the mineral fertilizers background inoculation has activated nitrogen fixation and has

ensured the decrease of denitrification levels, subject to the fertilization background.

High fertilizer rates have hampered the inoculation efficiency. Inoculation has promoted

crop yields on unfertilized and mineral backgrounds or following green manure. Crop

inoculation following organic and the organo-mineral backgrounds had no significant

effect, probably due to the competition for A. brasilense from microorganisms that

have created a competitive environment for A. brasilense. Despite its environmental

expediency, inoculation combined with the low fertilizer doses underperforms the action

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2021.606379
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2021.606379&domain=pdf&date_stamp=2021-05-14
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mvolkogon@gmail.com
https://doi.org/10.3389/fsufs.2021.606379
https://www.frontiersin.org/articles/10.3389/fsufs.2021.606379/full


Volkogon et al. Biological Nitrogen Fixation and Denitrification

of inoculation combined with the medium fertilizer rates showing the latter as the

compromise between the environmental requirements and crop productivity. The use

of inoculation has promoted the accumulation of starch and ascorbic acid and has

contributed to the reduction of nitrate contents in the tubers of inoculated plants.

Keywords: nitrogen fixation, denitrification, inoculation, fertilizers, potato, starch, nitrates, ascorbic acid

INTRODUCTION

Traditional crop fertilization systems do not take into account
rising environmental requirements and concerns. The major
attention is brought to the determination of the mineral fertilizer
rates based on the nutrient removal values and planned harvest
indicators while leaving aside the variability of the utilization
rates of active ingredients from fertilizers. However, the later,
according to various scientific data, should always be considered
as the degree of assimilation of the active substance from the
fertilizers remains low for crop macroelements, with the nitrogen
uptake being within 35–50%, phosphorus – not exceeding 20%,
and potassium staying withing 25–60% range, subject to the
soil type, fertilizer origin, and used crop production system
(Korenkov, 1990; Tilman, 1998). Applied mineral fertilizers
cannot be assimilated by crops in full, resulting in the application
of higher rates to achieve the planned productivity. At the
same time, despite the availability of different practices for
coherent crop fertilization systems (Juchenko, 1990; Johnston
and Bruulsema, 2014; Sposari and Flis, 2017), they are rarely
followed in practice. That results in significant environmental
pollution issues related to fertilizer residuals, including mineral
nitrogen among the largest contaminant of croplands (Luis et al.,
2014; Khan et al., 2018), as more than 50% of the total amount of
applied nitrogen can be lost from agricultural systems (Vitousek
et al., 1997; Tilman, 1998). In addition to the nitrate pollution,
nitrogen fertilizers are the main source of N2O emissions from
agriculture, accounting for 60–80% of emissions globally (Dalal
et al., 2003; Signor et al., 2013; Mazzetto et al., 2016; Millar et al.,
2018).

Nitrogen fertilizers, in theory, should only be used within
the range of their physiological and ecological feasibility to
minimize the risk of environmental pollution with nitrogen
compounds. However, most fertilization systems account only for
the agrochemical and economic indicators for the calculation of
nitrogen fertilization doses. The ability to include environmental
indices in the design of crop fertilization systems appeared with
the development of biological testing methods, in particular
using indicators of functional activity of nitrogen-fixing bacteria
associated with the roots of cultivated plants (Umarov et al., 1985;
Ladha et al., 1986; Volkogon, 2013).

Nitrogen fixing microorganisms fix nitrogen from the
atmosphere only in the absence of the excess amounts of mineral
nitrogen compounds in the environment (including the soil)
(Shah et al., 1972; Lvov, 1989). Knowing the dynamics of
nitrogenase activity in the root zone of plants grown on different
fertilization backgrounds (from deficit to excess nitrogen in the
soil) the physiologically justified from crop standpoint doses

of mineral nitrogen that will not reduce the nitrogen fixation
activity can be determined (Ladha et al., 1986).

Under the excess nitrogen fertilizers conditions diazotrophs
cease atmospheric nitrogen fixation and switch to available
mineral nitrogen compounds, as they are more energy-efficient
for the bacterial cell. For this reason, the assimilation of
mineral nitrogen used for constructive metabolism in bacteria
is accompanied with the denitrification in soil (Eskew et al.,
1977; Bothe et al., 1981). Consequently, the increase of the
denitrification activity in the rhizosphere under the influence of
mineral nitrogen fertilizers will also indicates on an excess of
nitrogen compounds for the crops. Understanding the activity of
N2O emission in the rhizosphere soils of croplands in response
to different doses of mineral nitrogen will allow the selection of
the most appropriate amount of mineral nitrogen, accounting for
the minimal losses of gaseous nitrogen compounds from the soil
compared to the unfertilized control. Based on the comparative
analysis of two processes – nitrogen fixation and denitrification
in croplands, the physiologically appropriate doses of mineral
nitrogen can be selected (Volkogon, 2013).

Cavigelli and Robertson (2000) have stated that due to
the high importance of soil microbiota in the nitrogen
cycle, changes in its composition and number can change
the rate of nitrogen transformation in the soil. Therefore,
changes in groups of soil microorganisms caused by chemical
compounds or seeds inoculation with specific microorganisms
can potentially alter nitrogen transformation processes in the
soil. Such microorganisms capable to stimulate the processes
of transformation of nitrogen compounds in croplands are
called Plant Growth Promoting Bacteria (PGPB) (Kloepper and
Schroth, 1978; Bashan andHolguin, 1998). Among these bacteria,
representatives of the Azospirillum genus have been studied in
great detail. The stimulating effect of Azospirillum sp. on plant
growth and development is explained by several mechanisms,
including the synthesis of plant hormones and other biologically
active substances, biological nitrogen fixation, and enhancement
of mineral compounds absorption by plants (Bashan and
Levanony, 1990; Okon and Itzigsohn, 1995; Kennedy et al.,
1997; Ruppel and Merbach, 1997; Saubidet and Barneix, 1998;
Mirza et al., 2000, Rodrigues et al., 2008; Bashan et al., 2014;
O’Callaghan, 2016; Zeffa et al., 2019).

It is rational to assume that Azospirillum sp., like other PGPBs
promote the assimilation of nitrogen compounds by inoculated
plants and establish conditions for the reduction of the chemical
fertilizer rates and N2O emissions from the soil through the more
efficient use and application of lower rates of mineral fertilizers.
That was confirmed by various studies showing a significant
increase in crop production efficiency in response to inoculation
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(Freitas and Germida, 1990; Okon and Itzigsohn, 1995; Bashan
and Holguin, 1998; Shaharooma et al., 2008; Martins et al., 2017).

The present study focuses on the characteristics of nitrogen
fixation and biological denitrification (as the specific biological
testing criteria) in crops rhizosphere under the use of different
fertilization systems and microbial inoculation, as well as on
the influence of the studied processes on the potato yield and
output quality.

MATERIALS AND METHODS

Experimental Design
The research was conducted during 2016–2019 in a field
stationary experiment of the Institute of Agricultural
Microbiology and Agroindustrial Production of the National
Academy of Agrarian Sciences of Ukraine (established in 2009)
on leached chernozem soil [pH salt – 5.2; soil organic matter –
3.01%; easily hydrolyzed nitrogen – 109 mg/kg; labile forms of
phosphates (as P2O5) – 168 mg/kg; exchangeable potassium (as
K2O) – 58 mg/kg of soil].

The potatoes of the Bellarosa variety were grown in crop
rotation: potatoes – spring barley – peas – winter wheat under
the seven different fertilization systems: farmyard manure, three
different doses of complex mineral fertilizer, combination of
farmyard manure and the mineral fertilizers, green manure
and unfertilized control (see Table 1 for detailed test variants
description), each studied into blocks with and without
crop inoculation.

The experimental design was the same across the years
of studies, with the only shifting factor of plots’ distribution
following the crop rotation scheme (potatoes always planted after
winter wheat). The test plots (7.2 × 12.0m each) were randomly
spread across the experimental field in 4-fold repetition following
the described crop rotation, accounting total of 56 test plots.

Crop Inoculation
Crop Inoculation was performed with the microbial preparation
Biogran (Technical Specifications of Ukraine 24.1-00497360-
006:2009, State registration certificate A 05575), created based
on the active nitrogen fixing bacterium Azospirillum brasilense
410 [deposited in the collection of microorganisms of the
All-Russian Institute of Agricultural Microbiology (ARIAM)
under the number VNIISHM B-36, and in the Depository of
the Institute of Microbiology and Virology of the National
Academy of Sciences of Ukraine, under the number IMVB-7222]
(Volkogon and Dimova, 2004). Potato tubers were manually
treated prior to planting with the aqueous suspension of the
microbial preparation at the rate of 2 L per 4 tons of potatoes (1.5
× 109 of bacterial cells in 1ml of suspension).

Soil Sampling
Rhizosphere soil samples for analysis were taken from the crop
roots within 0.3 cm range around the roots of sampled plants
after shuddering. The samples obtained from all plant roots
in a specific test plot were mixed and used for preparation of
average sample.

Potential Nitrogenase Activity
To study the differences in the potential nitrogenase activity in
the rhizosphere soil of potato plants in response to the action
of fertilizers and inoculation the acetylene method developed by
Hardy et al. (1968) in the modification of Umarov (1976) was
used. For this purpose, the average sample of the rhizosphere
soil without crop residues was taken and used for subsequent
analyses. Soil samples weighing 10 g were placed in 40 cm3 glass
vessels. 1 cm3 of 20% D-glucose solution was added to the soil
samples. The soil moisture level was determined separately and
adjusted with sterile distilled water to achieve 70% of the full soil
moisture-holding capacity. All samples were mixed thoroughly,
closed with cotton plugs and kept for 72 h in a dark room with
controlled temperature regulated with a thermostat at 26◦C.
After the incubation the cotton plugs were replaced with rubber
ones. Acetylene was injected into each vessel in the amount
of 10% from the gaseous phase volume (3 cm3). After 1-h
exposure of the samples with acetylene, gas samples were taken
with a syringe and analyzed on a gas chromatograph with a
flame ionization detector [3m steel column filled with Parapak
Q 60-80 mesh sorbent (Waters Corporation, USA), thermostat
temperature 40◦C, gas flow: hydrogen – 15 cm3/min, nitrogen
– 100 cm3/min, air – 500 cm3/min]. All measurements were
performed in 5-fold repetition.

Potential nitrogenase activity (PNA) in rhizosphere soil,
expressed in moles of C2H4 per one gram of soil per hour was
calculated using the next formula:

PNA = E× V1 ×
K

V2
×m× t (1)

E, amount of ethylene in analyzed gaseous sample; V1, volume
of gaseous phase in vessel, cm3; K, soil moisture coefficient; V2,
analyzed sample volume injected in chromatograph, cm3;m, soil
sample weight, g; t, acetylene exposure time, hours.

Potential Denitrification Activity
Taking into account that biological denitrification with the
formation of N2 as the final product is observed only in a limited
number of microorganisms, so-called true denitrifiers, and
naturally does not always end with the formation of N2 (Conrad,
1996) but is often suspended at the stage of N2O formation
the acetylene blockage method developed by Zviagincev (1991)
was used to determine the potential denitrification activity in
rhizosphere soil of potato plants in response to the action of
fertilizers and inoculation. This method is based on the ability
of acetylene to inhibit the nitric oxide reductase and suspend
the process of NO−

3 and NO−
2 dissimilation at the stage of

nitric oxide reduction, thus allowing the determination of the
N2O emissions from denitrification (N2OD) and assess the
activity of all denitrifying microorganisms in soils, the ones that
reduce nitrogen compounds to N2O and those that perform
complete denitrification – to N2. To determine the potential
denitrification activity, samples of rhizosphere soil, weighing
10.0 g, were prepared and placed in 40 cm3 vessels. 1 cm3 of
20% D-glucose solution and 1 cm3 of 2% KNO3 solution were
added to the samples. Soil moisture was adjusted with sterile
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TABLE 1 | The description of the fertilization systems used in the experiment.

Fertilization system name Description

Organic No. 1 40 t/ha of farmyard manure (recommendation based on the manure nutrient content: N – 5 kg/t, P2O5 – 25 kg/t, K2O – 6 kg/t)

applied in late November prior to plowing

Mineral low Complex mineral fertilizer N40P40K40 (250 kg/ha), applied prior to pre-planting cultivation (in form of N16-P16-K16), P as P2O5, K as

K2O

Mineral medium Complex mineral fertilizer N80P80K80 (500 kg/ha), applied prior to pre-planting cultivation (in form of N16-P16-K16), P as P2O5, K as

K2O

Mineral high Complex mineral fertilizer N120P120K120 (750 kg/ha), applied prior to pre-planting cultivation (in form of N16-P16-K16), P as P2O5, K

as K2O

Organo-mineral Combination of 40 t/ha of farmyard manure and medium rate of complex mineral fertilizer (N80P80K80) in form of N16-P16-K16 (P as

P2O5, K as K2O)

Organic No. 2 Green manure (narrow leaf lupine grown as intermediate crop after winter wheat), disked and soil incorporated with shallow plowing

in fall (late November), approximate annual production accounts to 13 t/ha

water to 70% of the full soil moisture-holding capacity. To create
anaerobic conditions vessels were closed with rubber stoppers
and filled under the pressure with helium to displace the air.
The rubber stopper was punctured with two injection needles,
one of which was attached to the helium source, while the
other was used to release gases and balance the pressure in
vessels. Vessels were filled with helium for 30 s, after which the
needles were simultaneously removed. 3 cm3 of the gas mixture
was taken from each vessel followed by the injection of 3 cm3

of the acetylene (to maintain the normal partial pressure of
gases in the vessels). Prepared soil samples in vessels were kept
in a dark room with controlled temperature regulated with a
thermostat at 26◦C for 24 h. At the end of the exposure period,
gas samples were taken with an injection syringe and analyzed on
a gas chromatograph with an electron capture detector [columns
temperature – 40◦C, evaporator temperature – 120◦C, detector
temperature – 330◦C. Carrier gas (argon with methane 95/5)
consumption rate – 35 cm3/min, 3m steel column filled with
Parapak Q 60-80 mesh sorbent (Waters Corporation, USA)]. All
measurements were performed in 5-fold repetition.

Potential denitrification activity (N2OD) in rhizosphere soil,
expressed in nmoles N2O per gram of soil per day was calculated
using the next formula:

N2OD = E× V1 ×
K

V2
×m× t (2)

E, amount of N2O in analyzed gaseous sample; V1, volume of
gaseous phase in vessel, cm3; K, soil moisture coefficient; V2,
analyzed sample volume injected in chromatograph, cm3;m, soil
sample weight, g; t, acetylene exposure time, days.

Quantitative Analysis of Microorganisms
To estimate the number of ammonifiers in the rhizosphere
soil of potato plants the dilution culture of soil suspensions
on meat-peptone agar plates was used (Gerhardt, 1981). The
number of nitrogen fixation microorganisms was determined
using a semi-liquid medium with malate (Dobereiner and
Baldani, 1979) and acetylene test (Villemin et al., 1974).
The number of denitrifiers was determined on Giltay liquid
medium with Gris reagent (nitrite test) (Zviagincev, 1991).

The final numbers of nitrogen fixing bacteria and denitrifiers
were calculated using the McCrady table based on the growth
of the microorganisms in the extreme dilutions (Gerhardt,
1981).

Taking into the account that the concentration of mineral
nitrogen compounds in the soil is subject to change during
the growing season influencing, respectively, the interrelation
of the studied processes all experiments were conducted in
dynamics. For this all soil samples and the analysis of the
potential nitrogenase activity, the denitrification activity and
microorganisms’ counts were performed during three main crop
growth stages: budding (BBCH 51), flowering (BBCH 61) and
crop senescence (BBCH 91).

Crop Productivity
Potato yield was determined by weighing all tubers harvested
from the single test plot for the experimental seasons of 2016–
2019.

Product Quality Analysis
The starch content in tubers was determined using the Evers
method (Ermakov, 1972), the ascorbic acid – using the method
based on the reduction properties of the vitamin C (Ermakov,
1972), the nitrates content – using the potentiometric assay
(Gorodniy, 2005).

Statistical Analysis
The differences between the variants in the potential activity
of nitrogen fixation (potential nitrogenase activity), the
potential denitrification activity, product quality indices
were analyzed using the arithmetic mean and standard
deviation values calculated with MS Excel build-in Analysis
ToolPak. The dynamics of nitrogen fixing microorganisms and
denitrifying bacteria in the rhizosphere soil of potato plants
were statistically processed using the McCrady tables. Crop
yields were analyzed using the two-way ANOVA algorithm
with two probability levels (<5 and <1%) using Statistica 6.0
software (StatSoft Inc., USA). The least significant difference was
calculated for (a) the whole experiment, (b) only for different
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FIGURE 1 | The dynamics of the potential nitrogenase activity (ethylene production) in the rhizosphere soil of potato plants under the action of fertilizers and microbial

inoculation with A. brasilense 410 (2018) (bars indicate standard deviation).

fertilizer type), (c) only for inoculation with A. brasilense) and
their interaction.

RESULTS

Taking into the account that the course of the nitrogenase and
denitrification activity in the rhizosphere of potato plants was
uniform throughout the research years (2016–2019) the data
discussed further represents the results obtained in 2018.

The dynamics of the potential activity of nitrogen fixation in
the rhizosphere soil of potato plants indicates its stable increase
in response to farmyard manure application. High levels of
nitrogenase activity were also observed in the variants with green
manure, while the use of organo-mineral fertilizer system has
reduced the potential nitrogen fixation activity for a prolonged
time, with the slight performance increase starting from the
flowering stage (BBCH 61) and beyond (Figure 1).

The lowest studied doses of mineral fertilizers, N40P40K40,
have stimulated nitrogen fixation activity, especially at the
beginning of the growing season. The intensification of the
mineral nutrition doses, N80P80K80, has reduced the potential
nitrogen fixation at initial growth stages but gained higher
levels later – at the flowering stage (BBCH 61) and the
beginning of crop senescence (BBCH 91). The use of the
highest rates of mineral fertilizers, N120P120K120, leads to the

reduction of nitrogen fixation throughout the growing season
(Figure 1).

Crops inoculation has stimulated the nitrogenase activity in
the rhizosphere soil in the variants with low and medium rates
of mineral fertilizers. The combination of inoculation with the
highest studied rate of mineral fertilizers, N120P120K120, has also
stimulated the nitrogen fixation activity, although the numbers
have remained below the control values.

Inoculation of potato tubers had no effect on the potential
nitrogen fixation activity in the variants with the farmyard
manure, unlike in the variants with green manure where
inoculation with A. brasilense has significantly stimulated the
nitrogenase activity in the rhizosphere soil of potato plants.
A slight increase in nitrogenase activity was observed at the
flowering stage (BBCH 61) and the beginning of crop senescence
(BBCH 91) in response to crop inoculation on the organo-
mineral fertilization background. However, the obtained values
were below the numbers observed in the test plots with low and
medium fertilizer rates.

Potential Denitrification Activity
All types and doses of fertilizers used in the given research
led to the intensification of the biological denitrification in the
rhizosphere of potato plants (Figure 2). Test plots with the
farmyard manure were characterized by significant N2OD losses
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FIGURE 2 | Potential activity of N2OD emissions in the rhizosphere soil of potato plants under the action of fertilizers and microbial inoculation with A. brasilense 410

(2018) (bars indicate standard deviation).

throughout the growing season. The combination of farmyard
manure with the mineral fertilizers has induced these losses.
In the case of mineral fertilizers, the potential denitrification
activity was proportional to the applied rates of fertilizers. Even
crop cultivation on the background of green manure has a slight
increase in the N2OD emissions activity.

Inoculation with A. brasilense has induced a significant
reduction in N2OD emissions in variants with low and medium
rates of mineral fertilizers (Figure 2) starting from the flowering
stage (BBCH 61). At the end of the growing season (crops
senescence, BBCH 91), the denitrification intensity under the
influence of the inoculation has decreased even in the variant
with the highest studied dose of fertilizers, N120P120K120.

Quantitative Analysis of Microorganisms
The use of farmyard manure has significantly increased the
number of ammonifiers, nitrogen fixers and denitrifiers whereas
inoculation practically had no impact on the number of
microorganisms in the rhizosphere soil of plants grown on the
farmyard manure background (Table 2). At the same time, the
inoculation of potatoes grown after green manure has stimulated
the development of both ammonifiers and diazotrophs while the
number of denitrifying microorganisms has remained stable.

Inoculation of plants grown on low and medium mineral
backgrounds, N40P40K40 and N80P80K80, respectively, has
significantly contributed to the increase of the diazotrophs
number and decrease of the number of denitrifying

microorganisms in the rhizosphere soil. The highest used
rate of mineral fertilizers, N120P120K120, has reduced the effect of
inoculation as the number of diazotrophs in the rhizosphere of
plants remained unchanged. At the same time, crop inoculation
with A. brasilense has promoted the growth of denitrifying
bacteria at the early stages of crop development with a gradual
decrease in their number starting from the flowering stage
(Table 2).

Crop Productivity
Potato yield records indicate the highest increase in crop
productivity with the use of farmyard manure, 40 t/ha, organo-
mineral fertilizers and intense mineral fertilization backgrounds.
The application of low andmedium fertilizer rates has stimulated
crop productivity by 24.6 and 93.2%, respectively. At the same
time, the combination of the inoculation with mineral fertilizers
has the highest impact on output results (Table 3). In particular,
the introduction of A. brasilense has increased the crop yield
by 42.4% on the N40P40K40 background, and by 116.9% on
the N80P80K80 background, compared to the control. The
combination of the highest mineral fertilizer rate, N120P120K120,
with inoculation has shown that with the increasing agrochemical
load, the efficiency of inoculation decreases.

Crop inoculation has practically no effect on its productivity
in variants with farmyard manure, 40 t/ha, application. No
significant difference was observed in the variants with combined
inoculation and organo-mineral background.
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TABLE 2 | The quantitative dynamics of ammonifiers, nitrogen fixing microorganisms and denitrifying bacteria in the rhizosphere soil of potato plants under the action of

fertilizers and inoculation (2018).

Variant Ammonifiers, mln CFO/g dry soil* Nitrogen fixing bacteria, mln/g dry soil Denitrifying bacteria, mln/g dry soil

I II III I II III I II III

Without inoculation

Without fertilizers (control) 13.4 ± 0.7 12.0 ± 1.0 10.8 ± 0.8 0.82 0.58 0.52 2.22 2.85 3.05

Farmyard manure, 40 t/ha 40.3 ± 1.3 44.7 ± 2.0 39.1 ± 1.2 1.06 0.89 0.92 8.25 5.13 4.96

N40P40K40 18.0 ± 1.0 15.1 ± 1.9 12.4 ± 1.6 0.91 0.94 0.82 4.91 2.85 3.07

N80P80K80 19.3 ± 0.8 16.8 ± 1.5 14.2 ± 0.7 0.43 1.19 0.96 7.15 8.55 4.96

N120P120K120 22.0 ± 1.2 18.5 ± 0.9 16.4 ± 1.3 0.03 0.03 0.44 8.33 10.55 7.44

Farmyard manure, 40 t/ha + N80P80K80 52.7 ± 2.2 50.3 ± 0.8 48.4 ± 2.8 0.49 0.62 0.65 8.40 13.22 9.30

Green manure, 13 t/ha 35.2 ± 3.1 37.1 ± 2.7 27.3 ± 1.1 0.94 1.12 0.92 2.45 3.15 3.40

Inoculation with A. brasilense 410

Without fertilizers (control) 14.1 ± 0.9 11.5 ± 0.9 11.0 ± 0.3 1.26 0.81 0.69 2.78 2.85 3.10

Farmyard manure, 40 t/ha 41.0 ± 1.1 43.9 ± 1.7 38.7 ± 1.9 1.05 0.83 0.92 8.33 5.13 5.58

N40P40K40 17.6 ± 2.1 16.2 ± 0.9 12.9 ± 1.3 1.12 1.20 7.10 5.24 2.45 2.48

N80P80K80 18.3 ± 2.0 16.5 ± 1.1 14.8 ± 1.0 0.84 1.91 9.00 7.89 2.65 3.18

N120P120K120 23.5 ± 3.1 17.9 ± 1.3 16.5 ± 1.8 0.04 0.31 0.53 9.35 8.70 6.99

Farmyard manure, 40 t/ha + N80P80K80 51.9 ± 1.8 52.0 ± 1.5 49.3 ± 2.0 0.50 0.92 0.64 10.55 10.83 5.62

Green manure, 13 t/ha 34.9 ± 1.6 35.0 ± 2.5 25.8 ± 1.3 1.10 1.20 1.27 2.30 3.15 3.15

Growth stages.

I, Budding (BBCH 51); II, Flowering (BBCH 61); III, Crop senescence (BBCH 91).
*Mean ± standard deviations.

Product Quality
Analysis of output quality parameters has shown that the
inoculation of potato plants has substantially influenced the
quality of the obtained products (Table 4). Thus, the application
of microbial preparation has stimulated the accumulation of
starch in potato tubers while reducing the nitrate contents.

The study of ascorbic acid content has shown a significant
increase in the variants withmineral fertilizers, greenmanure and
organo-mineral background (up to 14%). The increase was even
more significant in response to inoculation (Table 4).

DISCUSSION

The dependence of associative nitrogen fixation activity on
nitrogen fertilizer doses was first shown by Balandreau and
Villemin (1973). Umarov et al. (1985) formulated the concepts
of optimal doses of mineral nitrogen for the process of associative
nitrogen fixation as “the ones that do not exceed the physiological
needs of plants in nitrogen.” The same conclusion was reached
by Ladha et al. (1986). In the development of these studies, we
proposed (Volkogon, 2013) to determine not only the optimal
doses of mineral nitrogen (the ones that promote the highest
rates of nitrogen fixation), but also the physiologically, or
environmentally, acceptable doses [the ones that do not reduce
the nitrogen fixation activity below control (without fertilizers)
indicators]. In our opinion, such biological approach can be a
significant addition to the practice of agrochemical justification
of crop fertilization systems.

Since the introduction of the acetylene reduction method by
Hardy et al. (1968) for the determination of the nitrogenase

activity of diazotrophs, a number of its modifications have been
developed. Particularly, in 1976 Umarov proposed amodification
of Hardy’s method for determining the potential nitrogenase
activity in the soil. Notwithstanding that the method cannot
be used for the evaluation of the activity and productivity of
nitrogen fixation, its application allows locating differences in
the functional activity of rhizosphere diazotrophs in response to
various agricultural techniques, including fertilizers application
and inoculation.

The changes of the ecologically acceptable doses of mineral
nitrogen can be achieved upon the introduction of certain PGPBs
into the crop lands, as inoculated plants uptake larger amounts
of nitrogen to ensure a constructive metabolism. At the same
time, crop inoculation expands the range of environmentally
acceptable doses of fertilizers (Volkogon, 2013; Volkogon
et al., 2014). So, higher nitrogenase activity in rhizosphere
soil of experimental variants compared to unfertilized control
is indicating the ecological feasibility of the selected level of
nitrogen nutrition while the reduction of nitrogenase activity,
on the contrary, indicates the inhibition of the nitrogen fixation
process and possible environmental risks.

Thus, the analysis of the nitrogenase activity dynamics in
the rhizosphere soil of potato plants demonstrates that mineral
fertilizers in the doses that are not exceeding N80P80K80

can be considered physiologically and ecologically expedient.
Intensification of mineral nutrition, as well as the combination
of farmyard manure with the mineral fertilizers, were shown
to be environmentally unfavorable, as the nitrogenase activity
indices in these variants were dramatically lower compared to
the control numbers. Apparently, the high concentration of
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TABLE 3 | Potato crop yield under the action of fertilizers and inoculation.

Variant Crop yield, t/ha Increment from fertilizers Increment from inoculation

2016 2017 2018 2019 Mean t/ha % t/ha %

Without inoculation

Without fertilizers (control) 12.6 12.9 13.6 8.2 11.8 – – – –

Farmyard manure, 40 t/ha 21.8 25.0 21.6 13.6 20.5 8.7** 73.7 – –

N40P40K40 15.8 15.0 16.3 11.7 14.7 2.9** 24.6 – –

N80P80K80 22.6 25.2 25.2 18.4 22.8 11.0** 93.2 – –

N120P120K120 24.8 32.5 29.4 21.3 27.0 15.2** 128.8 – –

Farmyard manure, 40 t/ha + N80P80K80 28.2 30.0 30.2 24.0 28.1 16.3** 138.1 – –

Green manure, 13 t/ha 15.1 15.4 14.2 8.8 13.4 1.6* 13.6 – –

Inoculation with A. brasilense 410

Without fertilizers (control) 14.8 14.0 15.4 8.9 13.3 – – 1.5** 12.7

Farmyard manure, 40 t/ha 22.0 25.5 21.8 13.8 20.8 9.0** 76.3 0.3 1.5

N40P40K40 18.0 18.2 17.5 13.4 16.8 5.0** 42.4 2.1** 14.3

N80P80K80 25.6 27.9 27.4 21.4 25.6 13.8** 116.9 2.8** 12.3

N120P120K120 26.4 34.0 30.1 22.3 28.2 16.4** 139.0 1.2* 4.4

Farmyard manure, 40 t/ha + N80P80K80 28.4 30.9 30.7 24.6 28.7 16.9** 143.2 0.6 2.1

Green manure, 13 t/ha 17.5 16.8 16.5 10.3 15.3 3.5** 29.7 1.9** 14.2

*Significant difference in increments with P < 0.05.
**Significant difference in increments with P < 0.01.

nitrogen compounds in the soil reduces the synthesis of the
nitrogenase nitrogen-fixing complex of diazotrophic bacteria.
To collect more evidence on the joint use of mineral nitrogen
with the farmyard manure the application of lower doses of
mineral nitrogen fertilizers should be tested for the organo-
mineral fertilization system.

It is known that the denitrification process does not always end
with the dinitrogen formation. Under natural conditions, this
process can result in incomplete reduction of nitrates to nitrite
(NO−

2 ), nitric oxide (NO), or nitrous oxide (N2O) (Conrad,
1996). Complete denitrification with the formation of dinitrogen
is observed only for a limited number of microorganisms, so-
called true denitrifiers. To reveal the activity of all denitrifying
microorganisms in the rhizosphere of potato plants we used
acetylene, as a specific inhibitor of nitrous oxide reductase, to
block the reduction of N2O to N2.

At the same time, it should be emphasized that the
determination of the potential denitrification activity in the
rhizosphere soil does not characterize the total loss of N2O
from a certain area, but only reflects the reaction of rhizosphere
microorganisms to a certain number of mineral nitrogen
compounds, and thus corresponds to the crop response to the
shortage or excessive amount of mineral nitrogen.

With N2OD emission values exceeding control in all studied
combinations throughout the growing season, farmyard manure,
40 t/ha, used stand-alone and in combination with mineral
fertilizer have demonstrated the highest increase. The losses
of gaseous nitrogen in variants with mineral fertilizers have
corresponded to the applied rate as they have increased with
the fertilization intensity. This data confirms the previously
reported findings of Barton et al. (1999) and Shcherbak

et al. (2014) on denitrification rates and N2O emissions
from croplands.

The use of an inoculant based on A. brasilense 410 in
potato growing technology significantly influences the processes
of nitrogenase activity and biological denitrification in the
rhizosphere of plants, but the effect of inoculation depends on
the fertilization background. High levels of nitrogenase activity
at the beginning of the growing season were observed in
variants with N40P40K40 and, starting from the flowering phase,
for N80P80K80. Under the use of the highest rate of mineral
fertilizer, N120P120K120, inoculation, even though it stimulates
the nitrogenase activity, has not reached the control values.
One of the highest indices of the nitrogenase activity in the
rhizosphere of potato plants was observed in rhizosphere soil
under the combined action of inoculation with green manure.

At the beginning of the growing season, inoculation has
contributed to the growth of N2OD emissions in all variants
except for the farmyard manure. Microorganisms introduced
into the crop soils can also contribute to the reduction of the
excess amount of nitrogen in the soil as even a small amount
of mineral nitrogen in the soil can be considered excessive
for crop seedlings with the Azospirillum sp. involved in both
denitrification and nitrogen fixation processes (Bashan and
Levanony, 1990). After the utilization of a certain amount of
applied mineral nitrogen by potato plants, initiated with the
inoculation, bacteria reflect the changes in the soil environment
and reveal its nitrogen-fixing function. This, in turn, significantly
reduces the denitrification activity in the rhizosphere of
inoculated plants. Thus, in the flowering stage, the N2OD
emissions were even below the control levels in the variants
with the lowest rate of mineral fertilizers, N40P40K40, and crop
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TABLE 4 | The effect of fertilizers and inoculation on the product quality indicators

(2018).

Variant Starch content*,

%

NO−

3 content*,

mg/kg

Vitamin C

content*,

mg/100 g

Without inoculation

Without fertilizers (control) 13.56 ± 0.05 43.8 ± 2.7 13.87 ± 0.57

Farmyard manure, 40 t/ha 13.26 ± 0.04 57.8 ± 1.4 14.22 ± 0.31

N40P40K40 14.07 ± 0.04 70.6 ± 0.5 15.30 ± 0.58

N80P80K80 14.33 ± 0.05 76.6 ± 3.0 15.42 ± 0.00

N120P120K120 13.94 ± 0.03 127.8 ± 5.5 15.79 ± 0.33

Farmyard manure, 40 t/ha

+ N80P80K80

13.83 ± 0.00 124.7 ± 4.4 15.59 ± 0.35

Green manure, 13 t/ha 13.48 ± 0.08 39.5 ± 3.8 15.20 ± 0.39

Inoculation with A. brasilense 410

Without fertilizers (control) 13.59 ± 0.03 42.8 ± 0.5 15.25 ± 0.18

Farmyard manure, 40 t/ha 13.32 ± 0.03 54.7 ± 2.8 15.92 ± 0.35

N40P40K40 14.26 ± 0.00 65.8 ± 0.8 15.60 ± 0.70

N80P80K80 14.80 ± 0.00 66.5 ± 1.0 16.55 ± 0.33

N120P120K120 14.58 ± 0.01 104.4 ± 3.6 17.13 ± 0.07

Farmyard manure, 40 t/ha

+ N80P80K80

14.02 ± 0.03 107.6 ± 1.2 16.55 ± 0.24

Green manure, 13 t/ha 14.25 ± 0.06 35.0 ± 1.7 16.04 ± 0.45

*Mean ± standard deviations.

inoculation. The numbers observed in the variants with the
medium fertilizer rate, N80P80K80, were similar to the control.

The reduction of N2O emissions in response to crop
inoculation with PGPB-based preparations used under mineral
nitrogen fertilizer background was reported earlier by Calvo
et al. (2013) based on the results obtained in a greenhouse
experiment. These findings were confirmed in the following
experiment, which showed that the use of inoculants in
corn production reduced the emissions of N2O from 15 to
49%, subject to the type of nitrogen fertilizer (except for
urea) and microorganisms. In general, they demonstrated that
PGPBs enhance mineral nitrogen uptake following the fertilizer
application while reducing N2O emissions (Calvo et al., 2016).
Our findings have confirmed these findings. However, the
introduction of the biological preparation in the cultivation of
potatoes on the background of high rates of mineral fertilizer has
increased the emission of N2OD. It can be related to the ability
of Azospirillum sp. to perform different functions depending
on the availability of the mineral nitrogen in the soil. Since
bacteria of Azospirillum genus are capable of denitrification, it
can be assumed that at high nitrogen background and presence of
introduced or present bacteria in the soil, they are involved in the
natural regulation process of the nitrogen cycle, accounting for
N2OD emissions aimed to reduce the excess of mineral nitrogen
forms in soil. This can be avoided through the introduction
of a sufficient amount of fresh organic matter into the soil
with a broad C/N ratio or reducing nitrogen rate application.
It would promote the active transformation of mineral nitrogen
compounds into organic forms and reduce nitrogen losses.

So, under inoculation, plants utilize mineral nitrogen
compounds to a much greater extent, which is extremely
important from the ecological point of view. In fact, inoculants
can serve as an inhibitor of the denitrification process since
their introduction to the “plant-soil” system increases nitrogen
utilization coefficients from mineral fertilizer.

The effect of A. brasilense 410 on the studied processes was
leveled under potatoes growing on the background of farmyard
manure, 40 t/ha. Both the nitrogenase activity and the emission
of N2OD in the rhizosphere of inoculated plants remained
unchanged on a farmyard manure background. That is related
to the fact that a significant number of microorganisms are
introduced into the soil with manure, creating a prevailing
competitive environment for nitrogen fixing bacteria from
biological products. Under these circumstances, the positive
effect of inoculation is offset. These assumptions are indirectly
confirmed by the counts of microorganisms of individual
ecological and trophic groups in the rhizosphere soil of potato
plants (Table 2). Thus, the introduction of farmyard manure into
the soil has significantly increased the number of ammonifiers,
nitrogen fixation microorganisms and denitrifying bacteria.
Inoculation practically has not significantly influenced the
number of microorganisms in the rhizosphere soil. In this case,
farmyard manure can ensure non-specific bacterization of the
soil, which prevents the successful introduction of A. brasilense.

Scientists have already paid attention to the abundant number
of microorganisms in the farmyard manure. Thus, one of the
founders of scientific soil science –Dokuchaev (1948), wrote:
“Along with manure, a vast number of microorganisms are
introduced into the soil, the role of which is no less important
than fertilizers.” Our results, to some extent, confirm these
findings and expand the knowledge about the effectiveness of
inoculation upon the cultivation of the crops on the farmyard
manure background.

Unlike with the farmyard manure, potato inoculation
following the green manure incorporation has promoted the
growth of ammonifiers and diazotrophs in the rhizosphere
soil of plants. The number of denitrifying microorganisms has
remained unchanged. Therefore, the incorporation of green
manure, lupine, in particular, creates optimal conditions for A.
brasilense efficiency effect.

The biological preparation applied on low mineral
fertilizer backgrounds has considerably increased the
number of diazotrophs, which confirms the creation
of favorable soil conditions for the development of the
introduced microorganism.

Regardless of the fertilization system, an increase in crop
productivity was observed for all studied variants. Therewith,
the inoculation ensured the highest gains in combination with
low and medium fertilizer rates with a 14.3% yield increase
on the N40P40K40 background and 12.3% on the N80P80K80

background. The highest studied rate of mineral fertilizer,
N120P120K120, had also promoted the yield increase, but to a
much lesser extent, indicating the disadvantage of the chosen
fertilizer rate for the efficiency effect of A. brasilense inoculation.

Analyzing the yield levels of potatoes grown on mineral
backgrounds without inoculation and in combination with
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inoculation, it was noted that the effect of A. brasilense on
the crop productivity was equivalent to the action of a certain
number of mineral fertilizers. Thus, the difference in yield means
between variants with the highest applied dose (N120P120K120)
and N80P80K80 without inoculation was 4.2 t/ha. At the same
the yield difference between N120P120K120 and N80P80K80

backgrounds combined with the action of crop inoculation was
only 1.4 t/ha. In some years, the effect of inoculation on crop
yields was equivalent to the action of mineral fertilizers at the
lowest studied dose (N40P40K40). Overall these findings indicate
the possibility of reducing the amount of mineral fertilizers in
crop production when combine with the inoculation to achieve
the planned result.

Higher efficiency of inoculation used in the cultivation of
different crops grown on low rates of nitrogen fertilizers has
been reported in numerous publications. According to Freitas
and Germida (1990), PGPBs are more effective with the reduced
amount of nutrients in the soil. Shaharooma et al. (2008)
reported that nitrogen utilization efficiency in response to
Pseudomonas fluorescens inoculation has increased in response
to all levels of wheat fertilization. Depending on the mineral
fertilizer rates (25, 50, 75, and 100% to the recommended rate
of nitrogen, phosphorus, and potassium), it ensured 115, 52,
26, and 27% yield increase compared to the uninoculated wheat
plants, respectively.

Our results have also indicated the optimality of low and
medium fertilizer rates for the manifestation of inoculation
efficiency. Thus, in particular, potato inoculation on the medium
fertilizer background, N80P80K80, averaged 25.6 t/ha over the 4
years of research, which is close to the figures obtained in the
variant with the highest used fertilizer rate, N120P120K120 – 27.0
t/ha. The inoculation effect, in this case, was equivalent to the
action of a certain amount of mineral fertilizers. That can be used
in estimations of mineral fertilizers as inoculation can reduce the
rates without affecting crop yields.

The inoculation efficiency effect was noticeable upon the crop
cultivation following the green lupine manure. The increase of
the nitrogenase activity in the rhizosphere of potato plants and
the crop yield was observed upon the A. brasilense introduction.
This data has confirmed the results of other researchers. Thus,
the maximum diameter of cobs, their raw and dry weight
was recorded for lettuce inoculated with Azospirillum bacteria
(GM1M1Az3) on the background of greenmanure andmulching
(Borthakur et al., 2012). It has also been reported that the
interaction between green manure and seed inoculation with
Herbaspirillum seropedicae has had a positive effect on corn yield,
contributing to the higher number of kernels and their weight
(Avila et al., 2020).

In contrast to the effect on green manure, background
inoculation did not affect the yield of potatoes in the variants
where the farmyard manure was applied. The latest research
findings on this topic were reviewed by Wani (1990) indicating
the high efficiency of the combination of non-symbiotic
nitrogen-fixing bacteria with manure. However, freely existing
diazotrophs cannot be compared with associative bacteria, given
the mechanisms of their interaction with plants. At the same
time, there is evidence of the high efficacy of PGPB used following

a pig slurry background. Thus, a study by Lai et al. (2008)
showed that lettuce growth in soil fertilized with pig slurry
and inoculated with Azospirillum rugosum IMMIB AFH-6 was
significantly lower compared to the one of the inoculated plants
grown on the mineral background. However, the addition of only
half of the recommended rate ofmineral fertilizer to the pig slurry
background had ensured the highest yield gains and an increase
of other studied parameters of inoculated plants (Lai et al., 2008).

Studies conducted by Yildirim et al. (2011) have shown
that broccoli inoculation with Bacillus cereus, Rhizobium rubi,
and Brevibacillus reuszeri following the farmyard manure had
contributed to the increase of crop productivity (up to 24.3%),
chlorophyll content (up to 14.7) and nutrients uptake compared
to control (manure only) values. Combination of farmyard
manure with crop inoculation with Azotobacter has increased
the biological yield of wheat (Esmailpour et al., 2013) and corn
(Dutta et al., 2014).

According to Hadi et al. (2015), the maximum productivity
of black cumin seeds was recorded for the crops inoculated
with Azotobacter and Azospirillum on farmyard manure, 5
t/ha, background. Used separately, both bacteria and manure
applications have a positive effect on crop yields. However, their
combination ensured a better outcome. In their review on the
importance of PGPB for the absorption of nutrients by inoculated
plants from fertilizers, Adesemoye and Kloepper (2009), do
not differentiate manure and chemical fertilizers as substrates
containing chemical elements and consider promising the use of
microbial preparations on the manure background. The result
obtained in our experiment, which is quite the opposite of the
findings mentions above, may be explained by the conditions of
the experiment (crop choice, characteristics of inoculant, manure
dose, soil type, etc.). On other hand, it designates the study
prospects of the combination of PGPB with farmyard manure.
The data also indicates a certain limitation of the use of biological
preparations in the organic production systems, as their efficiency
can be compromised. At the same time, the effectiveness of
biologicals may even advance with their introduction into the
soil not with manure, but through vermicomposting, as noted by
Song et al. (2015).

The inoculation had ensured the reduction of the nitrates
content in potato tubers, especially, when used on mineral
fertilizer background. Besides its effect on the output product
quality, crop inoculation ensured higher content of starch and
ascorbic acid in potato tubers. The increase in vitamin C content
can be beneficial for its possible positive effects. Potatoes are
an important source of vitamin C, not only because of their
relatively high content but also because they can be stored for
a prolonged period. Therefore, the improvement in the ascorbic
acid content in potatoes will have a beneficial effect on human
nutrition (Love and Pavek, 2008). It is also known, that ascorbic
acid can neutralize to a great extent the harmfulness of nitrates for
warm-blooded organisms (Hirneth and Classen, 1984; Shehata,
2005). Thus, the increase in its content following the reduction
of nitrates content in the variants with A. brasilense inoculation
promotes the value of the product.

Even so, the lowest dose of mineral fertilizers was shown to
be the most optimal in terms of environmental sustainability
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of production, higher doses (N80P80K80) are a more reasonable
compromise between environmental feasibility and crop
productivity. Green manure use despite its vital role in regulating
processes of biological transformation of nitrogen was practically
disadvantageous, while the application of farmyard manure
is advisable with some reservations. Crop inoculation with
A. brasilense was proved to be beneficial influencing the
optimization of the ecological conditions of croplands, the
increase of potatoes productivity and the improvement of the
output quality of potato crops.

CONCLUSIONS

The study of nitrogenase activity and N2OD emissions in the
rhizosphere of potato plants in dynamics has shown that the
application of low (N40P40K40) and medium (N80P80K80) doses
of mineral fertilizers are physiologically and ecologically optimal
for cultivation on leached chernozem, especially in combination
with inoculation. Crops inoculation with A. brasilense on these
mineral fertilizer backgrounds has ensured higher nitrogen
fixation activity, a significant reduction of denitrification levels,
and the highest crop productivity compared to the other fertilizer
options. The inoculation effect on the course of nitrogen fixation
and denitrification crop cultivation on the background of 40

t/ha of manure was significantly leveled, while the highest
manifestation of the efficiency of biological preparation was
observed under the green manure background. Taken as a whole,

the use of A. brasilense in potato growing technologies has
a positive effect on the accumulation of starch and ascorbic
acid and helps to reduce the content of nitrates in the
output products.
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