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Abstract

Plant roots are inhabited by a large diversity of microbes, some of which are beneficial for the growth of plants and
known as plant growth promoting rhizobacteria (PGPR). Free-living and associative nitrogen-fixing plant growth-
promoting rhizobacteria (PGPR) represent a promising sustainable alternative to chemical fertilizers, by supplying bio-
logically fixed nitrogen (N2) and multiple plant growth-enhancing activities. Members of Azospirillum, Azotobacter, Her-
baspirillum seropedicae, Burkholderia, Pseudomonas, and Bacillus have been demonstrated to fix nitrogen under non-
symbiotic or weakly symbiotic associations with non-leguminous crops, produce phytohormones, solubilize phosphorus,
suppress pathogens, and improve stress tolerance. Through these multifaceted interactions, PGPR not only improve
nutrient uptake but also bolster plant defenses, contributing to healthier and more resilient crops. Despite many promis-
ing findings, challenges remain in accurately determining the efficiency of nitrogen fixation, owing to the immense com-
plexity of soil biome interactions and the diverse mechanisms through which bacteria influence plant physiology. In this
article, we aim to provide a practical comparison to help farmers understand how they can effectively reduce chemical

fertilizer usage by applying PGPR inoculants.
Keywords: Rhizobacteria, nitrogen fixing.

JEL: Q19.

Introduction
1. Free-Living Nitrogen-Fixing PGPR

Free-living and associative nitrogen-fixing plant
growth-promoting rhizobacteria (PGPR) offer a
sustainable alternative to chemical fertilizers by
supplying biologically fixed nitrogen and enhancing
plant growth through various mechanisms. Under-
standing the characteristics and applications of
these bacteria is essential for farmers seeking to
optimize crop yields while reducing chemical inputs.

Free-living nitrogen fixation (FLNF) in the
rhizosphere, or N fixation by heterotrophic bacteria
living on/near root surfaces, is ubiquitous and a
significant source of N in some terrestrial systems.
FLNF is also of interest in crop production as an
alternative to chemical fertilizer, potentially reducing
production costs and ameliorating negative envi-
ronmental impacts of fertilizer N additions [18].

1.1. Azospirillum sp.

Azospirillum species are well-documented for
their associative nitrogen fixation with cereals such
as maize, wheat, and rice. They produce phyto-
hormones like auxins and cytokinins, which pro-
mote root development and enhance nutrient up-
take. Inoculation with Azospirillum has been shown
to increase crop yields by up to 30% under field
conditions, particularly in nitrogen-deficient soils [5]
(Fig. 1).

Multispecies inocula combining nitrogen fixers
and other PGPR (e.g., Azospirillum, Bacillus) can
further boost plant growth and N, fixation, surpass-
ing effects of single strains [4] (Fig. 2).
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Fig. 1. Maize inoculated with Azospirillum left and
control right

1.2. Azotobacter sp.

Azotobacter species are obligate aerobes capa-
ble of free-living nitrogen fixation. They produce
exopolysaccharides, vitamins, and  growth-
promoting substances that improve soil structure
and stimulate plant growth. Field ftrials have
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Fig. 3. Mechanism of non-symbiotic fixation of atmospheric nitrogen by Azotobacter sp.

demonstrated that Azotobacter inoculation can
increase crop yields by 15-20%, making it a viable
option for reducing synthetic fertilizer use [2].

Two-weeks old primed (Azotobacter vinelandii)
and un-primed plants were exposed to 0, 50, 150,
and 250 mM NaCl for 15 days. Azotobacter primed
maize plants (40% and 80%) expressed substantial
improvements in plant growth and photosynthetic
efficiency due to sustainable nitrogen assimilation
under saline soil. Osmotic adjustments under salt
stress were enhanced in 40% primed plants than
un-primed stress plants. Microbial primed plants
expressed lesser hydrogen per oxide (H,O,) and
Malondialdehyde (MDA) production, higher Per-
formance index (PI), and improved effective quan-
tum vyield of PSII photochemistry (®PSIl) under
saline soil [20] (Fig. 4).

1.3. Burkholderia sp.

Burkholderia strains often possess multiple
plant-growth-promoting (PGP) functions (nitrogen
fixation, phosphate solubilization, siderophore pro-
duction) and have been shown in greenhouse trials
to enhance nutrient use efficiency (of both N and P)
and aboveground biomass in maize [3].

Burkholderia species are versatile endophytic
and rhizosphere colonizers that contribute to plant
growth through nitrogen fixation, siderophore pro-
duction, and ACC deaminase activity, which re-
duces ethylene stress under adverse conditions.
Inoculation with Burkholderia strains has been
shown to enhance nutrient uptake and biomass

production in various crops. Most notably it is re-
lated to tree species. “Compared to the mock-
inoculated plants, strain S39-2-inoculated plants
showed a significantly higher biomass yield, with a
60.4% increase in root biomass and a 44.2% in-
crease in shoot biomass. Strain S39-2 displayed a
clear in planta nitrogenase activity, which was as-
sociated with a 53.5% increase in leaf nitrogen
content over control plants.” [6] (Fig. 5).

1.4. Herbaspirillum seropedicae

Herbaspirillum seropedicae is an endophytic
bacterium that strongly associates with grasses
such as maize, rice, and sugarcane. It colonizes
both the rhizosphere and plant tissues, establishing
endophytic populations that actively fix nitrogen.
“Inoculation with H. seropedicae has been shown to
increase nitrogen content in plants and improve
growth, particularly under nitrogen-limited condi-
tions. Fertilization at 40 kg N ha™ plus bacterial
inoculation produced crop vyields similar to the
treatment with 80 kg N ha™' and increased grain N
content, especially in the off-season with 40 kg N
ha™'. The BNF contributed about 30% of N accumu-
lated in plants inoculated with ZAE94.” [7].

Herbaspirillum seropedicae has been shown to
contribute nearly 25-27% of nitrogen in wheat
shoots and grains via N, fixation when inoculated,
increasing shoot and grain yields by up to 31% in
pot experiments [1].
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1.5. Pseudomonas sp.

While traditionally recognized for biocontrol, cer-
tain Pseudomonas strains also contribute to nitro-
gen fixation. They produce antibiotics, sideropho-
res, and phytohormones, providing both growth
promotion and protection against soil-borne patho-
gens. Inoculation with Pseudomonas strains has
been shown to enhance plant growth and yield,
particularly in integrated nutrient and pest man-
agement systems [9].

In potatoes Biweekly applications of LBUM223
significantly increased potato tuber yield by 46%
(P=0.048) compared with control plots. Results for
the treatment with a single application with
LBUM223 were more variable, even within the
same experimental year, and therefore did not sig-
nificantly differ from the control plots or the ones
having received biweekly inoculations with
LBUM223 [10] (Fig. 6).

1.6. Bacillus sp.

Bacillus species are robust spore-formers, mak-
ing them resilient to environmental stresses and
suitable for long-term storage as inoculants. While
their nitrogen contribution is less studied, they pro-
mote growth through phytohormone production,
nutrient solubilization, and biocontrol via lipopep-
tides and induced systemic resistance (ISR). Field
applications often use spore-based formulations for

Quality attributes References

% increass B B % increase

seed treatment, soil amendment, or foliar sprays,
offering both nutrient and disease management
benefits [11].

1.7. Other diazotrophic bacteria

Science is constantly evolving, and new di-
azotrophic bacteria continue to be discovered that
are not discussed in this article.

Iron-reducing bacteria, Anaeromyxobacter and
Geobacter, are newly found diazotrophic bacteria
predominant in paddy soil. Experimental field of this
study is a long-term (35 years) nitrogen fertilized
(6.0 g N/m2/year) and unfertilized paddy field,
where ca. 70% of rice yield was obtained yearly in
nitrogen unfertilized plot (443 + 37 g/m2) compared
to fertilized plot (642 + 64 g/m?). Effects of long-term
nitrogen fertilization/unfertilization on soil properties
related to BNF were investigated with special refer-
ence to diazotrophic iron-reducing bacteria. It was
concluded that long-term use/unuse of nitrogen
fertilizer in this field did not affect the predominance
and nitrogen-fixing activity of diazotrophic iron-
reducing bacteria, composition of other general
diazotrophs, and the resulting soil nitrogen-fixing
activity. BNF, primarily driven by diazotrophic iron-
reducing bacteria, might significantly contribute to
sustain soil nitrogen fertility and rice yield in both
plot soils [13].
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Fig. 5. PGP effects of non-diazotrophic and diazotrophic isolates on eucalyptus seedlings
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Fig. 6. Total weight of tubers at harvest (week 17).
Pseudomonas fluorescens LBUM223 was inoculated
either once at planting (single app.) or at biweekly
intervals (biweekly app.)

1.8. Gene editing for higher performance of di-
azotrophic bacteria

Gene editing can be used to enhance the per-
formance of diazotrophic bacteria by improving their
nitrogen-fixing efficiency, stress tolerance, and
compatibility with host plants. These genetic modifi-
cations aim to boost crop productivity and reduce
reliance on synthetic nitrogen fertilizers.

Long-term ecological studies in legume-rhizobia
interactions have shown that elevated nitrogen
inputs can lead to the evolution of less cooperative
nitrogen-fixing mutualists. Here we describe how
reprogramming the genetic regulation of nitrogen
fixation and assimilation in a novel root-associated
diazotroph can restore ammonium production in the
presence of exogenous nitrogen inputs. We iso-
lated a strain of the plant-associated proteobacte-
rium Kosakonia sacchari from corn roots, character-
ized its nitrogen regulatory network, and targeted
key nodes for gene editing to optimize nitrogen
fixation in corn. While the wild-type strain exhibits
repression of nitrogen fixation in conditions replete
with bioavailable nitrogen, such as fertilized green-
house and field experiments, remodeled strains
show elevated levels in the rhizosphere of corn in
the greenhouse and field even in the presence of
exogenous nitrogen. Such strains could be used in
commercial applications to supply fixed nitrogen to
cereal crops [14].

We demonstrate that R. sp. IRBG74 can be en-
gineered to result in nitrogenase activity under free-
living conditions by transferring a nif cluster from
either Rhodobacter sphaeroides or Klebsiella oxy-
toca. For P. protegens Pf-5, the transfer of an in-
ducible cluster from Pseudomonas stutzeri and
Azotobacter vinelandii yields ammonium tolerance
and higher oxygen tolerance of nitrogenase activity
than that from K. oxytoca. Collectively, the data

from the transfer of 12 nif gene clusters between 15
diverse species (including Escherichia coli and 12
rhizobia) help identify the barriers that must be
overcome to engineer a bacterium to deliver a high
nitrogen flux to a cereal crop [16].

2. Potential for quantifiable nitrogen fixation.

2.1. Many papers demonstrate positive results

The biological fixation of atmospheric N, is an
essential process in the biosphere, second in im-
portance only to photosynthesis for the mainte-
nance of life on earth [21]. Only a few key genera of
prokaryotic organisms that contain the genetic in-
formation needed to synthesize the enzyme nitro-
genase possess the ability to convert gaseous N,
into NH3 which can then be biochemically modified
to generate different organic forms of N [12].

“Despite the adoption of relatively good man-
agement practices for synthetic N by many cereal-
growers, N use efficiency (NUE) (measured as kg
plant N harvested per kg synthetic fertilizer N ap-
plied) is frequently less than 50% [12]. This ineffi-
ciency in the supply of artificial nitrogen fertilizers
contrasts sharply with the more synchronized re-
lease and uptake of organic nitrogen sources. In
essence, organic nitrogen can be considered
roughly twice as efficient as synthetic fertilizer ni-
trogen in supporting crop growth.

Different methodologies have been employed in
the study of biological nitrogen fixation (BNF) in
both free-living and plant-associated Nj-fixing sys-
tems. As a result, the data are often heterogene-
ous, highlighting the need for simplification and
standardization to enable meaningful comparisons
and draw practical conclusions for farm-level appli-
cations.

Some data come from a mix of controlled envi-
ronment and field investigations using multiple
measurement techniques, such as the recent report
that 29-82% of N acquired by a Mexican indige-
nous maize landrace grown on unfertilized N-
deficient soil over five years appeared to be derived
from BNF [22]. Based on the estimates of %Ndfa
and the amounts of N accumulated by crops it was
calculated that inputs of BNF could have repre-
sented up to 122 kg N ha™ yr'1, although at most
locations determinations were within the range of
4-15kg N ha™” yr' [22].

Most inoculation experiments include uninocu-
lated treatments as “non-fixing” references, while in
15N-based studies comparing crop germplasm
either the cultivar exhibiting the lowest 15N excess
or the measured 15N excess of soil available N
have been used as reference controls. While esti-
mates of extraordinary high %Ndfa values have
been reported (highest values for rice 59%, maize
82% and wheat 85%, most %Ndfa determinations
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for inoculation or cultivar comparisons have been <
33% across all three crops [12].

In flooded conditions under favourable condi-
tions, cyanobacteria can fix 2040 kg N ha™ crop™
[23].

Several studies in rice where N balance calcula-
tions were constructed taking all known N inputs
into account, have indicated positive N balances
ranging from 18 to 51 kg N ha™' crop™'. There have
been fewer similar undertakings for other cereals,
but net N balances have been reported from 13 to
35kg N ha™' crop™ for wheat and 13—26 kg N ha™
crop ' for maize [12].

15N2-labeling field-based growth chamber stud-
ies have been undertaken in China [24-28] which
included measurements of BNF by rice plants
grown close to maturity and those estimates of non-
symbiotic N, fixation ranged from 19 to 51 kg of N
ha™' crop™. One of these studies [25] calculated 23
and 39 kg of fixed N ha™' for the whole plant-soil
systems with inbred japonica (W23) and hybrid
indica (llY) rice cultivars, respectively, but only 1-
2.5% of this fixed N was detected in rice plants or
weeds. This was consistent with earlier conclusions
that much of the non-symbiotic fixed N, enters via
SON rather than directly supporting the nutrition of
the current crop. It is important to note that except
for the study by Zhang et al. [28] all other investiga-
tions were carried out in soil without application of
synthetic N, which is atypical of most rice produc-
tion systems. Zhang et al. [28] reported an 81-86%
reduction in rates of N, fixation when fertilizer N
was applied at rates of 125-250 kg N ha™, yet nifH
copy number increased. Similar 15N2 studies are
also needed for wheat and maize under common
farmer N fertilization practices [12].

Numerous short- and long-term research trials
carried out globally over the last five decades sug-
gested that on an average, wheat, rice and maize
obtained 48% of their N from fertilizer and 52% of N
from soil sources [29. If the native soil organic mat-
ter provided the bulk of this N, the soil N reserves
would be expected to be progressively depleted
over time [31, 32]. Yet a meta-analysis of measured
changes in SON in 114 long-term continuous cereal
experiments conducted globally did not indicate the
anticipated extent of decline [30]. Instead, the soils
cultivated with cereals seemed to have approached
a more-or-less steady state, suggesting that in ad-
dition to fertilizer N, there were other sources of N
inputs provided to cereal-based cropping systems
that contributed to replenishing much of the soil N
either lost or removed in harvested products. Such

other sources of N could include inputs of N via (a)
farm-yard manure, (b) the planted seed, (c) recy-
cling of N from above-ground crop residues, (d)
atmospheric N deposition (via both rain and dust),
and (e) non-symbiotic BNF in soil and plant sys-
tems. After considering the estimates of contribu-
tions of N from all other potential sources, the un-
explained balance representing 24.6% of N re-
moved by cereals was attributed to non-symbiotic
BNF [29]. These calculations implied that BNF
played a key role in maintaining the observed N
equilibrium in the soil N pool under continuous ce-
real cultivation and constant crop management.
(12).

While a theoretical upper limit of 60—-80 kg N ha™
crop'1 has been proposed for non-symbiotic N,
fixation in cereals by assuming there is an abun-
dant population of diazotrophs in and around the
plant and unlimited pools of available C, such high
values are unlikely to be attainable. The BNF po-
tentials listed for aquatic green manures (260 kg N
ha” crop”) and grain legumes (245-290 kgN ha™
crop'1; Table 1) on the other hand are not unprece-
dented or unrealistic, as comparable values have
already been reported in the literature [12].

Commonly reported range in estimates of BNF
(kg N ha™ crop™), proposed potential levels achiev-
able, and the prospective outlook for improving
BNF inputs from various N2-fixing systems (Ta-
ble 1).

2.2. Some studies argue that diazotrophic bacteria
do not fix agronomically significant amounts of at-
mospheric dinitrogen (N,)

While it is widely accepted that there is a diverse
range of bacteria that exist as free-living nitrogen
fixers in soils and as plant endophytes and epi-
phytes, there is some debate as to whether or not
they contribute agronomically significant amounts of
fixed nitrogen to resident plants [17].

We no find unequivocal evidence that these
bacteria fix agriculturally significant amounts of N2
from the atmosphere in non-legumes. Research
since the 1930s has followed repeated, overlapping
cycles that have concluded that plant-growth-
promoting hormones were the primary reason for
crop response to microbial inoculants [15].

However, these studies do not dispute the plant
growth—promoting effects observed; rather, they
attribute them to mechanisms other than biological
nitrogen fixation (BNF).



lliya Rashev, Georgi Dimitrov

Table 1. BNF potential
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real produc- in market and breeding
tivity demand
%Ndfa of 85%, Grain eco- and value
20 kg N fixed per t nomic value
shoot dry matter is highly
accumulated volatile
Many pulses
Nodulated roots are suscepti-
represent 30% of ble to disease
total crop N and insect
pests

Note: Adapted from [12]

3. Practical approach to implementation and
experimentation with PGPR

Since direct measurement of nitrogen fixation ef-
ficiency from plant growth-promoting rhizobacteria
(PGPR) is difficult to assess due to the complex
mechanisms governing nitrogen supply to both
plants and soil, reported values vary widely among
studies—from 3 to 80 kg N ha™' crop™ under non-
flooded conditions, and up to 260 kg N ha™" crop™
in flooded or aquatic systems.

The difference between flooded and not flooded
fields can be attributed to the presence or lack of
oxygen.

Oxygen irreversibly inhibits nitrogenase, even in
aerobic organisms. Therefore, diazotrophs must
employ protection mechanisms to maintain N fixa-
tion when oxygen is present [18].

Clearly, farmers cannot rely on such broad
ranges for practical implementation on their farms.
The heterogeneity in these data is most likely influ-
enced by multiple interacting parameters affecting
the performance and efficiency of free-living nitro-
gen-fixing bacteria. These include the quantity of
soil organic matter and organic carbon, soil physical
and chemical properties, the specific plant-soil—
microbe combination, and the type and rate of ni-
trogen fertilizer applied. Given this multitude of
variables, significant variability in results across
farms is to be expected. Therefore, farmers are
advised to conduct small-scale field ftrials using
PGPR inoculants to identify the optimal balance

between reduced nitrogen inputs, bacterial strain
(or strain combinations), and inoculation rates that
achieve sustainable yields with lower input costs or
improved productivity at reasonable expense.

While many studies have established that non-
symbiotic N, fixation occurs in the soil-plant habitat,
most of them do not represent actual field settings,
for multiple reasons. Trials were often undertaken
at small scale, sometimes crops were also not
grown to maturity, and experimental constraints
may have resulted in sub-optimal plant growth con-
ditions [12].

However it is known that some agronomic prac-
tices can increase BNF efficiency. Especially prac-
tices increasing Soil Organic Carbon (SOC).

The addition of plant- and microbial-derived C
significantly enhanced soil nitrogenase activity
(13~28%) and that microbial-derived C had a more
positive impact. These positive effects were attrib-
uted to the direct C-energy supply (0.49~0.84)
rather than variations in soil microbial activity
(-0.01~0.21) and substrate resources (-0.45~0.27).
Long-term N addition did not inhibit FLNF. C addi-
tion promoted FLNF in soils of the two forests, but
the response rate was higher in the leguminous
forest soils. Our study reveals that increased soil C
availability can drive FLNF in tropical forests, en-
hancing our understanding of the soil C-N coupling
mechanism [19] (Table 2).

Table 2. Agronomic practices with potential to enhance BNF inputs in cereal-based farming systems [12]

Ractice

Likely mechanism for enhancement of BNF inputs

References

Positive changes in diversity and heterogeneity of
rhizosphere diazotrohphic community

Li et al. (2021)

Higher organic matter and substrate inputs in rhizosphere

Zhou et al. (2020)

Zero or reduced tillage

Lower soil nitrate from reduced disturbance of soil organic Peoples et al..,
; L (1995), Torabian et
matter reduces risk of inhibition of BNF al. (2019)

Crop residue retention

Availability of a wide range of C compounds as source of
C and energy substrates by diazotrophs

Roper and Ladha
(1995)

Residue mulch creates conducive microenvironment (i.e.,
moisture conservation, lower O, environment, steady
supply of C) for diazotrophs

Fan et al. (2020)

Crop residue of high C:N (i.e., cereal straw) immobilizes
inorganic N result in stimulation of BNF

Palm et al. (2014)
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Smart synthetic N management

Optimal rate and timely application of synthetic N to cere-
als improves N use efficiency and reduces risk of unuti-
lized fertilizer N inhibiting BNF by diazotrophs during ce-
real phase

Ladha et al. (1998)

Application of biochar

Biochar enriches soil and stores organic C in a form that
provides C and energy source for diazotrophs

Laird (2008)

Biochar immobilizes inorganic N so BNF less likely to be
suppressed

Nelson et al. (2011)

Increases P bioavailability which stimulates BNF

Thies and Rilling
(2009)

Use of manure with or without
inorganic fertilizer.

Enhances soil C storage and nutrient availability after
decomposition which will serve as C and energy source
for diazotrophs

Supports more diverse soil microbial communities and
increases microbial biomass contributing to increase in
BNF

Ladha et al. (2011)

Increased water availability

Drought suppresses BNF process

Controlled water application

Adequate plant-available water via rainfall or irrigation
increases BNF by stimulating plant growth and microbial
activity

‘Saturated soil culture’ (long-term flooding) enhances
nodulation and BNF by soybean

Peoples et al.,
(1995), Santachiara
et al. (2019)

Integration of legume in fallow or
in rotation as part of diversifica-
tion and intensification

Increased frequency of use of legumes in cropping system
results in increased inputs of BNF

Supply of in situ high quality residues with high N concen-
tration and a low C:N ratio improves soil N status

Franke et al. (2018)

Green or brown legume manurea

Increased frequency of use of legumes in cropping system
results in increased inputs of BNF

Becker et al. (1995),
Singh et al. (2009)

Supply of in situ legume residue with high N concentration
and a low C:N ratio improves soil N status

Peoples et al. (2017)

Green manure mulch and brown manuring assist the
management of weeds

Increased frequency of use of legumes in cropping system

Lithourgidis et al.

Intercropping legumes within

results in increased inputs of BNF (2011)
Intercropped legume has higher %Ndfa than legume sole | Bedoussac et al.
crop (2015)

cereals

Increased yield stability and yield per unit area, reduced
pest problems and lower requirements for agrochemicals
and N fertilizer to support cereal yield

Fletcher et al. (2016)

Jensen et al. (2020)

There is another potential uncertainty regarding
the viability of the inoculum.

Although numerous bacterial and cyanobacterial
inoculation trials have been conducted, and inocu-
lants have been commercialized in many countries
[33, 34], as far as we are aware few studies have
observed consistent results or conclusively demon-
strated the successful manipulation of non-
symbiotic N, fixation inputs in cereals with conven-
tional inoculation technologies under field condi-
tions [35, 36]. Experience with rhizobial inoculants
for legumes has demonstrated that a range of di-
verse factors (i.e., edaphic, biotic, climatic) can limit
the effectiveness of inoculation, but that poor inocu-
lum production, storage and/or application practices
can also be responsible for many inoculation fail-
ures and inconsistent results [37-39]. The same
challenges face the establishment and survival of
sufficient populations of any new inoculant di-
azotroph species or strains within the existing soil

microbial community that might be necessary to
elicit an inoculation response.(12)

4. Conclusion

Based on the reviewed literature, the following
recommendations are proposed for farmers consid-
ering the implementation of plant growth-promoting
rhizobacteria (PGPR) to reduce nitrogen fertilizer
costs:

— Set realistic expectations.

— PGPR inoculation should not be expected to
deliver miraculous results. A reasonable ex-
pectation for an outcome is either a 5-20%
yield increase at the current fertilizer applica-
tion rate, or the possibility to reduce nitrogen
fertilization by up to 20% while maintaining
the same yield. Under specific favourable
conditions, higher responses may occur.

— Identify conditions favourable to PGPR activ-

ity.
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— Free-living PGPR bacteria perform best in
unfertilized fields, soils with disturbed or de-
pleted biological activity, and soils with high
organic carbon (SOC). In other words, they
tend to show greater effectiveness under ex-
tensive rather than intensive management
systems.

— As noted, “Normally, heterotrophic free-living
diazotrophs are active, fixing N2 in surround-
ings rich in organic C and low in N.” [12].

— Do not rush into full-scale application of
PGPR or discontinue nitrogen fertilization en-
tirely.

— At present, the author has not encountered
consistent evidence showing that crops in-
oculated with free-living nitrogen-fixing PGPR
achieve higher yields than well-fertilized con-
trol treatments. However, there is strong and
consistent evidence supporting a reasonable
5-20% reduction in nitrogen fertilization

when substituted with nitrogen-fixing PGPR
inoculation, without compromising yield per-
formance.

— Recognize the importance of soil-plant—
microbe compatibility.

— The efficiency of PGPR depends on the spe-
cific interaction between the soil, crop spe-
cies, and bacterial strain. Farmers are there-
fore encouraged to establish small test plots
using different strains or strain combinations
to identify the most effective inoculant for
their conditions. Because each field has
unique characteristics, the optimal solution
cannot be prescribed universally by agrono-
mists or product vendors—on-farm trials are
essential before scaling up.

Suggested test plot design for evaluating PGPR

inoculation efficiency under farm conditions (Ta-
ble 3).

Table 3. Suggested on-farm test plot design prior to large-scale implementation of PGPRB treatment

';IOt Nitrogen fertilization level . PGPR. Purpose/Notes
o. inoculation
1 None None Absolute control — baseline for natural soil fertility.
2 Regular (current farmer’s rate) | None Standard management — yield reference for comparison.
3 None Applied Tests effect of PGPR alone without N input.
4 20% lower than regular None Measures yield response to reduced N without PGPR.
5 20% lower than regular Applied Tests PGPR’s ability to compensate for modest N reduction.
6 50% lower than regular None Evaluates the threshold of N limitation without PGPR.
7 50% lower than regular Applied ;I'ests PQPR efficiency at strong N reduction; identifies potential
or substitution.

Different PGPR strains and strain combinations
should each be tested in separate sets of the above
treatments to determine the most effective inoculant
for local soil and crop conditions.

The literature indicates that the greatest per-
centage increases occur in extensive, non-fertilized
fields; however, these systems still fail to reach the
high yields achieved in well-fertilized fields. An eco-
nomic evaluation is therefore required to determine
whether an extensive system could be more profit-
able than an intensive one.

This plot design will generate sufficient data not
only to evaluate the effectiveness of PGPR inocula-
tion, but also to assess the efficiency of current
nitrogen fertilization practices, which in many cases
exceed economically justified levels.

Consider the broader potential of PGPR.

The benefits of PGPR extend beyond nitrogen
fixation alone. They can contribute to disease sup-
pression, enhanced stress tolerance, phytohor-
mone production, and improved nutrient mobiliza-
tion, offering a holistic approach to sustainable crop
productivity.
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CBOBOAHO XUBEELUN ASOTOPUKCUPALLUN PASTEX-NMOANMOMAIALLU
PU3OBAKTEPUWN: EKOJIOTMYHU POJTU U NPUNOXEHUA

Unua Pawes, Neopru Jumutpos
INlecoTtexHuyecku yHusepcurtet, Cocusa, bbunrapus

Pe3tlome

KopeHwuTe Ha pacTeHusaTa ca obutaBaHu OT ronsmMo pasHoobpasne OT MUKPOOPraHU3Mu, HAKOM OT KOMTO Ca MONesHn
3a pacTexa Ha pacTeHusiTa U ca U3BECTHM KaTo pusobakTepun, CTUMynupalim pactexa Ha pacteHusta (PGPR). Cso-
604HO XuBeelwmTe 1N acoumaTMBHNTE a3oTUKCUpalLyM pacTexa Ha pacteHusTa ctuMmynupawm pusobaktepun (PGPR)
npeacTtaenssaTt obellasalla ycTolymMBa anTepHaTMBa Ha XMMUYECKUTE TOPOBE, KaTo OcUrypsisaT BUONMormMiyHo drkcmpaH
a3oT (N2) m MHOXecTBO AeNHOCTW, CTMMynuMpalyM pacTexa Ha pacTeHusita. Bupoete Azospirillum, Azotobacter,
Herbaspirillum seropedicae, Burkholderia, Pseudomonas u Bacillus ca nokasanu cnocobHocTTa aa dumkcupaTt a3oT npu
HEeCUMOMOTUYHM UMK cnNabo CMMOMOTUYHM OTHOLLEHMS C HEMEryMUHO3HU KyNTypu, Aa npoussexgaTr (uToXopMoHu, Aa
pa3TBapaT docdop, Aa noTUcKaT natoreHn n aa nogobpssat yCTOMYMBOCTTa KbM CTpec. Ypes Te3an MHOronocoYHu
B3aumopgencteus, PGPR He camo nogobpsiBaT yCBOSIBAHETO Ha XpaHUTENHW BELLECTBA, HO M yKpeneaT 3aliuMTtata Ha
pacTeHvaTa, AONPUHACAVKM 3a MO-34paBK U NO-yCTOMYMBM KyNTypu. Bunpekn mHorobponHute obHagexaasalum oTKpu-
TS, BCe OLLe CbLUEeCTBYBaT Npean3BMKaTencTsa nNpn TOMHOTO onpefensHe Ha epeKTMBHOCTTA Ha dmkcaumaTa Ha a3oT
nopagu orpomHaTa CIOXHOCT Ha B3aMMOAEWCTBMSTA B noyBeHaTa b6roma 1 pa3HoobpasHuTe MexaHU3Mu, Ype3 KOUTO
H6akTepuuTe BNUAST Ha dusmonoruaTa Ha pacTeHuaTa. Llenta Ha ToBa npoyyBaHe € Aa Ce MpeacTaBW MpakTUYecKu
CpaBHUTENEH aHanu3, KOWTO Aa nomorHe Ha pepmepute Aa pas3bepaT kak moraT edpekTMBHO fa HamansaT ynotpebara
Ha XMMHUYeckn Topose Ypes npunaraHe Ha PGPR uHokynauum.

KnrouoBu aymu: Rhizobacteria, azotodukcmpaHe, PGRP.



