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by genetic analysis of functional markers, microbiological study of strain viability, and analytical determination
of available nutrients and plant productivity. The combination of nitrogen-fixing, phosphate-mobilising, and
biostimulating microorganisms ensured the development of stable microbial communities capable of increasing
the bioavailability of nutrients and crop productivity. When Azospirillum brasilense was used on non-legume crops,
the concentration of ammonium compounds in the rhizosphere increased by up to 40%, which was accompanied by
an increase in nitrogen nutrition. The use of phosphate-mobilising bacteria allowed reducing the rate of phosphate
fertiliser application by 25-40% without loss of yield. Overall, the use of biological products on cereals, legumes,
and vegetables reduced the need for chemical fertilisers by 20-30% without reducing agronomic efficiency.
Stabilisation of microorganisms through microencapsulation ensured increased survival in the soil environment
and uniform distribution in the rhizosphere, while spray drying enabled the production of powdered forms of
biological products with a long shelf life. The combination of microbial preparations with nanoforms of mineral
fertilisers contributed to the uniform release of nutrients, which positively influenced their assimilation, although
the exact coefficients of this process were not presented in the study. The practical significance of the findings
obtained lies in the possibility of targeted development of biological products with the predicted ability to increase
the uptake of nitrogen and phosphorus by plants, reduce the need for mineral fertilisers, and ensure stable crop
productivity under intensive farming conditions

Keywords: biotechnology products; consortium; nitrogen fixation; phosphorus mobilisation; biologically active

substances; microencapsulation, gene expression

INTRODUCTION

Recently, modern biotechnology products have been
increasingly used in various branches of agriculture.
For example, feed additives are widely used in animal
husbandry to increase production efficiency (Tsvihun et
al., 2025), and in crop production, the technology of us-
ing phytopreparations of microbiological origin, such as
azo-fixing, phosphate-mobilising bacteria and microor-
ganisms, is becoming increasingly widespread, which
leads to increased plant productivity and ensures the
production of environmentally friendly food products of
animal and plant origin (Panfilova et al., 2025). Balanced
plant nutrition is ensured by the interaction of the root
system with rhizosphere microorganisms, which affect
the availability of nutrients, plant metabolism, and
stress resistance. Nitrogen fixers, phosphate-mobilising
bacteria, and microorganisms that produce phytohor-
mones and exopolysaccharides promote the develop-
ment of the root system and improve the absorption of
macro- and microelements (Doolotkeldieva & Bobushe-
va, 2024). Microbial biological products help to control
these processes, but their effectiveness depends on the
composition, interspecies interaction of strains, and the
ability to colonise the rhizosphere. The development of
stable consortia requires an understanding of the mo-
lecular mechanisms that regulate the adaptation of mi-
croorganisms to different soil and climatic conditions.

International organisations, such as the Food
and Agriculture Organization (2025) and the Or-
ganisation for Economic Co-operation and Develop-
ment (OECD) (2019), support research into the devel-
opment of biological products aimed at increasing
agricultural production efficiency and reducing depend-
ence on mineral fertilisers. Horizon Europe (n.d.) pro-
grammes are aimed at exploring the genetic potential of
microorganisms,optimising their biochemical pathways,

and creating stable microbial consortia for diverse types
of agroecosystems. Biotechnological research in recent
years has opened new opportunities for the develop-
ment of microbial products with improved properties
(Borko et al., 2025). The optimisation of biotechnologi-
cal processes that ensure the increased viability of ben-
eficial microorganisms and their resistance to external
factors has become one of the key areas, as confirmed
by YuV. Karlash and V.O. Krasinko (2022). The research-
ers proposed an approach to preserving the functional
activity of microorganisms in biological products for a
long time. O.P. Tkachuk et al. (2020) presented new eco-
logical aspects of the use of biological products in agri-
culture, particularly their role in reducing the chemical
load and improving the bioavailability of macro- and
microelements. The study proved the ability of biologi-
cal products to maintain the biodiversity of agroecosys-
tems, which changes approaches to their use. Of value
is the contribution of LV. Havryliuk et al. (2022), who
substantiated the mechanisms of formation of stable
microbial associations in the root zone of plants, which
increases their tolerance to phytopathogens. For the
first time, the effectiveness of biologically based crop
cultivation technologies in different soil and climatic
conditions of Ukraine was assessed, which enables the
adaptation of microbial consortia to concrete agroe-
cosystems, as demonstrated by O.A. Kovalenko (2021).

V.Sharma et al.(2020) substantiated the role of ben-
eficial microorganisms in stimulating plant growth and
protecting them from abiotic stresses, specifically by
regulating genetic signalling pathways. The researchers
were the first to detail the effects of microbial consortia
on the expression of genes responsible for stress adap-
tation. The analysis of meta-omics studies by B.S. Adel-
eke and 0.0. Babalola (2022) showed that endophytic
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microorganisms form stable associations with plants,
improving their nutrition and resistance to pathogens.
This study identified genes that determine the effec-
tiveness of microbial interactions in host plants. A sig-
nificant addition to this topic was the study by M. Fo-
mina and |. Skorochod (2020), which established the
mechanisms of interaction between microorganisms
and clay minerals, which affects the dynamics of trace
elements in the soil. These findings are valuable for the
development of biological products with improved ad-
sorption properties that provide a longer-lasting effect
in the soil environment.

In addition, studies by N. Nikonchuk and
M. Samoilenko (2024) revealed that the use of biologi-
cal preparations during the growing season of tomatoes
contributed to an increase in the above-ground mass
and a decrease in the percentage of roots to the to-
tal mass of the studied varieties, in addition, the effect
of biological preparations on the yield of the studied
tomato varieties was proven. P. Vidhyasekaran (2024)
proposed innovative approaches to improving plant re-
sistance to bacterial pathogens, showing that the use
of biotechnologically modified microbial preparations
can activate the innate immunity of plants. This opens
prospects for the development of biological products
with targeted effects on the signalling molecular cas-
cades of defence. S. Dymytrov and V. Sabluk (2023) in-
troduced a new approach to the biological correction of
agro-photosynthetic productivity through the optimisa-
tion of microbial processes in the rhizosphere, which
confirmed the significance of symbiotic relationships
in improving plant metabolism. X. Wei et al. (2024) ob-
tained essential data on the use of microbial fertilisers
in improving soil health and plant resistance to adverse
conditions. This study confirmed the mechanisms that
contribute to the development of a favourable micro-
bial environment in the soil, ensuring the long-term
effect of the use of biological products in agriculture.

Despite active research in this area, the mecha-
nisms of interspecies interaction of microorganisms in
soil communities, which determines the effectiveness
of biological products in natural conditions, is still un-
derstudied. The purpose of this study was to systematise
molecular-genetic and biotechnological approaches to
the development of complex microbial preparations for
balanced plant nutrition.

MATERIALS AND METHODS

In the course of the theoretical and analytical study, a
set of general scientific methods was employed to fa-
cilitate a structured analysis of molecular-genetic and
biotechnological approaches to the development of
microbial preparations for balanced plant nutrition. The
use of these methods ensured a comprehensive study
of the processes associated with microbial interactions
in the rhizosphere, as well as the possibilities of their
practical application in agriculture. All generalisations
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were made solely based on scientific publications, with-
out the involvement of official statistical or information
platforms. The use of the analysis method helped to in-
vestigate the molecular genetic mechanisms of micro-
organisms in soil ecosystems. The impact of bacterial
signalling pathways on the expression of genes respon-
sible for nitrogen fixation, phosphate mobilisation, and
phytohormone synthesis was examined. The literature
review also helped to assess the relationship between
the species composition of microbial preparations and
their functional efficiency under soil and climatic con-
ditions, including the level of bacterial adaptation to
environmental variables. The genetic analysis assessed
the level of expression of stress-associated genes (dnak,
groEL) responsible for molecular chaperonin support
and heat shock adaptation of microorganisms. RT-qgPCR
with specific primers for the corresponding operons was
used for quantitative assessment.

Based on the analysed literature, the study syn-
thetised the data on the specific features of microbial
preparations functioning in the rhizosphere, including
the patterns of their colonisation, metabolic activi-
ty, and interspecific interaction, which form the basis
of their agronomic efficiency. This helped to identify
the principles of their development, interaction with
plant root systems, and potential efficiency in various
soil and climatic conditions. Additionally, information
on the mechanisms of interaction between microor-
ganisms in biological products was processed, which
helped to combine the available information into a
single theoretical framework. To develop this model,
the study used sources published mainly in 2019-2025,
covering the findings of research conducted in the Unit-
ed States, China, the United Kingdom, the Netherlands,
France, Nigeria, and Ukraine, which ensured a wide
geographical and methodological range of scientific
approaches. Induction and deduction methods were
employed to logically substantiate the relationship be-
tween the physiological and biochemical characteris-
tics of microorganisms and their ability to form stable
biological products. The inductive approach helped to
compare data from individual experimental studies and
formulate general statements about the role of micro-
bial consortia in improving plant mineral nutrition. The
deductive method was used to test these statements in
the context of known molecular mechanisms of inter-
action between microorganisms and plants.

The comparison method helped to evaluate the
features of distinct approaches to the development
of microbial biological products, considering their ef-
fectiveness, resistance to external factors, and inter-
action between strains in consortia. The analysis was
conducted at the level of functional groups of bac-
teria without focusing on commercial products. The
functional activity of bacteria expressing nitrogen fix-
ation (nif) genes in Azotobacter, Rhizobium, Bradyrhizo-
bium, phosphate mobilisation (ppk, pho) in Bacillus,




Pseudomonas, Burkholderia, and phytohormone biosyn-
thesis (ipd, tdc) in Pseudomonas, Enterobacter, Bacillus
was analysed.The selection of strains and target genes
was based on the analysis of literature sources, where
these microorganisms demonstrated the highest ac-
tivity in the relevant metabolic processes, the ability
to colonise the rhizosphere stably, and adaptability to
various soil conditions. The ability of microorganisms
to colonise the rhizosphere, form biofilms, and adapt
to changing environmental conditions was assessed
through the expression of regulatory genes [uxR-lux/
(Quorum Sensing) in Sinorhizobium, Pseudomonas, Ba-
cillus, rpoN (nitrogen metabolism) in Rhizobium, Azoto-
bacter,Pseudomonas, and phoB (phosphate metabolism)
in Pseudomonas, Bacillus, Burkholderia. The comparison
helped to analyse the differences between biological
products containing single strains of microorganisms
and complex consortia, as well as to assess the ef-
fects of different formulations of biological products
(liquid, granular, microencapsulated) on their stability
and efficacy in the field.

The generalisation method was employed to iden-
tify the key regularities that explain the functioning of
microbial biological products in the soil environment.
Particular attention was paid to the processes of rhiz-
osphere colonisation, interspecific competitive interac-
tions of microorganisms, and their ability to synthesise
biologically active compounds that determine the ef-
fectiveness of consortia. Based on the analysis of these
factors, a unified conceptual model describing the inte-
grated effect of microbial preparations in agroecosys-
tems was formed. The potential of genetic technolo-
gies, particularly CRISPR-Cas, for targeted modification
of metabolic pathways responsible for the synthesis of
phytohormones, rhizosphere colonisation, and adapta-
tion to external stressors was analysed separately. The
systematisation method was applied to classify modern
approaches to the improvement of microbial biologi-
cal products. This approach analysed genetic, physio-
logical, biochemical, and technological strategies for
improving the viability of microorganisms, including
encapsulation, freeze-drying, and the use of nanostruc-
tured carriers that ensure the stability of consortia in
the field. This systematisation helped to substantiate
the practical feasibility of each approach depending on
the type of crop, soil and climatic conditions, and the
target functionality of the preparation.

LibreOffice Calc software (version 7.6) with basic
functions of filtering, sorting, and structuring informa-
tion according to the purpose of this study was used to
process literature data, create tables, and logically clas-
sify microbiological traits. The integrated application of
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these methods provided a comprehensive analysis of
the mechanisms of action of microbial biological prod-
ucts, an assessment of their effectiveness in improving
nutrient absorption and the development of recom-
mendations for optimising their composition.

RESULTS

Genetic mechanisms of microorganisms functioning
in the plant rhizosphere. The functional activity of
rhizosphere microorganisms is regulated by complex
interactions between genes that control biological ni-
trogen fixation, phosphate mobilisation, phytohormone
synthesis, and adaptation to environmental conditions.
The severity of these processes depends on the level
of expression of the corresponding genes and the ac-
tivity of regulatory signalling pathways. It was found
that plant root exudates can modulate the expression
of key functional genes, changing the metabolic status
of bacterial populations (Liu et al., 2022; Horizon Eu-
rope, n.d.). The analysis of the expression of nif genes
responsible for nitrogen fixation showed that their ac-
tivity is most pronounced in Rhizobium and Azotobacter,
which is explained by their specialisation in biological
assimilation of atmospheric nitrogen. In Rhizobium, the
level of nif expression was 1.8 relative units, while in
Azotobacter it was 1.2, which is consistent with their
adaptation to legumes, where they form nodules, and
nitrogen-deficient conditions for free-living forms
(Hakim et al., 2021).

Phosphate mobilisation in the rhizosphere is con-
trolled by the pho and ppk genes, which regulate the bi-
oavailability of phosphate compounds. The high activ-
ity of pho genes in Pseudomonas and Bacillus indicates
their ability to dissolve inorganic phosphorus through
the synthesis of phosphatases. In Pseudomonas, pho ex-
pression reached 1.7 units, while ppk - 1.5, in Bacillus -
1.3 and 1.2, respectively, indicating a strong potential
for phosphate mobilisation. In Burkholderia, the expres-
sion of ppk reached 1.0, which confirmed its value in
polyphosphate accumulation and long-term nutrition
(Kong & Liu, 2022). The synthesis of phytohormones,
particularly auxins and cytokinins, is regulated by the
ipd and tdc genes. The greatest levels of expression of
these genes were observed in Pseudomonas (1.8 for ipd,
1.6 for tdc) and Bacillus (1.4 for ipd, 1.5 for tdc), which in-
dicated their effectiveness in stimulating plant growth.
Studies found that ipd expression in Pseudomonas puti-
da leads to the accumulation of indole-3-acetic acid,
which regulates the development of the root system.
The pronounced activity of tdc in Bacillus confirmed its
potential in the synthesis of cytokinins that promote
cell proliferation (Table 1).

Table 1. Expression level of key genes in different rhizosphere microorganisms (relative units)

Gene group

Function

Type of microorganisms

Nitrogen fixation genes (nif)

Fixation of atmospheric nitrogen and
formation of ammonium compounds

Azotobacter, Rhizobium, Bradyrhizobium
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Table 1. Continued

Gene group

Function

Type of microorganisms

Phosphate mobilisation genes (ppk, pho)

Dissolution of inorganic phosphorus and
increased availability

Bacillus, Pseudomonas, Burkholderia

Genes for phytohormone biosynthesis (ipd,

Synthesis of auxins, cytokinins, and other
tdc) phytohormones

Pseudomonas, Enterobacter, Bacillus

Genes of Quorum Sensing signalling
pathways (LuxR-luxI)

Regulation of metabolic gene expression
in response to the environment

Sinorhizobium, Pseudomonas, Bacillus

Genes for the regulation of nitrogen
metabolism (rpoN)

Control over the expression of nitrogen
fixation and biofilm formation genes

Rhizobium, Azotobacter, Pseudomonas

Genes regulating phosphate metabolism
(phoB)

Regulation of phosphate metabolism and
rhizosphere colonisation

Pseudomonas, Bacillus, Burkholderia

Source: compiled by the authors based on S. Hakim et al. (2021), V.V. Gupta and A.K. Sharma (2021), Z. Kong and

H. Liu (2022)

The analysis of the structural distribution of key
genes among rhizosphere microorganisms revealed
the presence of species specialisation in function-
al areas. Specifically, the highest activity of nif genes
related to atmospheric nitrogen fixation was found
in Rhizobium and Azotobacter, which are the leading
symbiotic and free-living nitrogen fixers, respectively.
Pseudomonas and Bacillus dominate in the mobilisa-
tion of hard-to-reach phosphorus, as they can express
the pho and ppk genes responsible for the dissolu-
tion of inorganic phosphates and the accumulation of
polyphosphates. Pseudomonas and Bacillus, which con-
tain the ipd and tdc genes, are considered to be the key
organisms in the synthesis of auxin and cytokinin phy-
tohormones. The greatest level of regulatory activity of
the luxR-lux! signalling complex responsible for Quo-
rum Sensing mechanisms was found in Sinorhizobium
and Pseudomonas. The rpoN gene, which regulates the
expression of metabolic pathways in response to ni-
trogen deficiency, is best represented in Rhizobium
and Pseudomonas, while the phoB gene, responsible

B Azotobacter B Rhizobium B Pseudomonas

L. Jidi L

COoo Rk
owWono N

Expression level
(relative units)

for rhizosphere colonisation and adaptation to phos-
phate deficiency, was found in Pseudomonas, Bacillus,
and Burkholderia. These observations indicate the pre-
dominance of Pseudomonas and Bacillus as universal
candidates for the development of multifunctional bi-
ological products with predictable effects.

The regulation of the expression of these genes is
controlled by global signalling systems, including luxR-
lux1, rpoN, and phoB. The lux gene was activated at 1.4
in Pseudomonas and 1.1 in Bacillus, demonstrating the
ability to coordinate metabolism through Quorum Sens-
ing. The luxR-lux/ signalling pathway associated with the
Quorum Sensing mechanism regulates biofilm formation
and coordinates the expression of metabolic genes in
response to the population density of microorganisms.
The rpoN gene is the primary regulator of nitrogen me-
tabolism and is activated in Rhizobium and Azotobacter
during nitrogen deficiency. The expression of phoB in
Pseudomonas and Bacillus correlates with the availabil-
ity of phosphate in the environment, which allows these
bacteria to effectively adapt to soil conditions (Fig. 1).

Bacillus m Burkholderia

i Ji

phoB

.JI JI

tdc rpoN

Rhizosphere genes

Figure 1. Expression level of key genes in rhizosphere microorganisms (relative units)
Source: compiled by the authors based on J. Ge et al. (2023), Q. Saeed et al. (2021)

The analysis of gene expression levels in different
microorganisms indicated differential functional ac-
tivity of rhizosphere bacteria depending on their eco-
logical specialisation. The greatest level of expression
of nif genes responsible for biological fixation of at-
mospheric nitrogen with the development of ammoni-
um was found in Rhizobium (1.8 units) and Azotobacter
(1.2 units), which indicates their ability to effectively
provide plants with nitrogen, especially in legumes
(for Rhizobium) and non-legumes (for Azotobacter).

Scientific Horizons, 2025, Vol. 28, No. 8

The maximum activity of pho genes, which encode
phosphatases for dissolving inorganic phosphorus,
was recorded in Pseudomonas (1.7 units) and Bacillus
(1.3 units), which ensures increased bioavailability of
phosphate in deficient conditions. The ppk gene, which
regulates polyphosphate metabolism, was the most
active in Pseudomonas (1.5 units), reflecting the ability
to accumulate phosphate reserves for a long time. In
the group of phytohormone-associated genes, the ex-
pression of ipd (indole-3-acetic acid synthesis) in Pseu-




domonas reached 1.8 units, while tdc (cytokinin path-
way) in Bacillus reached 1.6 units, which explains the
high biostimulatory activity of these strains. The regula-
tory gene lux,which coordinates the expression of other
genes in response to quorum sensing, had the greatest
activity in Pseudomonas (1.4 units), indicating the abil-
ity of these bacteria to communicate effectively within
consortia. The rpoN gene, which is critical for nitrogen
metabolism and biofilm formation, showed the greatest
expression in Rhizobium (1.7 units) and Pseudomonas
(1.3 units), indicating their resistance to stressful con-
ditions. For the phoB gene, which regulates phosphate
metabolism, the leading position belonged to Pseu-
domonas (1.6 units), which allows these microorganisms
to respond quickly to phosphorus deficiency in the soil.

Root exudates directly affect the expression of bac-
terial genes. It was proved that in the presence of ex-
udates rich in organic acids, the activity of pho genes
in Pseudomonas increases 3-4 times, which helps to
improve phosphorus nutrition of plants. Analogous-
ly, phenolic compounds stimulate the expression of
luxR-lux! in Sinorhizobium, which increases the level of
colonisation of the root zone (Saeed et al., 2021). The
analysis of the data shows that the functional activity
of microorganisms in the rhizosphere is determined by
the interaction of genetic mechanisms, regulatory path-
ways, and environmental factors. It was found that the
combination of bacteria with different metabolic pro-
files allows creating more stable microbial consortia.
The genetic specialisation of microorganisms in the
rhizosphere is of key significance for the development
of effective biological products that optimise plant nu-
trition in different agroecosystems.

Biotechnological approaches to the creation of com-
plex microbial consortia. The development of effective
biological products is based on the combination of mi-
croorganisms with varying functional characteristics, op-
timisation of cultivation and stabilisation methods, and
the use of modern genetic technologies to improve their
properties. Complex microbial consortia demonstrate an
advantage over monocultures due to the synergistic ef-
fect of distinct groups of microorganisms, which increas-
es their adaptability to soil conditions and the stability
of the biological product (Food and Agriculture Organ-
ization, 2025). The functional specialisation of bacteria
determines their role in biological products. Nitrogen
fixers (Rhizobium, Azotobacter, Bradyrhizobium) provide
biological fixation of atmospheric nitrogen through the
expression of nif genes, which is critical for balanced
plant nutrition. Phosphate mobilisers (Pseudomonas,

Karatieieva et al.

Bacillus, Burkholderia) expressing pho and ppk genes con-
tribute to the dissolution of poorly available phosphate
compounds, increasing the level of available phospho-
rus. Microorganisms capable of producing biologically
active substances (Pseudomonas, Enterobacter, Bacillus)
synthesise auxins and cytokinins using ipd and tdc genes,
which stimulates the development of the root system.
The optimum interaction between these groups of bac-
teria ensures the increased effectiveness of biological
products in agroecosystems (Kapoore et al., 2021).
Various methods of cultivation and stabilisation are
used to maintain the viability of microorganisms and
increase their stability in biological products. One of
the most effective approaches is microencapsulation,
which involves coating microorganisms with a protec-
tive polymeric shell. This technology protects bacteria
from unfavourable environmental factors, increases
their survival in the soil, and promotes their even dis-
tribution in agroecosystems. Encapsulation in biopoly-
mer matrices markedly improves the colonisation of the
rhizosphere by microorganisms, which was confirmed
by experimental studies (Saberi-Riseh et al, 2021).
An alternative method of stabilisation is lyophilisation,
which allows moisture to be removed by freezing in a
vacuum environment. This ensures the long-term pres-
ervation of bacterial activity without loss of functional-
ity after reconstitution in an aqueous medium. The ad-
dition of cryoprotectants, such as polyethylene glycol
and sucrose, improves the survival of microorganisms
after drying and long-term storage (Balla et al., 2022).
At the stage of mass production of biological products,
fermentation cultivation is used to ensure high produc-
tivity of bacterial strains under controlled conditions.
This method allows producing large volumes of micro-
organisms with predictable biological properties.
Spray drying is used to increase the shelf life of the
products after cultivation, which allows producing the
products in powder form with high stability (Isman-
zhanov & Tashiev, 2016). Another effective technolo-
gy is granulation, which involves the incorporation of
bacteria into solid carriers, which protects them from
degradation and ensures their gradual release into the
soil. Granulated biological products are easy to use and
ensure high survival of microorganisms in natural con-
ditions. One of the most promising areas of microbial
stabilisation is to stimulate the development of biofilms,
which increases their resistance to external factors and
promotes effective colonisation of the rhizosphere. Bac-
teria that form biofilms demonstrate better competitive-
ness and a greater level of biological activity (Table 2).

Table 2. Methods of cultivation and stabilisation of microorganisms in biological products

Method Working principle

Advantages Limitations

Coating of microorganisms

Microincapsulation with a protective polymer layer

Protection against stress factors,

High cost, need

prolonged activity for special equipment

Moisture removal by freezing

Lyophilisation and vacuum drying

Long-term preservation

Requires cryoprotectants,

of bacterial viability possible loss of activity

Scientific Horizons, 2025, Vol. 28, No. 8
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Table 2. Continued

Method Working principle Advantages Limitations
Fermentation Mass cultivation of bacteria in a High performance, controlled Requires sophisticated equipment,
cultivation liquid medium conditions high energy consumption
Spray drying Conversion of bacterial Long-term storage, easy transport Loss of some viable cells

suspension into dry powder

Production of dry granules with

Granulation . . .
incorporated microorganisms

Easy to apply to the soil, stable in

Limited choice of media, risk of

storage reduced activity

Stimulation of bacterial biofilm

Aggregation in biofilms development

Protection against adverse
conditions, synergy between

Difficult to control in a production

. environment
strains

Source: compiled by the authors based on N.S. McCarty and R. Ledesma-Amaro (2018), S. Rai and R. Prasad (2023)

The analysis of the above methods of cultivation
and stabilisation of microorganisms shows that the
choice of approach depends on the specifics of the bio-
logical product, its storage conditions, and application
features. Microencapsulation and lyophilisation are the
most effective methods for preserving the viability of
bacteria in commercial biological products. Enzymatic
cultivation and spray drying provide high production
efficiency, although they may be accompanied by a
loss of bacterial viability. Granular biological products
are convenient to use, but their effectiveness depends
on the composition of the carrier. The aggregation of
bacteria in biofilms is a promising area that increases
the adaptability of microorganisms, although its large-
scale application is limited by technological difficulties.

Modern biotechnological approaches involve the
use of genetic engineering methods, such as CRIS-
PR-Cas, to modify microorganisms and increase their ef-
fectiveness in biological products. Editing the nif genes
in Azotobacter vinelandii allows increasing the nitrogen
fixation, which helps to improve nitrogen nutrition of
plants. The use of CRISPR-Cas also opens opportunities
to regulate the expression of pho genes in Pseudomonas
fluorescens, which enhances the bacteria’s ability to mo-
bilise phosphorus in the soil. The genetic improvement
of microorganisms is also aimed at increasing their
resistance to stress factors, particularly by modifying
luxR-lux! in Bacillus subtilis, which improves biofilm for-
mation and bacterial survival in the field (Gholizadeh et
al., 2020). The combination of various bacterial strains
in consortia, optimisation of their preservation meth-
ods, and the use of modern molecular genetic technol-
ogies allow developing effective biological products
that can adapt to diverse soil and climatic conditions.
The development of synthetic biology also opens op-
portunities to create synthetic microbial communities
characterised by specified properties that can be used
to optimise biological processes in the rhizosphere. The
use of the latest biotechnologies in the development
of microbial preparations can markedly increase their
effectiveness, which is a promising area for the devel-
opment of sustainable agriculture.

Effect of microbial preparations on nutrient uptake
by plants. The efficiency of nutrient uptake by plants
largely depends on the activity of the rhizosphere

Scientific Horizons, 2025, Vol. 28, No. 8

microbiota, which affects the bioavailability of macro-
and microelements, modifies soil chemical properties,
and creates optimised conditions for plant growth. The
use of microbial-based biological products helps to im-
prove mineral nutrition of plants through biochemical
and physiological mechanisms that ensure the mobili-
sation of nutrients in the rhizosphere. Studies confirmed
that the use of microbial consortia on cereals, legumes
and vegetables substantially reduces the need for
chemical fertilisers without losing agronomic efficien-
cy. Specifically, in the field conditions, the use of stabi-
lised strains of Azospirillum brasilense and Pseudomonas
fluorescens for wheat (Triticum aestivum) and soybeans
(Glycine max) reduced the rate of nitrogen and phospho-
rus fertiliser application by 25%. On tomatoes (Solanum
lycopersicum) and cucumbers (Cucumis sativus) in green-
house conditions, the consortium of Bacillus subtilis +
Burkholderia cepacia increased phosphorus uptake by
30% and reduced the need for phosphate fertilisers by
20-25%. For legumes, specifically Vicia faba, the use of
Rhizobium leguminosarum in central black soil provided
full coverage of nitrogen fixation needs without sup-
plementing with nitrogen compounds (Das et al., 2022).

One of the key mechanisms for increasing the bio-
availability of macro- and microelements is biological
nitrogen fixation. Nitrogen-fixing bacteria (Rhizobium,
Azotobacter, Bradyrhizobium) express nif genes that en-
sure the conversion of atmospheric nitrogen into forms
available for plant uptake. Symbiotic strains of Rhizo-
bium that interact with legumes form nodule struc-
tures that fix N,, which markedly reduces the need for
chemical nitrogen fertilisers. For non-legumes (wheat,
maize, rice), the use of associative nitrogen fixers, such
as Azospirillum brasilense, increases the concentration
of ammonium compounds in the rhizosphere by up to
40% (Etesami & Adl, 2020). Another essential mech-
anism is the dissolution of inorganic phosphorus and
its mobilisation. Some strains of Pseudomonas, Bacillus,
and Burkholderia produce organic acids (gluconic, citric,
oxalic) that convert phosphates into a water-soluble
form, increasing their availability in the soil. The high
expression of pho and ppk genes in these microorgan-
isms correlates with an increase in the concentration
of available phosphorus in the root nutrition zone. The
combined use of phosphate-mobilising microorganisms




with mineral fertilisers increases the efficiency of the
latter, allowing the rate of phosphorus compounds ap-
plication to be reduced by 15-25% without losing their
availability to plants (Das et al., 2022).

Apart from macronutrients, microorganisms also
affect the availability of trace elements such as iron
(Fe), zinc (Zn), and manganese (Mn). Some bacteria
(Pseudomonas, Enterobacter) synthesise siderophores,
low-molecular-weight compounds that chelate Fe*
ions, converting them into a form accessible to plants.
This is crucial for crops growing on carbonate soils
with low levels of available iron. The use of sidero-
phore-forming bacteria in crops such as Zea mays and
Oryza sativa can reduce chlorosis symptoms by 30-40%
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(Zulfigar et al., 2019). Microbial consortia also change
the structural and functional characteristics of the rhiz-
osphere, which contributes to improved nutrient up-
take. The production of exopolysaccharides by bacteria
(Bacillus, Sinorhizobium) contributes to the development
of biofilms that regulate the water balance in the soil
and protect the root system from stress. Furthermore,
microbial biopreparations can increase the permeabil-
ity of root membranes, stimulating the expression of
genes responsible for the transport of nutrients into
the plant (Mustafayeva et al., 2011). For example, the
treatment of wheat seeds with Pseudomonas and Ba-
cillus consortia helps to intensify root growth and in-
crease water and nutrient uptake (Table 3).

Table 3. Effect of microbial preparations on nutrient absorption

Group of microorganisms Function

Resulting effect on plants

Rhizobium, Azotobacter,
Bradyrhizobium

Fixation of atmospheric nitrogen
(nif genes)

Increased nitrogen levels in the soil,
reduced fertiliser requirements

Pseudomonas, Bacillus,
Burkholderia

Phosphate dissolution (pho, ppk genes)

Increased phosphorus availability, stimulation
of root growth

Pseudomonas, Enterobacter

Synthesis of siderophores for Fe3* chelation

Improved iron absorption,
increased resistance to chlorosis

Bacillus, Sinorhizobium

Production of exopolysaccharides,
biofilm development

Protection of the root system, improvement
of the water regime

Source: compiled by the authors based on F. Zulfigar et al. (2019), H. Etesami and S.M. Adl (2020), B. Hamid et al. (2021)

A comparative analysis of the effectiveness of dis-
tinct groups of microorganisms shows that biological
products that combine nitrogen fixers, phosphate mo-
bilisers, and sulphur-forming bacteria have the most
comprehensive effects on plant nutrition. The combina-
tion of these groups not only reduces dependence on
fertilisers but also improves the structure of the rhiz-
osphere and increases plant resistance to adverse con-
ditions. Specifically, nitrogen fixers interact best with
phosphate mobilisers, as the application of biological
products combining Rhizobium and Pseudomonas helps
to increase the content of available nitrogen and phos-
phorus in the soil. At the same time, competition be-
tween distinct species of microorganisms for nutrients
can affect the stability of the biological product. Genet-
ic editing of microorganisms using CRISPR-Cas opens
new opportunities to optimise their interactions and
improve the effectiveness of biological products.

The use of modern biotechnological products in
agriculture helps reduce dependence on chemical fer-
tilisers while supporting the sustainable development
of agroecosystems (Bolokhovsky et al., 2024). Combined
microbial consortia, including nitrogen fixers, phos-
phate mobilisers,and bacteria that produce biologically
active compounds, help improve plant nutrient uptake
and increase yields without significantly depleting soil
resources. The inclusion of microorganisms capable
of developing biofilms and synthesising siderophores
in biological products increases their effectiveness in
various soil and climatic conditions. The use of these

technologies in agriculture helps to increase plant pro-
ductivity and provides environmentally friendly mineral
nutrition management strategies.

Optimisation of the composition of microbial
preparations to increase efficiency. The effectiveness
of microbial biopreparations is determined by the abil-
ity of microorganisms to adapt to soil conditions, their
competitiveness in the rhizosphere, and the interaction
between species within consortia. Optimisation of the
composition of biological products is aimed at select-
ing microorganisms capable of stable colonisation of
the root zone, efficient use of available resources, and
synergistic interaction to improve plant nutrition. One
of the key factors that determines the competitiveness
of microorganisms in soil is their ability to quickly
adapt to changing environmental conditions, includ-
ing humidity, pH, macro- and microelements, as well
as competition with autochthonous microflora. Studies
found that bacterial strains with prominent levels of
rpoN and phoB gene expression demonstrate a better
ability to colonise the rhizosphere, as they regulate the
synthesis of exopolysaccharides and provide resist-
ance to soil stress factors (Sorbara & Pamer, 2022). An-
other valuable characteristic of microorganisms is the
efficiency of their movement in the soil, which is deter-
mined by cell size, hydrophobicity of surface proteins,
and the ability to actively chemotaxis. For instance,
Pseudomonas bacteria, due to their high mobility, reach
the root zone faster and have an advantage in compe-
tition for nutrients compared to less mobile Bacillus

Scientific Horizons, 2025, Vol. 28, No. 8

109



110

Molecular-genetic and biotechnological foundations for the development...

strains (Gammack et al., 2021). In the composition of
biological products, special attention is paid to the in-
teraction between microorganisms - both synergistic
and antagonistic effects. Some bacteria form mutually
beneficial associations, for instance, the combination
of Rhizobium (nitrogen fixers) and Pseudomonas (phos-
phate mobilisers) helps to increase the availability
of nutrients for plants. At the same time, antagonis-
tic interactions between antibiotic-producing bacteria
(Streptomyces, Bacillus) and phytopathogens can in-
crease the bioprotective properties of biological prod-
ucts (Philippot et al., 2023).

Antagonism in microbial consortia can also nega-
tively affect the effectiveness of biological products. For
example, Pseudomonas bacteria produce toxic metabo-
lites that can inhibit the growth of some beneficial mi-
croorganisms, which limits the possibility of their com-
bination in consortia. Controlling antagonistic effects
is a crucial task when formulating biological products
and can be achieved by selecting strains with minimal
negative interactions (Peterson et al., 2020). Strategies

for adapting biological products to diverse soil and cli-
matic conditions include the selection of strains that
are resistant to extreme environmental factors, such as
drought, salinity, and high acidity. For example, the use
of heat- and osmosis-resistant strains of Bacillus and
Azospirillum can increase the effectiveness of biologi-
cal products in regions with a lack of moisture. Studies
show that modification of stress-associated gene ex-
pression factors, such as dnaK and groEL, can increase
the survival of microorganisms under adverse condi-
tions (Malik et al., 2019). The use of biological prod-
ucts in different soil types requires adaptation of their
composition. In chernozems with a high humus content,
beneficial microorganisms colonise the rhizosphere
more effectively, while in sandy and infertile soils, the
stability of microbial preparations depends on the ad-
dition of biopolymer carriers that protect bacteria from
dehydration. The application of microorganisms in such
soils is often combined with organic fertilisers, which
increases the survival rate of bioagents and the effi-
ciency of nutrient uptake (Table 4).

Table 4. Factors affecting the effectiveness of microbial preparations

Factor

Impact on the effectiveness
of biological products

Examples of microorganisms

Competitiveness

Regulates the ability
to colonise the rhizosphere

Pseudomonas, Bacillus, Azotobacter

Mobility in soil

Determines the speed
of reaching the root zone

Pseudomonas, Rhizobium

Interaction of microorganisms

Synergy or antagonism between species
in consortia

Rhizobium + Pseudomonas (synergy),
Pseudomonas + Bacillus (anatagonism)

Stress resistance

Ability to survive in adverse conditions

Bacillus, Azospirillum

Soil conditions

Affects the stability of microorganisms

Black soils: high colonisation, sandy soils:
dependence on carriers

Source: compiled by the authors based on A.A. Malik et al. (2019), S.B. Peterson et al. (2020)

The data analysis shows that the combination of
microorganisms with complementary functions ensures
stable colonisation of the root zone and maximum use
of available nutrients. The use of strains with high mo-
bility in the soil, resistance to stress factors, and mini-
mal antagonistic effects is a crucial criterion for the de-
velopment of biological products. Optimisation of the
composition of biological products may also include
the use of genetically modified strains with enhanced
expression of genes responsible for stress resistance
and rhizosphere colonisation. For example, modifica-
tion of the rpoN gene in Pseudomonas fluorescens can
increase the level of biofilm development, which im-
proves the bacteria’s competitiveness in soil conditions.
Further improvement of biopreparations involves the
selection of microbial consortia based on soil and cli-
matic characteristics and the potential for interaction
between strains. The use of adapted microbial prepara-
tions helps to increase the efficiency of nutrient uptake,
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reduce dependence on chemical fertilisers, and im-
prove the environmental sustainability of agricultural
systems. The development of new consortia that com-
bine microorganisms with different functional charac-
teristics is a key approach to creating highly effective
biological products for agricultural production.
Environmental aspects of the use of microbial
preparations and environmental protection. The use
of microbial biological products in modern agriculture
contributes to the preservation of soil biodiversity, re-
duces dependence on mineral fertilisers, and improves
crop adaptation to changing environmental condi-
tions. Due to their ability to improve the physical and
chemical properties of soil and maintain the stability
of agroecosystems, biological products are considered
a promising tool for increasing the sustainability of
agricultural technologies (Organisation for Econom-
ic Co-operation and Development, 2019; Horizon Eu-
rope, n.d.). One of the major environmental effects of




biological products is their influence on the biodiver-
sity of soil microbial communities. The introduction
of beneficial bacteria helps to increase the number
of microorganisms that perform important ecosystem
functions, including decomposition of organic matter,
nitrogen fixation, and mobilisation of mineral com-
pounds (Kuts et al., 2023). For instance, the use of Bacil-
lus subtilis and Pseudomonas fluorescens stimulates the
development of microorganisms that produce enzymes
to decompose organic residues, improving humus de-
velopment and soil structure. At the same time, exces-
sive use of biological products can cause the displace-
ment of autochthonous microbiota, which can alter the
ecological balance of soil microorganisms and cause
effects analogous to those of intensive agrochemical
use (Elnahal et al., 2022).

Another significant aspect is the reduced need for
mineral fertilisers due to the ability of microorganisms
to improve nutrient uptake. Nitrogen fixers (Rhizobium,
Azotobacter, Bradyrhizobium) provide fixation of atmos-
pheric nitrogen, which reduces the need for synthet-
ic nitrogen fertilisers. Phosphate-mobilising bacteria
(Pseudomonas, Bacillus, Burkholderia) help convert in-
soluble forms of phosphorus into a form available to
plants, which reduces the use of phosphate fertilisers
by 25-40% without losing crop productivity. This not
only reduces farmers’ costs but also minimises water
pollution and prevents eutrophication processes that
occur when mineral fertilisers are overused (Castigli-
one et al., 2021). Microbial biopreparations also reduce
the environmental impact of agriculture, as they do not
accumulate in the soil and do not cause long-term deg-
radation of soil ecosystems. Unlike mineral fertilisers,
which can leach out of the soil and into groundwater,
microorganisms can develop stable colonies in the
rhizosphere, providing a prolonged effect. The use of
microbial consortia enables a long-lasting effect of im-
proved nutrient uptake, which ensures a more balanced
use of resources (Kosovska et al., 2022).

Practical aspects of introducing biological products
into modern agricultural technologies include the se-
lection of optimum application methods, adaptation of
the composition of biological products to specific soil
and climatic conditions, and introduction of microbial
products into integrated fertilisation systems. In prac-
tice, biological products can be applied by treating
seeds, inoculating the root system, or applying them to
the soil as part of tank mixtures, which enables the most
efficient use of their effect (Zakharchuk et al., 2019).
Studies show that the use of biological products in
combination with organic fertilisers can increase crop
yields by 15-30% by improving mineral nutrition and
stimulating root development (Bonaterra et al., 2022).
Another essential element of the successful introduc-
tion of biological products is cost-effectiveness. Initial
costs for the production and use of biological prod-
ucts may be greater than for mineral fertilisers, but
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their long-term effects, improved soil properties, and
reduced need for repeated application compensate for
these costs. The use of biological products in organic
farming is becoming the primary method of ensuring
effective mineral nutrition for plants, as it eliminates
the use of synthetic fertilisers and pesticides. Organic
producers are actively introducing microbial prepara-
tions as an alternative to chemical growth stimulants,
which confirms their valuable role in the development
of sustainable agriculture (Tiwari, 2022).

The widespread use of biological products also con-
tributes to increasing the resistance of crops to stress
factors. Inoculant bacteria can increase plant resistance
to drought, salinity, and low temperatures through the
synthesis of osmoprotectants, auxins, and polyamines.
For example, consortia of Bacillus and Pseudomonas
bacteria increase the drought resistance of wheat and
soybeans, which helps reduce the negative impact of
climate change on yields. The inclusion of microor-
ganisms in agrobiotechnological crop management
programmes is becoming an indispensable tool for
increasing the adaptive potential of crops in changing
environmental conditions (Kundius, 2021). The use of
microbial biological products in agriculture helps to re-
duce the adverse environmental impact of agricultural
production, improve soil microbiota, and increase the
efficiency of nutrient uptake by plants. Their integration
into agrotechnology allows creating more environmen-
tally friendly and cost-effective fertilisation systems
that ensure sustainable agricultural production and
maintain a balance in agroecosystems.

DISCUSSION

The analysis of the obtained findings helped to assess
the mechanisms of influence of microbial biological
products on nutrient uptake and plant adaptation to
soil conditions. The study found that the effectiveness
of biological products is determined by the combi-
nation of functionally distinct microorganisms, their
competitiveness, and ability to colonise the rhizos-
phere. Comparison with other studies allows identify-
ing shared patterns and differences in the mechanisms
of action of microbial consortia. The obtained findings
confirmed the significant role of functional genes of
microorganisms in improving nutrient uptake by plants
and the formation of stable microbial consortia in the
rhizosphere. The high level of nif gene expression in
Rhizobium and Azotobacter contributed to the increase
in the efficiency of biological nitrogen fixation, which
is consistent with the findings of Q. Liu et al. (2022),
who found a correlation between the activity of these
genes and an increase in the production of ammoni-
um compounds. Analysis of the expression of ppk and
pho genes in Pseudomonas and Bacillus showed their
key role in the mobilisation of inorganic phosphates,
which was confirmed by S. Hakim et al. (2021), who
described the intensive involvement of phosphate
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pathways in microbial rhizosphere metabolism. The
study of ipd and tdc genes in Pseudomonas demonstrat-
ed their valuable function in the synthesis of auxins
and cytokinins, which is consistent with the results of
Z.Kong and H. Liu (2022), who noted the significant im-
pact of microbial phytohormone biosynthesis on plant
adaptation to stressful conditions.

Regulatory mechanisms of microbial signalling
pathways also played a crucial role in the stability of
consortia in the rhizosphere. The study found that the
expression of rpoN and phoB in Pseudomonas and Rhizo-
bium contributed to the adaptation of microorganisms
to changing environmental conditions and stimulat-
ed the development of stable microbial communities,
which is consistent with the findings of J. Ge et al. (2023),
who pointed out the criticality of regulatory pathways
in ensuring the viability of microorganisms in soil. The
combination of microbial strains with diverse functions
in consortia improved complex nutrient uptake, which
was supported by the findings of Q. Saeed et al. (2021),
who reported that nitrogen fixers, phosphate mobi-
lisers, and biostimulatory bacteria interact effectively
to improve plant growth characteristics. The findings
highlighted the value of an integrated approach to the
development of microbial biological products, factoring
in the molecular genetic characteristics of bacteria and
their ecological interaction in soil ecosystems.

The findings demonstrated the significance of an
integrated approach to the formation of microbial con-
sortia in biological products. It was confirmed that the
combination of nitrogen fixers, phosphate mobilisers,
and producers of biologically active compounds pro-
vides a synergistic effect that increases the efficiency
of nutrient uptake by plants. This is in line with the
findings of R\V. Kapoore et al. (2021), who proved that
the cultivation of microorganisms with different func-
tional characteristics contributes to the development of
stable microbial communities that adapt to soil condi-
tions. The pronounced level of rhizosphere colonisation
depended on the ability of bacteria to develop biofilms
and interact through signalling molecules,which is con-
sistent with the data from R. Saberi-Riseh et al. (2021),
who described the positive effect of microencapsulated
microorganisms on the stability of biological products.
The present study also confirmed that the bioencapsu-
lation of Pseudomonas and Bacillus bacteria contributed
to their survival in adverse conditions and prolonged
action in agroecosystems, which is consistent with the
findings reported by A. Balla et al. (2022).

The optimisation of biological products also includ-
ed the use of synthetic biology and genetic engineering
methods to improve the properties of microorganisms.
The use of CRISPR-Cas allowed modifying the expres-
sion of genes regulating nitrogen fixation, phosphorus
mobilisation, and synthesis of signalling molecules,
as confirmed by N.S. McCarty and R. Ledesma-Ama-
ro (2018). Genetically modified strains demonstrated
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increased competitiveness in the rhizosphere, provid-
ing more efficient nutrient uptake, which is consistent
with the findings of S. Rai and R. Prasad (2023). Editing
of luxR-luxl in Sinorhizobium and Bacillus increased the
level of biofilm formation, ensuring stable soil colonisa-
tion, which was also confirmed in the study by P. Gholi-
zadeh et al. (2020). Microbial biopreparations ensured
efficient absorption of nutrients by plants due to the in-
teraction of diverse groups of microorganisms. The use
of nitrogen fixers, phosphate mobilisers, and biostimu-
lating bacteria increased the bioavailability of macro-
and microelements, as described by P.P.Das et al. (2022),
who emphasised the significance of a three-way in-
teraction between plants, soil, and microorganisms to
improve mineral nutrition. As reported by H. Etesami
and S.M. Adl (2020), rhizobacteria that stimulate plant
growth can change the metabolism of the root system,
activating the mechanisms of efficient nutrient uptake.
The combination of biological products with mineral
fertiliser nanoparticles ensured the gradual release of
nutrients into the rhizosphere, which increased their
effectiveness, as reported by F. Zulfigar et al. (2019). Bi-
ostimulatory bacteria also played a significant role in
increasing plant resistance to abiotic stresses through
the synthesis of phytohormones and stimulation of root
development. Analogous mechanisms were considered
by B. Hamid et al. (2021), who pointed out the major
impact of microbial consortia on plant adaptation to
adverse conditions. The obtained findings confirmed
the prospects of using microbial biological products to
increase the efficiency of mineral nutrition and the pro-
ductivity of agroecosystems.

Optimisation of the composition of microbial bi-
ological products required considering the competi-
tiveness of microorganisms in soil conditions and their
ability to effectively colonise the rhizosphere. M.T. Sorb-
ara and E.G. Pamer (2022) confirmed that the success-
ful adaptation of microorganisms to agroecosystems
depends on their interaction with the autochthonous
microbiota and the ability to form stable communi-
ties. It was found that the mobility of microorganisms
in the soil, their penetration into the rhizosphere, and
their fixation in the root zone were determined by the
physical and chemical properties of the soil and the
type of microbial interactions, as reported by S.M. Gam-
mack et al. (2021). Apart from the physical barriers,
microbial competition and antagonism played a signif-
icant role, affecting the survival of strains in biologi-
cal products. L. Philippot et al. (2023) showed that the
active functioning of microbial consortia depended
on their interaction with soil minerals and the avail-
ability of organic material. A prominent aspect was
also the ability of microorganisms to produce antimi-
crobial compounds, which allowed them to suppress
competitive species, as reported by S.B. Peterson et
al. (2020). Consideration of these factors in the devel-
opment of biological products allowed increasing their




effectiveness by optimising the ratio between coopera-
tive and antagonistic interactions in microbial consor-
tia. A.AA. Malik et al. (2019) also pointed to the signifi-
cance of environmental specialisation of strains, which
determined their ability to function for a long time in
various soil and climatic conditions.

The use of microbial biological products in agricul-
ture contributed not only to improving nutrient uptake
but also to maintaining the ecological balance of agro-
ecosystems. A.S.M. Elnahal et al. (2022) confirmed that
biologicalinoculants play a key role in stimulating plant
growth and protecting against phytopathogens, which
reduces the need for synthetic fertilisers and protection
products. The use of microbial biostimulants contrib-
uted to the accumulation of biologically active com-
pounds that positively influenced plant metabolism, as
described by A. Castiglione et al. (2021). The interaction
of biological products with soil microbial communities
was crucial for maintaining soil fertility. N. Kosovska et
al. (2022) found that the use of biological products in
combination with nanofertilisers changed the compo-
sition and functional activity of the microbiome, which
ensured optimum plant nutrition.

The use of biological products in plant protec-
tion against pathogens was considered an effective
method of reducing the chemical burden on agroe-
cosystems. A. Bonaterra et al. (2022) confirmed that
bacterial biological products can inhibit the growth
of pathogens through the production of antimicrobial
compounds and competition for nutrients. Additional-
ly, the study found that the integration of biological
products into organic production contributed to the
efficiency of agro-technologies, which is consistent
with the findings of V. Kundius (2021), who proved
that biointensive technologies can markedly improve
yields without harming the environment. The further
development of organic farming is based on the intro-
duction of biotechnological solutions that minimise
the dependence on chemical fertilisers, as discussed
in V. Kundius’s study. The findings confirmed the pro-
nounced efficiency of microbial biological products
in increasing crop productivity and maintaining the
ecological stability of agroecosystems. The study con-
firmed that the effectiveness of microbial biological
products depends on their composition, properties of
microorganisms, and soil conditions. The combination
of nitrogen fixers, phosphate mobilisers, and biostim-
ulants improved nutrient uptake and plant resistance.
The use of genetic engineering and microencapsu-
lation increased the viability of microorganisms and
their effectiveness in various agroecosystems. The in-
teraction of biological products with the rhizosphere
microbiome ensured the development of stable con-
sortia and improved soil fertility. The data obtained
confirmed the prospects of improving the composition
of biological products for their widespread use in sus-
tainable agriculture.
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CONCLUSIONS
The study summarised the mechanisms of action of mi-
crobial biological products on plant nutrition, establish-
ing that their effectiveness depends on the composition
of consortia, the level of expression of key genes, and
the ability of microorganisms to colonise the rhizos-
phere in a stable manner. The study found that biologi-
cal products containing nitrogen-fixing (Rhizobium,Azo-
tobacter), phosphate-mobilising (Pseudomonas, Bacillus)
and biostimulating microorganisms (Burkholderia, En-
terobacter) contribute to a comprehensive improvement
in the uptake of macro- and microelements by plants.
The integration of microorganisms with distinct func-
tional properties enables a synergistic effect that pro-
motes more efficient nutrient uptake and increased
plant stress resistance. Analysis of the genetic mech-
anisms of rhizosphere microorganisms confirmed that
the effectiveness of microbial biological products is
determined by the expression of genes that control ni-
trogen fixation (nif), phosphate mobilisation (pho, ppk)
and phytohormone synthesis (ipd, tdc). The greatest ac-
tivity of nif genes was observed in Rhizobium and Az-
otobacter, which was explained by their adaptation to
nitrogen fixation, especially in symbiotic interactions
with legumes. The study found that plant root exudates
modulate the expression of functional genes, which af-
fects the metabolic status of bacterial populations and
their competitiveness in the rhizosphere. Pseudomonas
and Bacillus demonstrated the greatest activity of pho
and ppk genes, which contributed to the mobilisation of
phosphorus and improved its bioavailability for plants.

The optimisation of biological products involved
the use of microencapsulation and Llyophilisation,
which prolonged the viability of microorganisms and
ensured their stability in soil conditions. The combina-
tion of microbial biological products with nanoparti-
cles of mineral fertilisers contributed to the gradual
release of nutrients, which improved their absorption
and reduced the loss of elements to the environment.
The study found that the integration of phosphate-mo-
bilising bacteria Pseudomonas fluorescens with bioavail-
able phosphates increased the efficiency of phosphorus
uptake, which is crucial for improving plant nutrition.
The data obtained suggest that the combination of mi-
crobiological, genetic, and technological approaches
enables the creation of more stable and effective bio-
logical products for crops.

The present study was theoretical and based on
the generalisation of scientific data, which may limit its
application in practical agricultural technologies. The
findings obtained require experimental confirmation
in real field conditions to assess the effectiveness of
the proposed biological products in various agroeco-
systems. Further research is recommended to focus on
the experimental verification of theoretical conclusions
through field trials in diverse soil and climatic condi-
tions. A prominent area is to evaluate the effectiveness
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AHoTauif. [JocnigpKeHHs CnpsIMOBaHE HA BUM3HAYEHHS MOMEKYNSPHO-TEHETUYHUX MEXAHI3MIB, LLO PEerynorThb
(dYHKLIOHaNbHY aKTUBHICTb MiKpOBHMX NpenapaTiB y pu3ocdepi pocinMH. MeTogonoria BkAoYana aHanis ekcnpecii
KIOYOBUX reHiB,NOPIBHAHHS eDEeKTUBHOCTI Pi3HUX LUTAMIB MiIKPOOPraHi3MiB Y 'PYHTOBOMY CEPEAOBMLLI,y3arafbHEHHS
(aKTopiB, W0 BNAMBATL HA CTAbiNbHICTL GionpenapaTiB, Ta cMCTEMaTM3aL,it0 JAHWX A/19 BCTAHOBNEHHS B3aEMO3BA3KY
MiX reHeTUYHMMM MEeXAHI3ZMaMM Ta arpOHOMIYHMMM NOoKa3HMKaMK. OTpUMaHi pesynsTaTv NiATBEPAMIN, LLO eKCnpecis
K/II0UYOBMX FeHiB, BIANOBIAANbHMX 3a dikcalito a30Ty, Mobinizauito docdopy Ta cMHTE3 BIONOrIYHO aKTUBHUX CMONYK,
BM3Ha4ya€e edeKTUBHICTb BioNOriYHMX npenapaTiB y I'PyHTOBOMY CepefoBMLi, Wwo 6yno BepudiKOBAHO LWASAXOM
reHEeTUYHOrO aHanizy GYHKUiOHANbHUX MapKepiB, MiKpobionoriyHOro AOCNILKEHHS XUTTE3ZATHOCTI WTaMiB i
aHaNITUYHOrO BM3HAYEHHS BMICTYy LOCTYMHWUX €NEeMEHTIB XXMB/EHHS Ta MPOLYKTUBHOCTI pocauH. KoMBiHyBaHHS
a3oTdikcyumx, dochaTmMobinizyoumx i 6ioCTMMyNoUYMX MiKpOOpraHi3mis 3abe3neyyBano GopMyBaHHS CTABINbHUX
MiKpPOBGHMX CMiNbHOT, 34aTHMUX NiABULLYBATU BIOLOCTYMNHICTb €/1IEMEHTIB XMBEHHS Ta NPOAYKTUBHICTb KynbTyp. [pn
3actocyBaHHi Azospirillum brasilense Ha He6060BMX KynbTypax KOHLEHTpaLis aMOHiMHMX cnonyk y pusocdepi
3poctana no 40 %, Wwo cynpoBOAXKYBaNOCS NMOCUIEHHSM a30THOTO XXMBNEHHS. BukopuctaHHa docdaTtmobinizyroumnx
HakTepilt 4O3BONSAN0 3MEHLMUTU HOPMY BHECEHHS DOCHOPHMX L06PMB Ha 25-40 % He3 BTpaT BPOXAMHOCTI. 3aranom,
3acTocyBaHHs HionpenapaTiB Ha 3epHOBMX, 60OOBMX Ta OBOYEBMX KyNbTypax 3abe3neyyBano CKOPoO4eHHs noTpebu
y XiMiyHux pobpusax Ha 20-30 % 6e3 3HWKeHHS arpoHOMiYHOi edekTuBHOCTI. CTabinizauis MikpoopraHi3mis
WASXOM MiKpoiHKancynauii 3abesneyyBana nNiABULLEHY BWXMBAHICTb Y 'PYHTOBOMY CepefoBMLi Ta PiBHOMIipHe
NOLIMPEHHS B 30HI pu3ocdepu, TOAI 9K CNper-CyLiHHA A03BOASN0 OTPUMMATH MOPOLLKOBI Gopmu Bionpenaparis
i3 TpuBanMM CTpoKOM 36epiraHHs. No€eaHaHHA MIKpOOGHUX npenapaTiB i3 HaHohOpMaMu MiHepanbHUX L0OpMB
CNpUsN0 PiBHOMIPHOMY BWBINbHEHHIO €IEMEHTIB XMBMEHHS, LWO MO3MTUBHO BMJIMBANO HAa X 3aCBOEHHS, X0o4a
TOYHI KoeiLi€EHTM LbOro npouecy y poboTi He HaBeneHi. [TpakTMYHE 3HAYEHHS OTPMMAHMX Pe3y/bTaTiB NONArae
y MOX/IMBOCTI LiilecnpsiMoBaHoi po3pobku BionoriyHnx npenapaTiB i3 NPOrHO30BaHOK 3AaTHICTIO MiABWLLYBATH
3aCBOEHHS a30Ty Ta hocdopy poCMHAMK, 3HUXKYBATV NOTpeby B MiHepanbHMX A0OpMBax Ta 3abe3neyyBaTh cTabinbHy
NPOAYKTUBHICTb CiIbCbKOrOCNOAAPCbKMX KYNbTYp B YMOBaX iHTEHCMBHOMO 3eMnepobcTBa

KniouoBi cnoBa: npoayktu 6ioTexHonorii; KOHCopLiyM; dikcauia a3oTy; Mobinizauis dpocdopy; 6ionoriyHo akTUBHI
PeYoBMHU; MIKPOIHKAMNCYNALISHK eKcnpecisi reHiB
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