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Abstract. The study aimed to assess the impact of microbial preparations on the structural and
functional characteristics of the potato rhizosphere metagenome and the associated changes in
plant growth and productivity. Within the framework of the vegetation experiment, whole-genome
metagenomic profiles of the potato rhizosphere were obtained for five variants: untreated, three
separate microbial preparations, and their combination. A total of 11.8 million sequencing reads were
obtained, which underwent basic quality filtering; 2,950 taxonomic units were identified, taxonomic
and functional annotation was performed, diversity indices were calculated, and a correlation analysis
with morphological and yield indices was conducted. The study determined that representatives of the
Proteobacteria, Actinobacteriota, Bacteroidota and Firmicutes types dominated in all variants, with a
total share exceeding 80% of the metagenome structure, while the use of microbial preparations was
accompanied by an increase in species richness and diversity: the Shannon index increased from 4.82 in
the control to 5.12-5.18 in the experimental variants, and the Chaol richness estimate increased from
830 to 960-975 taxa. An increase in the proportion of genera associated with plant growth was observed,
as well as in the relative number of genes associated with nitrogen fixation, phosphorus mobilisation,
potassium transport, sulphur assimilation and stress resistance, with maximum values in the variants
with the third preparation and its combination with the first. These options ensured an increase in
tuber weight per plant to 495-510 g and an increase in the proportion of medium and large fractions
of the harvest, with correlation coefficients between the total proportion of beneficial microorganisms,
functional genes and productivity reaching 0.6-0.7. The results obtained showed that targeted microbial
treatment can form a rhizosphere metagenome with increased biotechnological potential and can be
used by practising agronomists, developers of microbial preparations, potato breeders, and specialists in
integrated soil fertility management to optimise microbial consortia in potato cultivation technologies

Keywords: variant; quantity; type; genus; nitrogen fixation; phosphorus

Suggested Citation:

Overchenko, V., & Kolomiets, Yu. (2025). Biotechnological aspects of the formation of the metagenome of potato
rhizosphere microorganisms under the influence of microbial preparations. Biological Systems: Theory and Innovation,
16(4), 71-89. doi: 10.31548/biologiya/4.2025.71.

*Corresponding author

@ Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0009-5435-6815
https://orcid.org/0000-0002-1919-6336
https://bioscience.com.ua/en

P

R aN

Biotechnological aspects of the formation...

INTRODUCTION

The research relevance is determined by the need
to improve methods of managing the rhizosphere
microbiome of cultivated plants, in particular po-
tatoes, to increase their productivity and resist-
ance to stress factors. Modern agricultural technol-
ogies, such as biological preparations, genetically
modified organisms (GMOs), robotisation and au-
tomation of agricultural processes, are aimed at
integrating biological preparations containing
beneficial microorganisms to optimise plant nu-
trition processes, stimulate their growth and im-
prove soil fertility. Biological products can be used
to improve the structure of the rhizosphere micro-
biome, which in turn affects the morphological and
productive indicators of plants. Genetically modi-
fied plants improve resistance to pests and diseas-
es, reducing the need for chemical agents. Robo-
tisation and automation of agronomic processes
reduce labour costs and improve the accuracy of
operations, which contributes to more efficient
crop cultivation. The use of biological products, in
particular to improve the rhizosphere microbiome,
has the potential to change the composition of mi-
crobial communities, which can lead to improved
plant health and higher yields. Research into the
metagenomic profile of rhizosphere microorgan-
isms further contributes to the analysis of their
functional potential, creating new opportunities
for the introduction of innovative biotechnolo-
gies in agriculture and contributing to the sus-
tainable development of agricultural production.

The effect of microbial preparations on the
response of potato varieties to treatment with ni-
trogen-fixing bacteria and mycorrhiza was studied
in a paper by V. Kovalenko et al. (2024). The study
determined that the use of microbial preparations
improves potato growth and productivity by pro-
moting more efficient nitrogen use. A. Melnyk &
M. Kyryk (2020) analysed the effectiveness of bio-
logical preparations in reducing potato alternaria
in the forest-steppe zone of Ukraine. The study
found that the use of biological preparations re-
duces disease incidence and improves crop qual-
ity, confirming the potential of biological agents
in crop production. M.O. Kiroyants (2024) studied
the formation of the barley rhizosphere microbi-
ome under different fertiliser systems in typical
chornozems. The study determined that the type
of fertiliser affects the composition of microbial

communities, which is relevant for an increase in
soil fertility and crop yields.

Microbial diversity and dynamics of pota-
to rhizosphere communities during cultivation
were assessed in a study by Q. Hou et al. (2020).
The study determined that the potato microbiome
undergoes significant changes depending on ag-
ronomic factors, which affect its health and pro-
ductivity. Additionally, the study demonstrated
that the most pronounced changes in microbial
communities occurred in the early stages of plant
development, while after flowering, the structure
of the microbiome became relatively more stable.
P.Lu et al. (2023) studied the metagenomic analy-
sis of the tobacco rhizosphere. The study demon-
strated changes in microbial communities under
the influence of root nematodes, confirming the
influence of the microbiome on the regulation
of plant stress resistance. The study also noted
that the structure and functional potential of the
rhizosphere bacterial community statistically cor-
related with the degree of damage by root nem-
atodes. Changes in the microbial community in
different underground compartments of potatoes,
which affect crop yield and quality, were evaluat-
ed in a study by G. Chen et al. (2022). The study
proved that changes in the microbiome can direct-
ly correlate with the agronomic characteristics of
potatoes. A clear difference in microbiota between
compartments (rhizosphere, tuber surface, soil)
and regions was also shown, with soil nutrients
and pH being the key factors of variation. A re-
view of current metagenomic approaches to stud-
ying microbial diversity in the rhizosphere was
conducted by B. Rajguru et al. (2024). The study
considered the use of metagenomic technologies
to assess the functional capabilities of the micro-
biome, which provides a complete overview of its
impact on plants. The advantages and limitations
of the approaches (shotgun metagenomics vs. 16S
profiling) and their suitability for interpreting the
functions of the microbiome, particularly in the
context of nutrition and disease suppression, were
systematised separately.

The assessment of the potato rhizosphere
microbiome during bacteriophage therapy was
conducted by S. Mousa et al. (2022). During the
analysis, scientists discovered the possibility of
modifying the microbial community to improve
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plant health. Additionally, the study demonstrated
that phage cocktails after infection with bacteri-
al pathogens provided a better effect in reducing
disease manifestations compared to monophages,
confirming the controllability of rhizosphere mi-
crobiota as an element of biocontrol. N. Imam et
al. (2021) determined that the properties of local
microbiome networks in the soil are predictive
factors for potato yield. This statement emphasis-
es the role of the microbiome in agronomic per-
formance. The study demonstrated that combin-
ing NGS data and bioinformatics with the Random
Forest model provided high accuracy (84.6%) in
distinguishing between low/high yield plots, with
the network characteristics of fungal communities
having higher predictive power than those of bac-
terial communities. The impact of different crop
rotation systems on the potato rhizosphere mi-
crobiome was investigated by J. Qin et al. (2022).
The study emphasised the significance of agro-
nomic practices for microbiome management
and yield improvement. Additionally, the study
demonstrated that during long-term continuous
cultivation, the incidence of diseases (in particu-
lar, black scurf) increased, and crop rotation and
continuous cultivation regimes differently altered
the diversity of bacterial and fungal communities
in the soil and rhizosphere. Research into the mi-
crobial environment of the potato rhizosphere oc-
cupies a prominent place in agrobiotechnology, as
the rhizosphere microbiome directly affects plant
health, growth and productivity. Many authors
have confirmed that changes in the composition
of the microbial community can significantly im-
prove the efficiency of agrochemicals and contrib-
ute to increasing plant resistance to diseases and
stress factors. In particular, the use of biological
preparations that stimulate the activity of bene-
ficial microorganisms is a promising direction in
agriculture for optimising the soil ecosystem and
increasing crop yields. The study aimed to eval-
uate the effect of microbial preparations on the
structural and functional characteristics of the
potato rhizosphere metagenome. The objectives
of the study were: 1) to analyse changes in the
taxonomic composition of the rhizosphere mi-
crobiome under the influence of various microbi-
al preparations; 2) to assess the relationship be-
tween changes in the microbiome and agronomic
indicators of potatoes.

Overchenko & Kolomiets

MATERIALS AND METHODS

The study was conducted in a field experiment
with potatoes (Solanum tuberosum L.) of the
mid-season variety ‘Slovyanka’ during the grow-
ing season from April to September 2025 in
Ukraine, Kyiv region, in a temperate climate zone
on sod-podzolic/chornozem soil (pH 6.2-6.5,
humus content 2.5-3.0%). In addition, the agro-
chemical and agrophysical indicators of the soil
were characterised, in particular the content of
mineral nitrogen (N-NO,, N-NH,"), mobile forms
of phosphorus and potassium (P,0,, K,0), micro-
nutrient availability (Fe, Mn, Zn, Cu, B), as well as
field moisture and soil temperature during vege-
tation (at the depth of the root-containing layer).
The predecessor of potatoes was winter wheat,
which provided a typical background for evaluat-
ing the effect of microbial preparations without
excessive accumulation of organic residues of
leguminous crops. The choice of crop (potatoes)
and the ‘Slovyanka’ variety was justified by their
prevalence in the forest-steppe zone of Ukraine,
stable adaptability to the soil and climatic condi-
tions of the Kyiv region, and suitability for com-
parative assessment of the effect of microbial
inoculants on growth indicators, yield and rhiz-
osphere microbiome parameters under typical
technological conditions. The study included five
variants (control, M1, M2, M3, M1+M2) and was
conducted on plots of 10-12 m? for each variant,
with a planting pattern of 70x25 cm, incorpo-
rating technological tracks and protective strips
around the perimeter. Planting was conducted
manually with calibrated tubers of standard size
with visually healthy characteristics, to a depth
of 6-8 cm, in pre-prepared soil without excessive
compaction. Experimental studies of plants, in-
cluding the collection of plant material, complied
with institutional and national guidelines. The
study adhered to the standards of the Convention
on Biological Diversity (1992).

The experimental design consisted of five var-
iants: control without treatment (C), three vari-
ants with separate microbial preparations (M1,
M2, M3) and combined treatment with prepara-
tions M1+M2. In variant M1, the preparation “Az-
otofit” based on strains of nitrogen-fixing rhizo-
bacteria Azotobacter spp. was used; in variant M2,
the phosphate-mobilising Fosfoenter preparation
based on Bacillus spp. and Pseudomonas spp. was
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used; in variant M3, the complex biological Bio-
Complex-Rhizo preparation was used, which in-
cluded strains of Rhizobium spp., Azospirillum spp.
and associated rhizobacteria capable of synthesis-
ing phytohormone-like compounds. In the com-
bined variant M1+M2, these preparations were
applied together in the same proportions as when
used separately. The choice of these preparations
was justified by their different PGPR mechanisms
of action and the expected complementary effect
on the rhizosphere microbiome and mineral nu-
trition of potatoes: M1 was chosen as an inocu-
lant with the potential to increase nitrogen supply
and stimulate root formation; M2 - as a prepara-
tion aimed at mobilising hard-to-reach forms of
phosphorus and enhancing phosphorus nutrition;
M3 - as a complex consortium combining nitro-
gen fixation, phosphate mobilisation and phyto-
hormone-like growth stimulation. The combined
option M1+M2 was included to test the possible
synergistic effect of simultaneous enhancement of
nitrogen and phosphorus nutrition and to assess
whether the combination of functional groups of
microorganisms leads to more pronounced chang-
es in the taxonomic and functional structure of the
rhizosphere microbiome compared to mono-inoc-
ulation. The microbial preparations belonged to a
group of biological agents based on rhizosphere
bacteria with a declared ability to fix nitrogen,
mobilise phosphorus and synthesise biologically
active metabolites. The treatment was conduct-
ed before planting by inoculating the tubers with
working suspensions of the preparations in the
concentrations recommended by the manufactur-
er, ensuring uniform application over the entire
surface of each tuber (the same rate of working
solution per unit of mass/number of tubers), with
uniform wetting of the tubers and holding until
drying, after which planting was conducted on the
experimental plots.

The experiment was conducted using a ran-
domised block design in three replicates, with
each variant presented as a separate plot us-
ing standard potato cultivation techniques. For
metagenomic analysis, five rhizosphere samples
were selected from each variant (one sample from
individual plants from different plots of the rep-
etition), which provided 25 biological replicates.
Samples from different replicates were not mixed
but were processed and sequenced separately

as independent biological replicates (each sam-
ple formed a separate library/separate data file
for further taxonomic and functional analysis).
Rhizosphere soil was collected during the peri-
od of active plant growth, after carefully extract-
ing the tuberous plant and separating the soil
adhering to the root system. The samples were
immediately cooled in thermal containers with
cooling elements (= +2...+6°C) and transported to
the laboratory within 4-6 hours, where they were
stored at -80°C until DNA (deoxyribonucleic acid)
extraction. During sample preparation in the lab-
oratory, standard microclimatic conditions were
maintained (t 20-22°C; relative humidity 40-60%),
which minimised the risk of condensation and sec-
ondary moistening of the samples.

Genomic DNA from rhizosphere soil was ex-
tracted using a soil sample kit (DNeasy PowerSoil
Kit, QIAGEN, Germany) according to the manu-
facturer’s instructions. The quality and concen-
tration of DNA were monitored using a NanoDrop
spectrophotometer (Thermo Fisher Scientific,
USA) and a Qubit fluorometer (Thermo Fisher Sci-
entific, USA). For metagenomic analysis, random
fragmentation libraries were prepared and sub-
sequently sequenced using paired-end technolo-
gy on an Illumina platform (NovaSeq 6000, USA),
which provided an average volume of approxi-
mately 0.49 million reads per sample.

Primary processing of sequencing data was
performed using a standard pipeline, which in-
cluded quality control, adapter sequence trim-
ming, and quality threshold filtering. Taxonomic
annotation was performed based on comparison
with reference databases of bacterial genomes,
forming OTUs (Operational Taxonomic Units)/
ASVs (Amplicon Sequence Variants) and general-
ising them to the level of types, families and gen-
era. The functional profile of the metagenome was
formed based on the prediction of functions from
16S data using PICRUSt2 (Phylogenetic Investi-
gation of Communities by Reconstruction of Un-
observed States, version): predicted KEGG (Kyoto
Encyclopedia of Genes and Genomes) orthologs
were aggregated into functional categories and
metabolic pathways related to plant nutrition (ni-
trogen fixation, phosphorus mobilisation, potas-
sium transport, sulphur assimilation) and stress
resistance (biosynthesis of antibiotic-like com-
pounds and siderophores, antioxidant enzymes,
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resistance induction). The morphological and pro-
ductive indicators of potatoes were determined on
a representative sample of plants from each vari-
ant (at least 10 plants per repetition). Plant height
was measured with a tape measure, tuber weight
was measured on laboratory scales, and the num-
ber of tubers was measured by direct counting.
The fractional composition of the harvest (small,
medium, large tubers) was determined by weight
and calibre, with the proportion of each fraction
calculated as a percentage.

Intragroup diversity indices (Shannon, Simp-
son, Chaol) were calculated based on OTUs/ASVs
tables. Intergroup differences in microbiome
structures were assessed using Bray-Curtis taxo-
nomic distance matrices followed by ordination
(e.g., principal coordinates) and clustering of sam-
ples. Correlation analysis (Pearson’s or Spearman’s
coefficients, depending on the data distribution)
was used to analyse the relationships between mi-
crobiome indicators and productivity, controlling
for the influence of external environmental factors
(soil temperature and moisture) by partial corre-
lation/inclusion of these indicators as covariates.
The normality of the distribution was tested us-
ing the appropriate criterion, and differences be-
tween variants were assessed using parametric
or non-parametric tests for independent samples
with a statistical significance level of p<0.05 and,
if necessary, multiple comparison control. The in-
tegral indicator of biotechnological potential was
calculated by normalising structural, function-
al and agronomic parameters to a dimensionless

Overchenko & Kolomiets

scale and then aggregating them into a single in-
dex with equal weights of blocks. All calculations
were performed using specialised statistical and
metagenomic analysis software packages.

RESULTS AND DISCUSSION
General characteristics of the metagenome
of potato rhizosphere microorganisms
Within the scope of the study, whole-genome
metagenomic profiles of rhizosphere samples of
potatoes were obtained from five variants: con-
trol (C), treatment with microbial preparation
1 (M1), microbial preparation 2 (M2), microbial
preparation 3 (M3) and combined treatment with
preparations 1+2 (M1+M2). The total number of
sequenced genera that passed the basic quali-
ty filtration was 11.8 million, with an average of
0.49 million genera per sample. In the control var-
iant, 2.1 million genera were obtained, in variants
M1, M2 and M3 - 2.4, 2.3 and 2.5 million genera,
respectively, and in variant M1+M2 — 2.5 million
genera. As a result of taxonomic annotation, 2,950
OTUs/ASVs were identified, belonging to 17 types,
46 classes, 118 families and 247 genera of prokar-
yotic microorganisms. In the control variant, the
number of OTUs/ASVs averaged 820 60 per sam-
ple, in variants M1, M2 and M3 - 910+ 55, 880+ 50
and 940* 65, respectively, and in variant M1+M2 —
960+ 70 OTUs/ASVs per sample. The ratio between
the number of genera and the number of OTUs/
ASVs remained stable in most variants, reflecting
a comparable level of taxonomic diversity cover-
age (Table 1).

Table 1. Summary indicators of sequencing and basic diversity of the potato rhizosphere metagenome

VErfkr Number (?f births, Average number of Observed richness, S erre e (P
million OTUs/ASVs per sample | average, OTUs/ASVs '
K (control) 2.1 820 805 4.82
M1 2.4 910 905 5.05
M2 23 880 895 4.96
M3 2.5 940 935 5.12
M1+M2 2.5 960 945 5.18

Source: compiled by the authors based on research

Analysis of basic diversity indicators showed
that the total number of taxa (OTUs/ASVs) at the
sample and variant levels remained compara-
ble, although an increase in species richness was

observed in the variants with microbial prepa-
rations compared to the control. The mean val-
ues of observed richness at the OTUs/ASVs level
were 805 for the control, 895-935 for individual
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preparations, and 945 for the M1+M2 combination.
Diversity indices that considered both richness
and evenness (in particular, the Shannon index)
ranged from 4.8 to 5.3 bits for most variants, with
minimal differences between them (Table 1). The
taxonomic spectrum of rhizosphere microbiomes
in all variants was formed mainly by representa-
tives of the Proteobacteria, Actinobacteriota, Bac-
teroidota, and Firmicutes types. The total share
of these types in the overall metagenome struc-

ture ranged from 82.3% in the control to 87.5%
in the M1+M2 variant. In the control variant,
Proteobacteria (43.1%) and Actinobacteriota
(22.4%) had the highest relative abundance, while
in the variants with microbial preparations, the
proportion of Proteobacteria ranged from 45.6 to
49.2% and Actinobacteriota from 20.1 to 23.8%.
The proportion of Bacteroidota varied from 9.5%
(control) to 11.7% (M3), and Firmicutes from 7.3%
to 9.4%, depending on the variant (Fig. 1).

60
50

M Proteobacteria (%)

40 -

Actinobacteriota (%)

30 -

20 -

M Bacteroidota (%)

10 -
0

K M1 M2

| Firmicutes (%)
Other type (%)

M3 M1+M2

Figure 1. Relative abundance of dominant bacterial types
in the potato rhizosphere under different microbial treatment options

Source: compiled by the authors based on research

This reflected a predominantly even distri-
bution of abundance between dominant and sub-
dominant taxa in all variants. A core microbiome
of the potato rhizosphere was identified, con-
sisting of taxa found in most samples regardless
of variant. The core included representatives of
the genera Pseudomonas, Bacillus, Streptomyces,
Flavobacterium, Rhizobium, and Sphingomonas,
whose total relative abundance was 41.2% in the
control and 43.5-47.8% in the variants with micro-
bial preparations. The proportion of core genera
at the type level was distributed mainly between
Proteobacteria (24.3-27.9%) and Actinobacteriota
(10.8-12.6%).

The results of the study are consistent with
the conclusions of ].K. Kiige et al. (2025), noting
an increase in the diversity of the potato micro-
biome when treated with microbial preparations.
Changes in the metagenome confirm the effect of
such preparations on the stability of rhizosphere
microbiomes. The study by M. Wang et al. (2025)
also demonstrated the influence of agrotechni-
cal conditions on the potato rhizosphere micro-
biome, which is reflected in the study on the in-
fluence of microbial preparations. In the variant
with combined treatment with preparations, an

increase in the proportion of genera that promote
plant growth was noted. The results obtained in
this work confirm the conclusions of J. Song et
al. (2021) regarding the positive effect of biolog-
ical preparations on the rhizosphere microbiome,
which is associated with an improvement in the
quality of potato tubers. In this study, as in the
work of scholars, an increase in the diversity of the
microbiome was accompanied by an improvement
in agronomic indicators.

The generalisation of the results obtained
made it possible to characterise the rhizosphere
metagenome of potatoes as a taxonomically di-
verse bacterial community with a comparable level
of sequencing depth between variants and a sta-
ble ratio of genera and OTUs/ASVs. In all variants,
representatives of the Proteobacteria, Actinobac-
teriota, Bacteroidota and Firmicutes types domi-
nated, accounting for more than 80% of the total
metagenome structure, while the contribution of
other types remained relatively limited. Variants
with microbial preparations were characterised by
higher species saturation compared to the control
in terms of observed richness and average number
of OTUs/ASVs per sample, while maintaining sim-
ilar Shannon index values. The core microbiome of
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the potato rhizosphere included the genera Pseu-
domonas, Bacillus, Streptomyces, Flavobacterium,
Rhizobium, and Sphingomonas, which were present
in most samples regardless of the variant, ensur-
ing the stability of the basic taxonomic core when
using different microbial preparations.

Overchenko & Kolomiets

Dynamics of a-diversity of the rhizosphere
microbiome under the influence of drugs

The indicators of intragroup diversity of the
potato rhizosphere microbiome were assessed us-
ing the Shannon, Simpson, and Chaol indices for
all experimental variants (Table 2).

Table 2. a-diversity indices of the rhizosphere microbiome of potatoes

Variant Shannon index, H’ (mean +SD) Simpson index (mean +SD) Chao1, OTUs/ASVs (average +SD)
K (control) 4.82+0.03 0.912+0.003 830+8.5
M1 5.05+0.03 0.928+£0.003 940+8.5
M2 4.96+0.03 0.921+0.003 925+8.5
M3 5.12+0.03 0.931+0.003 960+8.5
M1+M2 5.18+0.03 0.935+0.003 975+8.5

Source: compiled by the authors based on research

A comparison of the experimental variants
showed that the use of microbial preparations was
accompanied by an increase in both taxon richness
and the evenness of their relative abundance dis-
tribution compared to the control. The lowest val-
ues of Chaol, Shannon, and Simpson indices were
recorded in the control variant, while all experi-
mental variants were characterised by higher spe-
cies saturation. The most pronounced increase in
the assessed indicators was recorded in the com-
bined treatment variant M1+M2, where the Chaol
and diversity index values exceeded those of the
control and individual single-component treat-
ments. In variants M1, M2 and M3, a-diversity
also exceeded the control level, but the differences
between individual preparations were less pro-
nounced than between the control and combined
treatment. Analysis of the richness (Chaol) and
evenness (Shannon and Simpson indices) indices
showed that the increase in a-diversity in the var-
iants with microbial preparations was mainly due
to an increase in the number of rare OTUs/ASVs
while maintaining a high proportion of dominant
taxa. Rare taxa were considered a “reservoir” of
functional potential of the rhizosphere, since even
at low relative abundance they may contain genes
associated with key ecosystem functions (mobi-
lisation of nutrients, synthesis of siderophores
and antimicrobial metabolites, participation in
hormone-like regulation and induction of sys-
temic resistance). The increase in the proportion
of rare OTUs/ASVs in the treatment groups was
interpreted as a potential expansion of the func-
tional niche of the microbiome and an increase in

its functional redundancy, which may contribute
to the stability of the microbial community and
support plant productivity under changing envi-
ronmental conditions. Elevated Chaol values in
the M3 and M1+M2 variants indicated a broad-
er spectrum of taxa in the microbial community,
while the increase in the Simpson index reflect-
ed a more even distribution of relative abundance
among them. This combination of greater richness
and evenness of the microbiome structure was
considered an indicator of increased structural
complexity and potential functional capacity of
the rhizosphere community. In the context of mi-
crobial community stability, increased a-diversity
values in the experimental variants, particularly
in the combined treatment M1+M2, indicated the
formation of a more diverse and evenly structured
microbiome capable of supporting a wider range
of metabolic functions due to the presence of both
dominant and rare taxa. Within the scope of this
study, this configuration of intragroup diversity
was identified as the basis for further analysis of
the relationship between a-diversity, functional
characteristics of the metagenome, and agrobio-
logical indicators of potato plants.

The results of the study of a-diversity of the
potato rhizosphere microbiome are consistent
with the study by J. Ha et al. (2021) also showed
that treating plants with microbial preparations
leads to an increase in microbiome diversity. Both
studies observed an increase in the number of
rare OTUs/ASVs, indicating an expansion of mi-
crobiological diversity. The results of B.R. Mar-
tins et al. (2024) also confirmed that an increase in
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microbiome diversity may be associated with im-
proved agronomic characteristics of plants. Similar
to their conclusions, the highest increase in diver-
sity indices was observed in the combined treat-
ment with preparations M1+M2. The conclusions
of P. Gao et al. (2025) on the influence of environ-
mental factors on the microbiome supported the
data obtained in this study on the adaptation of the
microbiome to changes in the environment, in par-
ticular after treatment with microbial preparations.

Comparison of the structure of potato rhiz-
osphere microbiomes between variants based on
taxonomic distance matrices showed pronounced
differentiation of microbial communities under
conditions of microbial preparation application.
On the ordination diagram, the first axis sum-
marised 38.2% of the variation in species com-
position, and the second axis summarised 19.4%.
The centroids of the control variant samples were
shifted to a separate area of the plane, while the
variants with microbial preparations were grouped
in other sectors. Samples M1 and M2 were located
at a moderate distance from the control, demon-
strating partial preservation of the microbiome
structure with a simultaneous change in the rela-
tive contributions of individual taxa. For variants
M3 and M1+M2, a more pronounced departure
from the control centroids along the first axis was
observed, reflecting a greater degree of taxonomic
restructuring of the community. The study by B.R.
Martins et al. (2024) confirms that different op-
tions for treating potatoes with microbial prepa-
rations can significantly alter the rhizosphere
microbiome, which is reflected in its structure
and richness. According to their results, variants
treated with microbes often show an increase in
species richness and a change in the ratio of taxa,
which was also observed in this study, particularly
in variants M1, M3 and M1+M2.

Analysis of the cluster structure based on
distance matrices identified two main clusters of
rhizosphere microbiomes. The first cluster was
formed by the control variant and variant M2, for
which the average pairwise distance between sam-
ples remained minimal. The second cluster com-
bined variants M1, M3 and M1+M2, within which a
subcluster with M3 and M1+M2 with lower intra-
group dispersion was additionally identified. The
average distance between the control variant and
the M1+M2 variant was the maximum among all

comparisons, indicating the greatest difference in
the structure of the microbial community under
combined treatment conditions. For variants M1
and M2, the values of intergroup distances relative
to the control were lower than for M3 and M1+M2,
which corresponded to the intermediate nature
of structural changes. The results of the study of
B-diversity of the potato rhizosphere microbiome
confirm the conclusions of R.W.P.M. Rajapaksha et
al. (2024), which showed that the microbiomes of
different parts of the plant can vary significantly
in structure and diversity depending on agronom-
ic conditions. In this study, the variants with mi-
crobial preparations demonstrate a pronounced
structural differentiation of microbial commu-
nities, reflecting the redistribution of dominant
and subdominant taxa in response to treatment.
Similar to a study by Z. Wang et al. (2021), which
determined significant changes in the compo-
sition of the rhizosphere microbiome under the
influence of microbial consortia, this study also
observed that combined treatments M1+M2 led to
the greatest changes in the structure of the micro-
bial community. Z. Wang et al. (2021) found that
increased diversity was associated with improved
metabolic processes, which was also reflected in
the increase in taxonomic restructuring in this
study in variants with microbial preparations.

The structural differentiation of rhizosphere
microbiomes in the experimental variants was in-
terpreted as a result of the redistribution of dom-
inant and subdominant taxa in response to the
action of microbial preparations. The inclusion of
M3 and especially the combination of M1+M2 was
accompanied by the formation of configurations
that differed from the control not only in species
richness but also in the ratio of taxa that contrib-
uted most to intergroup diversity. The identified
clusters reflected the presence of variants with a
preserved microbial community structure (con-
trol, M2) and variants with a reformed community
(M1, M3, M1+M2), which provided a basis for fur-
ther analysis of the relationship between B-diver-
sity, the functional profile of the metagenome, and
the agrobiological parameters of plants.

Taxonomic profile of rhizosphere
microorganisms under the influence

of microbial preparations

Taxonomic analysis at the type level showed that
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representatives of Proteobacteria, Actinobacte-
riota, Bacteroidota, and Firmicutes dominated in
all variants of the experiment. In the control var-
iant, the proportion of Proteobacteria was 43.1%,
Actinobacteriota - 22.4%, Bacteroidota — 9.5%,
Firmicutes — 7.3%, while the total contribution
of other types to the metagenome structure was
17.7%. Under the conditions of treatment with
microbial preparations, an increase in the relative
abundance of Proteobacteria to 45.6-49.2% was
observed in variants M1, M2, M3 and M1+M2. The
maximum value of this indicator was recorded in
the combined treatment variant M1+M2 (49.2%),
accompanied by a simultaneous decrease in the
proportion of “other” types to 12.5%. The pro-
portion of Actinobacteriota in the experimental
variants ranged from 20.1 to 23.8%, with slightly
higher values in variant M2 (23.8%) compared to
the control. For Bacteroidota, an increase in the
proportion was noted in the variants with prepa-
rations M1 and M3: from 9.5% in the control to
10.5% in M1 and 11.7% in M3. In variants M2 and
M1+M2, the proportion of Bacteroidota was at
the level of 9.5-9.8%, close to the control values.
The contribution of Firmicutes under the action
of the preparations changed less significantly: in
the control, it was 7.3%, in the M1 variant, 9.0%, in
the M2, M3 and M1+M2 variants, 7.3-7.6%. Thus,
the use of microbial preparations was accompa-
nied by a shift in the taxonomic profile towards an
increase in the proportion of Proteobacteria and,
in some variants, Bacteroidota, while maintaining
comparable proportions of Actinobacteriota and
Firmicutes. Dominant types retained their leading
role in the structure of the microbial community,
and changes in their relative abundance deter-
mined the main differences between the control
and experimental variants. The results of the
taxonomic profile of potato rhizosphere microor-
ganisms correlate with the study by F. Rasche et
al. (2006), demonstrating that the use of transgen-
ic potatoes with antibacterial properties changes
the composition of the rhizosphere microbiome,
in particular, increasing the proportion of bene-
ficial bacteria such as Pseudomonas and Bacillus.
Similar to their study, in this work, the use of mi-
crobial preparations led to an increase in the pro-
portion of these genera in the structure of the mi-
crobiome, indicating the activation of components
that promote plant growth.

Overchenko & Kolomiets

At the family and genus level, a group of
taxa associated with plant growth and nutri-
tion was identified, including representatives of
Plant Growth Promoting Rhizobacteria (PGPR),
nitrogen fixers, phosphate-mobilising microor-
ganisms, and phytohormone producers. The core
group included the genera Pseudomonas, Bacil-
lus, Streptomyces, Flavobacterium, Rhizobium, and
Sphingomonas, which were present in most sam-
ples in all variants. In the control variant, the to-
tal relative abundance of these genera was 41.2%:
Pseudomonas — 12.3%, Bacillus — 8.1%, Streptomy-
ces — 6.2%, Flavobacterium — 4.0%, Rhizobium —
3.5%, Sphingomonas — 2.9%. In variant M1, there
was an increase in the proportion of Pseudomonas
to 14.5% and Bacillus to 9.8%, while the propor-
tion of Streptomyces remained at 6.5%. The total
contribution of these genera to the microbiome
structure reached 44.9%, reflecting the increased
representation of the PGPR component com-
pared to the control. In variant M2, the growth
was mainly concerned Actinobacteriota: the pro-
portion of Streptomyces increased to 7.1%, while
Pseudomonas and Bacillus remained at 13.0% and
8.5%, respectively. In variant M3, an increase in
the relative abundance of Flavobacterium to 5.2%
and Rhizobium to 4.3% was combined with an
increase in the proportion of Pseudomonas to
15.0%, reflecting an increase in the participation
of both PGPR and nitrogen-fixing components in
the microbiome structure. In the combined treat-
ment option M1+M2, the largest total contribu-
tion was recorded for the genera Pseudomonas,
Bacillus and Streptomyces, which amounted to
30.8% (15.7%, 9.9% and 5.2%, respectively). In
addition, this variant showed increased relative
abundance of Rhizobium (4.0%) and Sphingo-
monas (3.0%). The total share of core genera in
the M1+M2 variant reached 47.8%, which ex-
ceeded the control values (Fig. 2). A.C.F. Dias et
al. (2013) emphasised that genetically modified
potatoes contribute to changes in the composi-
tion of the rhizosphere microbiome compared
to traditional varieties, which is also reflected in
this study. In the combined treatment M1+M2,
the largest increase in the proportion of the gen-
era Pseudomonas, Bacillus, and Streptomyces was
observed, indicating changes in the composition
of rhizosphere bacteria associated with plant
growth and development.

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 2025 79

e

=t



Y

’ ‘s,lbg)

Biotechnological aspects of the formation...

18
16 m C (control)
14 1 M1
12 M2
mM3

M1+M2

Figure 2. Relative abundance of key genera associated
with potato growth, % of total bacterial community

Source: compiled by the authors based on research

A separate group consisted of genera that were
absent or had a share of less than 0.5% in the con-
trol but reached noticeable values in the experi-
mental variants. These included Azotobacter, Azos-
pirillum, Paenibacillus, and Burkholderia. In variant
M3, the proportion of Azospirillum reached 1.8%
and Azotobacter 1.2%, while in the control, these
genera were recorded at <0.5%. In variant M1+M2,
the proportion of Paenibacillus was 1.5%, and Bur-
kholderia was 1.3%, accompanied by an increase in
the total proportion of nitrogen-fixing and phos-
phate-mobilising microorganisms. These changes
indicated a reformatting of the functionally sig-
nificant part of the microbial community due to
the involvement of additional PGPR components
and previously underrepresented taxa. A compar-
ative analysis showed that under the conditions of
treatment with microbial preparations, not only
the ratio of dominant types changed, but also the
structure of key families and genera associated
with providing plants with nutrients and regulat-
ing growth processes. The increase in the propor-
tion of Pseudomonas, Bacillus, Streptomyces, as well
as the appearance or intensification of Azotobacter,
Azospirillum, Paenibacillus and Burkholderia formed
distinct taxonomic profiles of the experimental
variants compared to the control and created pre-
requisites for further analysis of the functional
potential of the potato rhizosphere metagenome.
A. Boke (2024) also confirmed that the proportion

of microorganisms that can suppress pathogens,
in particular the genera Burkholderia and Azoto-
bacter, increases in the rhizosphere of potatoes,
which was found in this study after the combined
use of microbial preparations. The observed in-
crease in the relative abundance of these genera
in the M1+M2 variant indicates the positive ef-
fect of microbial preparations on the formation
of a healthy microbial community, which can po-
tentially improve plant resistance to diseases.

Changes in the functional potential of the
metagenome of rhizosphere microorganisms
Functional annotation of metagenomic sequenc-
es revealed the presence of a wide range of genes
involved in providing plants with mineral nutri-
ents. In all variants, genes for nitrogen fixation
(nifH, nifD, nifK), phosphorus mobilisation and
transport (phoD, pstS, pstA), potassium trans-
port (kdpA, kdpB) and sulphur assimilation (cysD,
cysN, cysK) were identified. The total relative
share of these functional categories was 6.8% of
the total number of functionally annotated genes
in the control and 8.1-10.4% in the variants with
microbial preparations. In the M1+M2 variant, this
indicator reached 10.4%, which was the maximum
value among all variants. Figure 3 shows the con-
tribution of individual functional categories to
this total indicator (the proportion of each cate-

gory separately).
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Figure 3. Relative proportion of individual functional categories of genes associated
with plant nutrition, % of the total number of functionally annotated genes
Note: each column reflects the contribution of a separate category; the 0-4% scale is presented in percentages

Source: compiled by the authors based on research

Nitrogen fixation genes (nif complex) in the
control variant accounted for 1.2% of the total
number of functional annotations, while in vari-
ants M1, M2 and M3 their share was 1.6, 1.5 and
1.9%, respectively. In variant M1+M2, the relative
proportion of nif genes reached 2.1%. The num-
ber of nifH annotations per 107 genera was 310 in
the control, 410-430 in variants M1 and M2, 480
in variant M3, and 520 in variant M1+M2. This
reflected an increase in the potential for biolog-
ical nitrogen fixation under conditions of micro-
bial preparation application, especially in the
combined variant. For phosphorus-binding and
phosphate-mobilising genes, the proportion of
phoD and other organic phosphorus markers in
the control was 1.5%, while in variants M1, M2 and
M3 it was 1.9, 1.8 and 2.0%, respectively, and in
variant M1+M2 it was 2.2%. The relative number
of genes of highly related phosphate transport
systems (pstS, pstA) increased from 1.1% in the
control to 1.4-1.6% in the variants with prepara-
tions, with a maximum of 1.6% in variant M3. For
potassium transport systems (kdpA, kdpB), the
proportion of corresponding genes in the control
was 0.9%, in variants M1, M2, M3 - 1.1-1.3%, and
in M1+M2 — 1.4%. The total proportion of genes
associated with sulphur assimilation (cysD, cysN,
cysK) ranged from 1.1% in the control to 1.5% in
M3 and 1.6% in the M1+M2 variant. The results of
functional annotation of the potato rhizosphere
metagenome confirm the conclusions of T.T. Alaw-
iye & 0.0. Babalola (2021), noting that sunflower
rhizosphere microbiomes contain various func-
tional gene groups that provide plants with essen-
tial nutrients. The study observed an increase in

the relative number of genes involved in nitrogen
fixation, phosphorus mobilisation, and potassium
transport in variants with microbial preparations,
indicating an expansion of the functional poten-
tial of the potato rhizosphere microbiome.

A comparison of the control and experimen-
tal variants showed that the use of microbial
preparations was accompanied by an increase in
the relative number of genes responsible for bio-
logical nitrogen fixation, mobilisation of mineral
and organic phosphorus, and transport of potas-
sium and sulphur. The highest values for most
functional categories were recorded in variants
M3 and M1+M2, which combined increased con-
tent of nif-, pho- and cys-genes. This reflected the
expansion of the potential of rhizosphere micro-
bial communities to provide plants with essential
nutrients by changing the functional profile of
the metagenome under the influence of microbial
preparations.

Analysis of functional annotations related to
stress resistance and phytoprotection revealed the
presence of genes responsible for the synthesis of
antibiotic-like compounds, siderophores, antioxi-
dant enzymes, and systemic resistance inducers in
the potato rhizosphere metagenome. In all vari-
ants, genes encoding enzymes for the biosynthesis
of several non-specific polyketides and non-pep-
tide polyketide synthases (NRPS/PKS-type clus-
ters) were identified, as well as markers for the
biosynthesis of phenazino-like compounds and
lipopeptides. The total proportion of genes of po-
tential phytoprotection was 4.5% of the total num-
ber of functional annotations in the control and
5.4-7.2% in variants with microbial preparations.
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In the control variant, the proportion of
genes associated with the biosynthesis of anti-
biotic-like compounds (in particular, individu-
al NRPS/PKS clusters) was 1.8%, in variants M1,
M2 and M3 - 2.2%, 2.1% and 2.6%, respectively,
and in variant M1+M2 - 2.8%. For siderophore
biosynthesis markers (including enterobactin
and pyroverdin-type systems), the proportion of

3

functional annotations increased from 1.2% in the
control to 1.5-1.7% in variants M1 and M2 and to
1.9-2.0% in variants M3 and M1+M2. Antioxidant
enzyme genes (catalase, superoxide dismutase,
glutathione peroxidase) accounted for 1.1% in
the control, while in the variants with microbial
preparations, 1.3-1.6%, with maximum values in
M3 and M1+M2 (1.6%) (Fig. 4).

25 C (control)
2 \ M1

1.5 \ —_—M2
1 e M3

0.5 M1+M2
0

Antibiotic-like compounds
(NRPS/PKS clusters)

Siderophores

Antioxidant enzymes

Figure 4. Relative abundance of functional groups of stress resistance and phytoprotection genes, % of
the total number of functionally annotated genes

Source: compiled by the authors based on research

Genes associated with the induction of sys-
temic resistance and regulation of plant stress
responses were also identified, genes encoding
1-aminocyclopropane-1-carboxylate deaminase
(acdS) activity and markers of the synthesis of
compounds involved in the regulation of signal-
ling pathways (in particular, phenolic metabo-
lites). In the control, the relative proportion of
such genes was 0.4%, while in variants M1, M3,
and M1+M2, it was 0.6, 0.7, and 0.8%, respectively.
In variant M2, the value remained at 0.5%, close
to the control. Similar to R. Molefe et al. (2021),
who found an increase in the proportion of func-
tional genes in corn rhizosphere microbiomes af-
ter treatment, this study also noted an increase in
functional genes associated with phytoprotection,
in particular the biosynthesis of antibiotic-like
compounds and siderophores. The largest increase
in the proportion of these genes was recorded in
variants M3 and M1+M2, indicating a shift in the
functional profile of the microbiome in favour of
components that help plants withstand biotic and
abiotic stresses.

A comparison of functional markers of stress
resistance between the variants showed that the
use of microbial preparations caused an increase
in the relative number of genes associated with
the production of siderophores, antibiotic-like

compounds and antioxidant enzymes, as well as
an increase in the representation of genes poten-
tially involved in the induction of systemic plant
resistance. The most pronounced increase in the
total share of these functional categories was
observed in variants M3 and M1+M2. Within the
scope of this study, this configuration of the func-
tional profile of the rhizosphere metagenome was
interpreted as an increased potential of microbial
communities to create conditions that reduce the
risk of biotic and abiotic stresses for potato plants.

The relationship between structural

and functional changes in the microbiome
and potato growth and productivity

A comparison of morphological and productive
indicators showed that the variants with microbi-
al preparations differed from the control both in
terms of plant growth parameters and tuber yield
structure (Table 3). The control variant recorded
the lowest values for plant height (48.2 cm), tu-
ber weight per plant (420 g) and number of tubers
(7.8), as well as an increased proportion of small
tubers (28.5%) with a relatively low proportion
of large tubers (20.2%), which corresponds to
the typical background without inoculation. In
variant M1 (Azotobacter spp.), the indicators in-
creased to 51.0 cm, 455 g, and 8.4 pcs., and the
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proportion of small tubers decreased to 24.7%
with an increase in large tubers to 21.5%, which
is consistent with the effect of improved nitro-
gen supply and growth stimulation. In variant
M2 (Bacillus spp., Pseudomonas spp.), the values
increased to 52.6 cm, 470 g and 8.7 pcs., and the
fractional structure shifted towards medium/large
(54.5% and 22.0%) with a decrease in small tubers
to 23.5%, which may reflect increased phosphorus
nutrition and tuber filling. In variant M3 (com-
plex consortium), some of the highest indicators
were observed: 54.3 c¢cm, 495 g and 9.1 pcs., with
a minimum proportion of small tubers of 18.5%
and an increase in medium/large tubers to 57.5%

Overchenko & Kolomiets

and 24.0%, which corresponds to the complex
effect on nutrition and physiological stability of
plants. In the combined M1+M2, the maximum
values of height (55.1 c¢cm), weight (510 g) and
number of tubers (9.3 pcs.) were combined with
the highest proportion of large fraction (25.1%) at
23.4% small, which is consistent with the comple-
mentarity of nitrogen and phosphorus supply. In
general, in the variants with the preparations, the
weight of tubers per plant increased from 420 g
(control) to 455-510 g, and the number of tubers
increased from 7.8 to 8.4-9.3 pieces, with a ten-
dency to increase the proportion of large tubers
to 21.5-25.1% compared to 20.2% in the control.

Table 3. Morphological and productive indicators of potatoes by variants

T, Plant height, cm | Tuber weight per Number of tubers, Percentage of tubgrs by fraction, %
(mean£SD) plant, g (mean+SD) | pcs/plant (mean*SD) (small/medium/large)
C (control) 48.2+1.5 420+25 7.8+0.5 28.5/51.3/20.2
M1 51.0+1.6 455+ 27 8.4+0.6 247/53.8/21.5
M2 52.6+1.7 470+28 8.7+0.6 23.5/54.5/22.0
M3 543+1.8 495+30 9.1+0.6 18.5/57.5/24.0
M1+M2 55.1+1.8 510+32 9.3+0.6 23.4/51.5/25.1

Source: compiled by the authors based on research

Analysis of the relationship between a-diversity
indices of the rhizosphere microbiome and po-
tato yield characteristics revealed positive cor-
relations between the Shannon index and tuber
weight per plant (r=0.62) and the proportion of
medium and large fractions (r=0.58-0.65). These
correlations can be explained by an increase in
the proportion of functionally significant PGPR
groups (in particular, nitrogen-fixing and phy-
tohormone-producing bacteria, phosphate-mo-
bilising taxa, as well as phytopathogen antago-
nists such as Bacillus spp. and Pseudomonas spp.),
which enhance mineral nutrition and reduce
stress on plants. In parallel, the increase in a-di-
versity could be accompanied by an increase in
predicted functional gene categories (KEGG/KO)
associated with nitrogen and phosphorus nutri-
tion (nitrogen fixation, phosphorus mobilisation/
transport, ion transport) and stress resistance
mechanisms (synthesis of siderophores, antibiot-
ic-like metabolites, antioxidant enzymes, induc-
tion of systemic resistance). Collectively, these
factors could increase the availability of nutrients
and stabilise the physiological state of plants
during vegetation, which was manifested by an

increase in tuber weight and an increase in the
proportion of medium and large fractions. In var-
iants with higher Shannon and Simpson indices
(M3, M1+M2), higher average tuber weight and
number of tubers per plant were also recorded.
For the Chaol index, a moderate correlation was
found between the number of tubers (r = 0.54),
reflecting the contribution of taxon richness
to productivity. At the same time, no excessive
variability in a-diversity was observed between
variants, and the influence of intragroup diver-
sity was manifested mainly through a combina-
tion of richness and evenness of the community.
A comparison of B-diversity between variants,
incorporating their productive characteristics,
showed that the variants most distant from the
control in terms of microbiome structure (M3,
M1+M2) corresponded to variants with higher tu-
ber weight and a greater contribution of medium
and large fractions to the yield structure. A cor-
relation (r=0.59) was established for the average
pairwise distance between the microbiome pro-
files and yield indicators, which indicated an as-
sociation between the structural reorganisation
of the rhizosphere community and an increase in
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productive characteristics. Variants K and M2,
which formed a common cluster on the ordina-
tion diagram, had similar values of yield and dis-
tribution of tubers by fractions.

A comparison of the relative abundance of
key functional groups of microorganisms with the
agrobiological characteristics of plants showed
that an increase in the proportion of the genera
Pseudomonas, Bacillus, Rhizobium, Azotobacter,
Azospirillum, Paenibacillus and Burkholderia was
associated with an increase in tuber weight per

plant (r = 0.60-0.72 for the total proportion of
PGPR genera) and a decrease in the proportion of
small-sized tubers (r=-0.55). For the total propor-
tion of nitrogen-fixing genes (nif) and genes asso-
ciated with phosphorus mobilisation (phoD + pst),
correlations with tuber weight were recorded
(r=0.63 and r=0.66, respectively), while the pro-
portion of potassium transport genes (kdp) and
sulphur assimilation genes (cys) correlated mainly
with tuber number and the proportion of the me-
dium fraction (r=0.48-0.57) (Fig. 5).
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Figure 5. Correlation coefficients between microbiome indicators and potato yield

Source: compiled by the authors based on research

In the group of stress resistance and phyto-
protection genes, the total relative proportion
of markers for the biosynthesis of antibiotic-like
compounds, siderophores, and antioxidant en-
zymes showed positive correlations with plant
height (r = 0.51), tuber weight (r = 0.58) and
the proportion of medium and large fractions
(r=0.55-0.61). The relative number of genes as-
sociated with the induction of systemic resist-
ance (including acdS) correlated with the number
of tubers per plant (r = 0.49) and the proportion
of the large fraction (r=0.52). This reflected the
participation of functional components of the
metagenome not only in providing nutrients, but
also in creating conditions conducive to stable
growth under the influence of potential stress
factors. The results of the study of the functional
potential of the potato rhizosphere metagenome

are consistent with the conclusions of T. Zhao et
al. (2024), noting that the interaction between
the microbiome and the potato plant contributes
to increased yield by improving plant nutrition
and stress resistance. In this study, an increase
in the proportion of genes responsible for biolog-
ical nitrogen fixation and phosphorus, potassium
and sulphur mobilisation was observed in vari-
ants with microbial preparations, which proba-
bly contributed to improved potato growth and
productivity. M. Hemkemeyer et al. (2024) also
emphasised the importance of the microbiome
for improving the quality and quantity of potato
yields, which is confirmed by the results of this
study, where variants with microbial prepara-
tions, in particular M1+M2, showed a significant
increase in tuber weight and the proportion of
large fractions. According to the conclusions,
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changes in the composition of the microbiome
may be associated with better adaptation of
plants to different agronomic conditions, which
is reflected in the changes in the structure of the
microbiome found in this study. A summary of
the results showed that variants M3 and M1+M2
were characterised by a combination of increased
a-diversity, pronounced structural differentia-
tion of the microbiome relative to the control, an
increased proportion of PGPR genera and func-
tional genes associated with nutrition and stress
resistance, with increased potato growth and pro-
ductivity. Within the study, these variants were
considered as configurations in which an optimal
combination of parameters, “metagenome struc-
ture — functional potential — productivity”, was
formed, reflecting the consistency of taxonomic
and functional changes in the rhizosphere micro-
biome with the agrobiological response of plants.

Analysis of the taxonomic structure of the
rhizosphere metagenome identified a group of
taxa consistently associated with the action of in-
dividual microbial preparations. For variant M1, a
systematic increase in the proportion of the gen-
era Pseudomonas and Bacillus was recorded, for
variant M2 - an increased relative abundance of
Streptomyces, and for variant M3 — a combination
of an increased proportion of Flavobacterium and
Rhizobium. In variant M1+M2, a complex of bioin-
dicator genera was formed, which, in addition to
Pseudomonas and Bacillus, included Paenibacillus
and Burkholderia. Azotobacter and Azospirillum
were found to be markers mainly for variant M3.
The combination of these taxa formed character-
istic “signatures” of the microbiome, according to
which rhizosphere samples could be assigned to
the corresponding treatment variant. At the level
of functional potential, specific groups of genes
characteristic of individual variants were iden-
tified. For M3, the maximum representation of
nif genes and siderophore clusters was recorded,
which was consistent with the increased propor-
tion of Rhizobium, Azotobacter and Azospirillum.
Variant M1 was characterised by enrichment of
the metagenome with phosphorus mobilisation
genes (phoD, pst) and individual NRPS/PKS clus-
ters, while M2 was characterised by an increase
in genes involved in the metabolism of organic
forms of sulphur and actinobacterial clusters of
secondary metabolism. The most comprehensive

Overchenko & Kolomiets

set of functional biomarkers was characteristic of
the M1+M2 variant, where the total proportion of
nitrogen fixation genes, phosphate mobilisation,
potassium and sulphur metabolism, as well as
genes associated with the biosynthesis of antibi-
otic-like compounds, siderophores, antioxidant
enzymes and the induction of systemic resistance.
The results of the functional analysis of the po-
tato rhizosphere metagenome are consistent with
the study by E. Chica et al. (2019), which showed
that the presence of specific taxa, such as Pseu-
domonas and Bacillus, is associated with improved
plant growth and health. In the presented study,
these genera also showed an increased proportion
in variants with microbial preparations, confirm-
ing their role in improving the functional po-
tential of the potato rhizosphere microbiome. A
study by X. Zhao et al. (2021) highlighted the im-
portance of integrated metagenome and metabo-
lomics analysis for identifying microbes with high
biotechnological potential. Similar to their find-
ings, this study recorded the maximum growth of
functional genes associated with nitrogen fixa-
tion, phosphate mobilisation, and antibiotic-like
compound synthesis in variants M3 and M1+M2,
which contributed to improved agronomic char-
acteristics of potatoes.

To summarise the data, an integral indicator
of the biotechnological potential of the rhizos-
phere metagenome was formed, combining the
structural parameters of the microbiome (a- and
B-diversity, the proportion of dominant and PGPR
genera), functional markers (nutrition and stress
resistance genes) and indicators of potato growth
and productivity. The value of the integral index
was 0.48 for the control, 0.61 and 0.64 for M1 and
M2, 0.72 for M3 and 0.75 for the combined variant
M1+M2. Thus, all variants with microbial prepa-
rations exceeded the control in terms of a set of
structural, functional and agronomic characteris-
tics, with M3 and M1+M2 occupying the highest
positions in the ranking. In terms of biotechnol-
ogy, PGPR genera Pseudomonas, Bacillus, Rhizobi-
um, Paenibacillus, Burkholderia, Azotobacter and
Azospirillum, consistent with an increased content
of genes for nitrogen fixation, phosphate mobili-
sation, siderophore synthesis and antibiotic-like
compounds, were considered key biomarkers suit-
able for the selection of promising microbial con-
sortia. An integrated assessment confirmed that
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variants M3 and M1+M2 provided the optimal
combination of a favourable metagenome struc-
ture, high functional potential, and increased
potato productivity, which identified them as the
most promising schemes for the application of
microbial preparations under the conditions of
the experiment.

CONCLUSIONS
The study determined that the use of microbial
preparations was accompanied by modification of
the potato rhizosphere metagenome at the taxo-
nomic and functional levels and was associated
with increased growth and productivity indica-
tors. At a comparable sequencing depth, 11.8 mil-
lion sequencing reads (after basic quality filtering)
were obtained in all variants, and 2,950 taxonomic
units (OTUs/ASVs) were identified. In the variants
with preparations, an increase in a-diversity was
recorded: the Shannon index increased from 4.82
in the control to 5.05-5.18, and Chaol - from 830
to 940-975, which reflected the enrichment of the
microbiome mainly due to rare OTUs/ASVs. Anal-
ysis of intergroup diversity showed the separation
of some variants from the control profile and a
restructuring of community structure. The taxo-
nomic profile shifted towards the enrichment of
PGPR genera (Bacillus, Pseudomonas, Azotobacter,
Rhizobium/Azospirillum) and the strengthening
of the role of taxa that were underrepresented in
the control. The probable mechanisms were phy-

categories related to stress resistance (sidero-
phores, antibiotic-like metabolites, antioxidant
enzymes, resistance induction) increased. The
most pronounced agronomic effects were ob-
served in M3 and M1+M2: plant height increased
from 48.2+ 1.5 cm in the control to 54.3% 1.8 cm
and 55.1 # 1.8 cm; tuber weight increased from
420+25 g to 495+30 g and 510 £32 g; the num-
ber of tubers increased from 7.8 #0.5 to 9.1*0.6
and 9.3%0.6 pcs. The proportion of the large frac-
tion increased from 20.2% in the control to 24.0%
(M3) and 25.1% (M1+M2), while the small fraction
decreased to 18.5% in M3. Correlation analysis
confirmed the association between microbiome
diversity and productivity: the Shannon index
correlated positively with tuber weight (r=0.62)
and the proportion of medium and large frac-
tions (r =0.58-0.65), and correlations for the to-
tal proportion of beneficial microorganisms and
functional genes with yield indicators reached r
~ 0.6-0.7. The integral indicator of biotechnologi-
cal potential increased from 0.48 in the control to
0.61-0.75 in the variants with preparations, with
a maximum in M3 and M1+M2. The limitation
was that the experiment was conducted within a
single agroecological context without long-term
observation and without incorporating the tran-
scriptomic level. Further research should address
long-term and multi-location trials and testing of
selected consortia in production crops.

tohormone-like metabolites, bioavailability of N ACKNOWLEDGEMENTS
and P, and local suppression of phytopathogens None.
through siderophores.
At the functional level, the total share of FUNDING
gene categories associated with plant nutrition  None.
increased from 6.8% in the control to 8.1-10.4%
in the variants with preparations; the maximum CONFLICT OF INTEREST
was recorded in M1+M2 (10.4%). At the same time,  None.
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bioTexHonoriyHi acnekT popmMmyBaHHA MeTareHoMy pusocpepHux
MiKpoopraHiamiB KapTonni nia Aielo MiKkpo6HMX npenaparTis
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AHoranis. MeToro gociigskeHHsSI 6yJ0 OIiHUTM BIUIMB MiKpOOHMX TpernapariB Ha CTPYKTYPHO-
dbyHKIIiOHANBbHI XapaKTePUCTUKY pru3ochepHOro MeTareHoOMy KapTOIUJIi Ta MOB’sI3aHi 3 MM 3MiHU
POCTY i MPOLYKTUBHOCTI POCAMH. Y Mekax BereTaliifHoro Jocainy 6yJio OTpMMaHO TOBHOT€HOMHI
MeTareHoMHi mpodini pusocdepu KapTomjai 3a I'ITU BapiaHTiB: 6e3 06po6KM, TpuU OKpeMmi
MiKpOOHi MpenapaTy Ta ixHs KOMbiHa1isl. Bysno oTpumaHo 11,8 MJIH cekBeHYBaJbHMUX POJiB, 110
npoinyu 6a30By SKicHY QinbTpalliio; izeHTrdikoBaHo 2 950 TaAKCOHOMIUYHUX OAMHUIb, BUKOHAHO
TAaKCOHOMIUHY 1 QyHKI[iOHAJIbHY aHOTAIIi 10, PO3PaX0BaHO MMOKAa3HMUKM Pi3HOMAHITTS Ta MPOBegeHO
KopessiniiiHuit aHami3 i3 MmopdonoriuHMMu i BpOKailHMMM MOKA3HUMKaMM. BCTaHOB/IEHO, IO Y
BCcix BapiaHTax momiHyBasu mpencTaBHUMKM TuliB Proteobacteria, Actinobacteriota, Bacteroidota
ta Firmicutes, cymapHa yacTka sIKux MepeBuinyBasa 80 % CTPYKTypu MeTareHOMY, TOAiI SIK
3aCTOCYBAaHHSI MiKpOOGHMX TpernapariB CympoBOAKYBAIOCS MiABUIIEHHSIM BUIOBOro 6ararcTsa i
pisHOMaHIiTTA: iHAekc [lleHHOHa 3pocTaB 3 4,82 y KoHTpoJi m0 5,12-5,18 y mocaimHux BapiaHTax,
a ominka 6ararctBa 3a Chaol — 3 830 mo 960-975 TakcoHiB. By/Ji0 BUSIBJIEHO 3pOCTAaHHS YaCTKU
poniB, acoliffoBaHMX i3 POCTOM pOCJAMH, a TaKOX BiTHOCHOI KiJbKOCTi TeHiB, IOB’SI3aHUX 3
asordikcanieo, Mobimizanieo ¢ocdopy, TpaHCMOPTYBaHHSAM Kajilo, 3aCBOEHHSIM CipKU Ta
03HaKaMM CTPECOCTIiKOCTi, 3 MaKCMMaJbHUMM 3HAUEHHSIMM y BapiaHTax 3 TPeTiM IpernapaTom
i iioro kombiHamiero 3 mepmum. Li BapianTu 3abe3sneuyBasyu MiABUILEHHSI Macu Oyabb 3
pocavHM 10 495-510 T i 36iMbIIeHHS YacTKM cepefHbOI Ta KPyMHOi dpakxiliii Bpokaio, MpuIomMy
KoedilieHTH KOpessdLii Mik cCyMapHOIO YaCTKOI0 KOPUCHUX MiKpOOpPTaHi3MiB, GyHKIIiOHaJIbHUMU
reHamMm i TMpomyKTuBHicTIO pocsraaum 0,6-0,7. OTpuMaHi pe3yabTaTu 3acBigumam, 1o
IiecnpsiMoBaHa Mikpo6Ha 06po6ka 3maTHa popmMyBaTy pu3ochepHuii MeTareHoM i3 MiABUIEHUM
6i0TEeXHONOTiYHMM TMOTEeHIiaJioM i Moxke OYyTM BUKOPMUCTAHA arpoOHOMaMM-TIPAKTUKAMU,
pO3pob6HMKAMM MiKpOOHKX ITpernaparis, ceJieKIjioHepaMy KapToIi Ta ¢paxiBUsSIMM 3 iIHTerpOBaHOIO
YIIPaBJiHHS POXLIOUICTIO I'PYHTIB AJsg ONTUMIi3alii MiKpOOHMX KOHCOPIIyMiB y TeXHOJOTisix
BUPOIIYBaHHS KapTOIJIi

KiiouoBi cjioBa: BapiaHT; KiJIbKiCTb; TUIT; pial; a3oTdikcailis; pochop
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