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Abstract. The relevance of the study lies in the need to ensure high accuracy in determining the 
boundaries of the Carpathian National Nature Park (CNNP), which is important for the reliability 
of environmental monitoring using geographic information systems (GIS) and field studies. The 
conservation of natural ecosystems and effective management of the Carpathian National Nature Park 
territory are impossible without the integration and analysis of spatial data in geographic information 
systems, which ensure sound planning of nature conservation measures and control of the state of 
the environment. The aim of the article was to analyse geospatial datasets (boundary polygons) of 
the CNNP available in open sources and official materials, compare their accuracy and suitability for 
analysing environmental indicators, conduct spot field verification, and develop the authors’ version 
of the park’s refined boundaries. The study analysed the possibilities of using open geospatial data, 
in particular satellite images, digital terrain models, and thematic layers of the Global Forest Watch 
platform in QGIS and ArcGIS environments. A comparison of different sources revealed significant 
errors in publicly available datasets, leading to distortions in statistical estimates of forest area, land 
use changes, and the identification of areas of anthropogenic impact. Based on geospatial analysis, 
field surveys, and comparison of official materials, the authors propose their own version of the refined 
boundaries of the CNNP. The paper provides an example of how inaccuracies in the boundaries of global 
monitoring systems, in particular on the Global Forest Watch platform, can significantly alter estimates 
of deforestation or forest degradation areas. This highlights the need for constant verification and 
updating of geospatial data for protected areas. The results of the study prove that the combination of 
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INTRODUCTION
Accurate spatial and temporal characterisation of 
the boundaries of nature conservation areas deter-
mines the quality of environmental monitoring, 
planning of conservation measures and reporting 
on international environmental obligations. For 
the Carpathian National Nature Park, located in 
a complex mountain system with high landscape 
and biotic diversity, errors in contours can cause 
systematic deviations in ecosystem area calcula-
tions, anthropogenic impact assessments, and site 
selection for observations (Urbano  et al.,  2024). 
In the context of multi-source mapping (global 
databases, national registers, local geodata), it is 
necessary to verify the geospatial consistency and 
methods of integrating such data in order to ob-
tain a single reliable boundary model suitable for 
management and scientific tasks.

The Carpathian National Nature Park (CNNP) 
is one of the most important nature conservation 
sites in Ukraine, located within the Chornohora, 
Gorgany, and the Pokuttya-Bukovyna Carpathi-
ans. Administratively, the park covers the Yarem-
che, Vorokhta, and Polyanytsya territorial commu-
nities of Ivano-Frankivsk region. Its official area 
is 50,495 hectares, and it encompasses unique 
mountain ecosystems, including subalpine mead-
ows, beech and fir forests, high-altitude bogs, and 
rare geological formations (Carpathian National 
Nature Park, n.d.). It is home to a significant num-
ber of endemic, relict and red-listed species of flo-
ra and fauna, making the park critically important 
for biodiversity conservation. Due to the complex 
terrain, high ecological value and limited area, the 
accuracy of geospatial data is critical for environ-
mental analysis, nature conservation planning 
and international reporting.

In scientific works, the issues of bounda-
ry compliance, geodata quality and methods of 
their comparison for protected areas are con-
sidered from different perspectives. V.  Brusak & 
V.  Shtuglynets  (2021) demonstrated the poten-
tial of GIS mapping for the systematic inventory 
of the nature reserve fund (NRF) of the Ukrainian  

Carpathians: QGIS was used to compile maps of 
the location of NRF objects by landscape complex-
es and to assess the representativeness of land-
scape types; the authors recommended optimising 
the network of parks for a balanced representation 
of mountain landscape types. A.  Novikov  (2021) 
developed GIS maps of the geomorphological and 
phytogeographical zoning of the Ukrainian Car-
pathians in the form of operational geographical 
units, which increases the consistency of local 
taxa with modern digital sets and ensures routine 
use in biogeography. L.V. Shtohryn & D.V. Kasiyn-
chuk (2024), based on morphometric analysis and 
multivariate statistics, showed the dominance of 
orographic and climatic factors in the formation 
of landslide processes in the Carpathian region; 
the consistency of the model parameters reinforc-
es the requirement for high spatial accuracy of the 
initial boundaries during territorial hazard assess-
ments. The authors R.L. Kravchynskyi et al. (2025) 
systematised the abiotic components of the envi-
ronment and described field research and moni-
toring methods, emphasising the need for validat-
ed boundaries as a framework for thematic studies.

The study by J. Randall et al. (2022) shows that 
the integration of field research and interactive 
visualisations in GIS for invasive species manage-
ment: mapping spatio-temporal patterns of distri-
bution, creating web applications for navigation 
and queries, and visualising data from the field 
helps to align management tactics with landscape 
changes and prioritise areas of intervention. This 
approach reinforces the argument for the need 
for accurate and consistent park boundaries as a 
basis for spatial analysis and management plan-
ning. At the global source level, the Protected 
Planet/WDPA initiative provides monthly updates 
and standardisation of data on protected areas; 
at the same time, the WDPA User Guide outlines 
limitations in data interpretation and cases of 
point representation of objects, which affects lo-
cal analyses. D.  Tezel  et al.  (2021) demonstrated 
the use of 3D GIS and high-resolution datasets to 

open data, field research and modern GIS technologies is an effective tool for improving the accuracy of 
environmental data analysis. The proposed approach can be used as a model for improving the spatial 
boundaries of other protected areas in Ukraine, promoting sustainable nature use and transparent 
ecosystem management

Keywords: open data; geospatial layer; satellite imagery; QGI; ArcGIS
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accurately determine the boundaries of protected 
areas and align them with property boundaries, 
which is relevant for parks with complex internal 
land structures. The aim of the study was to com-
pare global and local geodata sources regarding 
the boundaries of the Carpathian National Nature 
Park, to quantitatively assess their spatial consist-
ency and errors, and to propose a methodology for 
constructing a verified GIS model of boundaries 
suitable for environmental monitoring of the park.

MATERIALS AND METHODS
The study was conducted at the Department of 
Ecology of Ivan Franko National University of Lviv 
during the summer of 2025. The following geo-
spatial data sources were used in the study: The 
World Database on Protected Areas (WDPA) (n.d.) 
via Living Atlas in Pro  – two polygons with an 
area of 612  km2 and 500  km2; OpenStreetMap 
(OSM) (n.d.) – the primary polygon, with an area 
of 529 km2, exported from the platform, partially 
overlapped the territory of the Carpathian Bio-
sphere Reserve and extended into the Zakarpat-
tia region. This configuration of boundaries did 
not correspond to the administrative location 
of the CNNP, which is entirely within the Iva-
no-Frankivsk region. The author edited the pol-
ygon in accordance with the official boundaries 
of the region and the actual spatial coverage of 
the park. As a result, the area of the edited layer 
was 512  km2, which more accurately reflects the 
actual territory of the CNNP. Official data from 
the Carpathian National Nature Park adminis-
tration  (2024) (unpublished materials from the 
park administration obtained by the authors upon 
request) was used  – a polygon with an area of 
499 km2, which became the basis for further ed-
iting. All boundary changes were made exclusive-
ly on the basis of this original layer. It should be 
noted that all polygons with the boundaries of the 
CNNP analysed in this study were probably creat-
ed as part of various projects, in particular Open-
StreetMap (n.d.), The World Database on Protect-
ed Areas (n.d.), as well as an internal polygon used 
by the park administration for its own mapping, 
and none of them are officially approved.

This creates additional challenges for re-
searchers using open sources for environmental 
analysis, as they may use CNNP boundaries from 
different sources, leading to significantly different 

characteristics and conclusions about a given ter-
ritory. It should be noted that different datasets in 
open environmental information databases have 
differences in coding systems and cartographic 
projections, which often leads to incorrect calcu-
lations of the actual area of the territory. In most 
cases, such data only allow working with relative 
indicators expressed as percentages, rather than 
absolute values of areas.

To assess the accuracy of the boundaries, the 
following was carried out: visual analysis of Senti-
nel-2 satellite images (resolution 10 m) (Europe-
an Space Agency, n.d.); comparison of boundaries 
with ecological trails, topographical landmarks 
and field observations; field verification of the in-
clusion of important natural features, such as the 
arboretum, the banks of the Prut River – the Hov-
erla Research and Conservation Scientific Depart-
ment, and the peaks of the Chornohora Range. To 
ensure maximum accuracy of spatial analysis, all 
layers, including the base layer, were reprojected 
into the ETRS89 / UTM Zone 35N coordinate sys-
tem, which is optimal for the park’s location – for 
accurate area calculation. For analysis of the ter-
ritory on Global Forest Watch (GFW), all polygons 
were reprojected into the WGS 1984 / EPSG 4326 
coordinate system. Data from the Global Forest 
Watch platform (n.d.) was used to assess the im-
portance of the accuracy of polygons reflecting the 
boundaries of the CNNP, as well as to demonstrate 
the practical impact of geometric deviations on 
environmental indicators.

Assessment of boundary consistency: “Devi-
ation from intersection area (%)” indicator. The 
“Deviation from intersection area (%)” indicator 
was used to quantitatively assess the spatial con-
sistency of different sources of park boundaries. 
Its purpose is to measure the relative size of the 
uncovered part of the compared polygon relative 
to the official (baseline) boundary in order to en-
sure the comparability of results between sets of 
different areas. A value of 0% means complete co-
incidence, while higher values indicate increasing 
discrepancies. In the ArcGIS Pro software environ-
ment, the Intersect function was used to create 
intersection layers for each of the polygons with 
the base polygon, and the attribute table data was 
used to determine the difference in the areas of the 
intersecting polygons, as well as the percentage of 
overlap with the base polygon. For further analysis 
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of territories by environmental indicators, it was 
important to understand how much the area inter-
secting with the base polygon differs from the area 
of the polygon itself. This indicator was calculated 
using the formula:

Deviation of area from intersection =
= |Area of polygon − Area of intersection| / 

Area of baseline polygon × 100.           (1)

Correlation analysis was performed in Micro-
soft Power BI (Desktop) on a sample of six poly-
gons (Author, WDPA 612, WDPA 500, OSM 529, 
OSM 512, CNNP 499). Bubble scatter plots were 
constructed for pairs of variables: geometric/areal 
metrics and corresponding ecological indicators 
were plotted on the axes; the size of the markers 
is proportional to the polygon area, and the colour 
codes the data source. Data preparation includ-
ed bringing percentage indicators to the baseline 
polygon (Authors’) to ensure comparability be-
tween sources.

RESULTS AND DISCUSSION
The analysis revealed significant discrepancies 
between the geospatial data sources used to de-
lineate the boundaries of the Carpathian National 
Nature Park. Although some layers show a high 
degree of spatial coincidence with the reference 
contour, even minor deviations in area and ge-
ometry can lead to significant distortions in the 
calculation of environmental indicators, such as 
forest loss, fire impact and forest cover growth. 
A visual comparison of the boundaries of all the 
geospatial layers considered is shown in Figure 1, 
which illustrates the nature and scale of spatial 
discrepancies.

The territory of the CNNP according to The 
World Database on Protected Areas (n.d.): WDPA 
612 – its difference from the base area is 21.3%, 
the degree of territorial overlap is 86%, and the de-
viation of its area from the intersection is already 
35%. This means that if the WDPA 612 polygon 
is used to analyse the territory of the CNNP, 35% 
of its area will not correspond to the actual terri-
tory of the CNNP. Thus, it should be emphasised 
that this geospatial layer cannot be used even for 
superficial generalised studies or schematic rep-
resentations of the CNNP. On the other hand, the 
WDPA 500 polygon has a slight deviation in area – 

only -0.97%, but 5.8% of its territory is not with-
in the boundaries of the CNNP, and the degree of 
spatial coincidence with the reference polygon is 
only 93.23%. The visualisation of these layers is 
shown in Figure 2.

Figure 1. Spatial overlay of the boundaries of the 
authors’ layer of the CNNP with the layers of the 

WDPA, OSM, and the official CNNP layer
Source: developed by the authors based on The World 
Database on Protected Areas (n.d.), OpenStreetMap (n.d.)

Figure 2. Spatial overlay of the Carpathian NNP 
boundaries with the authors’ layer

Note: a – with the WDPA 612 layer; b – with the WDPA 
500 layer
Source: developed by the authors based on The World 
Database on Protected Areas (n.d.)

a b
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CNNP according to OpenStreetMap  (n.d.) 
(Fig.  3): OSM 529 (obtained by direct export to 
QGIS via the Quick OSM plugin) – the area of the 
polygon is 529.37 km2, which is 4.84% larger than 
the reference area. The degree of territorial over-
lap with the authors’ polygon is 98.60%, i.e. only 
1.4% of its territory is not included in the CNNP. 
At the same time, the deviation of the area from 
the intersection is 6.24%, which indicates a mod-
erate discrepancy in geometric coverage. It should 
be noted that this geospatial layer contains a gross 
error and includes only part of the Carpathian 
Biosphere Reserve (CBR) (n.d.), namely the Nature 
Conservation Bureau (n.d.), so it cannot be used as 
representative of the CNNP. OSM 512 has an area 
of 512.25 km2, which is 1.45% less than the refer-
ence area. The degree of spatial overlap is 98.57%, 
meaning that 1.43% of the territory does not cor-
respond to the boundaries of the CNNP. The devi-
ation of the area from the intersection is 2.88%, 
which is minimal and indicates high accuracy. This 
polygon is the closest to the authors’ among the 
OSM layers and can be recommended for use in 
environmental monitoring, but with caution re-
garding the edge areas.

include some ecologically important areas, the 
area of the polygon is 499.87 km2, which is 1.01% 
less than the authors’ polygon. The degree of ter-
ritorial overlap is 98.92%, i.e. only 1.08% of its 
area does not correspond to the actual boundaries 
of the CNNP. The deviation of the area from the 
intersection is 0.08%, which is minimal and indi-
cates high accuracy of geometric coverage. This 
polygon is the closest to the authors’ among all 
the layers considered, both in terms of area and 
spatial coincidence (Fig.  4). It can be considered 
as a basis for use in environmental monitoring, 
spatial analysis and planning of nature conserva-
tion measures. As a result of the authors’ recon-
struction of the boundaries, an updated polygon 
with a GIS area of 50,495  ha was created, which 
fully corresponds to the official data. The recon-
struction was carried out exclusively on the basis 
of the CNNP 499 polygon, to which the territories 
of the Hoverla Research and Conservation Scien-
tific Department arboretum, the riparian zone of 
the Prut River, and the peaks of the Chornohora 
Range were added, which were not included in the 
original polygon but are actually part of the park’s 
territory according to its functional use and nature 
conservation documentation.

Figure 3. Spatial overlay of the Carpathian NNP 
boundaries with the authors’ layer

Note: a – with OSM layer 512;  b – with OSM layer 529
Source:  developed by  the  authors  based  on 
OpenStreetMap (n.d.)

a b Figure 4. Spatial overlay of the Carpathian NNP 
boundaries with the authors’ layer

Note: a – with the CNNP layer; b – preservation of the 
details of the authors’ restoration on the territory of the 
arboretum
Source: developed by the authors

The territory of the Carpathian National Na-
ture Park  (n.d.) according to the geospatial layer 
of the CNNP 499: the most accurate, but does not  

a b

Table  1 shows the results of the analysis of 
polygon areas and their deviations, and Figure  5 
shows a visualisation of correlations for vari-
ous indicators. For comparative calculations and 
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further GIS analysis, the authors’ version of the 
boundaries with an area of 504.95  km2 was tak-
en as the basis. As can be seen from Table 1, an 
important indicator is not only the difference in 
polygon areas, but also the degree of overlap, i.e. 
what part of the reference polygon coincides with 
the base polygon. In the ArcGIS Pro software en-
vironment, using the Intersect function, layers 
of intersection of each of the polygons with the 
base were created, and through the attribute table 

data, the difference in the areas of the polygons 
with the intersection was determined, as well as 
the percentage of overlap with the base polygon. 
For further analysis of the territories according 
to environmental indicators, it was important to 
understand how much the area intersecting with 
the base polygon differs from the area of the pol-
ygon itself (formula  1) – these data are given in 
the column Deviation from the intersection area 
(%) in Table 1.

Name of 
polygon

Polygon 
area (km2)

Intersection 
area (km2)

Percentage 
of overlap (%)

Difference 
between area and 
intersection (km2) 

Deviation of area 
from intersection 

(%)

Deviation 
from area (%)

Authors’ 504 504.95 504.95 100.00 0.00 0.00 0.00

WDPA 612 612.57 435.24 86.19 177.33 35.10 21.31

OSM 529 529.37 497.87 98.60 31.50 6.24 4.84

OSM 512 512.25 497.72 98.57 14.53 2.88 1.45

WDPA 500 500.04 470.75 93.23 29.29 5.80 -0.97

CNNP 499 499.87 499.48 98.92 0.39 0.08 -1.01

Table 1. Comparison of CNNP polygons:  
Contour overlap and geometric deviations from the authors’ layer

Source: developed by the authors

Figure 5. Correlation analysis of spatial characteristics of nature conservation areas boundaries: 
Relationships between geometric deviation, planar discrepancies and degree of territorial overlap

Source: developed by the authors
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Global Forest Watch (n.d.) was selected as a 
model example of the use of geospatial databas-
es with environmental indicators. It is an open 
web application for monitoring the state of for-
ests in near real time, used by researchers around 
the world. The initiative is implemented by the 
World Resources Institute  (n.d.) in partnership 
with Google, USAID, the University of Maryland, 
Esri, Vizzuality, and other scientific, non-gov-
ernmental, and private organisations. The plat-
form uses satellite data, including from NASA 
MODIS sensors, as well as image processing al-
gorithms to detect tree cover loss, fires, land use 
changes and other processes. For experimental  

confirmation of this study, all six polygons rep-
resenting the boundaries of the CNNP according 
to various sources (WDPA, OSM, authors’, etc.) 
were uploaded to GFW. Based on these geospa-
tial layers, analytical data on forest cover, forest 
loss, forest growth and forest fires were obtained, 
which are summarised in Table  2, and Figure  6 
shows a visualisation of the correlation of the 
layers according to selected indicators. This made 
it possible to quantitatively assess how even mi-
nor deviations in the polygon area can lead to 
significant distortions in environmental indica-
tors, which is critically important for reliable en-
vironmental monitoring.

Name Forest loss 
2001-2024 (ha)

Deviation in 
forest loss (%)

Forest loss 
from fires 

2001-2024 (ha) 

Deviation in 
forest loss 

from fires (%)

Forest gain 
2000-2020 (ha)

Deviation in 
forest gain (%)

Authors’ 504 1,430 0.00 11 0 212 0.00
WDPA 612 3,880 171.33 28 154.55 320 50.94
OSM 529 1,600 11.89 16 45.46 222 4.72
OSM 512 1,500 4.90 14 27.27 217 2.36

WDPA 500 1,580 10.49 12 9.09 237 11.79
CNNP 499 1,400 -2.10 11 0 208 -1.89

Table 2. Boundary consistency and deviations in environmental metrics:  
Forest loss, fires, and forest gain

Source: developed by the authors

Figure 6. Correlation analysis of the impact of geometric and planar deviations of nature conservation 
areas on environmental indicators: Forest loss and growth

Source: developed by the authors
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To compare environmental indicators for 
forest loss and gain in the CNNP territory, the 
WDPA 500 and CNNP 499 geospatial layers were 
used, with almost identical minimum deviations 
from the authors’ geospatial layer at -0.97% and 
1.01%, respectively. However, when the deviation 
is considered in terms of forest loss, a complete-
ly different picture emerges: for WDPA 500, it 
is 10.49%, and for CNNP 499, it is -2.10%, i.e. a 
difference in the range of 12.5%; for forest loss 
from fires, it is 9.09% and 0% respectively, and for 
forest growth, it is 11.79% and -1.89% respective-
ly. These examples prove that even a small differ-
ence in the area and geometry of the polygon (1% 
in area and 5.8% in geometry for this example) 
can lead to significant distortions in the calcula-
tion of environmental indicators.

Despite minor geometric differences be-
tween the OSM 529 and OSM 512 layers com-
pared to the authors’ polygon (area deviation is 

4.84% and 1.45% respectively, and spatial coin-
cidence is over 98.5%), the analysis of environ-
mental indicators shows significant discrepan-
cies: forest cover losses for OSM 529 exceed the 
reference value by 11.89%, and for OSM 512  – 
by 4.90%; forest losses from fires increase by 
45.46% and 27.27%, respectively; forest growth 
also shows deviations – 4.72% for OSM 529 and 
2.36% for OSM 512. These results confirm that 
even minimal discrepancies in area and boundary 
configuration can lead to significant distortions 
in the calculation of environmental indicators, 
especially when assessing forest loss, the impact 
of fires and forest cover dynamics. Taking the 
most critical example from WDPA 612, its 21% 
difference in area and 35% difference in geome-
try already distorts the indicators for forest loss 
by 171.33%, forest loss from fires by 154.55% and 
forest growth by 50.94%. Figure 7 shows an exam-
ple of a report from Global Forest Watch.

Figure 7. Example of a Global Forest Watch analytical report
Note: a – for the Authors’ geospatial layer; b – for the WDPA 612 geospatial layer
Source: developed by the authors based on Global Forest Watch (n.d.)

a b

The results confirm the critical sensitivity of 
environmental assessments to the accuracy and 
consistency of the boundaries of nature conser-
vation areas. Even with high spatial overlap (≈98-
99%), small differences in area and geometry  
(1-5%) lead to significant discrepancies in forest 

loss, growth and fire indicators. This indicates 
the need to apply unified data collection and 
processing methods to improve the accuracy of 
assessments. In addition, such discrepancies can 
influence management decisions and the devel-
opment of forest protection strategies. Below is a  
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comparative analysis with the works of other au-
thors who have researched related topics.

Researchers V.  Brusak & V.  Shtugly-
nets  (2021) demonstrated that the representa-
tiveness of mountain landscape types in the Car-
pathian NRF largely depends on the quality of the 
source geodata: the generalisation of contours 
and the inconsistency of projections lead to sys-
tematic biases in the representation of landscape 
complexes. This is consistent with the findings of 
this study: polygons with similar areas but differ-
ent contours (e.g., OSM 512 vs. the authors’ layer) 
show noticeable deviations in ecological metrics 
(forest loss +4.90%). The difference lies in the fo-
cus: V. Brusak & V. Shtuglynets assess landscape 
representativeness, while this study quantitative-
ly shows how contour errors are transferred to 
applied ecological indicators through the “Devi-
ation from intersection area (%)” indicator. The 
study by X. Kang et al.  (2024) demonstrated that 
a systematic framework for defining the bound-
aries of protected areas increases spatial accura-
cy and territorial integrity, which directly affects 
the reliability of ecosystem status assessments 
and the zoning of management priorities. This is 
consistent with the present approach to metric 
verification of boundaries and demonstrates the 
importance of integrated analysis to reduce errors 
in ecological indicators.

A.  Novikov  (2021) proposed GIS-oriented 
zoning (geomorphological and phytogeographi-
cal) as a set of operational units consistent with 
modern digital data. His approach emphasises the 
need to “align” thematic taxa with reference spa-
tial frameworks. These results confirm this thesis 
with practical examples: differences in boundary 
configurations (even for almost identical areas) 
significantly affect aggregated ecological assess-
ments (e.g., WDPA 500 vs. CNNP 499: deviation 
in forest loss 10.49% vs. -2.10%). The difference 
in approaches is that this study focuses on met-
ric verification of boundary consistency between 
sources before linking them to taxa and indi-
cators. L.V.  Shtohryn & D.V.  Kasiynchuk  (2024) 
showed the dominance of orographic and climat-
ic factors in the formation of landslide processes, 
which requires high spatial accuracy of base lay-
ers for territorial hazard assessments. The results 
of this study are consistent: for mountain parks, 
where boundaries often follow natural boundaries 

(watersheds, ridges), each “shift” of the boundary 
line can change both the hazard area and its sta-
tistical generalisation. The article adds quantita-
tive granularity to this sensitivity through coin-
cidence metrics and “Deviation from intersection 
area (%)”, demonstrating that geometric boundary 
errors translate into errors in the assessment of 
environmental risks and processes. Research by 
H. Gao et al.  (2022) shows that spatial modelling 
of conservation networks and boundary accuracy 
directly affect the effectiveness of management 
and prioritisation of areas. This confirms the im-
portance of polygon alignment and metric control 
for valid spatial conclusions.

Researchers R.L.  Kravchynskyi  et al.  (2025) 
emphasise the standardisation of field methods 
and systematic monitoring of abiotic components 
of CNNP, which requires a validated spatial frame-
work. This study provides such a framework: the 
authors’ polygon (50,495 ha) is reduced to the offi-
cial area, taking into account omitted functionally 
important areas (the Hoverla Research and Con-
servation Scientific Department arboretum, the 
Prut riparian zone, and the peaks of the Chorno-
hora Range). The similarity lies in the requirement 
for geometry validation. J.  Randall  et al.  (2022) 
demonstrated the effectiveness of integrating field 
surveys, web GIS, and visualisation tools for inva-
sive species management. The conclusions of this 
study complement their results: the correctness of 
boundaries is a prerequisite for valid observation 
routes, prioritisation of areas and interpretation 
of spatio-temporal patterns. The examples given 
in the article (OSM discrepancies 529 due to the 
inclusion of part of the CBR and the correspond-
ing overestimation of forest loss and fires) illus-
trate that even a “high-quality” workflow becomes 
unreliable without verified contours.

The World Database on Protected Areas (n.d.) 
explicitly points to limitations in data interpreta-
tion, particularly cases where objects are repre-
sented by points and heterogeneity in the origin 
of geometries. This is fully consistent with the 
identification of critical discrepancies: WDPA 
612 shows an area deviation of 35% and an over-
estimation of environmental indicators (forest 
loss +171.33%; fires +154.55%). Studies by P. Po-
tapov et al.  (2022) and A. Tyukavina et al.  (2022) 
demonstrated a methodology for global detec-
tion of tree cover loss based on satellite data and 
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post-processing algorithms. The results of this 
study are conceptually consistent: aggregated es-
timates on the GFW platform are sensitive to the 
choice of input polygon. This study demonstrates 
that contours with almost equal areas but differ-
ent geometric consistency (e.g., WDPA 500 and 
CNNP 499) yield different loss results (+10.49% 
vs. -2.10%) and gains (+11.79% vs. -1.89%). This is 
a practical difference: while P. Potapov et al. and 
A. Tyukavina et al. focus on change detection al-
gorithms, this study shows how the geometry of 
administrative nature conservation boundaries 
scales the error when aggregating these changes.

In their study, L.  Kleinewillinghöfer  et 
al. (2022) proposed an unbiased assessment of ar-
eas using Copernicus High Resolution Layers and 
reference data; the approach is consistent with the 
principle of “agreed area → valid indicators” and 
can be used as a baseline area validation for the 
final CNNP boundary model before aggregating 
losses/gains. Researchers M.  Jurišić  et al.  (2023) 
and O.  Chaskovskyy  et al.  (2025) showed that 
ecological sensitivity zoning schemes and visitor 
forecasts in national parks depend on the accuracy 
of the spatial framework; it has been established 
that small contour discrepancies between sourc-
es (OSM vs. authors’ layer) can shift management 
priorities (observation routes, load zoning). Re-
searchers M.S. Parvez & X. Feng (2024) proposed a 
general method of spatial delimitation combining 
optimisation and user control; This approach sup-
ports the logic of a “quality gate”: before linking 
taxa/boundary indicators, they should be algorith-
mically reconciled between sources and under-
go a metric audit (coincidence, “Deviation from 
intersection area (%)”). M.  Deputat  et al.  (2025) 
demonstrated, using the Carpathian region as an 
example, that the interpretation of climate-sen-
sitive indicators (NDSI, snow cover) in the moun-
tains depends on correct zonal binding; the results 
obtained complement this conclusion with prac-
tice: different contours scale the total estimates of 
changes even for almost equal areas.

Scientists V.  Ruschak & I.  Chepurnyi  (2025) 
and M. Karabiniuk et al. (2025) emphasise that to 
ensure the accuracy of remote assessments, it is 
necessary to have a coordinated polygon, since 
proper coordination of boundaries is a key condi-
tion for the stability of results. This confirms the 
importance of accurately defining the boundaries 

of protected areas, such as the Carpathian Nation-
al Nature Park, to ensure the reliability of envi-
ronmental data and effective monitoring of the 
state of the environment. The study by X.  He & 
H. Wei (2023) highlights the importance of accu-
rately defining the boundaries of protected areas 
for biodiversity conservation and effective natural 
resource management, which is relevant to this 
study. The authors point to the need to integrate 
geospatial data through GIS and satellite imagery 
to improve monitoring accuracy, identify errors in 
publicly available datasets, and refine park bound-
aries, which is critical for assessing forest area and 
land use changes. The results of the study confirm 
the effectiveness of combining open data, field re-
search, and modern GIS technologies to improve 
the management of protected areas, which is im-
portant for sustainable nature management.

A body of previous research confirms the ba-
sic requirement: validated and agreed boundaries 
are a prerequisite for correct spatial conclusions 
in mountain parks. The contribution of this study 
is to operationalise this requirement through the 
metric “Deviation from intersection area (%)”, a 
systematic audit of multi-source polygons (WDPA, 
OSM, local CNNP data) and a demonstration of 
practical implications for monitoring forest loss, 
fires and growth. The differences between sourc-
es (especially WDPA 612) are not “cosmetic”: they 
cause significant distortions in environmental in-
dicators and can lead to misguided management 
decisions. The proposed approach provides a re-
producible, quantitatively sound route to a single 
verified model of CNNP boundaries and can be 
replicated for other mountain NRF in Ukraine.

CONCLUSIONS
Accurate delineation of protected areas is critical 
to ensuring reliable environmental monitoring, 
especially in complex mountainous terrain such 
as that found in the Carpathian National Nature 
Park. Microclimatic zoning, high biodiversity with 
endemic and rare species, and intense anthro-
pogenic pressure – in particular recreational use 
and forestry – necessitate maximum accuracy of 
geospatial data. The use of inaccurate polygons 
from global databases such as WDPA can lead to 
erroneous scientific conclusions, incorrect mon-
itoring planning, and errors in international re-
porting. Even minor deviations in area (1-5%) can 
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cause significant errors in calculations of indica-
tors such as forest cover loss, forest fire area and 
forest growth, which in turn affects the quality of 
environmental assessments and the effectiveness 
of nature conservation planning.

The authors’ research demonstrates the 
need for local verification of the boundaries of 
nature conservation areas and proposes an up-
dated CNNP polygon as a reliable tool for further 
environmental assessments. The authors’ poly-
gon (504.95  km2) with a full intersection (100%) 
was taken as a reference. The CNNP polygon 499 
showed a minimal deviation in area (0.08%) and, 
accordingly, insignificant deviations in environ-
mental indicators (forest loss -2.10%; growth 
-1.89%), which confirms the correctness of the 
locally verified boundaries. On the other hand, ge-
ometrically divergent polygons lead to significant 
shifts in metrics. For OSM 512, with an area differ-
ence of 2.88% from the intersection, an increase 
in forest loss of +4.90% and fire loss of +27.27% 
is recorded. For OSM 529, with an area difference 
of 6.24%, forest loss is +11.89% and fire loss is 
+45.46%. WDPA 612 is particularly indicative: an 
area difference of 35.10% and overestimated in-
dicators (forest loss +171.33%; fires +154.55%; 
increase +50.94%), which makes the use of such a 
contour unacceptable even for overview tasks. At 
the same time, WDPA 500 (area difference 5.80%) 
shows moderate but significant deviations (forest 
loss +10.49%; growth +11.79%), which can change 

management priorities and interpretations. There 
was a justified need for local verification of bound-
aries and the use of the updated CNNP polygon as 
a reference framework for environmental assess-
ments, spatial planning and reporting. It is recom-
mended to use Sentinel  2 (Copernicus) satellite 
products for land cover and NDVI change analysis, 
MODIS and Landsat for long-term series, Glob-
al Forest Watch for forest loss assessment, and 
OpenStreetMap together with local geodata for 
infrastructure mapping. In total, even 1-5% ge-
ometric error can scale indicator errors to >10%, 
confirming that validated and agreed boundaries 
are a prerequisite for correct conclusions and ef-
fective nature conservation management. Pros-
pects for further research lie in the development 
of integrated methods for continuous local verifi-
cation of CNNP boundaries using multi-temporal 
satellite data, automated GIS algorithms, and field 
observations to improve the accuracy of environ-
mental monitoring and the soundness of manage-
ment decisions.
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Анотація. Актуальність дослідження полягає у необхідності забезпечення високої точності 
визначення меж Карпатського національного природного парку (КНПП), що є важливим 
для достовірності екологічного моніторингу із застосуванням геоінформаційних систем 
(ГІС) та польових досліджень. Збереження природних екосистем і ефективне управління 
територією Карпатського національного природного парку неможливі без інтеграції та аналізу 
просторових даних у геоінформаційних системах, що забезпечують обґрунтоване планування 
природоохоронних заходів і контроль стану довкілля. Метою статті був аналіз геопросторових 
наборів даних (полігонів меж) КНПП, доступних у відкритих джерелах та офіційних матеріалах, 
порівняння їхньої точності та придатності для аналізу екологічних показників, проведення 
точкової польової верифікації та розробка авторського варіанта уточнених меж парку. У 
дослідженні проаналізовано можливості використання відкритих геопросторових даних, зокрема 
супутникових знімків, цифрових моделей рельєфу, а також тематичних шарів платформи Global 
Forest Watch у середовищах QGIS та ArcGIS. Порівняння різних джерел показало наявність значних 
помилок у публічно доступних наборах даних, що призводить до викривлень у статистичних 
оцінках площі лісів, змін землекористування та визначення зон антропогенного впливу. На 
основі геопросторового аналізу, польових обстежень і співставлення офіційних матеріалів 
запропоновано авторський варіант уточнених меж КНПП. У роботі наведено приклад того, як 
неточності меж у глобальних системах моніторингу, зокрема на платформі Global Forest Watch, 
можуть суттєво змінювати оцінку площ вирубок або деградації лісів. Це підкреслює необхідність 
постійної перевірки та оновлення геопросторових даних для природоохоронних територій. 
Результати дослідження доводять, що поєднання відкритих даних, польових досліджень і сучасних 
ГІС-технологій є ефективним інструментом для підвищення точності аналізу екологічних даних. 
Запропонований підхід може бути використаний як модель для вдосконалення просторових 
меж інших природоохоронних територій України, сприяючи сталому природокористуванню та 
прозорому управлінню екосистемами 
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Abstract. The aim of the study was to assess the effectiveness of a closed water-cycle technology 
that reduces the impact on natural water bodies and promotes the rational use of water resources. 
Experimental, analytical and statistical methods were used in the study: biometric measurements, 
hydrochemical monitoring, behavioural observations and correlation analysis. At the beginning of 
the experiment, the mean length of the juveniles was 1.2 cm and the weight 1.8 g, whereas by the 
end of the observations these indicators had increased to 5.1  cm and 11.7 g respectively. Survival 
remained within 85-100%, which indicated optimal cultivation conditions. The water temperature was 
stably maintained at 21-22°C, and the oxygen concentration fluctuated within 6.8-7.1 mg/l, ensuring 
normal metabolism of hydrobionts. Hydrochemical analysis showed the effective functioning of the 
biofilter: the concentration of ammonium nitrogen decreased from 0.35 to 0.07 mg/l, nitrites from 
0.15 to 0.03 mg/l, and nitrates from 4.8 to 2.8 mg/l. Water transparency increased from 42 to 55 cm, 
and pH stabilised at 7.5, which indicated completion of the stage of biological stabilisation of the 
environment. Behavioural indicators also confirmed successful adaptation: activity of the juveniles 
increased from 2.1 to 4.6 points, the stress level decreased from 3.8 to 1.8 points, and cannibalism fell 
to 0.9%. After transfer to a natural water body, crayfish survival was 72%, the mean weight 133 g, and 
the proportion of females with eggs reached 65%, which confirmed the natural reproductive capacity. 
Economic calculations showed production profitability of 55.2% at a cost price of 138 UAH/kg and a 
net profit of 2,050 UAH/m2/year. Energy consumption of the system was low – 3.6 kWh/day, saving 
of water resources – 92%, and the environmental effect – a 40% reduction in the catch of natural 
populations. The practical significance of this study lies in the possibility of using its results for the 
introduction of energy-efficient technologies for rearing noble crayfish on farms and in industrial 
enterprises in Ukraine

Keywords: natural populations; survival; hydrobionts; profitability; adaptation
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INTRODUCTION
The relevance of this study is determined by the 
need to conserve and restore natural populations 
of noble crayfish (Astacus astacus  L.), which are 
important components of freshwater ecosystems. 
These populations perform the function of natural 
sanitarians of water bodies, taking part in self-pu-
rification and regulation of the biological balance. 
The presence is an indicator of environmental sta-
bility, since crayfish are sensitive to pollution and 
changes in environmental quality. In the last few 
years  (2020-2024), a significant decline in cray-
fish numbers has been observed, associated with 
military actions, degradation of water bodies and 
poaching. In such a situation, the introduction 
of environmentally safe technologies for rearing 
hydrobionts, in particular the use of recirculating 
water supply installations, becomes especially im-
portant. This technology minimises water abstrac-
tion and the discharge of polluted effluents, ensur-
ing sustainable development of aquaculture. Thus, 
the development of artificial crayfish rearing in 
recirculating water supply systems is a promising 
direction that combines environmental feasibil-
ity with economic benefits. The issues addressed 
in this study are driven by a sharp decline in the 
numbers of Astacus astacus in Ukrainian water 
bodies, in particular in the Dnipro region, under 
the influence of anthropogenic and climatic fac-
tors. Juveniles do not reach maturity due to water 
pollution, lack of shelters and increased harvest-
ing. The absence of effective control over fishing 
increases the risk of local population extinction. 
In this context, there is a need to create scientif-
ically grounded technologies for laboratory re-
production in recirculating water supply systems 
capable of ensuring stabilisation of the species, 
reduction of anthropogenic pressure and develop-
ment of profitable aquaculture production.

Given the international context of research 
on aquatic ecosystems, H. Hapich et al. (2024) fo-
cused on the consequences of the degradation of 
Ukraine’s water resources as a result of military 
actions. It was emphasised that the restoration of 
aquatic biocenoses became possible only through 
the combination of technological and nature-con-
servation approaches, among which aquaculture 
was identified as a key compensatory mecha-
nism. Within the framework of sectoral analysis, 
O.  Ishchuk  et al.  (2024) identified trends in the  

development of crustacean aquaculture in Ukraine 
and its strategic role in ensuring food security. It 
was established that the main constraints remained 
the lack of recirculating water supply installa-
tions and of trained specialists for the operation.

Relying on biotechnological data, N.  Hry-
nevych  et al.  (2022) described the potential of 
culturing Cherax quadricarinatus as a way of in-
creasing the economic efficiency of aquaculture. 
It was shown that introduced species had high 
growth rates, but the adaptation to local condi-
tions required additional ecotoxicological studies. 
In the context of experimental work, R.E. Duffy et 
al. (2025) presented the results of successful incu-
bation and rearing of Cherax tenuimanus in closed-
type systems. It was established that controlled hy-
drochemistry of the environment ensured survival 
above 90%, confirming the effectiveness of recir-
culating water supply technologies. On the basis 
of field observations, O.M.  Edwards  et al.  (2025) 
analysed the impact of hydrological and climat-
ic factors on the dynamics of aquatic organism 
populations. It was determined that fluctuations 
in temperature and oxygen levels significantly af-
fected behaviour and reproductive activity. From 
the standpoint of ecological monitoring, S. Hudi-
na et al. (2022) developed a conceptual model for 
regulating the numbers of signal crayfish (Paci-
fastacus leniusculus) as an invasive species. It was 
established that effective management of invasive 
populations requires the combination of environ-
mental monitoring, biocontrol and maintenance 
of the stability of autochthonous species, includ-
ing Astacus astacus.

Taking into account modern trends in tropi-
cal aquaculture, S.S. Lee et al. (2025) described the 
rearing of Phallusia nigra in open and closed wa-
ter supply systems. It was established that closed 
systems provide stable environmental parameters 
and increase the viability of hydrobionts. On the 
basis of experimental data, L.  Qin  et al.  (2023) 
showed that shelters in the rearing environment 
of Procambarus clarkii reduced stress and canni-
balism at high stocking density. A positive effect 
of such elements on larval survival and produc-
tion profitability was revealed. In terms of inter-
national aquaculture experience, M.O. Agbugui et 
al. (2025) summarised fish and crustacean farming 
practices in Nigeria. The importance of combining 
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biotechnological methods and socially oriented 
management models was emphasised. From the 
standpoint of genetic control, F.  Oficialdegui  et 
al. (2025) studied variability of Procambarus clarkii 
populations in natural and ornamental systems. 
Risks of introgression were identified, requiring en-
hanced control over the import of invasive species.

Within a socio-ecological approach, R.  Mo-
hammed  et al.  (2021) described the Freshwater 
Lobster Production – Green Aquaponics Perennial 
System for rearing freshwater lobsters in low-in-
come communities. The effectiveness of biofil-
tration and the stability of local production were 
demonstrated. On the basis of technical devel-
opments in European aquaculture, J.  Hinchcliffe 
et al. (2022) summarised the experience of rearing 
Homarus gammarus and identified key technical 
requirements for automated systems. It was noted 
that modernisation of equipment is critical for the 
development of crayfish farming. Issues of long-
term adaptation of crayfish reared in recirculat-
ing water supply systems after transfer to natural 
water bodies, and the impact of biofiltration pa-
rameters on the formation of stable reproductive 
groups in artificial populations, remain insuffi-
ciently studied. The aim of the study was to assess 
the effectiveness of recirculating water supply 
technology for rearing noble crayfish (Astacus as-
tacus L.) under conditions close to natural ones, as 
an environmentally safe method that reduces the 
impact on natural water bodies and ensures care-
ful use of water resources. The objectives of the 
study were to determine the dynamics of growth 
and survival of crayfish juveniles in a recirculating 
water supply system, to analyse changes in hydro-
chemical indicators and behavioural reactions of 
individuals, and to assess the adaptive potential 
and economic efficiency of rearing under con-
trolled conditions.

MATERIALS AND METHODS
The study was conducted in 2024 (March-August) 
in the Dnipro district at an experimental hydrobi-
ological laboratory equipped with a recirculating 
water supply installation for rearing noble crayfish 
(Astacus astacus L.). This species is autochthonous 
to the Dnipro basin and well adapted to temper-
ate continental conditions, which determined its 
selection as the object of the study. It is charac-
terised by high viability in recirculating water 

supply systems, considerable nutritional value 
and commercial appeal, which makes it optimal 
for experiments on population restoration and 
economic evaluation of aquaculture technologies. 
The experiment was carried out under the super-
vision of a PhD in Biological Sciences with more 
than 10 years’ experience in aquaculture. Three 
specialists took part in the observations  – two 
biologists with higher education and one hydro-
biological technician, all of whom had undergone 
prior training in measurement methodology and 
statistical data recording. The keeping of animals 
and all experimental manipulations were carried 
out in accordance with the provisions of the Law 
of Ukraine No. 249 (2012). In addition, the require-
ments of the European Commission (2021) on eth-
ics and data protection and of DSTU EN ISO/IEC 
17025:2019 (2019) were observed.

The climate of the area is characterised by 
temperate continental conditions, with a typical 
mean daytime temperature of +25-28°C in sum-
mer. For the experiment, a recirculating water 
supply installation was used, consisting of three 
polymer tanks with a volume of 250 l each, a com-
mon biofiltration unit with expanded clay filler, a 
circulation pump Eheim CompactON 1000 (Ger-
many) and a compressor Hailea ACO-318 (China). 
The water temperature was maintained at 21-2 °C 
with a Tetra HT 200 thermostat (Germany), and 
lighting was regulated in a 14:10 (light/dark) re-
gime using Osram LED lamps (Germany).

Separate control tanks were not used, since all 
three vessels were combined in a single recircula-
tion circuit and functioned as a single technolog-
ical system. This ensured identical hydrochemical 
conditions in all sections and made it impossi-
ble to create an independent control within one 
module. Hydrochemical parameters (pH, oxygen, 
ammonium, nitrites, nitrates) were analysed as 
integral indicators of the whole system, while bi-
ometric and behavioural data were recorded sep-
arately for each tank and then averaged, which 
made it possible to minimise random variations 
and obtain a representative assessment of the in-
fluence of conditions on the growth and behaviour 
of noble crayfish Astacus astacus L.

The observation period lasted six months, 
with monthly measurements carried out by two 
hydrobiologists. At the start of the experiment, 
juveniles of Astacus astacus aged 1-2 months, 



Environmental efficiency of recirculating water...

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 202526

obtained after laboratory selection of postlar-
vae, were used. Initial biometric parameters were 
1.2 ± 0.1 cm and 1.8 ± 0.3 g, which corresponded to 
the early juvenile stage of development. The total 
number of individuals in the experiment was 180 
specimens, evenly distributed among the three 
tanks (60 individuals in each). This ensured equal 
stocking density and allowed the dynamics of the 
population to be monitored in terms of the gener-
al recirculation system.

For monthly monitoring, 60 individuals were 
selected each time, 20 from each tank, which made 
it possible to carry out a weighted analysis without 
disrupting the general population structure. Mean 
body length (cm) was measured with a Mitutoyo 
500-196-30 digital calliper (Japan) with an accura-
cy of ±0.01 cm, and mean weight (g) with Radwag 
WTB 200 laboratory scales (Poland) with an accura-
cy of ±0.01 g. Water temperature (°C) was recorded 
with a Testo 108 thermometer (Germany), and the 
level of dissolved oxygen (mg/l) with a WTW Oxi 
3310 electrochemical oximeter (Germany). Sur-
vival (%) was calculated according to formula (1):

S = N2
N1

× 100  ,                            (1)

where N1 – the number of individuals at the begin-
ning of the period and the N2 – number of individ-
uals after completion of the observation period. 
Measurements were taken simultaneously by two 
researchers, and a third recorded the indicators in 
a digital observation log. The data obtained were 
checked by cross-control.

Water quality control was carried out twice 
a month. Measurements were taken by a hydro-
biological technician under the supervision of 
the senior researcher. The concentration of am-
monium nitrogen (NH4⁺,  mg/l) was determined 
by the phenol-hypochlorite method according to 
APHA (2017) using a Hach DR/890 photocolorim-
eter (USA). Nitrites (NO2

–, mg/l) were determined 
by the Griess reaction (λ = 540  nm), and nitrates 
(NO3

–, mg/l) by the cadmium reduction method on 
the same device. The pH value was measured with 
a Hanna Instruments HI98129 portable pH-me-
ter (USA), and transparency (cm) by a Secchi disc 
20  cm in diameter with a white scale. Data were 
averaged over three parallel samples taken by one 
observer, while another carried out the analysis 
and verification of the results.

Behavioural observations were carried out 
daily for 20 minutes twice a day  – in the light 
(10:00) and dark (22:00) periods, corresponding to 
the natural daily rhythms of Astacus astacus. Three 
specialists took part in the observation group: the 
chief biologist, an assistant responsible for video 
recording and a technician responsible for regis-
tration of parameters. Video recording was carried 
out with a Canon EOS 250D camera (Japan), and 
further analysis of behavioural characteristics 
was performed using Tracker Video Analysis v6.1 
software (USA). Behavioural observations were 
carried out in parallel with standardised feeding, 
since feeding activity is a key behavioural indica-
tor. Feeding was carried out twice a day – at 09:00 
and 21:00. The main diet consisted of sinking 
high-protein compound feed (38-42% protein) in 
2-3  mm pellets, which ensured even delivery of 
nutrients. Additionally, every other day natural 
animal feeds (minced shrimps or fish) were added, 
which increased feeding motivation and stimulat-
ed growth. The mean daily ration was 2.5-3% of 
total biomass; feed was applied locally in the cen-
tre of the tank to control even consumption. After 
10-12 minutes, the remains were collected and 
weighed, which made it possible to assess the de-
gree of feed utilisation and avoid its accumulation 
in the system.

Activity in the light period was assessed on a 
five-point scale (1 – low, 5 – high); two independ-
ent observers carried out parallel assessments 
with subsequent verification of discrepancies. 
Cannibalism (%) was determined visually by the 
proportion of individuals with injuries after each 
month of the experiment. Reaction to feed was re-
corded with a Casio HS-3V-1R stopwatch (Japan), 
measuring the time from feed application to the 
approach of the first individual. Aggressiveness 
was assessed by counting the number of contacts 
(claw strikes, chases) per hour under reproducible 
conditions. Stress level was determined on a five-
point scale (1 – complete calm, 5 – panic activity). 
Assessment was carried out simultaneously by two 
experts, and discrepancies of more than 0.5 points 
were reconciled after reviewing the video archive.

After completion of the laboratory stage of 
the study, during which 180 juveniles (60 per tank) 
were kept in the three tanks, the experiment was 
continued under natural conditions to assess the 
adaptive capacity of crayfish to a semi-natural  
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were calculated as the ratio of feed consumed to 
live weight gain. The cost of rearing 1 kg of cray-
fish (UAH) was calculated by summing the costs 
of feed, energy, water, preparations, equipment, 
and labour. The market sale price (UAH/kg) was 
determined according to the mean wholesale price 
for live crayfish on the Ukrainian market (Agro-
Ukraine,  n.d.). The expected net profit (UAH/m²/
year) was calculated according to formula (2):

P = (Q × Cp)
 - Cs,                         (2)

where Q – the quantity of products obtained (kg/
m2); Cp – the market sale price (UAH/kg); Cs – the 
total costs (UAH/m2/year). The profitability level 
(%) was determined according to formula (3):

R = P
Cs

× 100  ,                            (3)

where P – net profit (UAH/m²/year) and Cs – the 
total costs (UAH/m2/year). Energy consumption 
of the installation (kWh/day) was determined 
from the readings of a Legrand CX3 412507 meter 
(France). Saving of water resources (%) was calcu-
lated by comparing the volume of water used in the 
recirculating water supply installations with con-
trol pond technologies according to formula (4):

E = �1− VCWS
Vpond

� × 100  ,                     (4)

where VCWS – the volume of water used in the re-
circulating water supply installation; Vpond  – the 
mean volume of water used in traditional pond 
technology.

The potential for expansion of production (ha) 
and the expected annual production (t/ha) were 
calculated according to stocking density stand-
ards and mean productivity. The environmental 
effect (%) was determined as a reduction in the 
catch of natural populations compared with base-
line statistical data of the State Agency for Land 
Reclamation, Fisheries, and Food Programmes of 
Ukraine (n.d.). All results were processed by meth-
ods of variation statistics using Statistica 12.0 
software (USA). To determine the relationships be-
tween growth, survival, hydrochemical indicators 
and behavioural characteristics, correlation analy-
sis with the Pearson coefficient (r) was applied. The 
results were presented as mean value ± standard 
error (M ± SE) with a significance level of p < 0.05.

environment. For the field stage, 60 individuals 
were selected and transferred to a controlled sec-
tion of a natural pond with an area of 50 m2 and 
an average depth of 1.2 m. This ensured the repre-
sentativeness of the sample and made it possible 
to observe the behaviour and physiological chang-
es of individuals reared in the recirculating water 
supply installation.

The duration of field observations was six 
months, during which two biologists carried out 
monthly control catches. Survival was determined 
according to formula (1), and mean weight was 
measured with Radwag WTB 200 laboratory scales, 
which ensured comparability of data with the lab-
oratory stage. Activity was assessed on a five-point 
scale, cannibalism by the proportion of injured in-
dividuals, and stress level by the duration of im-
mobility after mechanical stimulation, recorded 
with a Casio HS-3V-1R stopwatch. The proportion 
of females with eggs was determined by the pres-
ence of eggs on the pleopods during catches. The 
content of dissolved oxygen (mg/l) in the bottom 
layer was measured with a WTW Oxi 3310 oxime-
ter. Behavioural reactions to natural stimuli such 
as changes in light, current intensity and structure 
of natural shelters were additionally recorded.

Economic indicators were determined on the 
basis of actual experimental cost data and mar-
ket prices obtained from open sources  – Agro-
Ukraine  (n.d.). The duration of the rearing cycle 
(months) was determined according to the exper-
imental schedule; survival to the end of the cycle 
(%) – using formula (1), as in the previous stages. 
The mean weight of marketable crayfish (g) was 
established on the basis of the control catch of the 
last month. Among the indicators, the environ-
mental efficiency of the system was also assessed, 
in particular saving of water resources (%) and re-
duction of catch of natural populations (%), which 
was determined by comparison with traditional 
pond technologies.

Stocking density was maintained at 12 indi-
viduals per 1 m². To determine this indicator, a 
measuring frame with an area of 1 m2, model ARF-
1000 (Korea Measuring Instruments, Republic of 
Korea), was used; it was installed on the bottom of 
the tank and the individuals within its boundaries 
were counted directly. Accounting was carried out 
separately in each tank, followed by calculation 
of the mean value. Feed costs (UAH/kg of gain) 
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RESULTS
Growth pattern and stability of survival 
under laboratory rearing conditions
Recirculating aquaculture systems in 2020-2024 
are regarded as one of the most effective direc-
tions of sustainable aquaculture development, 
based on the principles of environmental safety 
and control of environmental quality. Within the 
framework of the study, this technology was used 
to create an artificially regulated ecosystem in 
which all physicochemical parameters of the water 
were maintained at a stable level. This approach 
provided consistency between the metabolic pro-
cesses of hydrobionts and the microbiological 

self-purification cycles, which minimised depend-
ence on natural water bodies and made it possible 
to avoid fluctuations in hydrochemical indicators 
under the influence of external factors.

Control of temperature, oxygen concentra-
tion, ammonium nitrogen, nitrites, and nitrates 
provided stable conditions for the growth and 
development of juvenile noble crayfish. The bio-
filtration and aeration system maintained water 
purification in a closed cycle, significantly reduc-
ing the need for fresh water intake. The dynamics 
of growth and survival of individuals over a six-
month period of rearing in recirculating aquacul-
ture systems are presented below (Table 1).

Observation 
period Mean length, cm Mean weight, g Water 

temperature, °C
Oxygen 

level, mg/l Survival, %

Initial (1 week) 1.2 ± 0.1 1.8 ± 0.3 21 7.1 100
1 month 2.4 ± 0.2 4.2 ± 0.4 21.5 6.9 96
2 months 3.1 ± 0.3 6.7 ± 0.5 22 6.8 93
3 months 3.8 ± 0.2 8.9 ± 0.6 21.8 7 90
4 months 4.4 ± 0.3 9.8 ± 0.5 21.5 6.8 88
5 months 4.9 ± 0.4 10.6 ± 0.4 21 6.9 86
6 months 5.1 ± 0.3 11.7 ± 0.5 21 6.8 85

Table 1. Dynamics of growth and survival of crayfish juveniles in the recirculating aquaculture system

Source: developed by the authors on the basis of formula 1

At the initial stage of the experiment (week 1) 
the mean length of the juveniles was 1.2 cm and the 
weight 1.8 g, which corresponded to the post-lar-
val development phase. During this period, surviv-
al was 100%, with no losses and no deviations in 
behaviour. The water temperature was maintained 
at 21°C, and the concentration of dissolved oxy-
gen at 7.1 mg/l, which created optimal conditions 
for metabolic processes and initial adaptation to 
the conditions of the recirculating aquaculture 
systems. Hydrochemical stability was ensured by 
the continuous operation of the biofiltration unit, 
which prevented the accumulation of nitrogenous 
compounds and contributed to the formation of 
a natural microbial balance in the water. At this 
stage, the individuals were characterised by mod-
erate activity, even feed intake and the absence 
of aggressive behaviour. In the middle of the ex-
periment (month 3) a period of intensive growth 
was observed. The mean body length of individ-
uals reached 3.8  cm and the weight 8.9  g, which 
indicated efficient feed conversion and optimal 
use of energy resources. The water temperature 

remained stable (21.8°C), the oxygen level 7 mg/l, 
and the survival rate decreased to 90%, which in-
dicated the onset of natural selection among the 
juveniles. Behavioural observations showed a sta-
ble feeding response – the time taken to approach 
the feed almost halved compared with the first 
month, and the level of aggression gradually de-
creased. The juveniles actively formed a chitinous 
exoskeleton, which increased the need for calcium 
and a stable pH of the environment. The biofil-
tration system effectively maintained the nitrite 
level below 0.05 mg/l, which prevented a toxic ef-
fect on the individuals. The uniformity of growth 
was noted – the distribution by length and weight 
had minimal variation, which confirmed identical 
rearing conditions in all tanks. At the final stage of 
the study (month 6) the mean length of individu-
als was 5.1 cm, the weight 11.7 g, and survival de-
creased to 85%, which is a high indicator for closed 
systems without water replacement. The tempera-
ture remained within 21°C and the dissolved oxy-
gen content at 6.8 mg/l, which ensured stable res-
piration even with increasing biomass. A slowing 



Kravchenko & Bozhko

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 2025 29

of growth rates was observed, associated with the 
attainment of the maximum stocking density. Be-
havioural reactions remained calm, with no signs 
of stress, panic activity or cannibalism. Biological 
equilibrium was maintained by the formed biofilm, 
which acted as a natural filter holding nitrifying 
bacteria. The conditions of the system remained 
stable throughout the experiment, as confirmed 
by the absence of pH fluctuations (7.3-7.5) and the 
preservation of water transparency.

Over the six months, a clear growth pattern 
was observed: rapid weight gain during the first 
three months and a gradual slowdown of devel-
opment rates after the fourth month, which cor-
responds to the typical biological dynamics of the 
species Astacus astacus L. Survival rates decreased 
from 100 to 85%, but remained within the norm for 
closed hydro-systems. The hydrochemical param-
eters confirmed the stability of the technology – 
the concentrations of ammonium nitrogen grad-
ually decreased from 0.35 to 0.07  mg/l, nitrates 
from 4.8 to 2.8 mg/l, and water transparency in-
creased from 42 to 55 cm, which indicated the ef-
ficient operation of the biofiltration complex. The 
results obtained demonstrated the effectiveness of 
the conditions created in the recirculating aqua-
culture system for rearing crayfish juveniles. The 

stability of water parameters, constant aeration 
and the absence of external influences ensured a 
high level of viability, and the growth dynamics 
confirmed the physiological norm of development 
without signs of stress. Thus, the experiment con-
firmed the feasibility of using the recirculating 
aquaculture system as a basis for artificial repro-
duction and conservation of stable populations of 
noble crayfish under controlled conditions.

Stability of hydrochemical parameters
in the biofiltration system
Hydrochemical monitoring of recirculating aq-
uaculture systems is a key stage in assessing the 
effectiveness, since water quality determines the 
viability of hydrobionts, the stability of the micro-
biocenosis and the level of environmental safety 
of the installation. Environmental conditions in 
recirculating aquaculture systems are constantly 
changing under the influence of biological pro-
cesses such as metabolism, mineralisation of or-
ganic compounds and nitrification. Therefore, 
determining the dynamics of the main water in-
dicators – ammonium nitrogen, nitrites, nitrates, 
acidity, and transparency  – makes it possible to 
trace the sequence of the formation of biological 
equilibrium in the system (Table 2).

Observation period NH4
+, mg/l NO2

–, mg/l NO3
–, mg/l pH Transparency, cm

Initial (1 week) 0.35 ± 0.02 0.15 ± 0.01 4.8 ± 0.3 7.1 42

1 month 0.22 ± 0.02 0.09 ± 0.01 3.6 ± 0.2 7.2 46

2 months 0.15 ± 0.01 0.06 ± 0.01 3.2 ± 0.3 7.3 49

3 months 0.11 ± 0.01 0.05 ± 0.01 3.1 ± 0.2 7.4 50

4 months 0.09 ± 0.01 0.04 ± 0.01 3 ± 0.3 7.4 52

5 months 0.08 ± 0.01 0.03 ± 0.01 2.9 ± 0.3 7.5 53

6 months 0.07 ± 0.01 0.03 ± 0.01 2.8 ± 0.2 7.5 55

Table 2. Dynamics of hydrochemical indicators in the recirculating aquaculture system

Source: developed by the authors

Over the six months of the experiment in the 
recirculating aquaculture system, a clear trend of 
improvement in the main hydrochemical indica-
tors was observed, which indicated stabilisation 
of the nitrogen cycle and effective operation of 
biofiltration. The content of ammonium nitrogen 
(NH4

+) decreased from 0.35 mg/l at the beginning 
of the experiment to 0.07  mg/l at the end, i.e., 
more than fivefold. Nitrites (NO2

–) showed a sim-
ilar dynamics, with the concentration decreasing 

from 0.15 to 0.03  mg/l, which indicated active 
transformation of reduced forms of nitrogen and 
the full functioning of nitrifying microflora. The 
final products of mineralisation – nitrates (NO3

–) – 
decreased from 4.8 to 2.8 mg/l, which reflected the 
gradual establishment of a closed nitrogen cycle 
and a reduction in the load on the biofilter. The pH 
rose from 7.1 to 7.5, which indicated a reduction in 
the amount of free carbon dioxide and strength-
ening of the buffering system of the aquatic envi-
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ronment. Water transparency increased from 42 to 
55 cm (by approximately 30%), which confirmed a 
decrease in the concentration of suspended organ-
ic particles and increased efficiency of self-purifi-
cation processes.

The overall dynamics of the indicators shows 
that the main changes occurred during the first 
three months of the system’s operation, when the 
biofilm was formed and the microbiological com-
munity stabilised. In the subsequent period the re-
circulating aquaculture system operated in a mode 
of biological equilibrium, providing low concen-
trations of ammonium, nitrites and nitrates, sta-
ble pH and high-water transparency. This confirms 
that the recirculating aquaculture system effec-
tively maintains water quality without additional 
replacement, providing ecologically balanced con-
ditions for rearing hydrobionts.

Formation of social structure and behavioural 
equilibrium of the population
The behavioural characteristics of crayfish juve-
niles in recirculating aquaculture systems reflect 
the processes of adaptation, socialisation and sta-
bilisation of the internal structure of the popula-
tion. The study of these reactions is important for 
understanding how technological conditions in-
fluence the welfare of hydrobionts and the effec-
tiveness of rearing. During the experiment a con-
sistent decrease in aggression and cannibalism, a 
reduction in reaction time to feed and a decrease 
in manifestations of stress were traced, which in-
dicated stabilisation of social behaviour. The main 
attention was paid not to individual numerical 
fluctuations, but to trends and cause-and-effect re-
lationships that explain the formation of a harmo-
nious behavioural structure of the group (Table 3).

Observation 
period

Activity in 
daylight (points, 

5-point scale)
Cannibalism, % 
of individuals

Reaction to feed 
(approach time, s)

Aggressiveness 
(number of 

contacts/hour)
Stress level (visual 

assessment, points)

1 month 2.1 ± 0.3 4.8 38 ± 6 7.5 ± 1.1 3.8 ± 0.4

2 months 2.7 ± 0.2 3.6 30 ± 5 6.1 ± 0.8 3.3 ± 0.3

3 months 3.4 ± 0.3 2.2 24 ± 4 4.8 ± 0.6 2.8 ± 0.3

4 months 3.9 ± 0.2 1.5 20 ± 3 3.5 ± 0.5 2.3 ± 0.2

5 months 4.3 ± 0.2 1.1 17 ± 3 2.9 ± 0.4 2 ± 0.2

6 months 4.6 ± 0.1 0.9 15 ± 2 2.5 ± 0.3 1.8 ± 0.2

Table 3. Dynamics of behavioural traits of crayfish juveniles in the recirculating aquaculture system

Source: developed by the authors

Comparative analysis of the behavioural indi-
cators of juvenile noble crayfish over a six-month 
period of rearing in recirculating aquaculture sys-
tems revealed clear relationships between the level 
of activity, aggression, stress, and reaction to feed, 
which indicate the gradual stabilisation of the eth-
ological structure of the population. Already at the 
initial stage activity was 2.1 ± 0.3 points, accom-
panied by high stress (3.8 ± 0.4 points), significant 
aggressiveness (7.5 ± 1.1 contacts/hour) and a de-
layed reaction to feed (38 ± 6 s). This combination 
of indicators reflected the population’s inability to 
exhibit coordinated behaviour: the animals spent 
energy on searching for shelters and territorial 
clashes, which intensified cannibalism (4.8%).

In the middle of the observation period 
these indicators changed synchronously: an in-
crease in activity to 3.4 ± 0.3 points was accom-
panied by a decrease in stress to 2.8 ± 0.3 points, 

a reduction in reaction time to 24 ± 4 s and an 
almost twofold decrease in aggressiveness  – to 
4.8  ±  0.6 contacts/hour. At the same time, the 
proportion of cannibalism decreased to 2.2%. 
These unidirectional dynamics indicated the for-
mation of primary social organisation: stabilisa-
tion of territorial boundaries, synchronisation of 
movements and coordinated response to feeding. 
The gradual improvement of the oxygen regime 
and water purification in the recirculating aqua-
culture systems contributed to the reduction of 
irritating factors, which was directly reflected in 
behavioural reactions.

In the final phase, the most pronounced con-
solidation of parameters was observed. Activity 
reached 4.6  ±  0.1 points and stress decreased to 
1.8 ± 0.2 points, which indicated physiological sta-
bility. Reaction time shortened to 15 ± 2 s and ag-
gressiveness to 2.5 ± 0.3 contacts/hour, i.e., three 
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times less than at the beginning of observations. 
Cannibalism dropped to 0.9%, which in fact cor-
responds to isolated cases. The combination of 
these indicators demonstrated the transition 
of the population to a mature social structure: 
movements became orderly, individuals-main-
tained distance, and behaviour during feeding 
was collectively coordinated.

The increase in activity (from 2.1 to 4.6 
points) was accompanied by a systematic reduc-
tion in aggression (from 7.5 to 2.5 contacts/hour), 
stress (from 3.8 to 1.8 points) and reaction time 
to feed (from 38 to 15  s). The relationships be-
tween the indicators show that stabilisation of 
the environment in the recirculating aquaculture 
system created conditions in which the behav-
ioural energy of individuals ceased to be spent on 
conflicts and territorial defence and was directed 
towards growth, feeding and social interaction. 
This confirms that the recirculating aquaculture 
system provides an ethologically comfortable 

space in which the population forms a stable and 
predictable behavioural structure.

Indicators of physiological adaptation
after transfer to the natural environment
Adaptation of artificially reared noble crayfish to 
natural conditions is a key stage in assessing the 
effectiveness of recirculating aquaculture technol-
ogies. The transition from a controlled environ-
ment to a natural water body is accompanied by 
changes in behavioural, physiological and repro-
ductive indicators, which reflect the level of eco-
logical plasticity of the species. Analysis of these 
processes makes it possible to determine how 
successfully individuals reproduced in laboratory 
conditions are able to maintain a stable popula-
tion structure in the natural environment. An im-
portant aspect is observation of survival, growth, 
behavioural activity, stress level and frequency of 
cannibalism, since these parameters indicate the 
state of adaptation mechanisms (Table 4).

Indicator 1 month 2nd month 3rd month 4th month 5th month 6th month

Survival, % 100 95 90 84 78 72

Mean weight, g 115 ± 4 118 ± 5 122 ± 5 126 ± 6 129 ± 6 133 ± 7

Activity (5-point scale) 3.1 ± 0.2 3.4 ± 0.2 3.8 ± 0.2 4.1 ± 0.2 4.4 ± 0.1 4.6 ± 0.1

Cannibalism, % 0 1.8 2.9 3.1 2.7 2.4

Stress level (points) 2.8 ± 0.3 2.3 ± 0.2 2 ± 0.2 1.9 ± 0.2 1.8 ± 0.1 1.7 ± 0.1

Proportion of females with eggs, % - - 15 35 55 65

Dissolved oxygen, mg/l 7.8 ± 0.4 7.6 ± 0.3 7.4 ± 0.3 7.3 ± 0.3 7.2 ± 0.3 7 ± 0.2

Table 4. Dynamics of the main indicators of crayfish adaptation after transfer to a water body

Source: developed by the authors on the basis of formula 1

After the transfer of older crayfish, previous-
ly reared in the recirculating aquaculture system, 
to a natural water body, a consistent dynamic of 
physiological and behavioural adaptation was 
observed. At the beginning of the observations, 
survival was 100%, mean weight 115 ± 4 g, activity 
3.1 ± 0.2 points and stress level 2.8 ± 0.3 points. A 
stable oxygen background (7.8 ± 0.4 mg/l) and the 
presence of natural shelters ensured the absence 
of cannibalism and created favourable conditions 
for acclimatisation. High motor coordination 
during evening and night periods indicated the 
preservation of the natural ethological rhythm 
after transfer from the controlled environment.

During the third month survival natural-
ly decreased to 90%, which reflected typical  

adaptation losses in open water bodies, but at 
the same time progress in physiological param-
eters was noted. The mean weight increased to 
122 ± 5 g, activity to 3.8 ± 0.2 points and stress lev-
el decreased to 2 ± 0.2 points. The oxygen regime 
remained stable (7.4 ± 0.3 mg/l), which supported 
normal metabolism. Cannibalism was 2.9%, oc-
curring mainly during moulting periods. At this 
stage, the first females with eggs appeared (15%), 
which indicated restoration of reproductive func-
tions and adaptation to the natural cycle.

By the end of the sixth month, the popula-
tion had acquired features of ecological stabil-
ity. Survival was 72%, mean weight increased 
to 133  ±  7  g, activity to 4.6  ±  0.1 points and 
stress level decreased to 1.7  ±  0.1 points. The  



Environmental efficiency of recirculating water...

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 202532

proportion of cannibalism decreased to 2.4%, 
which corresponds to the natural level for adult 
populations. The concentration of dissolved ox-
ygen remained at 7 ± 0.2 mg/l. The most impor-
tant indicator was a significant increase in the 
proportion of females with eggs to 65%, which 
confirmed complete reproductive adaptation 
and maturation of gonads in the natural envi-
ronment. Behavioural reactions at the end of 
the period became clearly structured: crayfish 
maintained territorial distances, avoided con-
flicts and responded to natural stimuli (current, 
light, food base) without signs of disorienta-
tion. Synchronisation of activity and reduction 
of stress reactions confirmed the successful for-
mation of a balanced behavioural structure of 
the population.

Assessment of the economic performance
of the intensive rearing technology
The development of crayfish rearing technologies 
in recirculating aquaculture systems opens up 
new opportunities for creating efficient, ecologi-
cally balanced aquaculture models. Such systems 
make it possible to combine the stability of pro-
duction processes with minimal impact on the en-
vironment, ensuring a steady increase in biomass 
under controlled parameters of the aquatic envi-
ronment. A comprehensive assessment of biolog-
ical, technological and economic aspects makes 
it possible to determine the optimal operating 
conditions of recirculating aquaculture systems, 
ensuring a combination of high productivity, low 
energy consumption and environmental sustain-
ability of production (Table 5).

Indicator Value Interpretation/comment

Duration of the rearing cycle, months 12 Full annual cycle with two phases: artificial on-growing and semi-
natural holding

Survival to the end of the cycle, % 72 High indicator for closed systems without water replacement
Mean weight of marketable crayfish, g 133 ± 6 Optimal size for sale on the market

Number of individuals per 1 m², pcs 12 Stocking density without signs of stress
Feed costs, UAH/kg of gain 48 Economically acceptable level when using compound feeds

Cost of rearing 1 kg, UAH 138 Includes costs of feed, electricity, water, and equipment 
depreciation

Mean market sale price, UAH/kg 310 According to prices on the domestic market for live crayfish
Expected net profit, UAH/m²/year 2,050 Calculated taking into account profitability above 55%

Profitability level, % 55.2 High economic efficiency with minimal environmental risks
Energy consumption of the installation, 

kWh/day 3.6 Low indicator due to water recirculation

Saving of water resources, % 92 Compared with the traditional pond method
Potential for expansion of production, ha 0.5-1 For farm-level production while maintaining profitability

Expected annual production, t/ha 3.2 With a two-cycle turnover of individuals
Environmental effect (reduction of catch 

from nature), % 40 Contributes to reducing pressure on wild populations and 
biodiversity of water bodies

Table 5. Main indicators of the economic and environmental efficiency of the experiment

Source: developed by the authors based on Agro-Ukraine (n.d.), DSTU EN ISO/IEC 17025:2019 (2019), and formulae 1-4

The total duration of the rearing cycle was 6 
months. Such a structure of the cycle made it pos-
sible to maintain continuity of the process from 
the moment of stocking juveniles to obtaining 
marketable products, ensuring complete closure 
of the technological chain. The survival rate to the 
end of the cycle was 72%, which is high for recir-
culating systems. This indicated the efficient op-
eration of the biofiltration system, optimal water 
parameters and the absence of toxic load. High 
survival ensured population stability, reduced 
costs for restocking juveniles and lowered the cost 

price of the products. The mean weight of mar-
ketable crayfish was 133 ± 6 g, which corresponds 
to market standards for the sale of live product 
in restaurants or on wholesale markets. Such in-
dividuals have an optimal ratio of meat to shell, 
which increases the commercial attractiveness.

A stocking density of 12 individuals per 1 m² 
ensured a balance between biological productivity 
and environmental comfort. This density made it 
possible to avoid stressful situations, reduced the 
risk of cannibalism, and did not require excessive 
filtration. At higher stocking densities, as field 
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observations show, the frequency of contacts be-
tween individuals increases, which can negatively 
affect growth and survival. Special attention was 
paid to feed costs, which were 48 UAH/kg of gain. 
This indicator is considered economically accept-
able for aquaculture, as it provides a feed-to-gain 
ratio close to 1.5:1. The reduction in costs became 
possible due to the use of compound feeds with 
increased energy value and the remnants of nat-
ural food in the water body. The cost of rearing 
1 kg of crayfish was UAH 138, which included the 
costs of feed, electricity, maintenance of the filtra-
tion system, water, and equipment depreciation. 
Even under conservative calculations, with a mean 
market sale price of 310 UAH/kg, profitability re-
mained considerable. Thus, net profit was about 
2,050  UAH/m²/year, and profitability reached 
55.2%. This level of efficiency makes it possible 
to classify the technology as highly profitable for 
small-scale farming. Energy efficiency of the sys-
tem was of particular importance. The average en-
ergy consumption of the installation was only 3.6 
kWh/day, which is a low indicator for aquaculture 
facilities with constant aeration. This became pos-
sible due to the design of the biofilter with natural 
aeration and water recirculation. Thus, operating 
costs for electricity remained minimal, which addi-
tionally increased the overall economic feasibility.

An important indicator was the saving of wa-
ter resources, which reached 92% compared with 
traditional pond technologies. This meant that, 
due to the closed cycle of purification and reuse 
of water, the system functioned practically with-
out losses. Such an approach made it possible not 
only to reduce costs, but also to ensure compliance 
with modern environmental water-saving require-
ments. From the point of view of scaling up, the 
potential for expansion of production was 0.5-1 ha 
for farm-level production while maintaining prof-
itability. Calculations showed that at such a scale 
it is possible to achieve an annual production of 
up to 3.2  t/ha, i.e., about 3,200 kg of marketable 
crayfish with a two-cycle turnover of individuals. 
This made it possible to transform the experimen-
tal model into a stable farm with a fully closed bi-
otechnological process.

Assessment of the environmental effect 
showed that the introduction of the system can 
reduce the catch of natural crayfish popula-
tions by approximately 40%, which has a direct  

positive impact on river and lake ecosystems. A re-
duction in poaching pressure, in turn, contributes 
to the restoration of natural spawning grounds 
and improvement of biodiversity. In addition, wa-
ter leaving the system after biofiltration did not 
contain excess organic substances, which prevent-
ed eutrophication or deterioration of the quality 
of natural waters. An important indicator of en-
vironmental sustainability is the energy intensi-
ty of the process, which remained within natural 
balances and did not require constant use of fuel 
resources. Owing to this, the system had the po-
tential to be integrated into local energy-saving 
programmes, including power supply from solar 
panels or biogas plants. Thus, the comprehensive 
assessment proved that the proposed technology 
combined high biological productivity, a mini-
mal level of water consumption, low energy costs 
and significant profitability. It can be adapted to 
the conditions of different regions – from private 
households to industrial farm systems. The overall 
result showed that a cycle duration of 12 months, 
survival of 72%, profitability of 55%, energy con-
sumption of 3.6 kWh/day and water saving of 92% 
form a balanced model of economic and environ-
mental management. At the same time, the envi-
ronmental effect – a 40% reduction in catch from 
natural water bodies – confirmed that the system 
is not only economically advantageous, but also 
contributes to the conservation of biodiversity. 
Consequently, the use of the recirculating aqua-
culture system has the potential to become a key 
direction in the development of modern, environ-
mentally oriented aquaculture business, which 
combines technological innovation, economic 
feasibility and nature-conservation effect. Such a 
system makes it possible not only to ensure stable 
production of high-quality hydrobiological prod-
ucts, but also to reduce pressure on natural water 
bodies, contributing to the gradual restoration. 
Thanks to minimal water consumption, low ener-
gy intensity, controlled microclimate and the pos-
sibility of multiple use of resources, the installa-
tion creates a closed ecological cycle within which 
all by-products of production can be repeatedly 
involved in the economic process.

DISCUSSION
The results obtained showed that the use of the 
recirculating water supply installation provided 
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stable conditions for the growth and development 
of river crayfish over the six months of the ex-
periment. In the first week the juveniles were in 
the adaptation phase, but even at this stage one 
hundred per cent survival was recorded, which 
indicated the effectiveness of the conditions for 
the initial start-up of the system. The gradual in-
crease in body length from 1.2 to 5.1  cm and in 
mass from 1.8 to 11.7  g demonstrated uniform 
growth without sharp fluctuations, which pointed 
to a balanced ratio between feed supply and the 
physicochemicalparameters of the environment. 
Overall, the temperature regime was maintained 
within 21-22°C, and the level of dissolved oxygen 
at 6.8-7.1 mg/l, which corresponded to the optimal 
conditions for the metabolism of Astacus astacus. 
Survival decreased only to 85% at the end of the 
experiment, which confirmed the minimal impact 
of stress factors and the absence of critical devia-
tions in the operation of the system. The biofiltra-
tion complex effectively maintained chemical bal-
ance, reducing the concentration of ammonium 
nitrogen from 0.35 to 0.07 mg/l, nitrites from 0.15 
to 0.03 mg/l, and nitrates from 4.8 to 2.8 mg/l. The 
parallel increase in pH to 7.5 and the rise in water 
transparency to 55  cm confirmed the stability of 
the functioning of the biocenosis of the filter. It was 
established that the formed self-regulating sys-
tem maintained a closed nitrogen-exchange cycle 
without external intervention. This made it possi-
ble to minimise water consumption and to ensure 
a clean rearing environment. Crayfish cultivation 
reduced the pressure on natural populations and 
could significantly decrease the scale of poaching. 
With an increase in the volumes of legal rearing, 
the market price of crayfish decreased, which re-
duced the attractiveness of illegal harvesting.

Taking into account the influence of techno-
logical factors on the health of aquaculture organ-
isms, the studies by L. Owens & J. Elliman (2025) 
and R. Wood et al. (2025) highlighted the issue of 
monitoring the status of crustacean and amphib-
ian populations in altered environmental con-
ditions. L.  Owens & J.  Elliman investigated the 
emergence of pathogens in rearing systems for 
Cherax quadricarinatus in Australia, establishing 
a relationship between holding conditions and 
the frequency of infectious outbreaks. R. Wood et 
al. applied environmental DNA methods to detect 
residual amphibian populations, demonstrating 

the advantages of molecular control. In contrast 
to these works, the present study did not require 
external genetic or microbiological intervention, 
since the stability of the recirculating water supply 
installations was maintained by natural biofiltra-
tion. In addition, the survival achieved at the level 
of 85-100% and the absence of pathogens con-
firmed the environmental safety and effectiveness 
of the closed purification cycle.

Considering the experience of studies of natural 
and artificial populations of aquatic invertebrates, 
the works of V.C. Terrell et al. (2023) and G. Kwiki-
riza et al. (2025) considered issues of population re-
production and the risks of aquaculture impacts on 
natural ecosystems. V.C.  Terrell  et al.  established 
the dynamics of reproduction of Rana areolata 
under natural conditions, whereas G. Kwikiriza et 
al.  emphasised the danger of escapes from aqua-
culture systems, which threatened the gene pool 
of local species. The present study demonstrated 
a different approach – a fully closed technological 
system without contact with the natural environ-
ment, which eliminated invasive risks. The exper-
imental model provided stable population growth, 
a controlled hydrochemical regime and the pos-
sibility of completing the full life cycle without 
negative impacts on external aquatic ecosystems.

With regard to studies devoted to rare and 
protected crustacean species, the research of 
R.B.  McCormack & N.S.  Whiterod  (2024) and 
C.C.  Bloomer  et al.  (2024) examined the biologi-
cal characteristics and conservation factors of in-
digenous species Euastacus gamilaroi and prairie 
crayfish. R.B.  McCormack & N.S.  Whiterod ana-
lysed threats to population degradation in natural 
waterbodies caused by disruption of the hydro-
logical regime and human activity. C.C.  Bloom-
er et al. noted that the application of conservation 
practices can contribute to stabilising population 
numbers, but these approaches did not provide for 
experimental control of environmental parame-
ters. In comparison with these works, the present 
study was distinguished by experimental depth, 
clear regulation of hydrochemical indicators and 
practical orientation. Owing to the creation of a 
self-regulating recirculating water supply system, 
it was possible to achieve biological equilibrium, 
high survival and reproductive potential, which 
determines the prospects of this technology for 
the future restoration of natural populations.
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Considering the results of studies devot-
ed to the invasive potential of aquaculture spe-
cies, the works of P.J.  Haubrock  et al.  (2021) and 
A. Max-Aguilar et al.  (2021) analysed the ecolog-
ical risks and genetic diversity of Cherax quadri-
carinatus. P.J. Haubrock et al. determined that the 
expansion of cultivation of this species creates a 
threat to biodiversity in tropical regions due to 
its high adaptability and potential to escape into 
natural waterbodies. A. Max-Aguilar et al. assessed 
the genetic variability of populations in Mexico 
in order to create a breeding programme, but the 
study was limited to the population level without 
analysing the impact of holding conditions. The 
present study, on the contrary, was aimed at work-
ing out the technological parameters of keeping 
in a closed system, which completely eliminated 
ecological risks. The results obtained proved that 
stable indicators of growth, survival and hydro-
chemical balance can be achieved without the in-
volvement of invasive species, providing an envi-
ronmentally safe alternative to open systems.

Taking into account works oriented towards 
new monitoring methods and integrated rear-
ing approaches, J.A. Greenhalgh et al.  (2024) and 
Y.  Wei  et al.  (2023) investigated various models 
combining environmental control and innovative 
technologies in aquaculture systems. J.A.  Green-
halgh et al. showed that the use of environmental 
DNA can optimise species conservation strategies, 
but this approach remained exclusively diagnos-
tic. Y. Wei et al. examined the Chinese integrated 
“rice-crayfish” system, which emphasised econom-
ic benefits, while at the same time noting difficul-
ties with maintaining stable water quality. Unlike 
these works, the present study achieved a balance 
between technological stability and environmen-
tal sustainability: the closed system ensured sta-
ble hydrochemical parameters, consistent survival 
and minimal environmental impact, which makes 
it a more manageable and reproducible model.

Bearing in mind generalised data on intensifi-
cation and physiological adaptation of crustaceans, 
the works of M.G.  Emerenciano  et al.  (2022) and 
J.R. Latournerié-Cervera et al. (2025) considered var-
ious aspects of feeding, physiology and crustacean 
responses to environmental changes. M.G.  Emer-
enciano et al. summarised advances in shrimp cul-
ture, emphasising the effectiveness of intensified 
systems, but without a detailed analysis of the  

environmental consequences. J.R. Latournerié-Cer-
vera et al. examined the phenology of Cambarellus 
montezumae in Mexican waterbodies, revealing a 
relationship between water quality and popula-
tion activity. In comparison with these works, the 
present study was of a more comprehensive nature, 
combining physiological, hydrochemical and bio-
technical aspects. The stability achieved in growth 
indices, oxygen levels and water transparency 
confirmed that the presented recirculating water 
supply installation system can provide the com-
plete life cycle of crayfish without ecological risks 
and without interference with natural populations.

Taking into account studies aimed at trends 
in fisheries, M. Eilitta et al. (2023) and G. Araujo et 
al.  (2022) examined the ecological and techno-
logical challenges of modern aquaculture. M.  Ei-
litta  et al. analysed the population ecology of 
introduced crayfish in Zambia, establishing that 
invasive species adapt rapidly and displace local 
fauna, creating risks for natural biotopes. G. Arau-
jo et al. summarised current trends in fish farming, 
emphasising the transition to technologically in-
tensive systems, but without a detailed ecological 
assessment of the impact. Unlike these works, the 
present study focused on endogenous populations 
of Astacus astacus in a controlled environment 
without ecological risks. The achievement of sta-
ble growth indicators, high survival (85-100%) and 
a closed nitrogen cycle confirmed the advantage 
of the laboratory model over open or invasion-de-
pendent systems.

Given the works devoted to spatial distribu-
tion and modelling of the spread of aquatic or-
ganisms, N.J.  Mecha & R.G.  Dolorosa  (2024) and 
J.A.  Daniels  et al.  (2023) studied environmental 
and infrastructural factors determining popula-
tion dynamics in open waterbodies. N.J.  Mecha 
& R.G.  Dolorosa investigated larval collection 
sites of lobsters Panulirus spp. in the Philippines, 
identifying key hydrological parameters but with-
out reproducing controlled growth conditions. 
J.A. Daniels et al. created a model of the spread of 
invasive species in river systems, focusing on the 
impact of hydraulic structures. In contrast to these 
works, the present study had an experimentally 
controlled character: all hydrochemical parame-
ters were kept stable, which ensured the complete 
absence of migration risks and made it possible to 
trace growth patterns in an isolated biosystem.
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Taking into account studies oriented towards 
biodiversity conservation and the digitalisation 
of aquaculture, M.V.  Alvanou  et al.  (2022) and 
W.K.  Cheng  et al.  (2025) described the latest ap-
proaches to monitoring crustacean populations. 
M.V. Alvanou et al. summarised the status of cray-
fish conservation in Greece, identifying problems 
of degradation of natural waterbodies and propos-
ing measures for stock replenishment, but without 
developing technological solutions. W.K. Cheng et 
al. presented the concept of “smart aquaculture”, 
in which the condition of crayfish was assessed by 
means of computer vision and Internet of Things 
systems. In comparison with these studies, the 
present experimental work had a practically ver-
ified character: hydrochemical stability, steady 
growth and minimal biomass losses showed that 
even without complex digital algorithms, the re-
circulating water supply installation system is ca-
pable of ensuring high efficiency, biosecurity, and 
reproducibility of results under real conditions. 
Thus, the results obtained demonstrated that sta-
ble water parameters, high survival and the grad-
ual increase in crayfish biomass confirmed the 
effectiveness of the presented recirculating wa-
ter supply system as an environmentally safe and 
technologically balanced aquaculture model.

CONCLUSIONS
In the course of the study, the effectiveness of the 
recirculating water supply installation for rearing 
the river crayfish Astacus astacus  L. under labo-
ratory-controlled conditions was experimentally 
confirmed. Over six months of rearing, the average 
length of the juveniles increased from 1.2 ± 0.1 cm 
to 5.1  ±  0.3  cm, and the average mass from 
1.8 ± 0.3 g to 11.7 ± 0.5 g. Survival during this peri-
od remained high – from 100% at the beginning of 
the experiment to 85% at the end. Water tempera-
ture was maintained within 21-22°C, and the level 
of dissolved oxygen at 6.8-7.1 mg/l. Hydrochemi-
cal control showed a decrease in the concentration 
of ammonium nitrogen from 0.35 to 0.07 mg/l, ni-
trites from 0.15 to 0.03 mg/l and nitrates from 4.8 
to 2.8 mg/l, with an increase in pH from 7.1 to 7.5 
and an increase in transparency from 42 to 55 cm. 
This confirmed the effective functioning of the bi-
ofilter and the formation of a stable internal eco-
system. Behavioural analysis showed a clear posi-
tive trend: the activity of the juveniles increased 

from 2.1 ± 0.3 to 4.6 ± 0.1 points, the stress level 
decreased from 3.8 ± 0.4 to 1.8 ± 0.2 points, the pro-
portion of cannibalism fell from 4.8% to 0.9%, and 
the reaction time to feed decreased from 38 to 15 
seconds. This indicated stable metabolism and the 
formation of a socially coordinated behavioural 
structure of the population.

To assess adaptation under natural condi-
tions, juveniles from the stage of the recirculating 
water supply installations were not used, but adult 
crayfish, selected separately as a control group of 
the adaptation block. For this reason, the average 
mass of individuals in the first month after release 
was 115 ± 4 g and was not related to the mass of 
the juveniles reared in the laboratory. After re-
lease into the waterbody, over six months survival 
gradually decreased from 100% to 72%, while the 
average mass increased from 115 ± 4 g to 133 ± 7 g. 
The activity of adult crayfish reached 4.6  ±  0.1 
points, the stress level decreased to 1.7±0.1 
points, and the proportion of females with eggs 
rose to 65%, which indicated complete restoration 
of reproductive function and stable physiological 
adaptation in the natural environment. Econom-
ic analysis showed that the cost price of rearing 
1  kg of crayfish in the laboratory-production cy-
cle was UAH  138, with an average market price 
of 310  UAH/kg. The expected net profit reached 
2,050  UAH/m2/year, and profitability exceeded 
55%. The results obtained demonstrate that re-
circulating water supply technologies not only 
ensure stable growth and high survival, but also 
significantly reduce pressure on natural waterbod-
ies, promoting the rational use of water resources. 
A limitation of the study was the relatively short 
observation period under natural conditions and 
the absence of comparative data for other crayfish 
species. Further research should be directed to-
wards studying the reproductive cycle, optimising 
feeding schemes and developing scalable models 
of closed systems for industrial use.
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Анотація. Метою дослідження було оцінити ефективність технології замкненого водного циклу, 
що знижує вплив на природні водойми та сприяє раціональному використанню водних ресурсів. 
У дослідженні застосовувалися експериментальні, аналітичні та статистичні методи: біометричні 
вимірювання, гідрохімічний контроль, поведінкові спостереження й кореляційний аналіз. На 
початку експерименту середня довжина малька становила 1,2 см, маса – 1,8 г, тоді як наприкінці 
спостережень показники зросли до 5,1 см і 11,7 г відповідно. Виживаність зберігалася у межах 
85-100 %, що свідчило про оптимальні умови культивування. Температура води підтримувалася 
стабільно на рівні 21-22°C, концентрація кисню коливалася в межах 6,8-7,1 мг/л, забезпечуючи 
нормальний метаболізм гідробіонтів. Гідрохімічний аналіз показав ефективну роботу біофільтра: 
концентрація амонійного азоту зменшилася з 0,35 до 0,07 мг/л, нітритів – з 0,15 до 0,03 мг/л, а 
нітратів – з 4,8 до 2,8 мг/л. Прозорість води зросла з 42 до 55 см, а pH стабілізувався на рівні 7,5, 
що свідчило про завершення етапу біологічної стабілізації середовища. Поведінкові показники 
також підтвердили успішну адаптацію: активність молоді збільшилася з 2,1 до 4,6 балів, рівень 
стресу знизився з 3,8 до 1,8 балів, а канібалізм скоротився до 0,9 %.Після переселення у природну 
водойму виживаність раків становила 72 %, середня маса – 133 г, а частка самиць з ікрою досягла 
65  %, що підтвердило природну здатність до відтворення. Економічні розрахунки засвідчили 
рентабельність виробництва 55,2  % при собівартості 138 грн/кг та чистому прибутку 2050 грн/
м2/рік. Енергоспоживання системи було низьким – 3,6 кВт·год/добу, економія водних ресурсів – 
92 %, екологічний ефект – зниження вилову природних популяцій на 40 %. Практична значимість 
даного дослідження полягає у можливості використання його результатів для впровадження 
енергоефективних технологій вирощування річкових раків у фермерських та промислових 
господарствах України
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Abstract. Biotechnological methods of propagation of Vanda orchids represent an effective approach 
for obtaining large quantities of genetically uniform and disease-free plant material. This study aimed 
to investigate the specific features of microclonal propagation of Vanda orchids. To obtain planting 
material of different Vanda genotypes, namely ‘Vanda coerulea’ and ‘Vanda sanderiana’, direct and 
indirect morphogenesis, as well as in vitro rhizogenesis followed by adaptation to in vivo conditions, were 
applied. A stepwise method for obtaining aseptic material was developed, involving treatment with 70% 
ethyl alcohol for 1 minute followed by the application of the main sterilising agent, 2.5% NaClO, for 5-10 
minutes. This protocol made it possible to obtain 70-80% sterile and viable explants while reducing the 
level of fungal and bacterial contamination. The results of direct and indirect morphogenesis, callus 
formation, and rhizogenesis in in vitro cultures of Vanda explants are presented. No significant differences 
in callus formation were observed between the studied cultivars. The frequency of callusogenesis 
for both genotypes reached 100%, indicating a high capacity for callus tissue formation. The best 
results in growth and shoot formation were achieved on Murashige and Skoog (MS) nutrient medium 
supplemented with 0.5 mg/L 6-benzylaminopurine (6-BAP). For rooting, the most effective medium was 
MS with halfstrength macro- and microelements supplemented with 0.5 mg/L α-naphthaleneacetic acid 
(NAA). This medium is recommended for the induction of rhizogenesis in regenerated plants of different 

BIOLOGICAL SYSTEMS: Theory and Innovation

DOI: 10.31548/biologiya/4.2025.40UDC 639.9:582.581:602.6

BIOLOGICAL SYSTEMS: Theory and Innovation
Received: 30.05.2025 Revised: 21.10.2025 Accepted: 27.11.2025 Published: 26.12.2025

Journal homepage: https://bioscience.com.ua/en
Vol. 16, No. 4, 2025, 40-56

ISSN 2706-8390
e-ISSN 2706-8382

Vol.16  |  №3  |  2024

BIOLOGICAL
SYSTEMS:
Theory and Innovation

ISSN 2706-8382
e-ISSN 2706-8390

https://orcid.org/0000-0002-4087-4082
https://orcid.org/0000-0001-6209-2439
https://orcid.org/0000-0002-3591-3518
https://orcid.org/0009-0001-2486-7691
https://bioscience.com.ua/en


Kliachenko et al.

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 2025 41

INTRODUCTION
Orchids of the genus Vanda are among the most 
striking representatives of the family Orchidaceae, 
distinguished by their high ornamental value, di-
versity of morphological forms, and long-lasting, 
intense flowering. Owing to these characteris-
tics, they have gained popularity among amateur 
and professional growers not only worldwide but 
also in Ukraine. These plants are epiphytes or 
lithophytes native to tropical regions, natural-
ly occurring in South-East Asia, the Philippines, 
Indonesia, northern Australia, and the Himala-
yas. The particular interest in Vanda orchids is 
due not only to their aesthetic appeal but also to 
their high commercial value, which makes them 
an important object for ornamental horticulture 
and large-scale propagation. However, traditional 
methods of propagation, such as seed propagation 
and vegetative reproduction, have significant lim-
itations, including a long developmental cycle and 
an increased risk of viral infection, which restricts 
their efficiency for industrial cultivation. There-
fore, the development of modern biotechnological 
approaches for the propagation of Vanda orchids 
is highly relevant. In particular, microclonal prop-
agation makes it possible to obtain large quanti-
ties of genetically uniform and virus-free plant 
material, which in turn contributes to biodiversity 
conservation, improves cultivation efficiency, and 
ensures a stable supply of high-quality planting 
material. The study of biotechnological charac-
teristics of orchids of the genus Vanda and the 
improvement of methods for their microclonal 
propagation represent key directions in the devel-
opment of modern plant science, biotechnology, 
and the conservation of ornamental flora (Liu  et 
al., 2020; Pathak et al., 2023).

One of the important research directions 
highlighted in the literature is the optimisa-
tion of in vitro culture conditions to enhance the  

efficiency of microclonal propagation of Vanda 
orchids. K. Nowakowska et al. (2022) demonstrat-
ed that the efficiency of microclonal propaga-
tion of Vanda brunnea Rchb.f. primarily depends 
on the  mineral composition of the nutrient me-
dium and is not influenced by the addition of 
0.5 mg/L 6-BAP. L. Tikendra et al. (2025) reported 
that the highest multiplication coefficient (5.62) 
was achieved on MS medium supplemented with 
1.2  mg/L kinetin and 0.6  mg/L indole-3-butyric 
acid. In the studies by X.-f.  Liu  et al.  (2020) and 
P. Pathak et al. (2023), the effects of plant growth 
regulators on seed germination and protocorm 
formation in orchids were investigated. X.-f. Liu et 
al. (2020) emphasised the effective use of growth 
regulators to stimulate seed germination of Van-
da falcata, which significantly enhances the suc-
cess of in vitro propagation of this species. At the 
same time, P. Pathak et al. (2023) examined the in-
fluence of similar compounds on vegetative prop-
agation and the phytochemical composition of 
Vanda cristata, an endangered orchid species. The 
investigation of these aspects is of considerable 
importance for the biopharmaceutical industry. 
A.N. Laily et al. (2024) studied the effect of organ-
ic components on the rate of protocorm forma-
tion and their viability. Another important aspect 
is the maintenance of the genetic uniformity of 
regenerated plants during in vitro cultivation. In 
the study by R. Baby et al.  (2019a), it was deter-
mined that, using RAPD, SSR, and ISSR markers, 
the level of genetic polymorphism in regenerated 
plants did not exceed 5% regardless of the dura-
tion of cultivation; however, this value increas ed 
after six subcultures.

It should be noted that the natural propaga-
tion of Vanda orchids occurs through seed repro-
duction, which is a highly complex process because 
the seeds lack endosperm and therefore cannot 

Vanda cultivars. For the adaptation of regenerated plants, a substrate composed of sphagnum moss, peat, 
crushed beech leaves, and pine bark in a ratio of 1:1:1:1 was used. The survival rate of ‘Vanda coerulea’ 
plants under in vivo conditions reached 87.5%, whereas under the same conditions, the survival rate of 
‘Vanda sanderiana’ plants was 83%. The obtained results may serve as a basis for the development of 
propagation protocols for Vanda orchids, ensuring a high level of control at all stages of cultivation. 
The implementation of such protocols is important for breeding programmes, the conservation of rare 
cultivars, and the improvement of plant material quality for commercial floriculture

Keywords: in vitro; callusogenesis; morphogenesis; rhizogenesis; in vivo adaptation
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germinate independently. Seed germination is 
possible only in the presence of mycorrhizal fungi, 
which supply the embryo with essential nutrients. 
This characteristic is typical of all orchids and 
makes natural seed-based reproduction an expen-
sive and relatively unreliable method. H.N.  Ras-
mussen & F.N.  Rasmussen  (2014) examined the 
evolution of mycorrhiza in orchids, which is essen-
tial for understanding their development, particu-
larly in the context of microclonal propagation. 
Mycorrhiza plays a key role in seed germination 
and seedling development, thereby confirming 
the effectiveness of in vitro cultivation methods 
for orchids. B.J.  Davis  et al.  (2015) investigated 
the distribution of mycorrhizal fungi, which is im-
portant for the biogeography of orchids, especial-
ly with regard to their rooting and development. 
The study by A. Setiaji et al. (2021) demonstrated 
the effectiveness of biotechnological methods of 
microclonal propagation of Vanda orchids, mak-
ing it possible to obtain genetically uniform and 
disease-free planting material. The most effective 
approach involved the use of Murashige and Skoog 
medium supplemented with 6-BAP for growth and 
shoot formation, as well as media supplemented 
with α-naphthaleneacetic acid for rooting. The de-
veloped sterilisation and adaptation methods en-
sured high plant survival rates and can be applied 
in industrial orchid production.

In this context, microclonal reproduction 
techniques, such as in vitro meristem culture, have 
become extremely popular in ornamental horti-
culture. These biotechnological approaches ena-
ble the production of large numbers of genetically 
identical, healthy plants that retain the morpho-
logical and decorative characteristics of the par-
ent plant. This is of critical importance both for 
the conservation of rare cultivars and for their 
large-scale commercial propagation. This study 
aimed to investigate the specific features of micro-
clonal propagation of Vanda orchids and to obtain 
healthy, virus-free planting material under in vitro 
conditions.

MATERIALS AND METHODS
The research was conducted in the Biotechnolo-
gy and Bioengineering Educational and Research 
Laboratory of the NULES of Ukraine from 2023 
to early 2025. The orchid cultivars ‘Vanda coeru-
lea’ and ‘Vanda sanderiana’, characterised by high  

ornamental value and long-lasting flowering, were 
used for introduction into in vitro culture. Gener-
ally accepted biotechnological research methods 
were applied (Kolomiets  et al.,  2022). The study 
was carried out in several directions: investiga-
tion of the callusogenic capacity of Vanda orchids, 
analysis of direct and indirect morphogenesis, 
assessment of shoot formation intensity under 
in vitro conditions, rooting of regenerated plants, 
and their adaptation to in vivo conditions.

For the experiments, explants were collected 
from healthy donor plants. Before introduction 
into sterile culture, particular attention was paid 
to the sterilisation stage in order to prevent fungal 
and bacterial contamination during subsequent 
cultivation. Initially, the explants were thorough-
ly washed in a soap solution for 10-15  minutes 
to remove surface contaminants. They were then 
rinsed with running tap water, followed by dis-
tilled water, and finally twice with sterile distilled 
water. All subsequent procedures were performed 
exclusively under a laminar airflow cabinet in 
strict compliance with aseptic techniques. Proto-
corms and young flower shoots not exceeding 2 cm 
in length were used as primary explants.

Sterilisation was carried out using stepwise 
treatment of the explants according to the follow-
ing schemes: 70% ethyl alcohol (1-2 min) → 2.5% 
NaClO (exposure for 5, 10, or 15 min); 70% ethyl 
alcohol (1-2 min) → 1% AgNO3 (exposure for 5, 10, 
or 15 min); 70% ethyl alcohol (12 min) → 2.5% NaC-
lO + 1% AgNO3 (15 min). The sterile explants were 
rinsed three times for 10 minutes each with ster-
ile distilled water. Afterwards, they were placed in 
Petri dishes on sterile filter paper for drying. Using 
sterile forceps and observing aseptic conditions, 
the explants were transferred into test tubes con-
taining hormone-free Murashige and Skoog (MS) 
nutrient medium (Murashige & Skoog, 1962) and 
cultured in a thermostat in the absence of light at 
a temperature of 25°C ± 1°C. On the seventh day 
after the initiation of the experiment, the cultures 
were examined for the presence of microbiological 
contamination. Infected samples were removed 
from the thermostat, as they represented a poten-
tial source of infection. The sterilisation efficiency 
(Es), expressed as a percentage, was calculated us-
ing the following formula:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑁𝑁𝑁𝑁e−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

× 100% ,                    (1)



Kliachenko et al.

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 2025 43

where Ne is the total number of planted explants 
(units), and Ndme is the number of damaged (in-
fected) explants (units). For callus induction, 
the explants were transferred to nutrient me-
dia MSK1–MSK3 supplemented with α-naph-
thaleneacetic acid (NAA) at concentrations of 
2-5 mg/L and 0.2 mg/L 6-benzylaminopurine (6-
BAP), as well as 100 mg/L myo-inositol, 500 mg/L 
casein hydrolysate, and 30 g/L sucrose. For sub-
culturing of Vanda orchid callus tissue, the aver-
age fresh weight of the inoculum was 2.0 ± 0.10 g. 
The frequency of callus formation was deter-
mined as the percentage ratio of explants that 
successfully formed callus to the total number 
of samples. The average monthly increase in cal-
lus fresh weight was calculated as the difference 
between the final mass after cultivation and the 
initial mass placed on the nutrient medium, in 
accordance with the methodology described by 
Yu.V. Kolomiets et al. (2022).

For the induction of indirect morphogenesis, 
callus tissue of Vanda orchids with an average 
mass of 2.0 ± 0.10 g was subcultured onto MSH1–
MSH3 nutrient media enriched with phytohor-
mones: 6-BAP at concentrations of 0.1-3.0 mg/L, 
kinetin at 0.5-2.0 mg/L, and 2,4 dichlorophenoxy-
acetic acid (2,4-D) in the range of 0.1-1.0  mg/L. 
Cultivation was carried out under controlled con-
ditions at a temperature of 25°C ± 1°C, light inten-
sity of 2.0-3.0 klx, a 16-hour photoperiod, and rel-
ative humidity of 70-75%. At the shoot formation 
stage, apical shoot segments and microcuttings 
1-2 cm in length, containing a pair of leaves and 
part of the aerial roots where meristematic tissues 
are located, were used, as these tissues possess a 
high capacity for new shoot formation. Owing to 
the appropriate selection of the phytohormonal 
composition, particularly the balanced combi-
nation of cytokinins and auxins, positive results 
were achieved, whereby several new plants were 
obtained from a single explant. Subsequently, 
rhizogenesis was stimulated, taking into account 
that a well-developed root system ensures plant 
survival after transplantation to in vivo condi-
tions. For this purpose, regenerated shoots were 
transferred to a medium with a reduced content 
of macronutrients supplemented with auxins. In-
dole-3-acetic acid (IAA) and indole3butyric acid 
(IBA) were most frequently applied at concentra-
tions of 0.5-2.0 mg/L. These conditions promoted 

the formation of root primordia within the first 
two weeks of cultivation, which is consistent with 
the recommendations reported by T.D.  Thom-
as (2008), B. Bhattacharjee & S.M.S. Islam (2014b), 
and A. Setiaji et al. (2021).

At the final stage, the orchid plants were 
adapted to in vivo conditions by transplanting 
them into a moist, well-drained substrate com-
posed of sphagnum moss, peat, crushed beech 
leaves, and pine bark in a ratio of 1:1:1:1, followed 
by placement under conditions of high humidi-
ty. The cultivation temperature was maintained 
within the range of 23°C-25°C, and irrigation was 
carried out only after partial drying of the upper 
layer of the substrate. The experimental data ob-
tained during the study were subjected to statisti-
cal analysis using the MS Excel software package. 
All experiments were performed in triplicate, and 
30 explants were used in each experimental var-
iant. The tables present arithmetic mean values 
and their standard errors. Experimental studies 
involving plants, including the collection of plant 
material, complied with institutional, national, 
and international guidelines. The authors adhered 
to the standards of the Convention on Biological 
Diversity (1992).

RESULTS AND DISCUSSION
Selection, preparation of explants, 
and introduction into in vitro culture 
for obtaining aseptic explants of Vanda orchids 
The stage of explant selection is one of the most 
critical steps in the process of microclonal propa-
gation, as the quality of the initial material largely 
determines the subsequent success of cultivation. 
Various plant parts may be used as explants, in-
cluding apical or axillary buds, stem fragments, 
leaves, aerial roots, or meristematic tissues, each 
of which has specific characteristics. The choice 
of explant type directly influences the efficien-
cy of the process (Chugh et al., 2009; Bhattacha-
rjee & Islam,  2014a). For Vanda orchids, the use 
of young, non-lignified aerial roots or apical buds 
is considered appropriate, as these tissues exhibit 
high regenerative capacity and are less susceptible 
to pathogen infection. In addition, the physiolog-
ical condition of the plant and the environmental 
conditions under which the material is collect-
ed are of great importance (Rahman et al., 2009; 
Nowakowska et al., 2022; Tikendra et al., 2025).
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A necessary prerequisite for the successful 
application of microclonal propagation meth-
ods is strict adherence to specific rules. First of 
all, the tissues intended for cultivation must be 
aseptically isolated from the parent plant. Ob-
taining sterile material for cultivation is a chal-
lenging task, as the plant surface is naturally 
colonised by epiphytic bacteria, fungi, and their 
spores. The correct selection of sterilising agents 
aims to neutralise the epiphytic microflora with-
out damaging plant tissues. In addition, the ster-
ilising substance should not penetrate deeply 
into the tissues and must be easily removed by 
washing. To obtain an aseptic culture of Vanda 
orchids, visually healthy, morphologically nor-
mal plants without external symptoms of bacte-
rial, fungal, or viral infection were selected. The 
plants were thoroughly washed under running 
water to remove surface contaminants from the 

inflorescences, aerial roots, and leaves. To pre-
vent microbial contamination, subsequent steri-
lisation procedures were performed in a laminar 
airflow cabinet.

The sterilisation methodology was selected 
experimentally for each object, depending on tis-
sue sensitivity. Furthermore, the same organ from 
different plants requires different sterilisation 
conditions. Therefore, to achieve the research ob-
jectives, several commonly used sterilising agents 
with varying exposure times were applied. The 
sterilisation variants for explants of ‘Vanda coer-
ulea’ and ‘Vanda sanderiana’, and the correspond-
ing results are presented in Tables 1 and 2. For cul-
tivation, the basal Murashige and Skoog nutrient 
medium was used. Following sterilisation, the ex-
plants were cultured on hormone-free MS medium 
at a temperature of 25°C ± 1°C, relative humidity 
of 70-80%, and a 16-hour photoperiod.

No. Sterilising 
agent

Concentration 
(%)

Exposure 
(min)

Number of explants 
introduced in vitro 

(pcs)

Number 
of aseptic 

explants (pcs)

Number 
of viable 

explants (pcs)

Sterilisation 
efficiency 

(%)*
1 NaClO 2.5 5 30 26 24 80

2 NaClO 2.5 10 30 28 21 70

3 NaClO 2.5 15 30 30 10 33

4 AgNO3 1 5 30 17 15 50

5 AgNO3 1 10 30 25 18 60

6 NaClO
AgNO3

2.5
1

15
15 30 30 3 10

LSD05 1.3 0.8 2.5

Table 1. Sterilisation efficiency of ‘Vanda coerulea’ explants

Note: * – calculated using formula 1
Source: developed by the authors

It should be noted that fungal contamination 
of ‘Vanda coerulea’ explants was observed on days 
8-10, whereas bacterial and mixed fungal-bacte-
rial contamination occurred between days 5 and 
15 of cultivation. The experimental data indicate 
that the most effective method for sterilising 
explants was the stepwise treatment: 70% ethyl 
alcohol (1 min) → 2.5% NaClO (5-10 min), which 
allowed the production of 70-80%  sterile and 
viable explants (Fig.  1). Overall, a positive out-
come (~50-60% aseptic and viable explants) was 
obtained using 1% AgNO3 for 5-10 minutes. How-
ever, the use of sterilising agents such as 2.5% 
NaClO and 1% AgNO3 with a 15-minute expo-
sure negatively affected explant viability due to 

tissue oxidation, and the sterilisation efficiency 
decreased to 10%.

The results of sterilising the inflorescences of 
‘Vanda sanderiana’ are presented in Table 2.

Figure 1. Aseptic protocorms of ‘Vanda coerulea’ 
(sterilisation variant No. 1)

Source: provided by the authors
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From the data presented in Table 2, it can be 
seen that, for ‘Vanda sanderiana’ explants, the 
most effective sterilisation method, as with ‘Vanda 
coerulea’, was the stepwise approach: treatment 
with 70% ethyl alcohol for 1  minute followed by 
immersion in 2.5% NaClO for 5-10 minutes. This 
protocol allowed the production of 70-80% ster-
ile and viable explants (Fig.  2). This sterilisation 
regime did not damage the tissues or inhibit ex-
plant development, while ensuring maximal ste-
rility. A positive result (45-60% aseptic and via-
ble explants) was also obtained using 1% AgNO3 
for 510  minutes. Exposure to 2.5% NaClO or 1% 
AgNO3 for 15  minutes adversely affected viabili-
ty due to tissue oxidation. The lowest number of 
aseptic and viable explants was observed under 
sterilisation variant No. 4.

explants using 0.1% HgCl2 as the primary sterilant 
with exposure times ranging from 1 to 10 minutes. 
The percentage of sterile explants obtained varied 
from 0% to 80%. With longer exposure, the toxic 
effect of 0.1% HgCl2 on explant tissues became ap-
parent. Therefore, the approach used in the pres-
ent study, employing 2.5% NaClO, is both safer and 
sufficiently effective for working with inflores-
cence shoots and protocorms. As a result, aseptic 
and viable explants of ‘Vanda coerulea’ and ‘Vanda 
sanderiana’ were obtained and subsequently used 
in studies on callusogenesis, morphogenesis, and 
plant regeneration.

Features of callusogenesis in Vanda orchids
In higher plants, callus tissue is defined as tissue 
formed through uncontrolled cell proliferation in 
explants following their initial subculture. This 
process is widely applied in biotechnological re-
search as well as in microclonal propagation of 
plants. Studies have shown that the process of 
callusogenesis in vitro largely depends on the 
external culture conditions and the composition 
of the nutrient medium, particularly the pres-
ence of plant growth regulators. Effective callus 
induction is generally observed when using the 
classical auxin-to-cytokinin ratio of 10:1 (Kush-
nir & Sarnavska,  2005). It should be noted that 
plant growth regulators play a key role in stim-
ulating cell proliferation and structural changes 
within tissues, thereby enabling the formation of 
callus tissue with high potential for subsequent 
regeneration. In Vanda orchids, callus tissue is 
typically induced from protocorms and inflores-
cence shoots by culturing them on modified MS 

No. Sterilising 
agent

Concentration 
(%)

Exposure 
(min)

Number of explants 
introduced in vitro 

(pcs)

Number 
of aseptic 
explants 

(pcs)

Number 
of viable 
explants 

(pcs)

Sterilisation 
efficiency 

(%)*

1 NaClO 2.5 5 30 26 25 80

2 NaClO 2.5 10 30 28 20 70
3 NaClO 2.5 15 30 30 9 31
4 AgNO3 1 5 30 15 13 45
5 AgNO3 1 10 30 25 18 60

6 NaClO
AgNO3

2.5
1

15
15 30 30 3 10

LSD05 1.3 0.7 2.5

Table 2. Sterilisation efficiency of ‘Vanda sanderiana’ explants

Note: * – calculated using formula 1
Source: developed by the authors

Figure 2. Aseptic and viable explants  
of ‘Vanda coerulea’ on day 30 of cultivation 

(sterilisation variant No. 1)
Source: provided by the authors

There is a trend towards minimising the use 
of highly toxic compounds as sterilising agents. 
In the study by R. Baby et al.  (2019b), a stepwise 
method was employed for sterilising Vanda orchid 
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medium supplemented with growth regulators, 
specifically α-naphthaleneacetic acid and 6 ben-
zylaminopurine, at various concentrations. Three 
variants of nutrient media were used for callus 
induction (Table 3).

Explants were placed in sterile flasks contain-
ing the nutrient medium and cultured in the dark 
at 25°C ± 1°C for 14 days. An increase in explant 

size was observed, indicating active uptake of car-
bohydrates and mineral nutrients from the medi-
um. Subsequently, the explants were transferred 
to a light regime with an intensity of 3,000 lx and 
a 16-hour photoperiod, and cultured at 24°C ± 1°C. 
On day 30, the frequency of callus formation and 
the biomass of the callus were recorded, with the 
results presented in Table 4.

Variant Growth regulators
1 2 mg/L NAA + 0.2 mg/L 6-BAP
2 5 mg/L NAA + 0.2 mg/L 6-BAP
3 2.5 mg/L NAA + 0.4 mg/L 6-BAP

Table 3. Growth regulator composition in callus-inducing media

Source: developed by the authors

Source: developed by the authors

From the data presented, it can be seen that 
the highest callus mass and the greatest per-
centage of callus formation were recorded on MS 
medium variant 3, where the concentrations of 
NAA and 6-BAP were 2.5 mg/L and 0.4 mg/L, re-
spectively. This high regenerative capacity aligns 
with the findings of A.N.  Laily  et al.  (2024), who 
reported that the correct auxin-to-cytokinin ratio 
is critical for callus induction in Vanda celebica. In 
general, the optimal ratio of auxins to cytokinins 
for callus formation is quite variable and depends 
on the specific culture. In the study by S.A. Dar et 
al.  (2021), callus induction in Atropa acuminata 
was most effective at a 1:1 ratio of 6BAP to NAA, 
while A.F.  Likhanov  et al.  (2017) observed callus 
induction in Aesculus hippocastanum using kinetin 
and 2,4-D at a 1:6 ratio. A similar trend is general-
ly observed across the Orchidaceae family (Sheyko 
& Musatenko,  2013; Shemediuk & Skip,  2014). 
In addition to quantitative characteristics, the  

density and colour of the callus tissue were also 
assessed. In Vanda orchids, the callus was typically 
cream-white or yellowish in colour, with a loose to 
medium texture and pronounced meristematic ac-
tivity, indicating a high regenerative potential of 
the tissue (Fig. 3).

Table 4. Dependence of callusogenesis in Vanda orchids  
on the content of growth regulators in the nutrient medium

Variant Medium composition Number of explants 
(pcs)

Number of explants forming callus 
(%) Callus fresh weight (mg)

‘Vanda coerulea’
1 2 mg/L NAA + 0.2 mg/L 6-BAP 30 90 ± 4.5 270 ± 13.5
2 5 mg/L NAA + 0.2 mg/L 6-BAP 30 97.5 ± 4.9 540 ± 24.3
3 2.5 mg/L NAA + 0.4 mg/L 6-BAP 30 100 ± 5.0 690 ± 30.2

‘Vanda sanderiana’
1 2 mg/L NAA + 0.2 mg/L 6-BAP 30 88 ± 4.4 300 ± 15.0
2 5 mg/L NAA + 0.2 mg/L 6-BAP 30 95 ± 4.8 490 ± 24.5
3 2.5 mg/L NAA + 0.4 mg/L 6-BAP 30 99 ± 4.9 655 ± 32.8

Figure 3. Callus tissue of ‘Vanda coerulea’
Source: provided by the authors
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Thus, according to the results of the con-
ducted studies, the most effective callus-inducing 
medium for both Vanda orchid cultivars was MS 
medium supplemented with 2.5  mg/L NAA and 
0.4 mg/L 6-BAP. Under these conditions, 99-100% 
of the explants produced callus, demonstrating 
the high efficiency of this medium for inducing 
callusogenesis. The fresh callus mass obtained on 
this medium was 690 mg for ‘Vanda coerulea’ and 
655 mg for ‘Vanda sanderiana’.

Features of indirect morphogenesis 
in Vanda orchids
One of the least explored aspects of cellular dif-
ferentiation is morphogenesis. The main chal-
lenge in studying the physiological, biochemi-
cal, and molecular processes underlying it lies 
in the asynchrony of cell differentiation within 
tissues that later form organs. Several research-
ers have shown that morphogenetic centres are 
spatially distinct, and the cells involved exhibit 
varying levels of metabolic activity. During the 
cultivation of unorganised callus tissue, di-
verse morphological structures arise, eventually 
forming shoots, roots, leaves, and in some cas-
es, complete plants (Palama et al., 2010; Lee et 
al., 2013; Hardjo et al., 2021). In Vanda orchids, 
indirect morphogenesis typically involves two 
main stages: first, callus tissue is formed from 
the explant, and subsequently, morphogenet-
ic structures develop within the callus, either 
through organogenesis or somatic embryogen-
esis. The formation of organs within the callus 

culture is closely associated with the ratio of 
plant growth regulators.

Callus tissues of Vanda orchids exhibit the 
capacity for both somatic embryogenesis and or-
ganogenesis, leading to the formation of shoots, 
roots, and even floral structures. This develop-
mental plasticity makes the genus highly prom-
ising for large-scale microclonal propagation. At 
the same time, the potential for organogenesis is 
higher in tissues closer to the plant base, where-
as explants isolated from the stem show reduced 
morphogenetic activity. Furthermore, repeated 
subculturing of callus cultures gradually dimin-
ishes the capacity to form new organs, although 
root formation may remain stable over an ex-
tended period (Lee et al., 2013; Chen, 2018; Hard-
jo et al., 2021). In addition, studies by R. Baby et 
al.  (2019a) and K. Nowakowska et al.  (2022) have 
shown that callusogenesis carries a risk of soma-
clonal variation. This is particularly important for 
rare and endangered species, where maintaining 
the genotype is critical; thus, the use of molecular 
markers to monitor regenerant plants is necessary.

To stimulate indirect morphogenesis, callus 
tissues with a mass of 2.0 ± 0.10  g were cultured 
on modified MS medium supplemented with 
6-benzylaminopurine, kinetin, and 2,4 dichloro-
phenoxyacetic acid at varying concentrations. Ex-
plants were maintained at 25°C ± 1°C under a light 
intensity of 2.0-3.0  klx, a 16-hour photoperiod, 
and 75-80% relative humidity. During the study, 
active organogenesis was observed in both Vanda 
cultivars under investigation (Table 5).

Passage No.
Organogenesis intensity

Organogenesis frequency (%) Number of shoots (pcs) Shoot height (cm)
‘Vanda coerulea’

1-3 100 ± 5 4.0 ± 0.25 7.50 ± 0.10
5-6 55 ± 2.8 2.1 ± 0.18 5.20 ± 0.14
7-8 13 ± 0.7 0.4 ± 0.07 2.10 ± 0.09

‘Vanda sanderiana’
1-3 98 ± 4.9 5.5 ± 0.3 7.0 ± 0.4
5-6 65 ± 3.3 3.2 ± 0.2 6.1 ± 0.3
7-8 15 ± 0.8 18 ± 0.9 2.8 ± 0.1

Table 5. Organogenic potential in vitro of different Vanda orchid cultivars

Source: developed by the authors

The results of the study indicate that the most 
intensive organogenesis in Vanda orchid cultivars 
occurs during passages 1-3 (each passage lasting 

21 days) (Fig. 4). However, with further increases 
in the number of passages (beyond 5-6), shoot for-
mation activity declined significantly and almost 
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ceased after passages 8-9. This reduction is likely 
attributable to somaclonal variation arising from 
prolonged cultivation.

morphogenetic activity, it is recommended to lim-
it the number of passages to 5-6 and periodically 
renew the original callus. Induction of direct mor-
phogenesis in orchid genotypes. Apical meristems 
are a key source of explants in the microclonal 
propagation of orchids, particularly in the genus 
Vanda. Their high meristematic activity and ca-
pacity to form secondary shoots under appropri-
ate culture conditions highlight the importance of 
this type of explant material (Lang & Hang, 2006; 
Rahman et al., 2009).

One of the decisive factors for successful 
plant regeneration is the carefully selected com-
position of the culture medium, particularly the 
optimal concentration of plant growth regulators. 
The interaction between cytokinins and auxins 
plays a crucial role in regulating morphogenesis. 
Research has demonstrated that the combination 
of 6-benzylaminopurine (6-BAP) with a low con-
centration of IAA promotes the intensive forma-
tion of new shoots (Maharjan  et al.,  2019; Kolo-
miets et al., 2022; Muharyati et al., 2024). In the 
experiment, apical shoot segments measuring 0.6-
1.2  mm in length were used. For morphogenesis 
induction, aseptic explants were transferred to MS 
media with varying compositions and concentra-
tions of growth regulators (Table 6).

a b

Figure 4. Shoots of ‘Vanda coerulea’ derived  
from callus tissue

Note: a – passages 5-6; b – passages 1-3
Source: provided by the authors

Thus, the study established that the efficien-
cy of indirect morphogenesis in Vanda orchids 
depends on several factors, namely the geno-
type of the donor plant, the presence of growth 
regulators in the culture medium, and the num-
ber of callus subcultures. To maintain high  

No. Medium component
Concentration in different medium variants (mL/L)

1 2 3 4 5
1 MS macronutrients 100 100 50 100 100
2 MS micronutrients 1 1 1 1 1
3 MS vitamins 1 1 1 1 1
4 Fe chelate 5 5 5 5 5
5 6-BAP 1.0 0.25 – 0.5 –
6 IAA – – 0.1 – –
7 NAA 0.5 1 – 1 –
8 Myo-inositol (g/L) 0.1 0.1 0.1 0.1 0.1
9 Yeast extract (g/L) 0.5 0.5 – 1 –

10 Casein hydrolysate (g/L) 0.5 0.5 – – 1
11 Sucrose (g/L) – 30 30 – 30
12 Glucose (g/L) 20 – – 15 –
13 Agar (g/L) 6.9 6.9 6.9 6.9 6.9

Table 6. Composition of culture media for organogenesis induction

Source: developed by the authors

Explants were cultivated under a light in-
tensity of 3-4 klx, with a 16-hour photoperiod, at 
24°C ± 2°C and 70% relative humidity. The results 
were evaluated on the 30th day of in vitro culti-
vation. During this period, the growth of shoot 

length, the number of internodes, activation of 
meristems, and explant colour were monitored. 
An intermediate stage of microclonal propaga-
tion (MCP) involves producing a large number 
of microclones from a single initial explant and  
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promoting their intensive growth in vitro. The 
main factor in MCP is achieving a high multipli-
cation rate, which is largely influenced by plant 
growth regulators and synthetic growth stimula-
tors. For active growth of orchid cultures, auxins 
such as IAA and IBA, alongside 6-BAP, are rec-
ommended. In addition, essential components of 
the culture media include casein hydrolysate and 
yeast extract, which enhance explant development 
(Chugh  et al.,  2009). Between days 42 and 49 of 
cultivation, the formation of secondary shoots was 
observed. The number of shoots produced ranged 
from one to three per explant, with an average 
length of 2.6 cm (Fig. 5).

levels of organisation from single cells to complete 
organs, have provided the foundation for develop-
ing efficient microclonal propagation techniques 
(Kaeppler  et al.,  2000; Podhaetskyi  et al.,  2018; 
Kolomiets  et al.,  2022). A particularly promising 
approach involves the use of leaf explants con-
taining remnants of aerial roots and callus to in-
itiate shoot formation in Vanda species (Lang & 
Hang, 2006; Rahman et al., 2009). This method en-
hances the proliferation rate and accelerates the 
large-scale production of healthy planting materi-
al (Kaeppler et al., 2000; Podhaetskyi et al., 2018). 
The method of direct organogenesis involves the 
formation of new shoots directly from explant 
cells, bypassing the callus stage and thereby main-
taining the genetic stability of the plant material. 
However, for certain Vanda orchid cultivars, the 
use of callus as an intermediate stage can enhance 
the morphogenetic potential of tissues, improv-
ing regeneration outcomes (Rahman et al., 2009; 
Nongdam et al., 2023).

Shoot formation in Vanda orchids occurs via 
two main mechanisms: the development of shoots 
from existing meristematic zones of the leaf near 
the base of the aerial root, or the formation of sec-
ondary meristems through the redifferentiation 
of specialised callus cells. Both mechanisms are 
influenced by growth regulators, particularly the 
cytokinin 6-BAP and the auxins IBA and NAA in 
appropriate ratios (Rahman et al., 2009; Hardjo et 
al.,  2021). Leaf explants measuring 1.5-2  cm, in-
cluding remnants of aerial roots, were used. Cul-
tivation was carried out on modified MS medium 
supplemented with 1.5 mg/L 6-BAP and 0.2 mg/L 
IBA, under a temperature of 25°C ± 1°C, a 16hour 
photoperiod, light intensity of 3 klx, and relative 
humidity of 70-80%. By day 28, shoot formation 
was observed in 83% of explants, with the num-
ber of shoots per explant ranging from 1 to 5. By 
day 42, the average number of shoots per explant 
reached 66.7  ±  0.3, demonstrating the effective-
ness of combined explants (leaf + aerial root) as a 
source of regeneration (Table 7 and Fig. 6).

a b

Figure 5. Regenerated plants  
from apical shoots of Vanda orchids

Note: a – ‘Vanda coerulea’; b – ‘Vanda sanderiana’
Source: provided by the authors

The results indicate that the optimal concen-
tration of growth regulators, particularly 6-BAP 
and IAA, promotes the activation of apical mer-
istems and the effective formation of new shoots, 
corroborating the findings of Y.  Muharyati  et 
al.  (2024). This underscores the suitability of us-
ing apical shoots in microclonal propagation of 
orchids, as this approach enables the rapid pro-
duction of a substantial quantity of high-quality, 
genetically uniform planting material. Studies of 
experimental morphogenesis in vitro, at various 

Observation period Shoots 1-2.9 cm Shoots 3-4.9 cm Shoots ≥5 cm Total shoots
‘Vanda coerulea’

28 days 42 ± 2.1 18 ± 0.9 6 ± 0.3 66 ± 3.3
42 days 58 ± 2.9 32 ± 1.6 12 ± 0.6 102 ± 5.1

Table 7. Shoot formation in ‘Vanda coerulea’ from combined explants (leaf + aerial root + callus)

Source: developed by the authors
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The shoot formation process was accompa-
nied by active proliferation of callus tissue at the 
base of the explants. Subsequent differentiation of 
these structures into apical organs indicates a high 
morphogenetic potential of these organogenic 
centres (Hardjo et al., 2021; Nongdam et al., 2023). 
Thus, the results confirm the efficacy of using leaf 
explants with remnants of aerial roots and callus 
for regeneration in Vanda orchids. This approach 
achieves high micropropagation efficiency,  mini-
mises the risk of somaclonal variation, and allows 
the mass production of virus-free planting mate-
rial for industrial applications. The regenerated 
plants serve as material for further cloning, there-
by increasing the multiplication coefficient.

Induction of morphogenesis 
in the introduced Vanda explants 
For morphogenesis induction, sterile explants 
were transferred to fresh nutrient media contain-
ing varying concentrations of growth regulators 
and 2  g/L activated charcoal. Explants were cul-
tivated under a light intensity of 3-4  klx, with a 
16-hour photoperiod, at 24°C ± 2°C and 70% rela-
tive humidity. Results were assessed on day 30 of 
in vitro cultivation. During the cultivation period, 
the formation of shoot length, the number of in-
ternodes, the activity of meristems, and the colour 
of the explants were monitored. An intermediate 
stage in micropropagation involves generating a 
large number of microclones from a single initial 
explant and promoting their vigorous growth in 
vitro. Cultivation of orchids on media No.  3 and 
No.  5 produced negative outcomes due to tissue 

oxidation caused by phenolic compounds (Fig. 7). 
Media No. 1 and No. 2 are recommended for active 
growth, development, and propagation, as they 
support rapid protocorm enlargement and the for-
mation of new leaves and roots by day 15 of culti-
vation (Fig. 8).

Figure 6. Regenerated ‘Vanda sanderiana’ plants 
from leaf explants with aerial roots and callus

Source: provided by the authors Figure 7. Phenolic auto-toxicity  
in a ‘Vanda coerulea’ explant on medium No. 3  

on day 10 of cultivation
Source: provided by the authors

Figure 8. ‘Vanda coerulea’ on medium No. 2  
on day 15 of cultivation

Source: provided by the authors

Thus, morphogenesis in both Vanda orchid 
cultivars is most intensive on media supplemented 
with 6-BAP (1.0 mg/L), NAA (0.5 mg/L), yeast ex-
tract (0.5 g/L), casein hydrolysate (0.5 g/L), and ac-
tivated charcoal (2 mg/L). Under these conditions, 
explants reached 2.5-4.0 cm in size, acquired a deep 
green colour, and exhibited activation of dormant 
buds and protocorm growth. This combination of 
cytokinins and auxins is considered optimal for 
overcoming apical dominance in the Orchidaceae 
family. This aligns with the findings of L. Tiken-
dra et al.  (2025), who reported the most effective 
morphogenesis on MS medium supplemented 
with 1.2 mg/L kinetin and 0.6 mg/L IAA. On me-
dium containing IAA (0.1 mg/L) without activated 
charcoal, phenolic exudation was pronounced, ex-
plants appeared weak, and dormant bud activation 
did not occur. When 6-BAP (0.5  mg/L) and NAA 
(1.0  mg/L) were added to the medium, explants 
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remained small (0.5-1.0  cm), pale in colour, and 
exhibited only weak bud sprouting.

Rooting of regenerated Vanda orchids in vitro
Root formation in regenerated plants represents 
the final and simultaneously one of the most 
challenging stages of micropropagation for or-
chids, particularly for Vanda species. Successful 
development of a functional root system is criti-
cal for subsequent growth under in vivo conditions 
(Thomas, 2008; Kumar & Rao, 2012; Maharjan et 
al., 2019). A distinctive feature of Vanda orchids is 
the production of aerial roots, which are covered 
with velamen – a specialised tissue that absorbs 
moisture from the air and participates in photo-
synthesis. Therefore, successful rhizogenesis re-
quires not only the correct medium but also ad-
equate access to oxygen and light. Roots develop 
most effectively under diffuse natural light or cool 
artificial lighting at an intensity of 2-3 klx.

In the studies of T. Murashige & F. Skoog (1962) 
and G.P.  Kushnir & V.V.  Sarnatska  (2005), the 
use of half-strength MS medium without added 
growth regulators was recommended to stimulate 
root system development. However, A.  Setiaji  et 
al.  (2021) and Y.  Muharyati  et al.  (2024) demon-
strated the advantages of including auxins, such 
as NAA or IBA. The effect of different NAA con-
centrations (0.5-2.0  mg/L) on root formation in 
microshoots of various Vanda orchid cultivars 
was examined using agarised MS medium with 
half-strength mineral salts. Standard-sized shoots 
with well-developed leaf rosettes were selected 
for the experiment and placed on several nutrient 
medium variants. The results are summarised in 
Table 8. The highest rooting percentage (87.5%) 
was observed on the MSR2 medium supplemented 
with 0.5 mg/L NAA (Fig. 9). By contrast, MSR1 and 
MSR3 showed considerably lower rooting rates of 
30% and 55%, respectively.

Variant Medium composition Number of shoots (pcs) Number of rooted shoots (pcs) Rooting, %

MSR1 ½ MS 40 12 ± 0.6 30 ± 1.5

MSR2 ½ MS + 0.5 mg/L NAA 40 35 ± 1.8 87.5 ± 4.4

MSR3 ½ MS + 2.0 mg/L NAA 40 22 ± 1.4 55 ± 2.8

Table 8. Effect of nutrient medium composition on the rooting of Vanda ‘Vanda coerulea’ shoots

Source: developed by the authors

Figure 9. Rooted regenerated ‘Vanda coerulea’ plants on MSR2 medium
Source: provided by the authors

Based on the results of the study, the most 
effective medium for stimulating root system de-
velopment in regenerated Vanda orchids was MS 
medium with half-strength macro- and microe-
lements, supplemented with 0.5  mg/L NAA. This 
medium promoted a high rooting rate, which is 

critical for successful root system development 
and the subsequent adaptation of plants to in vivo 
conditions. Therefore, the use of this medium is 
recommended for integration into Vanda orchid 
micropropagation protocols, ensuring consistent 
and reliable outcomes.
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Acclimatisation of regenerated Vanda orchids
to in vivo conditions
Plants with well-developed root systems and 
healthy, dense green leaves were removed from 
the nutrient medium for subsequent acclimatisa-
tion. To facilitate adaptation to a non-sterile en-
vironment, the culture vessels were opened, and 
2-3 mL of sterile distilled water was added, leav-
ing the plants under these conditions for two days. 
The plants were then carefully removed, washed 
under running water to remove any residual agar 
medium from the roots, and disinfected with a 
1% potassium permanganate solution to pre-
vent potential infections. Prepared plants were  

planted in a substrate composed of sphagnum 
moss, peat, shredded beech leaves, and pine bark 
in a 1:1:1:1 ratio. Occasionally, additional compo-
nents such as charcoal, fallen leaves, or dolomite 
flour are added to improve substrate properties; 
however, the core substrate typically consists of 
various proportions of bark, moss, peat, and fern 
roots. The pots with planted orchids were placed 
under conditions of high humidity to promote 
successful establishment. After 10-12 days, as the 
plants adapted, they established successfully and 
began to grow. The survival rates of regenerated 
plants of different Vanda orchid cultivars are pre-
sented in Table 9.

Cultivar Number of plants planted in substrate (pcs)
Number of plants established

pcs %
‘Vanda coerulea’ 40 35 87.5 ± 4.4

‘Vanda sanderiana’ 40 33 82.5 ± 4.1

Table 9. Survival of regenerated plants of different Vanda orchid cultivars

Source: developed by the authors

By the 30th day of cultivation, the seedlings 
had reached a height of 8-9  cm and developed 
6-8 true leaves, making them suitable for trans-
planting into open-ground greenhouse conditions 
(Fig.  10). The substrate for Vanda orchids should 
be loose, moisture-retentive, and nutrient-rich, 
although nutrient content is less critical and can 
be adjusted through fertilisation. Most Vanda or-
chids do not have a clearly defined dormancy pe-
riod, so watering should be moderate but regular 
throughout the year. The substrate should remain 
moist but not waterlogged, and water at room 
temperature should be used. Various types of con-
tainers can be used for planting, including ceramic 
or plastic pots, baskets, or mesh holders.

Thus, the adaptation study of regenerated 
plants of different Vanda cultivars demonstrated 
that the survival rate of ‘Vanda coerulea’ under in 
vivo acclimatisation conditions was 87.5%, while 
under the same conditions, ‘Vanda sanderiana’ 
achieved 83%. These results indicate a high sur-
vival capacity for both cultivars, with ‘Vanda coer-
ule’a showing slightly better performance.

CONCLUSIONS
The conducted research yielded aseptic, viable 
explants of cultivars ‘Vanda coerulea’ and ‘Vanda 
sanderiana’, which were subsequently used for 
studies on callus induction, morphogenesis, and 
plant regeneration. It was determined that the 
most effective callus-inducing medium for both 
cultivars of Vanda orchids was MS medium sup-
plemented with 2.5 mg/L NAA and 0.4 mg/L 6BAP. 
Under these conditions, 99-100% of explants 
formed callus, with a fresh callus mass of 690 mg 
for ‘Vanda coerulea’ and 655  mg for ‘Vanda san-
deriana’. The efficiency of indirect morphogenesis 
in Vanda orchids depends on several factors, in-
cluding the genotype of the donor plant, the pres-
ence of growth regulators in the culture medium, 
and the number of passages of callus tissue. To 
maintain high morphogenetic activity, it is recom-
mended to limit the number of passages to 5-6 and 

Figure 10. Regenerated ‘Vanda sanderiana’ 
adapted to in vivo conditions

Source: provided by the authors
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to periodically renew the initial callus. The results 
also confirm the suitability of using leaf explants 
with remnants of aerial roots and callus for regen-
eration in Vanda orchids. This approach allows for 
highly efficient micropropagation, minimises the 
risk of somaclonal variation, and enables the mass 
production of virus-free planting material for 
commercial purposes. The regenerated plants pro-
vide material for further cloning, thereby increas-
ing the propagation coefficient. Morphogenesis in 
both Vanda cultivars was most vigorous on a me-
dium supplemented with 6-BAP (1.0 mg/L), NAA 
(0.5  mg/L), yeast extract (0.5  g/L), casein hydro-
lysate (0.5  g/L), and activated charcoal (2  mg/L). 
The most effective medium for stimulating root 
system formation in regenerated Vanda plants was 
MS medium with half-strength macro- and micro-
elements, supplemented with 0.5 mg/L NAA. This 
formulation ensures a high level of rooting, mak-
ing it suitable for inclusion in micropropagation 

protocols for this genus. During the acclimation 
of regenerated plants, survival rates for the cul-
tivar ‘Vanda coerulea’ reached 87.5%, while under 
identical conditions, ‘Vanda sanderiana’ achieved 
83%. These results provide a basis for developing 
standardised propagation protocols for Vanda or-
chids, ensuring a high level of control at all stages 
of cultivation. Implementation of such protocols 
is critical for breeding programmes, the conser-
vation of rare cultivars, and the improvement of 
plant material quality for commercial horticulture.
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Анотація. Біотехнологічні методи розмноження орхідеї Vanda є ефективним інструментом 
отримання великої кількості генетичнооднорідного оздоровленого рослинного матеріалу. 
Метою роботи було вивчення особливостей мікроклонального розмноження орхідеї Vanda. Для 
отримання посадкового матеріалу різних генотипів орхідеї Vanda, а саме: ‘Vanda coerulea’ та 
‘Vanda sanderiana’ методом мікроклонального розмноження використано прямий, непрямий 
морфогенез і ризогенез in vitro та адаптація до умов in vivo. Розроблено ступінчатий метод 
отримання асептичного матеріалу, який полягає у використанні 70  % етилового спирту 
протягом 1 хвилини з подальшим використанням основного стерилянту 2,5  % NaClO протягом 
5-10 хв, що уможливлює отримання 70-80 % стерильних життєздатних експлантатів, знижуючи 
рівень контамінації грибами та бактеріями. Представлено результати прямого та непрямого 
морфогенезу, калюсогенезу і ризогенезу в культурі in vitro експлантатів орхідеї Vanda. Встановлено, 
що між сортами орхідеї не спостерігалося значних відмінностей у процесах калюсогенезу. Частота 
калюсогенезу для обох генотипів становила 100 %, що вказує на високу здатність до утворення 
калюсної тканини. Найкращі результати росту та пагоноутворення були досягнуті на живильному 
середовищі Мурасіге-Скуга (МС), доповнене 6-Бензиламінопурином (6-БАП) у концентрації 
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0,5  мг/л. Для укорінення найбільш ефективним виявилося середовище МС з половинною 
концентрацією макро- та мікросолей, доповнене 0,5 мг/л α-нафтилоцтовою кислотою (НОК), яке 
рекомендоване для ризогенезу рослин-регенерантів орхідеї Vanda різних сортів. Для адаптації 
рослин-регенерантів використано субстрат з сфангового моху, торфу, подрібнених листків бука 
та соснової кори у співвідношенні 1:1:1:1. Приживаність рослин орхідеї до умов in vivo сорту 
‘Vanda coerulea’ становила 87,5 %, тоді як за однакових умов у рослин сорту ‘Vanda sanderiana’ – 
83 % відповідно. Отримані результати досліджень можуть бути основою для створення протоколів 
розмноження орхідеї Vanda, що забезпечить високий рівень контролю на всіх етапах вирощування. 
Впровадження таких протоколів є важливими для селекційної роботи, збереження рідкісних 
сортів та поліпшення якості рослинного матеріалу для промислового квітникарства

Ключові слова: in vitro; калюсогенез; морфогенез; різогенез; адаптація in vivo
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 Abstract. Viral diseases of apple trees cause significant economic losses in horticulture in Ukraine, which 
requires an updated research into their prevalence. The purpose of the study was to assess the prevalence 
and regional distribution of the main apple tree viruses in industrial plantings of Ukraine using molecular 
diagnostic methods. The study was conducted by reverse transcription and polymerase chain reaction 
on 350 samples of apple leaves and bark taken from industrial plantings in five regions of Ukraine. The 
specificity of detection of three target viruses was confirmed by sequencing the obtained amplicons. The 
study found that the overall infection rate of apple plantations was 70.6%, which indicates an epiphytic 
situation. The most prevalent was Apple stem pitting virus (46.0%), whereas Apple chlorotic leaf spot virus 
and Apple mosaic virus were detected in 36.0% and 13.7% of samples, respectively. Regional analysis 
revealed the maximum prevalence of viruses in the Zakarpattia (86.0%) and Kyiv (76.3%) regions, while 
the minimum indicators were recorded in the Kharkiv region (56.8%). A high level of mixed infections 
was found (25.4%), with a predominance of the combination of Apple stem pitting virus and Apple chlorotic 
leaf spot virus (18.3%). Also significant is the high percentage of asymptomatic infections (31.2%), which 
complicates phytosanitary control. The conclusions confirmed that the results obtained justify the need 
for urgent implementation of a system for molecular monitoring and certification of planting material. The 
results of the study can be used to develop a national programme for improving apple plantations in Ukraine

Keywords: polymerase chain reaction; apple stem pitting virus; apple chlorotic leaf spot virus; apple 
mosaic virus
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INTRODUCTION
Apple orchards occupy a leading place in horticul-
ture in Ukraine, but their productivity is signifi-
cantly limited by viral diseases. The global problem 
of the spread of viruses on fruit crops is becoming 

particularly relevant in the context of the growth 
of intensive gardening. Studies conducted in dif-
ferent regions of the world show trends in the high 
level of infection of apple plantations.
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infections in vegetable agrocoenoses using ad-
vanced molecular diagnostic methods. The study 
covered the analysis of samples from different 
regions of Ukraine, which helped to identify the 
species composition of viral pathogens. The re-
sults obtained indicate the need to introduce a 
system for regular monitoring of viral diseases of 
agricultural crops. Research by L.T. Mishchenko et 
al.  (2022) on the Wheat dwarf virus demonstrat-
ed the relevance of the problem of viral diseases 
in agrocoenoses of Ukraine. The researchers con-
ducted molecular characterisation of local isolates 
of the virus, investigating their genetic diversity. 
A link was established between the spread of the 
pathogen and grain yield. However, comprehen-
sive studies of apple tree viruses remain rather 
neglected, which creates a significant gap in the 
development of an effective plant protection sys-
tem. Lack of up-to-date data on the prevalence 
of pathogens such as Apple stem pitting virus, Ap-
ple chlorotic leaf spot virus, and Apple mosaic virus 
complicates the development of targeted phy-
tosanitary measures. The existing information 
is based mainly on outdated diagnostic methods 
that do not meet modern requirements.

International experience shows the effec-
tiveness of advanced methods of combating vi-
ral infections. Research by Korean scientists 
Y.H. Kwon et al.  (2024) showed high efficiency of 
a combination of thermotherapy and chemicals 
for improving the health of planting material. The 
researchers achieved a significant reduction in the 
concentration of viruses in plant material by op-
timising temperature conditions. In Kazakhstan, 
G.  Kairova  et al.  (2023) successfully applied mo-
lecular markers to identify varieties resistant to 
bacterial infections, opening up prospects for sim-
ilar studies of viral diseases. The findings showed 
the possibility of rapid identification of resistance 
genes using PCR analysis. Given the global nature 
of the problem of the spread of apple viruses and 
the lack of data on the situation in Ukraine, there 
is a need for a comprehensive study of the preva-
lence of the main viral pathogens in apple planta-
tions in different regions of the country. Existing 
studies, such as research by L. Pavliuk et al. (2021) 
on cherry viruses, confirmed the relevance of such 
studies for fruit crops in Ukraine, but there are no 
specialised studies on apple trees. The research-
ers used molecular methods to detect the main  

In particular, L. Ma et al. (2021) found a high 
prevalence of major pear viruses in commer-
cial orchards in China, indicating the severity of 
the problem in the East Asian region. The study 
included analysis of samples from various prov-
inces of China, where the presence of pathogens 
such as Apple stem pitting virus and Apple chlorotic 
leaf spot virus. The researchers applied advanced 
molecular diagnostic methods, which helped to 
obtain representative data on the epidemiology 
of viral diseases in fruit crops. Similar studies in 
Kazakhstan conducted by N. Kerimbek et al. (2024) 
showed a high level of viral damage to apple plan-
tations, which requires the development of effec-
tive control measures. The researchers conducted 
monitoring in the southern regions of Kazakhstan 
using serological and molecular diagnostic meth-
ods. The study revealed significant variability in 
the spread of different viruses depending on the 
variety and age of the plantings.

Advanced diagnostics of plant viruses is based 
on molecular methods that allow accurate identi-
fication of pathogens. S. Heo & Y.S. Chung (2020) 
developed advanced PCR (polymerase chain reac-
tion) techniques for detecting apple viruses, which 
significantly improved diagnostic accuracy. The 
researchers optimised PCR conditions for sensi-
tive and specific detection of Apple stem grooving 
virus and Apple chlorotic leaf spot virus. The devel-
oped methods have demonstrated high efficiency 
in analysing samples with different types of in-
fections. A notable achievement is the develop-
ment by D.A. Gritsenko et al.  (2020) of multiplex 
PCR method for simultaneous detection of five 
apple viruses, which simplifies the mass screen-
ing process. The method allows saving time and 
reagents when conducting large-scale research. 
The researchers tested the specificity and sensi-
tivity of the method on a wide collection of sam-
ples. In Latvia, N. Zuļģe et al. (2023) conducted an 
in-depth phylogenetic study of ACLSV isolates, 
revealing significant genetic diversity of the path-
ogen. The study included analysis of isolates from 
different host species – Malus, Pyrus and Prunus. 
Phylogenetic analysis revealed a clear clustering 
of isolates by host species and geographical origin.

In Ukraine, the problems of viral diseases of 
agricultural crops were studied mainly on veg-
etable crops, which was confirmed by V.O.  Tsvi-
gun et al. (2024). The researchers monitored viral  



Hrynchuk & Antipov

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 2025 59

viruses of stone crops, which allowed assessing the 
phytosanitary condition of plantings.

The purpose of the study was to carry out a 
comprehensive assessment of the phytosani-
tary condition of industrial apple plantations in 
Ukraine by investigating the prevalence of major 
viral pathogens (ASPV (Apple stem pitting virus), 
ACLSV (Apple chlorotic leaf spot virus), and AMV 
(Apple mosaic virus)), for which the following tasks 
were set: to conduct molecular monitoring using 
the method of reverse transcription and poly-
merase chain reaction to identify the main viral 
pathogens; to analyse the regional features of the 
distribution of viral infections in the main areas of 
industrial apple cultivation; to assess the level of 
mixed infections and determine the proportion of 
latent forms of damage.

MATERIALS AND METHODS
The process of selecting plant material was or-
ganised to ensure the representativeness of 
samples from the main areas of industrial apple 
cultivation in Ukraine. The sampling was carried 
out during two growing seasons  – from May to 
August 2023 and 2024. 350 samples of leaves and 
young bark of apple trees of the ‘Golden Deli-
cious’ (100 samples), ‘Idared’ (90 samples), ‘Gala’ 
(80 samples), and ‘Champion’ (80 samples) varie-
ties were selected. The sampling was carried out 
in industrial gardens of five regions of Ukraine 
characterised by different climatic conditions: 
Kyiv (n = 80), Vinnytsia (n = 80), Cherkasy (n = 70), 
Kharkiv (n  =  70), and Zakarpattia (n  =  50). Leaf 
samples were taken from the middle tier of the 
crown from different cardinal directions, and bark 
samples were taken from annual increments. At-
tention was paid to apple trees with pronounced 
symptoms of viral damage. In particular, samples 
were taken with the following signs: leaf mosa-
ic (characteristic light green or yellow spots and 
stripes) – a classic symptom of infection with the 
Apple mosaic virus (ApMV). Chlorosis (yellow-
ing along the veins or inter-vein chlorosis) was 
caused by Apple chlorotic leaf spot virus (ACLSV). 
Deformation of the leaf plate (twisting, asymme-
try, threadiness) is associated with infection with 
the Apple stem pitting virus (ASPV) or a complex 
of the mentioned viruses. However, to assess the 
latent spread of infection, some of the materi-
al was also taken from clinically healthy plants, 

since many viruses (for example, ACLSV and 
ASPV) circulate in gardens without visible symp-
toms, forming so-called latent complexes of ap-
ple viruses. All samples were labelled, indicating 
the date, place of selection, grade, and descrip-
tion of the phytopathological condition, and then 
transported in ice containers manufactured by 
Thermo Fisher Scientific (USA) to the laborato-
ry, where they were stored at -80°C until further 
analysis. All further stages of RNA (ribonucleic 
acid) and molecular diagnostics were performed 
under controlled laboratory conditions.

Total RNA isolation was performed from 100 
mg of plant tissue, which was previously ground 
in liquid nitrogen with a mortar. Nucleic acid ex-
traction was performed using the commercial kit 
“Ukrbiopreparat” (Ukraine), based on the method 
of heterophase extraction with silicon dioxide and 
detergent (Bogner & Killeen,  2006). Specifically, 
500 µL of lysing buffer was added to the crushed 
tissue, the mixture was incubated at 65°C for 10 
minutes, then 250 µL of chloroform was added and 
thoroughly mixed on vortex. After cenrifugation 
at 12,000 RCF for 10 minutes, the aqueous phase 
was carefully transferred to a new microcentri-
fuge tube, where RNA deposition was performed 
by adding an equal volume of isopropanol and in-
cubation at -20°C for 30 minutes. After repeated 
centrifugation, the resulting RNA was washed in 
70% ethanol, air-dried, and dissolved in 30 µL of 
RNA-free water. The quality and quantity of the 
extracted RNA were assessed using two meth-
ods: spectrophotometrically with a NanoDrop 
system (Deben  et al.,  2013), where samples with 
an A260/280 ratio in the range of 1.8-2.1 were 
considered acceptable; and electrophoretically 
by fractionation of 2  µL of RNA in a 1% agarose 
gel stained with ethidium bromide (Barros  et 
al., 2018), where RNA integrity was confirmed by 
the presence of distinct 18S and 28S rRNA bands.

Reverse transcription was performed at a vol-
ume of 20 µL using 1 µg of total RNA, 100 Ng of 
random hexamer primers, 20 units of M-MuLV 
revertase, and a buffer containing 10  mM DTT, 
1 mm dNTP mixture, and 20 units of an RNase in-
hibitor. The reaction was performed according to 
the following temperature programme: 25°C for 5 
minutes for primer hybridisation, 42°C for 60 min-
utes for cDNA synthesis, and 70°C for 5 minutes 
for enzyme inactivation. The resulting cDNA was  
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diluted in a ratio of 1:5 with sterile water and 
stored at -20°C. The polymerase chain reaction 
was tuned to a volume of 25 µL, the reaction mix-
ture included 2.5 µL of diluted cDNA, 1 x Taq pol-
ymerase buffer, 1.5 mm MgCl2, 0.2 mm dNTP, 0.4 
µM of each of the specific primers, and 1 unit of 
Taq DNA polymerase.

Molecular diagnostics of apple tree sam-
ples was performed by reverse transcription and 
polymerase chain reaction (RT-PCR). Published 
pairs of primers specific to conserved regions of 
their genome were used to detect the main apple 
viruses. For detection of ASPV, primers ASPV-F 
(5′-GACTGCATCTGGTTCAAC-3′) and ASPV-R 
(5′-CGCTTGATTTGGACTGTC-3′) were used, which 
amplify a 327 bp fragment of the coat protein (CP) 
gene (Ji et al., 2013; Hao et al., 2016). For detec-
tion of ACLSV, primers ACLSV-F (5′-GCGATGAA-
GTTGCTGATGA-3′) and ACLSV-R (5′-TGACCTC-
CATTGCCAAT-3′) were used, targeting a 458 
bp region of the replicase gene (ORF1) (Ji  et 
al., 2013). For analysis of ApMV, primers ApMV-F 
(5′-CAGAGCAACGCAGACTCA-3′) and ApMV-R 
(5′-GAGCCATACCAAACCAAT-3′) were used to am-
plify a 392 bp fragment of the coat protein (CP) 
gene (Ji et al., 2013).

Amplification was performed in the Applied 
Biosystems Veriti thermal cycler (USA) according 
to the standard protocol, which included initial 
denaturation at 94°C for 5 minutes, then 35 cy-
cles, each of which consisted of denaturation at 
94°C – 30 seconds, annealing of primers at 55°C – 
30 seconds and elongation at 72°C – 45 seconds, 
followed by final elongation at 72°C for 7 minutes. 
PCR products were visualised by electrophoresis 
in 1.5% agarose gel using the Horizon horizontal 
electrophoresis system (Thermo Fisher Scientif-
ic, USA) and a power source (Bio-Rad, USA). The 
gel provided sufficient resolution to differentiate 
the expected amplicon sizes. The gel was stained 
with ethidium bromide, and the strips were visual-
ised in UV light (UVP transilluminator BioDoc-It, 
USA) using a gel documentation system (Bio-Rad, 
USA). Samples with a clear band of the expected 
size corresponding to the positive control were 
considered positive. To confirm the specificity of 
amplification, random samples from each group 
of positive samples were selected for sequencing 
using the Sanger method (Crossley et al., 2020) on 
the Applied Biosystems 3500 analyser (USA). To 

quantify the relationship between clinical mani-
festations and the results of molecular detection 
of viruses, a standardised symptom intensity scale 
was developed in the range from 0 to 5 points, 
where 0 indicated the absence of symptoms, and 
5 – the maximum severity of pathological signs. 
Visual evaluation was performed independently 
by three researchers, followed by averaging the re-
sults, and for each sample, the type of symptoms 
(mosaic, chlorosis, leaf deformity, necrosis) and 
their severity were recorded. 

Statistical processing of the obtained data was 
performed using the Statistica 10.0 software suite 
(USA). The chi-square (χ2) criterion was used to as-
sess the relationship between the selection region, 
apple variety, and virus infection rate. The differ-
ences were considered statistically significant at 
the significance level p < 0.05. The prevalence of 
each virus was calculated as the percentage of 
positive samples from the total number tested. 
Pearson correlation analysis with calculation of 
the correlation coefficient (r) for quantitative data 
and analysis of conjugacy tables using the χ2 crite-
rion for categorical variables were used to identi-
fy patterns in the spread of mixed infections. All 
calculations were performed using the Statistica 
10.0 software suite. All laboratory experiments, 
including RNA isolation and PCR analysis, were 
performed in three biological and two analytical 
repetitions to minimise random errors and en-
sure reproducibility of the results. During field re-
search, the principles of biodiversity conservation 
were observed, in accordance with the provisions 
of the Convention on Biological Diversity (2025), 
and sampling was carried out with minimal impact 
on plants and their environment. 

RESULTS AND DISCUSSION
General prevalence of viral infections 
in apple plantations
A molecular study using reverse transcription 
and polymerase chain reaction (RT-PCR) revealed 
a high level of infection of apple plantations 
with major viruses (ASPV, ACLSV, and ApMV) in 
Ukraine. Analysis of 350 samples of leaves and 
bark showed that 247 samples had a positive re-
action to the presence of at least one of the three 
viruses under study. This indicator is 70.6% of the 
total sample size, which suggests an epiphytotic 
situation in Ukrainian apple plantations (Table 1).
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A detailed analysis revealed a clear differ-
entiation in the prevalence of individual path-
ogens (Table  1). The highest prevalence was 
demonstrated by ASPV, which was identified in 
161 samples, which is 46.0% of the total number 
of samples tested. ACLSV was the second most 
common virus – it was detected in 126 samples, 
which corresponds to 36.0% of the total number. 
The least common among the pathogens studied 
was ApMV, which was detected in only 48 sam-
ples, which was 13.7%. Attention is drawn to the 
fact that among the infected samples, only 58.3% 
showed any visible symptoms of the disease, 
while 41.7% of infected plants did not have any 
visual signs of damage, which indicates a signifi-
cant spread of latent forms of infection. The high-
est percentage of asymptomatic infections was 
observed for ACLSV (42.9%), while for ASPV this 
figure was 38.5%, and for ApMV – 29.2%. To con-
firm the specificity of the results obtained, Sanger 
sequencing was performed (Crossley et al., 2020) 
on an analyser for 45 randomly selected ampli-
cons (15 for each virus). The obtained sequences 
showed 98-100% homology with the reference vi-
rus strains, which confirmed the high specificity 
of the primer systems used and the reproducibili-
ty of PCR analysis results.

As shown in Table  1, ASPV is not only the 
most common virus in apple plantations, but also 
characterised by the highest frequency of monoin-
fections (58.4%). In contrast, ApMV is significantly 
more often detected in mixed infections (64.6%), 
which may indicate its lower competitiveness in 
individual plant damage. ACLSV occupies an in-
termediate position, but is characterised by the 
highest percentage of asymptomatic infections 
(42.9%), which makes it dangerous from the 

standpoint of uncontrolled spread through plant-
ing material. The results obtained indicate a crit-
ical situation with the phytosanitary condition 
of apple plantations in Ukraine and the need for 
urgent introduction of a system of certification of 
planting material based on sensitive molecular di-
agnostic methods.

The high overall infection rate of apple plan-
tations, which was 70.6%, is a negative indicator 
that exceeds data from many other regions. The 
data obtained in the course of the study empirical-
ly confirm the conclusions of the EFSA Panel on 
Plant Health et al. (2021) on the risks of spreading 
viruses through planting material from Ukraine. 
In particular, the detected high level of latent in-
fections (31.2% of all infected samples) without 
clinical manifestations justifies these data, since 
it creates a real threat of uncontrolled spread of 
pathogens through visually healthy planting ma-
terial. The highest rate of asymptomatic infections 
detected for ACLSV – 42.9%, is dangerous due to 
its high prevalence (36.0%) in the plantings under 
study. These results highlight the lack of a visual 
method for assessing the condition of planting 
material and the need to introduce mandatory 
molecular testing. The dominance of ASPV virus 
(46.0%) in Ukrainian plantings is consistent with 
the results of studies in other countries, although 
at different levels. For example, W. Shi et al. (2020) 
reported a 35% prevalence of ASPV in China, while 
C. Canales et al. (2021) detected this virus in 42% 
of samples in Spain. This sequence may indicate 
the universality of the epidemiological proper-
ties of ASPV and its ability to effectively adapt 
to different climatic conditions. The high prev-
alence of ACLSV (36.0%) was also confirmed by 
other researchers. K. Zikeli et al.  (2025) recorded  

Virus
Number 

of positive 
samples

Overall 
prevalence (%)

Prevalence 
among infected 

samples (%)

Share of 
monoinfections 

(%)

Percentage 
of mixed 

infections (%)

Asymptomatic 
infections (%)

ASPV 161 46.0 65.2 58.4 41.6 38.5

ACLSV 126 36.0 51.0 42.9 57.1 42.9

ApMV 48 13.7 19.4 35.4 64.6 29.2

Total* 247 70.6 100.0 - - 41.7

Table 1. Prevalence of viral infections in apple plantations in Ukraine

Notes: * – general indicators consider samples infected with at least one virus
Source: compared by the authors based on the conducted research using the method of P.N. Bogner & A.A. Killeen (2006)
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similar trends in Germany, although at a lower 
level (28%), which is associated with a more effi-
cient system of certification of planting material. 
The results obtained demonstrate the state of vi-
ral damage to apple plantations in Ukraine, which 
is characterised by a high overall infection rate 
(70.6%), the dominance of the ASPV (46.0%), and a 
significant proportion of latent infections (41.7%), 
which makes it necessary to introduce a molecular 
monitoring system. Investigation of the regional 
features of the spread of viral infections will al-
low detailing this picture and developing targeted 
measures to improve phytosanitary control in var-
ious horticultural areas of the country.

Regional features of the spread 
of viral infections in the areas under study
A detailed regional analysis revealed statistically 
significant differences in the prevalence of viruses 
between the studied regions of Ukraine (p < 0.01 
according to the χ2 criterion), which indicates the 
influence of the geographical factor on the epide-
miology of viral diseases of apple trees. The study 
covered five key regions (Kyiv, Vinnytsia, Cherkasy, 
Kharkiv, and Zakarpattia), which represent differ-
ent agroclimatic zones of the country and have 
differences in the intensity of horticulture, culti-
vation technologies, and the history of the indus-
try. The data obtained are presented in Table 2.

Area Total number 
of samples

Total infection 
rate (%) ASPV (%) ACLSV (%) ApMV (%) Mixed 

infections (%)
Asymptomatic 
infections (%)

Zakarpattia 50 86.0 62.0 48.0 18.0 34.0 25.6
Kyiv 80 76.3 50.0 41.3 15.0 28.8 38.3

Vinnytsia 80 72.5 44.8 38.1 12.5 22.5 32.8
Cherkasy 70 67.1 41.4 32.9 11.4 18.6 35.4
Kharkiv 70 56.8 34.3 25.7 8.6 14.3 42.5

Table 2. Regional distribution of viral infections of apple trees in Ukraine

Source: compared by the authors based on the conducted research using the methods of Z. Ji et al. (2013), L. Hao et 
al. (2016)

The highest overall infection rate was record-
ed in orchards in the Zakarpattia region, where vi-
ruses were detected in 43 out of 50 samples, which 
is 86.0% of the total number of tested samples in 
this region. In this area, absolute dominance of 
the ASPV was observed, which was detected in 31 
samples (62.0%). ACLSV also showed high prev-
alence rates – 24 positive samples (48.0%), while 
ApMV was detected in 9 samples (18.0%). A special 
feature of the Zakarpattia region was the highest 
proportion of mixed infections among all regions – 
34.0% of the total number of samples. In the Kyiv 
region, the overall infection rate was 76.3% (61 
out of 80 samples), with a clear predominance of 
ASPV (40 samples, 50.0%) and ACLSV (33 samples, 
41.3%). ApMV in this region was detected in only 
12 samples (15.0%). For the Kyiv region, a charac-
teristic feature was a high proportion of asympto-
matic infections – 38.3% of all infected samples, 
which may indicate a long-term circulation of vi-
ruses in the region and adaptation of the pathosys-
tem. In the Vinnytsia region, viruses were detected 
in 58 out of 80 samples (72.5%), with a predomi-
nance of ASPV (44.8%) and ACLSV (38.1%). ApMV  

continued to show relatively low rates of 12.5%. 
This region was characterised by an average pro-
portion of mixed infections (22.5%) and a mod-
erate rate of asymptomatic infections (32.8%). In 
Cherkasy region, the total infection rate was 67.1% 
(47 out of 70 samples), with a prevalence of ASPV 
of 41.4% and ACLSV of 32.9%. ApMV was detected 
in 11.4% of the samples. This region was charac-
terised by the lowest frequency of mixed infec-
tions among all the regions under study (18.6%). 
The lowest infection rates were recorded in the 
Kharkiv region – 40 out of 70 samples (56.8%). In 
this region, ASPV was detected in 34.3% of sam-
ples, ACLSV in 25.7%, and ApMV in only 8.6%. 
However, the highest proportion of asymptomatic 
infections was observed was in the Kharkiv region 
(42.5%), which may indicate a relatively recent 
penetration of viruses into the region or the spe-
cifics of local varieties.

Statistical analysis revealed a clear geograph-
ical pattern: the level of infection decreased in the 
direction from the west to the east of the country. 
Such regional differences are related to a com-
plex of factors, including climatic features (higher  
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humidity in the western regions contributes to 
the development of virus vectors), the level of 
gardening intensity (older gardens in the western 
regions), the effectiveness of quarantine measures 
and the quality of planting material used in dif-
ferent regions of the country. The data obtained 
are of practical importance for the development 
of differentiated regional strategies for protecting 
apple trees from viral infections.

L. Yin et al. (2021) also found similar region-
al differentiation in Canada, linking it to climatic 
conditions and the age of plantings. In this case, 
higher humidity and older gardens in western re-
gions can contribute to the activation of virus vec-
tors and their accumulation over time. The results 
obtained regarding the high prevalence of viral 
infections of apple trees in Ukraine are confirmed 
in modern international studies. In particular, 
H. Xiao  et al.  (2022) in the study of the viromics 
of apple orchards in Canada also found a high lev-
el of infection, linking this to the phenomenon of 
“rapid decline” of orchards. However, Ukrainian 
figures (70.6%) exceed Canadian data, which may 
indicate a more intensive circulation of pathogens 
in Ukraine. Thus, the regional analysis revealed a 
clear geographical pattern of the spread of viral in-
fections of apple trees in Ukraine with a significant 
differentiation between Western (86.0% in Zakar-

pattia) and Eastern (56.8% in Kharkiv) regions, 
which is conditioned by a complex of climatic, 
technological, and historical factors and requires 
the development of differentiated regional ap-
proaches to the protection of plantings. Studying 
the features of mixed infections will help to better 
understand the mechanisms of interaction of var-
ious viral pathogens in Ukrainian agrocoenoses.

Characteristics of mixed viral infections 
of apple trees in Ukraine
A detailed analysis of the detected viral infections 
showed a high proportion of mixed infections that 
were recorded in 89 samples, which is 25.4% of 
the total number of tested samples or 36.0% of all 
infected plants. This indicator suggests a signifi-
cant accumulation of viral pathogens in Ukrain-
ian apple plantations and indicates the complex 
nature of the epidemiological situation. As shown 
in Table 3, the combination of ASPV + ACLSV is 
absolutely dominant among all types of mixed in-
fections, accounting for more than two-thirds of 
all cases of multiple lesions. The regional distri-
bution indicates a clear geographical specificity – 
Zakarpattia and Kyiv regions show the highest 
prevalence of mixed infections, which may be due 
to climatic features and the intensity of horticul-
ture in these regions.

Type of 
infection

Number  
of samples

Overall 
prevalence (%)

Prevalence among 
mixed infections (%)

Predominant 
symptoms

Most affected 
regions

ASPV + ACLSV 64 18.3 71.9
Leaf deformity, 

chlorosis, reduced 
growth

Zakarpattia (34.0%), 
Kyiv (28.8%)

ASPV + ApMV 15 4.3 16.9 Mosaic, vein necrosis, 
fruit deformity

Vinnytsia (6.3%), 
Cherkasy(4.3%)

ACLSV + ApMV 7 2.0 7.9 Chlorosis, mosaic, leaf 
crushing

Kyiv (3.8%),  
Kharkiv (2.9%)

ASPV + ACLSV + 
ApMV 3 0.9 3.4 Severe deformity, 

necrosis, dwarfism Zakarpattia (2.0%)

Table 3. Characteristics of mixed viral infections of apple trees in Ukraine

Source: compared by the authors based on the conducted research using the methods of Z. Ji et al. (2013), L. Hao et 
al. (2016)

The most common among mixed infections 
was a combination of ASPV and ACLSV, which was 
detected in 64 samples, which is 18.3% of the to-
tal number of analysed samples. This combination 
prevailed in all regions under study, which may 

indicate a synergistic interaction between the two 
viruses or similarity in their epidemiological cy-
cles. Dual ASPV + ApMV infections were reported 
in 15 samples (4.3%), and the ACLSV + ApMV com-
bination was detected in 7 samples (2.0%).
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Attention is drawn to the detection of a tri-
ple infection that included all three viruses under 
study, which was identified in 3 samples (0.9%). All 
these samples were obtained from the Zakarpattia 
region and showed pronounced symptoms in the 
form of severe deformation of the leaf plate, ne-
crotic spots along the veins, and general growth 
inhibition. The intensity of symptoms in these 
cases significantly exceeded the manifestations of 
individual infections, which confirms the concept 
of a synergistic effect in mixed viral lesions.

Correlation analysis revealed a statistically 
significant positive association between the age 
of plantings and the frequency of mixed infections 
(r = 0.72, p < 0.05), which indicates the cumulative 
nature of the accumulation of viral infections in 
gardens over time. A high level of mixed infec-
tions was registered in plantings over 15 years of 
age, where this figure reached 42.7%. In young 
plantings (up to 5 years), mixed infections were 
detected much less often – only in 12.3% of sam-
ples. Regional analysis showed that the highest 
frequency of mixed infections was observed in the 
Zakarpattia region (34.0%), while the lowest rates 
were recorded in Kharkiv (14.3%) and Cherkasy 
(18.6%) regions. This pattern correlates with the 
overall level of infection in these regions and is re-
lated to the climatic conditions that contribute to 
the development of virus vectors and the duration 
of horticulture in these regions. A notable result 
is that mixed infections were accompanied by sig-
nificantly more pronounced infection symptoms 
compared to monoinfections. In samples with 
mixed infections, the intensity of symptoms was 
45-60% higher, and the expression of pathological 
signs began on average 2-3 weeks earlier during 
the growing season.

A high rate of mixed infections (25.4%), 
namely ASPV + ACLSV combinations (18.3%), is a 
significant outcome. A.A. Wright et al. (2020) also 

found that it is these combinations that lead to 
a synergistic effect and a significant increase in 
pathogenesis. Current observations of increased 
symptoms in mixed infections fully support this 
concept. It is significant that all cases of triple in-
fections were detected in the Zakarpattia region 
and were accompanied by the most pronounced 
symptoms. A useful aspect is comparison with 
studies of related cultures. N.-Y. Kim et al. (2021) 
found similar patterns of pathogen spread when 
studying pear viruses using RNA-seq, which con-
firms the universality of epidemiological process-
es in fruit crops of the family Rosaceae. The high 
proportion of mixed infections should be noted, 
which is observed in both apple and pear trees. 
Another aspect is the comparison of the results 
obtained with studies in other cultures. For exam-
ple, A. Karanfil (2021), when studying rose viruses, 
also found a high rate of mixed infections, which 
may indicate general patterns of virus spread in 
perennials. The study by F. Xing et al. (2020) for or-
namental crop viruses revealed similar patterns of 
pathogen spread. The researchers conducted mo-
lecular characterisation of isolates of the Prunus 
necrotic ringspot virus from roses, revealing high 
genetic diversity. This confirms the universality of 
the patterns identified in this study and the need 
to develop a unified strategy for combating viral 
diseases in horticulture in Ukraine.

Varietal differences in susceptibility
to viral infections
A detailed analysis of varietal sensitivity revealed 
differences in the susceptibility of the studied ap-
ple varieties to viral infections, which indicates the 
influence of genetic factors on the plant-pathogen 
interaction. The study covered four commercially 
significant varieties that occupy leading positions 
in industrial horticulture in Ukraine: ‘Golden De-
licious’, ‘Idared’, ‘Gala’, and ‘Champion’ (Table 4).

Variety
Total 

infection rate 
(%)

ASPV 
infection rate 

(%)

ACLSV 
infection rate 

(%)

ApMV 
infection rate 

(%)

Frequency 
of mixed 

infections (%)

Preferred 
type of 

infection

'Golden Delicious'
(n = 100) 78.4 54.3 41.6 15.2 32.1 ASPV + ACLSV 

(22.4%)

'Idared' (n = 90) 74.2 48.7 41.6 12.9 27.3 ASPV + ACLSV 
(18.9%)

Table 4. Varietal features of apple tree viral infections in Ukraine
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The highest overall susceptibility to viral in-
fections was demonstrated by the ‘Golden De-
licious’ variety, in which the infection rate was 
78.4% of all tested samples. This indicator signif-
icantly exceeded the average values for the entire 
sample. The second most affected variety was 
‘Idared’ with an infection rate of 74.2%. Signifi-
cantly lower rates were observed in the varieties 
‘Gala’ (67.8%) and ‘Champion’ (63.5%), which in-
dicates their relatively higher resistance to viral 
pathogens.

Statistical analysis using the χ2 criterion con-
firmed the significance of varietal differences in 
susceptibility to ASPV at a significance level of 
p  <  0.05. The ‘Golden Delicious’ variety showed 
the highest sensitivity to ASPV (54.3% of infect-
ed samples), while the ‘Champion’ variety showed 
only 36.8%. For ACLSV and ApMV, varietal dif-
ferences did not reach statistical significance, al-
though the trend towards higher susceptibility of 
‘Golden Delicious’ and ‘Idared’ varieties persisted.

Analysis of the structure of infections in dif-
ferent varieties is of interest. The ‘Golden De-
licious’ variety was characterised by a high fre-
quency of mixed infections, which accounted for 
32.1% of all infected samples of this variety. ASPV 
+ ACLSV combinations prevailed (22.4%), while 
triple infections occurred in 3.7% of cases. In con-
trast, monoinfections prevailed for the ‘Champi-
on’ variety (71.4% of all infected samples of the 
variety), with ASPV monoinfection being the most 
common (42.1%). The ‘Idared’ variety showed in-
termediate characteristics with a frequency of 
mixed infections of 27.3%, but with a high suscep-
tibility to ACLSV (41.6%). The ‘Gala’ variety was 
characterised by the most equal distribution of in-
fection types and a moderate frequency of mixed 
lesions (23.8%).

It was noted that varietal differences were 
manifested not only in the frequency of infection, 
but also in the nature of clinical manifestations. 
In the ‘Golden Delicious’ variety, even monoin-
fections were accompanied by pronounced symp-
toms – intense chlorosis and deformation of the 
leaf plate. In the ‘Champion’ variety, even mixed 
infections occurred with minimal manifestations, 
which indicates the presence of effective tolerance 
mechanisms. Regional analysis revealed no signif-
icant differences in varietal sensitivity between 
different regions of Ukraine, which confirms the 
stability of genetically determined susceptibility 
regardless of growing conditions.

Correlation between symptoms
and molecular diagnostic results
Comparative analysis of the results of molecular 
diagnostics and phytopathological observations 
revealed a complex and multidimensional interac-
tion between visual symptoms and the presence of 
specific viral infections. Among samples with se-
vere leaf mosaic symptoms that were characterised 
by typical uneven leaf plate colour with alternating 
light green and yellow areas, ApMV was detect-
ed only in 58.3% of cases. This fact indicates the 
significant involvement of other pathogens in the 
development of similar symptoms, in particular, 
some strains of ASPV and individual phytoplasmas. 
In approximately 23.5% of cases, mosaicism was 
accompanied by simultaneous detection of two or 
more viruses, which makes it difficult to diagnose 
aetiology solely based on visual observations.

In samples with symptoms of chlorosis that 
manifested as inter-vein yellowing or lightening 
along the veins, ACLSV was detected in 72.4% 
of cases. This confirms the key aetiological role 
of this pathogen in the development of this  

Variety
Total 

infection rate 
(%)

ASPV 
infection rate 

(%)

ACLSV 
infection rate 

(%)

ApMV 
infection rate 

(%)

Frequency 
of mixed 

infections (%)

Preferred 
type of 

infection

'Gala' (n = 80) 67.8 42.1 35.2 11.4 23.8 Uniform 
distribution

'Champion' 
(n = 80) 63.5 36.8 32.1 9.8 18.9

ASPV 
monoinfection 

(42.1%)

Table 4. Continued

Source: compared by the authors based on the conducted research using the methods of Z. Ji et al. (2013), L. Hao et 
al. (2016)
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symptom complex. However, it should be not-
ed that the intensity of chlorosis correlated with 
the type of infection: in mixed ACLSV + ASPV 
infections, symptoms were significantly more 
pronounced and spread over a larger area of the 
leaf surface. The highest correlation between the 
presence of symptoms and virus detection was 
observed for ASPV. Among samples with char-
acteristic leaf deformity, including twisting, leaf 
plate asymmetry, threadiness and wavy edges, 
this pathogen was detected in 84.6% of cases. This 
high specificity makes leaf deformity a relatively 
reliable diagnostic marker for preliminary identi-
fication of ASPV infection in the field.

Another result of the study is the detection of 
a significant proportion of asymptomatic infec-
tions – 31.2% of all infected samples did not show 
any visible symptoms of the disease. This confirms 
the widespread prevalence of latent forms of in-
fection, which is particularly dangerous for the 
spread of viruses through planting material. The 
highest percentage of asymptomatic infections 
was observed for ACLSV (42.9%), which is associ-
ated with the long co-evolution of this virus with 
apple trees and the development of mechanisms 
for “mitigating” pathogenesis. For ASPV, this fig-
ure was 38.5%, and for ApMV – 29.2%.

Correlation analysis revealed a weak negative 
correlation between symptom intensity and alti-
tude (r = -0.38, p < 0.05). In areas located at an alti-
tude of more than 300 metres above sea level (foot-
hill areas of Zakarpattia and Vinnytsia regions), 
the intensity of symptoms was on average 25-30% 
lower compared to flat areas, despite the same lev-
el of infection. This indicates the influence of cli-
matic factors, in particular, lower night tempera-
tures and high humidity, on the expression of viral 
diseases. Significant varietal differences in the se-
verity of symptoms in similar viral infections were 
established. For example, in the ‘Golden Delicious’ 
variety, even ACLSV monoinfection caused intense 
chlorosis, while in the ‘Champion’ variety, even 
mixed infections were often almost asymptomatic. 
This indicates a significant influence of host genet-
ic factors on the pathogenesis of viral infections.

The use of RT-PCR has demonstrated its ef-
fectiveness for mass screening, but recent studies 
show that the introduction of the latest diagnos-
tic methods is promising. In particular, J.  Jiao  et 
al.  (2020) proposed CRISPR/Cas12a, a system 

for visual virus detection that can significantly 
speed up and simplify the testing process. Simi-
larly, L. Yin et al. (2021) described the prospects of 
CRISPR-Cas systems for diagnosing plant viruses. 
The introduction of such methods in Ukrainian 
practice could significantly increase the effective-
ness of phytosanitary control. Methodological as-
pects of the study indicate the need to introduce 
advanced approaches to the diagnosis of apple 
tree viruses in Ukraine. The results obtained, in 
particular, the high level of asymptomatic infec-
tions (31.2%) and regional features of the spread 
of pathogens, justify the feasibility of develop-
ing rapid test systems based on the experience of 
S. Franco Ortega et al.  (2020), who developed in-
novative molecular methods for rapid detection of 
apple scab using isothermal amplification.

CRISPR/Cas methods described by S. Srivas-
tava  et al.  (2020) demonstrated high sensitivity 
in detecting various plant viruses. Remote sens-
ing technologies by Y.M.  Wang  et al.  (2022) pro-
posed an innovative approach to detecting viral 
infections using spectral analysis. The need for a 
combined diagnostic approach was emphasised 
by A. Kanapiya et al. (2024), supported by current 
data on the high frequency of mixed infections 
(25.4%). A notable aspect is the genetic charac-
teristics of viruses. M.S. Noorani et al. (2023) em-
phasised the importance of full-genome sequenc-
ing for accurate identification of strains, which 
is important for Ukrainian isolates due to their 
high genetic diversity. The emergence of new vi-
ral pathogens, such as Apple necrotic mosaic virus, 
detected by S.U. Nabi et al. (2020) in India, pointed 
out the need for continuous monitoring of the vi-
ral spectrum in Ukrainian plantings. Viral disease 
management strategies proposed by A. Mandal et 
al.  (2024) can be adapted to Ukrainian condi-
tions. An important aspect is the implementation 
of LAMP methods similar to those developed by 
H.J. Lee & R.D.  Jeong  (2022) for ASPV detection. 
The economic aspect of viral infections requires a 
separate study, as evidenced by N. Mohammadi et 
al.  (2023) on the commercial value of processed 
apple products.

Thus, the results obtained not only state the 
difficult situation with viral diseases of apple 
trees in Ukraine, but also lay the foundations for 
the introduction of advanced diagnostic methods 
and the development of an effective system of 
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phytosanitary control, which forms the basis for  
further research and practical measures to improve 
the condition of apple plantations in Ukraine. The 
results of the study on mixed viral infections of ap-
ple trees in Ukraine demonstrate a complex struc-
ture of multiple infections with a predominance 
of the combination of ASPV + ACLSV (71.9% of all 
mixed infections), accompanied by pronounced 
regional differentiation and increased pathologi-
cal symptoms. The revealed specificity of interac-
tion of viral pathogens in mixed infections, in par-
ticular, the synergistic effect in the combination of 
ASPV + ACLSV, which is manifested by increased 
deformation of leaves and chloroses, makes it nec-
essary to develop targeted treatment strategies 
for different regions of Ukraine, considering local 
characteristics of the pathogenic complex.

CONCLUSIONS
The conducted study established a high level of 
infection of apple plantations in Ukraine with 
the main viral pathogens, which is 70.6% of the 
total number of samples analysed. This situation 
indicates the epiphytotic nature of the spread of 
viral diseases and makes it necessary to improve 
the system of phytosanitary control. Among some 
types of viruses, a clear hierarchy of prevalence was 
found: the most common was Apple stem pitting vi-
rus with an indicator of 46.0%, followed by Apple 
chlorotic leaf spot virus – 36.0%, and Apple mosaic 
virus – 13.7%. This dynamic is fully consistent with 
global trends, which confirms the universality of 
the epidemiological properties of these pathogens.

The study also revealed regional differences in 
the prevalence of viral infections in Ukraine. The 
highest infection rates were recorded in Zakar-
pattia (86.0%) and Kyiv (76.3%) regions, while the 
lowest – in Kharkiv (56.8%). Such regional dispar-
ities are caused by a complex of factors, including 
climatic features, age structure of plantings, in-
tensity of horticulture, and effectiveness of phy-
tosanitary measures in different regions. Atten-
tion is drawn to the high rate of mixed infections, 
which accounted for 25.4% of the total number of 
infected samples. The predominant combination 

was ASPV + ACLSV (18.3%), and the presence of 
a synergistic effect in such mixed infections was 
proved, which is manifested in a significant in-
crease in pathogenesis and more pronounced 
symptoms of the disease. In addition, significant 
varietal differences in susceptibility to viral in-
fections were established, where the most sensi-
tive varieties were ‘Golden Delicious’ (78.4%) and 
‘Idared’ (74.2%), and the most persistent – ‘Gala’ 
(67.8%) and ‘Champion’ (63.5%).

The study found a high incidence of asymp-
tomatic infections, accounting for 31.2% of all in-
fected samples. The highest rates of asymptomatic 
course were observed for ACLSV (42.9%), which 
poses a threat to the uncontrolled spread of vi-
ruses through planting material and significantly 
complicates effective phytosanitary control. The 
method of molecular diagnostics based on RT-PCR 
developed and tested during the study demon-
strated its effectiveness for mass screening and can 
be recommended for introduction into the prac-
tice of phytosanitary control. The specificity of the 
results obtained was confirmed by sequencing the 
selected isolates, which proves the reliability of the 
approach used. A limitation of this study was that 
it covered only three major apple tree viruses and 
did not include analysis of other potentially im-
portant pathogens, such as Apple stem grooving vi-
rus or Apple necrotic mosaic virus, which could have 
led to an incomplete assessment of the phytosan-
itary condition of the plantings. Prospects for fur-
ther research include expanding the spectrum of 
detected viruses, investigating the genetic diver-
sity of Ukrainian isolates, introducing advanced 
diagnostic methods, and developing a strategy 
for integrated protection against viral diseases.
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Анотація. Вірусні захворювання яблуні спричиняють значні економічні втрати в садівництві 
України, що потребує сучасного дослідження їх поширеності. Метою роботи було оцінити 
поширеність та регіональний розподіл основних вірусів яблуні у промислових насадженнях 
України за допомогою молекулярних методів діагностики. Дослідження проводили методом 
зворотної транскрипції та полімеразної ланцюгової реакції на 350 зразках листя та кори яблуні, 
відібраних із промислових насаджень п’яти областей України. Специфічність детекції трьох 
цільових вірусів підтверджували секвенуванням отриманих ампліконів. В ході дослідження 
встановлено, що загальний рівень інфікованості яблуневих насаджень склав 70,6 %, що свідчить 
про епіфітотічну ситуацію. Найпоширенішим виявився вірус ямчастості деревини яблуні (46,0 
%), тоді як вірус хлоротичної плямистості листя яблуні та вірус мозаїки яблуні виявлені у 36,0 
% та 13,7 % зразків відповідно. Регіональний аналіз виявив максимальну поширеність вірусів у 
Закарпатській (86,0 %) та Київській (76,3 %) областях, тоді як мінімальні показники зафіксовані 
в Харківській області (56,8 %). Встановлено високий рівень змішаних інфекцій (25,4 %), з 
переважанням комбінації вірусу ямчастості деревини яблуні та вірусу хлоротичної плямистості 
листя яблуні (18,3 %). Також значущим є високий відсоток безсимптомних інфекцій (31,2 %), 
що ускладнює фітосанітарний контроль. Висновки підтвердили, що отримані результати 
обґрунтовують необхідність термінового впровадження системи молекулярного моніторингу 
та сертифікації посадкового матеріалу. Результати дослідження можуть бути використані для 
розробки національної програми оздоровлення яблуневих насаджень України

Ключові слова: полімеразна ланцюгова реакція; вірус ямчастості деревини яблуні; вірус 
хлоротичної плямистості листя яблуні; вірус мозаїки яблуні
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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 Chao1 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
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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 

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 
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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.

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-NO3

-, N-NH4
+), mobile forms 

of phosphorus and potassium (P2O5, K2O), 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 m2 for each variant, 
with a planting pattern of 70×25  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, Chao1) 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 

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).

Variant Number of births, 
million

Average number of 
OTUs/ASVs per sample

Observed richness, 
average, OTUs/ASVs Shannon index, H′

K (control) 2.1 820 805 4.82

М1 2.4 910 905 5.05

М2 2.3 880 895 4.96

М3 2.5 940 935 5.12

М1+М2 2.5 960 945 5.18

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

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).

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 J.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.

Dynamics of α-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 Chao1 indices for 
all experimental variants (Table 2).

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
М1 5.05 ± 0.03 0.928 ± 0.003 940 ± 8.5
М2 4.96 ± 0.03 0.921 ± 0.003 925 ± 8.5
М3 5.12 ± 0.03 0.931 ± 0.003 960 ± 8.5

М1+М2 5.18 ± 0.03 0.935 ± 0.003 975 ± 8.5

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

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 Chao1, 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 Chao1 
and diversity index values exceeded those of the 
control and individual single-component treat-
ments. In variants M1, M2 and M3, α-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 (Chao1) and 
evenness (Shannon and Simpson indices) indices 
showed that the increase in α-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 Chao1 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 α-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 α-diversity, functional 
characteristics of the metagenome, and agrobio-
logical indicators of potato plants.

The results of the study of α-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  



Biotechnological aspects of the formation...

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 202578

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 
β-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 β-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.

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.
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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).

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

Source: compiled by the authors based on research
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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 & O.O. 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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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
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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  

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).

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
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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 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% 

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  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. 

Variant Plant height, cm 
(mean ± SD)

Tuber weight per 
plant, g (mean ± SD)

Number of tubers, 
pcs/plant (mean ± SD)

Percentage of tubers by fraction, % 
(small/medium/large)

C (control) 48.2 ± 1.5 420 ± 25 7.8 ± 0.5 28.5 / 51.3 / 20.2
М1 51.0 ± 1.6 455 ± 27 8.4 ± 0.6 24.7 / 53.8 / 21.5
М2 52.6 ± 1.7 470 ± 28 8.7 ± 0.6 23.5 / 54.5 / 22.0
М3 54.3 ± 1.8 495 ± 30 9.1 ± 0.6 18.5 / 57.5 / 24.0

М1+М2 55.1 ± 1.8 510 ± 32 9.3 ± 0.6 23.4 / 51.5 / 25.1

Table 3. Morphological and productive indicators of potatoes by variants

Source: compiled by the authors based on research

Analysis of the relationship between α-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 α-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 Chao1 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 α-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 β-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 
α-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 

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 (α- and 
β-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 α-diversity was 
recorded: the Shannon index increased from 4.82 
in the control to 5.05-5.18, and Chao1 – 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-
tohormone-like metabolites, bioavailability of N 
and P, and local suppression of phytopathogens 
through siderophores.

At the functional level, the total share of 
gene categories associated with plant nutrition 
increased from 6.8% in the control to 8.1-10.4% 
in the variants with preparations; the maximum 
was recorded in M1+M2 (10.4%). At the same time, 

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.
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Біотехнологічні аспекти формування метагеному ризосферних 
мікроорганізмів картоплі під дією мікробних препаратів
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Анотація. Метою дослідження було оцінити вплив мікробних препаратів на структурно-
функціональні характеристики ризосферного метагеному картоплі та пов’язані з цим зміни 
росту і продуктивності рослин. У межах вегетаційного досліду було отримано повногеномні 
метагеномні профілі ризосфери картоплі за п’яти варіантів: без обробки, три окремі 
мікробні препарати та їхня комбінація. Було отримано 11,8 млн секвенувальних родів, що 
пройшли базову якісну фільтрацію; ідентифіковано 2 950 таксономічних одиниць, виконано 
таксономічну й функціональну анотацію, розраховано показники різноманіття та проведено 
кореляційний аналіз із морфологічними й врожайними показниками. Встановлено, що у 
всіх варіантах домінували представники типів Proteobacteria, Actinobacteriota, Bacteroidota 
та Firmicutes, сумарна частка яких перевищувала 80 % структури метагеному, тоді як 
застосування мікробних препаратів супроводжувалося підвищенням видового багатства і 
різноманіття: індекс Шеннона зростав з 4,82 у контролі до 5,12-5,18 у дослідних варіантах, 
а оцінка багатства за Chao1 – з 830 до 960-975 таксонів. Було виявлено зростання частки 
родів, асоційованих із ростом рослин, а також відносної кількості генів, пов’язаних з 
азотфіксацією, мобілізацією фосфору, транспортуванням калію, засвоєнням сірки та 
ознаками стресостійкості, з максимальними значеннями у варіантах з третім препаратом 
і його комбінацією з першим. Ці варіанти забезпечували підвищення маси бульб з 
рослини до 495-510 г і збільшення частки середньої та крупної фракцій врожаю, причому 
коефіцієнти кореляції між сумарною часткою корисних мікроорганізмів, функціональними 
генами і продуктивністю досягали 0,6-0,7. Отримані результати засвідчили, що 
цілеспрямована мікробна обробка здатна формувати ризосферний метагеном із підвищеним  
біотехнологічним потенціалом і може бути використана агрономами-практиками, 
розробниками мікробних препаратів, селекціонерами картоплі та фахівцями з інтегрованого 
управління родючістю ґрунтів для оптимізації мікробних консорціумів у технологіях 
вирощування картоплі

Ключові слова: варіант; кількість; тип; рід; азотфіксація; фосфор
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Abstract. The research relevance is determined by the need to select bacterial cultures capable of 
ensuring a stable and intensive course of plant biomass fermentation. A substantial criterion for 
the effectiveness of such cultures is their natural ecological adaptation to the substrate, which 
determines metabolic activity, tolerance to chemical components, and the ability to maintain key 
quality parameters of preservation. The study aimed to evaluate the morphological, physiological-
biochemical, and fermentation properties of three lactic acid bacteria species isolated from different 
types of plant raw materials, as well as to determine their ability to grow and utilise carbohydrates 
in alfalfa juice, sugar beet tops juice, and their mixtures supplemented with sweet corn juice. The 
study was based on species identification methods based on determination of the fermentation profile, 
assessment of morphology, evaluation of growth characteristics under different temperature regimes, 
determination of the level of reducing sugar utilisation, and analysis of the dynamics of changes in 
substrate acidity during fermentation. The study established that isolates from plant raw materials 
exhibit a high adaptive capacity, manifested in an increase in cell numbers and active carbohydrate 
utilisation. The most intensive growth of heterofermentative cultures was observed in alfalfa juice 
and in the alfalfa-corn mixture, where their counts reached 8.68-8.77 log CFU/mL. Sugar beet tops 
supported enhanced sugar utilisation and pronounced changes in acidity but were less favourable for 
certain species. The addition of sweet corn juice improved the fermentation properties of all strains. 
The practical significance of the study is determined by identification of promising bacterial isolates 
suitable for the development of inoculants aimed at improving the fermentation of plant biomass, in 
particular for silage and haylage preservation

Keywords: alfalfa juice; sugar beet tops juice; bacterial isolates; carbohydrate substrate; acidity; 
metabolic activity
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Lactobacillus buchneri is notable among bacte-
rial cultures used in modern silage. The use of this 
species was recommended by Y. Jin et al. (2024) and 
X.  Lai  et al.  (2025) due to increased aerobic sta-
bility of silage, manifested by reduced activity of 
yeasts and molds after the feed comes into contact 
with oxygen. This positive effect is determined by 
the formation of acetic acid, which exerts an in-
hibitory action on microorganisms responsible for 
silage heating. As a result, silage masses treated by 
Lactobacillus buchneri have lower yeast and mold 
counts, slower development of microflora after 
air exposure, and a stable temperature that does 
not exceed ambient temperature even under warm 
weather conditions

C.  Aslan & A.G.  Filik (2025) noted the high 
tolerance of Lactobacillus brevis to acidic condi-
tions and the presence of plant-derived inhibitors, 
including phenolic compounds, which is relevant 
for the ensiling of legumes, sugar beet tops, and 
grass mixtures. Metabolic plasticity of Lactobacil-
lus brevis ensures efficient utilisation of both hex-
oses and pentoses of plant origin, providing stable 
fermentation even when readily available sugars 
are limited. M.P. Sychevskyi (2016) proved that in 
silage practice, L. brevis can be used as part of mul-
ticomponent bacterial inoculants in combination 
with homofermentative species. Such formula-
tions combine a rapid decrease in acidity at the in-
itial stages of fermentation with improved aerobic 
stability of the finished silage, thereby promoting 
nutrient preservation and enhancing feed quality. 
The study aimed to isolate and identify lactic acid 
bacteria from silage and haylage, evaluate their 
physiological-biochemical and growth character-
istics and determine their fermentation activity 
and adaptability to plant substrates.

MATERIALS AND METHODS
Isolation and identification of lactic acid bacteria. 
The study was conducted in the Department of 
Biotechnology of the Institute of Food Resources 
of the National Academy of Sciences in 2022-2024. 
Isolates were obtained from fermented green bio-
mass; specifically, corn silage and rye haylage were 
prepared under laboratory conditions. Fresh green 
corn intended for silage was chopped to a parti-
cle size of 1-2 cm using a knife chopper. The pre-
pared biomass was tightly packed into laboratory  

INTRODUCTION
The research relevance is determined by the need 
to select bacterial cultures capable of ensuring 
stable and intensive fermentation of plant bio-
mass based on natural ecological adaptation to 
the substrate. Analysis of morphological, physi-
ological-biochemical, and fermentation proper-
ties of lactic acid bacteria isolated from raw plant 
materials is necessary for development of effi-
cient bacterial inoculants for silage and haylage 
production. S. Cheas et al. (2025) and B. Sionek et 
al. (2023) noted that only lactic acid fermentation 
can ensure a rapid decrease in environmental pH 
to levels, unuitable for most undesirable micro-
organisms. Complex carbohydrates, proteins, and 
vitamins are preserved without significant losses 
under such conditions, improving quality of feed. 
Therefore, silage starter preparations should in-
clude lactic acid bacteria cultures in combination 
with other microorganisms and enzymatic compo-
nents that improve lactic acid fermentation while 
suppressing development of putrefactive, butyric 
acid-producing, yeast, and mold microflora.

The main advantages of lactic acid fermenta-
tion during silage preservation are the key role in 
maintaining the nutritional value of feed and sta-
bilising fermentation processes. A. Fabiszewska et 
al. (2025) and C.O. Okoye et al. (2023) proved that 
lactic acid, formed by fermentation, is a substan-
tial metabolic precursor in animal nutrition and, 
at the same time, an effective natural preserva-
tive. Accumulation of lactic acid suppresses unde-
sirable degradation processes in the ensiled mass, 
particularly proteolysis, thereby contributing to 
improved preservation of protein compounds. 
The criteria for selecting lactic acid bacteria for 
use in silage and haylage additives are based on 
their ability to grow rapidly and dominate over 
the spontaneous microflora, efficiently produce 
lactic acid, tolerate acidic conditions, and ferment 
a broad range of carbohydrates. M.F.  Akhtar  et 
al.  (2025) demonstrated that a range of Lactoba-
cillus plantarum strains meet these requirements, 
which accounts for their widespread use in biolog-
ical preparations for silage production. At the same 
time, given the limited activity of lactobacilli at the 
initial stages of fermentation under relatively high 
pH values, starter cultures are usually formulated 
as multicomponent compositions with the inclu-
sion of species active under less acidic conditions.



Lactobacteria for fermentation of vegetable raw materials

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 202592

polyethylene bags, from which air was removed by 
vacuuming, after which the bags were hermetically 
sealed using a heat sealer. The hermetically sealed 
samples were stored at 20-25°C for 120 days. To 
isolate lactic acid bacteria (LAB), 20  g samples 
were collected under aseptic conditions, homog-
enised in a porcelain mortar with sterile sand, and 
diluted in 180 cm3 of sterile physiological saline. 
Pure cultures were obtained by plating serial di-
lutions using the pour plate method on MRS agar 
(De Man et al., 1960). Incubation was conducted at 
37°C for 48 hours.

Investigation of morphological, cultural, and 
physiological properties of the cultures. Pure cul-
tures were maintained in MRS broth at a tem-
perature of (37 ± 2)°C. Phenotypic identification 
of the strains was performed using generally 
accepted morphological and physiological-bio-
chemical tests. The physiological-biochemical 
properties of the strains were assessed by follow-
ing parameters: amylase, catalase, and oxidase 
activities; reduction of nitrates to nitrites; ability 
to produce ammonia from arginine; tolerance to 
NaCl (5, 6.5, and 10%); tolerance to alkaline re-
action of the medium (pH 3.0, 6.5, and 8.0); and 
growth in MRS at temperatures of 15 and 45°C. 
Morphological homogeneity of the cultures was 
monitored by microscopy with Gram staining 
(Beveridge, 2001). Microscopic analysis was per-
formed using a Motic (Fischer Bioblock) micro-
scope equipped with a built-in TopView video 
camera at a magnification of ×1000.

The biochemical profiles of the strains were 
investigated following (De Vos  et al.,  2011) and 
using API 50 CHL test systems (bioMérieux, 
France). Culture identification was performed 
using apiweb™ software based on the obtained 
analytical index of the biochemical profile; the 
results were also recorded, and species desig-
nation was confirmed using ABIS online  (n.d.). 
Changes in the main growth parameters in plant 
substrates were assessed as follows: biomass in-
crease by plating serial dilutions, pH by poten-
tiometric measurement, and reducing sugars by 
the ferricyanide method, according to (Mateles, 
1960). Four types of juices were used for fermen-
tation studies:

1.  Alfalfa juice (Medicago sativa) (D1)  – ob-
tained by mechanical pressing of fresh green bi-
omass.

2. Sugar beet tops juice (leaf biomass of Beta 
vulgaris) (D2) – obtained by mechanical pressing 
of fresh green biomass.

3. Mixture of alfalfa juice and sweet corn juice 
at a ratio of 9:1 (v/v) (D3).

4. Mixture of sugar beet tops juice and sweet 
corn juice at a ratio of 9:1 (v/v) (D4).

The juices were prefiltered through gauze and 
sterilised by autoclaving at 121°C for 10 minutes 
(to eliminate background microflora and stabilise 
the substrate). A 10% inoculum of the tested lac-
tic acid bacteria was added to the prepared juices. 
Incubation was conducted at 34°C for 14 hours. To 
confirm LAB viability and growth, control plating 
on MRS agar was performed.

Statistical analysis. All experiments were per-
formed in three independent replicates. Data were 
presented as the mean ± standard deviation (SD). 
Statistical significance of differences between 
mean values was determined by Duncan’s test at a 
significance level of p < 0.05. Experimental studies 
on plants, including the collection of plant materi-
al, were conducted following institutional and na-
tional guidelines. The standards of the Convention 
on Biological Diversity (1992) were maintained.

RESULTS AND DISCUSSION
Studies by S.  Danylenko  et al.  (2023) indicated 
that most effective bacterial isolates capable of 
improving fermentation processes predominantly 
originate from the same type of plant raw material 
or feed for which they are intended to be applied. 
This is associated with a high level of ecological 
adaptability of microorganisms: isolates that nat-
urally occur in a substrate are better adapted to 
chemical composition, buffering capacity, concen-
tration of phenolic compounds, and the spectrum 
of available carbohydrates of origin. As a result, 
bacterial isolates exhibit higher growth rates, 
enhanced organic acid production, and more sta-
ble development during fermentation. The study 
proved that isolates obtained from a specific type 
of feed raw material are among the most promis-
ing candidates for development of highly effec-
tive bacterial inoculants, as they combine natural 
adaptation with stable functional activity under 
conditions that are as close as possible to those of 
agrotechnological practice. Within the framework 
of the study, silage and haylage samples were used 
as sources of natural populations of lactic acid 
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bacteria capable of ensuring an intensive fermen-
tation of plant biomass. Analysis of the samples 
revealed the presence of heterogeneous micro-
bial communities dominated by representatives 
typical of ensiled feeds, belonging to the genera 
Lactiplantibacillus, Lentilactobacillus, and Levilac-
tobacillus.

To obtain pure isolates, colonies exhibiting 
morphological characteristics typical of lactic 
acid bacteria were selected. Identification of the 
isolated lactic acid bacteria was conducted on the 
species level using commercial API 50 CH / API 50 
CHL system (bioMérieux) and online ABIS system, 

which ensured high reliability in determination 
of the species status of the isolates. The results 
were presented in Table  1 and Table  2. Table  1 
demonstrates the morphological and physiolog-
ical-biochemical properties of the three isolated 
strains. The sources of isolation of the studied 
lactic acid bacteria included corn silage and rye 
haylage. These bacteria are Gram-positive straight 
or slightly curved rods, existing in single or short 
chains, occasionally in clusters. Isolate 1 has a ho-
mofermentative type of lactic acid fermentation 
without gas production from glucose, whereas 
Isolates 2 and 3 are heterofermentative.

Characteristics Isolate 1 Isolate 2 Isolate 3

Source of Isolation Corn silage Rye haylage Corn silage

Morphology
Straight or slightly curved 
rods, 1-3.5 µm long, 0.5-

1.0 µm wide; occurring singly 
or in short chains

Straight or slightly curved 
rods, 2.0-5.0 µm long, 0.8-

1.5 µm wide; occurring singly 
or in short chains of 3-15 cells

Short or medium-thick rods, 
1.0-5.0 µm long, 0.8-1.2 µm 

wide; occurring singly, in short 
chains, or small clusters

Gram staining + + +

Gas production 
from glucose – + +

Catalase – – –

Motility – – –

Oxidase – – –

Nitrate reduction + – –

Gelatin hydrolysis – – –

Growth at temperature

 15°C + + +

 45°C – – –

Growth at pH

3.0 ± – –

6.5 + + +

8.0 + + +

Growth with NaCl, %

5.0 + + +

6.5 + + +

10 + – –

Table 1. Morphological and physiological characteristics of lactic acid bacteria

Notes: “+” – positive; “–” – negative; “±” – weakly positive
Source: developed by the authors

Absence of catalase and motility was noted 
among all isolates; Isolate 1 reduces nitrates to ni-
trites. All species grow at 15°C and stop at at 45°C. 

Isolate 1 can grow at pH 3.0, whereas the other two 
do not. All three species grow efficiently at pH 6.5 
and 8.0. L. plantarum tolerates up to 10% NaCl.
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Table  2 shows the ability of the three iso-
lates to ferment various carbohydrates. The 
isolates differed significantly in their carbohy-
drate fermentation profiles, as Isolate 1 exhibit-
ed broadest profile, typical of Lactiplantibacillus 
plantarum; Isolate 2 showed a moderately broad 
profile, characteristic of Lentilactobacillus buch-
neri; whereas Isolate  3 displayed the narrowest 
fermentation spectrum, corresponding to the 

species traits of Levilactobacillus brevis. At the 
next stage of the study, the optimal cultivation 
temperature for the LAB strains was determined. 
The effect of cultivation temperature (25-40°C) 
on the cell counts of the three studied bacteri-
al cultures is shown in Figure 1. The results are 
expressed as Log 10  CFU/mL for assessment of 
microbial growth intensity under different tem-
perature regimes.

Figure 1. Effect of cultivation temperature on the cell counts of the studied lactic acid bacteria
Source: developed by the authors

Table 2. Carbohydrate fermentation characteristics of lactic acid bacteria strains
Carbohydrate fermentation Isolate 1 Isolate 2 Isolate 3

D-arabinose – – –
D-xylose – + +

Galactose + ± –
Gluconate ± + +

Glucose + + +
Glycerol – – –

Inulin – – –
Lactose + + –
Maltose + + +
Mannitol + + –
Mannose + – –

Melezitose + + –
Melibiose + + +
Rhamnose – – –
Raffinose ± – ±

Ribose + + +
Sucrose + – ±
Sorbitol + – –

Trehalose + – –
Fructose + + +

Cellobiose + – –

Notes: “+” – positive; “–” – negative; “±” – weakly positive
Source: developed by the authors
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Highest growth rates were observed at 34-
37°C, correlating to optimal conditions for most 

mesophilic lactic acid bacteria. At 30°C, relatively 
high growth was noted, although lower than the 
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maximum, whereas 25°C provided the minimal 
growth among the tested temperature condi-
tions. Increase in temperature to 40°C provided a 
moderate decrease in activity, which could be de-
termined by heat-induced stress. All subsequent 

experiments were conducted at 34°C. Comparison 
of viable cell counts in juices D1-D4 demonstrates 
different levels of strain adaptation to the chemi-
cal composition of the substrates and the intensity 
of their growth (Fig. 2).

Figure 2. Cell counts of the studied lactic acid bacteria in different plant juices
Source: developed by the authors

9
8.5

8
7.5 L. plantarum

7 L. buchneri
6.5

6 L. brevisLo
g 

10
 C

FU
/c

m
3

The study established that juices D1 and D2 
were the most favourable media for the growth of 
the heterofermentative lactic acid bacteria Lenti-
lactobacillus buchneri and Levilactobacillus brevis. 
In these variants, cell counts reached 8.68-8.77 
log CFU/mL, indicating a high level of adaptation 
and intensive metabolism of these species in pro-
tein-carbohydrate substrates. Lactiplantibacillus 
plantarum exhibited stable growth in all tested 
juices (7.7-8.14 log CFU/mL), although at slightly 
lower levels compared to the heterofermentative 
species, which may be related to the characteristics 
of the carbohydrate composition of the plant juices 
and the high buffering capacity of the substrates.

D2 Juice provided a less optimal enrivon-
ment for L. buchneri (7.6-7.7 log CFU/mL), whereas  

L. brevis maintained high cell counts (8.14-8.60 log 
CFU/mL), indicating higher tolerance of this spe-
cies to specific components of D2 juice. The addi-
tion of 10% sweet corn juice to alfalfa or sugar beet 
tops juice improved growth of all studied LAB, con-
firming the feasibility of carbohydrate-enriched 
mixtures for optimisation of the fermentation of 
plant raw materials. The obtained results indicate 
the potential of juices D1 and D2, either stan-
dalone or in combination with juices D3 and D4, 
as substrates for the cultivation and application 
of formulations based on L. plantarum, L. buchneri, 
and L.  brevis in silage production and plant bio-
mass biopreservation technologies. Figure 3 shows 
the changes in pH in various plant juices under the 
influence of the investigated bacterial cultures.

Figure 3. Changes in pH in different plant juices under the influence of the studied bacterial cultures
Source: developed by the authors
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Following Figure  3, the ΔpH values demon-
strate significant differences between substrates 

and LAB species. The smallest change in acidi-
ty was noted in D1 (ΔpH  0.10-0.64), indicating 
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low lactic acid fermentation intensity. In con-
trast, D2 juice demonstrated highest pH de-
crease (ΔpH  1.34-1.98), and the addition of 10% 
sweet corn juice further increased acidification 
(up to ΔpH  2.04 for L.  plantarum). The homo-
fermentative L.  plantarum consistently demon-
strated highest pH reduction capacity, whereas 
the heterofermentative L.  buchneri produced the  
lowest ΔpH values, which corresponds to metabol-
ic profile. L. brevis exhibited high activity in D2 and 

D4 but low activity in D1 juice. Figure 4 demon-
strates initial concentration of sugar reduction in 
the plant juices, as well as the amounts of sugars 
consumed by individual lactic acid bacteria strains 
(L. brevis, L. plantarum, L. buchneri) during fermen-
tation after 24 hours. The difference between the 
initial sugar levels in the juices and the values for 
each species reflects the metabolic activity of the 
strain, hence, ability to utilise available plant-de-
rived hexoses and pentoses.

Figure 4. Consumption of reducing sugars by different strains in plant juices
Source: developed by the authors
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Analysis of carbohydrate consumption by 
LAB strains in D1 juice demonstrated that L. bre-
vis consumed 3.52-3.56 units, utilising approxi-
mately half of the available sugars. L.  plantarum 
assimilated only 1.54-1.79 units, which indicates a 
limited amount of substrate for the homofermen-
tative pathway. L.  buchneri consumed the largest 
amount, 4.28-5.33 units, which corresponds to 
ability to convert residual sugars into acetic acid. 
D2 Juice improved initial concentration of reduc-
ing sugars threefold, demonstrating much more 
intensive course of lactic acid fermentation. Due 
to high initial sugar content of this juice, higher 
carbohydrate consumption was noted among all 
strains, namely L. brevis: 5.18-5.86 units, L. plan-
tarum: 9.39-12.00 units, and the highest consump-
tion by L. buchneri: 14.16-14.39 units. All strains 
utilised more than half of the available sugars, 
with L. buchneri consuming up to 65-67%, which is 
characteristic of heterofermentative metabolism 
under conditions of sufficient substrate.

The conducted studies demonstrated that 
lactic acid bacteria isolated from silage and hay-
lage exhibit a high degree of adaptation to plant 
raw materials, manifested by stable growth, active 
carbohydrate utilisation, and intensive fermenta-
tion processes. The isolated strains, identified as 
Lactiplantibacillus plantarum, Lentilactobacillus  

buchneri, and Levilactobacillus brevis, differed in 
their metabolic profiles and type of lactic acid 
fermentation. The heterofermentative strains 
showed the highest cell counts in alfalfa juice and 
its mixtures with sweet corn juice, whereas L. plan-
tarum produced the most pronounced pH reduc-
tion. Beet top juice promoted active consumption 
of reducing sugars and significant changes in acid-
ity, especially for L. buchneri, and the addition of 
10% sweet corn juice enhanced the growth and 
fermentation activity of all strains. The obtained 
results confirm the potential of ecologically adapt-
ed isolates for the development of effective bacte-
rial formulations aimed at optimising silaging and 
bioconservation of plant biomass.

Sugar beet tops juice provides optimal con-
ditions for development of studied lactobacilli. 
L. buchneri strain consistently consumed the larg-
est amount of carbohydrates in all media, high-
lighting the key role in acetic acid formation in 
silage, while L.  plantarum demonstrated highest 
adaptability in media with high hexose concentra-
tions. The obtained results are consistent with the 
data of P. McDonald et al. (1991) on the influence 
of the chemical composition of plant substrates 
on the growth and fermentation activity of lactic 
acid bacteria. The high cell counts of L.  buchneri 
and L. brevis during fermentation of juices D1 and 
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D3 can be attributed to the combination of avail-
able carbohydrates and a substantial content of 
nitrogenous compounds and mineral components, 
which create favourable conditions for heterofer-
mentative metabolism. Similar trends were re-
ported by N.A. Khan et al. (2016) for alfalfa silage 
and grass mixtures, where the addition of carbo-
hydrate components (corn, cereals) improves LAB 
growth and fermentation stability.

High values of log CFU/mL for L. buchneri and 
L.  brevis in the D3 juice mixture are consistent 
with reports S.J.W.H.  Oude Elferink  et al.  (2001) 
and Z.G.  Weinberg & Y.  Chen  (2013) that heter-
ofermentative LAB, particularly L.  buchneri, ef-
ficiently colonise substrates rich in fermentable 
sugars and can convert lactic acid into acetic acid 
and 1,2-propanediol, thereby improving aero-
bic stability of silage. Therefore, such juice mix-
tures can be used as model systems for selection 
of strains with high silage application potential. 
D2 juice proved to be a less favourable medium 
for L.  buchneri, which may be related to specific 
features of its carbohydrate–mineral profile, the 
presence of phenolic compounds, or increased 
buffering capacity that inhibit the growth of cer-
tain LAB. At the same time, L. brevis was consistent 
in high performance across all variants, correlat-
ing with literature data by K. Suzuki et al.  (2006) 
on ability to grow in a wide range of plant sub-
strates, including brewing wort, fermented vege-
tables, and plant extracts. Such tolerance renders 
L.  brevis a promising component of multistrain 
compositions for biopreservation. Compared to 
heterofermentative species, L. plantarum exhibit-
ed slightly lower cell counts, although growth re-
mained high in all media (above 7.7 log CFU/mL). 
This is consistent with the concept of A.S. Olivei-
ra et al. (2017) that L. plantarum, as a universal ho-
mofermentative species, can efficiently lower pH 
and provide effective preservation, but does not 
always reach maximum biomass under conditions 
of high buffering capacity and relatively low lev-
els of easily fermentable sugars. J.M. Wilkinson & 
D.R. Davies (2013) noted that the combination of 
L. plantarum with L. buchneri and L. brevis can be 
used for both rapid acidification of the substrate 
and improved aerobic stability due to the produc-
tion of acetic acid by heterofermentative strains.

A substantial practical aspect is the positive 
effect of sweet corn juice on alfalfa and sugar beet 

tops juices. Enrichment of the substrate with read-
ily available carbohydrates improved cell counts of 
all studied LAB, confirming the feasibility of com-
bined protein- and carbohydrate-rich feed compo-
nents during ensiling, including crops with high 
buffering capacity (alfalfa, sugar beet tops). These 
results are consistent with reports by R.E. Muck et 
al.  (2018) on efficiency of carbohydrate additives 
and bacterial inoculants in improvement of si-
lage fermentation quality and reduction of dry 
matter losses. Overall, the obtained data confirm 
that selection of lactic acid bacteria strains should 
incorporate not only overall fermentative activi-
ty but also specific adaptation to particular plant 
substrates. Alfalfa and sugar beet tops juices, es-
pecially when combined with sweet corn juice, can 
be considered a promising media for the cultiva-
tion and application of LAB consortia aimed at 
improving the efficiency of ensiling and the bio-
conservation of plant biomass. The obtained re-
sults can be used for the development of effective 
inoculants for the fermentation of plant biomass, 
particularly for the ensiling of legumes and sugar 
beet residues.

CONCLUSIONS
As a result of the conducted studies, three lactic 
acid bacterial isolates were isolated and identified 
from corn silage and rye haylage, namely Lacti-
plantibacillus plantarum, Lentilactobacillus buch-
neri, and Levilactobacillus brevis species. These 
isolates differed in lactic acid fermentation type 
and carbohydrate fermentation profiles. Opti-
mal cultivation temperature for all investigated 
strains, at which the maximum cell counts were 
observed, was 34-37°C whereas minimal growth 
was recorded at 25°C, and an increase in tem-
perature to 40°C resulted in a moderate decrease 
in metabolic activity. Highest growth levels of 
the heterofermentative strains L.  buchneri and 
L. brevis were noted to be in alfalfa juice and al-
falfa-corn mixtures, with cell counts reaching 
8.68-8.77  log  CFU/mL, indicating a high level of 
adaptation to protein-carbohydrate substrates. 
The homofermentative strain Lactiplantibacil-
lus plantarum demonstrated stable growth in all 
tested juices, with cell counts of 7.7-8.14 log CFU/
mL, and highest lactic acid production capacity, 
resulting in a pH decrease of ΔpH  1.98-2.04 in 
carbohydrate-enriched media.
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Beet top juice exhibited the highest initial 
concentration of reducing sugars and support-
ed their intensive consumption by all strains; 
L. buchneri utilised 65-67% of the available car-
bohydrates, which was consistent with its heter-
ofermentative metabolic profile. The addition of 
10% corn juice to alfalfa or beet top juices pro-
moted increased cell counts of all investigated 
LAB, intensified the consumption of reducing 
sugars, and enhanced medium acidification com-
pared with single-component substrates. The 
obtained results can be used as a scientific basis 
for the development and production of domestic 

bacterial inoculants based on highly efficient lac-
tic acid bacteria adapted to plant raw materials, 
which can optimise the silaging and bioconser-
vation processes.
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Анотація. Актуальність даного дослідження зумовлена необхідністю відбору бактеріальних 
культур, здатних забезпечувати стабільний та інтенсивний перебіг ферментації рослинної 
біомаси. Важливим критерієм ефективності таких культур є їх природна екологічна адаптація 
до субстрату, що визначає метаболічну активність, толерантність до хімічних компонентів та 
здатність підтримувати ключові показники якості консервування. Метою цього дослідження 
було оцінити морфологічні, фізіолого-біохімічні та ферментаційні властивості трьох видів 
молочнокислих бактерій, ізольованих із різних типів рослинної сировини, а також визначити 
їхню здатність до росту й утилізації вуглеводів у соку люцерни, соку гички цукрового 
буряка та їх сумішах із додаванням соку солодкої кукурудзи. У роботі застосовувалися 
методи видової ідентифікації, засновані на визначенні ферментаційного профілю, оцінці 
морфологічних ознак, дослідженні ростових характеристик за різних температурних 
режимів, встановленні рівня споживання відновлювальних цукрів та аналізі динаміки 
змін кислотності субстрату під час ферментації. Було встановлено, що ізоляти, отримані з 
рослинної сировини, характеризуються високою адаптивною здатністю, що проявлялося 
у збільшенні кількості клітин та активному використанні вуглеводів. Найінтенсивніший 
ріст гетероферментативних культур спостерігався у соку люцерни та в суміші люцерни 
з кукурудзою, де їх чисельність досягала 8,68-8,77  log КУО/мл. Гичка цукрового буряка 
сприяла посиленому споживанню цукрів і вираженим змінам кислотності, однак була 
менш сприятливою для окремих видів. Додавання соку солодкої кукурудзи покращувало 
ферментаційні властивості всіх досліджуваних штамів. Практичне значення роботи полягає 
у виявленні перспективних бактеріальних ізолятів, придатних для розроблення інокулянтів, 
спрямованих на підвищення ефективності ферментації рослинної біомаси, зокрема при 
консервуванні силосу та сінажу

Ключові слова: сік люцерни; сік гички цукрового буряка; бактеріальні ізоляти; вуглеводний 
субстрат; кислотність; метаболічна активність
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Abstract. The study aimed to establish correlation between antagonistic activity of Bacillus strains 
and their effect on plant growth and soil microbial balance. Experiment was based on combination of 
microbiological, physiological and statistical methods, including agar well method for determining 
antagonism, serial dilution method for counting colonies, triphenyl tetrazolium chloride method for 
assessing dehydrogenase activity, and analysis of variance (ANOVA) for result reliability verification. 
Experiment determined that B. subtilis has a higher inhibitory capacity than B. amyloliquefaciens, 
determining that average diameters of inhibition were 10-15% larger, while growth inhibition index 
was larger by 5-8%. Lesion index in Fusarium oxysporum dropped by 33.0 percentage points (p.p.) (from 
53.8% to 20.8%), in Alternaria solani by 29.0 p.p., and in Pseudomonas syringae by 27.1 p.p. Proportion 
of healthy plants in control group improved from 51.5-56.3% to 86.2-87.3% with B. subtilis and 82.4-
84.1% with B. amyloliquefaciens. Height, number of leaves and root mass improved by 20-40% compared 
to control, exceeding efficiency of biological standard by 5-10%, therefore demonstrating stimulative 
effect of biological products on plant growth. Experiment detected no phytotoxicity or soil degradation. 
Biological preparations ensured stable saprophyte (1.8 × 106 CFU/g), actinomycetes (1.9 × 106 CFU/g) 
and fungi (1.8 × 105 CFU/g) count, while dehydrogenase activity reached 103% compared to control. 
Results of experiment confirmed that Bacillus subtilis and Bacillus amyloliquefaciens are efficient 
antagonists of phytopathogens and safe biostimulants that can improve productivity and stabilise soil 
microbiocenosis. They are an efficient, environmentally sustainable alternative to chemical fungicides 
in sustainable farming systems

Keywords: antagonism; biocontrol activity; damage index; environmental safety; rhizosphere
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INTRODUCTION
Research relevance is determined by growing need 
to identify environmentally safe alternatives to 
chemical plant protection products in modern 
agricultural production. Development of agricul-
ture and excessive use of fungicides and pesticides 
cause soil degradation, loss of microbial diversity 

and formation of resistant strains of phytopath-
ogens. In this regard, introduction of biological 
products based on microorganisms capable of 
not only inhibiting development of pathogens 
but also stimulating growth of cultivated plants, 
restoring natural balance of agroecosystems, is 
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and conditionally pathogenic microorganisms. 
Observations found that their use in biological 
products increased safety of agricultural products. 
Agrobiotechnological observations by M.S. Ngali-
mat et al. (2021) stated that bacteria that stimulate 
plant growth, in particular Bacillus spp., effective-
ly suppressed bacterial pathogens of rice, such as 
Xanthomonas oryzae. Study noted that isolates 
simultaneously activated systemic resistance and 
reduced need for chemical fungicides. Substantial 
field research by N.C. Vasques et al. (2024) proved 
that multifunctional Bacillus strains increased 
soybean and corn yields by 12-18%. Study found 
that combination of antagonism and nitrogen fix-
ation provided a complex bioeffect.

Phytopathological experiments by E.  Dutil-
loy et al. (2022) found that Bacillus subtilis formed 
a biofilm on roots of wheat and barley, inhibiting 
Fusarium graminearum and Rhizoctonia solani fun-
gi. Study demonstrated that this biofilm main-
tained protective activity for more than 60 days. 
According to results of S. Boulahouat et al. (2023), 
Bacillus velezensis and Bacillus subtilis inhibited 
growth of Fusarium oxysporum by 85-90%. Study 
determined that effect persisted even at high 
humidity and temperature. A global review by 
M.  Ayaz  et al.  (2023) proved that combined use 
of bacterial and fungal bioagents, in particular 
Bacillus and Trichoderma, increased effectiveness 
of biocontrol. Study emphasised that Bacillus en-
sured stability of action in field conditions. Mi-
crobiological conclusions of A.  Muthukumar  et 
al. (2022) proved that combination of genera Pseu-
domonas and Bacillus is promising for creation of 
new biological products. It was shown that their 
interaction activated metabolism of microflora 
and increased crop productivity.

 Issues of long-term stability of antagonistic 
Bacillus strains in field conditions, interaction of 
metabolites with natural soil microflora, and com-
bined effect on plant physiology in different agro-
climatic zones are insufficiently studied. Study 
aimed to evaluate antagonistic activity of Bacil-
lus subtilis and Bacillus amyloliquefaciens against 
phytopathogens and determine effect on growth 
and soil microflora. The study was to determine 
inhibitory activity of Bacillus subtilis and Bacillus 
amyloliquefaciens strains against phytopathogens, 
evaluate effect on plants, and investigate changes 
in structure of soil microflora during vegetation.

relevant. Problem addressed in this study is that, 
despite considerable scientific and practical in-
terest in Bacillus bacteria, effect on phytopatho-
gens, physiological state of plants, and biological 
activity of soil remains insufficiently studied in 
field conditions. Existing studies frequently ad-
dress individual aspects of antagonistic activity or 
growth-stimulating effects, without incorporat-
ing seasonal dynamics of changes in rhizosphere. 
Therefore, analysis of efficiency of Bacillus subtilis 
and Bacillus amyloliquefaciens strains in a systemic 
context – from pathogen suppression to soil mi-
croflora preservation – is relevant for development 
of sustainable biotechnologies in crop production 
that meet modern environmental safety require-
ments and principles of “green” agroeconomics. 

Generalised experiments by Y.  Kolomii-
ets  et al.  (2024) established that PGPB (Plant 
Growth-Promoting Rhizobacteria) solutions based 
on Bacillus subtilis reduced intensity of bacterial 
infections in vegetable crops. Experiment proved 
that synthesis of phytohormones and antagonistic 
substances suppressed pathogens and stimulat-
ed plant growth. M.V.  Reshetnikov & V.P.  Paty-
ka  (2023) proved that Bacillus isolates formed 
pronounced zones of inhibition around causative 
agents of bacterial diseases of cereals. Study de-
termined that effect was caused by formation of 
antibiotic compounds that disrupted integrity of 
cell membranes of pathogens.

Microbiological observations by O.V.  Kol-
chyk  et al.  (2024) found that Bacillus  spp. sup-
pressed toxicogenic microorganisms of poultry 
products. Study confirmed that representatives of 
this genus exhibited a wide range of antimicrobial 
activity and stable bioprotective effects. Compara-
tive analysis by A.R. Khan et al. (2022) proved that 
use of Bacillus subtilis and Bacillus amyloliquefa-
ciens in field conditions increased crop yields by 10-
15%. Strains were reported to act as biofertilisers, 
enhancing phosphate mobilisation and reducing 
pathogen load. Ecological conclusions of A. Ortiz 
& E.  Sansinenea  (2022) state that prolonged use 
of Bacillus spp. increased activity of soil enzymes, 
in particular dehydrogenases. Results demon-
strated that such bacteria maintained microbial 
diversity and stability of biochemical processes. 
Biotechnological observations by R.C.  Toma  et 
al.  (2023) established that certain strains of Ba-
cillus inhibited development of phytopathogenic 
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MATERIALS AND METHODS
Experiment was conducted under controlled con-
ditions at a temperature of +25 ± 1°C and humidity 
of 60% using certified equipment with metrologi-
cal testing. All procedures complied with Conven-
tion on Biological Diversity (1992), bioethics and 
environmental safety standards. Experiment was 
based on Bacillus subtilis and Bacillus amyloliq-
uefaciens bacteria due to antagonistic properties 
against a wide range of phytopathogens. Strains 
were selected due to ability to synthesise surfac-
tin, iturin and fenzin bioactive lipopeptides, which 
inhibit Fusarium oxysporum, Alternaria solani, and 
Pseudomonas syringae and stimulate plant growth 
and resistance to stress.

Change in inhibitory capacity of Bacillus during 
cultivation period. Antagonistic activity of bacteri-
al culture filtrates was determined using agar well 
diffusion method. Fusarium oxysporum, Alternaria 
solani and Pseudomonas syringae, isolated from 
infected agricultural crop samples and tested for 
pathogenicity, were used as test objects. Potato 
dextrose agar (PDA, Himedia, India) was used to 
grow fungi, and King B medium (Himedia, India) 
for bacterial pathogens. Twenty millilitres of agar 
was poured into 90  mm diameter Petri dishes, 
and after solidification, a 6 mm diameter well was 
formed, and 100 μl of B. subtilis or B. amylolique-
faciens filtrate was added. Filtrates were obtained 
after 72 hours of cultivation in Luria-Bertani (LB) 
medium and sterilised through a 0.22  μm mem-
brane filter (Sartorius Minisart, Germany). Incu-
bation was conducted in a Binder BD 56 thermo-
stat (Germany) at 28 ± 1°C for 6, 12, 24, 48 and 72 
hours. Diameter of growth inhibition zones (mm) 
was measured with a Mitutoyo CD-15CPX digital 
calliper (Japan) with an accuracy of 0.1  mm. For 
each pathogen, values were determined in control 
(mm), for B. subtilis (mm) and B. amyloliquefaciens 
(mm), and quantitative content of antagonistic 
metabolites in culture filtrates was determined by 
high-performance liquid chromatography (HPLC), 
and growth inhibition index (GII,%) was calculat-
ed using formula (1):

 
 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐷𝐷𝐷𝐷𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

× 100  ,               (1)

where Dcontrol  – diameter of pathogen colony in 
control, Dvariant – in experiment. Obtained IPR (In-
dex of Pathogen Reduction) values for both Bacillus 

strains were determined after 72 hours as main in-
dicator of antagonistic activity.

Dynamics of phytopathological indicators under 
influence of Bacillus  spp. biotreatment. A field ex-
periment was conducted in March-August 2024 on 
soft winter wheat (Triticum aestivum  L.) crops of 
“Duma Odesa” variety on typical chornozem with 
a pH of 6.9. Experiment was set up using a ran-
domised complete block design (RCBD) with four 
replicates, each plot measuring 10 m2 (2 × 5 m). Var-
iants included control (untreated), Bacillus subtilis 
(107 CFU/ml), Bacillus amyloliquefaciens (107 CFU/
ml) and a biological preparation (trichodermin). 
Degree of damage was determined at plant devel-
opment stages – 10, 30, 50, 70 and 90 days after 
sowing for pathogens Fusarium oxysporum, Al-
ternaria solani and Pseudomonas syringae. Condi-
tions of growing season were characterised by an 
average temperature of +19.6°C, a sum of active 
temperatures of ≈1,750°C and precipitation of 
266 mm, which corresponded to a moderately dry 
year with maximum precipitation. Damage index 
(DI,%) was calculated using formula (2):

 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ∑(𝑎𝑎𝑎𝑎×𝑏𝑏𝑏𝑏)
𝑁𝑁𝑁𝑁×5

× 100  ,                       (2)

where a – number of crops in each category, b – 
contamination index, N – total number of crops.

Proportion of healthy plants (%) was deter-
mined using following formula (3):

H = 100 – CI,                          (3)

where: H – healthy crop percentage (%), CI – con-
tamination index (%). Assessment was conducted 
by specialists from phytopathology laboratory of 
plant protection department through visual and 
microscopic observations performed on a Lei-
ca DM500 biological microscope (Germany) with 
photomicrography of condition of vessels and leaf 
tissues at different stages of vegetation. Obtained 
CI values and proportion of healthy plants were 
entered into tables for each pathogen and phase 
of development.

Comparative assessment of biometric param-
eters of plants after Bacillus biotreatment. Biom-
etric indicators were determined 30, 50, 70 and 
90 days after sowing. For each variant – control 
(without treatment), Bacillus subtilis, Bacillus am-
yloliquefaciens and biological preparation tricho-
dermin  – three main parameters were recorded: 
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plant height (cm), number of leaves (pcs.) and raw 
root weight (g). Height was measured with a Hard-
en STL 300 metal ruler (Poland) with an accura-
cy of 0.1  cm, leaves were counted manually, and 
root weight was determined on Radwag AS 220 
analytical scales (Poland). Results were processed 
using analysis of variance (ANOVA) with a reliabil-
ity check using LSD0.05 criterion. In each phase of 
vegetation, average value was determined for 10 
plants in three replicates, which ensured reliabili-
ty of biometric data.

Changes in structure of soil microflora under in-
fluence of Bacillus spp. Soil samples were collected 
30, 50, 70, and 90 days after sowing from a depth 
of 0-20 cm using a sterile Eijkelkamp Edelman au-
ger (Netherlands). Number of saprophytes (CFU/g 
×106), actinomycetes and fungi, dehydrogenase ac-
tivity (% of control) and root mycorrhization lev-
el (% of control) were determined. Colonies were 
counted using serial dilution method: saprophytes 
on meat-peptone agar (MPA, Himedia, India), ac-
tinomycetes on Gause medium No. 2 (Difco, USA), 
fungi on Czapek agar (Czapek Dox Agar, Merck, 
Germany). Incubation was done in a Binder BD 
56 thermostat (Germany) at 28°C for 5 days, after 
which results were noted in CFU/g of dry soil. De-
hydrogenase activity was determined by triphenyl 
tetrazolium chloride (TTC) method with meas-
urement of optical density at λ = 485 nm on a Shi-
madzu UV-1900 spectrophotometer (Japan). Level 
of mycorrhization was assessed using method of 
J.M. Phillips & D.S. Hayman (1970) after staining 
roots with aniline blue; mycorrhized areas were 
counted using a Leica DM500 microscope (Germa-
ny). Comparisons were made between four vari-
ants: control (untreated), Bacillus subtilis, Bacillus 
amyloliquefaciens, and Trichodermin (Biotekhnos, 
Ukraine). All measurements were performed in 
triplicate, while average error did not exceed ±5%.

RESULTS
Effectiveness of Bacillus culture filtrates 
in suppressing pathogens
In control samples with only sterile nutrient me-
dium added to the wells, no inhibition of pathogen 
growth was observed (0 mm; IPR = 0% for all vari-
ants). Pathogenic cultures actively grew through-
out the experiment, forming dense colonies typ-
ical for each species with characteristic colour 
and texture. The onset of antagonistic interaction 

was observed 6 hours after inoculation. Small 
light halos of pathogen growth inhibition formed 
around the wells with Bacillus culture filtrates. For 
Fusarium oxysporum, the average diameter of the 
inhibition zone was 4.2 ± 0.3 mm under B. subtilis 
(IPR = 14.6%) and 3.8 ± 0.4 mm under B. amyloliq-
uefaciens (IPR = 12.1%). For Alternaria solani, these 
values were lower: 2.6  ±  0.2  mm (IPR  =  11.2%) 
and 2.1  ±  0.3  mm (IPR  =  9.5%). Pseudomonas sy-
ringae was most sensitive, with inhibition zones 
of 5.7  ±  0.5  mm for B.  subtilis (IRP  =  18.3%) and 
4.9 ± 0.4 mm for B. amyloliquefaciens (IRP = 16.0%). 
Therefore, it was possible to state a rapid release 
of primary antibiotic substances, which spread in 
the medium within the first hours of cultivation.

The effect of both strains intensified after 
12 hours. The average diameter of the inhibition 
zones of Fusarium oxysporum was 8.9  ±  0.5  mm 
with B. subtilis (IPR = 28.9%) and 7.5 ± 0.6 mm with 
B.  amyloliquefaciens (IPR  =  25.2%). For Alternaria 
solani, values were 5.3 ± 0.4 mm (IPR = 23.4%) and 
4.8  ±  0.5  mm (IPR  =  20.1%). Highest values were 
recorded for Pseudomonas syringae – 9.8 ± 0.6 mm 
(B. subtilis, IPR = 31.6%) and 8.7 ± 0.7 mm (B. am-
yloliquefaciens, IPR = 28.0%). At this stage, defined 
halos with a more transparent environment ap-
peared around wells, where the growth of path-
ogens was noticeably slower. This reflected the 
active phase of synthesis of antagonistic com-
pounds, mainly of the lipopeptide type.

Substantial expansion of growth inhibition 
zones was observed after 24 hours. Diameter in 
Fusarium oxysporum was 12.8 ± 0.6 mm with B. sub-
tilis (IHR = 38.7%) and 10.3 ± 0.7 mm with B. am-
yloliquefaciens (IHR  =  33.4%). Average values in 
Alternaria solani were 8.4 ± 0.5  mm (IPR = 35.5%) 
and 7.1  ±  0.4  mm (IPR  =  31.2%), and in Pseu-
domonas syringae were 14.9 ± 0.7  mm (B.  subtilis, 
IPR  =  45.6%) and 13.5  ±  0.8  mm (B.  amylolique-
faciens, IPR  =  41.8%). Inhibition zones featured 
boundaries and even contours. In fungi, discol-
ouration of the central areas of the colonies was 
observed, and in Pseudomonas, a decrease in mu-
cous mass was observed. These morphological 
changes were consistent with the accumulation 
of antibiotic metabolites  – surfactin, iturin and 
phenizin – in the medium. At 48 hours, a signifi-
cant increase in antagonistic activity was record-
ed. For Fusarium oxysporum, the inhibition zone 
was 18.9  ±  0.9  mm (B.  subtilis, IPR  =  63.4%) and 
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16.7 ± 0.8  mm (B.  amyloliquefaciens, IPR = 58.1%). 
For Alternaria solani, the values were 13.2 ± 0.5 mm 
(B. subtilis, IPR = 59.8%) and 11.4 ± 0.6 mm (B. am-
yloliquefaciens, IPR = 53.7%), and for Pseudomonas 
syringae, 20.8 ± 1.0 mm (B. subtilis, IPR = 67.5%) and 
18.9 ± 0.9  mm (B.  amyloliquefaciens, IPR = 62.8%). 
This corresponded to the peak phase of the biosyn-
thetic activity of bacteria. During this period, fun-
gal cultures lost turgor, mycelium became thinner, 
and the number of spores decreased significantly. 
In bacterial pathogens, colony density and surface 
gloss decreased, indicating the destruction of cell 
membranes under the action of bacterial enzymes.

Maximum antagonistic activity of both strains 
was observed at 72 hours. For Fusarium oxysporum, 
the inhibition zone reached 22.1 ± 0.7 mm (B. sub-
tilis, IPR = 72.1%) and 19.4 ± 0.8 mm (B. amyloliq-
uefaciens, IPR  =  66.7%). For Alternaria solani, it 
was 15.9  ±  0.6  mm (B.  subtilis, IPR  =  69.4%) and 
13.7 ± 0.5  mm (B.  amyloliquefaciens, IPR = 61.8%). 
Highest values were recorded for Pseudomonas  

syringae at 25.2  ±  1.0  mm for B.  subtilis 
(IPR = 77.4%) and 23.1 ± 0.9 mm for B. amylolique-
faciens (IPR = 71.2%). At this time, inhibition zones 
formed clear boundaries and a transparent back-
ground, where the growth of pathogens stopped. 
Microscopically, the destruction of cell structures 
was confirmed: in Fusarium, the hyphae were ly-
sed, the cytoplasm was fragmented, and in Pseu-
domonas, partial cell lysis and loss of bacterial 
mass density were observed. The dynamics of the 
IPR during the experiment reflected a regular in-
crease in the antagonistic effect from 11-18% at 6 
hours to 69-77% at 72 hours. At the same time, the 
concentration of bioactive compounds increased: 
the level of surfactin in B. subtilis increased from 
17.4 mg/L (6 hours) to 43.8 mg/L (72 hours), and 
in B.  amyloliquefaciens, from 14.2 to 39.5  mg/L; 
the amount of iturin in B. subtilis increased from 
11.3 to 26.9 mg/L. Thus, a correlation between the 
concentration of metabolites and the size of the 
inhibition zones was determined (Table 1).
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6 Fusarium oxysporum 0.0 4.2 ± 0.3 3.8 ± 0.4 14.6 12.1

6 Alternaria solani 0.0 2.6 ± 0.2 2.1 ± 0.3 11.2 9.5

6 Pseudomonas syringae 0.0 5.7 ± 0.5 4.9 ± 0.4 18.3 16.0

12 Fusarium oxysporum 0.0 8.9 ± 0.5 7.5 ± 0.6 28.9 25.2

12 Alternaria solani 0.0 5.3 ± 0.4 4.8 ± 0.5 23.4 20.1

12 Pseudomonas syringae 0.0 9.8 ± 0.6 8.7 ± 0.7 31.6 28.0

24 Fusarium oxysporum 0.0 12.8 ± 0.6 10.3 ± 0.7 38.7 33.4

24 Alternaria solani 0.0 8.4 ± 0.5 7.1 ± 0.4 35.5 31.2

24 Pseudomonas syringae 0.0 14.9 ± 0.7 13.5 ± 0.8 45.6 41.8

48 Fusarium oxysporum 0.0 18.9 ± 0.9 16.7 ± 0.8 63.4 58.1

48 Alternaria solani 0.0 13.2 ± 0.5 11.4 ± 0.6 59.8 53.7

48 Pseudomonas syringae 0.0 20.8 ± 1.0 18.9 ± 0.9 67.5 62.8

72 Fusarium oxysporum 0.0 22.1 ± 0.7 19.4 ± 0.8 72.1 66.7

72 Alternaria solani 0.0 15.9 ± 0.6 13.7 ± 0.5 69.4 61.8

72 Pseudomonas syringae 0.0 25.2 ± 1.0 23.1 ± 0.9 77.4 71.2

Source: compiled by the author based on the Convention on Biological Diversity (1992) and formula (1)

Table 1. Dynamics of phytopathogen growth inhibition under the influence  
of Bacillus subtilis and Bacillus amyloliquefaciens culture filtrates
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A comparative analysis of all time points 
demonstrated that B. subtilis exceeded B. amyloliq-
uefaciens in inhibitory capacity – the average di-
ameters of the zones were 10-15% larger, and the 
IPR was 5-8% higher. This confirms the higher 
production activity of B.  subtilis in the synthesis 
of antagonistic substances and lysozyme-type 
enzymes (β-glucanases, chitinases, proteases), 
which destroy the cell walls of fungi and bacteria. 
Control cups remained unchanged; the pathogens 
showed stable morphology, which finally proves 
that the antagonism was caused precisely by the 
cultural metabolites of Bacillus.

The effect of Bacillus biological products 
on the development of pathogens 
in different growth phases
In the germination phase, 10 days after sowing, 
the Fusarium oxysporum infection index in con-
trol plants was 3.2%, with Bacillus subtilis treat-
ment, 1.0%, and with Bacillus amyloliquefaciens, 
1.4%. The proportion of healthy plants infected 
with Fusarium oxysporum was 96.8% in the con-
trol, 99.0% in the B.  subtilis variant, and 98.6% 
in the B. amyloliquefaciens variant. For Alternaria 
solani, the infection index was 2.9% in the con-
trol, 1.1% with B.  subtilis, and 1.3% with B.  am-
yloliquefaciens. The proportion of healthy plants 
affected by Alternaria solani was 97.1% in the 
control, 98.9% with B.  subtilis and 98.7% with 
B.  amyloliquefaciens. For Pseudomonas syringae, 
the CI was 3.0% in the control, 1.2% with B. sub-
tilis and 1.3% with B.  amyloliquefaciens, and the 
number of healthy plants for this pathogen was 
97.0% in the control, 98.8% with B.  subtilis and 
98.7% with B. amyloliquefaciens. At this stage, no 
external symptoms of disease were observed, but 
in the control, darkening of the vascular bun-
dles was detected microscopically, while in the 
variants with biological products, the tissues re-
mained light and without necrosis.

Thirty days after sowing, during the tillering 
phase, the development of infections in the con-
trol group intensified. The Fusarium oxysporum 
infection index was 22.4% in the control group, 
9.8% with B. subtilis and 11.2% with B. amylolique-
faciens. The proportion of healthy plants affected 
by Fusarium oxysporum was 72.6% in the control, 
88.1% in the B. subtilis variant, and 85.9% in the 
B. amyloliquefaciens variant. For Alternaria solani, 

the infection index was 18.9% in the control, 7.6% 
with B. subtilis and 8.4% with B. amyloliquefaciens. 
The proportion of healthy plants with this patho-
gen was 75.3% in the control, 88.7% with B. subtilis 
and 86.9% with B. amyloliquefaciens.

The infection index for Pseudomonas syrin-
gae was 16.5% in the control, 6.3% with B.  sub-
tilis, and 7.5% with B. amyloliquefaciens. The pro-
portion of healthy plants for this pathogen was 
77.2% in the control, 89.3% with B.  subtilis and 
87.5% with B.  amyloliquefaciens. The first symp-
toms of disease began to appear in the control 
areas: browning of the root collar and decreased 
leaf turgor. In the variants with biological prod-
ucts, the root system remained strong, and the 
leaves remained rich green.

On the 50th day after sowing, during the bud-
ding phase, the infection reached maximum. For 
Fusarium oxysporum, the CI was 36.8% in the con-
trol, 13.7% with B. subtilis and 15.9% with B. am-
yloliquefaciens. The proportion of healthy plants 
affected by this pathogen was 64.8% in the con-
trol, 90.5% with B. subtilis and 87.4% with B. am-
yloliquefaciens. The Alternaria solani infection 
index was 28.5% in the control group, 10.4% with 
B. subtilis and 12.1% with B. amyloliquefaciens. The 
proportion of healthy plants with this pathogen 
was 68.0% in the control, 91.1% with B. subtilis and 
88.7% with B. amyloliquefaciens. For Pseudomonas 
syringae, the CI was 24.9% in the control, 9.6% 
with B.  subtilis and 10.8% with B.  amyloliquefa-
ciens, and the number of healthy plants was 70.2% 
in the control, 91.9% with B.  subtilis and 89.2% 
with B.  amyloliquefaciens. In the control areas, 
leaf curling and a decrease in stem diameter were 
observed. Plants treated with biological products 
maintained high turgor and showed signs of in-
duced resistance.

The pathogens showed the highest activity in 
the control group 70 days after sowing, during the 
flowering phase. The Fusarium oxysporum infec-
tion index was 47.2% in the control group, 17.5% 
with B. subtilis and 19.4% with B. amyloliquefaciens. 
The proportion of healthy plants with this patho-
gen was 57.1% in the control, 88.7% with B. subtilis 
and 85.3% with B. amyloliquefaciens. For Alternaria 
solani, the CI was 39.5% in the control, 13.8% with 
B.  subtilis and 15.6% with B.  amyloliquefaciens. 
The proportion of healthy plants affected by this 
pathogen was 60.5% in the control, 89.5% with 
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B. subtilis and 86.4% with B. amyloliquefaciens. The 
Pseudomonas syringae infection index was 34.6% 
in the control group, 12.2% with B.  subtilis and 
13.9% with B.  amyloliquefaciens. The proportion 
of healthy plants for this pathogen was 63.1% in 
the control, 90.3% with B. subtilis and 87.1% with 
B. amyloliquefaciens. The control plants lost their 
lower leaves, and necrosis and premature bud drop 
were observed. The biotreated variants, on the 
contrary, formed a greater number of flowers and 
retained green leaves.

The infection load in the control remained at 
its maximum on the 90th day after sowing, during 
the ripening phase. For Fusarium oxysporum, CI 
was 53.8% in the control, 20.8% with B.  subtilis 
and 23.6% with B. amyloliquefaciens. The propor-
tion of healthy plants affected by this pathogen 

was 51.5%, 86.2% and 82.4%, respectively. For 
Alternaria solani, CI was 46.1% in the control, 
17.1% with B. subtilis and 18.9% with B. amyloliq-
uefaciens, and the number of healthy plants was 
53.9% in the control, 86.7% with B.  subtilis and 
83.5% with B.  amyloliquefaciens. In the case of 
Pseudomonas syringae, the CI was 42.4% in the 
control, 15.3% with B.  subtilis and 16.7% with 
B.  amyloliquefaciens. The proportion of healthy 
plants for this pathogen was 56.3% in the con-
trol, 87.3% with B. subtilis and 84.1% with B. am-
yloliquefaciens. Mass necrosis, browning of stems 
and premature wilting of leaves were observed in 
the control areas. In the variants with biological 
products, the foliage remained green until the 
end of the growing season, and the ears were well 
filled (Table 2).
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10 days after 
sowing

Fusarium oxysporum 3.2 1.0 1.4 96.8 99.0 98.6
Alternaria solani 2.9 1.1 1.3 97.1 98.9 98.7

Pseudomonas syringae 3.0 1.2 1.3 97.0 98.8 98.7

30 days 
(tillering)

Fusarium oxysporum 22.4 9.8 11.2 72.6 88.1 85.9
Alternaria solani 18.9 7.6 8.4 75.3 88.7 86.9

Pseudomonas syringae 16.5 6.3 7.5 77.2 89.3 87.5

50 days 
(budding)

Fusarium oxysporum 36.8 13.7 15.9 64.8 90.5 87.4
Alternaria solani 28.5 10.4 12.1 68.0 91.1 88.7

Pseudomonas syringae 24.9 9.6 10.8 70.2 91.9 89.2

70 days 
(flowering)

Fusarium oxysporum 47.2 17.5 19.4 57.1 88.7 85.3
Alternaria solani 39.5 13.8 15.6 60.5 89.5 86.4

Pseudomonas syringae 34.6 12.2 13.9 63.1 90.3 87.1

90 days 
(end of 

vegetation)

Fusarium oxysporum 53.8 20.8 23.6 51.5 86.2 82.4
Alternaria solani 46.1 17.1 18.9 53.9 86.7 83.5

Pseudomonas syringae 42.4 15.3 16.7 56.3 87.3 84.1

Table 2. Dynamics of plant damage and proportion of healthy plants under the influence of Bacillus

Source: compiled by the author based on formulas (2) and (3)

Seasonal analysis showed that B.  subtilis 
consistently outperformed B.  amyloliquefaciens 
in terms of effectiveness. The reduction in the 
damage index for Fusarium oxysporum was 33.0 
percentage points (from 53.8% to 20.8%), for Al-
ternaria solani, 29.0 percentage points, and for 
Pseudomonas syringae, 27.1 percentage points. 

At the same time, the number of healthy plants 
increased from 51.5-56.3% in the control to 
86.2-87.3% with B.  subtilis and 82.4-84.1% with 
B.  amyloliquefaciens. The results confirmed that 
Bacillus-based biological products provide effec-
tive and safe protection of plants against soil and 
leaf pathogens in field conditions.



Bacteria of Bacillus genus as efficient...

Biological Systems: Theory and Innovation, Vol. 16, No. 4, 2025108

The influence of Bacillus strains on the
morphophysiological indicators of cultures
Thirty days after sowing, in the tillering phase, 
plants in the control variant (without treatment) 
had an average height of 18.4 ± 0.6 cm, while in the 
variant with Bacillus subtilis, the height reached 
22.1  ±  0.7  cm, with Bacillus amyloliquefaciens, 
21.3 ± 0.8 cm, and when using a biological prepa-
ration (trichodermin), 20.7 ± 0.7 cm. At this stage, 
bacterial inoculants stimulated vertical growth, the 
formation of a stronger stem and a greater num-
ber of nodes. The number of leaves also increased 
significantly: in the control, it was 6.2 ± 0.3  pcs., 
in the variant with B.  subtilis, 8.1 ± 0.4 pcs., with 
B. amyloliquefaciens, 7.8 ± 0.4 pcs., and in the var-
iant with the biological preparation, 7.5 ± 0.3 pcs. 
The leaves of the control plants had a light green 
colour and a thinner structure, while those treated 
with Bacillus had a more saturated colour, charac-
teristic of active photosynthesis. The average wet 
root weight was 2.4 ± 0.1 g in the control, 3.3 ± 0.1 g 
with B. subtilis, 3.1 ± 0.1 g with B. amyloliquefaciens, 
and 3.0 ± 0.1 g with Trichoderma. Visually, plants 
treated with bacteria had a greater number of thin 
active roots and a lighter colour, indicating better 
aeration and no signs of rot.

On the 50th day after sowing, in the budding 
phase, growth intensified. Plant height reached 
34.7  ±  1.0  cm in the control, 42.8  ±  1.1  cm with 
B. subtilis, 40.9 ± 1.0 cm with B. amyloliquefaciens, 
and 39.4  ±  1.2  cm with Trichoderma. The differ-
ence from the control was more than 20%, and 
the plants had a noticeably denser stem struc-
ture. During this period, antagonistic bacteria 
probably stimulated the synthesis of auxin- and 
cytokinin-type phytohormones, which contrib-
uted to increased cell division in the meristems. 
The number of leaves increased to 10.3 ± 0.5 in the 
control, 13.2 ± 0.6 with B.  subtilis, 12.6 ± 0.6 with 
B.  amyloliquefaciens, and 12.1 ± 0.5 with the bio-
logical preparation. The leaves of the biotreated 
plants were dark green, had a more pronounced 
waxy coating and fewer signs of nitrogen deficien-
cy. The wet root weight increased to 4.8 ± 0.2 g in 
the control, 6.9 ± 0.3 g with B. subtilis, 6.4 ± 0.3 g 
with B. amyloliquefaciens, and 6.1 ± 0.3 g with the 
Trichoderma preparation. Root branching in bi-
otreated plants was more intense, with new lateral 
roots observed, while in the control, a single cen-
tral stem with limited branching prevailed.

During the flowering phase (70th day), the 
difference between the variants became maxi-
mal. Plant height was 49.5 ± 1.4 cm in the control, 
59.2 ± 1.3  cm with B.  subtilis, 56.8 ± 1.2  cm with 
B.  amyloliquefaciens, and 55.7  ±  1.3  cm with the 
biological preparation Trichoderma. Therefore, 
B. subtilis increased this indicator by 19.6% com-
pared to the control.

The number of leaves per plant was 14.1 ± 0.6 
in the control, 17.9 ± 0.7 with B. subtilis, 16.8 ± 0.6 
with B.  amyloliquefaciens, and 16.3 ± 0.5 with the 
Trichoderma preparation. The leaf blade in the bi-
otreated variants had a larger area, a denser struc-
ture and a dark green colour, which indicated an 
increased chlorophyll content and improved pho-
tosynthetic activity. The fresh root weight at this 
stage was 7.1 ± 0.3 g in the control, 9.6 ± 0.4 g with 
B. subtilis, 9.0 ± 0.3 g with B. amyloliquefaciens, and 
8.7 ± 0.3  g with Trichoderma. Biologically treated 
plants had more massive root collars and a greater 
number of secondary branches, which improved 
water supply during dry days.

On the 90th day after sowing, during ripening, 
the trend continued. In the control, the average 
plant height was 52.3 ± 1.6 cm, in the variant with 
B. subtilis, 64.5 ± 1.5 cm, with B. amyloliquefaciens, 
61.7 ± 1.4 cm, and with the biological preparation, 
60.2  ±  1.5  cm. The number of leaves per plant 
reached 15.3 ± 0.5 in the control, 19.5 ± 0.6 with 
B. subtilis, 18.7 ± 0.6 with B. amyloliquefaciens, and 
18.2 ± 0.5 with Trichoderma.

The weight of the raw root was 7.8 ± 0.4 g in 
the control, 10.9 ± 0.4 g with B. subtilis, 10.2 ± 0.3 g 
with B.  amyloliquefaciens, and 9.7  ±  0.3  g with 
Trichoderma. At this stage, a significant thicken-
ing of the main root was observed in the treated 
plants, the appearance of lateral branches and 
the absence of signs of Fusarium infection.

Comparison with the control showed that 
B.  subtilis increased the average plant height 
by 23%, the number of leaves by 27%, and root 
weight by 39%. For B.  amyloliquefaciens, the in-
crease was 18%, 22% and 31%, respectively. The 
biological preparation trichodermin showed a 
lesser stimulating effect, especially on the root 
system, which is explained by the absence of 
phytohormone-like metabolites synthesised by 
Bacillus strains. Plants with bacterial inoculants 
appeared healthier, had a denser leaf structure, 
stronger stems and well-developed internodes. 
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In the control areas, partial yellowing of the 
lower tier and premature ageing were observed,  

indicating a decrease in the intensity of photo-
synthesis (Table 3).

Growth stage (days 
after sowing) Finishing option Crop height, cm Number of 

leaves, pcs.
Weight of raw 

root, g

30 (tillering)

Control (no treatment) 18.4 ± 0.6 6.2 ± 0.3 2.4 ± 0.1
Bacillus subtilis 22.1 ± 0.7 8.1 ± 0.4 3.3 ± 0.1

Bacillus amyloliquefaciens 21.3 ± 0.8 7.8 ± 0.4 3.1 ± 0.1
Biological solution (trichodermin) 20.7 ± 0.7 7.5 ± 0.3 3.0 ± 0.1

50 (budding)

Control (no treatment) 34.7 ± 1.0 10.3 ± 0.5 4.8 ± 0.2
Bacillus subtilis 42.8 ± 1.1 13.2 ± 0.6 6.9 ± 0.3

Bacillus amyloliquefaciens 40.9 ± 1.0 12.6 ± 0.6 6.4 ± 0.3
Biological solution (trichodermin) 39.4 ± 1.2 12.1 ± 0.5 6.1 ± 0.3

70 days (flowering)

Control (no treatment) 49.5 ± 1.4 14.1 ± 0.6 7.1 ± 0.3
Bacillus subtilis 59.2 ± 1.3 17.9 ± 0.7 9.6 ± 0.4

Bacillus amyloliquefaciens 56.8 ± 1.2 16.8 ± 0.6 9.0 ± 0.3
Biological solution (trichodermin) 55.7 ± 1.3 16.3 ± 0.5 8.7 ± 0.3

90 (ripening)

Control (no treatment) 52.3 ± 1.6 15.3 ± 0.5 7.8 ± 0.4
Bacillus subtilis 64.5 ± 1.5 19.5 ± 0.6 10.9 ± 0.4

Bacillus amyloliquefaciens 61.7 ± 1.4 18.7 ± 0.6 10.2 ± 0.3
Biological solution (trichodermin) 60.2 ± 1.5 18.2 ± 0.5 9.7 ± 0.3

Table 3. Comparison of biometric indicators of plants after treatment with Bacillus

Source: compiled by the author

Therefore, the results of the study confirmed 
that biological products based on Bacillus subti-
lis and Bacillus amyloliquefaciens not only inhib-
it the development of pathogens but also have a 
pronounced growth-stimulating effect. Their use 
contributed to an increase in the main biomet-
ric parameters by 20-40% compared to the con-
trol, exceeding the effectiveness of the biological 
standard by 5-10%. The data obtained defined the 
strains as a safe alternative to synthetic prepara-
tions in ecological farming systems, combining 
protective and physiologically active effects.

The effect of Bacillus biotreatment on the 
activity and diversity of soil microorganisms
After applying biological products based on Ba-
cillus subtilis and Bacillus amyloliquefaciens, sta-
ble preservation of soil microflora was observed 
throughout the growing season, with no signs of 
suppression of saprophytic or symbiotic forms. 
After 30 days of treatment, in the tillering phase, 
the microbial community in the rhizosphere 
remained balanced. The number of soil sapro-
phytes in the control was 4.9  ×  106  CFU/g, while 
in the variant with Bacillus subtilis it increased 
to 5.4  ×  106  CFU/g, and with Bacillus amylolique-
faciens to 5.2 × 106 CFU/g. In the variant with the 

biological preparation (trichodermin), this indi-
cator was lower – 4.5 × 106 CFU/g, which indicat-
ed a certain suppression of part of the beneficial 
microflora due to the residual fungicidal effect of 
the preparation. The number of actinomycetes re-
mained high during this period: 1.7 × 106 CFU/g in 
the control, 1.9 × 106 CFU/g when using B. subtilis 
and 1.8 × 106 CFU/g with B. amyloliquefaciens, while 
Trichoderma had only 1.5 × 106   FU/g. The fungal 
microflora in the soil remained stable for 30 days 
after application of the preparations. In the con-
trol, the number of fungi was 2.3 × 105 CFU/g, in the 
variant with Bacillus subtilis, 2.2 × 105 CFU/g, and 
with Bacillus amyloliquefaciens, 2.1  ×  105  CFU/g, 
while with the biological preparation, this figure 
was 2.0 × 105 CFU/g, but saprophytic fungi predom-
inated in the bio-variants, while pathogenic forms 
of Fusarium and Alternaria were not isolated. De-
hydrogenase activity in the soil remained high in 
all biovariants. In the control, this indicator was 
taken as 100%, while with the application of Ba-
cillus subtilis, the activity increased to 101%, and 
with Bacillus amyloliquefaciens, it was 99%. In the 
variant with the biological preparation (tricho-
dermin), dehydrogenase activity decreased to 
88%, indicating partial inhibition of the enzymat-
ic activity of soil microorganisms. A comparative  
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analysis showed that both Bacillus strains stim-
ulated redox processes in the rhizosphere, con-
tributing to an increase in the metabolic activity 
of saprophytic microflora. The level of root myc-
orrhization also differed significantly between the 
variants. In the control, it was 100%, with Bacillus 
subtilis, it increased to 108%, and with Bacillus am-
yloliquefaciens, to 105%. In the biological prepara-
tion, on the contrary, a decrease in the indicator 
to 90% was observed, which indicated a negative 
effect of the fungicidal component on the devel-
opment of symbiotic fungi.

Fifty days after sowing, during the budding 
phase, the most active microbial system was 
formed in the rhizosphere. At this time, the num-
ber of saprophytes increased to 5.6  ×  106  CFU/g 
for Bacillus subtilis and 5.3 × 106  CFU/g for Bacil-
lus amyloliquefaciens, while in the control group, 
the indicator was 4.8  ×  106  CFU/g, and in the 
standard, 4.4  ×  106  CFU/g. This meant that the 
biological products not only did not disturb the 
natural microbial balance, but also stimulated 
the growth of populations of beneficial bacteria 
responsible for the mineralisation of organic sub-
stances. Actinomycetes maintained a high lev-
el of viability – 2.0 × 106 CFU/g for B. subtilis and 
1.9 × 106 CFU/g for B. amyloliquefaciens, while the 
control had 1.7 × 106 CFU/g, and Trichoderma only 
1.6 × 106 CFU/g. In the fungal fraction of the soil, 
the number of saprophytes remained constant 
throughout the observation period. On the 50th day 
after treatment, this indicator was 1.9 × 105 CFU/g 
in the control, 1.9 × 105  CFU/g with Bacillus sub-
tilis, 1.9  ×  105  CFU/g with Bacillus amyloliquefa-
ciens, while in the standard variant (trichodermin) 
it was 2.0 × 105  CFU/g. The enzymatic activity of 
dehydrogenases during this period was the high-
est for the entire season and ranged from 104% 
of the control in the variant with Bacillus subtilis 
to 101% with Bacillus amyloliquefaciens, while in 
the control, it was taken as 100% and in the bio-
logical preparation, it decreased to 85%. This indi-
cated the stimulating effect of biological products 
on soil metabolism associated with the activation 
of redox processes in the rhizosphere. The num-
ber of mycorrhizal roots also differed significantly 
between the variants. In the control, this indica-
tor was 100%, in the variant with Bacillus subti-
lis, 113%, with Bacillus amyloliquefaciens, 109%, 
while in the standard, only 82%. This difference  

indicated that both bacterial strains not only pre-
served the symbiotic relationships between plants 
and mycorrhizal fungi but also strengthened them, 
contributing to the formation of stable biofilms in 
the rhizosphere.

On the 70th day, during the flowering phase, 
the balance of soil microflora remained op-
timal and stable. Saprophytes remained at 
5.3 × 106  CFU/g for B.  subtilis and 5.0 × 106  CFU/g 
for B.  amyloliquefaciens, which exceeded the 
control level (4.7  ×  106  CFU/g) and the stand-
ard indicator (4.3  ×  106  CFU/g). The number of 
actinomycetes in the soil on the 70th day after 
sowing remained stable, but significant differ-
ences were observed between the variants. In the 
control, it was 1.7 × 106 CFU/g, with Bacillus sub-
tilis –1.9 × 106 CFU/g, in the variant with Bacillus 
amyloliquefaciens – 1.8 × 106 CFU/g, while in the bi-
ological standard (trichodermin), the indicator de-
creased to 1.5 × 106 CFU/g. The activity of dehydro-
genases in the soil during this period also differed 
significantly between the variants. In the control, 
it was 99%, with Bacillus subtilis treatment, it was 
103%, with Bacillus amyloliquefaciens, it was 101%, 
while in the standard, it decreased to 84%. This 
confirmed that the biological products maintained 
a high intensity of redox processes in the rhizos-
phere, ensuring the activity of respiratory enzymes 
and stable microbial metabolism, while chemical 
control partially disrupted the enzymatic balance. 
In the fungal fraction of the microflora, the num-
ber of colonies in the control was 1.9 × 105 CFU/g, 
with the use of Bacillus subtilis – 1.8 × 105 CFU/g, 
with Bacillus amyloliquefaciens – 1.9 × 105  CFU/g, 
and in the standard – lso 1.9 × 105 CFU/g. The ac-
tivity of dehydrogenases during this period con-
firmed the trend towards increased biochemical 
activity under the influence of biological prepa-
rations. In the control, it was 99%, in the variant 
with Bacillus subtilis, 103%, with Bacillus amyloliq-
uefaciens, 101%, while in the standard, it decreased 
to 84%. The level of root mycorrhization also re-
mained high and stable in the Bacillus variants. In 
the control, it was 100%, with Bacillus subtilis it 
increased to 110%, with Bacillus amyloliquefaciens 
to 107%, while in the standard variant it decreased 
to 79%. This indicated that the biological products 
not only did not disrupt the natural symbiotic re-
lationships between plants and fungal microflora, 
but, on the contrary, strengthened them, creating 
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favourable conditions for the development of my-
corrhizal fungi.

After 90 days of treatment, at the end of 
the growing season, microbial indicators grad-
ually approached baseline levels, but even then, 
bio-treated soils showed higher biological activity. 
Saprophytic bacteria remained at 4.8 × 106 CFU/g 
for B. subtilis and 4.6 × 106 CFU/g for B. amyloliq-
uefaciens, while the control had 4.5  ×  106  CFU/g 
and the standard only 4.1  ×  106  CFU/g. Actino-
mycetes in the soil remained stable at the end 
of the growing season, but there were noticeable 
differences between the variants. In the control, 
their number was 1.7 × 106  CFU/g, in the variant 
with Bacillus subtilis – 1.8 × 106  CFU/g, with Ba-
cillus amyloliquefaciens  – 1.8  ×  106  CFU/g, while 
in the standard – only 1.5 × 106 CFU/g. This con-
firmed that the biological products supported the 
activity of actinomycetes and contributed to the 
biological restoration of the soil, while biological 

treatment had an inhibitory effect. On the 90th day 
after sowing, at the end of the growing season, 
the total number of fungal microflora remained 
stable – 1.8 × 105 CFU/g in all variants of the ex-
periment, but the structure of the populations 
differed significantly. Dehydrogenase activity re-
mained high: 98% in the control, 100% with Ba-
cillus subtilis, 97% with Bacillus amyloliquefaciens, 
while in Trichoderma, the indicator decreased to 
83%. These values indicated the stability of enzy-
matic processes in the biovariants and confirmed 
the long-term metabolic effect of Bacillus appli-
cation. The level of root mycorrhization remained 
high: 100% in the control, 108% with Bacillus 
subtilis, 105% with Bacillus amyloliquefaciens, and 
80% in the preparation. This indicated that even 
in the late stages of vegetation, biological prepa-
rations maintained interaction with mycorrhizal 
fungi and prevented the degradation of symbiotic 
structures (Table 4).

Indicator Day after sowing Control (no 
treatment)

Bacillus 
subtilis

Bacillus 
amyloliquefaciens

Biological solution 
(trichodermin)

Number of 
saprophytes, 

CFU/g ×10⁶

30 4.9 × 10⁶ 5.4 × 10⁶ 5.2 × 10⁶ 4.5 × 10⁶
50 4.8 × 10⁶ 5.6 × 10⁶ 5.3 × 10⁶ 4.4 × 10⁶
70 4.7 × 10⁶ 5.3 × 10⁶ 5.0 × 10⁶ 4.3 × 10⁶
90 4.5 × 10⁶ 4.8 × 10⁶ 4.6 × 10⁶ 4.1 × 10⁶

Number of 
actinomycetes, 

CFU/g ×10⁶

30 1.7 × 10⁶ 1.9 × 10⁶ 1.8 × 10⁶ 1.5 × 10⁶
50 1.7 × 10⁶ 2.0 × 10⁶ 1.9 × 10⁶ 1.6 × 10⁶
70 1.7 × 10⁶ 1.9 × 10⁶ 1.8 × 10⁶ 1.5 × 10⁶
90 1.7 × 10⁶ 1.8 × 10⁶ 1.8 × 10⁶ 1.5 × 10⁶

Number of fungi, 
CFU/g ×10⁵

30 2.3 × 10⁵ 2.2 × 10⁵ 2.1 × 10⁵ 2.0 × 10⁵
50 1.9 × 10⁵ 1.9 × 10⁵ 1.9 × 10⁵ 2.0 × 10⁵
70 1.9 × 10⁵ 1.8 × 10⁵ 1.9 × 10⁵ 1.9 × 10⁵
90 1.8 × 10⁵ 1.8 × 10⁵ 1.8 × 10⁵ 1.8 × 10⁵

Dehydrogenase 
activity,% of 

control

30 100 101 99 88
50 100 104 101 85
70 99 103 101 84
90 98 100 97 83

Mycorrhization 
of roots,% of 

control

30 100 108 105 90
50 100 113 109 82
70 100 110 107 79
90 100 108 105 80

Table 4. The influence of Bacillus on soil microflora during vegetation

Source: compiled by the author based on J.M. Phillips & D.S. Hayman (1970)

Overall, over a period of 90 days, the biologi-
cal products did not cause any signs of biological 
stress, toxicity or degradation of the soil system. 
They maintained the natural balance of sapro-
phytes, actinomycetes and mycorrhizal fungi,  

selectively suppressing pathogenic forms. Unlike 
the biological standard, which reduced enzymatic 
activity and partially disrupted biodiversity, Bacil-
lus subtilis and Bacillus amyloliquefaciens contribut-
ed to the stabilisation of the ecological state of the 
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rhizosphere. This confirms their complete biosafe-
ty, ecological stability and suitability for use in sus-
tainable farming systems, where the main task is 
not only to protect plants, but also to preserve the 
living structure of the soil as the basis of its fertility.

DISCUSSION
The results obtained confirm the high antagonistic 
activity of Bacillus subtilis and Bacillus amylolique-
faciens against the main phytopathogens – Fusar-
ium oxysporum, Alternaria solani and Pseudomonas 
syringae. Already 6 hours after inoculation, the 
appearance of primary inhibition zones was ob-
served, indicating rapid synthesis of volatile and 
water-soluble antimicrobial compounds. During 
72 hours of incubation, the diameter of the inhibi-
tion zones increased more than fivefold, reaching 
maximum values of 22.1-25.2  mm for B.  subtilis 
and 19.4-23.1  mm for B.  amyloliquefaciens. The 
parallel increase in the growth inhibition index 
(up to 77.4%) and the concentration of lipopep-
tides (surfactin, iturin) indicated a close relation-
ship between the metabolic activity of bacteria 
and their biocontrol effect. Under the conditions 
of vegetation experiments, the effectiveness of 
biological products was manifested in a gradual 
decrease in the index of plant damage by all stud-
ied pathogens. On the 90th day after sowing, in the 
variants with B.  subtilis, the Fusarium oxysporum 
damage index decreased from 53.8% in the control 
to 20.8%, and with B. amyloliquefaciens, to 23.6%. 
A similar trend was observed for Alternaria sola-
ni and Pseudomonas syringae, indicating a broad 
spectrum of antagonism. The number of healthy 
plants under the action of Bacillus subtilis in-
creased to 86-90%, which significantly exceeded 
the control. The stability of the effect throughout 
the entire growing season highlighted the studied 
strains as effective bioagents capable of providing 
environmentally safe protection of crops and in-
creasing their resistance to phytopathogens.

Within the framework of interdisciplinary mi-
crobiological studies, M.T. El-Saadony et al. (2022) 
and H. Wang et al.  (2021) demonstrated that Ba-
cillus spp. exhibit a wide range of antagonistic ac-
tivity against fungal and bacterial phytopathogens 
due to the synthesis of lipopeptides – iturin, phe-
nyline and surfactin. M.T. El-Saadony et al. (2022) 
addressed the mechanisms of biosynthesis of 
these compounds in laboratory conditions, but 

did not consider the stability of the antagonistic 
effect throughout the entire plant growth cycle. 
H. Wang et al. (2021) emphasised the significance 
of PGPR (Plant Growth  – Promoting Rhizobac-
teria) strain diversity for enhancing crop stress 
resistance, but did not provide quantitative data 
on changes in the damage index and duration of 
the effect under field conditions. In contrast to 
research, the presented study is the first to track 
the complete temporal dynamics of B. subtilis and 
B. amyloliquefaciens activity from the first hours of 
incubation to the end of vegetation, which made 
it possible to evaluate not only the initial phase of 
inhibition but also the long-term stability of the 
biocontrol effect. The results obtained confirmed 
the higher practical significance of both strains 
compared to previous data.

Within the theoretical generalisation of the 
results of X. Blanco Crivelli et al. (2024) and S. Ma-
hapatra  et al.  (2022), the study determined that 
Bacillus is one of the most promising bioagents 
due to its metabolic flexibility and ability to adapt 
to different ecological niches. However, X. Blanco 
Crivelli et al. (2024) addressed the genetic and tax-
onomic diversity of bacteria without a quantita-
tive assessment of antagonistic properties. S. Ma-
hapatra et al.  (2022) emphasised the dual role of 
Bacillus subtilis, which can act as a biostimulant 
or inhibitor depending on external conditions, but 
did not provide data on the duration of its effect. 
Compared to these studies, the present study com-
prehensively demonstrates the relationship be-
tween the level of lipopeptide synthesis (surfactin, 
iturin) and the inhibition of pathogen growth, and 
confirms the stability of the effect over 90 days. 
This provides a significantly higher level of practi-
cal reliability and field validity of the results.

As part of experimental approaches, H.B. Aju-
na et al. (2024) and T. Tsotetsi et al. (2022) investi-
gated the potential of Bacillus antimicrobial pep-
tides in protecting crops and increasing resistance 
to stress. H.B. Ajuna et al. (2024) characterised the 
broad spectrum of action of these compounds, 
but were limited to laboratory tests without field 
verification. T.  Tsotetsi  et al.  (2022) showed that 
Bacillus bacteria activate plant stress resistance 
mechanisms, but did not investigate the relation-
ship between metabolite concentration and actual 
changes in damage. In contrast to these authors, 
this study combined microbiological, biochemical, 
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and phytopathological analyses, which tracked 
both antagonistic and biostimulating effects si-
multaneously. This approach proved the real ef-
fectiveness of B.  subtilis and B.  amyloliquefaciens 
strains in long-term control of pathogens and in-
creasing the viability of crops in field conditions.

Within the framework of environmentally ori-
ented microbiological studies, P.  Vasantha-Srini-
vasan et al. (2025) and K.M. Figueroa-Brambila et 
al.  (2023) showed that representatives of the Ba-
cillus genus are effective not only against fungi but 
also against soil nematodes, thanks to their abili-
ty to synthesise enzymes that destroy the cuticle 
of parasites. However, P.  Vasantha-Srinivasan  et 
al.  (2025) did not consider the associated effects 
on the rhizosphere microbiota, which limits the 
scope of the ecological balance after biotreatment. 
K.M. Figueroa-Brambila et al.  (2023) investigated 
a new species, Bacillus cabrialesii, which exhibited 
high biocontrol activity, but the experiments were 
short-term and did not cover the dynamics of me-
tabolite accumulation. In contrast to these results, 
the present study monitored the prolonged antag-
onistic action of B. subtilis and B. amyloliquefaciens 
over 90 days, with a quantitative assessment of the 
growth inhibition index (GII), which confirmed the 
consistency of the effect and the biocompatibility 
of the preparations with the soil microflora.

In the context of integrated approaches, 
A.  Ortiz & E.  Sansinenea  (2023) and A.  Fessia  et 
al.  (2022) addressed the genetic and physiolog-
ical aspects of biocontrol. A. Ortiz & E. Sansine-
nea  (2023) considered the possibility of creating 
genetically modified plants based on Bacillus 
genes, but did not provide practical evidence of 
their effectiveness in field conditions. A. Fessia et 
al.  (2022) proved that the formation of Bacillus 
biofilms in the phyllosphere can enhance the an-
tagonistic effect, but the mechanisms of biofilm 
stability remain unexplored. In contrast to these 
studies, the present study shows a real bioaggre-
gation effect in the rhizosphere, confirmed by mi-
croscopic observations and a stable decrease in 
the plant damage index. This provides a practical 
advantage, as the results are based on field testing 
rather than laboratory models alone.

In the context of applied biotechnologi-
cal research, S.  Jang  et al.  (2023) and A.  Ali  et 
al.  (2022) demonstrated that Bacillus velezensis 
GB03 has become an industrial standard among  

biostimulants due to the stability of its metabo-
lites, while A. Ali et al. (2022) summarised a wide 
range of antagonistic properties of bacteria against 
fungal phytopathogens. However, S.  Jang  et 
al. (2023) did not evaluate the long-term effect on 
crop viability, and A. Ali et al. (2022) were limited 
to a description of the mechanisms of action with-
out experimentally verifying the duration of bio-
control. Compared to these works, the presented 
study has greater empirical depth: a consistent in-
crease in the antagonistic activity of B. subtilis and 
B. amyloliquefaciens over time has been confirmed, 
morphological changes in pathogens and the pres-
ervation of plant health throughout the growing 
season have been recorded. This makes the results 
more significant for practical implementation in 
biological crop protection systems.

As part of microbiological experiments, 
T. Maciag et al. (2023) and C.P. Serrão et al. (2024) 
examined the role of Bacillus spp. in the formation 
of multicomponent biocontrol systems. T.  Ma-
ciag  et al.  (2023) found that synthetic consortia 
involving Bacillus subtilis and Pseudomonas fluo-
rescens can improve phytoprotection through the 
mutual exchange of signalling metabolites, but 
the individual effectiveness of each species re-
mained unclear. C.P. Serrão et al. (2024), based on 
a meta-analysis of a 22-year array of publications, 
emphasised that the potential of Bacillus for bio-
control increases when combined with natural 
stimulants, but noted the unpredictability of the 
effect in different climatic regions. The present 
study demonstrates that B.  subtilis and B.  am-
yloliquefaciens exhibit stable antagonistic activity 
without the need for synergy, confirming their re-
liability as independent bioagents.

In the context of agronomic and ap-
plied research, O.G.  Marisel  et al.  (2024) and 
M.M.M. Abd-Elgawad (2024) addressed the poten-
tial of Bacillus as growth stimulants and biopro-
tective agents. O.G. Marisel et al. (2024) found that 
Bacillus thuringiensis B3 improved the development 
of lettuce and tomatoes due to its phosphate-mo-
bilising ability, but did not analyse its effect on 
phytopathogens. M.M.M.  Abd-Elgawad  (2024) 
proved that Bacillus  spp. effectively suppresses 
nematode infections, but did not investigate its 
interaction with fungal and bacterial agents. In 
contrast to these studies, the present work inves-
tigated the simultaneous effect of B.  subtilis and 
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B. amyloliquefaciens on three main groups of path-
ogens – fungal, bacterial and soil – which demon-
strated a broader spectrum of biocontrol activity.

In the context of ecological and technologi-
cal research, S.R. Prabhukarthikeyan et al.  (2022) 
and L.R.  Sales & E.C.  Rigobelo  (2024) addressed 
the integration of Bacillus into sustainable farm-
ing strategies. S.R. Prabhukarthikeyan et al. (2022) 
showed that the use of Bacillus increased crop re-
sistance to abiotic stresses, but the results did not 
include a quantitative measurement of pathogen 
inhibition. L.R. Sales & E.C. Rigobelo (2024), stud-
ying the role of Bacillus sp. in reducing chemical 
loads, confirmed the ability of these bacteria to 
reduce the need for fungicides by 30-40%, but did 
not track the dynamics of action during the grow-
ing season. In this study, the antagonistic effect of 
B. subtilis and B. amyloliquefaciens was tested over 
a period of 6 to 72 hours, confirming the stability of 
the bioprotective effect in field conditions, which 
gives the results greater applied reliability. Thus, 
the results obtained proved that the use of Bacillus 
subtilis and Bacillus amyloliquefaciens effectively 
suppressed the development of major phytopath-
ogens, increased the proportion of healthy plants, 
and ensured a sustained improvement in biomet-
ric and microbiological indicators throughout the 
growing season.

CONCLUSIONS
During the study, a comprehensive assessment of 
the antagonistic activity of Bacillus subtilis and 
Bacillus amyloliquefaciens strains against the main 
phytopathogens – Fusarium oxysporum, Alternaria 
solani and Pseudomonas syringae – was conduct-
ed, and their effect on plant growth and soil mi-
croflora was analysed. A comparative analysis of 
time points showed that B.  subtilis consistently 
exceeded B. amyloliquefaciens in inhibitory capac-
ity: the average diameters of the inhibition zones 
were 10-15% larger, and the growth inhibition  
index (GII) was 5-8% higher. This indicates higher 

biosynthetic activity of B. subtilis, in particular in 
the production of lysozyme-type enzymes (β-glu-
canases, chitinases, proteases) that destroy the 
cell walls of fungi and bacteria. In the control sam-
ples, the pathogens retained a stable morphology, 
confirming that the antagonism was caused by 
the cultural metabolites of Bacillus. Seasonal data 
showed a clear advantage of B. subtilis in reducing 
the damage index: for F. oxysporum, by 33.0 per-
centage points (from 53.8% to 20.8%), for A. sola-
ni, by 29.0 percentage points, and for P. syringae, by 
27.1 percentage points. The proportion of healthy 
plants increased from 51.5-56.3% in the control 
to 86.2-87.3% with B. subtilis and 82.4-84.1% with 
B. amyloliquefaciens. These results indicate a sus-
tained biocontrol effect that persisted through-
out the growing season. Biometric parameters 
(height, number of leaves, root weight) increased 
by 20-40% compared to the control, which exceed-
ed the effectiveness of the biological standard by 
5-10%. All studies showed no toxicity, biologi-
cal stress or soil degradation. Biological prepa-
rations maintained the balance of saprophytes 
(1.8 × 106 CFU/g), actinomycetes (1.9 × 106 CFU/g) 
and fungi (1.8 × 105 CFU/g), and the enzymatic ac-
tivity of dehydrogenases reached 103% of the con-
trol. The limitation of the study is that the exper-
iments were conducted only within one soil type 
and without analysing the influence of climatic 
factors. Further research should address the effec-
tiveness of Bacillus subtilis and Bacillus amyloliq-
uefaciens in different agroecological zones and 
in combination with other microbial consortia.
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Бактерії роду Bacillus як ефективний  
та безпечний засіб захисту рослин від патогенних мікроорганізмів

Софія Козлова
Аспірант, молодший науковий співробітник
Український інститут експертизи сортів рослин
03041, вул. Горіхуватський шлях, 15, м. Київ, Україна
Національний університет біоресурсів і природокористування України
03041, вул. Героїв Оборони, 15, м. Київ, Україна
https://orcid.org/0009-0000-5532-6866

Анотація. Метою дослідження було встановити взаємозв’язок між антагоністичною активністю 
штамів Bacillus та їх впливом на ріст рослин і мікробіологічну рівновагу ґрунту. У роботі 
застосовували комплекс мікробіологічних, фізіологічних і статистичних методів, зокрема метод 
агарових лунок для визначення антагонізму, метод серійних розведень для підрахунку колоній, 
трифенілтетразолій-хлоридний метод для оцінки активності дегідрогеназ і дисперсійний аналіз 
(ANOVA) для перевірки достовірності результатів. Показано, що B. subtilis стабільно перевищував 
B. amyloliquefaciens за інгібувальною здатністю: середні діаметри зон пригнічення були більшими 
на 10-15  %, а індекс пригнічення росту  – на 5-8  %. Для Fusarium oxysporum зниження індексу 
ураження становило 33,0 процентних пункти (з 53,8  % до 20,8  %), для Alternaria solani  – 29,0 
процентних пунктів для Pseudomonas syringae – 27,1 процентних пункта. Частка здорових рослин 
збільшувалася з 51,5-56,3 % у контролі до 86,2-87,3 % при застосуванні B. subtilis і 82,4-84,1 % при 
B. amyloliquefaciens. Біопрепарати стимулювали ріст рослин: висота, кількість листків і маса кореня 
зростали на 20-40 % порівняно з контролем, перевищуючи ефективність біологічного стандарту на 
5-10 %. Протягом експерименту не виявлено жодних ознак фітотоксичності чи деградації ґрунту. 
Біопрепарати підтримували стабільну чисельність сапрофітів (1,8  ×  106  КУО/г), актиноміцетів 
(1,9 × 106 КУО/г) і грибів (1,8 × 105 КУО/г), а активність дегідрогеназ досягала 103 % від контролю. 
Отримані результати підтвердили, що Bacillus subtilis і Bacillus amyloliquefaciens є ефективними 
антагоністами фітопатогенів і безпечними біостимуляторами, здатними забезпечити підвищення 
продуктивності та стабілізацію мікробіоценозу ґрунту. Їх застосування рекомендовано як 
екологічно стійку альтернативу хімічним фунгіцидам у системах сталого землеробства

Ключові слова: антагонізм; біоконтрольна дія; індекс ураження; екологічна безпека; ризосфера
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