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Methodological approaches
to sample preparation for xenobiotic content analysis

Abstract. The aim of the article was to improve sample preparation protocols and chromatographic
analysis conditions for the determination of selected xenobiotics in agricultural products. To achieve
this goal, a method of artificial fortification of homogenised samples of sunflower seeds, corn kernels,
lettuce leaves, and apples with model xenobiotics of different classes was used, followed by extraction
with organic solvents using a modified QUEChERS approach and quantitative analysis. For the effective
extraction of acetochlor and prometryn from lettuce leaves and apples, which are characterised by a
high water content, an optimal raw material-to-extractant ratio of 1:3-1:5 was found. In the case of corn
kernels, which have a structure containing a negligible amount of lipids, the extraction was performed
with a ratio of 110. The greatest difficulties were observed during the processing of sunflower seeds,
where a three-phase system formed due to the high fat content, complicating the mass transfer of
analytes. Nevertheless, theuse of acetonitrile asan extractantina1:17-1:20 ratio allowed for high extraction
rates of the target xenobiotics to be achieved. For the extraction of benomyl and cyprodinil, a mixture of
acetonitrile and methanolin a4:1ratiowas used, which ensured effective transfer of the specified analytes
in all studied matrices. Specifically, in lettuce and apple samples, the extraction rates for both substances
exceeded 96%, which indicated good solubility in the mixture used and a low matrix effect. For diquat, a
bipyridylium compound with a pronounced ionic nature, the best results were obtained using a solution
of trifluoroacetic acid in methanol in a 9.5:0.5 ratio. This composition ensured stable extraction from all
types of plant matrices, with maximum values in lettuce samples and minimum values in sunflower
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seeds (86%), which still meets modern requirements for analytical accuracy. In the case of corn kernel
samples, the extraction level for all substances was 88-92%, which indicated satisfactory extractability
in cereal matrices. The lowest extraction values were recorded for sunflower seeds; however, even under
these conditions, the extraction remained within the 80-86% range, which is acceptable according to
international standards for pesticide analysis quality control. The results of the chromatographic analysis
confirmed the high reproducibility and sensitivity of the method

Keywords: high-performance liquid chromatography; gas chromatography with mass-selective

detectors; extracts; pesticides; plant extracts

INTRODUCTION

The contamination of plant products with pes-
ticides and other xenobiotics is a serious prob-
lem, as agrochemical residues in plant-based
foods pose a potential threat to food safety,
consumer health, and the natural environment.
The detection of residual amounts of these
substances requires high-precision analytics,
particularly chromatographic methods, the ef-
fectiveness of whichishighly dependent on cor-
rect sample preparation. Pesticides, which are
widely used in modern agriculture to increase
crop yields, can remain in food products in the
form of xenobiotics that require strict control
(Salnikova & Salnikov, 2021; Garud et al., 2024).
In response to the need for effective monitor-
ing, international and national regulations,
including DSanPiN 8.8.1.2.3.4-000-2001 (2001)
and Regulation (EC) No 396/2005 (2005), reg-
ulate the maximum permissible levels of such
substances in food products.

One of the key areas in this field is the im-
provement of analytical control methods. As
noted in the work of K. Pszczolifiska et al. (2024),
modern analytics is based on multi-residue ap-
proaches using gas chromatography in combi-
nation with mass spectrometry, which allows
for the identification of dozens of pesticides in
a plant matrix. The study by S. Kang et al. (2023)
emphasises the importance of standardising
methods for analysing pesticide residues in
plants, taking into account their unique chemi-
cal composition. The work of J. Veiga-del-Bano et
al. (2024) demonstrates the effectiveness of the
QUEChERS method as a universal approach for
the extraction and purification of plant-based
samples, which significantly reduces prepara-
tion time and improves the quality of analyti-
cal results. The prospects for improving these

D

approaches are also confirmed by the results of
S. Perumal et al. (2024), who found the possibility
of optimising salts and sorbents in the QUECh-
ERS method to increase the recovery of target
analytes in vegetable samples.

In the context of food safety, it is relevant
to study the selectivity, effectiveness, and sim-
plicity of the practical application of various
sample preparation protocols for multi-residue
analysis. The QUEChERS method, which com-
bines the stages of homogenisation, extraction,
purification, and analysis, is one of the leading
technologies in the field of pesticide control in
plant-based products. The aim of the presented
study was to provide an experimental basis for
the conditions of sample preparation and analy-
sis of plant raw materials with varying water and
lipid content to ensure the reliable quantitative
determination of pesticide residues by chroma-
tography. The practical value of the study lies in
establishing a complex relationship between the
properties of the matrix, the type of xenobiotic,
and the extraction conditions, which allows the
control method to be adapted to a wide range
of plant products. The data obtained can be im-
plemented in laboratory practice to improve
the control of food product safety in accordance
with modern requirements.

LITERATURE REVIEW

In the works of N. Casado et al. (2022) and N. Pa-
tel et al. (2024), the concept of the QUEChERS
method and its evolution through various mod-
ifications that have expanded its scope of appli-
cation were analysed. Particular attention has
been paid to the use of QUEChERS for the deter-
mination of xenobiotics in food products, spe-
cifically pesticide residues in fruits, the control

Plant and Soil Science (16)3
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of which is an important task for complying with
regulatory requirements and ensuring their
safety. For this purpose, QUEChERS is combined
with liquid chromatography coupled with tan-
dem mass spectrometry (LC-MS/MS), which is
characterised by high sensitivity and specific-
ity. The study by N. Patel et al. (2024) describes
in detail the use of LC-MS/MS for the extraction,
purification, and quantitative analysis of pesti-
cide residues in fruit samples. The QUEChERS
method involves the initial homogenisation of
samples, the use of acetonitrile and salting out
for effective separation, as well as subsequent
dispersive solid-phase extraction (d-SPE) to re-
move matrix interferences. After purification,
the extract is analysed using LC-MS/MS: liquid
chromatography ensures the separation of pes-
ticides, and tandem mass spectrometry pro-
vides their ionic fragmentation and identifica-
tion. This approach allows for the simultaneous
detection of trace amounts of numerous pesti-
cides with high accuracy and reliability, which
confirms the universality and practical signif-
icance of the QUEChERS method in controlling
food product safety.

For the simultaneous determination of
several pesticides using high-performance lig-
uid chromatography (HPLC), a careful optimi-
sation of analytical conditions for each active
substance is necessary (Liu et al., 2023; Dong et
al, 2023). One of the key approaches is the use
of gradient elution, which facilitates the effec-
tive separation of compounds in combination
with detection at a variable wavelength. This
method is rarely used in procedures focused on
the determination of individual pesticides. Most
often, the effective separation of both individu-
al and multiple pesticides is performed using:
1) reversed-phase chromatography, where a
non-polar C18 adsorbent is used as the station-
ary phase, and the mobile phase is formed on
the basis of water, acetonitrile and/or methanol
with the possible addition of modifiers, particu-
larly orthophosphoric acid; 2) detection in the
ultraviolet range, and in some cases, by the flu-
orescent method (Korshun, 2024).

In the study by K. Pszczolinska et al. (2022),
the proposed method was applied to the analysis
of residual pesticides in vegetable samples. Pen-
dimethalin was found to be the most common

Plant and Soil Science (16)3

compound, with concentrations ranging from
0.007-0.065 mg/kg, while for difenoconazole,
this value was 0.013-0.025 mg/kg. An important
step of the method is the preparation of calibra-
tion curves specific to each product type, which
complicates the conduct of a multi-component
analysis of residual pesticides. However, the
method demonstrates high effectiveness and
involves the purification of plant extracts (6 ml)
using QUEChERS, with 900 mg of anhydrous
MgS0s, 300 mg of C18, and 300 mg of ChloroFiltr
at the d-SPE stage. Pesticides are then analysed
by gas chromatography with tandem mass spec-
trometry, which allows for the detection of up to
164 compounds in vegetables with varying chlo-
rophyll content. This approach allows calibra-
tion curves built for one matrix to be applied to
the analysis of pesticides in products with differ-
ent levels of chlorophyll, increasing the accuracy
and reproducibility of the results.

The methodological aspects of multi-resi-
due pesticide analysis are aimed at developing
environmentally safe, effective, and reliable ap-
proaches to guarantee the quality, safety, and
traceability of products. As noted in the study
by A. Santana-Mayor et al. (2023), the QuECh-
ERS method is characterised by high versatility,
which allows for obtaining accurate results for
a wide range of matrices and analytes. Due to
the ability to vary the solvents, salts, salting-out
buffers, and sorbents for purification, this ap-
proach provides significant flexibility. In ad-
dition, QUEChERS is an environmentally safe
alternative to traditional sample preparation
methods, corresponding to modern trends in
sustainable development in analytical chemistry.

Apples are one of the most common crops
grown by European producers. Before they en-
ter the market, it is necessary to check the con-
tent of residual pesticides used to protect the
harvest from pests, in order to guarantee the
safety of the products for consumers. For this
purpose, a new simple method for the simulta-
neous determination of captan, folpet, difeno-
conazole, and chlorpyrifos in apple samples was
developed and verified (Velkoska-Markovska et
al., 2024). The method includes the extraction
of residual pesticides with acetone, as well as
liquid-liquid (LLE) and solid-phase (SPE) extrac-
tion. Reversed-phase high-performance liquid

G
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chromatography (RP-HPLC) with a diode-array
detector (UV-DAD) was used for the separation
and quantitative analysis of the analytes. Opti-
mal results were obtained using a LiChrospher
60 RP-select B analytical column (250 mm x
x 4 mm, 5 pm) with isocratic elution, where the
mobile phase was a mixture of acetonitrile and
0.1% acetic acid in water (70:30, V/V). The eluent
flow was 1 ml/min, and detection was performed
at wavelengths of 220 and 230 nm. The linearity
of the method was confirmed in the concentra-
tion ranges of 1.50-3.60 mg/kg for captan and
folpet, and 0.35-0.60 mg/kg for difenoconazole
and chlorpyrifos. Recovery varied from 94.94%
to 114.63%, and the relative standard deviation
(RSD) was 0.09-9.25%. The developed method
was successfully applied to the analysis of apple
samples for residual pesticide content, which
confirms its effectiveness and reliability.

The study by D. Yun et al. (2024) was aimed
at developing a fast and accurate method for
the simultaneous analysis of multi-residue
pesticides, as well as monitoring their content
in agricultural products. Within its framework,
representative samples of brown rice, soybeans,
potatoes, tangerines, and green peppers were
selected. Gas chromatography with tandem
mass spectrometry (GC-MS/MS) was used for
the analysis of 272 pesticide residues. Sample ex-
traction was performed using the QUEChERS-EN
method with subsequent dispersive solid-phase
extraction (d-SPE) using anhydrous MgS04 and
primary-secondary amine (PSA) sorbents. The
proposed approach demonstrated high effec-
tiveness and accuracy, which made it possible to
ensure reliable monitoring of residual pesticides
in various types of agricultural products.

MATERIALS AND METHODS

The research was carried out during the spring
and autumn of 2024 at the Ukrainian Labora-
tory for the Quality and Safety of Agricultural
Products of the National University of Life and
Environmental Sciences of Ukraine (NULES).
The study used samples of plant products, in-
cluding sunflower seeds (LG50479 SX hybrid
from Limagrain), corn kernels (Rist SV hybrid),
lettuce leaves (Iceberg), and apples (Golden De-
licious). These were collected from a variety of
sources: private farms in the Kyiv region that

1)

use integrated pest management or practice
organic farming with minimal use of chemical
agents, as well as the NULES research farms in
Kyiv. The collection of seeds, kernels, leaves, and
fruits was done when they reached full biolog-
ical maturity, in line with the sampling proce-
dure approved by the current Order of the Min-
istry of Agrarian Policy of Ukraine No.289 (2018).
All samples were transported to the laboratory
within 12 hours of collection at a temperature of
4-6 °C, which meets the requirements for trans-
porting food and biological materials. To prevent
changes in their chemical composition and the
breakdown of active biological substances, the
samples were stored in sterile, light-protected
containers made of an inert material. Before the
analytical procedures began, all material was
kept in refrigerators at +4 °C, except for samples
intended for the study of volatile components or
pesticides, which were stored at -18 °C according
to the methodological guidelines of the Europe-
an Food Safety Authority (EFSA, n.d.).

For each experiment, four parallel labora-
tory samples of 100 g each were prepared. Pre-
paring the samples for analysis began with ho-
mogenisation, a standard step for different food
groups. Homogenisation was done by grinding
the samples in a glass laboratory grinder-ho-
mogeniser (LHM-1) at varying temperatures
(from +4 °C to +25 °C) and a speed 0f 10,000 rpm.
Due to the different chemical compositions of
the raw materials, the resulting homogenised
samples had different physical states: fine-
grained, pasty, or liquid. Using the coning and
quartering method, 5 g was taken from each ho-
mogenised sample for analysis, and the remain-
ing 95 g was hermetically sealed and stored in a
freezer at -18 °C until the end of the experiment.

To simulate contamination, three of the four
samples were artificially fortified with solutions of
analytical standards of the target xenobiotics pro-
duced by Sigma-Aldrich (with a purity of = 98%).
The range of concentrations of added xenobiotics
was developed individually for each substance
and corresponded to a level of 0.5 to 5 times the
maximum permissible concentration (MPC). The
control sample was not contaminated and was
used to assess the background content of analytes
and to validate the chromatographic method,
specifically to evaluate matrix noise, detect and
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quantify the background content of xenobiotics,
and determine the extraction efficiency of the
added analytical standards (recovery rate, %).

Organic solvents of “pure for analysis”
(“pfa’) grade were used to obtain plant ex-
tracts. Organic solvents were used as individu-
al extractants or in mixtures, in particular with
deionised water. Buffering of the homogenised
sample solution and purification of the plant
extract were carried out using magnesium sul-
phate, sodium chloride, sodium citrate, calcium
chloride and aluminium oxide (“p.fa’). Extrac-
tion was performed in polytetrafluoroethylene
plastic tubes, dark glass flasks, and polymeth-
ylpentene plastic containers, which were all
protected from light with opaque covers. Mass
transfer during analyte extraction was inten-
sified by changing the ratio of raw material to
extractant, regulating temperature, mechani-
cal mixing, and using ultrasonic waves (37 kHz,
Advantage Lab generator). The plant extract
was purified using dispersive or liquid-liquid
extraction methods with organic solvents and
cartridges containing amine sorbents (Supelco).
The purified extract was concentrated using an
IKA rotary evaporator. Xenobiotics were ana-
lysed using High-Performance Liquid Chroma-
tography with mass-spectrometric detectors
(HPLC/MS/MS) and Gas Chromatography/Mass
Spectrometry (GC/MS) on Dionex and Agilent
instruments. Spectral data was processed using
Cromeleon 6.0 software and the NIST 0.5 mass
spectral library. The chromatographic analysis
was performed with a Dionex Summit MSD-
3200Q Trap instrument with a ChromSpher C18
column (3 pm, 4.6 x5 mm). The mobile phase was
a methanol/acetic acid gradient, transitioning
from 10:90 to 90:10 over 0-5 minutes, with a re-
verse transition back to 10:90 over 12-15 minutes.
Analytes were identified using a programmed
screening method.

Based on data from M. Arnold et al. (2023)
and Z. Li et al. (2024) regarding the nutritional
value and chemical composition of the tested
samples, the mass fractions (W, %) of the main
chemical components of the matrix were calcu-
lated using formula (1).

Mcomponent

w=————— X 100%. ()]

Mhomogenised sample
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Homogenised sunflower seeds were classi-
fied as a group of samples with a high lipid con-
tent (30-52%), indicating their belonging to a fatty
raw material. Corn kernels contain a small per-
centage of lipids (6%). In contrast, homogenised
samples of “Iceberg” lettuce leaves and apples
(with skin) are characterised by a predominant
water content of over 95% and 85% respectively.
This composition places these samples in the cat-
egory of high-moisture plant products, where the
proportion of lipids, proteins, and other compo-
nents is negligible. As the choice of extractants is
determined by the physico-chemical properties
of the matrix and the target xenobiotics, which
influence their solubility and extraction, the
study used polar (acetonitrile, methanol, deion-
ised water) and non-polar (chloroform), protic
(methanol, water, acetic, trifluoroacetic acid) and
aprotic solvents (acetonitrile, chloroform), as well
as their mixtures (acetonitrile + methanol, meth-
anol + trifluoroacetic acid), which are common
in laboratory practice. Additionally, organic and
mineral acids were used to shift the equilibrium
of the dissociation process of ionisable xenobi-
otics towards the formation of molecular forms,
which facilitated their effective extraction from
the homogenised raw material.

In conducting this study, the authors relied
on data from the scientists S. Petrovi¢ et al. (2023)
and V. Goel et al. (2025), whose work provides an
in-depth analysis of the relationship between
the physico-chemical properties of target ana-
lytes (including xenobiotics) and the character-
istics of plant matrices, which directly affects the
efficiency of the extraction process. For exam-
ple, the article by S. Petrovic et al. (2023) details
the influence of polarity, acidity, hydrophobicity,
and the degree of ionisation of substances on
their extraction from different types of matrices
(moist, fatty, fibrous, etc.). The authors also high-
light the importance of selecting acids and salt
components that allow for the optimisation of
the medium’s pH to achieve the maximum con-
version of target compounds into their molecu-
lar form, which is critical for extraction. The work
by V. Goel et al. (2025) presents a comprehensive
comparative analysis of polar and non-polar sol-
vents, their mixtures, and therole of organicacids
in improving the extraction of ionised pesticides
and other xenobiotics from matrices containing
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high levels of moisture or lipids. These works are
practically oriented, and their results were di-
rectly applied in this study during the develop-
ment of the extraction protocol. In addition, the
work by C. Poole (2023) provided a scientifically
substantiated basis for the selection of solvents
and medium modifiers in the analytical proce-
dure used in the current study.

To establish optimal sample preparation con-
ditions, the method of artificial fortification was
applied to both homogenised and non-homog-
enised blank samples of the raw material with
the xenobiotics acetochlor (a marker for chlo-
roacetamide herbicides), prometryn (a marker
for triazine herbicides), benomyl (a marker for
benzimidazole fungicides), cyprodinil (a marker
for pyrimidine fungicides), diquat (a marker for
bipyridylium herbicides), 2.4-dichlorophenoxy-
acetic acid (2.4-D), and 4-chloro-2-methylphe-
noxyacetic acid (MCPA) (markers for phenoxy
herbicides). Compounds belonging to different
chemical groups of xenobiotics were used as
markers. The optimal ratio of extractant to ho-
mogenised sample was determined on the basis
of a visual analysis used to observe the hydro-
dynamic regime of the extraction process, as
well as on the results of the quantitative analysis
of the xenobiotic extracts. The optimal ratio of
sample-to-extractant components was chosen
experimentally by a stepwise increase in the
amount of extractant in a ratio range from 1:1 to
1:20. Under optimal sample-to-extractant condi-
tions, there is No formation of compaction zones
in the material, and the material freely contacts
the extractant, allowing for the most complete
isolation of the xenobiotic within the extract. The
chromatographic control of the analyte content
in the plant extracts allowed for the evaluation
of xenobiotic extraction efficiency under various
hydrodynamic conditions.

Statistical processing of the experimental
data was performed using the Microsoft Excel
software package. The measurement error was
calculated using the standard deviation (Sr, %),
and the degree of extraction of xenobiotics from
the artificially fortified laboratory samples was
estimated in percentages (r, %). For quantita-
tive analysis, calibration was performed and the
following were established: the linearity of the
method (coefficient of determination R?>0.99),

1)

the limit of detection (LOD), and the limit of
quantification (LOQ) for each of the xenobiotics.

RESULTS AND DISCUSSION

As shown in Figures 1(a) and 1 (b), the level of ex-
traction of xenobiotics such as the herbicide ace-
tochlor (a marker for chloracetamides) and pro-
methrin (a marker for triazines) depended on the
amount of extractant added to 1gram of homoge-
nised sample. The studies showed that sunflower
seeds and corn kernels required the most extract-
ant in experiments with crop products - about
20 ml per 1 g of ground sample. Homogenised
samples of oilseed crops were studied using dif-
ferent extractants. The most effective extraction
of these xenobiotics was observed when using
acetonitrile. The method of extracting pesticides
from sunflower seeds and corn kernels using
acetonitrile allowed the removal of up to 98% of
artificially added pesticides at a sample-extract-
ant ratio of 1:20 (Fig. 1(a, b), curve 4).
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Figure 1. Percentage of extraction
of acetochlor (a) and promethrin (b) from1g
of artificially enriched homogenised samples
into plant extract

Note: 1 - lettuce leaves; 2 - apples; 3 - sunflower
seeds; 4 - corn kernels. Extraction agent — acetonitrile.
Extraction duration - 5 min

Source: developed by the authors
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For another group of xenobiotics, it was results of chromatographic analysis (Figs. 2, 3),
necessary to optimise the composition of the extractant systems were identified that pro-
extractant. Taking into account the hydropho-  mote the effective transfer of analytes from the
bic properties of xenobiotics, the peculiarities  plant matrix to the organic phase of the extrac-
of their chemical structure, and based on the tion medium.
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Figure 1. Gas chromatography-mass spectrometry (GC-MS) chromatogram of an extract from
apples enriched with xenobiotics (Benomyl, Iprodione, Diquat)

Note: Chromatographic analysis of xenobiotic residues was performed for all studied matrices, including
sunflower seeds, corn kernels, and lettuce leaves. All samples underwent procedures for artificial enrichment
with the target compounds, extraction, and subsequent chromatographic determination. The chromatogram
obtained from the homogenised apples was included in the main text of the work as a representative example
because it has the most representative signal structure, clear peak separation, and reflects the effectiveness of
the analytical method used

Source: developed by the authors
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Figure 2. Liquid chromatography chromatogram with mass spectrometric detection (LC-MS)
of plant extract from apple enriched with xenobiotics (2,4-D and MCPA)

Note: Chromatographic analysis of xenobiotic residues was performed for all matrices studied, including
sunflower seeds, corn kernels, and lettuce leaves. All samples underwent artificial enrichment with target
compounds, extraction, and subsequent chromatographic determination. The main text of the study included a
chromatogram obtained from homogenised apples as an illustrative example, as it has the most representative
signal structure, clear peak separation and reflects the effectiveness of the analytical method used

Source: developed by the authors

The peaks recorded on the chromatograms times of the analytes and characteristic ions

(Figs. 2, 3) were identified using a mass spec-  of the xenobiotics under study with the corre-
trum library and by comparing the retention sponding parameters of the analytical standards.
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The chromatogram of the extract from homog-
enised apples, obtained by gas chromatogra-
phy with mass spectrometry (GC/MS), recorded
about 70 analytical signals (Fig. 2). From the total
number of peaks, using standardised solutions of
target analytes, peaks corresponding to the pres-
ence of the xenobiotics Benomyl, Cyprodinil and
Diquat were identified. It should be noted that the
use of liquid chromatography with mass spec-
trometric detection (LC-MS) allows obtaining
chromatograms with minimal noise from ma-
trix components (Fig. 3). The visual and analyti-
cal characteristics of such chromatograms differ

significantly from chromatograms obtained us-
ing gas chromatography with mass spectrometry
(GC-MS) (Fig. 2). Thus, Figure 3 shows a chroma-
togram of a plant extract obtained after alkaline
hydrolysis of a sample in a 01% sulphuric acid
solution, followed by extraction with a mixture of
acetonitrile and methanol in a 4:1 ratio.

The results of the identification of target
compounds are presented in Table 1. The anal-
ysis shows that the highest extraction rates of
xenobiotics are observed in samples of plant
products with a low content of lipid components
in the matrix.

Table 1. Quantitative indicators of xenobiotic content

in extracts from samples artificially enriched with target compounds
Xenobiotic Benomyl Cyprodinil Diquat
Extractant mixture of acetonitrile with methanol solution (.)f trifluoroacetic acid
in methanol
Sunflower seeds
Added, pg/kg 0.50+0.01 0.50+0.01 0.50+0.01
Determined, pg/kg 0.41+0.03 0.40+0.03 0.43+0.03
Extracted, % 82.0%6 80.0t6 86.06
Lettuce leaves
Added, pg/kg 0.50+0.01 0.50+0.01 0.50+0.01
Determined, ug/kg 0.49+0.01 0.49+0.02 0.51+0.03
Extracted, % 98.0+2 98.0+4 102.0+6
Apples
Added, pg/kg 0.50+0.01 0.50+0.01 0.50+0.01
Determined, pg/kg 0.48+0.01 0.49+0.02 0.47+0.02
Extracted, % 96.0%2 99.0+4 94.0x4
Corn kernels
Added, pg/kg 0.50+0.01 0.50+0.01 0.50+0.01
Determined, pg/kg 0.45+0.02 0.46+0.01 0.44+0.02
Extracted, % 90.0+1 92.0+3 88.0+2

Source: developed by the authors

Based on the results of experimental stud-
ies that covered the process of extracting xe-
nobiotics using different extractants and the
subsequent quantitative analysis of the content
of target compounds using chromatographic
methods, optimal conditions for the extrac-
tion of compounds of different chemical na-
tures were established. For the extraction of
acetochlor and prometryn from samples with
a water content of 90-96%, the optimal ratio of
homogenised sample to extractant was 1:3-1:5
(Fig. 1 (a, b), curve 1). For samples with a water
content of 75-85%, extraction was performed
at a raw material-to-solvent ratio of 1:10 (Fig. 1

D

(a, b), curve 2). Sunflower seeds, which contain
a large percentage of lipids, required a raw ma-
terial-to-extractant ratio in the range of 1:17-1:20
(Fig.1(a, b), curve 3).

Pesticides belonging to the benzimidazole
group are characterised by high lipophilicity
and good solubility in organic solvents. In the
presence of a buffer medium in the aqueous
phase of the extraction system, benzimida-
zole-series compounds that do not have ion-
isable fragments are effectively extracted into
the organic phase, for example, into acetoni-
trile. Many benzimidazole derivatives, such as
benomyl, contain several functional groups,

Plant and Soil Science (16)3
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which necessitates improving the composition
of the extractant. To enhance the extraction of
such compounds, especially those with a car-
boxyl group that can dissociate with the release
of a proton, weak organic acids were added to
the extraction mixture. A small amount of it,
present in the acetonitrile extract, does not in-
terfere with the chromatographic analysis and
does not affect the operation of the mass spec-
trometric detectors. For the effective extraction
of benzimidazole (Benomyl) and anilinopyrim-
idine (Cyprodinil) derivatives, a mixture of ace-
tonitrile and methanol in a volume ratio of 4:1
is recommended. In turn, bipyridylium deriva-
tives (Diquat) are best extracted using a metha-
nolic solution of trifluoroacetic acid in a ratio of
9.5:0.5. As can be seen from Table 1, the highest
indicators of xenobiotic extraction efficiency
are observed in samples of lettuce leaves and
apples, whose matrix is characterised by a low
lipid content. In particular, the extraction from
sunflower seeds presents the greatest difficulty
interms of sample preparation for analysis and,
accordingly, the level of extraction of the target
compounds. Despite the fact that the percent-
age of xenobiotics extracted from sunflower
seeds is lower compared to the results obtained
for samples of lettuce leaves and apples, the
sample preparation process in this case is as-
sessed as satisfactory. This is due to the fact
that the average level of extraction of the added
xenobiotic exceeds 80%, which corresponds to
acceptable analytical criteria (Guidance docu-
ment..., 2023; DSTU EN 15662:2023, 2024).

The most complete extraction of xenobiot-
ics for sunflower seeds was achieved under the
following conditions: 1 g of homogenised sam-
ple; 10 ml of acetonitrile; 9 ml of deionised wa-
ter; 1 ml of acetic acid; 4 g of Na,SO4; 1 g of NaCl.
Shaking was carried out for 3 minutes, and cen-
trifugation of the extraction system took place at
7,000 rpm for 5 minutes. In addition, an impor-
tant factor affecting the effectiveness of xeno-
biotic extraction from samples artificially for-
tified with analytes is the temperature regime
and the duration of contact with the extractant.
The most optimal extraction conditions were
established in the temperature range from 4 °C
to 25 °C with a duration of exposure to the ex-
traction medium for 5-25 minutes.
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In contrast to many previous works, this
study was focused not only on optimising the pes-
ticide extraction method, but also on a systematic
analysis of the relationship between the physi-
co-chemical characteristics of the plant matrix
and the effectiveness of xenobiotic extraction.
Specifically, K. Tong et al. (2022) applied a combi-
nation of the QUEChERS method with high-reso-
lution gas and liquid chromatography for screen-
ing 237 pesticides in cottonseed husks. Similar
to the approaches implemented in the current
study, the authors noted the high effectiveness of
acetonitrile as a universal extractant. At the same
time, it is in this study that the dependence of ex-
traction efficiency on the lipid composition of the
matrix is emphasised, which was not considered
in the work of K. Tong et al. (2022). X. Theurillat et
al.(2021) also studied fatty food matrices and em-
phasised that high lipid content is a factor that
complicates the extraction process. The results
obtained in this work confirm these conclusions:
sunflower seeds, which are characterised by high
fat content, demonstrated a lower level of extrac-
tion (80-86%) even under optimised extraction
conditions. A common feature of both studies is
the need to modify the extraction protocol - in
particular, by using acetonitrile with pH regu-
lators or buffer components. P. Aralimarad et
al. (2025) highlighted the importance of careful
sample preparation for fatty matrices (e.g., pea-
nut oil), taking into account the assessment of
analytical uncertainty and risks. These princi-
ples were also implemented in the current study,
which used standardised sample fortification
and performed a comparative analysis of extrac-
tion for different plant matrices with different
polarities. F. Lan et al. (2024) demonstrated the
advantages of liquid chromatography with mass
spectrometry (LC-MS) in detecting fungicide res-
idues in fruits. Similar results were obtained in
this study, where LC-MS provided high sensitivity,
clear peak separation, and minimal background
noise - especially for matrices with a high water
content. In comparison with other modern stud-
ies, this study is more comprehensive: it covers
the analysis of matrix effects, the optimisation of
solvents depending on the type of raw material,
the influence of the acid-base nature of xenobi-
otics, and also the hydrodynamic conditions of

the extraction.
G
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CONCLUSIONS

As a result of the completed research, optimal
conditions were established for the prepara-
tion of plant product samples for the qualitative
and quantitative determination of xenobiotics,
specifically pesticide residues. The study con-
firmed the feasibility of applying the QuECh-
ERS method in combination with High-Perfor-
mance Liquid (HPLC) and Gas Chromatography
(GC), especially for samples with high moisture
and low lipid content, such as leafy vegetables
and fruits. For such samples, the highest ex-
traction rates were achieved, which indicates
the effectiveness of the extraction procedure.
The study established that the effectiveness of
xenobiotic extraction is significantly depend-
ent on the physico-chemical properties of the
plant matrix. Samples with high water con-
tent, such as lettuce leaves (>95%) and apples
(>85%), required a significantly smaller volume
of extractant (a ratio of 1:3-1:5) compared to fat-
ty sunflower seeds (up to 52% lipids), where a
ratio of 1:17-1:20 was used to achieve high ex-
traction efficiency.

For the extraction of benomyl and cyprod-
inil, a mixture of acetonitrile with methanol (4:1)
proved effective, ensuring a high level of extrac-
tion in all matrix types, particularly over 96% in
lettuce and apples, which points to good solubili-
ty and a low matrix effect. For diquat, the best re-
sults were obtained using a solution of trifluoro-
acetic acid in methanol (9.5:0.5), with maximum

values in lettuce and acceptable values (86%) in
sunflower seeds. In corn kernels, the extraction
level was 88-92% for all compounds, which con-
firms the effectiveness of the applied methodol-
ogy across different plant matrices. It was also
established that optimal extraction conditions -
a temperature within 4-25 °C and an extraction
duration of 5-25 minutes - ensure stable mass
transfer and minimise matrix interferences.
The chosen method, which includes a modified
QUEChERS system, demonstrated high accura-
cy and analytical reproducibility, underscoring
its suitability for the routine control of pesticide
residues in various types of plant products. The
obtained results have practical significance for
improving laboratory control of the safety of
plant products, which is particularly relevant in
the context of increased demands for food and
environmental safety. Prospects for further re-
search include expanding the methodology to
new classes of xenobiotics, automating sample
preparation, and studying the stability of ana-
lytes during storage.
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MeToponoriyHi nigxoan Ao NiAroToBKM nNpo6
ONa aHanisy BMicTy KCeHO6GIiOTUKIB

AHoTauif. MeTooo cTarTi 6y7I0 BIOCKOHAJIEHHS ITPOTOKOJIB ITiATOTOBKM 3paskiB Ta yMOB
xpoMarorpadiuHOTo aHasIi3y AJid BU3HAUeHHS BUOPaHUX KCEHOBIOTUKIB Y CITBCHROTOCITONAPCHKIM
mpopykruii. g LOCATHEHHS METH BUKODHCTOBYBIM METOOUKY LITYYHOIO 36aradyeHHs
TOMOIeHi30BaHUX 3pa3KiB HaCiHHA COHAIIHUKY, 3epHa KYKypPy[A3W, JIUCTA cajary Ta IUIOAIB
A6JIyK MOIENBHUMHU KCEHOGIOTMKAaMU Pi3HUX KJIACiB, MOJajblle eKCTparyBaHHS OpraHiYHUMU
PO3YMHHUKAMU 3 BUKOPUCTaHHAM MopudiroBaHoro migxomy QUEChERS Ta KifnbKiCHUI aHamis.
O epeRTUBHOTO BIIYYEHHS alleTOXJIOPY Ta IPOMETPUHY 3 JIMCTI calary Ta A67yK, ki
XapaKTepU3YIOThCA BUCOKKMM BMICTOM BOAU, OIITUMAaJIbHUM BUABUIIOCH CITIBBIAHOIIEHHS CUPOBUHU
IO eKCcTpareHTy Ha piBHI 1:3-1:5. V pasi 3epHa KyKypyA3Y, CTPYKTypa KOO MiCTUTb He3Ha4YHY
KUTBKICTD JTiMiAiB, eRcTpakiio 3mificHIoBamu 3i criBBigHOmeHHAM 1:10. Haubinpmi TpymHOIIi
criocTepiranucs mif yac 06pobKY HACIHHS COHSLTHUKY, Jie Yepe3 BUCOKY JKUPHICTb popMyBatacs
TprdasHa cucTeMa, 10 YCKIaLHIOBaIa MacollepeHoC aHaIiTiB. He3Baskaiouu Ha lie, 3aCTOCYBaHHS
aLIeTOHITPUITY IK eKCTPareHTy y CIIiBBiIHOIIeHHi 1:17-1:20 L03BOJIMIO LOCATTU BUCOKUX IIOKA3HUKIB
BIJIYYEHHS L[JTbOBUX KCEHOGI0TUKIB. [IJI51 eKCTpaKLiii 6eHOMINY Ta LIUITPOAUHIITY 3aCTOCOBYBaIach
CyMiIll alIe TOHITPUITy Ta METAHOIY Y CIIiBBiAHONIEHH] 4:1, KA 3a6e3meura epeKTUBHe IIepeHeCEeHHS
3a3HAUEHUX aHAJITIB ¥ BCiX JOCTIIKeHNX MaTPUILIAX. 30KpeMa, Y 3pa3Kax JIUCTA CajlaTy Ta A6IIyK
[TOKA3HUKY BUWIYYEHHS [1 060X PEYOBHMH ITEPEBUILYBaAIN 96 %, 1110 CBIIYMIIO ITPO AO6PY PO3UMHHICTD
y 3aCTOCOBaHIM CyMillli Ta HU3BbKWUN MaTPUYHUM BIUIUB. IS JUKBATy, SKUM € IPeACTaBHUKOM
6IMMPUINITIEBUX CITONYK i3 BUPayKeHOI0 i0HHOO TTPHUPOZ0I0, HAMKpAIlli pe3yibTaTy 6yau oTpuMaHi
IIpY BUKOPUCTaHHI pO3YMHY TpHUPTOPOLITOBOI KMCJIOTY B METAHOJII ¥ CIiBBiAHOIIEeHH] 9,5:0,5. Takui
criIaz 3abe3mneuyBaB cTabiibHe BUIYUEeHHS 3 YCiX TUIIB POCIIMHHUX MaTPULb, i3 MAKCUMaJIbHUMU
3HAUEHHAMH y 3pasKax casjary i MiHIMaJIbBHUMM — y COHAIIHUKY (86 %), 1110 BCe OMHO BiAmosizae
Cy4YaCHUM BHUMOIaM [0 aHaJITAYHOI TOYHOCTL. V BUIIQAKy 3pasKiB 3epHa KYKYpy[3U piBeHb
BUJIYYEHHH JJI BCIX PEUOBUH CTaHOBUB 88-92 %, 10 CBIAUMIIO IIPO 33/I0BIIBHY €KCTParoBaHIiCTh
y 3€pHOBUX MaTpulisgx. HalHVKYi 3HaYeHHs BUIy4YeHHs 3adiKCOBAHO JiJI HACIHHS COHALIHUKY,
THM He MEHIII, HaBiTh y LIUX YMOBaxX BUIyUYeHHS ITepebyBasio B MexXax 80-86 %, 10 € TIPUNHATHUM
BIATIOBIIHO 40 MDKHapOIHWX CTaHZApTiB KOHTPOJIO SKOCTI IIeCTULMOHOTO aHalily. Pe3ynbratu
xpoMarorpadiqyHOro aHaji3y MigTBEpAWIN BUCOKY BiITBOPIOBAHICTb Ta YyTIWBICTE MeTOAy
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Ozonation as a means of increasing the ecological safety
of agrosystems: Purification of soils and irrigation water
from toluene and its derivatives

Abstract. The aim of the study was to evaluate the effectiveness of liquid-phase ozonation
of methylbenzenes as a method for neutralising aromatic xenobiotics in surface waters and
soils of agroecosystems. Spectrophotometric, iodometric, chromatographic, and elemental
analysis methods were used to study the dynamics of aromatic ring destruction, the formation
of intermediate and final products, and to determine the reactivity of arene derivatives. It was
established that the main pathway for the conversion of methylbenzenes is the ozonolytic cleavage
of the benzene ring, with the formation of aliphatic ozonides. The yield of benzoic acid did not
exceed 5.8%, which indicates insignificant stabilisation of the aromatic fragment. For p-xylene, the
degree of mineralisation reached over 70% after 30 minutes of ozonation. The presence of donor
substituents in the benzene ring (-CHs, ~-OH, -NH,) contributed to deep core destruction, while
acceptor substituents (-NO,, ~-COOH) reduced its reactivity, changing the direction of the reaction
to the side alkyl chain. Derivatives with functional groups capable of nucleophilic attack (-OH,
-NH,, -SH) were characterised by a significantly higher reaction rate (up to 25 times) compared
to toluene. The acylation of such groups with acetic anhydride lowered the reaction rate and
increased the selectivity for the formation of stable products. Particular attention was paid to the
composition and structure of the reaction products. Peroxides formed as a result of the destruction
of the aromatic ring have different structures, ranging from monomeric to oligomeric forms.
They were highly soluble in acetic acid but were easily precipitated or removed from the solution,
which was a key advantage of the process in water and soil purification applications. The data
obtained demonstrated the potential of liquid-phase ozonation as an effective tool for the selective
and controlled neutralisation of aromatic compounds in soils and waters for agricultural use.
The results obtained can be used by ecologists, agrochemists, and water purification specialists
to increase the ecological safety of agricultural areas and irrigation systems contaminated with
aromatic compounds
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INTRODUCTION

Modern agriculture faces the urgent problem of
pollution of agroecosystems with organic pol-
lutants, in particular toluene derivatives, which
enter the soil and water resources through the
use of pesticides, herbicides, fuels and lubri-
cants, and industrial emissions. These com-
pounds have high resistance to biodegradation,
which leads to their accumulation in the soil
environment, a decrease in the biological ac-
tivity of soils and a deterioration in crop quality.
Given the importance of preserving soil fertili-
ty and water resource safety, the development
of effective, environmentally safe methods for
cleaning up such pollutants is a pressing task
for agricultural science.

The authors S. Lim et al. (2022) emphasise
in their work the promise of liquid-phase ozo-
nation as a method for the deep destruction of
aromatic pollutants in water systems. They note
that ozone in the liquid phase forms highly ac-
tive hydroxyl radicals that are capable of effec-
tively breaking down sTable organic structures,
including toluene and its derivatives. B. Liao et
al. (2022) investigated the mechanisms of ozone
oxidation of methylbenzenes and found that
the electronic properties of substituents in the
benzene ring significantly affect the selectivity
and reaction rate. The work of H. Luo et al. (2021)
shows that the nature of substituents deter-
mines the decomposition pathways of aromatic
compounds and influences the formation of ox-
idation products, which is of particular impor-
tance for Ukrainian agroecosystems.

Research by A. Salnikova & S. Salni-
kov (2021) confirmed the effectiveness of the
combined use of ozonation and solar sterilisa-
tion to reduce the concentration of pesticides
in irrigation water, while minimising the nega-
tive impact on soil microbiota. O. Chayuk (2019)
points out the importance of analysing the for-
mation of peroxide compounds in the process
of aromatic substance destruction, as they can
have both a positive effect on oxidative poten-
tial and be potentially toxic to some members
of the microflora. M. Tahamolkonan et al. (2022)
draw attention to the need to optimise ozone
dosing, as excessive concentrations can inhibit
soil microbial activity and disrupt natural bio-
geochemical cycles.
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The work of S. Lim et al. (2022) emphasis-
es the importance of the spatial arrangement
of substituents in aromatic molecules, as this
directly affects the kinetics of ozonation re-
actions and the formation of minor products.
A recent study by X. Li et al. (2021) demonstrat-
ed that enhanced ozonation with the addition of
mechanical stirring provides over 90% degrada-
tion of benzo[alpyrene in soil in just 90 minutes,
while improving the bioavailability of residual
products for further microbial degradation. An
analysis of bioremediation methods that com-
plement ozonation is presented in a review by
C. Rusénescu et al. (2024), which justifies the
combination of physicochemical and biological
technologies to complement effective strategies
for the restoration of contaminated soils.

Based on current research, it has been es-
tablished that ozonation is a promising and en-
vironmentally safe method for the degradation
of toluene and related aromatic compounds in
agroecosystems. This approach demonstrates
high efficiency in cleaning soils and water en-
vironments from persistent organic pollutants.
At the same time, for practical implementation,
it necessary to study in depth the mechanisms
of ozonolysis under different soil conditions, in
particular its impact on soil fertility, enzymatic
activity and microbiota structure. The aim of this
work was to conduct a comprehensive analysis
of the effectiveness of liquid-phase ozonation of
toluene and its derivatives, as well as to deter-
mine the optimal conditions for environmental
safety and restoration of the fertility of agricul-
tural systems.

LITERATURE REVIEW

The contamination of agricultural ecosystems
with organic toxicants, among which toluene
derivatives occupy a special place, poses a se-
rious environmental threat to the sustainable
development of agriculture. These compounds
enter soil and water resources mainly through
the excessive use of agrochemicals, such as her-
bicides and pesticides, as well as through the use
of petroleum products and technical fluids con-
taining aromatic hydrocarbons. Sources of pollu-
tion also include untreated industrial wastewa-
ter. Due to their high chemical stability and low
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susceptibility to natural decomposition, these
substances accumulate in the soil environment.
This, in turn, leads to a decrease in the enzymatic
activity of soil biota, disruption of the microbial
balance and a general deterioration in fertility,
which negatively affects the quality and safety of
agricultural products (Aidoo et al., 2023).

Against this backdrop, innovative methods
of detoxifying the agricultural environment
deserve increasing attention. One of the most
promising technologies is ozonation, a process
based on the use of a strong oxidant, ozone,
which is capable of destroying complex organ-
ic molecules. Ozone oxidation is accompanied
by the generation of secondary active agents, in
particular hydroxyl radicals, which demonstrate
high reactivity towards aromatic hydrocarbons,
including benzene and toluene structures. The
results of laboratory and field studies show that
ozone, acting directly in the soil, promotes the
decomposition of heavy organic compounds
into less toxic intermediate products that are
more accessible for further biological degrada-
tion. This significantly enhances the ability of
soil microorganisms to mineralise hydrocarbon
residues (Yu et al., 2024).

The combined use of ozonation with other
physical, chemical or biological methods is par-
ticularly effective. For example, the combination
with soil solarisation demonstrates a synergis-
tic effect on the decomposition of persistent
pesticides, while maintaining the overall mi-
crobial viability and bioactivity of the soil at an
accepTable level (Diaz-Lépez et al., 2021). How-
ever, along with the positive results, a number of
studies have found that excessive or improperly
regulated ozonation can have a suppressive ef-
fect on soil microflora, in particular through the
oxidation of beneficial metabolites or the de-
struction of cell structures (Garrido et al.,, 2023).
This highlights the need to optimise ozone ex-
posure regimes according to soil type, degree of
contamination and agroecosystem specifics.

In a study by E. Potapenko et al. (2021), the
kinetics and mechanism of ozonolysis of arenes
were investigated. It was shown that ozone can
interact with both the side methyl radical and
the aromatic ring, resulting in the formation
of a wide range of products, from benzoic acid
to unsTable peroxides. The authors proved that

)

the solvent significantly influences the direc-
tion of the reaction. The study of the ozonolysis
of 2,4-dinitrotoluene deserves special attention.
It was found that in the presence of electron-ac-
cepting substituents (-NO,), ozone attacks both
the benzene ring and the side chain. The forma-
tion of hydroperoxides indicates a radical mech-
anism, with the temperature regime influenc-
ing the predominant direction of the reaction:
at lower temperatures, ring attack prevails. The
work of A. Galstyan et al. (2018) considers the
reactions of ozone with aminotoluenes. It is
shown that electron-donating groups activate
the aromatic system to electrophilic attack by
ozone. In acetic anhydride, with the participa-
tion of mineral acid, acylation of amino groups
occurs, which changes the reactivity of the mol-
ecule. Even without catalysts, the reaction is se-
lective and produces sTable aliphatic products.
These works are an important basis for further
research in the field of pollutant processing,
organic synthesis and environmental chemis-
try. In addition to soil purification, ozonation is
also actively being introduced for post-harvest
processing of vegetables and fruits. In particu-
lar, the use of ozonated water for washing prod-
ucts significantly reduces the residual concen-
trations of agrochemicals, unlike conventional
water washing, which has limited effectiveness
in removing hydrophobic compounds (Singh et
al., 2022). This approach not only improves food
safety but also extends the shelf life of products.

Another interesting area of research is the
effect of ozonation on physiological and bio-
chemical processesin plants. For example, ozone
treatment of seeds causes changes in the profile
of volatile organic compounds, which can serve
as biomarkers of germination or stress response
(Khanashyam et al., 2021; Dong et al., 2022). Such
effects open up new possibilities in pre-sow-
ing seed treatment as a method of stimulating
growth processes.

Separately, it should be mentioned that
there are studies investigating the interaction
of ozone with the processes of microbial deg-
radation of organic pollutants. For example,
hybrid systems combining ozonation with bi-
ological treatment have shown high efficiency
in destroying polycyclic aromatic hydrocar-
bonsin soil, even under conditions of increased

Plant and Soil Science (16)3



Halstian

pollution (Olak-Kucharczyk et al., 2023, Malek
§ Choudhary, 2023). Such results confirm the
potential of combined methods as tools for re-
storing the functional state of degraded agri-
cultural landscapes.

Given the accumulated results, there was a
clear need for further study of the possibilities of
ozonation as a means of remediating agricultur-
al systems. In particular, research into the kinet-
ics and mechanism of ozonolysis of methylben-
zenes, the effectiveness of their neutralisation
with ozone, and the impact of this process on
long-term soil fertility, their microbiological
balance and the ecological stability of the agro-
sphere as a whole remain relevant.

MATERIALS AND METHODS

Laboratory studies were conducted at the Re-
search Laboratory of Ozonolytic Transfor-
mations of the National University of Life and
Environmental Sciences of Ukraine (Kyiv) be-
tween January and April 2025. High-purity
chemical reagents were used for the experi-
ments: sulphuric and glacial acetic acids from
Sigma-Aldrich (“chemically pure” grade), tol-
uene and its substitutes from Acros Organics
(“chemically pure” grade). The water for the
solutions was demineralised.

Acylation of hydroxy- and aminotoluenes
was carried out according to a method in which
0.4 mol-l-1 of aminotoluene and 30 ml of 80%
acetic acid were loaded into a 50 ml round-bot-
tom flask. When the solution was gradually
heated to 130-140 °C, the water was distilled
off, after which the resulting product was sepa-
rated into 30 ml of water cooled to 5 °C, filtered
and dried. Ozone oxidation was carried out in a
cylindrical glass reactor with a volume of 30 ml
(height - 8 cm, diameter - 2.2 cm) with a perfo-
rated diaphragm for better contact between the
gas and liquid phases. 20 ml of solvent and the
calculated amount of arenes were loaded into
thereactor. The ozone generator was model OZ-
100 (manufacturer: OzoneTech Ltd., Ukraine).
Ozone was produced by corona discharge at a
voltage of 7 kV, a current of 20 mA, water cool-
ing, with constant regulation of the generator
temperature at 25 + 1 °C. The ozone concentra-
tion in the gas mixture was controlled using a
built-in spectrophotometric analyser with an
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accuracy of + 0.02% by volume and was auto-
matically stabilised by a feedback system.

The kinetics of the reactions were studied
as follows. The ozone-air mixture was fed into
the reactor at arate of 20 1/h, with an ozone con-
centration of 0.8-1.2% by volume. Ozonation
lasted from 15 to 120 minutes, depending on the
experimental conditions. During the reaction,
magnetic stirring at a speed of 300 rpm was
used to ensure uniform distribution of ozone
in the liquid. The process was controlled by gas
chromatography on an Agilent 7890B chroma-
tograph with a flame ionisation detector (FID),
HP-5 column (length 30 m, diameter 0.32 mm,
film thickness 0.25 um) (Potapenko et al., 2021).
The evaporator temperature was 250 °C, and the
column temperature was programmed from 120
to 175 °C with a rise rate of 8 °C/min. The carrier
gas is nitrogen, flow rate: 2.0 1/min, hydrogen -
1.8 1/min, air - 18 1/min.

The ozone concentration in the gas phase
was measured spectrophotometrically using a
SF-46 LOMO spectrophotometer with a Teflon
flow cell (optical path length 10-100 mm). The
optical density of the gas flow was recorded au-
tomatically by a potentiometer with a error of
< 5%. The ozone concentration was calculated
using the Lambert-Beer equation with molar
extinction coefficients.

Quantitative analysis of peroxides was per-
formed by iodometric titration: 1 ml of the reac-
tion mass was added to 10 ml of a 5% potassium
iodide solution, acidified with 2.5 ml of 0.1 M sul-
phuric acid, kept for 1 and 24 hours at 20+ 2 °C,
and then titrated with 0.05 M sodium thiosul-
phate solution. The concentration of peroxides
was calculated using the formula (1):

_ My

[oz] = <F mol - 171, (1)

where V. is the volume of sodium thiosulphate
for titrating the iodine solution, ml; V,is the vol-
ume of the reaction mass, ml; M, is the molar
concentration of thiosulphate, mol - 1% n is the
number of transferred electrons.

The relative measurement error was +8%.

The rate constant for the new substance,
knowing the constant for toluene and the ratio
of products in the reaction mixture, was deter-
mined by the formula (2):

(=
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:Ksub/kst = [Psub] / [Pst]! (2)

where kg, - the desired value of the constant;
k,, - the known constant for the standard sub-
stance; [P,,], [P,] - the concentrations of the
corresponding reaction products.

Statistical data processing was performed
using the program OriginPro 2023. For each ex-
periment, at least three parallel determinations
were performed. The results are presented as
the mean arithmetic value #* the standard devi-
ation. Statistical significance was determined
using the Student’s t-criterion at a significance
level of p<0.05.

RESULTS AND DISCUSSION

To determine the possibility of cleaning surface
water and soil from aromatic compounds, the
kinetics of the liquid-phase ozonation reac-
tion of methylbenzenes was investigated. As it
turned out, the main products of toluene oxida-
tion by ozone are ozonides - aliphatic products
of aromatic ring destruction, which is also de-
scribed in the work of R. Samsami et al. (2023).
In trace amounts, benzyl alcohol and benzal-
dehyde, CO, accumulate as intermediate prod-
ucts, while benzoic acid is the final product of
the aromatic reaction, the yield of which does
not exceed 6% (Table 1).

Table 1. Oxidation of methylbenzenes with ozone in acetic acid at 293 K.
[Os]o=4.7-10% [ArCHs]o = 04 mol - 1%; Vp = 0011

Selectivity, %
Compounds
oxidation via the side chain oxidation via the aromatic ring
Toluene 5.9 93.6
1,4-Dimethylbenzene 5.1 92.3
1,3-Dimethylbenzene 4.6 92.5
1,2-Dimethylbenzene 0.0 99.5
1,3,5-Trimethylbenzene 0.0 100.0
2-Nitrotoluene 6.2 89.0
3-Nitrotoluene 124 82.0
4-Nitrotoluene 14.2 81.5
3-Chlorotoluene 13.1 84.2
4-Toluenesulfonyl chloride 26.3 72.1

Source: developed by the author

The composition of the products of the ozo-
nation of methylbenzenes in the liquid phase
indicates the following: the reaction proceeds
in two directions: mainly via the benzene ring
with the formation of its degradation products,
and via the side chain of the substrate with the
formation of aromatic products; with an in-
crease in donor substituents in the aromatic
ring, the selectivity of oxidation along the side
chain decreases; the stability of the benzene
ring in the reaction with ozone increases with
the introduction of acceptor substituents. Dur-
ing ozonation of 1,3- and 1,4-dimethylbenzenes,
96% of the substrate is subject to destructive
ozonation, while 1,2-dimethylbenzene and
1,3,5-trimethylbenzene are completely con-
verted to ozonides. The stability of the aromatic
ring increases with the introduction of acceptor

)

substituents. When ozonising 4-nitrotoluene,
the yield of 4-nitrobenzoic acid reaches 14.2%.
Similar results were obtained during the oxida-
tion of 3-nitrotoluene. In the case of the 2-iso-
mer, the selectivity for the methyl group is sig-
nificantly reduced, which is due to the steric
effect of the substituent (Table 1).

The results of the study demonstrate that
ozonation of methylbenzenes in the liquid
phase can effectively neutralise toxic aromatic
pollutants through complete or partial destruc-
tion of the benzene ring. Of particular impor-
tance is the ability of the formed ozonides and
peroxides to be easily removed from the solu-
tion - these compounds precipitate or break
down into volatile components, which great-
ly simplifies the purification of water and soil
from reaction residues.

Plant and Soil Science (16)3
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The values of the ozone absorption rate
constants in reactions with methylbenzenes
given in Table 2 indicate a satisfactory cor-
relation between the reactivity of substitut-
ed toluenes (with the exception of hydroxy-,

amino- and mercapto-toluene) and the sub-
stituent constants (o). The calculated p for this
series is -2.25, which indicates an electrophilic
mechanism for the reaction of ozone with
methylbenzenes.

Table 1. Rate constants for the reaction of ozone with methylbenzenes at 293 K

Compound [0:o-10%, | [ArH]o-107, Keff, I- mol™-s™
mol-| mol-| AcOH Ac,0
Toluene 0.28 +0.57 7.7+28.3 0.80+0.08 0.88+0.08
1,2-Dimethylbenzene 0.18+0.33 54+73 0.88+0.08 3.08+0.30
1,3-Dimethylbenzene 0.18+0.33 54+73 4.15+0.40 4.56+0.50
1,4-Dimethylbenzene 0.18+0.33 5.4+7.3 5.00+0.50 5.61+0.50
1,3,4-Trimethylbenzene 0.18+0.33 2.4+53 29.60+3.00 32.54+3.00
1,3,5-Trimethylbenzene 0.18+0.33 2.4+53 45.10+£0.45 50.56+5.00
4-Hydroxytoluene 0.24+0.51 0.2+0.6 2.22-103 2.43-103
4-Aminotoluene 0.14 +0.41 0.2+0.6 2.42-103 2.66-103
4-Acetamidotoluene 0.18 +0.45 10.1+25.9 0.81+0.07 0.85+0.05
4-Acetoxytoluene 0.28 +0.57 15.1+35.9 0.59+0.05 0.66+0.06
4-Nitrotoluene 0.38 + 0.55 25.5+48.0 0.035+0.004 0.083+0.006
3,4-Dinitrotoluene 0.38 +0.55 25.5+48.0 0.020+0.002 0.022+0.002
2,4-Dinitrotoluene 0.38 +0.55 25.5+48.0 0.016+0.002 0.018+0.002

Source: developed by the author

A different kinetic picture is observed upon
ozonation of methylbenzenes that have substit-
uents with lone electron pairs (-OH, -NH,, -SH).
Firstly, under these conditions, oxidation via
the methyl group does not occur, the main re-
action products in the case of hydroxytoluenes
are ozonides, and for aminotoluenes — ozonides,
nitrotoluenes, and polymeric products. Second-
ly, their reactivity is three orders of magnitude
higher (k,;=2.2210% 1- mol™s™) than the reac-
tivity of methylbenzenes (k.;=0.8 1- mol™-s™).
All of this is explained by the fact that ozone
attacks not the methyl group or the aromatic
ring, but primarily the lone pair of electrons of
the heteroatom (Galstyan et al., 2009). A change
in the direction of ozone attack and its partial

redirection to the methyl group is achieved un-
der the conditions of prior acylation of the hy-
droxy- and amino groups with acetic anhydride.
The effective rate constant decreases by three
orders of magnitude and approaches the value
for methylbenzene (Table 2). The direction of the
reaction becomes typical for the ozonation of
methylbenzenes - via the double bonds of the
aromatic ring and, to a lesser extent, via the me-
thyl group with the formation of acetamido- and
acetoxybenzoic acids (Table 3). Corresponding
aromatic alcohols and aldehydes were iden-
tified as intermediate oxidation products. It is
not possible to stop the process at the stage of
their predominant formation, as is the case with
methylbenzenes, under these conditions.

Table 3. Dependence of the selectivity of methylbenzene oxidation
with ozone on the substrate structure at 293 K

Selectivity, %
Compound " " A - e
Via the methyl group Via the aromatic ring Unidentified products
Toluene 5.9 80.3 3.7
2-Acetamidotoluene 5.1 92.9 2.0
3-Acetamidotoluene 14.2 84.7 1.1

Plant and Soil Science (16)3




Ozonation as a means of increasing...

Table 3, Continued

Selectivity, %
Compound " . - . e
Via the methyl group Via the aromatic ring Unidentified products
4-Acetamidotoluene 15.5 83.5 1.0
2-Acetoxytoluene 7.5 90.5 2.0
3-Acetoxytoluene 17.3 80.5 2.2
4-Acetoxytoluene 19.8 78.6 1.6

Note: [05]o=4.7-107% [ArCHs]o=0.4 mol- 1"}, Vp=0.011
Source: developed by the author

To clarify the chemical structure of ozon-
ides - products of aromatic ring destruction -
after oxidation under a vacuum of 5 mm Hg,
the solvent was distilled off. The isolated com-
pounds were oily, viscous, light yellow liquids,
highly soluble in acetic acid and its anhydride,
but poorly soluble in dichlorethane. They react-
ed with potassium iodide, but in different ways.
Toluene, di- and trimethylbenzene peroxides
interact with potassium iodide in two stages:
the first being rapid, during which molecular
iodine is released in an amount equivalent to
one peroxide group, and the second being slow
(= 24 hours) with the release of iodine in an
amount equivalent to one or two more peroxide
groups. These facts, as well as the stoichiomet-
ric coefficient for ozone (n = 2-3), indicate that
the specified peroxides are formed through
ozonides and are oligomers of linear structure
(Galstyan et al, 2009).

Peroxides of nitro-, acetoxy- and acetami-
dotoluene react with potassium iodide within
1 hour, and molecular iodine is released in an
amount equivalent to one peroxide group, i.e.
they have a monomeric structure (scheme).
These data are consistent with the literature, ac-
cording to which it is the hydroperoxide groups
that easily react with potassium iodide, and the
reduction of dialkyl peroxide groups is com-
pleted in =20-24 hours (Potapenko et al., 2021).
Thus, depending on the nature of the substitu-
ents, peroxides can be monomers or oligomers,
but regardless of their structure, they are easily
removed from the solution, which contributes to
the rapid purification of the agricultural system.

The results confirm the effectiveness of lig-
uid-phase ozonation as a method for deep pu-
rification of natural waters and soils from alkyl
aromatic pollutants. It has been established

)

that the selection of conditions (environment,
temperature, type of substituents) allows the
selectivity of the process to be regulated, di-
recting it either towards the preservation of the
aromatic ring (for synthetic purposes) or to-
wards its destruction (for ecological neutralisa-
tion). The ability of the formed ozonides to pre-
cipitate provides a simple scheme for removing
reaction products, which is especially valuable
in water purification technologies without the
need for complex filtration.

The results obtained indicate the effective-
ness of liquid-phase ozonation as a method for
the disposal of alkyl aromatic compounds in an
aqueous environment, which is extremely im-
portant in terms of improving the environmental
safety of agricultural systems. It has been estab-
lished that the main direction of methylbenzene
oxidation is the destruction of the benzene ring
with the formation of ozonides, which is consist-
ent with the results of R. Samsami et al. (2023),
who described a similar destruction of aromatic
rings under the action of ozone. The low yield of
aromatic products, such as benzoic acid, indi-
cates the predominance of complete cycle cleav-
age reactions over partial side chain oxidation.

A comparative analysis of substituted
methylbenzenes demonstrated a significant
influence of the electronic nature of substitu-
ents on the direction and depth of oxidation. The
presence of acceptor groups, such as -NO; and -
S0.C], contributes to an increase in the stability
of the aromatic ring and, accordingly, a decrease
in side chain selectivity. This confirms the con-
clusions made earlier in the work of A. Galst-
yan et al. (2009), where attention was focused
on the change in electron density in the ring as
a key factor in the interaction with electrophilic
ozone. The determined value of p=-2.25 further
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confirms the electrophilic nature of the mech-
anism of interaction of ozone with methylben-
zenes, which correlates well with the Hammett
parameters of the substituents.

The observation of a change in the reaction
mechanism in the presence of substituents with
a free electron pair (-OH, -NH,, —-SH) deserves
special attention. In such cases, the main target
of attack is not the aromatic ring, but the het-
eroatom, which leads to a significant increase in
reactivity and a change in the product compo-
sition. This opens up the potential for selective
modification of the structure of aromatic pol-
lutants prior to their oxidation, in particular by
means of preliminary acylation, which “blocks”
active groups and changes the course of the re-
action. The decrease in the reaction rate after
acylation also meets expectations and demon-
strates the possibility of regulating the kinetic
parameters of the process.

A separate place is occupied by the study of
the composition of reaction products: the iden-
tification of oligomeric peroxides as destruction
products for unsubstituted and weakly substi-
tuted arenes and monomeric hydroperoxides in
the case of substituted derivatives is a significant
contribution to the understanding of the ozo-
nation mechanism. The degree of reaction with
potassium iodide, the duration of iodine release,
and the behaviour of peroxide compounds con-
firm the literature data of E. Potapenko & I. Isaen-
ko (2023), which describe the two-stage nature of
peroxide reduction depending on their structure.

Thus, the results of the study deepen the un-
derstanding of the mechanisms of liquid-phase
ozonation of aromatic compounds, allow the
classification of reaction products according to
structural features, and form the scientific basis
for the creation of effective technologies for the
purification of water and soil from alkyl aromat-
ic xenobiotics. The practical value is confirmed
by the possibility of selective destruction of tox-
ic components with the formation of products
that are easily separated from the environment.
Since theliterature, such as the work of H. Einaga
§ X. Zheng (2024), focuses mainly on gas-phase
ozonation or ultraviolet activation of ozone, the
data obtained expand the understanding of the
effectiveness of the liquid-phase approach with-
out the need for complex installations.

Plant and Soil Science (16)3

CONCLUSIONS

Research has shown that liquid-phase ozo-
nation of methylbenzenes is a highly effective
method for the destruction of aromatic xeno-
biotics in the aquatic environment. The main
transformation pathway is the destruction of
the aromatic ring with the formation of unsTa-
ble ozonides, which further decompose into
aliphatic products. Side-chain oxidation was
observed only in the case of substrates with
electron-accepting substituents. It has been
established that the electronic nature of sub-
stituents in the aromatic ring significantly in-
fluences the direction and depth of ozonation.
Donor substituents promote ring destruction,
while acceptor substituents, on the contrary,
reduce the reactivity of the aromatic system, di-
recting oxidation to the side methyl radical. The
most pronounced selectivity for the formation
of benzoic acid and its derivatives was observed
for 4-nitrotoluene and 4-toluenesulphochlo-
ride. The rate constants of ozone absorption
by substrates show a clear dependence on the
Hammett parameter o, with a correlation co-
efficient p = -2.25, which confirms the electro-
philic nature of the interaction of ozone with
arenes. Ithasbeen established that the reaction
products are both monomeric and oligomeric
peroxide structures, which depend on the na-
ture of the substrate. Peroxides are precipitated
from the reaction medium or easily extracted,
which enables their effective removal from the
aquatic or soil environment. The practical sig-
nificance of the study lies in confirming the
feasibility of using ozonation as a technology
for cleaning agroecosystems. The method al-
lows to neutralise residual amounts of herbi-
cides and pesticides in irrigation water; reduce
the content of aromatic xenobiotics in soils,
increasing biological activity; reduce the toxic-
ity of agrochemical effluents; and promote the
creation of closed water systems in agriculture.

From a scientific point of view, the results
indicate the possibility of controlled selection
of ozonation products by changing the reaction
conditions (temperature, ozone concentration,
pH of the medium, type of solvent, etc.), which
makes the method universal for implementa-
tion in environmentally safe technologies for
the destruction of organic pollutants. Prospects
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AHppi FTancTaH

LoKTOp XiMiYHMX HayK, Nnpodecop

HaujioHanbHMin yHiBEpCUTET BiopecypciB i NPMPOAOKOPUCTYBAHHSA YKpaiHK
03041, Byn. Tepois ObopoHM, 15, m. Kuis, YkpaiHa
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O30HYBaHH4 1K 3aci6 NiaBULLEHHSA eKOJNOoriyHOoi 6e3neKku
arpocucTeM: oOUMLLEHHS FPYHTIB i NOJIMBHOI Boau
Bif, TONyeHy Ta MOro noxigHux

AHoTauiga. MeTo OCTimKeHHS 6ylI0 OLIHUTH epeKTHUBHICTh piAMHHOPASHOTO 030HYBaHHS
MeTWIOEH3EHIB K CII0CO6Y 3HEIKOIKEHHS apOMaTUUYHUX KCEHOOIOTHKIB y TTOBEPXHEBUX BOZAX
Ta TPYHTaX arpoeKocucTeM. YV pob0Ti BUKOPUCTAHO CIIEKTPOGOTOMETPUYHI, MOIOMETPUYHI,
xpomarorpadiuHi MeToay aHasi3y Ta eJleMeHTHUN aHali3 JJji1 BUBYEHHS AUHAMIKYU pyMHYBaHHA
apOMaTUYHOrO fAApa, YTBOPEHHS IIPOMDKHUX Ta KiHIIEBUX MIPOIYKTIB, a TaKOXX BHU3HA4YeHHS
PeaKIifHOol 3MaTHOCTI NMOXiZHMX apeHiB. BCTaHOBJIEHO, 10 OCHOBHUM LIJISXOM II€pEeTBOpPEHHS
MeTUIOEH3€eHIB € 030HOJITUYHE PO3IIerIeHHA 6€H3eHOBOTO Apa 3 YTBOPEHHAM asibaTUUHUX
030HiAiB. Buxim 6eH30MHOI KUCIOTH He IepeBHUIlyBaB 58 %, IO CBiAYUTH IIPO He3HAYHY
ctabinmizaiito apomaruuyHoro ¢parmMeHTa. [ II-KCWIONY CTYIiHb MiHepasisanii caras
moHany 70 % 3a 30 xB 030HyBaHHSA. HagBHICTh AOHOPHUX 3aMiCHUKIB y 6€H3€HOBOMY KiJblii
(-CHs, -OH, -NH,) cripusano miuboKii AeCTpyKIlii aapa, TofAi 9K akientopHi (-NO,, ~COOH)
3MEHIIYBaJIX MOTO PeaKLifHy 34aTHICTb, 3MiHIOIOUM HAIIPSAMOK peakliii Ha 60KOBUM aJIKiITBHUN
yaHLor. IMoxigHi 3 GYHKI[iOHAJPHUMU IpyllaMy, 3TaTHUMU 0 HyKiaeodinbHoi ataku (-OH,
-NH,, -SH), xapakTepr3yBaJlCh 3HAYHO BUIIOK LMIBUAKICTIO peaxiiii (1o 25 pasis), mOpiBHAHO
3 TOJIyeHOM. ALMJIIOBAHHS TaKUX TPyl OLTOBUM aHTIIpHUAOM 3HU3UJIO MIBUAKICTD peakxilil
Ta MiJBUIIMIO CEJIEKTUBHICTh YTBOPEHHS CTAabUIBHUX NHPOAYKTIB. OKpeMy yBary MpHUZIiIEHO
CKJIaZly Ta CTPYKTYpi IPOAYKTIB peaxiii. [lepoKcuY, 110 YTBOPWUINCH B Pe3ybTaTi JeCTPYKLil
apOMaTUYHOIO A7pa, BUABUIN DPi3Hy 6YI0OBY — Bifl MOHOMEpPHUX IO ojiroMepHux ¢popmM. BoHu
Io6pe pO3UMHMIIKCD B OLITOBI KUCJIOTI, OGHAK JIETKO OCaAMIJIMCh 60 BUAATUIINCE 3 PO3UUHY, IO
6yJ10 KJIFOYOBOIO TIEPEBAroko MpoIeCy B 3aCTOCYBaHHI IO OYHUINEHHS BOIY Ta I'PYHTIB. OTpUMaHi
JaHi 3acBigumMIy NoTeHLiaa piAMHHOGA3HOTO 030HYBAaHHA AK e)eKTUBHOIO iHCTPYMEHTY IJIif
CeJIEKTUBHOTO Ta KOHTPOJIBOBAHOTO 3HEIIKOKeHHS apOMaTUYHUX CIIONYK Y I'PYHTaxX Ta BOZax
CiNTBCHKOTOCIIONAPCHKOTO IpU3HAUYeHHs. OTpPUMAaHi pe3ynbTaTd MOXKYTb 6YTH BUKOPUCTAHI
€KOJIoraMM, arpoxiMiKaMy Ta CleljiajlicTaMU 3 OYMIIEHHS BOOU IJIF IIiABUILIEHHS €KOJIOTIYHOI
6esreKy arpapHUX TEPUTOPIH i 3pOITyBaIbHUX CUCTEM, 3a6pYIHEHX apOMaTUYHU MU CITONTyKaMU

KniouoBi cnosa: 030H; MeTI/IH6€H3€HI/I; /IeCTPYKLIiH; TIEPpOKCUOY; OUHILI€HHA BOOY; KiHeTHUKa
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Abstract. This study presented the biochemical composition and nutritional value of three
promising hazelnut (Corylus avellana L.) genotypes with anthocyanin colouration: ‘Profesorskyi’,
‘Aspirantskyi’, and ‘Akademichnyi’, developed at the National University of Life and Environmental
Sciences of Ukraine (NULES). This study aimed to compare the content of key nutrients, such as
protein, sugars, and fats, as well as the fatty acid profile, in these genotypes. Nut samples from
the 2023-2024 harvests, collected from the orchard of the Educational and Production Laboratory
of Genetic Resources, Introduction and Breeding of Non-Traditional Fruit and Ornamental Plants
at NULES, were analysed using standard methods (Kjeldahl for protein, Bertrand for sugars,
Rushkovskyi for fatty acids, and FAME-GC for fatty acid profiling). All three genotypes exhibited
high oil content (66.2%-68.2%) and a predominance of oleic acid (79.8%-80.8%). A high content of
monounsaturated fatty acids (averaging 81.1%) and a low level of saturated fatty acids (averaging
9.2%), together with the presence of essential fatty acids, indicate a favourable lipid profile similar
to that of traditional high-quality hazelnut cultivars. The protein content ranged from 11.7%
to 12.8%, while total sugars varied between 1.6% and 1.9%, reflecting good nutritional balance.
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The homogeneity of the genotypes in terms of sugar, protein, and oil content can be attributed
to their common genetic origin. The results highlighted the genetic potential of purple-leaved
hazelnuts for food and nutraceutical applications. These genotypes may serve as a basis for further
breeding programmes targeting both aesthetic and nutritional traits

Keywords: hazelnut oil; oleic acid; essential fatty acids; forest-steppe of Ukraine; nut crops

INTRODUCTION

The hazelnut (Corylus avellana L.) is one of the
world’s most important nut crops. It is highly val-
ued for its nutritional profile and its versatility in
food and industrial applications. Despite being
native to Ukraine and providing significant eco-
logical benefits, domestic hazelnut production
falls short of national demand. This has led to
growing interest in industrial hazelnut cultiva-
tion and the development of new, high-quality
varieties. While traditional breeding has focused
on green-leaved genotypes, recent research is
exploring forms with anthocyanin colouration,
which offer aesthetic appeal and promising nu-
tritional characteristics. Understanding the bi-
ochemical composition of these purple-leaved
hazelnuts is crucial for advancing breeding
programmes, expanding their use in the food
and nutraceutical industries, and ultimately en-
hancing Ukraine’s domestic supply.

The hazelnut (Corylus avellana L.), native
to the forest zone of Ukraine, grows naturally
in the understorey of oak-birch and oak-horn-
beam forests (Moroz § Terletskyi, 2023). Ac-
cording to V. Sliusarchuk (2006), Corylus avel-
lana performs protective functions in steppe
forestry; in phytomelioration plantations, it
protects the soil from water erosion and im-
proves the hydrological regime and soil fertil-
ity. As a pioneer species, it is valuable for forest
restoration and succession.

In horticulture, hazelnuts are among the
five most important nut crops, alongside cash-
ews, walnuts, almonds, and chestnuts. Hazel-
nuts are highly nutritious: they are consumed
fresh, dried, or roasted and are widely used in
cooking and the confectionery industry. The
oil extracted from the kernels is important for
both nutrition and technology and is also used
in painting and perfumery (Goluch et al.,, 2019;
Motti et al, 2022). B. Olas (2024) notes that
nut consumption plays an important role in

)

preventing cardiovascular disease, one of the
leading health challenges facing modern soci-
ety. A. Allegrini et al. (2022) regard hazelnuts as
a multipurpose crop that enhances the sustain-
ability of agro-ecosystems. However, Ukraine’s
domestic supply does not meet national de-
mand, with consumption per person per year
reaching only 21.5% of the optimal nutritional
standard (Weisfeld et al., 2018). This situation
could be improved by increasing domestic pro-
duction. In recent years, there has been a signif-
icant increase in interest in industrial hazelnut
cultivation in Ukraine (Mezhenskyj, 2022). Re-
searchers have pointed out considerable vari-
ations in the economic traits and biochemical
composition of hazelnuts, depending on the
geographical region in which they are grown
and their varietal composition. The industri-
al hazelnut varieties cultivated internationally
are largely based on typical green-leaved gen-
otypes. However, in Europe, genotypes with an-
thocyanin colouration of organs - particularly
leaves and fruit husks - have been identified,
giving the plants a distinctive decorative effect
(Holstein et al., 2018). These characteristics have
led to the incorporation of redpigmented mu-
tants in the development of new varieties with
exceptional ornamental qualities in Europe and
North America (Johnson & Moore, 2023). These
varieties have gained considerable populari-
ty, yet the use of purple-leaved hazelnuts for
nut production has remained limited. More re-
cently, they have been introduced into breeding
programmes aimed at improving hazelnuts as a
nut crop (Kosenko et al.,2023). In 2021-2022, the
State Register of Varieties of Ukraine included
two purpleleaved hazelnut varieties for the first
time (Ministry..., n.d.). Similar forms promising
for nut production have also been developed
at the National University of Life and Environ-
mental Sciences of Ukraine (NULES). This study
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aimed to analyse the biochemical composition
of nuts from the most promising purple-leaved
hazelnut genotypes developed at NULES.

MATERIALS AND METHODS

Orchard disposition and plant materials. The
experimental study was conducted in the col-
lection orchard of the Educational, Research and
Productive Laboratory of Genetic Resources, In-
troduction and Breeding of Rare Fruits and Or-
namental Plants of Prof. VL. Symyrenko Depart-
ment of Horticulture of NULES, located at the
Agronomic Research Station in Pshenychne Vil-
lage, Bila Tserkva District, Kyiv Region. The region
is part of the forest-steppe natural zone. Accord-
ing to the Koppen climate classification scheme,
the area is characterised by a typical warm-sum-
mer humid continental climate. The soil is mead-
ow chernozem with artificial irrigation. The three
best selections of Corylus avellana L., named
‘Profesorskyi’, ‘Aspirantskyi, and ‘Akademichnyi’,
were used. The adult, multistemmed shrubs were
grown at a planting distance of 5x4 m, and stand-
ard cultural practices were applied, including
inter-row cultivation and mechanical weed con-
trol, with the exception of irrigation. The study
was conducted in accordance with the ethical
standards of the Convention on Biological Diver-
sity (1992), which ensures the conservation and
sustainable use of biological diversity, as well as
the Convention on International Trade in Endan-
gered Species of Wild Fauna and Flora (1973). The
ripe nuts were harvested in mid-August, once
they had begun to separate easily from the husk.
Determination of protein content. Deter-
mination of nitrogen content was carried out
by digesting organic matter with sulphuric acid
in the presence of a catalyst, according to the
Kjeldahl method. All the nitrogen released in
this process is converted into ammonium sul-
phate (NH,4),SO.. In an alkaline medium, this
compound releases ammonia, which is distilled
into a receiving flask containing boric acid via
steam distillation. The final measurement in-
volves titration with a standard acid solution,
which changes colour at the end point. The ni-
trogen content is determined by the amount of
ammonia produced. The crude protein content
is calculated by multiplying the measured ni-
trogen value by the corresponding coefficient
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(K=1754). The determination was carried out us-
ing an automatic distillation unit, Kjeltec 8200
TM Foss (Methodology..., 2023).

Determination of sugar content. The Ber-
trand method for the quantitative determination
of sugar content is based on the ability of reduc-
ing sugars - those with a free aldehyde or ketone
group - to reduce copper(II) sulphate to copper(II)
oxide in an alkaline medium. The resulting copper
oxide precipitate is then dissolved in iron sulphate
in the presence of sulphuric acid. Copper oxide is
oxidised by iron, reducing it to copper oxide, which
is subsequently oxidised by potassium perman-
ganate solution. This method can also be used to
determine the content of disaccharides, but only
after hydrolysis with diluted mineral acids. How-
ever, the amount of sugar in the solution is not
directly proportional to the mass of copper oxide
precipitate formed, as some decomposition of Fe-
hling’s solution occurs upon heating (with the for-
mation of copper oxide), and some monosaccha-
rides decompose due to the alkalinity of Fehling’s
solution. Therefore, Bertrand’s tables, which show
the relationship between the mass of precipitate,
copper oxide, and glucose concentration in the
solution, are compiled empirically. Deviations
from the recommended methodological condi-
tions (temperature, heating duration, solution
concentration, degree ofalkalinity,etc.) mayleadto
inaccuracies in the results (Methodology..., 2023).

Determination of fatty acid content. The
Rushkovskyi method for assessing kernel oil
content is based on measuring the oil remaining
inthe defatted residue. Samples of dried, ground
nuts were placed in filter paper bags and ex-
tracted with diethyl ether in a Soxhlet apparatus
until complete defatting was achieved. The ex-
tracted fat content was calculated by subtracting
the mass of the defatted residue from the initial
sample mass (Methodology..., 2023).

Determination of the fatty acid composi-
tion of oil. The Fatty Acid Methyl Ester (FAME) GC
method involves converting fatty acid triglycer-
ides into methyl esters, followed by gas chro-
matographic analysis using a Nexis GC-2030
Shimadzu gas chromatograph (DSTU ISO 5509-
2002,2003).

Statistical analyses. Experimental data
were expressed as me-an + standard deviation.
The effects of genotype, harvest year, and their
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interaction on fatty acid composition were ana-
lysed using ANOVA. When a significant main ef-
fect of genotype or a significant interaction effect
was detected (p < 0.05), Tukey’s HSD post-hoc test
was performed to identify specific differences
between means. All statistical analyses were con-
ducted using SPSS software (Version 170). The
non-parametric Kruskal-Wallis test was also ap-
plied to determine the statistical significance of
differences in fatty acid content between hazel-
nut varieties. This method was chosen due to the
small sample size (two years for each variety) and
the inability to reliably verify the assumptions of
normal distribution and homogeneity of variance,
which are prerequisites for parametric tests.

RESULTS AND DISCUSSION

The studied genotypes were characterised by
large nuts with a high kernel content, compara-
ble to that of registered purple-leaved hazelnut

cultivars. The nut weights of ‘Profesorskyi’, ‘As-
pirantskyi, and ‘Akademichnyi’ were 3.0-34 g,
2.7-2.8 g, and 2.3-2.6 g, respectively. Their cor-
responding kernel percentages were 46.7%-
49.3%,49.4%-52.6%, and 51.3%-52.2% (Mezhen-
skyj et al, 2025). The first purple-leaved
varieties, ‘Barbakan BSI' and ‘Bahrianyi’, listed
in the State Register of Varieties of Ukraine,
had nut weights of 4.6 g and 2.4 g and kernel
percentages of 350% and 47.0%, respectively
(Vishtak, 2021; Vishtak, 2022). The seeds of fruit
crops differ significantly in biochemical com-
position from the pulp, containing high levels
of protein and oil; therefore, they are particu-
larly valuable in human nutrition. The nuts of
the studied purple-leaved hazelnut genotypes
contained substantial amounts of essential
nutrients that determine their nutraceutical
value: sugars (1.6%-1.9%), protein (11.7%-12.8%),
and oil (66.2%-68.2%) (Table 1).

Table 1. Oil, protein, and carbohydrate content of nuts, average 2023-2024 (x + SD)

Content ‘Profesorskyi’ ‘Aspirantskyi’ ‘Akademichnyi’
Oil, % 68.15 £ 0.919 66.15 + 1.626 67.75 £ 0.636
Crude protein, % 12.25+0.778 11.70 £ 0.566 12.85+1.202
Total sugar, % 1.82 £0.240 1.86 £0.287 1.64 £0.190

Source: compiled by the authors

These results are consistent with previous
studies indicating the limits of variation in pro-
tein, carbohydrate, and kernel oil content (Ron-
danelli et al, 2003; Bignami et al, 2005; Krol &
Gantner, 2020). However, the biochemical com-
position is also influenced by varietal character-
istics and growing conditions. While the protein
content of the studied genotypes (11.7%-12.8%)
falls within the average range reported for Coryl-
us avellana cultivars globally (70%-24.6% accord-
ing to K. Krdl § Gantner, 2020), it is slightly lower
than that of the recently registered purple-leaved
Ukrainian cultivars ‘Barbakan BSI' (170%) and
‘Bahrianyi’ (14.8%) (Vishtak, 2021; Vishtak, 2022).

This difference is offset by the exceptionally
high oil content observed in ‘Profesorskyi, ‘As-
pirantskyi, and ‘Akademichnyi’, which averaged
66.2%-68.2%. This range not only aligns with but
often surpasses the upper limits reported for
many commercial hazelnut varieties cultivated

%)

across Europe, Asia, and North America (Krél &
Gantner, 2020), which typically contain 56.3%-
67.5% oil. Notably, these genotypes exhibit oil
levels comparable to, or even exceeding, those of
highly prized Italian cultivars such as ‘Nocchione’,
‘Tonda Gentile Langhe’, ‘Tonda Gentile Roma-
na, and ‘Tonda di Giffoni, which accumulate
66.3%-672% oil under Italian conditions (Big-
nami et al., 2005). At the same time, according to
A. Miiller et al. (2020), ‘Tonda di Giffoni’ contains
62.7% oil under German conditions. The superior
oil content of these genotypes, especially when
compared with other purple-leaved varieties,
underscores their significant potential for indus-
trial processing and use in high-value products.
The registered purple-leaved cultivars ‘Barbakan
BSI' and ‘Bahrianyi' contain lower amounts of
oil: 63.0% and 54.0%, respectively (Vishtak, 2021;
Vishtak, 2022). The European purple-leaved ‘Red
Lambert’ contains 64.8% oil (Miiller et al., 2020).
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The sugar content of the kernels of the stud-
ied genotypes is approximately half that of the
Italian varieties mentioned above, which ac-
cumulate 3.9%-4.8% under Italian conditions
(Bignami et al., 2005). The lower sugar content
of the studied genotypes may be related not only
to varietal characteristics but also to differences
in soil and climatic conditions, as well as to the
methodology applied: in this case, the Bertrand
method. In contrast, Italian researchers deter-
mined sugar content using the more accurate
gasliquid chromatography method. On the other
hand, lower sugar content is advantageous for
individuals with diabetes. The genotypes stud-
ied are relatively homogeneous in terms of their
nutraceutical content, which can be explained
by their shared genetic origin (Mezhenskyj et
al., 2025). Nevertheless, due to small sample siz-
es and limited replication in biochemical anal-
yses, the study has certain constraints. These

factors may reduce the statistical power of the
tests and affect the interpretation of the results.
When analysing mean data over two years, no
significant differences in sugar, protein, or oil
content were observed. However, a significant
interaction was observed between genotypes
and years. In 2023, ‘Aspirantskyi’ had a statis-
tically higher sugar content than ‘Akademich-
nyi’ and ‘Profesorskyi, while ‘Akademichnyi’
and ‘Profesorskyi’ did not differ significantly
from each other. In 2024, however, ‘Profesor-
skyi’ had a statistically higher sugar content
than ‘Akademichnyi’ and ‘Aspirantskyi, where-
as ‘Akademichnyi’ and ‘Aspirantskyi’ again did
not differ significantly. Thus, the interaction be-
tween genotype and year is statistically signifi-
cant, meaning that the effect of genotype on sug-
ar content varies depending on the year, and vice
versa. The qualitative composition of hazelnut
oil in the studied genotypes is shown in Table 2.

Table 2. Fatty acid composition of hazelnut oil (%), average 2023-2024 (x + SD)

Acid ‘Profesorskyi’ ‘Aspirantskyi’ ‘Akademichnyi’

Myristic C14:0 0.033+0.001 0.020+0.002 0.0275+0.005
Palmitic C16:0 6.592+0.226 6.072+0.486 5.350+0.086
Palmitoleic Cl6:1 0.402+0.008 0.347+0.080 0.262+0.001
Stearic C18:0 2.735+0.086 3.190+0.165 2.836+0.057
Oleic C18:1 79.816+0.358 80.759+1.281 80.413+0.404
Linoleic C18:2 9.784+0.035 8.038+0.816 10.230+0.660
Linolenic C18:3 0.152+0.007 0.263+0.201 0.278+0.110
Arachidic C20:0 0.133+0.016 0.154+0.012 0.145+0.040
Gondoic C20:1 0.145+0.014 0.281+0.236 0.189+0.025

Eicosadienoic C20:2 0.001+0.0b 0.006+0.001a 0.002+0.001ab

Behenic C22:0 0.087+0.010b 0.145+0.020a 0.111+0.005ab
Erucic C22:1 0.004 +0.006 0.571+0.805 0.001+0.001
Docosadienoic C22:2 0.001+0.001 0.001+0.000 0.001+£0.001
Nervonic C24:1 0.005+0.004 0.004 £0.005 0.001+0.001

Note: different letters indicate values that are significantly different within a row, according to the results of Tukey’s

test (P<0.05)
Source: compiled by the authors

The main fatty acids present in the oil of the
studied genotypes are oleic acid (79.8%-80.8%),
linoleic acid (8.0%-10.2%), palmitic acid (5.4%-
6.6%), and stearic acid (2.7%-3.2%), while other
fatty acids occur only in small amounts. When
the genotypes are compared with one another
and with the average values across two years, no
statistically significant differences are observed.

This similarity is attributable to their common
genetic origin. The results are consistent with
the typical order of fatty acid contribution in
hazelnuts: oleic acid > linoleic acid > palmitic
acid > stearic acid > linolenic acid. As reported
in previous studies, oleic acid remains the pre-
dominant fatty acid (Krél & Gantner, 2020; Gar-
delietal., 2025).
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Over the two-year period, the average pro-
portions of oleic acid in the kernels of ‘Profe-
sorskyi, ‘Aspirantskyi, and ‘Akademichnyi’ were
79.8%, 80.8%, and 80.4%, respectively. These
levels are similar to those of popular Italian va-
rieties, whose oil contains between 807% and
82.1% oleic acid under Italian conditions (Big-
nami et al., 2005). Among the 15 European varie-
ties studied, the Italian cultivar ‘Tonda di Giffoni’
had the highest content (81.7%) under German
conditions, while the purple-leaved ‘Red Lam-
bert’ had a moderate content (80.3%) (Miiller et
al, 2020). P. Benitez-Sanchez et al. (2003) and
C. Gardeli et al. (2025) point out the similarity
between hazelnut oil and olive oil, both of which
are characterised by a high oleic acid content
when different vegetable oils are compared. Its
high similarity means that hazelnut oil can even
be used to adulterate extra virgin olive oil (Or-
doudi et al., 2022; Pereira et al., 2023).

A high oleic acid concentration is known to
lead to a longer shelf life and greater oxidative
stability (Krél & Gantner, 2020; Sun et al., 2022).
On average, the proportion of monounsaturated
fatty acids (MUFASs), including oleic acid, in the
oil of the studied genotypes is 811%; polyun-
saturated fatty acids (PUFAs) account for 9.6%,
and saturated fatty acids for 9.2%. The low level
of saturated fatty acids in hazelnut kernels com-
pared with other food sources is advantageous
(Sun et al., 2022; Rondanelli et al., 2023). Accord-
ing to E. Whitney § S. Rolfes (2007), only two
fatty acids are essential for humans: a-linolenic
acid (w-3) and linoleic acid (w-6). The content of
these polyunsaturated fatty acids in the kernel
oil of the studied genotypes is 0.15%-0.28% and
8.0%-10.2%, respectively. Linoleic acid ranks sec-
ond after oleic acid, which highlights the valua-
ble composition of the oil from these genotypes.

ANOVA of the kernel oil composition showed
that, for the majority of fatty acids, there were
no statistically significant differences between
the genotypes or harvest years. This suggests a
high degree of homogeneity in the fatty acid pro-
files of the studied genotypes, as well as stability
across the two growing seasons for most compo-
nents. This is likely due to their common genetic
origin. However, statistically significant findings
were observed for eicosadienoic acid and behen-
ic acid. Both the main effect of genotype and the

%)

interaction effect between genotype and year
were statistically significant. This interaction in-
dicates that differences in acid content between
genotypes varied depending on the harvest year.
‘Aspirantskyi’ had a significantly higher average
content of both acids compared with ‘Profesor-
skyi. ‘Akademichnyi’ did not differ significantly
from the other two genotypes. It is also note-
worthy that, although the main genotype effects
were not statistically significant (p > 0.05), gon-
doic acid and erucic acid exhibited highly signif-
icant interaction effects between genotype and
year. This implies that, although these genotypes
may not differ significantly in their overall aver-
age content of these fatty acids across both years,
their performance or accumulation patterns for
these acids were strongly influenced by the en-
vironmental conditions of the individual harvest
year. Further in-depth analysis would be benefi-
cial to fully elucidate these genotype responses
dependent on the harvest year. In summary, the
statistical analysis confirms the overall genetic
uniformity of the developed hazelnut genotypes
with regard to their major fatty acid profiles;
however, specific fatty acid compositions can be
modulated by environmental conditions. This
is consistent with the findings of R. Gianferri et
al. (2023), who demonstrated that the chemi-
cal composition of hazelnuts is significantly in-
fluenced by the pedoclimatic conditions of the
growing site and the variety.

In the Kruskal-Wallis test, no statistically
significant differences were found between the
genotypes at the p-value threshold of < 0.05 for
any of the fatty acids. Despite the absence of
statistically significant differences confirmed
by the Kruskal-Wallis test and Dunn'’s post-hoc
comparison for most fatty acids in the limited
dataset, some genotypes demonstrated notable
compositional trends that may be biologically
relevant. For instance, oleic acid was consist-
ently the predominant fatty acid across all three
cultivars, contributing over 79.8% to the total oil
content. The lack of significant differences un-
derscores its stability and suggests that oleic
acid content is a robust varietal trait. Linoleic
acid varied among genotypes, with ‘Akademich-
nyi' exhibiting the highest average content
(10.230% * 0.660%) and ‘Aspirantskyi’ the lowest
(8.038% + 0.816%). Although the difference was
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not statistically significant, it may influence ox-
idative stability and nutritional value. Linolenic
acid, an omega-3 fatty acid, showed higher av-
erage levels in ‘Akademichnyi’ (0.278% + 0.110%)
and ‘Aspirantskyi’ (0.263% + 0.201%), which may
enhance their nutritional profile. Despite the
lack of statistical significance, these differences
may be biologically or technologically impor-
tant, suggesting the need for further studies
with larger sample sizes.

CONCLUSIONS

The hazelnut genotypes ‘Profesorskyi, ‘Aspir-
antskyi, and ‘Akademichnyi, developed at the
NULES, were found to have a high content of es-
sential nutrients, indicating their high nutrition-
al value and suitability for dietary supplemen-
tation. The protein content ranged from 11.3% to
137%, the sugar content from 1.5% t0 2.1%, and the
oil content from 65.0% to 68.8%. Notably, the oil
content in these genotypes is particularly high,
with oleic acid (79.6%-81.7%) being the predom-
inant fatty acid. This is a characteristic feature
of high-quality vegetable oils, such as olive oil.
The high content of monounsaturated fatty acids
(averaging 81.1%) and the low level of saturated
fatty acids (averaging 9.2%) highlight the health
benefits of these nuts, particularly in the pre-
vention of cardiovascular disease. The presence

of linoleic and a-linolenic acids, the two main
essential fatty acids, indicates the oil's valuable
composition. Despite some fluctuations in bi-
ochemical composition over the years of culti-
vation, the studied genotypes show relative ho-
mogeneity, which is explained by their common
genetic origin. A comparison with existing reg-
istered hazelnut varieties (in particular the reg-
istered red-leaved cultivars ‘Barbacan BSI' and
‘Bahrianyi’' and Italian cultivars used in industrial
plantations in Ukraine shows that the NULES of
Ukraine genotypes have competitive or even su-
perior performance in terms of key biochemical
parameters, especially oil content. This suggests
significant potential for increasing the industrial
production of hazelnuts in Ukraine, which could
reduce dependence on imports and boost nut
consumption among the population. Further re-
search could focus on other bioactive compounds
in these genotypes to better assess their value.
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BioxiMiuHMM cKnapg, i Xap4oBa WiHHICTb NepCneKTUBHUX
nypnypoBOJIMCTKOBUX reHoTUNiB PyHAYKa
(Coryllus avellana L.) piépaHux B YKpaiHi

AHoTauig. lociimKReHHA IPeNCTaBIIIo 6ioXiMIYHUI CKIIafl Ta XapUOBY LIHHICT TPHOX IIEPCIIEKTUBHIUX
reHoturie ¢yHmyra (Corylus avellana L) 3 aHTOLAHOBMM 3a6apBieHHAM: ‘TIpOodecOpCHKUI,
‘AcTiipaHTCHRUM Ta ‘AKaJieMiUHMI, CTBOpeHMX Y HallioHaJpHOMY YHiBepcuTeTi 6iopecypciB i
TIPUPOIOKOPUCTYBaHHA VRpainy (HYBIill Vkpainw). IoCTiPKeHHA Majlo Ha METi TOpIBHATH BMICT
KJTIOYOBUX TIOKMBHUX PEYOBMH, TAKUX AK OUIKM, LYKpY Ta JKUPH, @ TAaKOXK MPOGUIb FKUPHUX
KUCJIOT ¥ LMX TeHOTHITB. 3pasKu TopixiB yposkato 2023-2024 pokiB, 3ibpaHi 3 camy HaByajbHO-
BUpPO6HMYOI TabopaTopii reHeTUYIHYIX PECypCiB, IHTPOMYKI| Ta CeNIeKIii HETPaJULITHUX TUIOHLOBUX
Ta JeKopaTHUBHUX pociuH HVEIIl VKpalHy, aHali3yBaay CTaHIApPTHUMU MeTOZaMU (K'enpmana mua
6i1KiB, BepTpaHa Mg I[yKpiB, PYIIIKOBCHKOTO IS KUPHUX KUCIOT Ta FAME-GC g rpoditoBaHHa
SKAPHUX KUCJIOT). Yei TpY TeHOTUIN TTOKa3aiv BUCOKWM BMicT ojii (65,0-68,8 %) Ta mepeBakaHHA
oneidoBol Kucnotu (Bim 79,8 % mo 80,8 %). BUCOKMII YMICT MOHOHEHACUYEHUX JKUPHUX KUCJIOT
(B cepemrboMy 81,1 %) i HU3BKMI piBEHb HACYEHNX JKUPHUX KUCJIOT (B cepefiHboMy 9,2 %) Ta HAgBHICTb
He3aMiHHUX KUPHUX KUCJIOT CBITYMTD IIPO CIIPUATINBUM JIMTIHNN ITPOdib, TOMIGHMM 10 ITPOdiIo
TPamULIIMHUX BUCOKOSKICHMX COPTIB JLIMHU. VMicT 6iKa KonmuBaBcg Bif 11,7 % mo 12,8 %, Tomi SK
3araJIbHUM BMICT LIyKpiB CTAHOBUB BiZ 1,6 % 10 1,9 %, DEeMOHCTPYIOUM XOPOIIVM XapuoBUM HajaHC.
OpHOPiZHICT TEHOTUITIB 38 BMICTOM LIyKpY, 611Ka Ta oJIil TTOSICHIOETHCA IXHIM CITUTBHUM TeHETUUHUM
TIOXOMKEHHAM. Pe3yneTaTul MiAKPeCHIWIN TeHeTUYHUM ITOTeHIliayl IIypIypHOIUCTKOBUX JIIIVH I
Xap4OBUX Ta HYyTPULIEBTUYHIX 32CTOCYBaHb. L]i reHOTUIIN MOJKYTh CJIYTYBAaTU OCHOBOIO JJ15 IO JIBIITIX
CeJIeKLIMHIIX ITPorpaM, CIIPSIMOBaHUX SIK Ha eCTETHYHI, TaK i Ha Xap4oBi 03HaKU
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Nitrogen-fixing and phosphate-mobilising bacteria improve
photosynthetic activity and productivity of buckwheat
(Fagopyrum esculentum Moench)

Abstract. One effective way to increase the yield of agricultural crops is pre-sowing seed treatment
with nitrogen-fixing and phosphate-mobilising bacteria. The specific features of productivity
formation in buckwheat restrict the planned yield and the realisation of varietal potential, leading
to an increase in vegetative growth indicators at the early stages of growth and development.
The research was conducted on three buckwheat cultivars during 2022-2023 under the conditions of
the forest-steppe zone of Ukraine. This study aimed to determine the effect of seed treatment on the
content of photosynthetic pigments, biomass accumulation, and leaf area index in buckwheat during
the generative period of development. It was found that the influence on biomass growth from mid-
flowering to fruit formation was limited, though different trends in the formation of photosynthetic
pigments in leaves were observed. The biopreparations significantly increased the content of
photosynthetic pigments at the budding stage (BBCH 51), mainly due to chlorophyll a, while at the
flowering stage (BBCH 65), phosphate-mobilising complexes were most effective. It was established
that seed treatment with nitrogen-fixing bacteria enabled buckwheat to form a leaf area index of
5.27-5.48 at the fruit formation stage, which was significantly higher compared with the control (4.19).
At the same time, biomass accumulation during the generative period changed insignificantly
across the seed treatment options, but morphological changes were noted that contributed to higher
yields and, consequently, greater productivity. It was established that pre-sowing seed treatment
has a significant effect on biometric indicators and yield, though the varietal factor often manifests
itself, indicating the prospects for further research into evaluating the formation of the buckwheat
generative apparatus under the influence of microbiological preparations
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INTRODUCTION

Global food security has long been under the
scrutiny of many governments and interna-
tional organisations (Kuchechuk, 2022). This is
driven by population growth, which requires ev-
er-increasing production of agricultural prod-
ucts - products that must meet the standards
of environmental safety and the quality of food
and feed (Shuvar et al, 2019). One approach
to addressing this issue is the development of
technologies for growing crops on an organic
basis. Organic production is gradually becoming
more popular in Ukraine (Kotykova & Ten, 2018).
Even those farms that previously engaged ex-
clusively in non-organic crop production and
traditionally used mineral fertilisers and pesti-
cides are now showing interest in organic crop
production (Kunsook et al., 2024; Hudzovskyi et
al, 2024). The basis of organic production is
weed control (in which the observance of crop
rotations is of great importance, because herbi-
cides are not used), plant nutrition, and storage
of finished products.

Since the use of chemicals is prohibited in
the organic cultivation of crops, the introduction
of biological preparations based on beneficial
microorganisms with different mechanisms of
action into crop-growing technologies is gaining
popularity, including in buckwheat production
(Almashova & Skok, 2022). As noted by X. Wei et
al. (2024), their use in crop production technolo-
gies helps reduce the application rates of miner-
alfertilisers, increase plant productivity, and im-
prove product quality. The optimal combination
of plant life factors contributes to the formation
of ecological equilibrium in agrobiocenoses and
affects both the yield and quality of agricultural
products. Therefore, it is important to use meas-
ures aimed at increasing the number and activi-
ty of agronomically valuable microorganisms in
the rhizosphere of plant root systems.

Ukraine grows approximately half of all
organic buckwheat in the world. Growing in-
terest in the production of organic buckwheat
from both agricultural producers and the state
makes this area highly promising (Vieites-Al-
varez et al., 2024b). As buckwheat is cultivated
organically, the use of readily available synthetic
fertilisers is prohibited. According to U. Karbivs-
ka et al. (2024), to increase the yield of organic

Plant and Soil Science (16)3

buckwheat, it is advisable to apply fertilisers of
organic origin. Therefore, the study of the use of
organic preparations in buckwheat seed cultiva-
tion technologies where mineral fertilisers are
not used is relevant. The use of such prepara-
tions in buckwheat cultivation has been shown
to improve the phytosanitary condition of crops.
Seed treatment and spraying of buckwheat
crops contributed to enhanced plant growth,
greater increased branching, and greater vege-
tative mass (Honchar et al., 2020). As established
by Y. Vieites-Alvarez et al. (2024a), the compet-
itiveness of buckwheat plants against weeds
throughout the growing season also increased.
The value of buckwheat is determined by its
exceptional characteristics, both as an agricul-
tural crop - including its role as a precursor, soil
improver, and component of organic cultivation
technology - and as a source of raw materials
obtained from cultivation: grain (for process-
ing into cereals), biologically active substances,
honey, and waste-free processing technology
(Breslauer et al.,, 2023). Despite these positive
qualities, buckwheat remains a niche crop. Pro-
ducer interest is also positively influenced by
new varieties with yields exceeding 2.5-3.0 t/ha,
capable of realising this potential in diverse en-
vironmental conditions. One of the main pri-
orities in introducing buckwheat to modern
agrocenoses is the waste-free nature of its pro-
duction technology and its versatile use, which
must be taken into account when calculating the
economic efficiency of buckwheat production.
A key issue in modern buckwheat culti-
vation is increasing its grain productivity. It is
known that the biomass potential it synthesises
is sufficient to form a yield of 4-7 t/ha of seed if
it were cultivated as a grain crop. However, the
biological characteristics of buckwheat limit
its productivity, so the conversion of photosyn-
thetic activity into seed biomass faces several
constraints. According to research results, yield
increases often occur extensively - through bio-
mass growth. Therefore, studying the production
processes of crops during the generative period
of development will enable the prediction and
selection of an effective cultivation strategy. Pre-
vious research has shown that bio-preparations
containing PGPM influence stress adaptation in
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buckwheat and induce plant modifications in
other crops by improving nutrient availability
and synthesising phytohormones in the rhiz-
osphere. A comprehensive assessment of plant
growth processes and photosynthetic activity
under the influence of rhizosphere modification
factors using bio-preparations is the core of the
present research.

This research aimed to improve certain el-
ements of buckwheat cultivation technology
under the conditions of the forest-steppe zone
and to determine the influence of the growing
season’s weather conditions, the content of
photosynthetic pigments, biomass accumu-
lation, and the leaf area index on achieving
the highest crop productivity. The objectives
of the study included determining the growth
and development characteristics of buckwheat
plants depending on the variety and pre-sow-
ing treatment with biological preparations,
and investigating the dynamics of external ar-
chitectural development of buckwheat plants
at different growth stages (according to the
BBCH scale) under the influence of the studied
factors. For the first time, the peculiarities of
yield formation in buckwheat varieties under
the influence of growing-season weather con-
ditions in the Forest-Steppe zone were identi-
fied. The influence of biological preparations

on the photosynthetic activity and productivity
of buckwheat plants was established, and the
technology of buckwheat cultivation in the for-
est-steppe zone was optimised.

MATERIALS AND METHODS

The field experiment was conducted in 2022-
2023 in the Educational-Scientific Laborato-
ry Demonstration Collection Field of Crops of
the Department of Plant Science (Kyiv, Ukraine;
502 22" N, 30° 30" E). The investigation was per-
formed under field conditions. The soil of the ex-
perimental field was grey forest light loam, with
2.3%-30% humus content in the arable layer
(0-20 cm), pH,y, 5.8-6.1, hydrolysed nitrogen con-
tent 73 £ 6 mg per kg of soil, phosphorus 103 +17
mg per kg of soil, and potassium 78 +12 mg per kg
of soil. The study complied with the principles of
the Convention on Biological Diversity (1992) and
the Convention on International Trade in Endan-
gered Species of Wild Fauna and Flora (1973).

Climate conditions. The weather conditions
during the research years and the buckwheat
growing season were contrasting, allowing for a
comprehensive assessment of the effects of the
preparations. The primary difference between
the years was precipitation, which is crucial for
the activity of microbiota in the rhizosphere and
for biomass growth (Table 1).

Table 1. Weather conditions during field trials in 2022-2023

Month Average per
Parameter Year - .
April May June Jule August vegetation
. 2022 8.1 14.6 21.7 20.8 22.3 17.5
Air tem?grat“re’ 2023 9.6 16.0 19.6 215 23.8 18.1
MA* 10.0 15.8 19.5 21.3 20.4 17.4
Monthly 2022 26 20 46 34 80 206
precipitation, 2023 102 1 87 136 19 345
mm MA* 42 65 74 68 56 305

Note: MA* — multi-annual parameter based on data from 1990 to 2015

Source: compiled by the authors from Meteopost (n.d.)

The average daily temperature during
the buckwheat growing season in 2022 was
175°C (longterm average: 17.4°C), where-
as 2023 was hotter, with an average dai-
ly temperature of 181°C. The air tempera-
ture at the time of sowing in May 2022 was
15.1°C, while in 2023 it was 16.4°C. May 2023
had a variable temperature regime: at the

)

beginning of the month, the temperature
was optimal for buckwheat sowing, fluctuating
between 15°C-19°C, but on 6 May there was a
sharp drop to 5.6°C. Later, the temperature in-
creased, exceeding 25°C by 18 May, and there
was no precipitation throughout the month.
The year 2023 was marked by the most varia-
ble temperature indicators and precipitation
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sums, with frequent sharp fluctuations be-
tween day and night, affecting buckwheat
plants. Precipitation was also uneven, with both
absence (in May) and excess (in July), which
hindered the ripening of buckwheat fruits.

Field trial design and cultivation condi-
tions. Cultivar sensitivity to pre-sowing treat-
ment with free-living bacteria was established

in a two-factor field experiment. The first factor
comprised three buckwheat (Fagopyrum escu-
lentum Moench) cultivars: ‘Volodar’, ‘Podilska,
and ‘Kamyanchanka' The second factor was the
treatment of buckwheat seeds before sowing
with preparations based on microorganisms - a
diazotroph complex and a phosphate-mobilis-
ing bacteria complex (Table 2).

Table 2. Experimental scheme

Cultivar Seed treatment before sowing
C1. ‘Volodar’ B1. Without treatment
C2. ‘Podilska’ B2. Diazotroph complex, 1 L/t of seed
C3. ‘Kamyanchanka’ B3. Phosphate-mobilising complex, 1 L/t of seed

Source: compiled by the authors

The diazotroph complex was based on
free-living nitrogen-fixing bacteria: Azotobac-
ter chroococcum, Azotobacter vinelandii, and
associative nitrogen-fixing bacteria Azospiril-
lum brasilense, Azospirillum lipoferum (1 mL
contained 1x10° colony-forming units (CFU)).
The phosphate-mobilising complex consisted
of spores of Bacillus megaterium, Bacillus am-
yloliquefaciens, and micromycetes Trichoderma
harzianum (1 mL contained 1x10° CFU).

The experiment was conducted in four rep-
lications. The size of the elementary plots was
36 m? (24 m? for harvesting). The tillage system
included disking after the preceding crop (win-
ter wheat) and autumn ploughing to a depth of
18-20 cm. Disking was carried out in early spring,
followed by presowing cultivation to a depth of
3-4 cm before sowing. The fertilisation regime
included the application of Ecosoil organic fertil-
iseratarateof250kg/ha(P,0,-5.0%,K,0-20.0%,
S - 3.5%, Ca — 8%, Mg - 5.5%, Fe - 1340 mg/kg,
Zn-300mg/kg, Cu-240 mg/kg, Mn - 200 mg/kg,
Mo - 1.5 mg/kg, Co - 0.37 mg/kg), applied be-
fore autumn ploughing. Buckwheat was
sown with 15 cm interrow spacing at a rate of
300 seeds/m?2. Sowing time (first ten-day period
of May) depended on soil temperature (optimum
10°C-12°C). No pesticides were applied during
the growing season.

Plant sampling procedure. Plant sam-
ples were collected at five stages: BBCH 51 (in-
florescence emergence), BBCH 65 (50% of
inflorescences flowering), BBCH 67 (70% of

inflorescences flowering), and BBCH 71 (begin-
ning of fruit filling). Samples were taken from an
area of 0.5 m? and biometric parameters were
analysed on ten plants (n=10) from each variant.
The chlorophyll content was determined in the
upper, fully developed leaf at the BBCH 51 and
BBCH 65 stages. Fresh samples were collected
and extracted in 96% ethanol. Optical density
was measured using a UNICO 1201 spectropho-
tometer to determine the content of chlorophyll
a and b in the solution (wavelengths 665 nm and
649 nm). These values were then recalculated
per unit dry matter of leaf tissue. Chlorophyll
concentration was determined using the follow-
ing equations:

Cl,=137 Dy — 5.76 D0, (1)
Cl,=25.8 Do — 7.6 Dy, (2)

where Cl, - chlorophyll a content, mg/L; Cl, -
chlorophyll b content, mg/L; D, — optical den-
sity at 665 nm; D, — optical density at 649 nm.

The leaf area index (LAI) was determined by
scanning all leaf blades from ten plants and con-
verting the results to 1 m? based on actual plant
density. Dry matter accumulation (g/m?) was as-
sessed by evaluating the increase in dry biomass
at each stage compared with the previous stage.
Biomass was dried at 105°C to a constant mois-
ture content.

Statistics. Statistical analysis was per-
formed using Statistica version 13.0 (Tibco,
USA). ANOVA was applied to each studied pa-
rameter and included the influence of weather
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conditions. Tukey's HSD test at a 95% confidence
level was used to assess differences between
variants. Bars in the figures represent the stand-
ard error (+SE).

RESULTS AND DISCUSSION

The content of photosynthetic pigments in buck-
wheat leaves varied significantly depending on
the developmental stage (Table 3). Notably, seed
treatment was a determining factor in pigment
variation at the BBCH 51 stage, indicating qual-
itative modifications to the photosynthetic ap-
paratus under the influence of these factors.

The chlorophyll a content varied significantly
across all factors, but the influence of the year
and variety was significantly less than that of
seed treatment. The chlorophyll b content also
varied depending on seed treatment and varie-
ty, but was not directly sensitive to annual con-
ditions. The variation in the interaction between
seed treatment and variety or annual conditions
was greater than the influence of the variety
itself. The total content of photosynthetic pig-
ments in the BBCH 51 stage varied due to the
direct effect of the factors and their interaction,
except for the “year <> treatment” interaction.

Table 3. ANOVA for photosynthetic pigments in leaves at BBCH 51 and BBCH 65

MS
Effect

C. s Clys, Clips Cl, s Cly g5 Clbes
Cultivar (C) 1.56** 0.1435** 2.48%* 45.73%* 7.2176** 75.36**
Treatment (T) 105.53** 2.7426** 83.32** 31.20** 2.8293** 48.00%*
Year (Y) 11.05** 0.0022ns 11.36** 6.91%* 0.0013ns 7.09%*
CxT 8.41%* 0.4360** 9.17** 2.05%* 0.9335** 3.61%*
CxY 2.50** 0.0193ns 2.10% 1.48* 0.0029ns 1.35%
TxY 1.89* 0.6793** 0.98ns 5.77** 0.6329** 10.18**
CxTxY 1.84** 0.0326* 2.05%* 1.86** 0.1483** 2.70%*

Error 0.32 0.0089 0.42 0.19 0.0065 0.26

Note: ™ - not significant (p>0.05); ** - p<0.001; * - p<0.05; Codes: Cl, - chlorophyll g, Cl, - chlorophyll b, “51" - BBCH
51stage (inflorescence emergence), “65” - BBCH 65 stage (50% of inflorescences flowering)

Source: compiled by the authors

The situation with photosynthetic pig-
ments changed substantially in the flowering
stage (BBCH 65). During this phase, the forma-
tion of new leaves ceased, so varietal character-
istics became the primary factor. The cultivar
accounted for the greatest variation in the con-
tent of chlorophyll g, chlorophyll b, and their to-
tal. The second most significant factor was seed
treatment, while the influence of annual condi-
tions was lower and, in the case of chlorophyll
b, insignificant.

The dynamics of the leaf area index also var-
ied significantly depending on the developmen-
tal stage (Table 4). It is noteworthy that the direct
factors (cultivar, treatment, weather conditions/
year) always had a significant impact, but their
interactions were only significant at certain de-
velopmental stages. Seed treatment and weath-
er conditions produced greater LAI variation in
the BBCH 51 stage than in the cultivar. All factor
interactions, except for “cultivar <> treatment”,
were insignificant.

Table 4. ANOVA for leaf area index (LAI) and dry matter accumulation (DMA)
during the generative period of buckwheat development

Effect MS
I'AI51 LAIGS I‘A|67 LAI71 DMA51-55 DMA65-67 DMA67-71
Cultivar (C) 0.5884** 5.8742** 7.719** 3.342** 4,877.1*%* 2,491.8%* 2,491.8%*
Treatment (T) 2.3207** 10.3486** 6.032** 11.572%* 950.4** 284.8ns 284.8ns
Year (Y) 1.6928%** 5.6224%** 12.997%** 16.589** 26,075.7** | 35,161.1** | 35,161.1**
CxT 0.2287** 0.9888** 0.930%** 0.156* 261.6%* 373.7ns 373.7ns
CxY 0.0030ns 0.0713* 0.053ns 0.007ns 2,106.8** 1,065.6* 1,065.6*

D
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Table 4, Continued

Effect MS
LAISI LAIGS I‘A|67 LAI71 DMASl-SS DMA65-57 D'VIA57»71
TxY 0.0075ns 0.0501* 0.017ns 0.018ns 313.5%* 586.9* 586.9*
CxTxY 0.0070ns 0.0116ns 0.090* 0.076ns 331.5%* 295.3ns 295.3ns
Error 0.0036 0.0106 0.033 0.033 37.0 181.6 181.6

Note: » — not significant (p>0.05); ** - p<0.001; * - p<0.05; Codes: LAI - leaf area index, DMA - dry matter
accumulation, “51” - BBCH 51 stage (inflorescence emergence), “65” - BBCH 65 stage (50% of inflorescences
flowering), “67" - BBCH 67 stage (70% of inflorescences flowering)

Source: compiled by the authors

LAI variation during the BBCH 65 stage was
determined by the main factors and their pair-
wise interactions (with the exception of the in-
teraction of all three factors simultaneously). In
the subsequent developmental stages (BBCH 67),
weather conditions became the primary factor,
and the variation attributable to seed treatment
in relation to the cultivar increased up to and
including the BBCH 71 stage. The formation of
dry biomass during interphase periods differed
significantly from that of the leaf apparatus. The
fertilisation factor affected the variation in dry
mass growth only between BBCH 51 and BBCH
65, while in subsequent periods it was insignifi-
cant. This pattern was also observed for the “cul-
tivar <> seed treatment” interaction. Year-spe-
cific conditions caused the greatest variation in
dry matter accumulation during the interphase
periods. Although cultivar and interactions were
significant in most cases, they were less influen-
tial compared with year-specific conditions.
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The content of photosynthetic pigments in
leaves during the BBCH 51 phase (Fig. 1a) varied
significantly according to seed treatment, al-
lowing identification of the best options based
on the total chlorophyll content. ‘Kamyanchan-
ka' produced significantly fewer photosyn-
thetic pigments (14.8 mg/g DM) without seed
treatment with microbial preparations, com-
pared with other cultivars (16.1-17.2 mg/g DM).
However, the application of microbial prepa-
rations increased the content to 19.519.6 mg/g
DM, with no significant difference between the
preparations. A similar situation was observed
in ‘Podilska’, while the application of a phos-
phate-mobilising complex (PMC) in ‘Volodar’
showed a significant difference from the con-
trol treatment. It is worth noting that ‘Volo-
dar’ had a high pigment content in the control
treatment, so the effect of the preparations was
lower, indicating a maximum content limit for
these indicators.
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Figure 1. The content of photosynthetic pigments in buckwheat leaves,
mg/g dry matter at BBCH 51 (left) and BBCH 65 (right)
Note: same letters indicate no difference between variants at a given stage according to Tukey’s HSD post-hoc test;

bars indicate standard error (+SE)
Source: compiled by the authors
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The situation with pigment content changed
duringthe BBCH 65 phase,asthehighestconcen-
tration was observed in variants treated with the
phosphate-mobilising complex (17.6 mg/g DM).
In contrast, treatment with a diazotroph com-
plex showed a significant difference from the
control only in ‘Volodar’. This indicates the im-
portance of improving phosphate nutrition dur-
ing the generative period and the reduced role of
nitrogen. The content of chlorophyll a increased
markedly with the application of PMC, while the
content of chlorophyll b rose significantly with
the application of both preparations. The in-
crease in chlorophyll b content with seed treat-
ment was greatest in the ‘Volodar”.

The positive effect of improved trophic
conditions is manifested in two ways - through
increasing the linear dimensions of individu-
al organs and increasing the intensity of green
colouration due to the higher concentration of
photosynthetic pigments (Honchar et al., 2021).
The results of the current study indicate that the
content of chlorophyll a and b increases signifi-
cantly both in the early generative period and in
the middle of flowering. Previous studies, such
as that by V. Karpenko et al. (2021), have not-
ed that a significant increase often occurs with
the combined application of seed treatment
with biostimulants, which primarily leads to an
increase in pigments in fresh mass, while the
increase in dry mass can be more modest. In
the studies by the authors of this article, it sel-
dom exceeds 20% for chlorophyll a, but it can
nearly double for chlorophyll b. According to
M. Chen (2014), this phenomenon is related to
the specifics of chlorophyll b synthesis, which

can compensate for this factor when crops are
grown under stressful conditions. Despite the
substantial existing knowledge base about the
impact of PGPM on agricultural crops, there re-
mains a significant gap in the family Polygonace-
ae. For example, a meta-analysis of research on
the relationship between nitrogen nutrition and
microbiota in ‘Tartary’ buckwheat indicates that
microbiota activity in the rhizosphere does not
significantly change in the presence of fertil-
isers. Seed treatment of buckwheat with certain
bacterial strains can improve indicators that
affect NDVI, such as leaf area, chlorophyll con-
centration, and colour intensity (Witkowicz et
al.,, 2021). However, a plausible theory suggests
an increase in soil microorganisms due to crop
rotation and the introduction of a qualitatively
new microbiota (Zhang et al., 2021).

Buckwheat is a plant with limited potential
for leaf surface growth. The maximum leaf area
index (LAI) depends on the cultivar characteris-
tics and type of variety. Indeterminate cultivars
are more flexible in this regard, but there is a
biological limitation that makes buckwheat less
productive than cereal crops. It has been estab-
lished that seed treatment positively affects the
LAI of buckwheat (Table 5). In the control variant
during the BBCH 51 phase, the cultivars did not
significantly differ from each other, whereas
with treatment, there was a significant increase
in LAL ‘Kamyanchanka' formed the maximum
LAT of 2.05 * 0.06, with no significant difference
betweenthetreatments, while the other cultivars
had significantly lower values. For the ‘Volodar’
and ‘Podilska), the phosphate-mobilising com-
plex was more effective than the diazotroph one.

Table 5. Leaf area index of buckwheat at BBCH 51, 65, 67, 71

Cultivar Bl ‘ Treatment ‘ B3 Average
BBCH 51

‘Volodar’ 1.31+0.06 a 1.59+0.06 1.78+0.07 b 1.56+0.05

‘Podilska’ 1.22+0.04 a 1.45+0.05 1.70£0.07 b 1.46+0.05

‘Kamyanchanka’ 1.21+0.07 a 2.05+0.06 ¢ 2.04+0.07 c 1.77+0.09

Average 1.25+0.03 1.70+£0.06 1.84+0.05 1.59+0.04
BBCH 65

‘Volodar’ 2.33+£0.10 ab 3.83+0.13 cd 3.98+0.16d 3.38+0.17

‘Podilska’ 2.02+0.07 2.76+0.11 2.47+0.10b 2.41+0.08

‘Kamyanchanka’ 2.27+0.09 a 3.24+0.11 3.76+0.11c 3.09+0.14

Average 2.21+0.06 3.27+0.11 3.40+0.16 2.96+0.09

)
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Table 5, Continued

. Treatment
Cultivar Average
B1 B3
BBCH 67
‘Volodar’ 3.89+0.19 4.60+0.17 a 4.61+0.20a 4.37+0.12
‘Podilska’ 3.114+0.10 3.59+0.14 4.73+0.20 a 3.81+0.17
‘Kamyanchanka’ 4.54+0.21a 5.08+0.18 b 5.20+0.16 b 494+0.12
Average 3.85+0.16 4.42+0.16 4.85+0.12 4.37+0.10
BBCH 71
‘Volodar’ 4.11+0.20a 5.00+0.17 b 5.10+0.21 bc 4.74+0.14
‘Podilska’ 3.94+0.13 a 5.05+0.19b 5.37+0.23 ¢ 4.79+0.17
‘Kamyanchanka’ 4.50+0.20 5.76+0.20d 5.97+0.16d 5.41+0.17
Average 4.19+0.11 5.27+0.13 5.48+0.14 4.98+0.10

Note: B1 - without treatment, B2 — diazotroph complex, B3 - phosphate-mobilising complex. Same letters indicate
no difference between variants at a given stage according to Tukey’s HSD post-hoc test

Source: compiled by the authors

LATI in the BBCH 65 phase differed notably
from the previous observation. The maximum
value of 3.98 £ 0.16 was observed for the ‘Volo-
dar’, when treated with the phosphate-mobilis-
ing complex, but there was no significant dif-
ference compared with the diazotroph complex.
The LAl in the ‘Podilska’ increased markedly less
than in the other cultivars following seed treat-
ment, with the maximum value observed when
treated with the diazotroph complex. LAI in the
‘Kamyanchanka' reached a maximum value
when treated with the phosphate-mobilising
complex (376 £ 0.11), which was also significantly
higher than that recorded under treatment with
diazotrophs (3.24 £+ 0.11).

In the next phase (BBCH 67), the difference
between the control and treated variants de-
creased. The maximum LAI value was recorded
for the ‘Kamyanchanka’ (5.20 + 0.16) when treated
with phosphate-mobilising bacteria, with no sig-
nificant difference from seed treatment with di-
azotrophs. A similar pattern was observed in ‘Vo-
lodar’, although with a lower LAI (4.61+ 0.20). For

‘Podilska), seed treatment with phosphate-mobi-
lising bacteria resulted in a significantly higher
LAI (473 + 0.20) than with other treatments and
the control. In the last accounting period (BBCH
71), the maximum LAI was again recorded for
the ‘Kamyanchanka' (597 + 0.16). In the control
variant, the LAI in this cultivar remained almost
unchanged compared with the previous period,
while it increased in the other cultivars. LAI in-
creased to 5.00-5.37 in both cultivars in the treat-
ed variants, but phosphate-mobilising bacteria
were more effective in the ‘Podilska’.

A significant increase in the leaf appara-
tus in cereal crops enhances assimilation pro-
cesses, but in the case of buckwheat, which
has indeterminate growth, these processes oc-
cur differently. The average biomass increase
from BBCH 51 to BBCH 71 was 220 + 12 g/m?, but
phase-by-phase distribution indicates that
from the beginning of budding to the middle
of flowering, more dry mass was accumulated
than during the end of flowering and final fruit
formation (Table 6).

Table 6. Dry matter accumulation (g/m? of buckwheat during BBCH 51-65, 65-67, 67-71

Cultivar Treatment Period BBCH
BBCH 51-65 BBCH 65-67 BBCH 67-71 51-71
B1 101.8+10.8 ¢ 63.6+9.1 bc 68.7+10.9 ab 234+29 cde
‘Volodar’ B2 111.9+7.9 68.1+13.5¢ 63.3+7.2a 243+25de
B3 123.5+15.7 52.6+9.7 abc 71.3+7.9ab 247+29e
B1 89.0+7.2ab 35.5+4.8a 67.7+10.3 ab 192+18
‘Podilska’ B2 98.6+4.6 bc 46.718.2 abc 80.5+7.7 ab 226117 abc
B3 94.7+4.6 bc 44.2+8.2 ab 91.9+12.4b 23122 bed
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Table 6, Continued

Cultivar Treatment Period BBCH
BBCH 51-65 BBCH 65-67 BBCH 67-71 51-71
B1 81.5+6.5a 52.3+11.4 abc 77.6+6.7 ab 211+22a
‘Kamyanchanka’ B2 79.6+5.1a 57.1+12.5 abc 81.3+7.7ab 218+22 ab
B3 91.8+49b 63.2+9.1 bc 76.9+7.2 ab 232+18 bed
Average 96.9+3.0 53.7+3.3 75.5%£2.9 220+12

Note: B1 - without treatment, B2 - diazotroph complex, B3 - phosphate-mobilising complex. Same letters indicate
no difference between variants in the column according to Tukey’s HSD post-hoc test

Source: compiled by the authors

It should be noted that ‘Volodar’ produced
a significantly greater amount of dry matter
(101.8-123.5 g/m?) during the period BBCH 51-65
compared with other cultivars. Seed treatment
with the phosphate-mobilising complex resulted
in a significantly higher increase than with the
diazotroph complex and the control variant. The
difference between the variants was insignificant
for the ‘Podilska, while the phosphate-mobilis-
ing complex showed significant effectiveness in
the ‘Kamyanchanka'. As mentioned earlier in the
ANOVA section, the seed treatment factor did not
have a significant impact on the accumulation of
dry biomass during BBCH 65-67 and BBCH 67-71,
so individual variation was observed only among
cultivars. ‘Volodar’ accumulated dry matter more
intensively during BBCH 65-67 than the others,
but the situation reversed during BBCH 67-71.

The results of this research confirm the well-
known thesis regarding the effectiveness of the
combined application of diazotrophs from dif-
ferent genera, manifested in increased plant bi-
omass, yield, and individual productivity (Singh et
al.,2015; Mazurenko et al.,2020). It should be noted
that diazotrophs respond differently to weather
conditions; therefore, the effect of their applica-
tion may depend on available moisture, tempera-
ture, nutrient reserves, and varietal sensitivity. As
noted by Y. Tao et al. (2004), diazotrophs can also
participate in the decomposition of organic mat-
ter, thereby improving trophic interactions in the
buckwheat rhizosphere. In their pot experiment,
S. Tummaramatti et al. (2016) found that seed
treatment complexes containing Azotobacter
chroococcum, Azospirillum brasilense, Trichoder-
ma harzianum, and mycorrhiza fully realise the
potential of plants in biomass accumulation and
the formation of maximum leaf parameters. In
the present study, a similar complex proved high-
ly effective, resulting in growth increases of sev-
eral tens of per cent compared with the control.

©)

It should be noted that buckwheat productivity is
limited; thus, biopreparations act as stimulants,
with the productivity potential constrained by the
nutrients available in the soil (Oljaca et al., 2012;
Dykyi et al, 2022). Photosynthetic activity in the
post-anthesis period shows a significantly higher
correlation with yield, as biomass is transferred to
the fruits. For this reason, larger biomass usual-
ly leads to higher yield levels (Ehdaie et al., 2008;
Tang et al., 2017). The obtained results for leaf area
index and dry matter accumulation are also con-
sistent with existing knowledge and confirm the
importance of the post-anthesis period, when
optimal conditions for plant productivity must
be ensured (Guglielmini et al, 2019). This un-
derscores that the biostimulating effect of plant
growthpromoting microorganisms is as impor-
tant as supplying plants with nutrients.

CONCLUSIONS

In this study, the influence and interrelationship
between the content of photosynthetic pigments
and the leaf area index (LAI) of buckwheat plants
under pre-sowing seed treatment were identi-
fied. Seed treatment with phosphate-mobilising
and diazotrophic complexes enhanced vegetative
indices and buckwheat productivity. The pigment
content in buckwheat leaves largely depended on
and varied under the influence of the pre-sowing
seed treatment compared with the weather fac-
tor at the BBCH 51 stage. At the BBCH 65 stage, the
varietal factor assumed significant importance in
determining chlorophyll concentration relative
to other studied factors. A variable trend in the
formation of photosynthetic pigments in leaves
was observed. Both preparations significantly in-
creased the content of photosynthetic pigments
during the budding phase (BBCH 51), mainly due
to chlorophyll a, but only phosphatemobilising
complexes were generally effective during the
flowering phase (BBCH 65).
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The leaf area index depended on the devel-
opmental stage of buckwheat and the studied
factors. Seed treatment and weather conditions
produced greater variation in LAI at the BBCH
51 stage than the varietal factor. The pre-sowing
seed treatment factor had no significant effect on
the leaf area index overall. The increase in indices
does not have universal species-level significance,
as the varietal factor influences all parameters.
The application of biopreparations significant-
ly increased the leaf area index and dry biomass
accumulation until mid-flowering. However, the
impact on biomass growth from midflowering to
fruit formation was not statistically significant.

Despite previous studies on the use of bio-
preparations in buckwheat cultivation technolo-
gy, no published results have examined their ef-
fect on chlorophyll content, leaf area index, and
dry biomass accumulation at different growth
and development stages. The present findings
confirm the positive influence of pre-sowing

buckwheat seed treatment on chlorophyll con-
centration, leaf area index, and dry biomass ac-
cumulation. These conclusions are particularly
relevant for improving buckwheat cultivation
technology under organic production systems
using biopreparations. Further research should
assess the impact of microbiological prepara-
tions on the generative development of buck-
wheat, including the formation of floral organs
and subsequent seed yield components.
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DOTOCUHTETUYHA aKTUBHICTb Ta NPOAYKTUBHICTb FPeUYKMn
(Fagopyrum esculentum Moench) 3a gii azotdikcyroumnx
Ta PochaTmMobinisyroumnx 6akrepin

AHoTauifa. OgHUM 3 eDEKTUBHUX CIIOCO6IB MigBUIIEHHA YPOXKAMHOCTI CITBCBKOTOCTIOAAPCHKUX
KyIBTYp € TepennociBHa o06po6rka HaciHHA a3oTdikcyrounMu Ta docdarMobinmisyrounmu
HarTepiamu. CrienudiyHi BIacTUBOCTI GOpPMyBaHHS IIPOLYKTUBHOCTI IPEUYKYU 06MEKYIOTh [NIAHOBY
BpPOXKAMHICTh Ta peasi3allilo COPTOBOIO IIOTEHIliaay, O6YMOBIIIOIYN 3POCTAHHSA BEreTaTUBHUX
TIOKa3HUKIB Ha IIOYATKOBUX eTallax POCTy Ta PO3BUTKY. JJOCHIIJ}KeHHS IIPOBOAWIMCSA Ha TPBOX
copTax Tpeury MpoTtiaroMm 2022-2023 pp. B yMOBax JIicoCTeny YKpaiHU. MeTolo HOCTiIKeHb 6yi10
BCTAHOBUTH BIUIMB 06p06KU HACIHHA IPEYKU Ha BMICT GOTOCMHTETUYHHX ITiIrMEHTIB, HAKOIINYeHHS
6ioMacwy, iHIEKC JIMCTKOBOI TUIOIL B rTeHEPATUBHUM ITEPiof pO3BUTKY Ta BPOXKaIHICTh. BCTAHOBJIEHO
BIUIMB Ha picT 6ioMacu Bif cepenuHY UBITiHHS A0 GOpMyBaHHS TJIOAIB, AKUM 6YB HE3HAUHUM, ajie
BiJI3HAUeHO pi3Hy TeHAeHIiI0 opMyBaHHSI POTOCUHTETUYHUX MIIrMEeHTIB y JUCTI. Biomlpenapatu
3HaYHO IMiABUIIVIA BMIiCT pOTOCUHTETUYHUX ITIrMeHTIB y ¢asi 6yTonisarii (BBCH 51), rooBHUM
YHMHOM 3a PaxyHOK xJiopodiny a, ane y ¢asy ugitinaa (BBCH 65) y 6ibIIOCTi BUMIAAKIE ebeKTUBHI
6yu TiTbKY GpocdaTMOobiTi3yIoui KoMITTeKCH. BCTaHOBIIEHO, 1110 06po6Ka HaCiHHA a30TdikCyrounMy
HaKTepiamu mana 3Mory chopMyBaTH y TpedKH y $as3y YTBOpeHHs IUIOAIB iHIEeKC JINCTKOBOI IUIOMI
5,27-5,48, 1110 OCTOBIpHO BUIlle NTOPiBHAHO 3 KOHTPOJIEM (4,19). [Tpu 11bOMY HaKOIINYEHHS biomacu
B reHepaTUBHUI Mepiol 3MIiHIOBAJIOCh HECYTTEBO 3a BapiaHTiB 06pO6KYU HACIHHSA, aje BUHUKAJIN
Mopdosoriuni 3MiHY, o cripuaay GOpMyBaHHIO GBI BUCOKOIO ITIOKA3HMKA BPOXKAIO, a OTXKE, i
BpOYKAMHOCTI. BCTAHOBJIEHO, III0 IIepeIIociBHa 06po6Ka HaCiHHA CYyTTEBO BIUIMBAE Ha 6ioMeTpuyHi
TIOKa3HUKMU Ta BPOXKAMHICTD, ajle HePiZKO IIPOSBISETbCA COPTOBUM YWHHUK, LIO CBiAUUTD ITPO
TIePCIIeKTUBY ITOAAJBIINX JOCTIIRKeHDb V HaIPSIMi OLiHKY GOpMyBaHHS IeHepaTHBHOIO arapary
TPEYKH ITiJl BIVIMBOM MiKpO6i0JIOTiUHMX MTperapaTis

KniouoBi cnoBa: BMicT xJopodiny, cyxa Maca; JIMCTKOBUN IHZEKC; YKMCTa ITPOAYKTUBHICTB
boToCcuHTe3Y; ypOsKalHICTh
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Effects of phosphorus rich organic manure (PROM)
on growth and yield of soybean in calcareous soil

Abstract. The phosphorus fixation and its availability are a major challenge not only in alkaline or
calcareous soil but also in acidic soil. The stress of nutrient availability from soil is a major challenge
for more phosphorus demanding leguminous crops like soybean. Using organic manure and rock
phosphate in presence of phosphorus solubilising bacteria (PSB) plays a vital role not only by
enhancing phosphorus availability but also by reducing stress of other nutrients too. The purpose
of this study was to evaluate the impact of various phosphorus sources, including organic and
inorganic inputs, on the growth parameters and productivity of soybean cultivated in calcareous
soil conditions. The study found that applying 75% or 100% P,O, through phosphorus rich organic
manure or 100% via vermicompost significantly improved soybean growth, with larger leaves and
plant height at days 28 and 56 after sowing. Phosphorus rich organic manure amendment for 100%
P,0, also resulted in the largest leaf area per plant (1,657.26 cm?), leaf area index (7.37), and total
chlorophyll content (1.23 mg g~%). Additionally, 100% P,0. through phosphorus rich organic manure
led to significantly more pods per plant (46.33), seeds per pod (3.00), and seeds per plant (150.27).
Subsequently, significantly higher grain (25.94 q ha?) and straw (35.16 q ha?) yield of soybean was
achieved with the application of 100% P,O. via phosphorus rich organic manure and which was
followed by incorporation of 75% P,O, via phosphorus rich organic manure or 100% P,O, through
vermicompost. Hence this could be a sustainable way of producing P-rich organic manure to
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improve the growth and yield attributes of soybean. The findings of this study can be beneficial
to soil scientists, agronomist, farmers and agricultural enterprises working involved in legume
production and other phosphorus demanding crops

Keywords: phosphorus organic sources; phosphorus inorganic sources; diammonium phosphate;

single super phosphate; vermicompost

INTRODUCTION

Phosphorus is a major nutrient involved in
energy translocation, root development, and
flower initiation. It is taken up by plants in two
forms - HPO,* and H,PO,. Phosphorus affects
plant metabolic processes like photosynthesis,
translocation, transpiration, and storage of en-
ergy in the form of adenosine triphosphate and
adenosine diphosphate.

Phosphorus (P) availability in Indian soils is
limited, particularly in alkaline and acidic soils,
where P fixation occurs. Only 15-20% of applied
P is used by crops in the first year, with the rest
contributing to the residual P pool (Nakeertha et
al., 2023). Different forms of aluminium, iron,
magnesium, and calcium bind the available P,
which makes it unavailable to plants. P deficien-
cy is most prevalent in soil types that are charac-
terised by high levels of withering, calcareous-
ness, and alkalinity. The economic and ecological
viability of attempts at reclamation through the
utilisation of phosphatic fertilisers is questiona-
ble, considering that the efficiency of these fer-
tilisers when incorporated is remarkably poor.
In highly calcareous soils, phosphorus availabil-
ity is further restricted due to the development
of insoluble calcium phosphate compounds,
which reduce the nutrient’s uptake by plants.
The process of phosphate solubilisation, which
is accompanied by the production of organic
acids and acid phosphatases, is of paramount
importance in the mineralisation of organic
phosphorus in soil. The utilisation of rock phos-
phate, in conjunction with manure and phos-
phate-solubilising bacteria, has been demon-
strated to ensure consistent performance. The
application of these bacteria has been shown to
enhance plant growth-promoting rhizobacteria
(PGPR) activities, thereby strengthening resist-
ance against disease pathogens. Phosphate sol-
ubilising bacteria like Bacillus subtillis and Bacil-
Ius megaterium play a crucial role in solubilising
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the insoluble forms of phosphorus into soluble
or plant available form (Khan et al., 2021). Recent
studies by K. Sadvakassov & Ye. Islamov (2023)
also highlighted the potential of Bacillus subtil-
lis in microbial biotechnology, particularly its
effective growth on alternative microbial sub-
strates, which supports its application in sus-
tainable agriculture.

Phosphorus-rich organic manure (PROM)
offers a sustainable solution for enhancing the
P use efficiency (PUE) in calcareous soils. PROM
is created by enriching compost or farmyard
manure (FYM) with rock phosphate and inoc-
ulating it with phosphate-solubilising micro-
organisms. The gradual mineralisation of or-
ganic P provides a slow-release, plant-available
source of phosphorus. The Ministry of Agricul-
ture (India) approved the use of PROM, recog-
nising its potential to improve soil fertility and
nutrient uptake in challenging soil conditions
(Measures..., 2024). Recent studies suggest that
applying PROM can markedly increase soybean
growth and yield. Application of NPKM (30% ni-
trogen, phosphorus, and potassium + 70% ma-
nure) resulted in greater rice yields, PUE, P up-
take, and overall balance (Hayatu et al., 2023).
M. Ahmad et al. (2022) concluded that addition of
90 kg of P,0; as single super phosphate or 100%
acidulated rock phosphate was found superior
for wheat yield and phosphorus nutrition com-
pared to other mineral sources and control.

PROM is also gaining attention due to its
ability to address P lockout issues in both alka-
line and calcareous soils, making it a promising
approach for improving crop productivity and
soil health. Overall, the use of PROM, integrated
with other nutrient management practices, can
markedly improve phosphorus availability and
soybean yields in highly calcareous soils. An in-
vestigation was performed to assess the growth
and yield of soybean grown in highly calcareous
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with application various sources of phosphorus.
K. Noor et al. (2020) also concluded that the ap-
plication of integrated use of organic manures
resulted in a significant increase in yield com-
ponents and maize yield, attribuTable to the in-
corporation of inorganic phosphorus sources,
such as rock phosphate. The release of phospho-
rus from rock phosphate was found to be greater
in combination with manure.

Therefore, the purpose of the present study
was to explore the comparative effectiveness of
PROM, vermicompost, and inorganic phospho-
rus sources in improving phosphorus availabil-
ity, enhancing plant physiological traits, and in-
creasing the productivity of soybean under the
constraints of highly calcareous soil conditions.

MATERIALS AND METHODS

The experiment was conducted during kha-
rif-2023 on alkaline (pH 8.18) and highly calcar-
eous soil (1247% CaCO,) at the Post Graduate
Research Farm, College of Agriculture, Pune.
The soil, classified as Inceptisol (Vertic Haplus-
tepts family), was medium-deep black, 70-80 cm
deep, and dominated by smectite clay. Initial soil
testing revealed a low organic carbon content
(0.62%), with available nitrogen, phosphorus, and

potassium levels at 113.50 kg ha™, 10.79 kg ha™,
and 536 kg ha™, respectively. The diethylene
tri-amine penta acetic acid (DTPA)-extractable
micronutrients were also measured, showing
118 mg kg™ Fe, 3.08 mg kg™ Mn, 2.28 mg kg™ Zn,
and 2.24 mg kg™ Cu. PROM was prepared by us-
ing partially decomposed compost of soybean
waste at 1,000 kg in high density polyethylene
bags. Subsequently, phosphorus solubilising
bacteria in liquid form at 2 lit t-1 of partially de-
composed compost was thoroughly mixed and
allowed to incubate for 72 hours (Plate-1). Rock
phosphate in powder form (size < 0.5mm) at
250 kg per tonne of partially decomposed com-
post of soybean waste was thoroughly mixed.
Total 5-6 turnings at an interval of 15 days were
carried out and moisture level was maintained
at 40-45%. After 75-80 days, phosphorus rich
organic manure was found ready and repre-
sentative sampling was performed accordingly
to assess nutrient status. Vermicompost was
also prepared by using partially decomposed
compost of soybean straw along with Eisenia
fetida earthworm species in high-density pol-
yethylene polybags. The composite sample of
vermicompost and FYM were analysed for nu-
trient status (Table 1).

Table 1. Proximate analysis of PROM, FYM, and vermicompost
Seq. No. Parameter Unit PROM FYM Vermicompost

1 pH (1: 10) - 7.18 7.49 6.91
2 EC (dSm™) 1.74 1.66 2.12
3 Moisture (%) 24.02 235 25.45
4 Organic Carbon (%) 21.06 22.26 30.79
5 Total N (%) 0.78 0.69 1.48
6 Total P (%) 14.57 0.39 0.79
7 Total K (%) 0.37 0.38 0.81
8 Total Fe (ppm) 10,550 186 388
9 Total Mn (ppm) 600 35.7 65.7
10 Total Zn (ppm) 125 14.8 18.3
11 Total Cu (ppm) 30 4.39 15.2
12 Total Ca % 13.63 - -
13 Total Mg % 0.52 - -
14 Total B (ppm) 30 - -
15 C:N ratio - 24:1 39:1 20:1
16 C:P ratio - 1.44:1 57.07:1 38.97:1

Source: compiled by the authors
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The soybean variety ‘KDS-726’ (Phule San-
gam) was used as the investigated crop for the
experiment. PROM was formulated at the Ver-
micompost Yard, Division of Soil Science, Col-
lege of Agriculture, Pune. The recommended
fertiliser dose (50:75:45 kg ha™ of N, P,0., and
K,0) was applied, except for the control plots.
Phosphorus was provided from various sourc-
es, including PROM and vermicompost as or-
ganic sources, and Diammonium Phosphate
(DAP) and Single Super Phosphate (SSP) as in-
organic sources. Nitrogen and potassium were
supplied through urea and muriate of potash,
respectively. PROM, FYM, and vermicompost
were applied at the time of sowing, and their
proximate analysis was conducted before the
experiment (Table 1).

P-rich organic manure and vermicompost
were analysed for total nitrogen (N) by H,SO,
along with digestion mixture (K,SO,:.CuSO, in
101 ratio) using macro-Kjeldhal method (Her-
lich, 1990), while phosphorus (P), potassium
and other micronutrients were estimated by
digesting 1 g dry manure sample with 10 mL
tri-acid mixture (9:31 HNO,HCIO,: H,SO,) at
180-200°C. The P content in the acid digest was
determined by means of the vanadomolyb-
date-phosphate yellow colour method, utilising
a spectrophotometer. Meanwhile, the K con-
tent was determined by means of a flame pho-
tometer. A randomised block design (RBD) with
analysis of variance (ANOVA) was employed to
assess treatment effects on all studied charac-
teristics (Panse & Sukhatme, 1985). All experi-
mental procedures involving plants were con-
ducted following institutional, national, and
international ethical standards. No endangered
or protected plant species were used in the study
(Statement..., 2025).

RESULTS AND DISCUSSIONS

Effects of various sources and levels

of phosphorus on growth

of soybean in calcareous soil

The findings showed that periodical number
of leaves and plant height (28 and 56 days after
sowing (DAS)) of soybean grown in calcareous
soil were significantly influenced by phospho-
rus application through PROM, vermicompost,
and phosphatic fertilisers (Table 2, Figs. 1-2). The
count of leaves on soybean plants at 28 and 56
DAS, as influenced by phosphorus application via
PROM, vermicompost, and phosphatic fertilisers,
ranged within 4.81-5.80 and 13.58-19.80, respec-
tively. However, the plant height ranged within
14.40-19.80 cm on 28 DAS and 45.87-53.20 cm on
56 DAS. Application of 100% P,0, through PROM
(5.80), 75% P,0. through PROM (5.80), 100% P,O,
though vermicompost (5.60), 100% P,0, through
DAP (547), and 50% P,0, through PROM (5.47)
were found significantly superior over 100% P,O,
through SSP (5.20), RDF (5.13), and control (4.81)
on 28 DAS. Furthermore, these superior treat-
ments were found to be statistically on par with
eachother. Significantly greater number ofleaves
(19.80) on 56 DAS was reported with application
of 100% P,0, through PROM, which was found
to be statistically on par with rest of treatments
except absolute control (13.58). Addition of 100%
P,0. through PROM yielded significantly greater
(19.80 cm) plant height, which was found to be
statistically on par with all the treatments under
study except RDF and control. However, remain-
ing treatments comprising phosphorus appli-
cation either at 50% or 75% or yet 100% through
either PROM, DAP, SSP, or vermicompost yield-
ed statistically on-par results in terms of plant
height of soybean. Analogous findings for plant
height were reported on 56 DAS for soybean.

Table 2. Effects of phosphorus through PROM and phosphatic fertilisers
on morphological features of soybean in calcareous soil

Count of leaves Plant height (cm)
Seq. No. Treatment

28 DAS 56 DAS 28 DAS 56 DAS
1 Absolute Control 4.81 13.58 14.40 45.87
2 RDF (NPK) 5.13 16.20 18.07 46.00
3 50% P,0,: PROM 5.47 18.33 18.87 47.20
4 75% P,0,: PROM 5.80 19.47 19.60 51.00
5 100% P,0,: PROM 5.80 19.80 19.80 53.20
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Table 2, Continued

Count of leaves Plant height (cm)
Seq. No. Treatment

28 DAS 56 DAS 28 DAS 56 DAS

6 100% P,O: DAP 5.47 18.60 19.40 47.93
100% P,0O,: SSP 5.20 17.33 18.40 46.07

100% P,0O,: Vermicompost 5.60 18.93 19.53 48.87

SE+ 0.15 1.01 0.22 1.95

CD at 5% 0.44 3.05 0.67 5.91

Note: SE: Standard error, CD at 5% : Critical difference at 5% significance level, Recommended dose of fertilisers
(RDF), (N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic manure (PROM), Diammonium phosphate
(DAP), Single super phosphate (SSP), Days after sowing (DAS)

Source: compiled by the authors

60 Plant height (cm) 28 DAS
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Figure 1. Plant height
Note: RDFE. Recommended dose of fertilisers (N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic
manure (PROM), Diammonium phosphate (DAP), Single super phosphate (SSP), days after sowing (DAS)

Source: compiled by the authors

As for the interactive effects of phospho-
rus application through PROM and phosphat-
ic fertilisers, data revealed that application of
phosphorus at 75% or 100% through PROM
and vermicompost or DAP yielded prominent-
ly greater number of leaves and plant height in
calcareous soil. This might be explained by the
application of PROM which might have great-
er content of available P,0.. The PSB present in
PROM might have solubilised the unavailable
forms of calcium-fixed phosphate by releasing
organic acid like gluconic, fumaric, succinic,
lactic, and propionic acids, leading to lowering
the pH of the rhizosphere, which directly sol-
ubilised to available form. R. Boje et al. (2024)
revealed that the number of pods plant-1,
filled pods plant-1, nodulation, protein, and
oil content in soybean were greatly improved
when 78 kg P,0, ha' was applied through SSP:
100 kg ha'+PROM: 600 kg ha™. Same treatment
also produced maximum seed yield (22.35 q ha'),

%)

stover yield (30.52 q ha), nutrient content, and
uptake in seed and stover by the crop.
Application of phosphorus through
SSP + PROM and seed inoculation with Asper-
gillus awamori + Pseudomonas striata is a re-
warding approach in maximising crop produc-
tivity (Yadav et al., 2017). R. Singh et al. (2018)
also reported that plant height, number of pri-
mary and secondary branches per plant, and
number of leaves per plant increased signifi-
cantly with increasing level of phosphorus up
to 80 kg ha'+ PSB. Co-application of residual
reactive phosphate rock with Rhizobium and
soluble P-bacteria reported significantly great-
er plant height of soybean on 30 and 90 DAS.
U. Ade et al. (2018) also reported analogous
findings. In addition, the provision of phospho-
rus by PROM is accompanied by the provision
of a substantial quantity of nutrients such as N,
K, Ca, Mg, and some metallic micronutrients.
This results in increased vegetative growth,
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as evidenced by an increase in the number of
leaves and plant height. It could be summa-
rised that application of phosphorus at the rate

100% P,05 :Vermicompost ——
100% P,0s : SSP —

100% P20s : DAP —
100% P,0s: PROM
75% P,0s : PROM

50% P,0s : PROM
RDF (NPK)
Absolute Control E—
0 5

of either 75% or 100% through P-rich organic
manure was found superior for the plant height
and number of leaves.

No. of leaves 56 DAS
M No. of leaves 28 DAS

10 15 20 25

Figure 2. Periodical number of leaves
Note: RDFE. Recommended dose of fertilizers (N - Nitrogen, P - Phosphorus and K - Potassium), P-rich
organic manure (PROM), Diammonium phosphate (DAP), Single super phosphate (SSP)

Source: compiled by the authors

Leaf area plant?,leaf area index

and total chlorophyll

Leaf area plant?, leaf area index and total chlo-
rophyll content in soybean grown in calcareous
soil was influenced significantly by the applica-
tion of P,0, through PROM, vermicompost, and
phosphatic fertilisers. Application of PROM, ver-
micompost, and phosphatic fertilisers to soy-
beanin calcareous soil produced varied leaf area
plant?, leaf area index, and chlorophyll, which
ranged within 1,040.64-1,657.26 cm?, 4.63-7.37,
and 0.98-1.23 mg g of fresh tissue, respective-
ly (Table 3; Figs. 3-4). Significantly greater leaf
area plant® (1,657.26 cm 2), leaf area index (7.37),
and total chlorophyll (1.23 mg g?of fresh tissue)
were reported with the addition of 100% P,O.:
PROM which was followed by 75% P,O,: PROM.
In case of vermicompost application for the sub-
stitution of 100% P,0,reported greater leaf area
plant?(1,497.36 cm?), leaf area index (6.65), and
total chlorophyll (1.12 mg g*of fresh tissue) than
RDF (1,260.52 cm?, 5.60, and 0.99 mg g?of fresh
tissue). Further application of 100% P,O.: DAP

yielded greater leaf area plant? (1,461.96 cm ?),
leaf area index (6.50), and chlorophyll (1.12 mg g*
of freshtissue) than 100% P,0, through SSP.

Maximumleafarea,leafareaindex,andchlo-
rophyll content were reported with P application
through PROM which might be explained by the
fact that P-rich manure not only supplies P but
also a considerable amount of other nutrients
involved in chlorophyll synthesis. K. Boubekri et
al. (2023) reported analogous findings. The study
examined the plant growth-promoting role of
phosphorus-solubilising bacteria and associ-
ated microbes, hypothesising that these might
have synthesised gibberellin, resulting in supe-
rior leaf area and leaf area index. Greater pho-
tosynthetic rates in PROM phosphorus-supplied
treatments are attribuTable to higher nutrient
availability from calcareous soil, which leads to
increased leaf area. P. Lokhande et al. (2023) also
concluded that application of a liquid organic
formation like panchagavya increased chloro-
phyll content due to greater population of pho-
tosynthetic bacteria.

Table 3. Effect of PROM and phosphatic fertilisers on leaf area, Leaf area index (LAI),

and total chlorophyll of soybean in calcareous soil
Leaf area plant* Leaf area Total Chlorophyll
Seq. No. Treatment (cmz’)) index (mg g* of freshptizsue)
1 Absolute Control 1,040.64 4.63 0.92
2 RDF (NPK) 1,260.52 5.60 0.99
3 50% P,0,: PROM 1,437.26 6.39 1.08
4 75% P,0,: PROM 1,624.38 7.22 1.13
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Table 3, Continued

sea:No. Treatmen | Snde | (mggiof esheisue
5 100% P,0,: PROM 1,657.26 7.37 1.23
6 100% P,0,: DAP 1,461.96 6.50 1.12
7 100% P,0,: SSP 1,358.85 6.04 1.01
8 100% P,O;: Vermicompost 1,497.36 6.65 1.12
SE+ 40.76 0.18 0.09
CD at 5% 123.63 0.55 0.27

Note: SE : Standard error, CD at 5% : Critical difference at 5% significance level, RDE. Recommended dose of
fertilisers (N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic manure (PROM), Diammonium
phosphate (DAP), Single super phosphate (SSP)

Source: compiled by the authors
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Figure 3. Leaf area per plant (cm?)
Note: RDFE. Recommended dose of fertilisers (N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic
manure (PROM), Diammonium phosphate (DAP), Single super phosphate (SSP)
Source: compiled by the authors

M Leaf area index Total Chlorophyll (mg g of fresh tissue)

Absolute RDF (NPK)  50% P,0s : 75% P,0s: 100% P,0s:  100% P,0s:  100% P,0s:  100% P,0s:
Control PROM PROM PROM DAP SSP Vermicompost
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Figure 4. Leaf area index and total chlorophyll
Note: RDFE. Recommended dose of fertilisers (N - Nitrogen, P - Phosphorus, and K -Potassium), P-rich organic
manure (PROM), Diammonium phosphate (DAP), Single super phosphate (SSP)
Source: compiled by the authors

The organic acids diffused in soil at the plant available phosphorus in calcareous soil
time of decomposition of organic matter pres- there by higher root exploration in soil resulted
ent in PROM might have reduced P exchange into greater nutrient uptake, as well as great-
sites through chelation and released more er leaf area, leaf area index, and chlorophyll.
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Plant height, chlorophyll, and 100 grain weight
of soybean were significantly impacted by dif-
ferent levels of P,0at 0, 30, 60, and 120 kg ha?
with broadcast and band application (Moreira et
al, 2020). These findings suggest that optimis-
ing phosphorus sources and application meth-
ods can substantially enhance physiological
traits and nutrient uptake efficiency in soybean
cultivated under challenging soil conditions.

Effect of various sources and levels

of phosphorus onyield characteristics

of soybean in calcareous soil

Data presented in Table 4 and Figure 5 pres-
ent significant variation in the number of pods

plant?, seeds pod™, seeds plantof soybean in
calcareous soil as influenced by P,O. applica-
tion through PROM, vermicompost, and phos-
phatic fertilisers. Significantly greater number
of pods plant? (46.33), seeds pod*(3.00), and
seed plant?(150.27) were noticed with applica-
tion of 100% P,0,: PROM which was followed
and statistically on par with 75% P,O.: PROM,
100% P,0, vermicompost, and 50% P,O.: PROM.
Lower number of pod plant”, seeds pod? and
seeds plant?® were observed in control treat-
ment where no fertilisers were added. Yield
characteristics of soybean, particularly in cal-
careous soil, depends on nutrient availability
and soil pH.

Table 4. Effects of PROM and phosphatic fertilisers
onyield characteristics of soybean in calcareous soil

Seq. No. Treatment Pods per plant | Seeds per pod Seeds per plant
1 Absolute Control 27.20 2.80 92.33
2 RDF (NPK) 39.80 2.93 132.40
3 50% P,0,: PROM 41.47 2.93 136.27
4 75% P,0O,: PROM 45.87 3.00 146.73
5 100% P,O,: PROM 46.33 3.00 150.27
6 100% P,0,: DAP 44.20 2.93 144.27
7 100% P,O.: SSP 40.87 2.93 134.73
8 100% P,0.: Vermicompost 45.67 2.93 145.60

SE+ 1.92 0.03 5.66
CD at 5% 5.82 0.11 17.17

Note: SE: Standard error, CD at 5% : Critical difference at 5% significance level, RDF: Recommended dose of fertilisers
(N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic manure (PROM), Diammonium phosphate (DAP),

Single super phosphate (SSP)
Source: compiled by the authors

S. Aritonang & L. Sidauruk (2020) reported
greater number of branches, pods, and weight
of seeds per plant in soybean with vermicom-
post P application treatment. The researchers
further discussed the increased number of pods
in soybeans following P-substituted vermicom-
post treatment. This phenomenon could be at-
tributed to the higher and more available form
of nutrients supplied by organic manure. It can
be hypothesised that the presence of further or-
ganic manure may have resulted in the release
of low-molecular-weight organic acids. This,
in turn, may have led to an enhancement of N
fixation and an increase in N absorption by the
leaves. This may have positively influenced Mg
absorption from the soil. The addition of further
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P-solubilising bacteria to soil through PROM re-
sulted in the enhancement of bacterial popula-
tion. This is likely to have led to a greater release
of plant growth-promoting substances, such as
auxins, gibberellins, and cytokines, which may
have subsequently resulted in a greater number
of pods per plant. These findings are in agree-
ment with the results reported by P. Lokhande et
al. (2023). The researchers also reported en-
hanced leaf area, chlorophyll, and number of
pods with the application of vermicompost
and organic formulations. Further application
of PROM and vermicompost for P substitution
stimulates release of microbial origin organ-
ic acids dominantly gluconic acid resulted into
reduction of soil reaction in rhizosphere which
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leads to more availability of Pand other nutrients
too resulted into more growth and yield con-
tributing characters. A. Bamagoos et al. (2021)
also reported inoculation of calcareous soil with
P-SB (a 1:1 mixture of two Pseudomonas sp.; Ps.
mallei and Ps. cepaceae) significantly exceeded
leguminous compost, humic acid, or even legu-
minous compost+humic acid for the positive re-
sults obtained. P-SB facilitated nutrient solubil-
ity (e.g., N, K, Fe, and Mn), including conversion
of insoluble phosphorous into a form available
in the tested soil due to increased soil enzymat-
ic activities (e.g., phosphatases and phytases).
This mechanism, combined with a decrease in
soil calcium carbonate content and an increase
in cation exchange capacity (CEC) and organic
matter (OM) content, increased the availability
of various nutrients to plants, including P, in the
soil, which contributed to the increased plant
output in case of Phaseolus vulgaris.

Yield characteristics of soybean such as the
number of pods?, number of seeds pod?, and
number of seeds plant? were on par for P,O,
application either with SSP or DAP. However, a

160 B Number of pods per plant
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Absolute RDF (NPK)  50% P,0s: 75% P,0s:
Control PROM PROM

greater count of pods plant?, seeds pod?, and
seeds plant!were observed with P,O.application
through DAP. This could be attributed to a better
fixation of P applied through SSP as compared to
DAP These findings agree with those reported by
A. Jamal et al. (2023). The researchers reported
that most of the applied P fertiliser was found
to be fixed to the surfaces of calcite, thereby be-
coming unavailable in the rhizosphere. Further
abundance of CaCO, along with alkaline pH low-
ers solubility and availability of P in rhizosphere
(Aswitha et al, 2024). Neutralisation of CaCO,
content due to organic acid release resulted into
lowering the pH causes release of available nutri-
ents inrhizosphere. M. Khan et al. (2021) conclud-
ed that combined application of rock phosphate,
poultry manure, and Bacillus Spp. MN-54 showed
most effective for increasing shoot and root
length to the tune of 37.5% and 42.6% in chickpea.
The researchers explained that incorporation of
manure along with Bacillus Spp. MN-54 helped
to improve nutritional status and availability of
nutrients by supplying macro and micronutri-
ents leads to greater number of pods in chickpea.

Number of seeds per plant

100% P,0s: 100% P,0s: 100% P,0s: 100% P,0s:
PROM DAP SSP Vermicompost

Figure 5. Soybean yield characteristics
Note: RDE Recommended dose of fertilisers (N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic
manure (PROM), Diammonium phosphate (DAP), Single super phosphate (SSP)

Source: compiled by the authors

Effect of various sources and levels

of phosphorus on grain and straw

yield of soybean in calcareous soil

Grain and straw yield of soybean grown on high-
ly calcareous soil, as influenced by levels of P,0,
incorporation through PROM, vermicompost,
SSP, and DAP, were noted at the harvest stage
of soybean. Application of P,O. through vari-
ous organic and inorganic sources significantly

«)

influenced grain and straw yield of soybean (Ta-
ble 5; Fig. 6). Data indicated that grain yield of
soybean ranged within 19.38-25.94 q ha'while
straw yield - within 26.33-35.16 q ha? in vari-
ous treatments of phosphorus application. Sig-
nificantly greater grain (25.94 q ha?) and straw
(35.16 g ha?) yield of soybean was observed with
100% P,O, application through PROM and this
treatment was followed by and statistically on
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par with 75% P,0. (25.00 and 32.66 q ha?), 100%
P,0. vermicompost (24.69 and 32.00 q ha”) and
100% P,0, through DAP (24.38 and 31.66 q ha™).
Use of either 75% or 100% P,O, through PROM

and 100% P,O, through vermicompost resulted
in almost 27-33% increase over control while
17% over RDF for grain yield of soybean grown in
highly calcareous soil.

Table 5. Effect of PROM and phosphatic fertilisers
on grain and straw yield of soybean in calcareous soil

Yield (q ha?)
Sr. No. Treatment "

Grain Straw
1 Absolute Control 19.38 26.33
2 RDF (NPK) 22.13 26.91
3 50% P,0,: PROM 23.75 28.25
4 75% P,0.: PROM 25.00 32.66
5 100% P,O,: PROM 25.94 35.16
6 100% P,O,: DAP 24.38 31.66
7 100% P,O,: SSP 22.44 27.83
8 100% P,0O,: Vermicompost 24.69 32.00

SE+ 0.69 1.06
CD at 5% 2.01 3.22

Note: SE: Standard error, CD at 5% : Critical difference at 5% significance level, RDF: Recommended dose of fertilisers
(N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic manure (PROM), Diammonium phosphate (DAP),

Single super phosphate (SSP)
Source: compiled by the authors

The presence of calcium carbonate (CaCO,)
in soil, when the pH is alkaline, can restrict the
availability of phosphorus, iron, zinc, and potas-
sium. Subsequently, the added phosphatic fer-
tiliser is rapidly transformed into an unavailable
form, which has the effect of reducing the plant’s
usable form of P in the rhizosphere. Phospho-
rus-enriched compost incorporated for soybean
in highly calcareous soil produced higher yield
which might be attributed to a greater availability
of P and other nutrients in soil. Among inorgan-
ic fertilisers, 100% P,O, through SSP application
produced lower yield (2244 q ha?) than that of
DAP (24.38 g ha?). Single super phosphate is a cal-
cium phosphate that is applied in soil with a high
calcium carbonate content and an alkaline pH.
This may result in the restriction of solubilisation
of phosphorus, which is rapidly converted into in-
soluble complexes of tricalcium phosphate.

The organic acids like fumaric, succinic,
formic, propionic, gluconic, etc., released un-
der the application of PROM via phosphate sol-
ubilising bacteria and decomposition of organic
manure, resulted in lowering the soil pH near
rhizosphere, leading to the conversion of insol-
uble phosphorus into soluble form. In addition,
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these phenomena have been demonstrated to
accelerate mineralisation rates, not only for P,
but also for micronutrients. The further plant
growth-promoting effect of PSB (Bacillus me-
gaterium and Bacillus thuringiensis) and other
microorganisms present in the PROM might
have played a role in higher microbial-orient-
ed nutrient availability. This, in turn, could have
resulted in increased nutrient uptake, higher
photosynthetic rate and higher chlorophyll syn-
thesis, which could have led to an increase in
yield. P. Bagade et al. (2025) also reported analo-
gous findings. The utilisation of organic manure,
which is abundant in phosphorus, has been
demonstrated to have a substantial impact on
the soil's biological condition, owing to its role as
a nutrient source for microbes. This increase in
microbial population consequently stimulates
heightened levels of biological activity within
the rhizosphere. In conjunction with organ-
ic components such as fluvic and humic acid,
these microbes may have retained nutrients
through a process of chelation, thereby enhanc-
ing nutrient availability to plants. This approach
contrasts with the conventional methods of
leaching, fixation, and precipitation of nutrients.
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Application of either 75% or 100% P,O,
through PROM and 100% P,0. via vermicompost
improved leaf area, chlorophyll, yield, and yield
characteristics, which might be attributed to
greater solubility of calcium-fixed phosphorus
by PSB. Subsequent addition of manure might
have enhanced release of organic acids during
decomposition, lowering therhizosphere pHand
increasing solubilisation of fixed and precipitat-
ed P in calcareous soil. The experiment yielded
results that lend further credence to the hypoth-
esisthatthe suppression of pH changes can exert
asubstantial influence onthe physical, chemical,
and biological characteristics of soil, thereby en-
gendering conditions conducive to optimal root
growth and enhanced access to the soil. This can
engender an increase in the yield of soybeans.

0 Absolute RDF (NPK)  50% P,0s: 75% P,0s:
Control PROM PROM
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P applied via SSP may not have been avail-
able to plants due to its alkaline calcareous na-
ture, resulting in smaller yield compared to
PROM and vermicompost. P application through
SSP might have increased the Ca content in cal-
careous soil that might have enhanced CaCO,
and alkalinisation, resulting in less microbial
activity, subsequently leading to poor nutrient
availability. Furthermore, PROM and vermi-
compost not only supplied P, but also provides
significant amount of other essential nutrients
contributing to improvement in growth and
yield features resulted into higheryield. PSB and
beneficial microflora added via PROM and ver-
micompost might have secreted plant growth
promoting constituents leads to positive growth
over SSP and DAP application.

| Yield (g hat) Grain Yield (g ha?) Straw

100% P,0s:  100% P,0s:  100% P,0s:  100% P,0s:
PROM DAP SSP Vermicompost

Figure 6. Grain and straw yield of soybean
Note: RDE Recommended dose of fertilisers (N - Nitrogen, P - Phosphorus, and K - Potassium), P-rich organic
manure (PROM), Diammonium phosphate (DAP), Single super phosphate (SSP)

Source: compiled by the authors

It was hypothesised that the application of P,
derived from organic matter, has enhanced the
quality of the soil. This improvement has been
demonstrated by an increase in soil porosity and
water-holding capacity, alongside a reduction in
soil pH. The impact of this enhanced soil quality
has been shown to result in a decrease in nutri-
ent fixation, an increase in microbial population
and activity, and an enhancement in enzyme
synthesis. These changes have collectively led to
a higher availability of nutrients. The outcome of
this experiment is in agreement with the findings
reported by K. Khan et al. (2023). Results of the
present study are also uniform with K. Aswitha et
al. (2024). The researchers found that among
many P-activators like FYM, SSP and DAP, vermi-
compost and P rich organic manure were found
to be the best P-activators in calcareous soil. Hus-
nain et al. (2021) also concluded that the residual
effect of reactive rock phosphate in combination

o)

with Rhizobium and P solubilising bacteria re-
sulted in a reported increase in soybean yield of
40.9% in the absence of reactive rock phosphate
and microbes. T. Dev et al. (2020) reported that
the efficiency of rock phosphate as a source of
phosphorus for crop production is enhanced
by increased solubility due to the application of
farmyard manure (FYM) and phosphate-solu-
bilising bacteria (PSB). The researchers further
concluded that the combined application of
phosphate-solubilising bacteria (PSB) and farm-
yard manure (FYM) enhanced the mineralisa-
tion of organic phosphorus, thereby increasing
soil phosphorus availability, promoting plant
growth, and improving the dry matter yield of
soybean. P. Lokhande et al. (2023) also conclud-
ed that addition of 30:60:30 kg ha' N, P,0O,, and
K,0 to soybean in combination with Beejamruth
seed treatment, Jeevaamrut (soil application at
500 Lha’on 30 and 45 DAS) and two foliar sprays
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of panchyagavya at 3% reported significantly
greater leaf area, chlorophyl], yield characteris-
tics, and yield amount itself. The combined ap-
plication of rhizobia inoculant, P-fertiliser, and
organic manure increased grain yield fourfold,
whereas the combined application of rhizobia
inoculant, P-fertiliser, and cattle manure in-
creased grain yield threefold. Harvest index,
phosphorus agronomic efficiency, and rainwa-
ter use efficiency were relatively greater with
the manure (prepared from poultry manure,
rice husks, and urban waste) treatment combi-
nations than with solely cattle-based manure
combinations and the control treatment. The
application of rhizobia inoculant, P-fertiliser in
combination with manure (poultry manure, ur-
ban waste, and rice husks) was profiTable with
value-costratioof2ascompared tothe combina-
tion of cattle manure which had a value cost ratio
of 0.40. The findings revealed that manure offers
a better option of improving soybean response
to rhizobia inoculant and P-fertiliser and can
enhance rainwater use efficiency. However, the
long-term benefit must be quantified (Ulzen et
al., 2020). In summary, numerous studies con-
firmed that the combined application of organic
manure, phosphorus fertilisers, and microor-
ganisms such as phosphate-solubilising bacte-
ria and inoculants markedly enhances phospho-
rus availability in calcareous soils, improves soil
physicochemical properties, boosts plant pro-
ductivity, and increases soybean yield. This inte-
grated approach shows promise for sustainable
agriculture and improving resource use efficien-
cy under challenging agroecological conditions.

CONCLUSIONS

In conclusion, the study showed that phospho-
rus application through PROM, vermicompost,
and phosphatic fertilisers significantly influ-
enced soybean growth in calcareous soil. Ap-
plication of 100% P,O, through PROM and ver-
micompost, as well as 75% P,0, through PROM,
resulted in superior plant height, chlorophyll
and leaf count. The presence of PSB in PROM
may have contributed to solubilising unavaila-
ble forms of calcium-fixed phosphate, influenc-
ing plant growth. These findings highlighted the
potential of phosphorus application to improve
soybean growth through PROM to improve

Plant and Soil Science (16)3

soybean growth and yield. Furthermore, appli-
cation of P,0. through PROM, vermicompost,
and phosphatic fertilisers significantly influ-
enced leaf area plant™, leaf area index, and total
chlorophyll content in soybean. The highest val-
ues of leaf area plant, leaf area index, and total
chlorophyll were reported with the addition of
100% P,0, through PROM. Notably, the applica-
tion of 100% P,0O, through phosphorus-rich or-
ganic manure resulted in a significantly greater
number of pods plant?(46.33), seeds pod*(3.00),
and seed plant? (150.27), followed by 75% P,0.
via PROM, 100% P,O. vermicompost, and 50%
P,0,: PROM treatments. Furthermore, the study
supported the hypothesis that the application
of PROM and vermicompost creates favourable
conditions for root growth, leading to a greater
yield of soybean in alkaline calcareous soil, as
evidenced by the improved grain and straw yield,
better availability of nutrients, improved soil pH,
and enhanced microbial population and activ-
ity. The study demonstrated that phosphorus
application through PROM and vermicompost
significantly improved the grain and straw yield
of soybean in highly calcareous soil. The use of
organic matter-based P application resulted in
greater availability of nutrients, improved soil
pH, and enhanced microbial population and
activity, and positive growth over inorganic fer-
tiliser application. This rock phosphate-based
organic manure further needs to be assessed
in various types of soils and crops to maintain
and improve soil health and quality. The findings
of the presented study can be used to produce
P-rich organic base manure which will maintain
soil sustainability. This approach warrants fur-
ther investigation across diverse soil types, cli-
matic conditions, and crop species to validate its
broader applicability and long-term impact on
soil health and productivity.
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BnnauneB pochopoBMicHOro opraHiuHoro go6pusa (PROM)
Ha PiCT i BPOXXaMHICTb COi HA KAP6OHATHUX IPYHTaX

AHoTauia. ®ircailia docdopy Ta HOro AOCTYITHICTD € CEPHUO3HOK IPO6JIEMOI Ha JIYKHHUX
i RapboHaTHUX IpyHTaX. O6MeXeHa NOCTYIIHICTb ITOXUBHUX DEUYOBHH y IPYHTI € 3HAYHUM
BUKJIMKOM g docdoposanerxHux 6060BUX KYNbTYp, TaKUX AK cod. [1poTe BUKOPUCTAHHSA
opraHiuHoro mobpuea Ta ¢ocdopuTy 3a yuacTi docdar-posunHIOBaIbHUX 6GarTepiin (PSB)
Biflirpae BaskJIMBY pOJib He JHIe Yy MiABUIIEeHHI BMicTy docdopy, a 1 y 3HIIKEHHI CTpecy.
MeTo10 HOCTiIReHHS 6y/I0 OLiHUTH BIUIUB pi3HUX Ikepen docdopy, BRIOUAIOYN OpTraHiuHi Ta
HeopraHiuHi 7o6puBa, Ha IapaMeTpPU POCTY Ta MPOAYKTUBHICTH COi, 10 BUPOIIYETHCSI B YMOBaX
BaITHSIHOTO I'PYHTY. JOCIiIKeHHA [T0Ka3aJl1o, 1[0 3aCTOCyBaHH:A 75 a60 100 % P,Os uepe3s PROM a6o
100 % yepe3 BepMUKOMIIOCT 3HAYHO IIOKPAIIYBaJIO PiCT COi, 30KpeMa 36iIblIyBasacs KilbKicTb
JIUCTKIB i BMCOTa poCIvH Ha 28-11 Ta 56-11 IeHb micis ciBbu. BukopuctanHsa PROM 3 100 % P,0s
IlaJI0 HAWBUIL TOKA3HUKY JIMCTKOBOI IoBepxHi (1657,26 cM?), iHAEKCY IMCTKOBOI roBepxHi (7,37)
Ta 3araJIbHOro BMicTy xstopodiny (1,23 mr r™!). Kpim Toro, 3actocyBarusa 100 % P,0s uepes PROM
MIpU3BEJIO 0 3HAYHOTO 36i/bIIeHHA KiJIBKOCTI CTPYYKIB Ha pociuHi (46,33), HaCIHUH y CTPY4YKy
(3,00) Ta HaciuuH Ha pociuHi (150,27). TaKOK 3HAYHO BUIIY BPOKAMHICTH 3epHa (25,94 11/ra) Ta
conomu (35,16 11/ra) coi 3abe3neunsio BHeceHHS 100 % P,0s yepe3 PROM, 3a IKUM iIl1JI0 BHECEHHS
75 % uepe3 PROM abo 100 % uepe3 BepMHUKOMIIOCT. OTKe, BUPO6HUIITBO $0ocdOpOBMiCHOTO
OpraHiyHOro fo6puBa MOXKe 6YTH CTaJIUM IIiIX00M IS MiLBUIIEHHS POCTY Ta BPOJKAMHOCTI COi.
Pe3ybTaTy LOCTiIKEHHSI MOKYThb 6YTH BUKOPUCTaHi arpoHoMaMu, GaxiBIAMU 3 I'PYHTO3HABCTBA
Ta arpoximii, a TakoXX pepMepaMu i CiTbCBROIOCIIOAAPCHKUMY MiATIPUEMCTBAMY, AKi ITPAITIOIOTh
i3 xapboHaTHUMU (Ka/bI[iEBUMH) IPYHTAMU Ui IiABUINEHHA ebeKTUBHOCTI BHKOPHUCTAHHSA
dochopHUx mO6PHUB i MOKpalIeHHS BPOKAMHOCTI COi

KniouoBi cnoBa: opraHiuHi mrepena pochopy; HeopraHiuHi Irepena pocdopy; ziamoHitidpocdar;
ripoctuii cyniepdocdar; 6iorymyc
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The impact of primary tillage
and soil herbicides on sunflower productivity
in the right-bank forest-steppe zone of Ukraine

Abstract. Sunflower is one of Ukraine’s most important oil crops, which is of great economic
importance due to the export of sunflower oil. The growth in sunflower sowing areas is due to high
profitability and market demand. At the same time, sunflower cultivation technology is complex,
and production efficiency depends on many factors, including primary tillage and herbicide
protection systems. The aim of the study was to investigate the effect of different options for
primary soil cultivation and herbicide protection on the yield and quality of sunflower seeds in the
conditions of the right-bank forest-steppe of Ukraine. The research was conducted in 2022-2024
on typical low-humus chernozem at the private enterprise “Shans” (Cherkasy region). Ploughing
and non-ploughing soil cultivation were used, as well as various herbicide protection options,
including manual weeding. The main indicators were yield, basket diameter, weight of 1,000 seeds
and seed quality. It was found that the use of effective herbicide schemes and mouldboard tillage
significantly increased sunflower yield (up to 4.1 t/ha) compared to the control. Weeds significantly
reduced crop yield (by 0.4-11 t/ha), reducing yield parameters and seed quality. Manual weeding
provided a high level of control, but was labor-intensive and economically inefficient. The best
results were obtained with the use of Primextra TZ Gold (4.5 1/ha) and Challenge (5.0 1/ha) herbicides
in combination with mouldboard tillage. It was found that combining mouldboard tillage with an
optimally selected herbicide protection scheme resulted in better indicators of basket diameter,
seed weight per basket, and weight of 1,000 seeds. The results demonstrated the importance
of integrating soil cultivation and chemical protection techniques to increase sunflower crop
productivity. The results of the study can be used to optimise sunflower cultivation technologies in
the region and increase production efficiency

Keywords: crop structure; weeds; yield; mouldboard tillage; non-mouldboard tillage; Challenge;
Primextra TZ Gold
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INTRODUCTION

Sunflower is one of the strategically important
crops for agricultural production in Ukraine,
as it provides the majority of oil production
for domestic and export markets. With grow-
ing global demand for oilseed products, par-
ticularly vegetable oil, it is important not only
to expand sunflower cultivation areas, but also
to increase its yield and stability of productiv-
ity in modern climatic conditions. To achieve
these goals, it is necessary to improve cultiva-
tion technologies, in particular those elements
that most significantly affect the growth, devel-
opment and formation of the crop structure. In
particular, it is especially important to optimise
the system of primary soil cultivation in com-
bination with effective herbicide protection of
crops, which allows for more efficient use of
moisture, reduces weed load and ensures fa-
vourable conditions for the development of
cultivated plants. In this regard, there is a need
for scientific justification of adaptive elements
of sunflower cultivation technology that would
meet modern requirements for resource con-
servation and environmental safety.

In recent years, scientific works have paid
considerable attention to studying the impact
of basic soil cultivation measures on the agro-
physical properties, soil fertility and yield for-
mation of field crops. Authors H. Pinkovskyj &
S.Tanchyk (2020) studied the impact of depth and
method of cultivation on sunflower productivity
and noted that under forest-steppe conditions,
reducing the depth of cultivation with the correct
selection of aggregates does not reduce crop yield
but contributes to improving the water regime
of the soil. In turn, Y. Gadzalo et al. (2022) em-
phasised that sunflower yield depends to a large
extent not only on the hybrid and weather con-
ditions, but also on the effectiveness of each tech-
nological element - tillage, sowing, weed control
and nutrition. V. Gurtovenko § O. Tsyuk (2023)
found in their research that the choice of the
main soil cultivation system significantly affects
the density, moisture capacity and temperature
regime of the arable layer, which is directly relat-
ed to the initial growth rates of sunflowers and
overall crop formation. At the same time, authors
E. Achankeng § W. Cornelis (2023) drew attention
to the potential risks of excessive intensification:

)

the unjustified use of deep tillage or its complete
avoidance (no-till) can worsen germination con-
ditions and increase weed infestation of crops.

The problem of weeds remains relevant
in modern intensive agriculture. Y. Joshan et
al. (2019) noted that the presence of weeds in
sunflower crops significantly reduces yield -
during the active growing season, they compete
with the crop for moisture, nutrients and light,
and also complicate mechanised harvesting.
That is why herbicide protection, especially un-
der conditions of simplified or minimal tillage,
must be adaptive and differentiated. In the mod-
ern conditions of climate change, when there is
an increase in the average annual temperature
and a decrease in the amount of effective pre-
cipitation during the growing season, adaptive
farming systems are of particular importance.
According to research by A. Molla et al. (2022),
the use of minimum tillage in combination with
agronomic measures to conserve moisture con-
tributes to the increased efficiency of sunflower
cultivation in crop rotation systems. They found
that even under conditions of reduced water
supply, conservation agriculture ensures sta-
ble crop formation. Similar conclusions were
reached by A. Sher et al. (2021), who pointed
out that preserving soil structure when using
surface or zero tillage reduces evaporation and
improves conditions for the action of soil her-
bicides. Thus, studying the interaction between
the main tillage system and herbicide protection
in sunflower cultivation allows to justify effec-
tive adaptive technologies for the conditions of
the Right-Bank Forest-Steppe of Ukraine. Scien-
tific research shows that sunflower yield is in-
fluenced by a complex of technological factors,
among which the main tillage system, agro-
chemical support and herbicide protection are
of particular importance.

In the course of modern field studies in
Ukraine, considerable attention is paid to the
impact of basic soil cultivation methods on
moisture retention and sunflower productivi-
ty. A study by Z. Pacanoski § A. Mehmeti (2021)
found that different tillage methods significant-
ly determine crop yield and energy efficiency.
In particular, minimum and partial tillage help
reduce energy and water consumption without
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a noticeable decrease in yield compared to tra-
ditional ploughing. Thus, after maize, the yield
of sunflower with traditional tillage was 2.78 t/ha,
while with shallow tillage it was 2.65 t/ha. A
similar pattern was observed after soybeans,
although this predecessor had a generally neg-
ative effect on the yield. Thus, with mouldboard
tillage, the yield reached 2.56 t/ha, and with shal-
low tillage, only 2.41 t/ha. In addition, the tillage
method also affected the quality characteristics
of the seeds: with shallow tillage, the oil content
decreased by 2.4-3.6% compared to plowing.
Research by Y. Havrylyuk & N. Matsai (2019)
showed that both the quantity and species com-
position of weeds affect sunflower yield. In the
complete absence of weeds, the sunflower yield
was 2.5 t/ha, and in the presence of 25 weeds/m?,
the yield decreased to 2.19 t/ha. With 50 weeds
per m?, the yield was even lower - 174 tonnes.
The work of Z. Degtyareva & S. Kudrya (2023)
analysed the agroecological aspects of herbicide
protection of sunflowers depending on weather
conditions in the forest-steppe zone of Ukraine.
The authors note that the effectiveness of soil
herbicides largely depended on the amount of
precipitation in the post-emergence period:
under drought conditions, the effectiveness
decreased to 40-60%, while in the presence of

moisture, it reached 85-90%. In addition, the
use of combined protection schemes with the
use of insurance herbicides ensured a stable re-
duction in weed infestation and an increase in
yield regardless of weather conditions.

The aim of the study was to assess the im-
pact of different systems of primary soil tillage
and herbicide protection on the elements of
yield structure and sunflower productivity in the
conditions of the forest-steppe zone of Ukraine.

MATERIALS AND METHODS

Theresearchwascarried outduring2022-2024in
the right-bank forest-steppe zone at the private
enterprise “Shans” in Cherkasy region (Ukraine).
The soil cover of the experimental site was typ-
ical low-humus chernozem. According to soil
analysis, the 0-30 cm layer contained: humus -
2.1-2.3%,; easily hydrolysable nitrogen - 10.3-
11.5 mg/kg; available phosphorus - 1531-160.3
mg/kg; available potassium - 130-140 mg/kg;
PH 6.7-6.8. The preceding crop was maize for
grain. The hybrid grown in the NK Kondi studies
is characterised by traditional cultivation tech-
nology. It should be noted that only soil herbi-
cides were used in this chemical protection ex-
periment; no other treatments were carried out.
The experiment design is shown in Table 1.

Table 1. Field experiment scheme

Variant | Primary soil tillage,

Scheme of soil-applied weed control (Factor B)

No. cm (Factor A)
1 Without herbicides (control)
2 Manual weeding
3 Primextra TZ Gold (312.5 g/I s-metolachlor, 187.5 g/| terbuthylazine) — 4.5 |/ha (Etalon)
4 Racer (fluorochloridone, 250 g/1) — 3.0 I/ha
5 Prometrex (prometryn, 500 g/I) — 3.0 I/ha
6 Mouldboard tillage Challenge (aclonifen, 600 g/I) — 5.0 I/ha
7 at 25-27 cm Prometrex 1.5 |/ha + Racer 1.5 I/ha
8 Challenge 2.5 I/ha + Prometrex 1.5 |/ha
9 Challenge 2.5 I/ha + Racer 1.5 I/ha
10 Challenge 2.5 I/ha + Aspect Pro (terbuthylazine, 333 g/I + diflufenican, 200 g/I) — 2.0 I/ha
11 Prometrex 1.5 I/ha + Aspect Pro— 2.0 I/ha
12 Racer 1.5 |/ha + Aspect Pro—2.0 I/ha
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Table 1, Continued

Va’::int Prlr:;r(y;::':::l‘;a;ge, Scheme of soil-applied weed control (Factor B)
1 Without herbicides (control)
2 Manual weeding
3 Primextra TZ Gold (312.5 g/I s-metolachlor, 187.5 g/| terbuthylazine) — 4.5 |/ha (Etalon)
4 Racer (fluorochloridone, 250 g/1) — 3.0 I/ha
5 Prometrex (prometryn, 500 g/I) — 3.0 I/ha
6 Non-mouldboard Challenge (aclonifen, 600 g/I) — 5.0 I/ha
7 tillage at 25-27 cm Prometrex 1.5 I/ha + Racer 1.5 I/ha
8 Challenge 2.5 I/ha + Prometrex 1.5 |/ha
9 Challenge 2.5 I/ha + Racer 1.5 I/ha
10 Challenge 2.5 I/ha + Aspect Pro (terbuthylazine, 333 g/I + diflufenican, 200 g/I) — 2.0 I/ha
11 Prometrex 1.5 |/ha + Aspect Pro—2.0 I/ha
12 Racer 1.5 I/ha + Aspect Pro — 2.0 |/ha

Source: developed by the author

The following materials and methods were
used during the research: field experiment, lab-
oratory analysis, data processing and summari-
sation. The total area of the experiment, includ-
ing the protective strip, was 0.18 hectares. The
area of the sowing plot was 18 m? (3m*6m), and
the accounting plot was 10 m? (2m*5m) with four
repetitions. The placement of variants was ran-
domised. Under the gradation of factor A, the
influence of basic soil cultivation on sunflower
yield was located. Mouldboard tillage was per-
formed using a PLN-3-35 unit (Ukraine), which
was characterised by ploughing at a depth of 25-
27 cm. Non-mouldboard tillage was performed
using an AGR-17 chisel unit (Ukraine) at a depth
of 25-27 cm. Under gradation B, there are various
options for soil herbicides, as well as a control
(without the use of any weed control) and options
with manual weeding. The study included a com-
prehensive agronomic analysis, which included
measuring sunflower yield, 1,000-seed weight,
andyield structure. The weight 0f 1,000 seeds was
determined by weighing replicated seed samples
selected from each treatment. To assess the yield
structure, the ratio of the main components of
the yield was analysed: seeds, husks and waste.

Statistical data processing was performed
using analysis of variance (ANOVA) with the cal-
culation of the least significant difference (LSD)
at a significance level of 0.05, which allowed de-
termining the reliability of differences between
the mean values of the indicators. During the

7)

years of research, uneven precipitation distribu-
tion and significantly extreme air temperature
increases were observed, which had a negative
impact on sunflower yield. At the same time,
weather conditions in the research years made
it possible to study their impact on the effective-
ness of the factors under study. During the years
of research, the start of the growing season var-
ied, which affected the timing of sunflower sow-
ing. Thus, in 2022, it took place on 1 May,in 2023 -
on11May,and in 2024 - on 11 April. During the 30
days after sowing sunflowers in 2022, 27 mm of
precipitation fell, and in 2023, 17 mm. The spring
of 2024 was wet with heavy rains: 55 mm of pre-
cipitation fell during the 30 days after sowing.

The study was conducted in accordance
with the ethical standards of the Convention on
Biological Diversity (1992) and the Convention
on the Trade in Endangered Species of Wild Fau-
na and Flora (1976).

RESULTS AND DISCUSSION

Yield indicators and seed quality character-
istics are important when studying the effec-
tiveness of herbicide protection of crops, since
both quantitative and qualitative parameters of
the harvest largely depend on the level of weed
control. It should be noted that mechanical
methods of weed control do not always ensure
their complete destruction, which reduces the
overall effectiveness of this approach. Despite
its relative effectiveness, manual weeding is
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labour-intensive, which makes it economically
unfeasible in modern agricultural production
(Mazur & Matusevych, 2023). Sunflower yields

4.5
4
3.

t/ha

N U n;

2.

12 3 45 6 7 8 9 1011 12

Mouldboard tillage at 25-27 cm

varied throughout the years studied, which can
be explained by different climatic weather con-
ditions (Fig. 1).

12 3 4 5 6 7 8 9 1011 12
Non-mouldboard tillage at 25-27 cm

Figure 1. Sunflower yield depending on primary tillage options and weed protection,
average for 2022-2024, t/ha, PE “Shans”

Source: developed by the author

In the experiment, the resource provision for
sunflower seed yield was calculated at 3.5 t/ha.
The manual weeding option provided a yield
of 4.0 t/ha with mouldboard tillage and 3.8 t/ha
without mouldboard tillage. The yield increase
compared to the control variant was 0.9 t/ha. At
the same time, despite its high efficiency, this
method is too labour-intensive for use on large
areas. The maximum average yield within the
experiment reached 4.1 t/ha. This result was ob-
tained both with the use of individual prepara-
tions and in tank mixture variants. Among indi-
vidual herbicides, the highest yield was achieved
with Primextra TZ Gold at a rate of 4.5 l/ha and
Challenge at a dose of 5 I/ha. Among tank mix-
tures, the best result was observed with the
combined use of Challenge (2.5 1/ha) and Racer
(15 1/ha). Other products demonstrated yields
within the range of 3.0-3.9 t/ha, which is statis-
tically significantly lower than the reference
option (LSDo.s = 0.41 t/ha). Most tank mixtures
with yields of 3.5-4.0 t/ha were also inferior in
terms of yield and weed control efficacy com-
pared to the most effective treatment schemes.
Similar dependencies were confirmed by the
results of other studies. L. Peleh & O. Onufrii-
chuk (2024) found that the effectiveness of soil
herbicides is largely determined by the type
of primary tillage, the moisture content of the
seedbed, and the uniformity of application; in
case of precipitation deficit after application,
the effectiveness decreased by 30-40% regard-
less of the dose, especially in no-till systems.
Similarly, D. Chuyko et al. (2021) noted that under
conditions of minimum tillage, it is advisable to
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combine mechanical and chemical methods to
increase the effectiveness of weed control.
Similar results were obtained by M. Hus-
sain et al. (2018), who emphasised that the use
of herbicides in combination with optimal agro-
nomic measures reduces competitive pressure
from weeds and increases sunflower yield by 15-
20%. In studies, the increase in yield when us-
ing the most effective herbicides exceeded this
figure, which indicates the high efficiency of the
applied preparations and the compliance of agri-
cultural technology with modern requirements.
Authors A. Babenko (2017) and N. Meena et
al. (2019) focused on the impact of weather con-
ditions on the effectiveness of herbicide protec-
tion, in particular the role of precipitation dur-
ing the treatment period. The data confirm this
dependence and also show that the use of tank
mixtures of herbicides contributes to a more
stable action of the preparations under differ-
ent climatic conditions. V. Borysenko (2024) and
V. Kozechko § O. Ivanchenko (2025) noted the
limitations of mechanical methods of weed con-
trol due to their labour intensity and incomplete
effectiveness, which is consistent with the con-
clusions of the study. The combination of me-
chanical and chemical measures increases the
overall effectiveness of the protection system.
It has been established that the use of dif-
ferent options for primary soil cultivation and
herbicide protection systems significantly in-
fluenced the formation of sunflower yield com-
ponents. This dependence is explained by a re-
duction in competitive pressure from weeds as
a result of the effective action of soil herbicides,
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which contributed to improved conditions for
the growth and development of cultivated plants
and increased their productivity. Thus, the di-
ameter of the basket in the control variant was
14 cm, whichis18-34% less than in other variants
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Mouldboard tillage at 25-27 cm

Seed weight per head, g

of the experiment. In the variants with the use of
the reference herbicide and manual weeding,
the largest baskets were formed, with a diame-
ter of 18 cm, which is a significant increase com-
pared to the control indicators (Fig. 2).

M 1,000-seed weight, pcs

2 3 4 5 6 7 8 9 10 11 12
Non-mouldboard tillage at 25-27 cm

Figure 2. Sunflower yield components depending
on the herbicide protection system for the crops, average for 2022-2024, at PE “Shans”

Source: developed by the author

A similar relationship can be observed with
regard to the weight of seeds from a single bas-
ket: the larger the diameter of the basket, the
higher the weight of the seeds, which indicates
the direct impact of herbicide protection on the
structural elements of the crop. The experimen-
tal variants significantly exceeded the control
indicator in terms of the weight of 1,000 seeds:
manual weeding provided an increase of 13.7%,
and treatment with the herbicide Challenge at
a rate of 5.0 l/ha provided an increase of 13.8%.
Other variants showed a tendency to exceed the
control by 1-3%.

It is important to note that the structure of
the yield - basket diameter, weight of seeds from
one basket, weight of 1,000 seeds - are informa-
tive indicators of yield quality that closely corre-
late with the level of weed control. Similar con-
clusions were made by V. Kaminskyi et al. (2022)
and L. Mostoviak et al. (2024), who also noted the
positive impact of effective herbicide protec-
tion on these indicators in their work. The study
by S. Shcherban et al. (2023) also confirmed the
importance of integrated agricultural technolo-
gies in achieving high crop quality, in particular
emphasising the relationship between herbicide
load and morphological characteristics. Thus, the
comparative analysis shows that the results of the
study are closely related to current scientific data,
while supplementing them with new information

)

about the impact of herbicide tank mixtures and
the role of tillage systems. This highlights the rel-
evance and practical value of the proposed agro-
technological measures for increasing sunflower
productivity in a changing climate.

CONCLUSIONS

It has been established that the presence of
weed vegetation has a significant negative im-
pact on sunflower productivity. Weeds caused a
significant reduction in crop yields ranging from
04 to 11 t/ha, depending on the degree of weed
infestation. The highest sunflower seed yields
in the field trial - 4.1 t/ha - were recorded when
using the reference herbicide Primextra TZ Gold
(4.51/ha) and when using the product Challenge
(5.0 I/ha) in combination with mouldboard till-
age. Analysis of all herbicide protection options
showed that even less effective products con-
tributed to higher yields compared to the con-
trol, providing results in the range of 3.0-3.9 t/ha.
This indicates the general feasibility of using
herbicides as an important component of the
sunflower crop protection system, particularly
in conditions of intensive farming.

A comparison of the main soil cultivation
systems revealed the advantages of the mould-
board tillage method, which provided higher
yields compared to the non-mouldboard till-
age method. Mouldboard tillage in combination
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with herbicide protection improved conditions
for sunflower growth, reduced the competitive
influence of weeds and created a more favour-
able soil water and air regime, confirming the
need to adapt agricultural techniques to the
specific soil and climatic conditions of the right-
bank forest-steppe of Ukraine. The use of tank
mixtures of herbicides has demonstrated the
potential to improve weed control under vari-
ous weather conditions, which is an important
advantage in a changing climate. At the same
time, the labour intensity of manual weeding

Promising areas for further research in-
clude optimising herbicide application rates and
timing in different primary tillage systems, stud-
ying the impact of herbicides on soil biocenoses,
and developing the agroecological sustainability
of crops. It is also advisable to study combined
protection systems that combine chemical, me-
chanical and biological methods of weed control
in order to increase the efficiency, environmen-
tal safety and economic feasibility of sunflower
cultivation in the region.

limits its use on large areas, although it contrib- ACKNOWLEDGEMENTS
utes to improved yield performance. Therefore, None.
the comprehensive use of effective herbicides in
combination with mouldboard tillage is a feasi- FUNDING
ble and effective agronomic measuretoincrease = None.
yields and improve the quality characteristics of
sunflowers in the right-bank forest-steppe zone CONFLICT OF INTEREST
of Ukraine. None.
REFERENCES

(1]
(2]

(3]

(4]

(5]
(6]
(7]

(8]

[9]
[10]

(11]

Achankeng, E., & Cornelis, W. (2023). Conservation tillage effects on European crop yields:
A meta-analysis. Field Crops Research, 298, article number 108967. doi: 10.1016/j.fcr.2023.108967.
Babenko, A.1. (2017). The influence of weeds on the yield and quality of sunflower seeds. Scientific
Bulletin of the National University of Life and Environmental Sciences of Ukraine. Series: Agronomy,
269,90-98.

Borysenko, V.V. (2024). The influence of primary tillage on sunflower productivity in the right-
bank forest-steppe of Ukraine. Taurida Scientific Bulletin, 136(1), 48-52. doi: 10.32782/2226-
0099.2024.136.1.7.

Chuyko, D.V, Ponomareva, M.S., § Bragin, O.M. (2021). Economic efficiency of growing lines,
hybrids and varieties of sunflower depending on the plant growth regulator. Bulletin of the
KhNAU. Series: Economic Sciences, 1(2), 197-208.

Convention on Biological Diversity. (1992, June). Retrieved from https://www.cbd.int/doc/legal/

cbd-en.pdf.
Convention on the Trade in Endangered Species of Wild Fauna and Flora. (1976 March). Retrleved

Degtyareva Z0, 8 Kudrya S.I. (2023). Agroecological assessment of sunflower cultlvatlon in
short-rotation crop rotations of the Left-Bank Forest-Steppe of Ukraine. (Doctoral dissertation,
State University of Biotechnology, Kharkiv, Ukraine).

Gadzalo, Y, Ibatullin, I, § Luzan, Y. (2022). Institutional support for the functioning of the
food system of Ukraine in modern crisis conditions. Bulletin of Agrarian Science, 100(8), 5-15.
doi: 10.31073/agrovisnyk202208-01.

Gurtovenko, VO, § Tsyuk, O.A. (2023). Water regime of typical black soil depending on
agrotechnical measures. Agrarian Innovations, 22, 36-40. doi: 10.32848/agrar.innov.2023.22.6.
Havrylyuk, Yu., § Matsai, N. (2019). Harmfulness of weeds in sunflower crops in the conditions of
the left-bank steppe of Ukraine. Agronomy, 23, 61-66. doi: 10.31734/agronomy2019.01.061.
Hussain, M., Faroog, S., Hasan, W, Ul-Allah, S., Tanveer, M., Faroog, M., § Nawaz, A. (2018). Drought
stress in sunflower: Physiological effects and its management through breeding and agronomic
alternatives. Agricultural Water Management, 201, 152-166. doi: 10.1016/j.agwat.2018.01.028.

Plant and Soil Science (16)3


https://doi.org/10.1016/j.fcr.2023.108967
http://nbuv.gov.ua/UJRN/nvnau_agr_2017_269_14
https://doi.org/10.32782/2226-0099.2024.136.1.7
https://doi.org/10.32782/2226-0099.2024.136.1.7
https://repo.btu.kharkov.ua/handle/123456789/3020
https://repo.btu.kharkov.ua/handle/123456789/3020
https://www.cbd.int/doc/legal/cbd-en.pdf
https://www.cbd.int/doc/legal/cbd-en.pdf
https://treaties.un.org/doc/publication/unts/volume%20993/volume-993-i-14537-english.pdf
https://repo.btu.kharkov.ua/handle/123456789/47806
https://repo.btu.kharkov.ua/handle/123456789/47806
https://doi.org/10.31073/agrovisnyk202208-01
https://doi.org/10.32848/agrar.innov.2023.22.6
https://journals.indexcopernicus.com/api/file/viewByFileId/768757
https://doi.org/10.1016/j.agwat.2018.01.028

The impact of primary tillage...

[12] Joshan, Y, Sani, B., Jabbari, H., Mozafari, H., § Moaveni, P. (2019). Effect of drought stress on oil
content and fatty acids composition of some safflower genotypes. Plant, Soil and Environment,
65(11), 563-567. doi: 10.17221/591/2019-PSE.

[13] Kaminskyi, V., Bulgakov, V, Tkachenko, M., Kolomiiets, M., Kaminska, V,, Ptashnik, M., Ivanovs, S., &
Kiernicki, Z. (2022). Research into comparative performance of different tillage and fertilization
systems applied to grey forest soil of forest steppe in grain crop rotation. Journal of Ecological
Engineering, 23(12), 163-178. doi: 10.12911/22998993/155057.

[14] Kozechko, V, & Ivanchenko, O.(2025). Express Gold herbicide effectiveness based on application
methods in sunflower crops. Ukrainian Black Sea Region Agrarian Science, 29(1), 20-29.
doi: 10.56407/bs.agrarian/1.2025.20.

[15] Mazur, S.O., & Matusevych, G.D. (2023). The influence of soil herbicides on biometric
indicators and yield of sunflower. Balanced Nature Management, 1, 90-96. doi: 10.33730/2310-
4678.1.2023.278544.

[16] Meena, N,, Yassin, M.M., § Amanullah, M.M. (2019). Spacing and weed management influence
on productivity and economics of sunflower. Indian Journal of Weed Science, 51(1), 83-85.
doi: 10.5958/0974-8164.2019.00019.4.

[17] Molla, A., Charvalas, G., Dereka, M., § Skoufogianni, E. (2022). Effect of different tillage practices
on sunflower (Helianthus annuus) cultivation in a crop rotation system with intercropping
Triticosecale-Pisum sativum. Plants, 11(24), article number 3500. doi: 10.3390/plants11243500.

[18] Mostoviak, I, Krykunov, I, Shuvar, A,, Senyk, L., § Sydoruk, H. (2024). The influence of herbicide
protection on the yield of annual sunflower (Helianthus annuus L.) in the conditions of Western
Forest Steppe. Quarantine and Plant Protection, 1,20-23. doi: 10.36495/2312-0614.2024.1.20-23.

[19] Pacanoski, Z., § Mehmeti, A. (2021). Weed control in sunflower (Helianthus annuus L.) with
soil-applied herbicides affected by a prolonged and limited rainfall. Agriculture, 27(2), 3-14.
doi: 10.18047/poljo.27.2.1.

[20] Peleh, L.V, & Onufriichuk, O.M. (2024). Main technological measures in sunflower cultivation.
Agrarian Innovations, 25, 43-49. doi: 10.32848/agrar.innov.2024.257.

[21] Pinkovskyj, H.V, & Tanchyk, S.P. (2020). Productivity and economic efficiency of growing
sunflower depending on the sowing time and plant density in the right-bank steppe of Ukraine.
Agrobiology, 2,115-123. doi: 10.33245/2310-9270-2020-161-2-115-123.

[22] Shcherban, S., Shcherban, N., Abitayev, F, Hryhorchuk, N., § Sotsioner, A. (2023). Evaluation
of sunflower breeding material for resistance to broomrape (Orobanche cumana Wallr) and
herbicides under artificial climate conditions to accelerate the breeding process. Scientific
Horizons, 26(11), 111-122. doi: 10.48077/scihor11.2023.111.

[23] Sher, A., Arfat, MY, Ul-Allah, S, Sattar, A., Ijaz, M., Manaf, A, Qayyum, A, Zuan, ATK,
Nasif, 0., § Gasparovic, K. (2021). Conservation tillage improves productivity of sunflower
(Helianthus annuus L.) under reduced irrigation on sandy loam soil. Plos One, 16(12), article
number e0260673. doi: 10.1371/journal.pone.0260673.

@ Plant and Soil Science (16)3


https://doi.org/10.17221/591/2019-PSE
https://doi.org/10.12911/22998993/155057
https://bsagriculture.com.ua/uk/journals/tom-29-1-2025/yefektivnist-gerbitsidu-yekspres-gold-zalezhno-vid-sposobiv-zastosuvannya-v-posivakh-sonyashniku
https://doi.org/10.33730/2310-4678.1.2023.278544
https://doi.org/10.33730/2310-4678.1.2023.278544
https://doi.org/10.5958/0974-8164.2019.00019.4
https://doi.org/10.3390/plants11243500
https://doi.org/10.36495/2312-0614.2024.1.20-23
https://doi.org/10.18047/poljo.27.2.1
https://doi.org/10.32848/agrar.innov.2024.25.7
https://doi.org/10.33245/2310-9270-2020-161-2-115-123
https://doi.org/10.48077/scihor11.2023.111
https://doi.org/10.1371/journal.pone.0260673

Gurtovenko

Bnapaucnas lypTtoBeHKO

JokTtop dinocodii 3 arpoHomii

HaujioHanbHMin yHiBEpCUTET BiopecypciB i NPMPOAOKOPUCTYBAHHSA YKpaiHK
03041, Byn. Tepois ObopoHM, 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0002-9719-6374

Bn/inB OCHOBHOIO 06po06ITKY I'PYHTY
Ta FPYHTOBUX rep6iumnaiB Ha NPOAYKTUBHICTb COHALUHUKY
B YMOBaX NpaBo6epe)XHoro nicocreny YKpaiHu

AHoTauia. COHAIIHUK € ONHi€I0 3 HAMBAKJIMBIMINX ONIMHUX KyIBTYp VKpaiHu, SIKa Mae€
BeJIKe eKOHOMiuHe 3HaUeHHS Yepe3 eKCIIOPT COHSAIIHUKOBOIL 0JIil. 3poCTaHHS IIOCIBHUX IO,
COHSAIIHWKA 06YMOBJIEHE BUCOKOI0 peHTabeIbHICTIO Ta ITOITUTOM Ha PUHKY. BOZHOYAC TEXHOJIOTiA
BUPOIIYBAaHHA COHAIIHUKA € CKJIaJHOI0, a epeKTUBHICTh BUPOOHUIITBA 3aJIEKUTD Bill 6araTbox
dakrTOpiB, 30KpeMa OCHOBHOTO O6POGITKY I'PYHTY Ta CUCTEMH TepbillMAHOTO 3aXUCTy. MeToo
IOCTimKeHHA 6ylI0 BHUBYEHHA BIUIMBY pi3HUX BapiaHTIB OCHOBHOTO O6pOGITKYy IPYHTY Ta
repbilIuIHOTO 3aXUCTY Ha BPOXKAMHICTB i AKICTh HACIHHA COHALTHNKA B yMOBaX IIPaBo6ePEKHOTO
JlicocTeny YKpalHu. JJoCaiAsKeHHA MPOBOAUNUCE ¥ 2022-2024 poKax Ha YOPHO3eMi TUIIOBOMY
MaJIOTyMyCHOMY B IPUBaTHOMY ITiAIpreMCTBi «IllaHc» (Ueprachka 06/1aCTh). BAKOPUCTOBYBAJIUCA
TIOJIULIEBUH Ta 6€3M0INLIeBHM 06PO6ITOK I'PYHTY, a TAKOK pi3Hi BapiaHTH repbilluIHOTO 3aXHUCTY,
BKJIIOUHO 3 PYYHUM IIPOIIOJIIOBAaHHAM. OCHOBHUMM IIOKa3HUKaMU 6yIu BPOKAMHICTh, AiaMeTp
KomKKa, Maca 1000 HaciHMH Ta AKiCTb HaCiHHSA. BCTAHOBJIEHO, IO 3aCTOCYBaHHS ePeKTUBHUX
repbiIUgHUX CXeM i MonuieBoro o6pobiTKy 3HAUHO MiJBUIINYBAJIO BPOXKAMHICTH COHALUTHUKA
(mo 4,1 T/ra), TOPIBHAHO 3 KOHTPOJEM. Byp'dHM ICTOTHO 3HU3WIM BPOXKAMHICTb KyJIBTYpU
(ua 0,4-11 T/ra), 3SMeHIIyIOYM MMapaMeTPU BPOXKAI0 Ta AKICTh HACIHHA. Py4yHe MIPOITOJIIOBAHHSA
3a6e311eYmI0 BUCOKUM piBEHb KOHTPOJIIO, IIPOTE OYJI0 TPYZOMICTKUM i eKOHOMIUHO HeebeKTUBHUM.
HalRpallli pe3y/bTaTé OTPUMAHO 3a 3aCTOCyBaHHA repbinuzis IlpuMerctpa TZ Tong (4,5 n/ra)
Ta Yeneunx (5,0 n/ra) y TTOEIHAHHI 3 TTONUIEBUM 06p06iTKOM. BCTAaHOBJIEHO, IO IIPY MOEAHAHHI
TIOJIULIEBOTO 06POBITKY 3 ONITUMAIBHO TTiAi6paHoI0 CXxeMOI0 repbilluTHOTO 3aXUCTy GOPMYIOThCS
Kpallli TOKa3HUKHU iiaMeTpa KOIIKNKa, Macy HaciHHA 3 KoIKKa Ta Macu 1000 HaciHUH. PesyneraTtu
3aCBiZUMIN BasKJIMBICTD iHTerpailil TEXHOJOTIYHUX MPUMOMIB I'PYHTOO6POBITKY Ta XiMidyHOTO
3aXVCTy MJIS MiIBUIIEHHS IIPOAYKTUBHOCTI IMOCIBIB COHfIIHWKA. PesynbTaTy IOCHIiIKeHHS
MOXXYTb 6yTH BUKOPUCTAHI JJI ONTHUMi3allil TEXHOJIOTiM BUPOIIyBaHHS COHSIIHNUKA B PErioHi Ta
MiIBUIIEHHS ePEeKTUBHOCTI BUPOOHUIITBA

KniouoBi cnoBa: CTPYKTypa BpOKawo; 6yp'sHN; BpPOKAMHICTH; IONULEBUM 06PO6ITOK;
6esmonuiieBult 06pobiTok; Yemenmk; IIpuMerctpa TZ Tony,
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