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The influence of foliar application of calcium-containing
preparations on apple orchard productivity and fruit quality

Abstract. Effective production of high-quality and high-yielding fruit and berries is essential for
addressing shortages. However, producers often encounterchallengesrelated to calcium deficiency
in apples. This study aimed to evaluate the productivity of late-ripening apple cultivars - Ligol,
Jonagold Early Queen, and Fuji - following foliar application of calcium-containing preparations,
as well as to assess the quality of their fruit. Field and laboratory research methods were employed
to achieve this objective, and the results were subjected to statistical analysis. The study revealed
that the Ligol cultivar exhibited the highest yield (19.3 t/ha) when treated with Brexil Ca at a rate of
1.8 L/ha. This represented an 8.3% increase compared to the control and a 12.9% increase compared
to the variant treated with HelpRost at a rate of 1.0 L/ha. The highest fruit weight (296.5 g) was
recorded for the Ligol cultivar when treated with Brexil Ca at a rate of 1.8 L/ha. Foliar application
of Brexil Ca at the same rate was most effective for the Fuji cultivar, resulting in a yield of 24.8 t/ha,
which was 9.8% higher than the control and 16.1% higher than the variant treated with Biocalcium
(2.0 mL/ha) and HelpRost (1.0 L/ha). For the Jonagold Early Queen cultivar, the highest yield (16.2 t/
ha, 8.6% above the control) and fruit weight (249.8 g, 5.4% above the control) were achieved with
HelpRost at 1.0 L/ha. The highest flesh firmness in the Ligol cultivar was observed with Biocalcium
treatment (2.0 mL/ha), while in the Jonagold Early Queen and Fuji cultivars, it was achieved
with HelpRost (1.0 L/ha). The findings provide practical insights for enhancing apple production
efficiency, improving fruit quality, and extending storage life

Keywords: Ligol; Jonagold Early Queen; Fuji, calcium-containing preparations; yield; fruit weight;
flesh firmness
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INTRODUCTION

According to Law of Ukraine No. 8370-1“On Food
Security in Ukraine” (2011), fruits and berries
must be included in the food basket as they are
vital to the food balance. Fruit products serve as
valuable raw materials for processing (freezing,
juice production, jams, baby food, etc.) and pro-
vide the human body with easily digestible car-
bohydrates, organic acids, and vitamins.

In apple cultivation, calcium deficiency has
become increasingly evident. According to Z. Wu
§ P. Chen (2021), extensive orchard manage-
ment, excessive crop loads, and early harvest-
ing exacerbate the issue of functional disorders
in apples. Such disorders significantly affect
the economic value of the produce by reducing
its marketable quality, diminishing its visual
appeal and taste, and, consequently, lowering
consumer interest. Under these conditions, the
economic efficiency of apple production inevi-
tably declines, reducing growers’ motivation to
remain engaged in the apple industry.

F. Carrasco-Cuello et al. (2024) identified
the application of calcium-containing fertil-
isers as an effective measure to address these
challenges. The foliar application method, as
examined by ]. Morales et al. (2023), compared
to soil fertilisation, facilitates better absorption
of micro- and macronutrients, including calci-
um, by the fruit.

The use of organo-mineral nutrient com-
plexes significantly enhances the adaptive prop-
erties of plants, increases productivity, and im-
proves crop quality. Calcium is among the least
efficiently absorbed nutrients, and its deficiency
leads to various physiological disorders. Effec-
tive and rapid mitigation of calcium deficiency
can be achieved through foliar feeding. Calcium
fertilisers not only enhance photosynthesis and
the growth rate of vegetative plant organs (Liu et
al, 2022) but also significantly improve fruit
quality (Lin et al., 2020) and increase disease re-
sistance (Yang et al., 2020).

Research by G. Wang et al. (2022) demon-
strated that spraying apple trees with calci-
umcontaining fertilisers increases chloroplast
content and enhances the photosynthetic ca-
pacity of apple leaves. Compared to the control,
the photosynthetic rate of apple leaves sprayed
with Niucui increased by 4.3-34.6%, while those

D

treated with Naipu 9 exhibited a 15.0-574% in-
crease. In addition, spraying with calcium fer-
tilisers improved fruit quality and facilitated the
accumulation of essential mineral elements (Ca,
Mg, and B) in both fruit and leaves while sup-
pressing copper (Cu) accumulation. The weight
and firmness of apples harvested from orchards
treated with Niucui and Naipu 9 were higher
than those from the control group. Apples from
trees treated with Naipu 9 contained higher
levels of soluble solids, sugars, and vitamin C,
whereas those from orchards treated with Ni-
ucui showed a reduction in titratable acids. This
effect is attributed to Naipu 9 enhancing the
activity of sugar metabolism enzymes, while
Niucui increased the activity of enzymes asso-
ciated with acid synthesis. The researchers con-
cluded that the consumer quality of Fuji apples
was optimal, with the most balanced taste when
the orchards were treated with Naipu 9.

Y. Xu et al. (2022) investigated the mecha-
nism by which calcium regulates fruit ripening.
To examine changes in proteins and enriched
phosphopeptides, labelling was performed on
calciumtreated Golden Delicious apples. The
resulting dataset provided a comprehensive
overview of critical pathways associated with
fruit ripening. A total of 47 proteins and 124
phosphoproteins were significantly altered in
calcium-treated apples, playing key roles in reg-
ulating cell walls, ethylene production, protein
modification (especially degradation), as well as
primary and secondary metabolism.

P. Kowalik et al. (2020) conducted compar-
ative studies on the ultrastructure of epidermal
and hypodermal cells, assessing the content
and distribution of calcium within the cell walls,
cytoplasmic membranes, and cytoplasm of
Champion apples. Their findings demonstrated
a positive impact of calcium treatments on the
ultrastructure of epidermal and hypodermal
cells, as evidenced by the preservation of con-
tinuous cytoplasmic membranes and stabilised
cell structures.

P. Wojcik et al. (2019) investigated the yield
and fruit quality of Elstar apple trees. Their
findings revealed that pre-harvest spraying
with CaCl, increased calcium concentrations in
leaves and fruit by an average of 22% and 39%,

Plant and Soil Science (15)4
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respectively. Additionally, an improvement in
apple flesh firmness was observed.

The study aimed to examine the effects of
foliar fertilisation of apple orchards with cal-
ciumcontaining preparations on yield and the
physical quality parameters of the fruit.

The aim was achieved through the following
objectives:

n analysing the yield of apple orchards of
various cultivars treated with foliar applications
of calcium-containing preparations;

n determining the firmness of apple flesh as
an indicator of quality and market value;

n identifying optimal application rates
of calcium-containing preparations for foliar
treatment in apple orchards.

MATERIALS AND METHODS

Recognising the critical importance of biological
diversity and the fact that its preservation is a
shared responsibility of humanity, particularly
the scientific community, the research was con-
ducted in alignment with the Convention on Bio-
logical Diversity (1992) and the Convention on the
Trade in Endangered Species of Wild Fauna and
Flora (1973) to support environmental conserva-
tion and the sustainable use of its components.

The study was carried out at the educational
laboratory “Fruit and Vegetable Garden” of the
National University of Life and Environmental
Sciences of Ukraine, located in the natural and
climatic zone of Ukrainian Polissia. The area is
characterised by sod-medium podzolic soils
formed on fluvioglacial deposits, suitable for
horticulture, and a moderately continental cli-
mate with mild winters and warm summers.

The research was conducted in 2023 in ap-
ple orchards established in 2019, with a planting
scheme of 4x2.5 m, M.106 rootstock, rainfed con-
ditions, and a protection and fertilisation system
consistent with practices typical of this natural
and climatic zone. The study examined the ef-
fects of foliar treatments on apple orchard yield,
fruit weight, and flesh firmness. The analysis fo-
cused on late-ripening apple cultivars, including
Fuji, Ligol, and Jonagold Early Queen.

The research was conducted as a three-fac-
tor experiment, with the factors being culti-
var, type of preparation, and application rate.
Each treatment was replicated three times. The

Plant and Soil Science (15)4

following calcium-containing preparations were
used for foliar application in the orchards: Bio-
calcium (Biotech LTD), HelpRost (BTU-Center),
Brexil Ca (Valagro), and Avangard (AgroAntal).

The experimental design included: control -
water treatment (H,0); variant 1 - Biocalcium
(2 mL/ha); variant 2 - Biocalcium (4 mL/ha); var-
iant 3 - HelpRost (1.0 L/ha); variant 4 - HelpRost
(3 L/ha); variant 5 - Brexil Ca (1.8 kg/ha); variant
6 - Brexil Ca (2.0 kg/ha); variant 7 - Avangard
(3 L/ha); and variant 8 - Avangard (6 L/ha).

Foliar treatments were performed following
the manufacturer’s instructions for each prepa-
ration. One set of treatments was applied at the
dosage recommended by the manufacturer,
while another set used a dosage reduced by half.
Applications were carried out at four intervals:
the first occurred after the June ovary drop (late
June), with subsequent treatments at 20-day in-
tervals, and the final application conducted two
weeks before harvest. Spraying took place be-
fore 10:00, with the volume adjusted to ensure
the formation of water droplets on the surface of
the leaves or fruit.

Yield was determined by weighing the har-
vested fruit from each replication of a variant,
subsequently recalculated into tonnes per hec-
tare for each treatment. The weight of apples
was measured using the gravimetric method
with KERN EHA 500-1 scales (Germany). For this
purpose, 10 apples were randomly selected from
each replication of a treatment, weighed indi-
vidually, and the average weight per replication
and variant was calculated. Apple flesh firmness
was assessed using a portable penetrometer,
“Wagner FRUIT TEST” (USA), with an FT 30FT716
(USA) probe, 11 mm in diameter. At harvest ma-
turity, three apples were sampled from each
replication of a variant. The skin was removed on
two opposite sides of each apple using a sharp
tool provided by the device, and the probe was
slowly inserted into the fruit’s flesh. The average
value for each fruit was recorded, followed by
the calculation of mean values for each replica-
tion and treatment.

RESULTS AND DISCUSSION

The yield of the Ligol apple cultivar ranged from
16.8 t/ha in the variant treated with HelpRost at
arate of 1L/ha to 19.3 t/ha with foliar application

G
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of Brexil Ca at 1.8 L/ha. In the variant treated with
Avangard at 6 L/ha, the yield exceeded 18.0 t/ha.
The fruit weight was also highest in the Brexil Ca
treatment at 296.5 g and in the Avangard treat-
ment (3 L/ha) at 294.7 g. The lowest fruit weight
for Ligol (252.0 g) was recorded in the variant
treated with HelpRost at 1L/ha (Table 1).

The yield of the Jonagold Early Queen culti-
var ranged from 14.7 to 16.2 t/ha, depending on

the treatment. The lowest yields were recorded
in variants with foliar applications of HelpRost
(3 L/ha) and Brexil Ca (2.0 kg/ha), while the high-
estyield was observed in the variant treated with
HelpRost (1.0 L/ha). Similarly, the largest fruit
weight for this cultivar (249.8 g) was recorded
in the same treatment, while the lowest weight
(228.3 g) was observed in apples harvested from
treestreated with Biocalciumat2 mL/ha(Table1).

Table 1. Yield and average fruit weight of apples, harvest 2023

Ligol Jonagold Early Queen Fuji
Cultivar

Fruit weight, g | Yield, t/ha | Fruit weight, g | Yield, t/ha | Fruit weight, g | Yield, t/ha
Control 271.7+10.2 17.7+0.7 236.2+21.4 14.8+0.5 162.1+10.1 22.0%+1.1
Biocalcium (2.0 mL/ha) | 277.6+11.0 17.3+0.4 228.3+10.9 15.0+£0.6 155.1+14.4 21.1+1.4
Biocalcium (4.0 mL/ha) | 285.6+10.9 18.6+0.6 231.2+11.2 15.6+0.8 167.5+11.5 22.8+1.1
HelpRost (1.0 L/ha) 252.0+10.9 16.8+0.6 249.8+29.9 16.2+0.9 155.2+15.6 21.1+1.4
HelpRost (3.0 L/ha) 268.3+14.8 17.4+0.5 2345+13.4 14.7+0.6 180.3+10.7 245+1.0
Brexil Ca (1.8 kg/ha) 296.5+17.1 19.3+2.1 240.0+16.1 15.0+1.0 182.3+14.8 24.8+0.6
Brexil Ca (2.0 kg/ha) 275.7+12.2 17.9+0.8 235.3+18.2 14.7+1.1 179.1+11.6 243+1.4
Avangard (3.0 L/ha) 294.7+15.3 19.2+2.5 237.3+12.4 14.8+0.8 172.6+10.7 23.5+0.7
Avangard (6.0 L/ha) 277.5+16.9 18.0+1.1 238.8+21.0 149+1.5 177.2+12.6 24.1+1.1
Mean +SE 278.3+13.2 18.0+1.0 236.8+17.2 15.1+0.8 170.1+12.4 23.1+1.1
Min 252.0+10.9 16.8+0.6 228.3+10.9 14.7+0.6 155.1+14.4 21.1+1.4
Max 285.6+10.8 19.3+2.1 249.8+29.9 16.2+0.9 182.3+14.8 24.8+0.6

Source: developed by the authors

The yield of the Fuji apple cultivar varied
between 211 and 24.8 t/ha, depending on the
method of foliar application. The lowest yield
was recorded in variants treated with Biocalci-
um at a rate of 2 mL/ha and HelpRost at 1 L/ha.
The highest yield was achieved in the variant
treated with Brexil Ca (1.8 kg/ha). The heaviest
fruit weight was also observed in the Brexil Ca
treatment (1.8 kg/ha) at 182.3 g, while the lightest
fruits were recorded following treatments with
Biocalcium (2 mL/ha) and HelpRost (1.0 L/ha), at
1551 g and 155.2 g, respectively.

When comparing foliar treatments for
the Ligol cultivar, Brexil Ca applied at 1.8 kg/
ha proved to be the most effective. The least

1)

favourable result was obtained in the variant
treated with HelpRost at 1 L/ha (Fig. 1). The fruit
weight of apples harvested from trees treated
with Brexil Ca (1.8 kg/ha) was 24.8 g (9.1%) great-
er than in the control and 44.5 g (17.6%) higher
than the weight of apples from trees treated with
HelpRost (1.0 L/ha). Similarly, the yield of apple
trees treated with Brexil Ca at 1.8 kg/ha exceed-
ed the control by 9.0% or 1.6 t/ha. Compared to
HelpRost (1.0 L/ha), Brexil Ca (1.8 kg/ha) resulted
ina14.9% or 2.5 t/ha higher yield. When compar-
ing treatment methods for the Jonagold Early
Queen apple cultivar, the most effective was the
application of HelpRost at a rate of 1 L/ha, while
the least effective was HelpRost at 3 L/ha (Fig. 2).
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Figure 1. Yield and average fruit weight of Ligol apple cultivar, 2023

Source: developed by the authors
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Figure 2. Yield and average fruit weight of Jonagold Early Queen apple cultivar, 2023

Source: developed by the authors

The fruit weight of Jonagold Early Queen
apples grown in orchards treated with HelpRost
(1L/ha) was 13.6 g (5.7%) greater than in the wa-
ter-treated control and 15.3 g (6.5%) higher than
in the variant treated with HelpRost at 3 L/ha.
Similarly, the yield of apple trees treated with
HelpRost (1L/ha) exceeded the control by 9.4% or
14 t/ha. The yield in this variant was also 10.2%
or 15 t/ha higher than that obtained from trees
treated with HelpRost (3 L/ha) (Fig. 2).

The fruit weight of Jonagold Early Queen
apples treated with calcium-based foliar appli-
cations was generally higher compared to the
control. Specifically, treatments with Avangard
at 3.0 L/ha increased fruit weight by 1.1 g (0.5%),
Avangard at 6.0 L/ha by 2.6 g (1.1%), Brexil Ca at
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1.8 kg/ha by 3.8 g (1.6%), and HelpRost at 1.0 L/ha
by 13.6 g (5.7%). The yield of Jonagold Early Queen
orchards treated with foliar applications was
also higher compared to the control. For ex-
ample, Avangard (6.0 L/ha) increased yield by
0.1t/ha (0.7%), Biocalcium (2.0 mL/ha) by 0.2 t/ha
(1.3%), Brexil Ca (1.8 kg/ha) by 0.2 t/ha (1.3%), Bio-
calcium (4.0 mL/ha) by 0.8 t/ha (54%), and Hel-
pRost (1.0 L/ha) by 1.4 t/ha (9.4%) (Fig. 2).
Theyield of apple orchards treated with Hel-
pRost at 3.0 L/ha and Brexil Ca at 2.0 kg/ha was
0.7% lower than the control. Similarly, the aver-
age fruit weight was reduced in variants treated
with Biocalcium (2.0 mL/ha), Biocalcium (4.0 mL/
ha), HelpRost (3.0 L/ha), and Brexil Ca (2.0 kg/ha)
by 3.3%, 2.1%, 0.7%, and 1.6%, respectively (Fig. 2).
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For foliar treatments in Fuji apple orchards,
Brexil Ca at 1.8 kg/ha proved the most effective.

Fuji
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The least effective treatment was Biocalcium at
2.0 mL/ha (Fig. 3).
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Figure 3. Yield and average fruit weight of Fuji apple cultivar, 2023

Source: developed by the authors

The fruit weight of Fuji apples harvested
from trees treated with Brexil Ca (1.8 kg/ha) was
200 g (12.4%) higher than the control and 27.2 g
(17.5%) greater than apples grown on trees treat-
ed with Biocalcium (2.0 mL/ha). Corresponding-
ly, the yield of orchards treated with Brexil Ca
(1.8 kg/ha) exceeded the control by 12.7% or 2.8 t/
ha and surpassed the yield of Biocalcium-treat-
ed trees (2.0 mL/ha) by 17.5% or 3.7 t/ha (Fig. 3).

Variants treated with Brexil Ca and Avan-
gard, in both application rates, as well as Hel-
pRost (3.0 L/ha) and Biocalcium (4.0 mL/ha),
demonstrated higher yields and fruit weights
for the Fuji cultivar compared to the control
(Fig. 3). In contrast, lower yields were observed

in orchards treated with Biocalcium (2.0 mL/ha)
and HelpRost (1.0 L/ha), which were 4.1% lower
than the control. Fruit weights in these variants
were also lower by 4.3% and 4.2%, respectively,
compared to the control (Fig. 3). The firmness
of fruit flesh is a critical parameter influencing
consumer and market value. It serves as an indi-
cator of fruit quality, ripeness, and suitability for
long-term storage and transportation.

The firmness of the fleshin the Jonagold Ear-
ly Queen cultivar at harvest maturity was high-
est in the variant treated with HelpRost (1.0 L/
ha). In other variants, the flesh firmness ranged
from 9.3 kg/cm? (control) to 10.7 kg/cm? (variant
treated with HelpRost (3.0 L/ha)) (Table 2).

Table 2. Flesh firmness of apple cultivars under study, kg/cm2, 2023

Cultivars
Experimental variants
Jonagold Early Queen Ligol Fuji

Control 9.3+0.2 9.6+0.2 10.4+0.3
Biocalcium (2.0 mL/ha) 10.1+0.3 10.1+0.3 10.1+0.3
Biocalcium (4.0 mL/ha) 9.8+0.2 9.5+0.3 9.5+0.3
HelpRost (1.0 L/ha) 10.8+0.2 9.7+0.3 10.8+0.5
HelpRost (3.0 L/ha) 10.7+0.4 9.7+0.3 10.7+0.3
Brexil Ca (1.8 kg/ha) 10.1+0.4 9.0+0.3 10.1+0.3
Brexil Ca (2.0 kg/ha) 9.8+0.4 9.3+0.3 9.8+0.3
Avangard (3.0 L/ha) 9.3+0.4 9.3+0.3 9.3+0.2

1)
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Table 2, Continued

Cultivars
Experimental variants
Jonagold Early Queen Ligol Fuji
Avangard (6.0 L/ha) 9.8+0.1 9.8+0.3 9.8+0.4
Mean +SE 10.1+0.3 9.6+0.3 10.240.3
Min 9.3+0.2 9.0+0.3 9.3+0.2
Max 10.8+0.2 10.1+0.3 10.8+0.5

Source: developed by the authors

For the Ligol cultivar, the highest flesh firm-
ness at harvest maturity was recorded in the
variant treated with Biocalcium at 2.0 mL/ha,
reaching 101 kg/cm? In other variants, flesh
firmness varied from 9.8 kg/cm? (in the variant
treated with Avangard at 6.0 L/ha) to 9.3 kg/cm?
(in variants treated with Brexil Ca at 2.0 kg/ha
and Avangard at 3.0 L/ha).

In the Fuji cultivar, the firmest flesh
(10.8 kg/cm? was observed in apples treated
with HelpRost at 1.0 L/ha. In other variants, firm-
ness ranged from 9.3 kg/cm? (variant treated
with Avangard at 3.0 L/ha) to 10.7 kg/cm? (variant
treated with HelpRost at 3.0 L/ha).

The role of calcium and calcium-sensitive
receptors in plant physiology has been exten-
sively studied. Q. Gao et al. (2019) investigated
their involvement in regulating fruit develop-
ment and ripening, as well as the molecular
mechanisms underlying these physiological
processes. The findings of A.G. Levin et al. (2019)
confirm a direct or indirect correlation be-
tween calcium content in fruits and the health
and resistance of apple trees to various diseas-
es, including bitter pit, core rot, and cracking
at different stages of fruit maturity. L.L. Yang
et al. (2020) proposed solutions to these issues
through the application of calcium-based fer-
tilisers. In experimental conditions, the most
satisfactory results were achieved with three
applications of calcium nitrate, amounting to a
total of 0.72 kg per tree.

In examining the key aspects of calcium’s
influence on the quality and yield of fruits and
berries through an analysis of existing research
in the field, Y. Huang et al. (2020) identified its
positive effects on yield, product quality, and
post-harvest storage duration. Following foliar
application of amino acid-chelated calcium,
grape berry mass increased by 22.5%, vertical
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diameter by 8.8%, and transverse diameter by
10.8%. Additionally, fruit firmness improved
by 35.7%, titratable acidity decreased by 23.2%,
and soluble sugar content increased by 387%.
L. Xinming et al. (2021) corroborated these find-
ings, demonstrating that calcium fertilisation
enhanced grape quality, with calcium content
in the skin and pulp exceeding the control by
1.36 and 173 times, respectively. Pulp firmness
increased by 19.28%, and soluble solids content
rose by 5.71% compared to the control. Calcium
treatment also influenced the qualitative and
physiological characteristics of Japanese pears.
The results indicated preserved fruit firmness,
significant reductions in ethylene production
and malondialdehyde accumulation, increased
protopectin content, and reduced soluble pectin
levels. Furthermore, there was a decrease in po-
lygalacturonase and cellulase activity. J. Zhou et
al. (2018) concluded that foliar calcium appli-
cation significantly improved pear fruit storage
quality. Similarly, M. Matteo et al. (2024) con-
firmed the effectiveness of foliar calcium fer-
tilisation in sweet cherries, which reduced fruit
cracking during rainy periods, enhanced firm-
ness, and prolonged shelf life during storage.
These researchers noted that calcium uptake by
fruits was most effective in the early stages of
development. The mechanism of calcium pene-
tration through the skin and pedicel of cherries
was further validated by A. Winkler & M. Kno-
che (2021). They demonstrated that spraying cal-
cium salt solutions on berries increased calcium
content within the fruit. Collectively, these find-
ings underline the scientific interest in studying
calcium’s effects on fruit and berry quality. The
observed mechanisms generally confirm their
beneficial impact, regardless of the research
subject, suggesting a consistent trend. However,
unresolved issues related specifically to apple
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production remain, motivating the authors to
continue their investigations.

Y.X. Xu et al. (2023) elucidated a potential
mechanism for delaying post-harvest ripening
in apples through the application of calcium
ions. Their research confirmed the suppression
of ethylene biosynthesis in fruits, which extends
storage life — a subject of significant interest
to the authors. Y.X. Xu et al. (2023) identified a
transcription factor in apples that functions as
an activator of a gene involved in ethylene bi-
osynthesis. Upon calcium treatment, a phos-
phorylation-mediated process was observed,
leading to the degradation of this transcription
factor. These findings demonstrated the effica-
cy of calcium ions in extending storage duration
and improving product quality. However, the
authors’ hypothesis regarding significant varia-
tions in results among different apple cultivars
was not substantiated. Furthermore, alterna-
tive biochemical pathways, beyond ethylene
production, may contribute to post-harvest
ripening. Various researchers have periodically
investigated the inhibition of ethylene synthe-
sis (Soto et al.,, 2012) and chlorophyll degrada-
tion (Wei et al., 2021) in apples to mitigate spoil-
age during storage. The findings of PT. Yue et
al. (2020) indicate that auxin, a plant hormone,
induces ethylene biosynthesis in apple fruits
by activating the expression of auxin response
transcription factors via naphthaleneacetic
acid. Such mechanisms encourage the explo-
ration of counteracting factors, as identified by
A. Soto et al. (2012). Their study demonstrated
that methyl jasmonate, a source of the phyto-
hormone jasmonate, inhibits the expression of
ethylene-related genes, thereby delaying fruit
ripening. Y. Wei et al. (2021) investigated the
regulation of chlorophyll degradation through
post-translational modifications. The overex-
pression of the ethylene-related module Md-
PUB24 in apple fruits was found to accelerate
chlorophyll degradation by increasing the ex-
pression of chlorophyll catabolic genes (CCG).
These studies revealed potential mechanisms
for mitigating undesirable processes, among
which exogenous calcium may prove effective.
However, the primary focus of the research
was the impact of calcium on apple yield and
physical quality attributes. G. Wang et al. (2022)

D

demonstrated that calcium-based fertiliser
sprays improved the quality of apple fruits.
Compared to the control, the mass of individual
fruits, firmness, soluble solid content, and vita-
min C concentration increased by 12.1%, 16.1%,
12.0%, and 29.4%, respectively. Additionally, the
application of calcium fertilisers enhanced sug-
ar content and reduced acidity, improving the
flavour profile of the apples. In a subsequent
study, G. Wang et al. (2023) developed calci-
um-encapsulated carbon dots as a nanofertil-
iser for apple production. The results indicated
that this approach facilitated efficient nutrient
uptake and increased calcium concentration
in the fruits. Post-harvest spraying with na-
no-calcium carbonate yielded the lowest levels
of total fruit damage (3.569%), respiratory in-
tensity (2.636 mg CO,/kg/hour), and total acidity
(0.214%), alongside the highest fruit firmness
(1007 kg/cm?), sugar content (12.06%), ascorbic
acid concentration (15.93 mg/100 mL), and cal-
cium content in the fruits (895.9 mg/L).

Studies presented in the scientific literature
confirm the effectiveness of calcium-containing
fertilisers in horticultural production. However,
each study has its specific context, limiting the
generalisation of results across all cultivars, ap-
plication methods, and other conditions. This
consideration was acknowledged by the au-
thors, who identified this as a critical objective at
the outset of their research.

CONCLUSIONS

Foliar application of calcium-based fertilisers to
apple orchards significantly affects productiv-
ity and fruit quality, with a specific impact de-
pending on the application rate and the source
of the active substance. The highest yield for
Ligol apples was observed with the applica-
tion of Brexil Ca at a rate of 1.8 L/ha, reaching
19.3 t/ha, which was 8.3% higher than the control
and 12.9% greater than the lowest yield in the
study. This treatment also produced the high-
est fruit mass - 296.5 g — exceeding the control
by 8.4% and the lowest recorded value by 15.0%.
For Jonagold Early Queen, the highest yield was
achieved with the application of HelpRost at a
rate of 1.0 L/ha, exceeding the control by 8.6%
and the lowest value in the study by 9.2%. The
same treatment also resulted in the highest fruit
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mass, which was 54% greater than the control
and 8.6% higher than the lowest recorded value.
The highest yield for Fuji apples was achieved
with Brexil Ca applied at 1.8 L/ha, producing
24.8 t/ha - 9.8% more than the control. This
treatment also resulted in the largest fruit mass
0f182.3 g, 111% higher than the control.

the application of HelpRost at 1.0 L/ha, showing
increases of 13.9% and 3.7% over the control, re-
spectively. Future research will focus on evaluat-
ing the effects of calcium-containing nanofertil-
isers on the organic matter content and mineral
composition of apples.

The firmnessof Ligolapple fleshwas greatest ACKNOWLEDGEMENTS
with the application of Biocalcium at 2.0 mL/ha, None.
showing a 4.9% increase compared to the con-
trol. For Jonagold Early Queen and Fuji apples, CONFLICT OF INTEREST
the greatest flesh firmness was observed with  None.
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LOKTOp CinbCbKOrocnoaapCcbkmx Hayk, npodecop

HaujioHanbHMin yHiBEpCUTET BiopecypciB i NPMPOAOKOPUCTYBAHHSA YKpaiHK
03041, Byn. Tepois ObopoHM, 15, m. Kuis, YkpaiHa
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Bnapucnas ToHxa

AcnipaHT

[HCTUTYT casiBHMLTBA HalioHanbHOT akaZemii arpapHmX HayK YKpaiHu
03027, syn. Caposa, 23, c. HoBocinkn, YkpaiHa
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BnnmB no3akopeHeBoro o6po6iTky Hacag)keHb aA6nyHi
KaJibLLiEBMICHUMM NpenapaTaMy Ha YPOXKaMHICTb
Ta AKicTb nnoais

AHoTauia. EQeKTMBHEe BUPOOHUIITBO IUIOLIB Ta ATiH 3 BHUCOKOIO SAKICTIO Ta YPOXKaMHICTIO €
BKJIMBUM I VHUKHEHHS Iedbinuty, ane BUPOOGHUKU YacTO CTUKAIOThCS 3 Ipobiemamy,
IIOB'SI3aHMMHU 3 HECTadelo KaJbliiio B 1671yKax. MeTo MpoBefeHHS JOCTIIPKEeHD CTaI0 BUBYEHHS
MIPOAYKTUBHOCTI HacakeHb A6J1yHi, COPTIB Ii3HiX TepMiHiB JocTUTaHHA — JIiros, [[RoHarosg Epri
KBiH, ®yzmsxi, mo3akopeHeBo 06po6IeHNX KaJIblieBMiCHUMU MTpeIiapaTaMu, a TAKOXK JOCiIKeHHS
AaKrocTi ix 1ogie. Ojs peasisawii mocTaBieHOi METH 3aCTOCOBYBaIU TIOJIbOBI Ta ylabopaTopHi
MEeTOIY HAOCIHiIKeHb, OTpUMaHi pe3ynasraTu 6y/MM CTaTUCTUYHO OIpalboBaHi. V pesynbrarti
IOCITiIKeHb BCTAHOBJIEHO, 110 YPOXKAMHICT copTy Jliron 6yna HavBuinowo (19,3 T/ra) y BapiauTi
i3 3acTocyBaHHAM mpemnapary Brexil Ca y HopMi 1,8 71/ra, 1m0 6inblie HiXK y KOHTpoti Ha 8,3 % Ta
Ha 12,9 % HDK y BapiaHTi 3 06po6koi0 Helprost y Hopmi 1,0 si/ra. Maca miiofy 6ysa HarBUIIOK Y
coprty Jliron (296,5 r) y BapiauTi i3 3acrocyBanuam Brexil Ca (1,8 jn/ra). [TosaropeHeBa 06po6Ka
HacaJyKeHb CopTy PyKimpenaparoM Brexil Cay HopMi 1,8 j1/ra BUsBUIacs Hal61IbI eeKTUBHOIO,
30KpeMa YpOXKalHiCcTh cTaHOBWIIA 24,8 T/ra, 10 Ha 9,8 % BUIlle HiXX ¥ KOHTPOJIi Ta Ha 16,1 % HiK y
BapiauTi i3 BiokanbiieM (2,0 mi/ra) i mpenmaparom Helprost (1,0 s1/ra). HafiRpaliy ypoykaiHiCTb Ta
HaMBUIIY Macy IyIony copT [ koHarong Epii KBiH MaB y BapiaHTi i3 BUKOPHCTaHHAM IIpenapary
Helprost y HopMi 1 51/ra — BigmoBigHo 16,2 T/ra, 110 Ha 8,6 % 6inble HDK y KOHTpoti Ta 249,8 T Ha
54 % BuIIle 3a KOHTPOJIb. TBEpHICTh M'IKOTI IUIOZAIB copTy Jliron 6yna Harbinbina y BapiaHTi 3
06po6KoIo pemnaparoM Biokansiiiii (2,0 mii/ra), a coptis Ixxonaroing Epii KBiH i ®ymki y BapianTi,
Ie sactocoByBany Helprost (1,0 si/ra). OTpuMaHi pe3ynbTaTy MPAKTUYHO HAIOTh MOKJIMBICTH
MIBUIINUTA ePeKTUBHICTh BUPOOHULITBA IUIOLIB A6YHI, TTOKpALIUTH iX AKICTh TA MOZOBKUTU
TPUBAJIICTb 36epiraHHa

KnouoBi cnoBa: Jliron; [I>xoHaronz Epii KBix; ®ymKi; KanblieBMicHI IpenapaTy; ypoXKarHiCTh;
Maca IJIOAY, TBEPHiCTh M AIKOTi
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The study aimed to assess the genetic variability, combining ability, gene action, and stability of
traditional okra genotypes and their hybrids using a line x tester design to identify high-yielding,
stable hybrids with specific environmental adaptability and enhanced fruit yield. A line x tester
analysiswas conducted during the period 2022-2024 at Annamalai University, Chidambaram (India),
using seven lines and three testers to investigate combining ability, gene action, and heterosis in
traditional okra genotypes (Abelmoschus esculentus (L.) Moench). The parents were selected from
a diverse group of 32 traditional landraces. The study evaluated ten economically important traits,
including days to 50% flowering, plant architecture, and yield components. Combining ability
analysis indicated the predominance of nonadditive gene action for all traits studied. Among
the parents, Heirloom White, Anchita Local (lines), and Arka Anamika (tester) exhibited superior
general combining ability for multiple traits, including fruit yield. The crosses Green Long Okra
x Arka Anamika and Anchita Local x Arka Anamika emerged as superior hybrids, demonstrating
significant specific combining ability effects and desirable standard heterosis for fruit yield and its
component traits. AMMI analysis confirmed these hybrids’ environmental adaptability, with Anchita
Local x Arka Anamika showing particular stability across environments. Strong correlations were
observed between yield components, notably between fruit dimensions and yield per plant. The
high heritability combined with the prevalence of nonadditive gene action suggests that hybrid
breeding would be more effective than pure line selection for crop improvement. These findings
provide valuable insights for okra breeding programmes aimed at developing high-yielding, stable
hybrids with specific adaptation

Keywords: okra breeding; environmental adaptability; hybrid performance; gene action; AMMI

analysis; heterosis

INTRODUCTION

Okra (Abelmoschus esculentus), commonly
known aslady’s fingers, is an annual plant of sig-
nificant agronomic and nutritional importance.
As a mallow family (Malvaceae) member, okra is
cultivated globally, particularly in tropical and
subtropical regions, for its edible pods, which are
rich in dietary fibre, vitamins, and antioxidants.
Itis an allopolyploid species with a chromosome
number ranging from 2n=72 to 2n=130, a char-
acteristic that underpins its genetic complexity
and potential for breeding. Despite its wide cul-
tivation, enhancing okra’s productivity, disease
resistance, and adaptability to diverse growing
conditions remains a key challenge for breeders.
The relevance of this research lies in addressing
the increasing demand for high-yielding and
disease-resistant okra varieties to ensure food
security and sustainable agriculture.

Okra production substantially contributes
to the income of smallholder farmers and helps
ensure nutritional security in these regions
(Kshash & Oda, 2022). Developing high-yield-
ing and stable okra varieties faces several chal-
lenges, including environmental stressors and
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disease pressure, particularly from the yellow
vein mosaic virus (Rahman, 2020). A compre-
hensive study by A. Das et al. (2022b) examined
okra's population structure and genetic diver-
sity, revealing significant variation between
cultivated and wild germplasm. This variation
indicates potential for genetic improvement
through systematic breeding strategies. Their
research, utilising microsatellite markers,
identified distinct genetic clusters that could
be utilised in heterotic breeding programmes.
The value of traditional germplasm in okra
improvement has garnered renewed atten-
tion. Genetic variability studies by M. Reddy et
al. (2016) and C. Alake (2020) on okra landraces
showed significant diversity in agro-morpho-
logical traits and mineral content, highlighting
their potential utility in breeding programmes.
This research underscored the importance of
characterising and preserving traditional vari-
eties for future breeding efforts.

Recent advancements in molecular breed-
ing have enhanced the understanding of disease
resistance mechanisms. According to G. Singh et
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al. (2023), significant progress in identifying
SSR markers associated with YVMV resistance
using bulk segregant analysis illustrates how
resistance genes are inherited from parents to
offspring. This breakthrough provides valua-
ble resources for marker-assisted selection in
breeding initiatives. Environmental stability is
crucial for developing new varieties. S. Sanwal et
al. (2021) evaluated genotype x environment in-
teractions for fruit yield across various alkaline
environments, emphasising the significance of
stability analysis in variety development. Their
use of AMMI analysis (Additive Main Effects and
Multiplicative Interaction) established a frame-
work for identifying stable, high-performing
genotypes across diverse conditions.

Exploiting heterosis in okra has shown
promising outcomes for enhancing both
yield and quality traits. Research by A. Das et
al. (2022a) on heterotic potential for antiox-
idant and nutritional traits revealed signifi-
cant positive heterosis for quality parameters.
These findings suggest the potential to devel-
op superior hybrids with enhanced nutritional
value. Recent metabolic profiling research by
A. Elshafy et al. (2024) further demonstrated the
potential for enhancing phytochemical content
through hybrid breeding. A comprehensive re-
view by B. Singh et al. (2023) stressed the need
to integrate traditional breeding methods with
modern genomic tools to improve okra. They
highlighted the importance of systematical-
ly evaluating combining ability and stability in
developing superior varieties, especially in the
context of changing climatic conditions.

Given these recent advances and ongoing
challenges, systematic evaluation of genetic var-
iability, combining ability, and stability in okra
improvement programmes remains essential.
This line x tester mating design, combined with
stability analysis, offers a robust framework for
identifying superior hybrid combinations while
accounting for genotype x environment interac-
tions. This research aimed to assess the genetic
variability, combining ability, heterotic poten-
tial, and stability of traditional okra genotypes
and their hybrids, providing valuable insights for
future breeding programmes.

MATERIALS AND METHODS

The present line x tester study was carried out at
the Plant Breeding Farm, Department of Genet-
ics and Plant Breeding, Faculty of Agriculture,
Annamalai University, Chidambaram, India,
during the period from December 2022 to Au-
gust 2024. A total of 21 hybrids were developed
using a line x tester mating design, with lines
serving as females and testers as males (pollen
source). Ten parents were selected from a pool of
32 traditional genotypes. The seeds of mostly se-
lected traditional okra genotypes were obtained
from the Rangamalai Seed Bank Community,
Karur, India. The list of the 10 selected parents
used in the hybridisation programme is provid-
ed in Table 1. These parents were evaluated for
yield and yield-related component traits along-
side the 32 traditional genotypes. The evaluation
of F, hybrids was conducted using a Randomised
Complete Block Design (RCBD) with three repli-
cations per location.

Table 1. List of hybrids used in the programme

No. Lines Sl. No Testers
1 L, - Salkeerthi 1 T,- Arka Anamika
2 L,- Red Long Okra 2 T,- Pusa A4
3 L, - Green Round Okra 3 T, - Kashi Chaman
4 L,- Anchita Local
> L - Sri .Lankan Ca?dle Okra Arka Anamika — standard check
6 L - Heirloom White
7 L, - Green Long Okra

Source: compiled by the authors
A multi-location trial was conducted to eval-

uate the stability and performance of F, hybrids
using AMMI stability analysis during 2023 and

2)

2024. Fifty per cent of the F, hybrid seeds from 21
crosses, developed through aline x tester mating
design described by 0. Kempthorne (1957), were
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sown in the multi-location fields along with their
parental lines. The trial was conducted across
three environments to assess the performance
of the 21 hybrids and 10 parents included in this

line x tester study. The environments were ENV-
1 (Malliakarai, Attur, India), ENV2 (Salem, India),
and ENV-3 (Chidambaram, India), with further
details provided in Table 2.

Table 2. Environment details of experimental sites

Code Location Sowing date Season Latitude Longitude Year
ENV-1 Malliakarai, Attur, India 24.04.2023 Summer 11°34’35.3”"N 78°29'29.4"E 2023
ENV-2 Kannankurichi, Salem, India 18.07.2023 Kharif 11.697412"N 78.176074"E 2023
ENV-3 Chidambaram, India 07.03.2024 Summer 11.385494"N 79.722557"E 2024

Source: compiled by the authors

All the parents and hybrids were evaluated,
and the observed data were analysed to assess
combining ability, heterosis, and stability pa-
rameters. Ten quantitative traits were exam-
ined from five randomly selected plants of each
parent and F, generation viz. DFF - days to 50%
flowering; NPB - number of primary branches
per plant; PHT - plant height at maturity (cm):
IL - internode length (cm), FG - fruit girth (cm);
FL - fruit length (cm); SFW - single fruit weight
(g); NFP - number of fruits per plant; FYP - fruit
yield per plant; NSPP - number of seeds per pod.
One of the parents, Arka Anamika, was chosen as
the standard check variety. The performance of
the F, hybrids was evaluated for heterosis com-
pared to both the superior parent and the stand-
ard check, using the method described by S. Fon-
seca & F. Patterson (1968). To calculate heterosis,
the percentage increase or decrease in the F,
hybrid's performance was determined relative
to the superior parent and the standard check.

AMMI analysis was performed for 31 okra
genotypes, comprising G, ,, hybrids and G,
parents. The study of okra yield across different
genotypes and environments was conducted
using AMMI biplots. Two types of biplots, AMMI1
and AMMI?, provided insights into genotype
performance, stability, and adaptability across
varying environmental conditions. The AMMI
model fit was achieved using two components:
the main effect, representing the additive part of
the model, was analysed using ordinary analysis
of variance (ANOVA), while the non-additive re-
sidual (the genotype x environment interaction,
the multiplicative part of the model) was ana-
lysed using principal component analysis (PCA).
The main effect of a genotype x environment
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combination was calculated by adding the gen-
otype mean to the environment mean and sub-
tracting the grand mean. The interaction effect
was determined by multiplying the genotype’s
PCA scores by the environment'’s PCA scores.

The experimental research conducted in
this study adhered to institutional, national, and
international guidelines for plant research. The
collection of traditional okra genotypes, includ-
ing seeds obtained from the Rangamalai Seed
Bank Community, Karur, India, was carried out
in compliance with the principles outlined in the
Convention on Biological Diversity (CBD) (1992)
and the Convention on International Trade in
Endangered Species of Wild Fauna and Flora
(CITES) (1973). No endangered or protected plant
species were involved in this study.

RESULTS AND DISCUSSION

Diversity analysis for traditional genotypes -
dendrogram

The diverse selection from various clusters in-
dicates that these lines likely exhibit distinct
morphological and yield-related traits among
the 32 traditional landraces, focusing on select-
ing those with high fruit yield potential. Such
genetic divergence among parents is crucial
for a line x tester breeding programme as it
can lead to higher heterosis (hybrid vigour) in
the resulting crosses. Based on the phylogenet-
ic tree diagram, the selection of okra lines for
the line x tester breeding programme appears
to be strategically chosen to maximise genet-
ic diversity and capture a broad range of de-
sirable yield characteristics. Based on Ward's
cluster analysis method, six clusters have been
formed using the Euclidean distance (Califiski
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§ Harabasz, 1974). The selected lines represent
distinct genetic clusters from different branch-
es of the dendrogram, which suggests good
genetic divergence among the chosen par-
ents. Specifically, Salkeerthi, Green Long Okra,
Kashi Chaman, and Arka Anamika are from
the bottom cluster (high-yield clusters), while
Red Long Okra comes from a separate middle
cluster (long fruit length). Green Round Okra

——

Elephant Husk okra
Heirloom White

Cow Hom Okra
Srilankan candle okra
Coffee Okra

Assal kra
Green round okra

(short internode and plant height) and Anchita
Local represent different intermediate branch-
es. Sri Lankan Candle Okra and Heirloom White
are selected from the upper portion of the tree
(moderate fruit yield), while Pusa A-4 is dis-
tributed across a different cluster. All lines pos-
sessed a significant degree of phenotypic vari-
ation, with most of them being traditional okra
genotypes (Fig. 1).

Testers

1. Arka Anamika
2.Pusa A-4

3. Kashi Chaman

Malai Vendai

Bommidi Long

Lines

Pusa Swani

Byadagi
Red Long Okra

Pink Long Tree Okra
Kashi chaman

1. Salkeerthi
2.Red Long Okra
3. Green Round Okra

Ankur-41

Anchita local
Prabhani Kranti
Pachai Venda
Green Long Okra
Arka Anamika
Arka Nikitha
Varsha Uphar

4. Anchita Local

5. Srilankan Candle Okra
6. Heirloom White

7. Green Long Okra

Salkeerthi

Diversity Analysis for 32 different Okra genotypes for Cluster based Analysis

Figure 1. Diversity analysis for 32 traditional genotypes

Source: compiled by the authors

The wide genetic base also increases the
probability of obtaining superior recombinants
in segregating generations. Additionally, select-
ing representatives from different clusters helps
maintain genetic diversity while pursuing yield
improvement objectives in the breeding pro-
gramme.

Correlation studies on traditional genotypes

The correlation analysis of various traits in
okra genotypes reveals significant genotypic
and phenotypic relationships that are valuable
for breeding. Days to 50% flowering (DFF) has
a strong positive genotypic correlation with
plant height (PHT), fruit length (FL), and num-
ber of fruits per plant (NFPP), suggesting that
selecting for early flowering could be associated
with increased plant height and fruit size ge-
netically. Phenotypically, DFF exhibits negative
correlations with the number of seeds per pod

)

(NSPP), indicating a possible trade-off between
early flowering and seed number (Table 3). Sim-
ilarly, the number of primary branches (NPB)
is positively correlated with plant height and
fruit length at the genotypic level, indicating
that plants with more branches could also grow
taller and produce longer fruits. Traits such as
plant height (PHT) and internode length (IL)
show strong genotypic correlations with fruit
length, suggesting that taller plants with longer
internodes may have larger fruits. However,
phenotypic correlations are weaker, hinting at
environmental influences. Positive genotypic
correlations between fruit girth (FG), fruit length
(FL), and the number of fruits per plant (NFPP)
suggest that selecting for larger fruits could also
increase fruit yield. Furthermore, fruit width
(FW) shows a positive genotypic correlation with
the number of fruits per plant, suggesting that
wider fruits may accompany higheryields (Fig. 2).
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Table 3. Correlation results: Genotypic correlations are presented in the upper diagonal,
while phenotypic correlations are shown in the lower diagonal for the 32 traditional genotypes

DFF NPB PHT IL FG FL FW NFPP FYP NSPP
DFF 0.00074 | 0.018 -0.43* 0.15 -0.03 0.2 -0.23 -0.16 -0.46*
NPB 0.004 0.331 -0.16 -0.04 0.07 0.35 -0.33 -0.18 0.09
PHT 0.02 0.32* -0.11 0.032 -0.18 -0.08 -0.22 -0.34 0.09
IL -0.4%* -0.16 -0.11 -0.13 -0.35 -0.4 0.074 -0.2 0.23
FG 0.13 -0.03 0.031 -0.13 0.12 0.25 -0.01 0.14 0.09
FL -0.03 0.06 -0.17 -0.34** 0.11 0.09 0.371 0.54* -0.46*
FW 0.16 0.34** -0.06 -0.38** 0.23 0.08 -0.61%** -0.05 0.12
NFPP -0.2 -0.32%* -0.22 0.07 -0.01 0.35** | -0.61** 0.82** -0.14
FYP -0.15 -0.17 -0.33%* -0.19 0.14 0.518** -0.05 0.81** -0.07
NSPP -0.43** 0.08 0.09 0.23 0.09 -0.45%* 0.11 -0.14 -0.07

Note: DFF - days to 50% flowering; NPB - number of primary branches per plant; PHT - plant height at maturity
(cm); IL - internode length (cm); FG: fruit girth (cm); FL - fruit length (cm); SFW - single fruit weight (g); NFP -
number of fruits per plant; FYP - fruit yield per plant; NSPP - number of seeds per pod; * - significant at the 5%
level; ** - significant at the 1% level

Source: compiled by the authors
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Figure 2. Correlation results
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However, the number of seeds per pod Variability parameters
(NSPP) tends to have negative correlations with ~ for 32 traditional genotypes
several traits, indicating a trade-off between The analysis of variability parameters for var-
seed quantity and fruit size or number. ious traits in okra demonstrated substantial
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genetic diversity among the 32 traditional gen-
otypes studied (Table 4). The phenotypic expres-
sion showed considerable variation, with plant
height ranging from 92.60 cm to 144.60 cm,
fruit yield per plant varying from 33190 g to
484.80 g, and the number of seeds per pod
ranging from 42.67 to 59.33. High broad-sense
heritability estimates (>0.90) were observed
for most traits, with values ranging from 0.88
to 0.99, indicating strong genetic control over
trait expression and minimal environmental
influence on phenotypic manifestation. Days to
50% flowering (DFF) exhibited a relatively high
genotypic variance (1.12) and phenotypic var-
iance (1.28), indicating a significant influence
of genetic factors on this trait. High heritability
(0.88) and moderate genetic advance as a per-
centage of the mean (4.97%) suggest that selec-
tion could effectively improve early flowering in
okra. Similarly, the number of primary branches
(NPB) exhibited high heritability (0.98) and ge-
netic advance (25.61%), implying strong genetic

control and potential for improvement through
selection. Plant height (PHT) displayed high gen-
otypic (142.47) and phenotypic variance (145.36),
with very high heritability (0.98), indicating that
height is largely genetically determined and
can be effectively selected for breeding pro-
grammes. Traits such as fruit girth (FG) and fruit
length (FL) also demonstrated high heritability
(0.98 and 0.96, respectively) with considerable
genetic advance as a percentage of the mean
(27.31% for FG and 17.28% for FL), suggesting
that selection for larger fruit size could yield
significant improvements in yield. The yield-re-
lated trait, fruit yield per plant (FYP), showed
extremely high genotypic and phenotypic var-
iance coupled with high heritability (0.98) and
genetic advance (21.90%), highlighting its ge-
netic control and responsiveness to selection.
The number of fruits per plant (NFPP) also dis-
played high genetic variance and heritability,
supporting the potential for yield improvement
through selection for fruit number.

Table 4. Variability parameters for 32 traditional genotypes

Sl. No. | Variability parameters | DFF | NPB | PHT IL FG FL FW | NFPP FYP NSPP
1 Maximum mean 51.45| 3.45 | 19460 | 7.49 | 6.41 | 24.74 | 26,53 | 27.25 | 539.80 | 59.33
2 Minimum mean 42.16| 2.17 | 92.60 | 476 | 3.56 | 14.87 | 1529 | 16.52 | 211.90 | 42.67
3 Grand mean 41.16| 2.82 | 123.89 | 6.27 | 475 | 17.80 | 18.28 | 21.97 | 399.36 | 49.03
4 Standard errorofthe |, | 3 | (98 | 004 | 005 | 017 | 022 | 033 | 381 | 0.02

mean (SEm)
5 Critical d;ftfgf;:“ce () | 065|009 28 | 010 | 014 | 048 | 0.63 | 096 | 10.88 | 001
6 Critical d::f‘i';"ce () | 587|012 376 | 014 | 019 | 065 | 0.85 | 1.28 | 1456 | 001
7 Environmental variance | 0.16 | 0.00 2.89 0.01 0.01 0.09 0.15 0.34 43.46 0.01
8 Genotypic variance | 1.12 | 0.13 | 142.47 | 0.54 | 0.40 | 2.31 | 1.61 | 8.58 | 1,844.54 | 22.43
9 Phenotypic variance 1.28 | 0.13 | 145.36| 0.54 0.41 2.40 1.75 8.92 1,888.0 | 22.43
10 Environmental 0.96 | 2.00 | 137 | 1.01 | 1.80 | 1.65 | 2.10 | 2.64 | 165 | 0.01
coefficient of variance
11 | Genotypic coefficientof | , . |15 oo| 963 | 1168|1338 854 | 693 | 1333 | 1075 | 9.66
variance (GCV)
12 | Phenotypic coefficientof | , ;o 15 ;5| 973 | 1173 | 1350 | 870 | 7.24 | 1359 | 10.88 | 9.66
variance (PCV)
13 Heritability 0.88 | 0.98 | 098 | 0.99 | 098 | 096 | 092 | 0.96 | 098 | 0.99
(Broad sense)
14 Genetic advance (GA) | 2.04 | 0.72 | 24.34 | 1.50 | 1.30 | 3.07 | 2.50 | 592 | 87.45 | 9.76
15 Geneticadvanceasa | /o) | 5561 | 1965 | 23.98 | 27.31 | 17.28 | 13.67 | 26.94 | 21.90 | 19.90
percentage of the mean

Note: DFF - days to 50% flowering; NPB — number of primary branches per plant; PHT - plant height at maturity
(cm); IL - internode length (cm); FG: fruit girth (cm); FL - fruit length (cm); SFW - single fruit weight (g); NFP —
number of fruits per plant; FYP - fruit yield per plant; NSPP - number of seeds per pod

Source: compiled by the authors

Plant and Soil Science (15)4



Praviinkumar et al.

The genotypic coefficient of variation (GCV)
demonstrated substantial genetic variability,
with the highest magnitude recorded for the
number of fruits per plant (13.33%) and fruit
girth (13.38%). The relatively small difference
between the phenotypic coefficient of variation
(PCV) and GCV for most traits further confirmed
the limited environmental influence on trait ex-
pression. This conclusion is substantiated by the
low environmental coefficient of variance and
the considerably smaller environmental vari-
ance compared to genotypic variance, suggest-
ing that phenotypic expression is predominant-
ly under genetic control. Similar results were

reported by O. AdeOluwa § O. Kehinde (2011).
The genetic advance (GA) as a percentage of
the mean showed promising values for several
traits, notably the number of primary branches
(25.61%), fruit girth (27.31%), and the number of
fruits per plant (26.94%).

ANOVA for L x T, combining ability analysis, per
se performance of L x T parents and hybrids

The ANOVA results for parents and hybrids
across ten traits, as shown in Table 5, indicated
significant differences among lines, testers, and
hybrids for all traits. Both lines and testers exhib-
ited significant variance for each of the ten traits.

Table 5. ANOVA for L x T and combining ability analysis in okra

Sou'rcg of Df MSS
yaustion DFF | NPB PHT IL FG FL SFW NFF NSPP FYP

Replication| 2 | 0.154 | 0.055 | 2.796 | 0.003 | 0.013 | 0.067 | 0.197 | 0.459 | 7.311 9.991
Hybrid | 20 | 3.7%* | 0.4** | 430.3%* | 1.6** | 1.2%* | 7.4%* | 50%* | 26.1%* | 232.3%* | 5577.1**
Lines 6 | 6.3%*% | 0.6%* | 650.8%* | 2.0%* | 1.9%* | 8.1** | 62%* | 41.7%* | 615.4%* | 6099.7**
Tester 2 | 9.2%*% | 0.1%* | 342.1%* | 0.5%* | 56%* | 40.5%* | 2.4** | 31.3*%* | 297.6%* | 12642.1**
LxT 12 | 1.4%* | 0.3%* |334.7%% | 1.6%* | 0.1%* | 1.6%* | 4.8%* | 17.4%* | 20.8%* | 4138.3**

Error 60 | 0.137 | 0.018 | 3.009 | 0.007 | 0.008 | 0.061 | 0.109 | 0.246 | 2.956 30.199

Note: DFF - days to 50% flowering; NPB - number of primary branches per plant; PHT - plant height at maturity
(cm); IL - internode length (cm); FG - fruit girth (cm); FL - fruit length (cm); SFW - single fruit weight (g); NFP -
number of fruits per plant; FYP - fruit yield per plant; NSPP - number of seeds per pod; * - significant at the 5%

level; ** - significant at the 1% level
Source: compiled by the authors

The importance of high per se performance,
according to V. Singh et al. (1983), in breeding
programmes was emphasised. In this study, pa-
rental lines Anchita, Red Long Okra, Salkeerthi,
and Green Long Okra, along with testers Kashi
Chaman and Arka Anamika, exhibited maxi-
mum fruit yield per plant. Anchita showed re-
markable performance in traits such as primary
branches, plant height, internode length, fruit
length, girth, single fruit weight, and fruit count.
Green Long Okra also excelled in fruit yield, with
notable performance in days to 50% flowering,
fruit girth, length, fruit count, and seeds per pod.
Salkeerthi and Red Long Okra performed well
in both fruit yield and fruit number. Among the
testers, Arka Anamika displayed excellent per-
formance in fruit yield and traits like days to 50%
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flowering, plant height, fruit length, single fruit
weight, and fruit count, while Kashi Chaman
demonstrated favourable traits including days
to 50% flowering, primary branches, internode
length, fruit count, and seeds per pod. These re-
sults show the genetic potential of the parents
used for hybridisation programmes.

The hybrids like Green Long Okra x Arka
Anamika, Anchita Local x Arka Anamika, Heir-
loom White x Arka Anamika, Heirloom White x
Pusa A-4, Heirloom White x Kashi Chaman, and
Salkeerthi x Pusa A-4 demonstrated higher fruit
yield per plant. Anchita Local x Arka Anamika
showed high yield along with favourable traits
such as days to 50% flowering, primary branch-
es, internode length, fruit length, girth, single
fruit weight, and fruit count. Green Long Okra x
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Arka Anamika also excelled in fruit yield, days
to 50% flowering, internode length, fruit length,
seeds per pod, and fruit count. Salkeerthi x
Pusa A-4 exhibited desirable traits like prima-
ry branches, internode length, fruit girth, and
single fruit weight. Overall, Anchita Local x Arka
Anamika and Green Long Okra x Arka Anamika
hybrids demonstrated superior performance
in fruit yield and most traits under study, while
Heirloom White x Arka Anamika and Salkeerthi

x Pusa A-4 also performed favourably across
several traits.

General combining ability effect of parents

The parent lines Heirloom White, Salkeerthi,
and the tester Arka Anamika showed strong pos-
itive effects for general combining ability (GCA)
regarding fruit yield per plant (Table 6). This
suggests that they could be valuable in breeding
new varieties aimed at increasing yield.

Table 6. GCA effect of parents

LT G':‘:‘";’;‘:;S DFF | NYB PHT I FG FL FW NFF NSPP FYP
L1 | Salkeerthi | 0.94** | 0.06%* | 3.60%* |-0.22%* | 0.29%* | 0.14 |-0.41%*| 1.65%* | 7.64%* | 19.52%*
2 Reg;r‘;"g 0.67%% | 0.01 | 3.27%*% | 0.77%* | -0.29%* | -0.50%* | -0.89%* | 1.72%* | 5.0%* | 941%*
L3 G’eec')‘k'::““d 0.40%* | -0.31%* | -14.28%* | 0.50%* | .0.23** | -1.15%* | 024 |-0.57** | 8.95** | -3.61
L4 | AnchitaLocal| 0.08 | 0.29%* | -3.43** | .0.20%* | -0.20%* | 1.61** | 1.38** | -2.15%* | -11.73** | -8.74**
L5 c::"(""l‘:'glz‘ra 0.95%* | 0.02 | 7.82%* | -0.30%* | 0.83%* | -0.92%* | 0.73** | -3.44%* | 1.13* |.47.73**
L6 H‘\’A'Irll?t"em 0.45%% | -0.38%* | -6.51%* | -0.45%* | 0.17%* | 0.40%* | -0.30% | 2.23%* | -2.25%* | 34.87**
L7 G’egar'f"g J1.26%* | 0.32%* | 9.53%* | .0.19%* | .0.56%* | 0.41** | -0.76%* | 0.56%* | -9.64** | -3.71
T1 Argrrlr(\?ka 10.33%* | 0.001 | -4.15%*% | 0.11** | 0.53%* | 1.35%* | 0.13 | 0.95%* | 1.17%* | 28.17**
T2 | PusaA-4 | 0.76%* |-0.08**| 025 |-0.19%* |-0.50** | 0.08 |-0.38**|-0.74** | 3.04** |-16.71%*
T3 ch":;:‘;n -0.43%*% | 0.08*%* | 3.91** | 0.07** | -0.03 |-1.43**| 0.26%* | -0.21 | -4.21%* |-11.46**

Note: DFF - days to 50% flowering; NPB - number of primary branches per plant; PHT - plant height at maturity
(cm); IL - internode length (cm); FG - fruit girth (cm); FL - fruit length (cm); SFW - single fruit weight (g); NFP -
number of fruits per plant; FYP - fruit yield per plant; NSPP — number of seeds per pod; * - significant at the 5%

level; ** - significant at the 1% level
Source: compiled by the authors

Heirloom White also showed positive GCA
for multiple traits, including days to 50% flower-
ing, plant height, internode length, fruit length,
number of fruits, and seeds per pod. Green Long
Okra demonstrated desirable GCA effects for six
traits, including days to 50% flowering, primary
branches, fruit girth, and fruit length. Anchita
Local ranked second in positive GCA for traits
like primary branches, plant height, and fruit
length but had negative GCA for fruit yield per
plant. Among testers, Arka Anamika was por-
trayed as a good general combiner for most
traits, while Kashi Chaman showed desirable
GCA effects for flowering, primary branches,
and single fruit weight but was negative for fruit

yield. Based on the GCA scores, Arka Anamika
and Pusa A-4 were average combiners, while
Kashi Chaman was a poor combiner.

Specific combining ability effect of hybrids

Specific combining ability (SCA) represents the
deviation from expected performance based
on GCA and is influenced by non-additive gene
action (Sprague § Tatum, 1942). Significant pos-
itive SCA effects for fruit yield per plant were
perceived in cross combinations such as Anchita
Local x Arka Anamika, Green Long Okra x Arka
Anamika, Heirloom White x Pusa A-4, and oth-
ers, making them ideal candidates for heterosis
breeding to enhance fruit yield. Each of these
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crosses included at least one strong parent con-
tributing desirable traits.

The hybrid Anchita Local x Arka Anamika
ranked as the top performer, showing strong
SCA effects for traits such as fruit length, pri-
mary branches, and single fruit weight, despite
negative SCA effects for some traits such as days
to 50% flowering and plant height. Heirloom
White x Pusa A-4 also performed well, with su-
perior SCA effects for traits such as days to 50%
flowering, internode length, fruit length, and
fruit yield. Green Round Okra x Kashi Chaman
and other hybrids, including Sri Lankan Can-
dle Okra x Kashi Chaman, exhibited desirable

SCA effects for traits such as fruit girth, fruit
number, and yield. Based on SCA scores, hy-
brids such as Heirloom White x Pusa A-4, Green
Round Okra x Kashi Chaman, Salkeerthi x Kashi
Chaman, and Anchita Local x Arka Anami-
ka showed the highest SCA effects, indicating
their strong potential as specific combiners.
Similar results were reported by V. Bendalel et
al. (2004) and A. Shwetha et al. (2018). Overall,
the results highlight the superior performance
of Anchita Local and Arka Anamika in various
hybrid combinations, contributing to enhanced
fruit yield and trait improvement across multi-
ple hybrids (Table 7).

Table 7. SCA effect of hybrids

Hybrids DFF NYB PHT IL FL FW NFF NSPP FYP
LxT, 0.13 0.10** -1.24 1.00** 0.01 -0.57** | -2.23** | 1.73** | 2.60** |-25.77**
LxT, 0.35* 0.28** | 5.40** | -0.32** -0.04 -0.01 1.96** | -1.55%* 2.39* 20.36**
L xT, -0.48** | -0.38** | -4.16** | -0.67** 0.03 0.58** 0.27 -0.18 -4.99** 5.4
L,xT, -0.08 0.27** | -7.77** | -0.24** 0.10* -0.51** | 1.05** | -2.59** | 3.40** |-19.78**
LxT, 0.75** | -0.22** | -3.57** | 0.53** | -0.20** -0.08 -1.66** | 3.67** -1.9 22.57**
LxT, -0.67** -0.04 11.34** | -0.29** 0.59** | 0.61** | -1.08** -1.5 -2.79
LxT, -0.01 -0.17** | 5.43** -0.04 -0.02 0.3 -0.08 -1.18** 0.48 -25.33**
LxT, -0.64** | -0.20** | 13.92** | 0.16** 0.13* -0.1 -0.50* -0.04 2.01* -8.60*
LxT, 0.65** | 0.37** |-19.35%* | -0.12** | -0.10* -0.2 0.57* 1.22%* -2.49* | 33.93**
LxT, -0.97** | 0.12** | -3.24** | -1.33** -0.07 1.36** | 0.62** | 2.27** -2.27* | 59.65**
LxT, 0.42* -0.35%* | -12.23%* | 0.58** -0.10* -0.32* -0.57* -0.54 -1.63 | -19.80**
LxT, 0.55** | 0.23** | 15.47** | 0.75** | 0.17** | -1.04** 0.06 -1.73** | 3.90** | -39.86**
LxT, 0.2 -0.08* 0.08 0.24** | 0.22** | -0.56** | -0.58* | -0.90** | -3.12%* |-27.27**
LxT, 0.29 0.40** 3.34%*% | -0.77** 0.03 -0.22 1.25** 1.48** 1.09 -3.02
LxT, -0.48** | -0.32** | -3.42** | 0.52** | -0.25*%* | 0.78** | -0.67** | 2.39** 2.03*% | 30.29**
LxT, 0.86** -0.04 1.44 0.63** | -0.40** -0.31 0.92%* | -2.24** 0.47 -18.49%*
LxT, -0.79** | -0.12** -0.72 -0.40** | 0.23** 0.39* -0.91** | 2.07** | -2.69** | 15.19**
LxT, -0.07 0.17** -0.72 -0.23** | 0.17** -0.08 -0.01 0.17 2.22% 3.3
LxT, -0.13 -0.20** | 5.30** | -0.26** | 0.16** 0.29 0.29 2.91** -1.57 56.99**
LT, -0.38* 0.21** | -6.13** | 0.22** -0.04 0.33* 0.42 -2.12%* 0.74 -26.71%*
LxT, 0.50** -0.01 0.84 0.03 -0.12* | -0.62** -0.71 -0.79* 0.82 -30.28**

Note: DFF - days to 50% flowering; NPB - number of primary branches per plant; PHT - plant height at maturity
(cm); IL - internode length (cm); FG - fruit girth (cm); FL - fruit length (cm); SFW - single fruit weight (g); NFP -
number of fruits per plant; FYP - fruit yield per plant; NSPP - number of seeds per pod; * - significant at the 5%

level; ** - significant at the 1% level
Source: compiled by the authors
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The analysis of variance components for
combining ability demonstrated that SCA

variance exceeded GCA variance across all eval-
uated traits (Table 8).

Table 8. Estimation of combining ability variance

VARIANCE DFF NYB PHT IL FG FL FW NFF NSPP FYP
GCA variance 0.06 0.002 2.48 0.05 0.03 0.15 0.00 0.22 37.46 5.27
SCA variance 0.45 0.09 110.6 0.53 0.04 0.49 1.55 5.69 |1,364.93| 9.03

GCA/SCA variance | 0.13 0.02 0.02 0.094 0.67 0.31 0.00 0.04 0.03 0.58

Note: DFF - days to 50% flowering; NPB - number of primary branches per plant; PHT - plant height at maturity
(cm); IL - internode length (cm); FG - fruit girth (cm); FL - fruit length (cm); SFW - single fruit weight (g); NFP -
number of fruits per plant; FYP - fruit yield per plant; NSPP - number of seeds per pod

Source: compiled by the authors

This observation suggests that non-additive
gene action plays a significant role in the inher-
itance of these traits, highlighting the complex-
ity and adaptive potential of the genetic mecha-
nisms involved.

Estimation of heterosis concerning fruit yield
The top five hybrids based on heterobeltiosis
for fruit yield per plant were Heirloom White x
Pusa A4 (48.31%), Green Long Okra x Arka Ana-
mika (22.32%), Heirloom White x Arka Anami-
ka (19.11%), Sri Lankan Candle Okra x Pusa A-4
(9.57%), and Green Round Okra x Arka Anamika
(6.94%) (Fig. 3). These hybrids also exhibited de-
sirable heterobeltiosis for traits such as days to
50% flowering, plant height, internode length,
fruit length, and fruit number. For standard
heterosis, the top five hybrids were Green Long
Okra x Arka Anamika (29.00%), Anchita Local x
Arka Anamika (28.37%), Heirloom White x Arka
Anamika (19.11%), Heirloom White x Pusa A-4
(16.1%), and Heirloom White x Kashi Chaman
(14.32%). These crosses also recorded signifi-
cant standard heterosis for traits such as fruit
number, primary branches, internode length,
and seed number per pod. Hybrids like Green
Long Okra x Arka Anamika, Heirloom White x
Pusa A-4, and Heirloom White x Arka Anamika
showed high heterosis for both heterobeltiosis
and standard heterosis, making them promis-
ing candidates for fruit yield improvement. Ac-
cording to S. Rynjah et al. (2020), the F hybrids
with high heterosis for fruit yield also exhibited
favourable heterosis in other traits, supporting
their use for okra yield enhancement.

)

The findings have significant implications
for okra breeding programmes. The combina-
tion of high heritability and substantial genetic
advance indicates the effectiveness of selection
breeding, while the predominance of non-ad-
ditive gene action supports the adoption of hy-
brid breeding approaches. The minimal envi-
ronmental effects suggest stable expression of
traits across environments, which is favourable
for breeding programmes. The SCA variances
were higher than the GCA variance for all ten
characters, viz. days to 50% flowering, plant
height at maturity, number of primary branch-
es per plant, internode length, fruit length,
fruit girth, single fruit weight, number of fruits
per plant and fruit yield per plant. The ratio of
GCA/SCA was less than unity, indicating the
pre-dominance of nonadditive gene action. For
traits such as plant height at maturity and fruit
yield per plant, high SCA variance suggests the
influence of non-additive gene effects or dom-
inant gene action, indicating that hybridisation
could be effective in improving these traits. Se-
lecting hybrids for heterosis breeding based on
per se performance, specific combining ability
(scA) effects and standard heterosis is highly
effective. Among the 21 hybrids evaluated, An-
chita Local x Arka Anamika and Heirloom White
x Pusa A-4 emerged as superior hybrids based
on all three criteria. Anchita Local x Arka Anami-
ka excelled across nine out of ten traits, making
it the top-performing hybrid. Heirloom White
x Pusa A4 also demonstrated desirable perfor-
mance for most traits, making it a strong candi-
date for hybrid breeding.
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Additionally, the hybrids Green Long Okra x
Arka Anamika and Salkeerthi x Pusa A-4 showed
notable fruit yield per plant. The strong correla-
tion observed between per se performance, SCA
effects,and standard heterosis suggests that SCA
effects can serve as a useful biometrical marker
for hybrid breeding in okra. This study highlights
the significance of non-additive gene action for
fruit yield and its related traits, indicating that
developing hybrid varieties is the best approach
to capitalise on the genetic gain in F, genera-
tions. While recurrent selection, as proposed by
C. Andrus (1963), can produce high-performing
pure lines and hybrids, it is time-consuming.
Combining pedigree breeding with recurrent
selection may offer a more efficient strategy for
developing high-yielding segregants and max-
imising hybrid potential.

Diallel selective mating design, according to
N. Jensen (1970), can also be adopted to encour-
age recombination. The hybrid Heirloom White
x Arka Anamika showed high combining ability
with positive, non-significant SCA effects for
plant height and negative, non-significant val-
ues for fruit length. Similarly, the hybrid Green
Long Okra x Kashi Chaman had non-significant
SCA effects for seeds per pod and negative val-
ues for primary branches. These crosses sug-
gest additive genes contributing to traits such as
plant height and earliness in later generations.
Green Long Okra x Arka Anamika and Heirloom
White x Arka Anamika were selected for recom-
bination breeding due to their superior fruit
yield and component traits. Therefore, crosses
involving Arka Anamika, Heirloom white, and
Green long okra are expected to yield superior
segregants for fruit yield improvement.

The results of AMMI analysis of hybrids

The AMMI1 biplot shows yield (YLD) on the x-ax-
is and the first principal component (PC1) on the
yaxis. This visualisation facilitates the assess-
ment of the yield performance and stability of 31
different okra genotypes across multiple envi-
ronments (ENV-1, ENV-2,and ENV-3). Genotypes
positioned furtheralongthe x-axistowards high-
eryield values indicate superior performance in
terms of yield (Patel et al., 2023). For example,
hybrids Red Long Okra x Arka Anamika, Anch-
ita Local x Arka Anamika, and the tester Arka

2)

Anamika exhibit relatively high yields, making
them potential candidates for yield-focused
breeding programmes. Stability, in this context,
refers to a genotype’s consistency across differ-
ent environmental conditions. Genotypes lo-
cated near the origin, such as Heirloom White
x Pusa A-4, display low interaction effects, indi-
cating stable performance across environments.
In contrast, genotypes farther from the origin,
such as Red Long Okra and Heirloom White x
Kashi Chaman, exhibit higher interaction ef-
fects, suggesting variability in yield depending
onthe environment. Thus, while Heirloom White
x Pusa A-4 is stable across conditions, Red Long
Okra and Heirloom White x Kashi Chaman may
be better suited to specific environments rather
than being broadly adapted. The AMMI2 biplot
displays genotype x environment interactions by
plotting the first principal component (PC1) on
the x-axis and the second principal component
(PC2) on the y-axis. In this biplot, the proximity of
genotypes to specific environments reveals pat-
terns of adaptability. For instance, Red Long Okra
aligned closely with ENV-2, indicating a particu-
lar suitability for that environment, while the
hybrid Heirloom White x Kashi Chaman showed
a similar alignment with ENV-3. Stability and
specific adaptation were also apparent in this
biplot. Genotypes positioned near the origin,
such as Anchita Local x Arka Anamika and Heir-
loom White x Pusa A-4, showed low interaction
effects, indicating stable performance across
environments. Similar genotype x environment
interaction techniques were reported by C. Alake
§ O. Ariyo (2012) (Fig. 4). In contrast, genotypes
positioned farther from the origin, such as Heir-
loom White x Kashi Chaman and Red Long Okra,
demonstrated specific adaptability to certain
environments (ENV-3 and ENV-2, respectively).

Environmental influence is represented by
the direction and length of the arrows from the
origin toward each environment (ENV-1, ENV-2,
and ENV-3). Longer arrows, such as the one for
ENV-2, indicate a stronger interaction effect on
the genotypes aligned along that vector, em-
phasising the environment’s impact on yield
performance in that direction. ENV-1 exhibits
greater stability as it is positioned closer to the
origin in both the AMMI biplot for yield and the
AMMI1 biplot. This proximity indicates minimal
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interaction effects with genotypes, making ENV-
1 a reliable environment for consistent perfor-
mance across a wide range of genotypes. In con-
trast, ENV-2 and ENV-3 are located farther from
the origin, reflecting stronger interaction ef-
fects. These environments are more suitable for
specific adaptation, as they may favour certain
genotypes and potentially lead to higher yield
performance. In terms of variance explained,
the contributions of PC1(73.6%) and PC2 (26.4%)
account for the full variance of the genotype x

AMMI Biplot for YLD
PC1=73.8%: PC2=26.4%

environment interactions in the AMMI2 biplot
(16). Genotypes near the origin, such as Heir-
loom White x Pusa A-4 and Anchita Local x Arka
Anamika, emerge as ideal candidates due to
their stability across environments. Meanwhile,
high-yielding genotypes like Red Long Okra x
Arka Anamika and Arka Anamika show prom-
ise for breeding programmes aimed at yield im-
provement and multi-location trials to confirm
broad adaptability and yield consistency across
environments.

AMMI1 Biplot
PC1=72.6%

E1

.
P e ]

PC1

G23

Figure 4. AMMI analysis biplot

Source: compiled by the authors

The study demonstrated that improving
traits and fruit yield per plant through standard
pedigree selection may be challenging. Correla-
tion analysis revealed that days to 50% flower-
ing (DFF) is negatively correlates with internode
length (IL) and number of seeds per pod (NSPP),
suggesting that early-flowering plants may
have shorter internodes and fewer seeds. The
number of primary branches (NPB) is positive-
ly correlated with plant height (PHT) and fruit
width (FW), while fruit girth (FG) and fruit length
(FL) are positively correlated with the number
of fruits per plant (NFPP) and fruit yield per
plant (FYP). However, wider fruits were nega-
tively correlated with NFPP, indicating potential
tradeoffs. The genetic parameters indicated that
most traits are under genetic control, with high
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heritability (0.88-0.99) and narrow gaps be-
tween genotypic and phenotypic variances.
Days to 50% flowering exhibited high heritabil-
ity (0.88) and moderate genetic advance (4.97%),
making it a promising trait for developing ear-
ly-maturing varieties (Reddy et al., 2012; Patel et
al.,, 2023). Traits such as plant height and pri-
mary branches demonstrated high heritability
(0.98) and genetic advance (19.65% and 25.61%,
respectively), highlighting additive gene action
and their amenability to selection. Fruit-relat-
ed traits, including fruit girth and the number
of fruits per plant, displayed high genetic vari-
ability and heritability, supporting their effec-
tiveness for selection, consistent with findings
from P. Sharma et al. (2016). Fruit yield per plant
showed high heritability (0.98) and genetic
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advance (21.90%), confirming the potential for
yield improvement via selection (Basir, 2020).
Stable genetic expression across traits supports
reliable phenotypic selection, although multi-lo-
cation trials remain necessary to confirm supe-
rior genotypes (Hill § Mulder, 2010). The pre-
dominance of specific combining ability (SCA)
over general combining ability (GCA) for most
traits underscores the significance of non-ad-
ditive gene action, suggesting hybrid breeding
is more effective than pure-line selection for
crop improvement, as mentioned by V. Verma et
al. (2018) and M. Srivastava et al. (2023).

Green Long Okra demonstrated desirable
GCA effects for traits like primary branches and
fruit girth, while Anchita Local showed pos-
itive GCA effects for plant height and prima-
ry branches but was less favourable for yield.
Among testers, Arka Anamika emerged as the
best general combiner for multiple traits, while
Kashi Chaman showed favourable GCA effects
for flowering and fruit weight but not for yield.
For SCA, high-performing hybrids such as Anch-
ita Local x Arka Anamika and Heirloom White x
Pusa A-4 displayed strong potential, particularly
for fruit yield and key traits like fruit length and
primary branches. These crosses benefited from
at least one high-GCA parent, underscoring
their suitability for yield-oriented breeding. Top
hybrids for heterosis included Heirloom White
x Pusa A-4 (48.31%) and Green Long Okra x Arka
Anamika (22.32%), which showed desirable per-
formance in days to 50% flowering, plant height,
and fruit number. Overall, hybrids like Green
Long Okra x Arka Anamika and Anchita Local x
Arka Anamika displayed promising heterosis.
The hybrid Heirloom White x Arka Anamika
exhibited high combining ability with positive,
non-significant SCA effects for plant height at
maturity and negative, non-significant values
for fruit length. The hybrid Green Long Okra x
Kashi Chaman showed high combining ability
with non-significant SCA effects for the number
of seeds per pod and negative, non-significant
values for the number of primary branches. This
indicated that these crosses possessed additive
genes from the parents which are likely to pro-
duce desirable recombinants for traits like plant
height, internode length, and earliness in later
segregating generations. The hybrids selected

)

for recombination breeding were Green Long
Okra x Arka Anamika and Heirloom White x Arka
Anamika, as they excelled in fruit yield per plant
and most of their component traits. Therefore,
the crosses involving the parents viz. Arka An-
amika, Heirloom White, and Green Long Okra
were also expected to throw superior segregants
for pedigree breeding with favourable genes for
improving fruit yield and its component traits.

The AMMI analysis identified hybrids such
as Anchita Local x Arka Anamika, Green Long
Okra x Arka Anamika, and Heirloom White x
Pusa A-4 as high-yielding genotypes with strong
adaptability to specific environments. This
aligns with the combining ability analysis, which
highlighted these hybrids for their superior spe-
cific combining ability (SCA) and high heterosis
for fruit yield per plant and related traits. The
dominance of SCA variance over general com-
bining ability (GCA) variance, as observed in
traits like fruit yield, days to flowering, and fruit
size, supports the AMMI results. This indicates
that non-additive gene action plays a major role
in determining these traits. This non-additive
genetic control aligns with the variability ob-
served across environments. This captured by
AMMI biplots, where specific genotypes excelled
in particular environments, suggests strong
genotype x environment interactions and high-
lights the need for multi-location trials to con-
firm broad adaptability and yield consistency
across environments.

In both analyses, the hybrids Anchita Local x
Arka Anamika and Green Long Okra x Arka Ana-
mika emerged as high performers for key traits,
including fruit yield per plant, fruit length, and
reduced days to flowering. In the AMMI biplots,
these hybrids displayed high yield and specif-
ic adaptability to certain environments, while
in the combining ability analysis, they demon-
strated significant SCA effects and heterosis.
These findings indicate that these hybrids are
not only highyielding but also capable of thriv-
ing under specific environmental conditions,
which is beneficial for region-specific cultiva-
tion. The AMMI analysis highlighted Anchita Lo-
cal x Arka Anamika as stable across different en-
vironments, which correlates well with its high
SCA effects and superior performance across
multiple traits in the combining ability study,
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positioning it as an ideal candidate for stable
yield improvement (Komolafe et al, 2022). In-
stead, fruit yield improvement may be achieved
by delaying selection to later generations and
using intermating of segregants followed by re-
current selection. Okra breeders have the choice
between lines and hybrids. Single crosses can be
justified at the beginning, while lines can be pri-
oritised later if all heterosis is fixable.

CONCLUSIONS

The authors concluded that the high heritability
and genetic variance observed in these traits in-
dicated the potential for effective yield improve-
ment through selective breeding. The parental
genotypes, such as Anchita Local, Green Long
Okra, and Arka Anamika, were identified as su-
perior combiners for key traits like fruit yield
and plant height in the combining ability analy-
sis. The AMMI biplots further highlighted the ad-
aptability and stability of these genotypes, par-
ticularly in specific hybrid combinations, across
different environments. Heirloom White stood
out for its high general combining ability (GCA)
effects on yield-related traits, signifying its po-
tential to enhance overall yield in hybrids. This
high GCA effect aligned with its performance in
the AMMI analysis, where hybrids like Heirloom
White x Pusa A-4 demonstrated strong adapt-
ability and high yield potential. The integration
of AMMI results with combining ability analysis
confirmed that most hybrids were stable across
all three environments, exhibited high specific
combining ability (SCA), and adapted well to di-
verse climatic conditions, minimising environ-
mental influences on quality. Hybrids such as
Anchita Local x Arka Anamika and Green Long
Okra x Arka Anamika displayed both strong

genetic potential and environmental adapt-
ability, making them promising candidates for
breeding programmes aimed at improving yield
stability and performance.

In the near future, okra breeding should
focus on integrating molecular techniques
with traditional breeding approaches to en-
hance selection accuracy and efficiency. Using
genomic selection, marker-assisted breeding,
and transcriptomics can help understand the
genetic factors behind important traits such
as fruit yield, earliness, and adaptability to dif-
ferent environments. Multi-location trials are
also important to study how different geno-
types interact with their environments, help-
ing identify hybrids that can adapt broadly as
well as specifically. Exploring underutilised
genetic resources and the wild relatives of okra
can provide new genes for trait improvement.
Breeding programmes should aim to develop
hybrids and lines that can withstand climate
challenges and perform well under stress, en-
suring sustainable production and resilience
against pests and environmental stressors. In-
tegrating biochemical trait analysis into breed-
ing programmes can reveal new genetic var-
iations and improve the selection process for
superior genotypes, aligning future breeding
efforts with market demands.
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FleHeTM4YHa BapiaTUBHICTb, KOM6GIHaLUiIHa 30aTHICTb

Ta aHani3 ctabinbHOCTI TPAaAULIMHUX reHOTUNIB 6aMii Ta ix
ripuaie (Abelmoschus esculentus (L.) Moench)

i3 BUKOPUCTAHHAM CXeMU «JliHia x TecTep»

AHoTauia. [ToKpallleHHS BPOKAWHOCTI TPAAMIIMHUX COpPTiB 6aMii Mae BakIMBe 3HAYEHHS
11 3a6esredyeHHs MMPOOBOJIBYOI 6€3MeKU, CTaJoro CiTbCHKOTO TOCIOAAPCTBA Ta 36epesKeHHs
TeHEeTUYHOTO pi3HOMaHITTA copTiB. OLiHKAa iX TeHETUYHOTO IIOTeHIiasly Ta CTabibHOCTI 3a
IIOTIOMOT'0I0 CY4YaCHUX TeCTepiB € KII0UOBUM GaKTOPOM IJif JIOCATHEHHS BUINOI BPOXKAWHOCTI
Ta BIOCKOHaJIEHHS KYJIBTYpU. [JOCHTIJ)KeHHS MaJio Ha MeTi OLIHUTH IeHeTHYHy BapiaTHMBHICTE,
KOMGiHalifHY 3[aTHICTb, [Iif0 TeHiB Ta CTabiMbHICTD TPAaOUIIIMHUX TeHOTUITIB 6aMii Ta ix ribpumis
3a IOTIOMOTOI0 CXEMU «JTiHisfl X TeCTeP» AJIs BUSHAYEHHS BUCOKOBPOKAWHUX, CTA6IIbHUX Ti6pUIiB
31 crenmdiyHO0 ajanTalielo IO YMOB CepefoBUINA. AHAJI3 3a CXeMOI0 «JIiHifS x TecTep» 6yio
ripoBenieHo y 2022-2024 pokax B VHiBepcuTeTi AHHaMastaw, Yugambapam (Immis), i3 BUKOPUCTAaHHAM
CeMU JIiHiM i TphOX TeCTePiB A1 BUBYEHHS KOMOIHALIIMHOI 34aTHOCT], TeHETUYHUX JIili Ta TETEPO3UCY
y TpamuuiiHux reHotunax 6awmii (Abelmoschus esculentus (L.) Moench). BaTbKiBCbKi JiHii 6yiu
obpaHi 3 rpynu 32 MiClieBUX COPTiB. V ZOCTiIKeHH] oIiHIoBaIM 10 EKOHOMIYHO BasKJIMBUX O3HAK,
BRJTIOYAIOYM KUTBKICTB IHIB 710 50 % LIBITIHHS, apXiTEeKTypy POCIUHU Ta KOMIIOHEHTY BPOKAHOCTI.
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o3Hak. Ceper 6aTbKiBChRMX pocinH Heirloom White, Anchita Local (inii) Ta Arka Anamika (tectep)
MTPOZIEMOHCTPYBAJIM BUILY 3araJibHy KOMOIHAIIIMHY 34aTHICTh 32 KiJTbKOMa 03HaKaMU, BKITIOUAIOUU
BpoOsKarHicTh riofiB. [6pumu Green Long Okra x Arka Anamika Ta Anchita Local x Arka Anamika
BUSIBUJIMCS KPaLIUMU, IEeMOHCTPYIOUM 3HauHi eperTH crienindiyHoi KoMbiHALIIMHOI 30aTHOCTI Ta
6aykaHU CTAaHJAPTHUM reTeposycC 3a BPOXKAWHICTIO Ta ii CKIafloBUMU O3HaKaMU. AHajis AMMI
MMATBEPAUB €KOJIOTIUHY aJalTHBHICTh Lux Tibpuzis, mpu upoMmy Anchita Local x Arka Anamika
BiZ[3HAUMBCA OCOBJIMBOIO CTAGIMBHICTIO B pi3HMX yMOBaX. BHMCOKa CITaJKOBICTh y TOEAHAHHI 3
repeBaro HeaJUTUBHOI il TeHiB CBIIUUTD PO Te, 110 ri6puan3allia € ebeRTUBHININM MiIX0moM
[IJIs BOOCKOHAJIEHHS KyJBTYPH, HDK CeJIeKLis YMCTUX JIiHiN. OTpHUMaHi pe3ynbraTy JAloTh LIIHHY
indopmarito myia peanisarii mporpaM i3 ceneruioHyBaHHS 6aMii, CIIPIMOBAHUX Ha CTBOPEHHS
BUCOKOBPOKAMHUX, CTabiIbHIX TibpuIiB 3i crienindiuHo aganTallie:o

KniouoBi crnoBa: ceexiiis 6aMmii; afaTHBHICTD 10 HABKOJIUIITHBOTO CEPEIOBUILA; IIPOAYKTUBHICTD
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Effect of a growth regulator on the salt resistance
of soybean Zheng 196 at the seeding stage

Abstract. Soil salinity is an increasingly pressing issue for global agriculture. Of the 230 million
hectares of irrigated farmland worldwide, 20% is affected by salinity, and this percentage continues
to rise annually due to improper irrigation practices. Consequently, advancing research into salt
tolerance presents an appealing and cost-effective solution for addressing this challenge. The
main goal of this study was to examine the effectiveness of a growth regulator in increasing salt
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tolerance in soybeans at the seedling stage. A hydroponic experiment on soybeans was conducted
at the Henan Institute of Science and Technology, Xinxiang, China. The seedlings were grown in an
artificial climate chamber. Superoxide dismutase activity was measured using a reference method
involving nitrotetrazolium blue chloride, while ascorbate peroxidase activity was measured using
a standard assay. The use of growth regulators has been shown to mitigate the damage caused by
salt stress in plants. In this study, the ability of the growth regulator to alleviate salt stress during the
seedling stage of the soybean variety Zheng 196 was evaluated through analysis and measurement
of antioxidant enzymes and malondialdehyde. This process provided indirect verification of its role
in enhancing the salt resistance of soybean seedlings. The activities of ascorbate peroxidase and
catalase were found to increase significantly at a salt concentration of 100 mmol/L, reaching 30%
and 35.96%, respectively, while malondialdehyde levels were significantly reduced by 33% under the
same conditions. These results offer valuable insights for the development of new growth regulators
and scientifically support their feasibility in addressing the current trend of increasing soil salinity

Keywords: Glycine max (L.); amino regulator; salt stress; enzyme activity; seedling leaves

INTRODUCTION

Soybean (Glycine max (L.) Merrill) is the world’s
most important oil crop and a high-protein
grainfeeding crop. The soybean industry has
economic, and political attributes, making it and
is of great importance to a country’s food secu-
rity, economic growth, and social stability. This
strategic significance is highlighted in the study
of V. Borovyk et al. (2024). Soybean is a legumi-
nous plant native to East Asia, specifically China
and is now widely cultivated across the globe, as
indicated by S. Kalenska et al. (2022).

P Jia et al. (2021) stated that soil salinisation
and drought stress are significant abiotic factors
affecting crop yield. According to T. Eryigit et
al. (2022) and K. Saravanan et al. (2023), environ-
mental degradation and unsustainable cultiva-
tion practices are exacerbating soil salinisation,
which in turn affects the quality and yield of soy-
beans. There is a dynamic equilibrium between
the production and elimination of reactive ox-
ygen species generated by plants during life
processes. Salt stress disrupts this equilibrium,
as noted by M. Osman et al. (2021). The accumu-
lation of reactive oxygen species, such as super-
oxide anions and hydrogen peroxide, induces
membrane lipid peroxidation, increasing mem-
brane permeability, damaging the membrane
system, and causing severe harm to plants. The
use of growth regulators and hormones can im-
prove plant salt resistance, mitigate salt stress,
and promote plant growth, as highlighted by
S. Butenko et al. (2022).
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According to I. Didur (2023), one of the most
effective measures to increase soybean grain
production while reducing anthropogenic pres-
sure on ecosystems and conserving energy re-
sources - especially given the exceptionally high
cost of mineral fertilisers - is the optimal use of
biological intensification factors. These include
exploiting symbiotic potential as a cost-effec-
tive natural nitrogen source. In recent years,
there has been growing scientific and practical
interest in the use of biological fertilisers and
foliar treatments with various mechanisms of
action. These treatments enhance plants’ ability
to utilise available resources, thereby improving
productivity. Thus, it is highly relevant to study
not only the efficiency of seed inoculation but
also the creation of optimal growth and devel-
opment conditions for plants by combining
inoculation with foliar feeding. This combined
approach amplifies the effects of bioactive sub-
stances, enhances photosynthetic activity and
symbiotic productivity, and ultimately contrib-
utes to higher yields.

“Amino VG-Antistress” is a liquid fertiliser
containing a high concentration of free amino
acids (of vegetable origin) that are quickly ab-
sorbed by plant tissues. Amino acids play an im-
portant role in vegetative growth and the accu-
mulation of nutrients for protein synthesis. The
special composition of this growth regulator pro-
motes balanced growth and accelerates plant re-
covery from chemical and mechanical damage.

G
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The presence of the anti-stress agent glycine be-
taine helps plants overcome abiotic stresses and
improves metabolic processes within the plant.
Amino acids, as the fundamental components of
biological functional macromolecular proteins
and important plant metabolites, play a key role
in nitrogen metabolism and stress resistance
(Didora et al., 2019). Glycine betaine can mitigate
the inhibitory effects of stress on plants and en-
hance their stress tolerance. Studies conducted
by H. Deng et al. (2024) have shown that betaine
can regulate the osmotic pressure of plant cells,
remove reactive oxygen species, and maintain
the stability of biological membranes. Research
has also demonstrated that betaine significantly
enhancesthe drought and salt tolerance of plants
by stabilising the structure and activity of key en-
zymes under stress conditions. Furthermore, it
improves photosynthetic efficiency and growth
by protecting the photosystem and ensuring
optimal water balance within plant tissues.

The free amino acids and betaine contained
in the investigated regulator are known to have a
significant impact on the salt resistance of soy-
beans. However, there are limited reports on the
effects of this regulator on the salt resistance of
soybean seedlings. In this study, the growth reg-
ulator was applied to soybean seedlings exposed
to different levels of salinity stress. The experi-
mental investigation focused on the effects of
the regulator on antioxidant enzyme activity in
soybean seedlings, revealing its impact on salt
resistance. The study aimed to identify changes
in the enzymatic activity of soybean seedlings
treated with the growth regulator under varying
salinity conditions. Demonstrating the influ-
ence of the regulator on enzymatic activity pro-
vides a scientific basis for increasing soybean
resistance to salinity.

MATERIALS AND METHODS

The objective of the research was to evaluate
changes in the enzymatic activity of soybean
seedlings treated with a growth regulator un-
der varying levels of environmental salinity.
The focus of the study included Glycine max L.
(variety Zheng 196), a plant growth regulator
(“Amino VG-Antistress”), abiotic stress (salini-
ty), and enzyme activity (superoxide dismutase,
peroxidase, catalase, ascorbate peroxidase). The
experiment was conducted in Xinxiang, China,

)

from March to May 2023. “Amino VG-Antist-
ress” was provided by the Greenhas Group, Italy,
while the soybean variety Zheng 196 was ob-
tained from the Henan Academy of Agricultural
Sciences, China. The research was conducted in
an artificial climate chamber at the Henan Insti-
tute of Science and Technology, Xinxiang, China.

Soybean seeds were grown in 7x7 cm nu-
trient pots filled with vermiculite. The growth
conditions were set as follows: 16 hours of light
with an intensity of 8,000 lumens, and day/night
temperatures of 25°C/18°C. Once the seedlings
developed two leaves and one cotyledon, they
were subjected to stress treatment by irrigating
them with sodium chloride (NaCl) solutions at
concentrations of 50 mmol/L, 75 mmol/L, and
100 mmol-L. The control group (CK) was irrigat-
ed with distilled water, while the experimental
group (VG) received the growth regulator.

To minimise variability in antioxidant en-
zyme content across different plant parts, all
samples were collected from the third or fourth
fully expanded leaves at the base of the plant,
while root samples were taken from the tips of
the taproots. Superoxide dismutase (SOD) activ-
ity was measured using the method of C. Beau-
champ § I. Fridovich (1971), with absorbance re-
corded at 560 nm. Peroxidase (POD) activity was
analysed using guaiacol as a substrate, follow-
ing the established protocol, with absorbance
measurements taken at 470 nm within 3 min-
utes. Catalase (CAT) activity was determined us-
ing a modified version of Neto's method, which
calculates based on the rate of H,0, decomposi-
tion, measured at 240 nm. Ascorbate peroxidase
(APX) activity was evaluated using the method of
Y. Nakano & K. Asada (1981), with absorbance re-
corded at 290 nm. Lipid peroxidation, indicated
by malondialdehyde (MDA) content, was meas-
ured using the thiobarbituric acid (TBA) method.
The reaction mixture was incubated at 95°C for
30 minutes, then rapidly cooled in an ice bath.
Following centrifugation at 10,000 g for 20 min-
utes, the absorbance of the supernatant was re-
corded at 450 nm, 532 nm, and 600 nm.

Statistical analysis was conducted using
SPSS 22 (IBM, Armonk, New York, USA). Dun-
can’'s multiple range test was used to identify
significant differences, with a significance lev-
el of P <0.05. Multivariate analysis of variance
(ANOVA) was also applied.

Plant and Soil Science (15)4
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RESULTS AND DISCUSSION
As demonstrated by the findings of P. Dang et
al. (2024), the active oxygen scavenging sys-
tem is coordinated by superoxide dismutase,
catalase, ascorbate peroxidase, and other sub-
stances. The results of this study indicated
that the use of the “VG-Antistress” regulator
significantly improved the content of super-
oxide dismutase in soybean seedlings (Fig. 1).
With increasing in salt concentrations, the SOD
content in soybean seedling leaves gradually
increased, and the VG group exhibited higher

levels than the CK group. A two-factor analy-
sis of variance was conducted (F,, is the F val-
ue for salt concentration, and F is the F value
for the growth regulator), yielding F., = 30.84,
p=0<0.01. The main effect of salt concentration
was significant, indicating that increasing salt
concentration had a pronounced impact on the
SOD content of soybean seedling leaves. Sim-
ilarly, F,,=18.40, p=0<0.01, revealed that the
growth regulator also had a significant effect,
highlighting its substantial influence on SOD
content in soybean seedling leaves.
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Figure 1. Effect of the growth regulator
on superoxide dismutase (SOD) under different salt stress conditions
Note: the experiment was conducted in an artificial climate chamber at the Henan Institute of Science and

Technology, Xinxiang, China
Source: authors' development

Different salt concentrations and the ap-
plication of the regulator significantly influ-
enced changes in SOD content, with levels in
the VG group consistently higher than those in
the CK group. Under treatments with 0 mmol/L,
50 mmol/L, 75 mmol/L, and 100 mmol/L salt

concentrations, the SOD content in soybean
seedlings increased by 6.86%, 6.83%, 6.59%, and
5.78%, respectively, following the application of
the regulator. The regulator also substantially
increased the content of ascorbate peroxidase
in soybean seedlings (Fig. 2).
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Figure 2. Effect of the growth regulator
on ascorbate peroxidase (APX) under different salt stress conditions
Note: the experiment was conducted in an artificial climate chamber at the Henan Institute of Science and

Technology, Xinxiang, China
Source: authors’ development

Astheconcentrationofsaltincreased,ascor-
bate peroxidase activity gradually increased,
and with the application of the regulator, the
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APX activity was higher than that of the control
group. After conducting a two-factor analysis of
variance, F,, =4529, p=0<0.01, indicating that
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the main effect of salt concentration was signif-
icant and that increasing salt concentration had
a substantial impact on the content of ascor-
bate peroxidase in soybean seedling leaves.
F,,=2708,p=0<001, further demonstrated that
the main effect of the growth regulator was sig-
nificant, confirming that the use of the regula-
tor VG significantly influenced the content of
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ascorbate peroxidase in soybean seedling leaves.
Under salt concentrations of 0 mmol/L,
50 mmol/L, 75 mmol/L, and 100 mmol/L, ascor-
bate peroxidase activity increased by 27.72%,
5.41%, 14.08%, and 30.00% following the use of
the regulator, respectively. The application of the
regulator notably increased the content of cata-
lase in soybean seedlings (Fig. 3).
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Figure 3. Effect of the growth regulator on catalase (CAT) under different salt stress conditions
Note: the experiment was conducted in an artificial climate chamber at the Henan Institute of Science and

Technology, Xinxiang, China
Source: authors’ development

As the salt concentration increased, the ac-
tivity of catalase also increased. While the growth
regulator was applied, CAT activity was higher
than that observed in the control group. Follow-
ing a two-factor analysis of variance, F_, =29.93,
p=0<0.01, indicated that the main effect of salt
concentration was substantial, showing that in-
creasing salt concentration significantly influ-
enced the content of catalase in soybean seedling
leaves.F, ,=35.02,p=0<0.01,showed thatthemain
effect of the regulator had a significant effect,
demonstrating its notable influence on catalase
content. Under salt concentrations of 0 mmol/L,

50 mmol/L, 75 mmol/L, and 100 mmol/L, the
regulator increased catalase activity by 2014%,
16.89%, 1562%, and 3596%, respectively.

As noted by 0. Laslo § A. Melnychuk (2021),
malondialdehyde is a commonly used indica-
tor to measure the degree of oxidative stress,
reflecting the extent of membrane lipid perox-
idation in plants. Under salt stress, antioxidant
enzymes play a crucial role in scavenging plant
reactive oxygen species, as observed in the re-
search of C. Accoroni et al. (2020). The applica-
tion of the VG regulator reduced the content of
malondialdehyde in soybean seedlings (Fig. 4).
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Figure 4. Effect of the growth regulator
on malondialdehyde (MDA) under different salt stress conditions
Note: the experiment was conducted in an artificial climate chamber at the Henan Institute of Science and

Technology, Xinxiang, China
Source: authors' development

)

Plant and Soil Science (15)4



Ruijie et al.

As the salt concentration increased, the
malondialdehyde content gradually decreased,
and with the application of the regulator, the
MDA content was lower than that of the control
group. After a two-factor analysis of variance,
F.,=45.29, p=0 <001, the main effect of salt
concentration was significant, indicating that
increasing salt concentration significantly in-
fluenced the content of MDA in soybean seed-
ling leaves. F  =27.08, p=0<0.01, therefore, the
main effect of the growth regulator was notable,
indicating that its use had a significant effect on
the content of MDA in soybean seedling leaves.
At salt concentrations of 0 mmol/L, 50 mmol/L,
75 mmol/L, and 100 mmol/L, the use of the reg-
ulator decreased MDA levels by 1571%, 2.31%,
10.14%, and 33.33%, respectively.

The research showed that under salt stress,
the antioxidant enzyme activity of soybeans in-
creased, as noted by A. Melnyk et al. (2022). The
plant’s antioxidant enzyme system can effec-
tively remove reactive oxygen species generat-
ed by metabolic activities in plants (Dudkina §
Bondareva, 2019; Hasanuzzaman et al., 2022).
Reactive oxygen species and free radicals can
cause varying degrees of oxidative damage to
plants. According to A. Elicin et al. (2021), the an-
tioxidant enzymes can convert excess reactive
oxygen species and free radicals in plants into
less toxic or harmless substances, maintaining
the balance of reactive oxygen species. Further-
more, increased antioxidant enzyme activity can
also indicate that plants have experienced envi-
ronmental stress. As is known from the results
of M. Igbal et al. (2021), membrane lipid peroxi-
dation may occur when plant organs age or are
damaged under adverse circumstances. MDA
is the final decomposition product of mem-
brane lipid peroxidation, and its content reflects
the degree of environmental damage to plants
(Hadzovskyi et al.,, 2020; Zhou et al., 2024).

Under salt stress, soybean superoxide dis-
mutase, ascorbate peroxidase, and catalase ac-
tivities showed an increasing trend, while MDA
content also gradually accumulated (Osman et
al.,2021; Saravanan et al., 2023). In this study, the
activity of antioxidant enzymes and MDA con-
tent gradually increased with higher salt con-
centrations. This observation aligns with find-
ings from previous studies.

Plant and Soil Science (15)4

When using the VG growth regulator, the
activities of CAT, SOD and APX increased more
than in the control group, indicating that the
regulator enhanced antioxidant enzyme activ-
ity under salt stress and mitigated the damage
caused by oxygen-free radicals in soybeans. At
a salt concentration of 100 mmol/L, SOD activity
increased by 5.78%, with no significant increase
atlower concentrations. The maximum increase
in APX activity was 30%, while CAT activity in-
creased by up to 35.96%. The content of MDA
decreased under different salt treatment condi-
tions following the use of the regulator, indicat-
ing that the regulator reduced membrane oxida-
tion. At a salt concentration of 100 mmol/L, the
maximum reduction in MDA was 33.33%. It can
be speculated that the application of the growth
regulator influenced the salt resistance of soy-
beans, improving their tolerance to salt stress to
a certain extent, with the effect being more pro-
nounced at higher salt concentrations.

CONCLUSIONS

In this study, the “Amino VG-Antistress” regu-
lator was evaluated for its ability to improve the
salt tolerance of the Zheng 196 soybean variety
at the seedling stage. The regulator enhanced
the antioxidant capacity of Zheng 196 soybean
seedlings and mitigated the effects of salt stress.
The effect was most pronounced at a salt con-
centration of 100 mmol/L, confirming the regu-
lator’s ability to improve soybean salt resistance.
However, for large-scale field applications and
diverse terrains, the effect of this regulator re-
quires further verification due to environmental
variability and other uncertain factors.

The application of the regulator during the
seedling stage of the Zheng 196 soybean variety
was investigated for its efficacy in mitigating salt
stress. This was achieved through the analysis
and measurement of antioxidant enzyme activ-
ity and malondialdehyde content. The findings
indirectly verified the regulator’s effectiveness
in enhancing the salt tolerance of soybean seed-
lings. Under salt concentrations of 50 mmol/L,
75 mmol/L, and 100 mmol/L, the activities of su-
peroxide dismutase, ascorbate peroxidase, and
catalase all increased. At a salt concentration of
100 mmol/L, superoxide dismutase activity in-
creased by 578%, though this increase was not
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significant. In contrast, ascorbate peroxidase
and catalase activities showed significant in-
creases of 30% and 35.96%, respectively, at the
same salt concentration, while malondialdehyde
content notably decreased by 33%. This demon-
strated that under high salt concentrations, the
regulator significantly enhanced the antioxi-
dant capacity of soybean seedlings and reduced
membrane oxidation. These findings indirectly
reflect the regulator’s slow-release effect under
salt stress during the soybean seedling stage.
The proven enhancement of enzyme activity by
the regulator contributed to increased soybean
resistance to salinity.

According to the results of the research, it
was determined that the use of the growth reg-
ulator had a significant impact on changes in
enzymatic activity. The main compounds (en-
zymes) that are indicators of the resistance of
plant organisms to increased salinity were stud-
ied. The key findings demonstrated the effec-
tiveness of the regulator and highlighted its po-
tential for increasing resistance. Along with this,
the results are relevant for scientists seeking to
develop substances with similar compositions
to create newer, more effective growth regula-
tors with anti-stress properties.

Despite earlier reports on the exogenous
application of melatonin in soybean, no studies,
to the best of the authors’ knowledge, have spe-
cifically addressed its effects under salt stress

conditions. Furthermore, salt stress can be pre-
cisely and reproducibly simulated in laboratory
settings. The use of NaCl is a widely accepted
approach in studies exploring the impacts of salt
stress. The results offer additional evidence sup-
porting the physiological role of melatonin and
provide a theoretical foundation for its applica-
tion in enhancing salt tolerance in agricultural
practices. These findings are crucial for advanc-
ing the development of new growth regulators
and provide scientific evidence supporting their
feasibility in addressing the growing challenge
of soil salinity. To further build upon these find-
ings, future research should explore the long-
term effects of the growth regulator on soybean
growth and yield under diverse environmental
conditionsand examineits potentialinteractions
with other stress factors to develop comprehen-
sive strategies for enhancing crop resilience.
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BnaivB perynsatopa pocTy Ha CONecTinKIicTb coi
copTy YxeH 196 Ha cTaaii npopocTaHHA

AHOTaLif. 3aCOIeHHS I'PYHTIB CTa€ Bce BiIBII aKTYaIbHOIO ITPO6JIEMOIO AJI CBITOBOTO CITBCHKOTO
rocrioflapcTia. 3 230 MiJIbMOHIB reKTapiB 3pOIIYBAHUX CiIBCBKOTOCIIOAAPCHKUX YTiZlb ¥ CBITi 20 %
3a3HAIOTh BIUIMBY 3aCOJIEHHS, 1 IIeH BiZICOTOK IIPOJIOBIKYE IIOPiYHO 3pOCTaTH Yepe3 HellpaBUJIbHY
MIPAKTUKY 3pOIIeHHs. TAKUM YMHOM, MTOMIU6JIeHHS LOCTiIKeHb COECTIMKOCTI € TPUBAGIUBUM
i ekoHOMiUHO ebeKTUBHUM pimeHHAM Iiel mpobiaemMu. OCHOBHa MeTa pobOTH - OOCHIAUTH
edeKTHUBHICTb BIUIUBY PEerysaTopa POCTY Ha ITiIBUIEHHS COJIECTIMKOCTI Ha CTaJlii TpOpOCTaHHA
coi. TiZpOTIOHHUY eKCIIEpUMEHT i3 CO€l0 6yJI0 MPOBeLeHO B XeHAHCHKOMY iHCTUTYTI HAyKH i
TexHosori (M. CinbcaH, KuTati). Po3cafly BUpOLIYBaIX B KaMepi 3i IITyYHUM KiIiMaToM. Byiio
IIpOBeZEeHO BHMIPIOBaHHA DIiBHA CYNEpPOKCUINUCMYyTa3d B €KCIIEpUMEHTI 3 BHKOPHUCTAaHHAM
HITPOTeTPa30Iilo CUHBOTO XJIOPULY, AaHAJI3 IIePOKCUAA3U AaCKOPH6IHOBOI KUCIOTH. 3aCTOCYBAaHHSA
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pPEerynaTopiB 3maTHe 3MEHIUIWTU IIKOAY COJIBOBOTO CTpecy HJis pPociuH. Ilicias BUKOPUCTaHHSA
perynaropa Ha CTaii IpopocTaHHs coi copTy UskeH 196 6yi10 JOCTIIKEHO 30aTHICTh peryaaTopa
3MEeHIIyBaTU COJIbOBUM CTPEeC UIIAXOM aHaJIi3y Ta BUMipIOBaHHS aHTUOKCUIaHTHUX GepMeHTiB Ta
MaJIOHOBOT'O JiaJIpJIerify, a TAKOXK OIIOCEPEIKOBAHO MMiATBEPAKEHO MOT0 ITO3UTUBHUM BIUIMB Ha
COJIECTIMKICTh ITPOPOCTKIB COi. AKTUBHICTh aCKOPHATIIEpOKCHUAA3Y Ta KaTaaa3y 3HAYHO 3p0oCTaja
3a KOHIeHTpawii comi 100 MMonb/, mocsaraoyu 30 % Ta 3596 %, ToZi AK BMICT MaJIOHOBOTO
IiaspAerizy 3HAUHO 3HIIKYBaBCA Ha 33 % 3a KoHLeHTpalil comi 100 MMons/n. Ui pe3ynbraTtu
€ BaKJIIUBUMU JJI1 PO3PO6KU HOBUX PETyIATOPIiB POCTy Ta HAYKOBO MOBOMATH MOLIUIBHICTD iX
3aCTOCYBaHHS 3a Cy4YaCHUX TEeHIEHIIiH [I0 ITiIBUILIEeHHS 3aCOJIeHHS I'PYHTIB

KniouoBi cnosa: Glycine max. (L.); aMiHOperynaTop; CONbOBUI CTPEC; aKTUBHICTh GpepMEeHTIB;
JIMCTKYU ITPOPOCTKIB
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of Ukraine (lines: HLG1203, VK19, VK32, AE800, AE746, UHK686, UHK37, C0255, FV243, Q170).
Additionally, four tester lines carrying mutant endosperm structure genes were analysed (lines VK13
and VK69 carrying the wx mutant endosperm structure gene, and lines AE801 and AE392 carrying
the ae mutant endosperm structure gene). To assess combining ability, crosses were performed using
the incomplete topcross method, resulting in 24 experimental hybrids. Field trials were conducted in
2020-2021. The article presented the results of an assessment of the obtained hybrid combinations
based on grain quality and yield indicators. The highest protein content during the study years was
recorded in the combination VK13 x CO255; the highest starch content in VK13 x UHK686 and VK69 x
FV243; the highest oil content in AE801 x AE746 and AE801 x VK19; and the highest yield in VK13 x
UHK686 and AE801 x UHK37. The effects of general combining ability, constants, and variances of
specific combining ability were determined for protein, starch, and oil content in the grain, as well
as for yield. The findings indicated that lines VK19, AE800, CO255, FV243, Q170, VK13, and AE801
exhibited increased protein content in the grain; lines VK19, AE746, UHK686, CO255, VK13, and
AE392 showed increased oil content; and lines AK157, UHK37, and AE746 demonstrated superior
yield performance. Based on the results, specific inbred lines are recommended for developing

maize hybrids with improved grain quality characteristics

Keywords: trait source; heterosis; inbred line; hybrid; topcross; quality indicators

INTRODUCTION

The chemical composition of maize grain can
vary significantly depending on growing con-
ditions. High temperatures promote more in-
tensive protein accumulation. Late-maturing
varieties contain more protein in their grain
during dry years compared to years with suffi-
cient moisture. However, the primary role in im-
proving maize grain quality belongs to breeding,
which highlights the relevance of studying the
general and specific combining ability of inbred
lines when creating hybrid maize varieties with
improved grain quality traits. The sharp increase
in market demand for specific types of maize,
such as high-lysine, super-sweet, waxy, and
high-amylose, determines the direction of work
for breeding and genetic institutions to expand
genetic diversity, identify genetic regulation sys-
tems, and identify reliable sources and donors of
these traits, as noted by D. Tymchuk et al. (2020).

According to the evaluation of 140 cross
combinations using a tester scheme with 5 test-
ers and 28 inbred lines, H. Kustanto & F. Hen-
drayana (2023) note that selecting the right
inbred lines as parental forms is a challenge in
maize hybrid development. The chosen inbred
lines should form a hybrid pair with excellent
characteristics, such ashigh yield. In addition to
limited genetic resources, maize hybrid breed-
ing also requires a lot of time. To address this
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challenge, M. Ali et al. (2019) recommend ana-
lysing and evaluating the combining ability
of inbred lines during their creation, starting
from the third generation of self-pollination.
Combining ability analysis is an invaluable tool
for assessing the compatibility of maize inbred
lines with testers. In the research of M. Alam et
al. (2022), the focus was on determining com-
bining ability for traits related to yield poten-
tial. As a result of the research, they conclud-
ed that combining ability analysis is essential
for determining the interaction of inbred lines
and testers not only in maize but also for all
cross-pollinated crops, as it helps identify pa-
rental forms that can be used to create hybrids
and synthetic populations.

Investigating inbred lines and maize hy-
brids with elevated levels of provitamin A and
resistance to contrasting stresses, O. Oluwase-
un et al. (2022) concluded that both additive and
nonadditive gene actions are important for the
inheritance of grain yield and other quantitative
traits. However, additive gene action predomi-
nated over non-additive gene action. This sup-
ports the assertion that analysing the combin-
ing ability of different maize inbred lines is the
most effective tool for developing programs to
create and compare the performance of hybrids
derived from inbred lines. Information about
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the combining ability of inbred lines in hybrid
combinations is also crucial for the successful
improvement of maize hybrids.

The research of G. Sprague § L. Tatum (1942)
was fundamental to the breeding of heterotic
hybrids, as it was the first to distinguish between
general and specific combining abilities, laying
the groundwork for further methodological ad-
vancements in evaluating initial breeding mate-
rial. General combining ability is defined as the
average performance of a parental form in a hy-
brid combination and is primarily attributed to
the additive effects of genes. Specific combining
ability describes instances where certain hybrid
combinations perform relatively better or worse
than expected based on the average perfor-
mance of the parental forms and is considered
an estimate of non-additive gene action, such as
dominance and epistasis. T. Begna (2021) notes
that combining ability analysis allows for the
identification of parental forms with high gener-
al combining ability (GCA) and hybrid combina-
tions with high specific combining ability (SCA)
for the commercial exploitation of heterosis.

When creating hybrids, it is necessary to
select an appropriate crossing scheme (Dokuki-
na et al.,, 2021). Although several crossing mod-
els are used in plant breeding, they all have
certain advantages and disadvantages. The
most comprehensive and reliable is the dial-
lel cross scheme. However, using this scheme
for analysing a large number of inbred lines is

very timeconsuming. In such cases, W. Moges-
se et al. (2020) recommend using a tester cross
scheme, which evaluates both general and spe-
cific combining ability and is widely used in re-
search. All of the above highlights the need for
the continuous search, creation, and evaluation
of inbred lines with high protein, starch, oil con-
tent, and yield based on combining the ability
to ensure food security and intensify agricul-
tural production. The aim and objectives of this
experiment were to determine the general and
specific combining ability of maize inbred lines
inanincomplete topcross system based on grain
protein, starch, oil content, and yield.

MATERIALS AND METHODS

The study involved 24 experimental maize hy-
brids obtained through the crossing of lines L,
(HLG 1203), L, (AK 157), L, (AK 159), L, (VK 19),
L,(VK32),L,(AE800),L,(AE746),L, (UHK 686), L,
(UHK 37), L, (CO 255), L, (FV 243), and L,, (Q 170)
with testers T, (VK 13) and T, (VK 69) (sources of
the wx endosperm structure gene mutation),
as well as T, (AE 801) and T, (AE 392) (sources of
the ae endosperm structure gene mutation) (Ta-
ble 1). The inbred lines used in the crosses were
developed by the Genetics, Breeding and Seed
Production named after Prof. M.O. Zelensky at
the National University of Life and Environmen-
tal Sciences of Ukraine, as well as lines obtained
from the National Centre for Plant Genetic Re-
sources of Ukraine.

Table 1. Scheme of incomplete topcross hybridisation, 2020-2021
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Field trials were conducted in 2020-2021
on experimental plots of the Genetics, Breed-
ing and Seed Production named after Prof.
M.O. Zelensky at the NULES of Ukraine, a sep-
arate subdivision of the NULES of Ukraine “Ag-
ronomic Research Station”, located in the Bila
Tserkva District of Kyiv Region, Ukraine. The
soils of the experimental plots were typical,

Precipitation, m

April May June

Precipitation,2020

July

Precipitation,2021 =#— Temperature, 2020 <4<+ Temperature, 2021

low-humus chernozems (Ridey et al., 2009).
During the 2020 growing season, which lasted
from 29 April to 10 October, 501 mm of precip-
itation fell. During the 2021 growing season,
which lasted from 12 April to 8 October, 430
mm of precipitation fell (Fig. 1). The groundwa-
ter table was at a depth of 1.5-2 m, so additional
irrigation was not applied.

Temperature, °C

August September October

Figure 1. Average monthly precipitation (mm) and temperature (°C), 2020-2021
Source: developed by the authors based on data from Meteopost (n.d.)

Sowing was carried out at a stable soil tem-
perature of 10-12°C at the sowing depth. The
predecessor in all years of the study was win-
ter soft wheat. Chemical plant protection prod-
ucts, mineral and organic fertilisers were not
used. Weed control was performed using or-
ganotropic methods. Experimental plots were
arranged according to a Randomized Complete
Block Design (RCBD) with three replications.
Plot units: two central rows of the experimental
plot, 7 m long, with a row spacing of 70 cm and
a plant spacing in the row of 17 cm. Phenological
observations, grouping by the magnitude of the
average manifestation of traits, and comparison
with standard samples were performed accord-
ing to the classifier-directory of the species Zea
mays L. (Kyrychenko et al., 2009)

The content of protein, starch, and oil in the
grain was determined using a FOSS Infratec
1241 Grain Analyzer. For this purpose, 5 random
cobs were taken from each experimental plot,
dried in the laboratory, threshed manually, and
cleaned of impurities on sieves. The content of
protein, starch, and oil is indicated in terms of
standard grain moisture (Tkachyk, 2016). The
general (GCA) and specific (SCA) combining
ability of the studied maize inbred lines were
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determined using the method of incomplete
topcrosses (Sych et al, 2004). Statistical data
processing was carried out using Microsoft Ex-
cel 2016 in combination with XLSTAT. The error
of statistical analysis P < 0.05. The research was
conducted following the ethical standards of the
Convention on Biological Diversity (1992) and
the Convention on the Trade in Endangered Spe-
cies of Wild Fauna and Flora (1973).

RESULTS AND DISCUSSION

Results of trials of experimental hybrids in 2020-
2021 showed that the protein content in the
grain varied from 7.99% to 13.57% in 2020 and
from 7.64% to 12.57% in 2021. It was characteris-
tic that the highest protein content in the grain
in the years of the study was in the cross combi-
nation T1xL,, indicating a significant influence
of the genotype on the control of this trait. When
improving the quality of maize grain, it should
be taken into account that its main criteria for
hybrids of different uses vary. X. Yu et al. (2015)
draw attention to the need to identify sources
and donors of traits for improved grain quali-
ty. In particular, J. BeMiller & R. Whistler (2009)
note that for food-grade hybrids, they consid-
er protein content and fatty acid composition
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of oil, while for feed purposes and processing
into bioethanol, protein content, starch content,
and its fractional composition are important.
G. Mingramm et al. (2024) recommend using ge-
netically contrasting parental forms in breeding
programs to obtain high-yielding maize hybrids
with improved grain quality traits.

Significant variability in grain starch con-
tent was observed, both when comparing geno-
types and between years. The range of variation
for this trait in 2020 was from 64.62% (combina-
tion T,xL,) to 73.51% (combination T, xL,);in 2021,
it was from 64.24% (combinations T, x L, and
T,xL,) to 73.80% (combination T,xL,). The ob-
tained data indicate the low suitability of forms
T, and T, for creating maize hybrids with high
starch content. The amplitude of variation in oil
content in the grain of the studied combinations
ranged from 3.61% (combination T,xL,) to 513%

(combination T,xL,) in 2020; from 3.39% (com-
bination T, *L,) to 6.43% (combination T, xL,). It
should be noted that the highest stability was
observed for the trait of oil content in the grain
over the years of the study. The yield of the stud-
ied samples varied significantly among cross
combinations and years of the study. In 2020,
yield ranged from 2.82 t/ha in the combination
T,x L, to 874 t/ha in the combination T, x L in
2021, itranged from 2.99 t/ha in the combination
T,*L, to 878 t/ha in the combination T,x L, (Ta-
ble 2). As noted in previous research by R. Spri-
azhka et al. (2022), a portion of combinations
typically exhibit high values for several traits
simultaneously. Y. Long et al. (2024) obtained
similar results when studying valuable eco-
nomic traits of maize. Based on the research of
L. Shah et al. (2015), such combinations are rec-
ommended for inclusion in breeding programs.

Table 2. Protein, starch, oil content, and yield of experimental maize hybrids, 2020-2021

Grain content, % Yield, t/ha
Combination Protein Starch oil
2020 2021 2020 2021 2020 2021 2020 2021
L, 10.09 9.95 71.58 70.84 4.40 4.39 4.40 5.23
L, 11.21 11.13 64.86 70.34 4.93 5.01 4.01 4.87
L 10.56 10.40 70.67 70.63 4.28 4.32 4.46 5.84
T L, 8.30 7.64 73.51 71.63 5.01 5.13 8.74 6.52
Lo 13.57 12.57 69.17 65.89 4.54 4.40 6.85 6.75
L, 10.46 10.94 67.67 68.99 4.17 4.23 4.72 4.56
L, 8.27 8.39 70.51 68.09 4.78 5.02 5.52 4.22
L 8.60 7.80 72.30 70.42 3.61 3.39 4.97 5.47
T L 8.61 8.46 71.97 69.50 3.85 4.15 5.92 5.46
2 L 9.15 8.79 66.27 68.73 4.57 4.16 5.59 7.18
L, 8.53 8.87 71.26 69.60 3.89 3.77 8.19 6.73
L, 8.39 8.35 70.80 73.80 4.58 4.50 4.39 5.77
L, 9.99 9.74 70.56 64.24 4.18 4.56 4.32 5.75
L 10.21 9.25 69.21 66.79 4.16 3.97 5.53 5.75
T L 8.81 9.32 66.63 72.04 3.83 3.84 5.14 4.42
3 L 11.02 11.51 66.69 64.24 5.13 5.14 2.82 3.18
[ 9.86 9.21 64.62 68.98 4.00 4.34 6.59 8.78
L, 11.62 10.74 67.14 69.60 4.67 4.23 6.27 6.09
L 9.73 10.07 67.68 68.85 5.08 4.99 6.55 5.90
L, 10.51 10.55 65.07 69.13 5.11 6.43 3.31 2.99
T L 10.42 10.72 69.79 65.34 4.30 4.43 3.75 3.72
4 [ 7.99 8.05 66.02 68.76 4.15 4.25 3.91 3.17
L, 10.41 11.19 68.27 67.73 4.80 5.06 4.65 3.70
L, 10.46 9.67 70.37 66.03 4.56 4.24 2.75 3.55

Source: developed by the authors
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The results of the study revealed insignifi-
cant variability in protein and oil content in the
grain over different years of the study. At the
same time, a significant influence of year-to-
year conditions on starch content in the grain
and yield was observed, as evidenced by signif-
icant differences in these indicators in different
years of the study.

Evaluation of the GCA effect of parental ma-
terial based on grain quality and yield is a lead-
ing criterion in breeding work. It is important to
note that combining ability, to some extent, de-
pends on the location of the study and climatic
conditions. S. Vasal (1998) notes that the correct
selection of parental material for creating maize
hybrids is a decisive factor in the effectiveness of

the selection process, which was later confirmed
by A. Karim et al. (2022). In the current study,
positive, significantly significant, and stable GCA
effects over the years for grain protein content
were observed in lines L, L, L, and L, How-
ever, in 3 of the 4 mentioned lines, significant-
ly negative GCA effects were recorded for yield.
For the yield trait, significantly high GCA values
were established forlines L, and L,; however, line
L, was characterised by a significantly negative
GCA effect for grain protein content, indicat-
ing an inverse correlation between these traits
(r=-019in 2020 and r=-0.21in 2021). In lines L,
and L, ,inaddition to high GCA values for protein
content, a significantly positive GCA effect for
oil content in the grain was also noted (Table 3).

Table 3. General combining ability effects of inbred lines
for grain protein, starch, oil content, and yield, 2020-2021

. Protein, % Starch, % 0il, % Yield, t/ha
Inbred line
2020 2021 2020 2021 2020 2021 2020 2021
L, -0.74** -0.66** 1.55 -2.59% 0.04 0.29** -0.22%* -0.25%
L, 0.04 0.29 0.65 1.09 0.30** 0.19* 0.34** 0.33**
L, -0.46* -1.20** 1.77 -0.15 -0.56** -0.82** 0.11 0.38**
L, 0.99** 1.12%* -4.02%** 0.98 0.58** 1.22%* -1.48** -1.30**
L, -1.16** -0.83** 1.82 2.01 -0.60** -0.50** 0.39** -0.29*
L 0.62** 0.84%** 1.25 -0.77 -0.15* -0.12 -1.03** -0.45%*
L, 0.22 0.43* -2.50* -2.27% 0.41** 0.15 -0.93** -0.05
L, -1.72%* -1.88** 0.78 1.44 0.14* 0.19* 1.19** -0.39**
L, -0.67** -0.68** -1.04 0.53 -0.50** -0.44%* 2.25%* 2.52%*
Lo 2.12%* 2.16** -0.26 -1.95 0.23** 0.23** 0.61** -0.01
L, 0.14 -0.18 -0.01 2.94%* 0.18* -0.13 0.19 0.70**
L, 0.59** 0.58** 0.04 -1.25 -0.08 -0.26** -1.40** -1.18**
SEdg‘ 0.17 0.15 1.02 0.99 0.07 0.07 0.10 0.10
LSD, s 0.36 0.31 2.17 2.09 0.14 0.16 0.21 0.22
LSD,,, 0.49 0.43 2.99 2.88 0.19 0.21 0.29 0.30

Note: * and ** indicate significance at 5% and 1% levels, respectively

Source: developed by the authors

Using the tester-cross scheme, M. Mur-
tadha et al. (2018) noted a significant influence
of testers on the formation of grain quality traits.
Analysis of the GCA effect of testers showed that
testers T, and T, had a stable, significantly high
positive effect on grain protein content over the
years. A stable significant trend towards increas-
ing oil content in the grain was found in tester T,
and for yield - in testers T, and T,. It should be
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noted that no trend towards a decrease in any
of the studied traits was recorded for tester T,
which characterises the possibility of its wide
use (Table 4). The effectiveness of breeding pro-
grams depends on the level of genetic variability
inherent in inbred lines, testers, and their com-
bining ability, as indicated in their research by
M. Alam et al. (2024). Since the focus is on lines,
testers, and cross combinations, the identified
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lines, testers, and combinations have a clear
potential for strategic integration into breeding

programs to create high-yielding maize hybrids
with improved quality traits.

Table 4. General combining ability effects of testers
for grain protein, starch, oil content, and yield, 2020-2021

. Protein, % Starch, % 0il, % Yield, t/ha
Inbred line

2020 2021 2020 2021 2020 2021 2020 2021

T, 0.83** 0.72** 0.59 0.96 0.11** 0.08 0.39** 0.40**

T, -1.27** -1.28** 1.53* 1.27* -0.23** -0.33** 0.62** 0.57**

T, 0.39** 0.24** -1.01* -1.11% -0.11** -0.15%** -0.03 0.43**

T, 0.05 0.32** -1.12%* -1.12% 0.23** 0.40** -0.99** -1.40%*
SEng 0.09 0.08 0.53 0.51 0.03 0.04 0.05 0.05
LSD, 0.19 0.16 1.13 1.09 0.07 0.08 0.11 0.11
LSD, ,, 0.26 0.23 1.56 1.51 0.10 0.11 0.15 0.16

Note: * and ** indicate significance at 5% and 1% levels, respectively

Source: developed by the authors

The values of SCA constants for grain pro-
tein content varied from -1.63 (T,xL,) to 1.23
(T,xL,) in 2020, and from -1.01 (T,xL,.) to 112
(T,xL,) in 2021. A characteristic feature of the
studied cross combinations is the relative stabil-
ity of the SCA effect over the years of the study.
Significantly high, positive, and stable SCA ef-
fectswererecordedin crosses T, xL,, T,xL,, T ,xL,
and T, xL,. High values of SCA variances, even
with low or negative GCA values, indicate the

possibility of obtaining individual highly hete-
rozygous combinations involving such parental
forms, as noted by O. Haydash (2016). Analysis of
line variances (¢ ) compared to their mean (x5?,)
indicates that lines L, and L, tend to increase
protein content in the grain. The values of test-
er variances (&) compared to their mean (x5?,)
were inverse over the years of the study, suggest-
ing alowimpact of the testers used on the inher-
itance of grain protein content in maize (Table 5).

Table 5. Constants and variances of specific combining ability for grain protein content, 2020-2021

Combination 2020 2021
Of (e T1 TZ T3 T4 6z$i Tl TZ T3 T4 6z$i
L1 0.41 0.47 0.46 0.60 0.43 0.60
L, -0.65 -0.23 0.54 -0.78 -0.26 0.72
L 0.47 0.42 0.46 0.55 0.48 0.59
L4 -0.48 -0.40 0.46 -0.43 -0.61 0.60
L, 1.17 -0.29 1.52 0.85 0.19 0.80
L, -0.76 -0.12 0.66 -0.88 -0.16 0.84
L 0.34 0.55 0.48 -0.08 1.12 1.31
L, -0.68 -0.21 0.57 -0.92 -0.12 0.91
L, 0.61 0.28 0.51 1.11 -0.07 1.28
L10 0.75 -1.63 3.29 -0.03 -1.01 1.07
L11 -0.34 1.23 1.69 0.08 0.95 0.97
L, -0.83 -0.05 0.76 -0.08 -0.96 0.97
62/ 0.54 0.42 0.42 0.54 0.44 0.49 0.49 0.44
LSD, . 0.37 0.33
LSD, ,, 0.52 0.45
X6, 0.95 0.89
X 62; 0.48 0.47

Source: developed by the authors
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Typically, the influence of the general com-
bining ability of parental forms is also reflect-
ed in the specific combining ability for most
traits studied, as noted by M. Matin et al. (2017).
SCA consists of positive and negative values.
H. Kustanto § F. Hendrayana (2023) deter-
mined that the results of the SCA effect anal-
ysis often demonstrate differences between
observed crosses and traits. Inbred lines with
significant positive GCA effects, when forming
significantly positive SCA values, are recom-
mended by D. Gurjar et al. (2022) not only for

the creation of simple interline hybrids but
also for developing new inbred lines through
reciprocal recurrent selection.

A significantly high, positive SCA effect for
grain starch content was established only in the
combination of T, xL, in 2020. In 2021, this com-
bination was also characterised by a positive
value of the SCA constant, but this excess was
not significant. When evaluating the variances
of the studied lines and testers, a stable, positive
manifestation of the trait of increasing starch
content in the grain was not detected (Table 6).

Table 6. Constants and variances of specific combining ability for grain starch content, 2020-2021

Combination 2020 2021
of crosses T, T, T, T, &, T, T, T, T, &,

L, -1.56 1.03 5.78 0.66 -0.82 3.23
L, 1.36 -0.83 4.82 0.03 0.12 2.14
L, 0.01 -0.54 2.57 0.55 -0.71 2.93
L, -0.70 1.22 4.26 -0.36 0.51 2.52
L, -0.36 -0.16 2.44 -2.54 2.38 14.22
L, -0.15 0.68 2.76 1.68 -1.53 7.29
L, -1.74 1.22 6.81 0.98 -1.14 4.37
L, 3.15 -2.63 19.12 0.47 -0.32 2.45
L, 1.79 2231 10.81 -0.96 0.80 3.68
Lo -0.14 0.67 2.75 -1.88 2.04 9.82
L, 0.30 -0.82 3.04 0.83 -0.99 3.80
L, -1.94 2.47 12.14 0.52 -0.36 2.52
&, 1.39 -0.05 -0.05 1.39 -0.30 0.25 0.25 -0.30

LSD, . 2.26 2.19

LSD, ,, 3.12 3.01

X8, 6.44 491

X6 0.67 -0.03

Source: developed by the authors

For grain oil content in experimental maize
hybrids, SCA constants varied from -0.66 to 0.53
in 2020 and from -0.84 to 0.64 in 2021. Stable,
significantly positive SCA effects were recorded
in combinations T, xL,, T,xL, T,xL, T,xL,, and
T,xL, Lines L, and L, were characterised by a
significant and stable influence on grain oil con-
tent, according to variance analysis, with an ex-
cess over the mean of 0.01 and 0.38 in 2020 and
012 and 0.52 in 2021, respectively. Testers T, and
T, were characterised by a stable influence on
grain oil content, in contrast to grain protein and
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starch content, where the influence of testers
was reversed over the years of the study (Table 7).

The highest differentiation of SCA con-
stants over the years of the study was found for
the yield trait, with a variation from -1.56 to 2.06
in 2020 and from -2.43 to 173 in 2021. Howev-
er, combinations T,xL, T,xL,, T,xL, T,xL,, and
T, x L, were characterised by significantly high
and stable positive SCA constants. According to
the results of variance analysis, a significant sta-
ble influence on hybrid yield was observed when
usinglines L, and L, (Table 8).

(=
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Table 7. Constants and variances of specific combining ability for grain oil content, 2020-2021

Combination 2020 2021

of crosses T, T, T, T, &, T, T, T, T, &,

L, 0.53 -0.19 0.32 0.56 -0.08 0.33

L, -0.45 0.11 0.23 -0.38 -0.10 0.17

L, -0.05 0.39 0.16 0.04 0.44 0.21

L, -0.20 -0.14 0.07 -0.79 0.31 0.73

L 0.24 0.10 0.08 0.49 0.00 0.25

L, -0.12 -0.22 0.07 -0.14 -0.35 0.15

L -0.05 0.39 0.17 -0.16 0.64 0.45

L, 0.32 -0.66 0.54 0.36 -0.84 0.85

L, 0.17 0.17 0.07 0.05 0.44 0.20

Lo -0.24 -0.10 0.08 -0.41 -0.07 0.19

L, 0.18 0.16 0.07 0.47 0.02 0.23

L, -0.31 -0.03 0.11 -0.09 -0.40 0.18

&, 0.10 0.07 0.07 0.10 0.21 0.15 0.15 0.21
LSD, 4 0.15 0.16
LSD, ,, 0.20 0.22
X8, 0.16 0.33
X6 0.08 0.18
Source: developed by the authors
Table 8. Constants and variances of specific combining ability for yield, 2020-2021
Combination 2020 2021

of crosses T, T, T, T, &, T, T, T, T, &,

L -0.02 -0.57 0.35 -1.34 0.34 1.92

L, -1.47 2.06 6.42 -0.73 1.73 3.55

L, -0.90 0.31 0.93 -0.71 -0.29 0.61

L, -0.04 0.64 0.43 0.55 0.46 0.53

L -0.23 -0.36 0.21 -0.05 -0.95 0.93

L, -0.04 0.63 0.42 0.67 0.34 0.58

L 0.76 -1.36 2.44 1.43 -2.43 7.96

L, 2.02 -1.43 6.16 1.28 -0.28 1.74

L, 0.18 -0.77 0.65 -1.60 0.60 2.93

Lo 0.71 -0.11 0.54 1.13 -0.13 1.32

L, -1.56 0.97 3.40 -0.73 -0.27 0.63

L, 0.59 0.00 0.37 0.11 0.89 0.83

& 1.40 0.77 0.77 1.40 0.82 1.47 1.47 0.82

LSD, ,, 0.22 0.23
LSD, ,, 0.30 0.31
X8, 1.86 1.96
? 1.09 1.14

Source: developed by the authors
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The results of the study demonstrate sig-
nificant differentiation in general and specific
combining ability for grain protein, starch, and
oil content, and yield in the incomplete top-
cross mating system. A similar conclusion was
reached by O. Makarchuk & V. Zhemoida (2009)
in their research. Similarly to grain protein and
starch content, tester variances for the yield
trait were reversed over the years, indicating an
unstable influence of testers on the formation
of these traits.

CONCLUSIONS

Results of testing experimental hybrids re-
vealed a significant impact of genotype on con-
trolling the protein content trait in the grain of
combination T, xL, . The highest starch content
in the grain (over 73%) was recorded in combi-
nation with T, x L, in 2020 and in combination
with T,xL, in 2021. A low suitability of inbred
lines T, and T, for creating maize hybrids with
high starch content was determined. A high oil
content in the grain is characteristic of combi-
nations T, xL, and T, xL,. The highest stability
for this trait was observed across the years of
the study. A yield of over 8 t/ha was recorded
in combination with T, xL, in 2020 and T, x L,
in 2021. When selecting maize hybrids with
improved quality traits and high heterosis, it is
recommended to use parental forms (inbred
lines) with significantly high, stable positive
effects of general and specific combining abil-
ity over the years. The obtained data on GCA
and SCA indicate that the selected samples are

valuable sources of traits for improved grain
quality and yield, specifically for protein con-
tent in the grain: lines L,, L, L,,, L,,, T, and T,
with stable significant high GCA effects;lines L,
and L, - according to SCA variance analysis; for
oil content in the grain: lines L, L, and T, with

stable significant high GCA effects;linesL, L., T,,
and T, - according to SCA variance analysis; for
yield:lines L,, L, with high significant and stable
GCA effects; lines L,, L, - according to SCA var-
iance analysis; for a complex of traits: lines L,,
and L, - with stable significant high GCA effects
for protein and oil content; line L, - according to
SCA variance analysis for oil content and yield.

The exploitation of heterosis provides a
significant increase in the yield of agricultural
crops, which is the basis for global food secu-
rity in the face of the ever-growing world pop-
ulation. In turn, determining the effects of the
general and specific combining ability of maize
inbred lines for a complex of valuable traits, in-
cluding grain protein, starch, oil content, and
yield, is the basis for creating hybrid varieties,
which determines the prospects for further re-
search in this direction.
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KoM6iHauinHa 3aaTHIiCcTb iH6pegHOro Mmatepiany KyKypyasm
npu cenekuii Ha AKiCcTb 3epHa

AHoTauia. Tlinbip BuxigHoro marepiany (iH6pemHux IiHiM) Ta OI[iHKA MOro KOMOGIHALIMHOI
3[aTHOCTI € KJIIOYOBUM 3aBIAHHAM IIPU CTBOPEHHI TibpuIiB KyKypya3u. MeTowo IOCimKeHb 6yB
mig6ip BUXiZHOTO MaTepiany AJig CTBOPEHHS reTEPO3UCHUX Ti6pUIiB KYKYPYA3H 3 MiABULIEHUMU
TIOKa3HVKAaMU SKOCTI 3epHa Ta YPOXKaMHOCTI. YV CTaTTi IIpeACTaBlIeHO pe3yybTaTy IOCTIiIKeHb 8
JIiHIN ceneK1il KadeIpu reHEeTUKY, CesleKIil i HaciHHULTBRA iM. M.O. 3eieHChKOro HallioHanbpHOI0
yHiBepcuTeTy 6iopecypciB i NMpUpomOKOpPHCTYBaHHA YRpainu (minii: AK157 Ta AK159), miHin,
oTpuMaHuX 3 HallioHaJbHOTO LEHTPY TeHEeTUYHUX PeCcypciB pociauH Vpainu (mixii: HLG1203,
VK19, VK32, AES00, AE746, UHK686, UHK37, CO255, FV243, Q170), a TakoX 4 JiHili-TecTepiB
- HOCIiB MyTaHTHUX TeHIB CTPYKRTypu eHmocriepmy (minii VK13 ta VK69 - HOCil MyTaHTHOrO
reHy CTPYKTYpU eHpocriepMy wx Ta JiHil AE801 i AE392 — HoOCil MyTaHTHOTO T'eHy CTPYKTypU
eHzocrepMy ae). [I7i1 BUSHAYeHHS KOMOIHAIINHOI 30aTHOCTI 6yJI0 IIPOBEAEHO CXPellyBaHHA 3a
MEeTO/IOM HEITOBHUX TOIIKPOCIB, 3@ Pe3y/IbTATOM AKUX OTPUMAHO 24 eKCIIEPUMEHTAIbHUX r6pUIH.
[TonpoBi JOCHIIXeHHS NpoBOoLwIn y 2020-2021 porax. Y CTaTTi HaBe[EeHO Pe3yIbTaTU OLLIHKU
OTpHUMaHMX KOMbGIHAIIIN CxpellyBaHb 3a MOKa3HUKAMU IKOCTI 3epHa Ta YPOXKAaMHOCTI. 30KpeMa,
HaMBUILIVY BMICT 6i/IKa B pOKY AOCTiIKeHb 3adikcoBaHO y KoMbiHarlii BK13 x CO255; KpoxMatio - y
RoMbiHalitt BK13 x UHK686 Ta BK69 x FV243; oyii - AES01 x AE746 Ta AE801 x VK19; yposkalHICTbh
- y koMbiHaiti BK13 x UHK686 Ta AE801 x UHK37. BcTaHOBIIEHO epeKTH 3araabHOi KOMbOiHaLIiMHOI
3aTHOCTI, KOHCTaHTH i BapiaHcy crienudiyHoi KOM6iHAIIMHOI 3TaTHOCTI 3a ITOKA3HUKAMU BMICTY
y 3epHi 6i7Ka, KpoxMaJIio, ojIil Ta yposkarHicTio. OTpuMaHi JaHi ceimuaTs, 1o iHii VK19, AESOO,
C0255, FV243, Q170, BK13 Ta AE801 Mau MigBUILIEHUM BMICT 6iika y 3epHi; ninii VK19, AE746,

' @ Plant and Soil Science (15)4


https://orcid.org/0000-0001-7434-084X
https://orcid.org/0000-0002-4411-1592
https://orcid.org/0000-0002-3348-676X
https://orcid.org/0000-0002-3942-9125
https://orcid.org/0009-0004-1875-0755

Spriazhka et al.

UHK686,C0255, BK13 Ta AE392 - migBuIieHni BMicT oJ1il; AK157, UHK37, AE746 6y HAUKpal MU
3a YpOsKaMHICTIO. 3a pe3ynbTaTaMU JOCIiIKeHb peKOMEHI0BaHo iH6peaHi iHii 719 cTBOpeHHS
ri6puiB KyRypya3u 3 MOJIIIIEHUMY IIOKa3HUKaMU SIKOCTi 3epHa

KniouoBi cnoea: [IKepeyio 03HaKW; reTepo3uc; iH6peaHa JIiHig; ribpum; TOMKpPOC; MOKa3HUKU
AKOCTI
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require identifying new approaches based on factor interactions or their combined application.
One such approach involves the use of biopreparations, which not only enhance productivity but
also reduce pesticide load, a crucial consideration in the current ecological context. This study
aimed to determine the impact of mineral fertilisers and foliar application of a biopreparation
on sunflower seed productivity. The effects of mineral fertilisers and biopreparations on seed
productivity formation were examined. The influence of biopreparations on sunflower growth,
development, and productivity under varying mineral nutrition conditions was established. It was
found that the application of biopreparations during pre-sowing cultivation positively affected
crop yield, both in the absence and presence of mineral fertilisers. The use of biopreparations
contributed to increased sunflower yield, with one of the tested biopreparations leading to a 6.9%
increase, while the combined application of two biopreparations resulted in a 10.7% increase
compared to the unfertilised control. Under mineral nutrition conditions (NGOPGOKGO), the yield
increase resulting from biopreparation application ranged from 0.21 to 017 t/ha, depending on
the fertiliser dosage. The study also revealed positive changes in the microbiological state of the
soil under the influence of biopreparations. The reduction in pathogenic fungi during the ripening
phase reached 10.1% when a biopreparation was applied in the absence of fertilisers. The use of
biopreparations also reduced the intensity of mineralisation processes, facilitating more efficient
nitrogen uptake by plants. The dynamics of alkaline-hydrolysable nitrogen, available phosphorus,
and potassium content confirmed the beneficial effects of biopreparations on the soil biogenic
regime and plant nutrition. The findings support the feasibility of incorporating biopreparations
into sunflower cultivation technologies, contributing to increased crop yields and improved soil
ecological conditions. The results can be utilised to maximise the genetic potential of sunflower
plants and ensure stable productivity

Keywords: yield; alkaline-hydrolysable nitrogen; available phosphorus; available potassium; soil
microbiological state

INTRODUCTION

The high saturation of agrocenoses with sun-
flowers and the disruption of crop rotation in-
tervals lead to an accumulation of toxic com-
pounds in the soil, increased pathogen load, and
intensified degradation processes, resulting in
the deterioration of soil water, air, and nutrient
regimes. This necessitates the search for alter-
native methods to improve soil fertility in agro-
cenoses (Kovalenko et al., 2020). In modern plant
nutrition strategies, the use of biopreparations is
gaining prominence. These products aim to re-
store beneficial soil microorganisms, stimulate
soil biological processes, and improve the up-
take of macro- and micronutrients from fertil-
isers and the soil itself (Tsytsiura § Didur, 2021).
As noted in the study by V. Tsyhanskyi (2020), in
the context of modern agricultural production,
where fertilisers represent one of the most cost-
ly components of crop cultivation technologies,
optimising plant nutrition systems is critically
important. The author highlights the growing
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popularity of biological products that stimulate
the development of beneficial soil microorgan-
isms, enhance soil fertility, increase its suppres-
siveness against phytopathogens, and improve
crop productivity and yield, including sunflower.

X. Wei et al. (2024) explain that microbial
fertilisers not only enrich the soil with beneficial
microorganisms but also actively attract specif-
ic fungal microorganisms through substances
released by plant root systems. These recruit-
ed microorganisms, in turn, contribute to the
physical strengthening of the soil, improving its
structure and reducing compaction. They also
enhance nutrient uptake by plants and protect
them from pathogens. In essence, microbial
fertilisers initiate a complex and targeted inter-
action between plants and microorganisms to
optimise soil fertility and plant health. Accord-
ing to T. Wang et al. (2024), microorganisms in-
troduced via biopreparations, due to their rapid
reproduction and population changes, engage a
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substantial amount of nutrients in the biological
cycle. This prevents the migration of compounds
to lower soil horizons, reducing environmental
pollution. They also play a crucial role in optimis-
ing ecological balance in agricultural landscapes
under various farming intensities. Furthermore,
they improve the efficiency of mineral fertiliser
and pesticide use, increase crop productivity,
and enhance product quality (Karpenko, 2019).

According to A. Pavlichenko et al. (2023), the
prolonged use of mineral fertilisers and chemi-
cal soil improvement methods (such as liming)
significantly affects the dynamics of humus in
grey forest soils. This alters the amount, quali-
ty, and processes of humus formation. Research
indicates that only combining organic matter
with moderate doses of mineral fertilisers, along
with liming, promotes humus regeneration and
increases the proportion of stable humic ac-
ids. This brings humus formation closer to that
typical of the region’s natural forest soils. Mi-
croorganisms play a crucial role by mobilising
atmospheric nitrogen, breaking down organic
nitrogen compounds, and converting them into
plant-available forms. This reduces the need for
nitrogen fertilisers, which are the most costly to
produce (Potapenko & Horbachenko, 2021).

As highlighted by O. Litvinova et al. (2023),
while most soils contain an abundance of phos-
phorus, approximately 40% of arable land ex-
periences a deficiency in its available forms.
The issue of phosphorus depletion due to crop
harvests is becoming increasingly pressing, as
phosphorus accumulation is primarily concen-
trated in grains and fruits rather than in vege-
tative biomass, which replenishes soil nutrient
reserves after harvest. Consequently, the chal-
lenge lies in ensuring the availability of phos-
phorus compounds to plants by enhancing their
mobility, specifically by converting insoluble
forms into soluble ones (Kovalenko et al., 2022).
Microorganisms within biopreparations, by
producing organic acids and enzymes, inter-
act with minerals, releasing available potassi-
um and silicon. This enhances the accessibility
of these elements to plants. V. Hamayunova et
al. (2021) highlight that in the face of climate
change, particularly prolonged droughts, op-
timising crop nutrition, especially micronu-
trients, is crucial for achieving high-quality

<)

yields. While the activation of beneficial soil
biological processes by microorganisms in bio-
preparations has been extensively studied, the
combined impact of microorganisms on the
soil ecosystem in agricultural settings remains
under-researched. Therefore, this study aimed
to determine the changes in soil nutrient status
and sunflower yield in response to the applica-
tion of biopreparations.

MATERIALS AND METHODS

The study was conducted in 2022-2023 under
agreements No. 04-2022-NP/98 dated 21 July
2022 and No. 04-2023-NP/62 dated 05 April
2023 on an agricultural land plot located in the
administrative units of Kropyvnytskyi District,
Kirovohrad Region, Ukraine. The land is man-
aged by the Institute of Steppe Agriculture of
the National Academy of Agrarian Sciences
of Ukraine. The soil is an ordinary deep medi-
um-humus heavy loam chernozem. In the ar-
able soil layer where the study was conducted,
the humus content was 3.97%, hydrolysable
nitrogen - 10.8 mg per 100 g of soil, availa-
ble phosphorus and potassium - 6.9 mg and
14.4 mg per 100 g of soil, respectively, with a pH
of 5.9. Sunflower cultivation technology in the
experimental plots followed standard practic-
es for the Steppe zone. The preceding crop was
spring barley after soybean. The fertilisation
background was the natural soil fertility level.
The experiment was conducted in triplicate. The
sunflower hybrid used was LG 5555 CLP, with an
established plant density of 55,000 plants per
hectare at emergence.

During the flowering and ripening phas-
es of sunflower growth, soil samples were
collected from the 0-20 cm layer according
to the variants of the experiment, follow-
ing the DSTU 42872004 (2005) standard. The
content of alkali-hydrolysable nitrogen was
determined using the Kornfeld method, fol-
lowing DSTU 7863:2015 (2016). The availa-
ble phosphorus and potassium compounds
were analysed using the Kirsanov method,
modified by the NSC ISA, in compliance with
DSTU 4405:2005 (2006). The study investigat-
ed the effects of applying biopreparations with
fertiliser properties during pre-sowing cultiva-
tion under different nutrient backgrounds:

Plant and Soil Science (15)4
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1) No fertiliser (control 1);

2)N,,P,,K,, applied during cultivation (con-
trol 2);

3) Groundfix, 5 L/ha applied during cultiva-
tion;

4) Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha ap-
plied during cultivation;

5) Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha +
N,.P.,K,, applied during cultivation;

6) Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha +
N,,P,.K,, applied during cultivation.

Groundfix is a soil-acting biopreparation.
Its primary function is to enhance phosphorus
and potassium nutrition in plants by converting
phosphates into a soluble form, releasing retro-
graded phosphorus bound by secondary miner-
als, and mobilising potassium from hydromicas
and montmorillonite-group minerals. Addition-
ally, it increases the mobility and availability of
silicon for plants throughout the entire grow-
ing season. Due to the complex of bacteria that
produce organic acids, amino acids, enzymes,
phytohormones, antibiotics, and other sub-
stances that positively impact plants, enhancing
their adaptive and immune capabilities. A key
advantage of this biopreparation is its ability to
improve soil structure, aeration, and moisture
retention. Composition: live bacterial cells of
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Bacillus subtilis, Bacillus megaterium var. phos-
phaticum, Azotobacter chroococcum, Enterobac-
ter sp., Paenibacillus polymyxa; other beneficial
microflora (lactic acid bacteria, enzyme produc-
ers); vitamins, phytohormones, amino acids, and
other physiologically active substances. The total
number of viable cells is (0.5-1.5) x 10° CFU/cm?3.

Azotofit is a natural growth stimulant that
actively fixes molecular atmospheric nitrogen,
enriching the soil by up to 60 kg/ha (on average,
20 kg/ha). It synthesises growth-promoting sub-
stances that enhance root system development
and vegetative biomass, improve seed germi-
nation, increase plant resilience to stress fac-
tors, optimise nutrient uptake, and boost crop
yields. Composition: live cells of associative ni-
trogen-fixing bacteria.

RESULTS AND DISCUSSION

The research results demonstrated that apply-
ing biopreparations during pre-sowing culti-
vation positively influenced sunflower plant
growth, development, and yield. Specifically, un-
der conditions without mineral fertilisers, ap-
plying Groundfix during pre-sowing cultivation
increased sunflower yield by 0.22 t/ha, or 6.9%,
compared to the control (no fertiliser) yield of
318 t/ha (Fig. 1).

= Yield, average

0.51 for 2022-2023
M £ compared to
the control, t/ha
0.72

Figure 1. Sunflower yield depending on the application of biopreparations

Note: fertilisation treatments - 1. No fertiliser (control 1); 2. N. P. K

coPeoKeo applied during cultivation (control 2);

3. Groundfix, 5 L/ha applied during cultivation; 4. Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha applied during cultivation;

5. Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha + N_ P, K.,

15L/ha+N,,P, K, applied during cultivation
Source: developed by the authors

The combined application of Groundfix +
Azotofit under these conditions increased crop
productivity by 0.34 t/ha, or 10.7%, compared
to control 1. It is worth noting that the applica-

tion of mineral fertilisers at a dose of N, P, K,
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applied during cultivation; 6. Groundfix, 2.5 L/ha + Azotofit,

(control 2) had a significant impact on sunflow-
er yield, with an increase of 0.51 t/ha, resulting
in a yield of 3.69 t/ha. The combined use of the
biopreparations Groundfix + Azotofit, with a full
dose of mineral fertilisers (N..P_ K_)and a 30%

60~ 60 760
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reduced dose (N,,P,K,), positively influenced
crop productivity, with increases of 0.21t/ha and
017 t/ha, respectively, compared to control 2,
and 072 t/ha and 0.68 t/ha compared to control 1,
yielding 3.9 t/haand 3.86 t/ha, respectively. These
results are supported by the research of V.Hama-
yunova § V. Kudrina (2018) and Ye. Yurkevych et
al. (2023), found that the application of Ground-
fix at a dose of 5 L/ha increased sunflower yield
by 11.5% and 19.5%, respectively, compared
to the treatment without the preparation.

When comparing the combined application
of the biopreparations Groundfix + Azotofit with
N.P.K,, and NP, K, , a higher effectiveness
of the biopreparations was observed when ap-
plied with a 30% reduced dose of mineral fer-
tilisers, with the yield difference between them
being minimal at 0.04 t/ha. Research conduct-
ed by Yu. Soroka et al. (2017) and Ye. Domarat-
skyy (2018) suggests that the combined action of
mineral fertilisers and biopreparations exceed-
ed the combined effect of the two individual fac-
tors, thus demonstrating a synergistic effect: an
increase in yield of 0.17 t/ha with the application
of NP, 0.23 t/ha with the application of the bi-
opreparation, and a 042 t/ha increase with the

combined application.
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Analysis of the yield data showed that the
use of biopreparations in pre-sowing cultivation
positively influenced sunflower productivity,
both when no mineral fertilisers were applied
and when they were used. It should be noted
that the increase in sunflower productivity fol-
lowing the application of biopreparations to the
soil occurred against the backdrop of positive
changes within the soil, brought about by the ac-
tion of the microbial complex. This was reflect-
ed in a reduction in the number of pathogenic
fungi in the soil and the intensity of mineralisa-
tion processes, as well as a positive trend in the
content of key biogenic nutrients. The findings
of V. Volkogon (2018) also confirm that, under
the influence of microorganisms present in bi-
opreparations, there is mobilisation of unavail-
able phosphorus in the soil, particularly in the
rhizosphere zone, where a gradient exists for the
movement of nutrients from the soil to the roots.
The application of biopreparations in pre-sow-
ing cultivation in the current study reduced the
number of pathogenic fungi in the soil, depend-
ing on the experimental variant. During the flow-
ering phase, this reduction ranged from 2.55% to
8.6%, and during the maturation phase of the
sunflower, it ranged from 5.65% to 10.1% (Fig. 2).

M Flowering

Full maturity

Research variant

Figure 2. Number of pathogenic fungal species in the soil (%)
in sunflower crops with the application of biopreparations

Note: fertilisation treatments - 1. No fertiliser (control 1); 2. N__P. K

«oPeoKeo applied during cultivation (control 2);

3. Groundfix, 5 L/ha applied during cultivation; 4. Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha applied during cultivation;

5. Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha + N_ P, K,
15L/ha+N,,P, K, applied during cultivation

Source: developed by the authors
Thus, the application of Groundfix in

pre-sowing cultivation, with no fertilisers, re-
sulted in a reduction of pathogens in the soil by

o)

applied during cultivation; 6. Groundfix, 2.5 L/ha + Azotofit,

8.6% during the flowering phase and 10.1% dur-
ing the maturation phase. When bioprepara-
tions Groundfix + Azotofit were applied together
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on different nutrient backgrounds, the number
of pathogenic fungi decreased by 3.34-4.32%
during flowering and 5.65-6.25% during mat-
uration. The combined use of biopreparations
was less effective against pathogenic fungiin the
soil, which can be attributed to the lower appli-
cation rate of Groundfix, which contains micro-
organisms with high fungicidal activity. On the
full rate of mineral fertilisers and a 30% reduced
rate, with the application of Groundfix + Azo-
tofit, the number of pathogenic fungi was slight-
ly higher than with no fertilisers. This suggests
that the application of mineral fertilisers pro-
moted the growth of pathogenic fungi in the soil,
both with the application of fertilisers alone and
in combination with biopreparations. Ye. Do-
maratskyy § O. Kozlova (2018) emphasise that
the timely and rational use of biological growth

stimulants, combined with a biological fungi-
cide, will ensure the expected sunflower yield
and reduce plant infection by fungal diseases.

Changes in the soil microbiome also oc-
curred under the influence of biopreparations.
It is known that mineralisation-immobilisation
ratios lower than 1.0 indicate a decrease in the
rate of these processes while exceeding this val-
ue suggests undesirable intensity in minerali-
sationimmobilisation. When mineral fertilisers
were applied (control 2), the intensity of the min-
eralisation processes of organic matterinthe soil
during the flowering phase of sunflower was the
highest, with the mineralisation-immobilisation
ratio at 1.45. This indicates the active use of min-
eral nitrogen forms from fertilisers by micro-
organisms, resulting in a reduction of nitrogen
contentin the soil and its uptake by plants (Fig. 3).

Mineralisation -immobilisation ratio (MI.-R.)
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Figure 3. Mineralisation-immobilisation ratio during the flowering phase
of sunflower depending on the application of biopreparations

Note: fertilisation treatments - 1. No fertiliser (control 1); 2. N. P. K

«oPeoKe, applied during cultivation (control 2);

3. Groundfix, 5 L/ha applied during cultivation; 4. Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha applied during cultivation;

5. Groundfix, 2.5 L/ha + Azotofit, 1.5 L/ha+ NP, K,
15L/ha+N,,P, K, applied during cultivation

Source:developed by the authors

Such conditions result in the loss of soil
organic matter. Biopreparation application re-
duced the intensity of mineralisation processes
in the soil, improving nitrogen availability for
plants. For example, the mineralisation-immo-
bilisation ratio with Groundfix application with-
out fertilisers was 073, and with the combined
Groundfix + Azotofit application, it was 0.85.
The positive effect of biopreparations Groundfix
+ Azotofit was also observed with full and 30%
reduced mineral fertiliser doses, where the min-
eralisation-immobilisation ratio decreased to
1.26 and 1.35, respectively, compared to mineral
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applied during cultivation; 6. Groundfix, 2.5 L/ha + Azotofit,

fertilisers alone. This indicates that bioprepara-
tions reduced competition for nitrogen between
microorganisms and plants, contributing to in-
creased yields as previously discussed. These
findings are supported by research conducted
by 0. Tonkha et al. (2019). The study revealed that
the level of alkaline hydrolysed nitrogen in the
soil decreased throughout the growing season
(from sunflower flowering to maturity) across all
treatments. However, the variability of this indi-
cator was low (V - 4%). Changes in soil micro-
bial processes, induced by the microorganisms
in the biopreparations, affected soil nitrogen
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dynamics and its uptake by plants. For example,
in the unfertilised treatment and with Ground-
fix application, the alkaline hydrolysed nitrogen

content at flowering was 101 mg/kg soil (Table 1).
However, the rate of nitrogen uptake by plants
increased with biopreparation use.

Table 1. Changes in soil agrochemical indicators with biopreparation application in sunflower crops

. Hydrolysed nitrogen, | Mobile phosphorus, | Mobile potassium,
Research variant
mg/kg P,0,, mg/kg K,0, mg/kg
Flowerin FuII Flowerin Al Flowerin Ll
J maturity J maturity 6 maturity

1. No fertiliser (control 1) 101 97 132 140 158 150
2. NP, K, applied during cultivation 109 103 145 152 165 157
(control 2)
3. Groundfix, 5 L/ha applied during cultivation 101 94 142 150 161 154
4, Gr.oundﬁ>.<, 2.5 L/.ha + Azotofit, 1.5 L/ha 103 9% 140 149 161 154
applied during cultivation
5. Groundfix, ?.5 L/hg + Azo’Foﬁt., 1.5 L/ha + 109 102 151 158 172 160
N,,PKs, applied during cultivation
6. Groundfix, ?.5 L/hta + Azo’Foﬁt., 1.5L/ha+ 106 98 147 156 165 156
N,,P,.K,, applied during cultivation

Source: developed by the authors

Applying Groundfix in combination with
Azotofit improved the soil nitrogen status by
2 mg/kg compared to using Groundfix alone.
This is attributed to the high nitrogen-fixing ca-
pacity of the bacteria in Azotofit. In treatments
with mineral fertilisers alone (N P, K, ) and in
combination with biopreparations Groundfix +
Azotofit, the alkaline hydrolysed nitrogen lev-
el in the soil increased to 109 mg/kg. Applying
Groundfix + Azotofit with NP, K, resulted in a
slight decrease in nitrogen. According to the au-
thors, this is due to the increased mineralisation
processes in the soil and the enhanced nitrogen
uptake during sunflower vegetative growth.

During sunflower maturity, there was a
slight decrease in alkaline hydrolysed nitrogen
content in the soil with biopreparation use, both
with and without mineral fertilisers. This indi-
cates increased nitrogen uptake by sunflower
plants and the inability of nitrogen-fixing mi-
croorganisms to fully compensate for nitrogen
demand. The available phosphorus content in
the soil increased throughout the growing sea-
son, with low variability (V=4-5%) observed dur-
ing this period.

The complex of microorganisms intro-
duced with the Groundfix biopreparation fa-
cilitated the more efficient conversion of una-
vailable phosphorus compounds, both organic

and mineral, into plant-available forms. This is
evidenced by the increased levels of available
phosphorus in the soil and its uptake in the crop
yield. Applying Groundfix during pre-sowing
cultivation increased available phosphorus in
the soil by 10 mg/kg during flowering, reach-
ing 145 mg/kg, compared to the control level
of 132 mg/kg. Applying Groundfix in combina-
tion with Azotofit during presowing cultivation
reduced available phosphorus in the soil by
2 mg/kg compared to using Groundfix alone,
resulting in 140 mg/kg. This is attributed to the
lower dose of Groundfix and the primary func-
tion of Azotofit, which focuses on nitrogen fixa-
tion and plant stimulation. Applying Groundfix
+ Azotofit withN_ P, K. and N, P, K, increased
available phosphorus in the soil by 6 and
2 mg/kg, respectively, compared to applying the
full mineral fertiliser dose alone (control 2).
Analysis of available phosphorus in the
soil during sunflower maturity indicates the
continued activity of the Groundfix bioprepa-
ration’s microorganisms in decomposing or-
ganic matter and converting sparingly soluble
phosphates into available forms. For example,
applying Groundfix at 5 L/ha during pre-sowing
cultivation increased available phosphorus by
10 mg/kg compared to the control, reach-
ing 150 mg/kg (Table 1). With the combined
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application of Groundfix + Azotofit, available
phosphorus decreased by 1 mg/kg compared to
Groundfix alone, resulting in 149 mg/kg. This
slight reduction is within a trend and is attribut-
ed tohigher phosphorus uptake by the crop yield.
Applying Groundfix + Azotofit with NP, K, and
N,,P,K,, increased available phosphorus by 8
and 6 mg/kg, respectively, compared to mineral
fertiliser application alone (control 2), reaching
158 and 156 mg/kg. It is important to note that
available phosphorus in the soil increased with
the application of Groundfix + Azotofit under
different nutrient conditions, particularly with
mineral fertiliser application.

Sunflower is a potassium-demanding crop,
making potassium crucial for its nutrition. A
deficiency in this element significantly impacts
yield, oil content in the seeds, and plant suscep-
tibility to diseases. Analysing the seasonal dy-
namics of available potassium in the typical me-
dium-humus, deep, heavy loam chernozem soil,
a decrease in potassium content was observed
across all treatments throughout the growing
season. From flowering to maturity, available po-
tassium levels declined, although they remained
within high sufficiency ranges. The decrease in
available potassium in the soil is due to its up-
take by plants. As plants grow and develop, nu-
trient absorption naturally leads to a reduction
in potassium concentration in the soil solution.

Asindicated by the soil sample analysis from
the sunflower flowering stage, available potassi-
um increased from 158 mg/kg in the control to
161 mg/kg with Groundfix application. Adding
Azotofit (variant 4) did not affect the available
potassium in the soil, remaining at 161 mg/kg.
The combined application of Groundfix + Azo-
tofit with N P, K, increased available potassi-
um in the soil by 7 mg/kg (172 mg/kg) compared
to applying N, P, K alone (control 2). With
N,,P,. K, the potassiumlevel was similar to con-
trol 2 (165 mg/kg). Samples taken at sunflower
maturity showed a similar trend in available po-
tassium dynamics. Changes in available potassi-
um in sunflower crop soil are directly influenced
by the complex of microorganisms introduced
into the soil, alterations in microbial processes,
and plant uptake. Nutrient absorption naturally
leads to a decrease in potassium concentration
in the soil solution.
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CONCLUSIONS

This study found that using biopreparations
during pre-sowing cultivation positively in-
fluenced sunflower growth, development, and
yield. Applying biopreparations without mineral
fertilisers increased sunflower yield: Ground-
fix increased yield by 0.22 t/ha (6.9%), and the
combined application of Groundfix + Azotofit
increased yield by 0.34 t/ha (107%) compared
to the control. With mineral fertiliser applica-
tion at N, P, K., sunflower yield increased by
0.51 t/ha (3.69 t/ha total), and when combined
with biopreparations, yield increased by an ad-
ditional 017-0.21 t/ha. Biopreparations were
more effective with a 30% reduced mineral fer-
tiliser dose, with only a 0.04 t/ha yield difference
between the full and reduced doses.

Biopreparation application reduced path-
ogenic fungi in the soil by 2.55-8.6% during
flowering and by 5.65-101% during sunflower
maturity. Groundfix was most effective with-
out mineral fertilisers, while the combined bi-
opreparation application was less effective due
to the reduced Groundfix dose. Biopreparations
reduced the intensity of mineralisation process-
es in the soil, enhancing nitrogen availability
for plants. The mineralisation-immobilisation
ratio was 145 with mineral fertilisers alone, but
only 0.73 with Groundfix application, indicating
reduced soil organic matter loss and improved
nitrogen availability.

The application of biopreparations posi-
tively influenced the content of essential nu-
trients in the soil. The level of alkaline hydro-
lysed nitrogen at flowering increased to 101 mg/
kg with Groundfix, and by an additional 2 mg/
kg with the combined application of Ground-
fix + Azotofit. Groundfix application increased
available phosphorus at flowering by 10 mg/kg
(to 145 mg/kg), and the combined application
with Azotofit reached 140 mg/kg. In treatments
with mineral fertilisers, biopreparations further
increased available phosphorus by 6-8 mg/kg
compared to mineral fertilisers alone. Analysis
of potassium dynamics showed a decrease in
soil potassium content throughout the growing
season, attributed to active sunflower uptake.
However, sufficiency levels remained high, in-
dicating effective potassium mobilisation by the
biopreparation microorganisms.

(
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OnTuMiI3auiqa XXUBNeHHNA POC/UH nif aiclo 6ionpenaparis
B iHTErpoBaHUX TeXHONOriAX BUPOLLYBaHHS COHALUHUKY

AHoTauifa. deHOMeH 3pOCTAHHA BHUPOOHUIITBA COHAIIHUKY Mae MojlidpaKkTopianbHe
[IOXOIJKEHHsS - HOBI BHUCOKOIHTeHCUBHi rifpupu, [oBeplleHa CHUCTEMa YAO6PeHHS,
36a7laHCOBAHA CHCTEMa 3aXUCTY POCIUH, CydYacHa BUCOKOepeKTHBHA TexHika. ToMy Ais
MOJabIIOr0 YAOCKOHAJNIEHHS TexHoJorii MmoTpibHO 3HaxXOLUTU HOBI IIIAXY, ITOB'S3aHi
i3 B3aeMogieio pakTopiB, abo KoMbiHATHMBHE iX BUKOpPHUCTaHHS. OZHUM 3 HaMpsAMiB Takoi
B3aeMOZii € 3acTocyBaHHSA biomperapaTiB, SKi BogHOYAaC BUPILIYIOTh He JIWIE MUTAHHS
POCTY IPOALYKTUBHOCTI, ajie 11 3MeHIIYIOTh IeCTULIUHe HaBaHTa)KeHH, 1110 € CBOEYaCHUM
i arRTyasNbHUM B CYyYaCHUX eKOJIOTiYHUX yMoBax. MeTO0 HOCIHiAKeHb 6YJI0 BCTAHOBIEHHS
BIUIMBY MiHepaJbHUX HO6PUB Ta I103aKOPEHEBOrO MiAJKUBJIEHHS 6iompermapatoM Ha
TIPOLYKTUBHICTh HACIHHA COHAIIHUKY. [JOCIiAKyBaBCs BIIJIUB 3aCTOCYBaHHSA MiHepaabHUX
no6puBibionpenapaTiBHa GOpMYBaHHA IPOLYKTUBHOCTI HACIHHA COHANTHUKY. BCTaHOBIIEHO
BIJIUB biompemnapaTiB Ha picT, pO3BUTOK Ta MPOAYKTUBHICTh POCTIUH COHANIHNKA 32 PI3HUX
bOHOBUX YMOB MiHEpanbHOrO JXUBJIEHHS. BCTAaHOBJIEHO, IIO BHeCeHH:d biompemaparis
IiJ repexIoCciBHY KyJIbTUBAllil0 IIO3UTHUBHO BIJINBAJIO Ha BPOXKAMHICTE KYJIBTYPU fAK 3a
BiICyTHOCTiMiHepaJbHUXDO6PUB, TaKi3aiXxBHeCeHH . BUROpUCTaHHAbIoIpenapaTiBCcupusaio
MiIBUIEHHIO BPOXKAWHOCTI COHANIHWKA, 30KpeMa, BHECEHHS OJHOI0 3 JOCHiZ)XKyBaHUX
6iompemnapariB 3abe3meuynsio MpuUpicT Ha 6,9 %, a cyMicHe 3acTocyBaHHA ABOX — Ha 10,7 %
HOPiBHAHO 3 KOHTpoJeM 6e3 no6pus. Ha ¢poni MinepanpHoro sxusneHHs (N P, K, ) mpupict
BpOJKAl0 Biji 3aCTOCyBaHHA b6iompenapaTtis ctaHoBuB 0,21-0,17 T/ra 3aJIe3KHO BiJ 103U B06pUB.
JocnimskeHHS TaKOX BUSBUJIU IO3UTUBHI 3MiHU B MiKp06i0JIOTiYHOMY CTaHi IPYHTY IiJ gi€io
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6iompernapaTiB. 3HUXEHHA KiIbKOCTI maToreHHUX rpubiB y dasy mospiBaHHg gocaraso 10,1 %
3a 3aCTOCyBaHHA biompemnapaty Ha ¢oHi 6e3 Ko6puB. BuroprcTaHHA 6iompenapaTiB TAKOXK
3HUJKYBaJI0O iHTEHCUBHICTb MiHepanisallilHUX IIpolieciB, o cIpuUsaNo edeKTUBHIMIOMY
BUKOPHUCTAaHHIOA30Ty POCIMHAMU. [[UHaMiKa BMIiCTY Iy>KHOTiApoJ1i30BaHOr0a30Ty, pPyXOMOTO
docdopy TaKamio MiATBEpAKyBaIa MO3UTUBHUY BIUIUB 6iompenapaTie Ha 6iorTe HHUY peskUM
TPYHTY Ta JXUBJIEHHS DOCJIUH. [JOCHiAKeHHS MiATBEpPAUIN AOLINBHICTh 3aCTOCYBaHHA
6iormperapaTiB y TexHOJOTril BUPOIIYBAaHHSA COHAIIHWKA, IIO CIIPUSAJIO IIiABUIIEHHIO
BPOXXaWHOCTI KYyJIBTYpU Ta IIOJNIMIIEeHHI0 eKOJIOTIYHOr0 CTaHy TCpPYyHTIB. PesynpraTtu
IOCIiAKeHHA MOXKYTh 6y T BUKOPUCTAHI AJig peaniszalii reHeTUYHOTO IOTEHIiaNly POCIUH
COHSITHUKY 3 MeTO10 GOpMyBaHHS CTabiIbHOI 1OT0 MPOAYKTUBHOCTI

KnioyoBi cnoBa: ypoyKalHiCTh; JIy>KHOTIIPOJIi30BaHUM a30T, pyXoMUuM Gochop; pyxoMuN Kaiin;
MiKpO6i0IOTiYHUI CTaH IPYHTY

Plant and Soil Science (15)4 @



PLANT AND SOIL SCIENCE

Scientific Journal

Volume 15, No. 4.2024

Founded in 2010. Published four times per year

The original layout of the publication is made in the Department of Scientific and Technical
Information of National University of Life and Environmental Sciences of Ukraine

Managing Editor:
N. Shevchenko

Editing English-Language Texts:
S. Vorovsky, K. Kasianov

Desktop Publishing:
0. Glinchenko

Signed for print of November 27,2024
Format 70*100/16
Conventional printed pages 6.3
Circulation 50 copies

Editors Office Address:

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
Tes.: +38(044)-258-42-63
E-mail: info@agriculturalscience.com.ua
https://agriculturalscience.com.ua/en


https://agriculturalscience.com.ua/en

POCJIMHHULITBO TA IPYHTO3HABCTBO

Haykoeul xypHan

Tom 15, N2 4.2024

3acHoBaHUM y 2010 p. BUXOAUTH YOTHPU pa3y Ha Pik

OpuriHai-MakeT BULAHHS BUTOTOBJIEHO Y BiZiIiyli HAYKOBO-TeXHIYHOI iHQopMaliii
HarioHaJIbHOTO YHiBepCUTETY 6i0pecypciB i MPpHUPOLOKOPUCTYBaHHSA YRpaiHU

BigmoBiganbHME pegakTop:
H. [lleBuyeHKO

PeparyBaHHA aHIJIOMOBHUX TEKCTiB:
C. BopoBcerui, K. KacbssHOB

KoMm'toTepHa BepCTKa:
O. [nmiHueHKo

[MigrvcaHo o ApyKy 27 nucromnaza 2024 p.
dopmar 70*100/16
VMOB. IpyK. apkK. 6,3
Haxmnap 50 ripum.

Anpeca BUZaBHULITBA:

HarioHaIpHUH YHIBEpCUTET 6iopecypciB i MpUpoLoKOPUCTYBaHHS YRpaiHU
03041, Byz. Tepois O6opouy, 15, M. KuiB, YRpaiHa
Tel.: +38(044)-258-42-63
E-mail: info@agriculturalscience.com.ua
https://agriculturalscience.com.ua/uk


https://agriculturalscience.com.ua/uk

