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Abstract

The aim of the study was to determine the effectiveness of sunflower seeds inoculation with various microorganisms and
their impact on enhancing plant resistance to negative environmental factors. The study on the reaction of sunflower
hybrids to different growing conditions was conducted at two locations: 'Location 1', which imposed limiting conditions,
and 'Location 2', which imposed optimal conditions. The study was conducted over the period 2023-2024. In the optimal
conditions, the highest weight of 1000 seeds (70.44 g) was observed in the variant with NP, while the highest oil
content of 50.3% and the actual yield of 2763 kg/ha were achieved in the variant with NP3y and multicomponent
inoculation. In the context of limiting conditions, the variant with N4Psy demonstrated the highest oil content (42.3%)
and actual yield (1167 kg/ha). Conversely, the variant with N2oP3g and multicomponent inoculation exhibited the highest
weight of 1000 seeds (47.01 g).
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INTRODUCTION increase  agricultural  productivity  while

reducing resources, especially those harmful to
Sunflower is the main crop in Ukraine and the environment (mineral fertilizers, pesticides,
accounts for 70% of the oilseeds sown and 85%  etc.), by enhancing the role of microorganisms
of the gross harvest. High demand for oil and in crop cultivation technologies (Tyshchenko et
meal both in Ukraine and in other countries al., 2020). Beneficial soil microorganisms
encourages producers to grow sunflower as a  provide plants with nutrients, increase their
highly profitable crop, which is one of the main  resistance to abiotic and biotic stresses, and
sources of their income (Melikh & Pasmenko, improve their growth and development, as well
2015; Hladni, 2016). The value of sunflower  as increase yields (Nanjundappa et al., 2019;
seeds relates to the fact that they contain Jamaluddin, 2019; Enebe & Babalola, 2018).
essential vitamins and are a source of vitamin D, Plant growth promoting rhizobacteria (PGPR) is
as well as B vitamins such as thiamine, niacin ~ a group of bacteria that colonies the rhizosphere
and folate, including vitamin E, which is a  and produce substances that improve plant
powerful antioxidant. The presence of vitamins growth and development and enhance their
helps to normalize the acid-alkaline balance of a resilience to adverse factors (Miransari, 2011;
person and strengthens their skin. In addition, Vozhehova et al., 2022). The increase in various
sunflower seeds are rich in minerals such as  agronomic yields by PGPR was due to the
magnesium, phosphorus, selenium and copper  production of phytohormones, phosphate
(Malunjkar et al., 2024). mobilization, production of siderophores and
However, the expansion of sunflower antibiotics, inhibition of ethylene synthesis in
cultivation in Ukraine leads to increasing  plants and induction of systemic plant resistance
degradation of ecosystem, including soils, to pathogens. Among PGPRs, nitrogen-fixing
which will have very negative consequences in ~ bacteria (NFB) and phosphorus-solubilizing
the future. Therefore, to meet the growing global ~ bacteria (PSB) are important for crops as they
demand for food in the context of climate increase nitrogen (N) and phosphorus (P) (Singh
change and reduce the degree of ecosystem et al., 2011) uptake and, consequently, increase
degradation, it is necessary to maintain and
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crop yields (Daiss et al., 2008; Javaid, 2009,
Zarabi et al., 2011).

Among different microorganisms that colonies
the rhizosphere, arbuscular mycorrhizal fungi
(AMF) are unique because they are partly inside
the root and partly outside the root, thus
affecting other soil microorganisms, as well as
plant growth and development (Redecker et al.,
2000; Tyshchenko et al., 2023). The association
of AMF and plants is one of the oldest symbiotic
relationships in the biological world (Rimington
et al, 2018). AMF, forming a symbiotic
association with higher plants, promotes the
absorption of plant nutrients, which is usually
limited by diffusion, such as phosphorus, zinc,
copper etc. (Bagyaraj et al., 2015). AMF
inoculation improves crop nutrition, growth and
yields (Desai et al., 2016), especially AMF
improves phosphorus nutrition of plants, to the
extent of saving 50% of P fertilizer application,
without adverse effects on their growth,
development and yield (Jyothi & Bagyaraj,
2018; Thilagar et al., 2016). In addition, AMF
also improves plant resilience mechanisms
against biotic and abiotic stresses by stimulating
the synthesis of secondary metabolites such as
phenolic  compounds, phytoalexins and
peroxidases (Mathimaran et al, 2017,
Muthukumar et al.,, 2019; Gholinezhad &
Darvishzadeh, 2021; Kabir et al., 2020;
Meddich et al., 2015). Several researchers have

reported the role of AMF in improving water
availability in various host plants such as
chicory, grain corn, chickpea, sesame and
tomato (Leventis et al., 2021; Langeroodi et al.,
2020; Hashem et al., 2019; Ren et al., 2019), due
to hyphae, which increase the area of the plant
root system in the rhizosphere and improve
water absorption (Langeroodi et al., 2021).

MATERIALS AND METHODS

The study on the reaction of eight sunflower
hybrids to different growing conditions was
conducted at ‘Location 1’ Odesa State
Agricultural Station of the ICSA NAAS,
Khlibodarske village, Odesa region, Odesa
district (46°29.05’N; 30°35.31’E) and at
‘Location 2’ State Farm ‘Pioneer’ in
Lyubymivka village, Kherson region, Beryslav
district  (47°23.34°N; 33°43.00”’E) during
2023-2024.

The hybrids were tested on first-order plots of
275 m? and second-order plots of 25 m? in three
replications using the randomized replication
method (blocks), with the seeding rate adjusted
to 55,000 viable seeds per ha. The research was
carried out according to the generally accepted
methodology, the number of chemical
treatments was adjusted with accordance to the
growing conditions and the presence of weeds,
diseases and pests (Table 1).

Table 1. Experimental design

Hybrids of sunflower

Fertilization and inoculation

Control (without fertilizer and inoculation)

NaoPeo

Niagara (102-106 days') NaoPso

Hysun 158 IT (108-112 days")

Inoculation with nitrogen-fixing bacteria (NFB)

Hysun 280 (114-117 days')

Inoculation with phosphorus-solubilizing bacteria (PSB)

Bella (100-105 days')

Inoculation with arbuscular mycorrhizal fungi (AMF)

P64LE136 (112-116 days')

Inoculation with NFB + PSB + AMF

Generalis (108-110 days')

NaoP30 + Inoculation with nitrogen-fixing bacteria (NFB)

Hysun 232 IT HO (112-118 days')
P63LE113 (104-108 days')

N2oP30 + Inoculation with phosphorus-solubilizing bacteria (PSB)

NaoP30 + Inoculation with arbuscular mycorrhizal fungi (AMF)

NP3 + Inoculation with NFB + PSB + AMF

! - Period from germination to harvest

Location 1 is represented by a southern heavy-
loamy, residually slightly saline black soil. The
arable layer contains 2.1% humus; the content of
mineral nitrogen is 2.7 mg per 100 g of soil,
mobile phosphorus content is 3.7, and
exchangeable potassium content reaches 39 mg
per 100 g of soil, respectively; the pH of water
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extract is 6.8-7.1; the equilibrium bulk density is
1.45 g/em?, soil porosity is 44.1%, and water
permeability is 1.16 mm/min. The fore-crop is
sunflower. Location 2 is represented by a
southern heavy-loamy black soil. The topsoil
contains 2.5% humus; the content of mineral
nitrogen is 3.8 mg per 100 g of soil, mobile



phosphorus content is 5.2, and exchangeable
potassium content is 54 mg per 100 g of soil; the
pH of water extract is 6.9-7.3; the equilibrium
bulk density is 1.37 g/cm?®, soil porosity is
50.2%, and water permeability is 1.24 mm/min.
The fore-crop is winter wheat.

Weather conditions during the years of the study
were unstable and differed in terms of both the

amount and distribution of precipitation and
temperature.

The mean temperatures, precipitation and
relative humidity for all experimental seasons
are represented in Table 2, along with the long-
term mean values.

Table 2. Weather conditions during the research

Location 1
Month, period Long-term mean 2023 2024
> T (°C) P (mm) 0. % T(C) [ P(mm) 0. % T (°C) P (mm) 0,%
April 10.0 28.0 79 10.0 116.0 81 14.6 70.0 67
May 15.9 332 62 15.9 7.0 57 15.8 35.0 62
June 20.8 48.5 65 20.8 32.0 61 22.7 71.0 66
July 234 45.0 61 234 48.0 64 273 18.0 48
August 23.1 294 59 23.1 15.0 62 25.0 20.0 52
September 17.7 2.0 55 17.7 0.0 57 21.8 164.0 62
April - August 18.6 184.1 65 18.6 218.0 65 21.1 220.0 59
April - September 18.5 186.1 63 18.5 218.0 64 21.2 384.0 59
Location 2
Month, period Long-term mean 2023 2024
> T (°C) P (mm) 0. % T(C) [ P(mm) 0. % T (°C) P (mm) 0, %
April 10.7 32.0 76 10.3 72.0 84 15.1 37.0 82
May 17.1 30.0 69 16.4 12.3 66 16.2 58.0 71
June 213 40.0 65 21.0 35.0 65 24.0 47.8 68
July 23.7 45.0 60 24.0 50.0 63 25.6 0.4 62
August 233 20.0 59 25.0 52.0 62 26.7 1.6 59
September 17.3 10.0 68 20.3 0.1 56 22.1 15.0 61
April - August 19.2 167.0 66 19.3 221.3 68 21.5 144.8 68
April - September 18.9 177.0 66 19.5 2214 66 21.6 159.8 67
RESULTS AND DISCUSSIONS the actual yield of 2366 kg/ha, while under

In the control variant (without fertilization and
inoculation), the average diameter of the head
under optimal conditions was 17.6 cm, the
number of seeds in the head was 748 seeds with
the weight of 1000 seeds of 63.56 g, oil content
of 46.8%, biological yield of 2379 kg/ha and
actual yield of 2213 kg/ha, while under limiting
conditions - 10.8 cm, 446 seeds, 42.16 g, 37.7%,
939 kg/ha and 832 kg/ha, respectively. The
highest yields among the hybrids under optimal
conditions were obtained in Niagara - 2451 and
Hysun 232 IT HO - 2406 kg/ha, under limiting
conditions P63LE113 - 906, Hysun 158 IT - 891
and Bella - 874 kg/ha (Table 3).

The use of mono-inoculation contributed to the
increase in the crop structure constituents and,
accordingly, both biological and actual yields.
Thus, under inoculation with nitrogen-fixing
bacteria, the average diameter of the head under
optimal conditions was 20.1 ¢cm, the number of
seeds in the head was 801 seeds with the weight
of 1000 seeds of 66.72 g, the oil content of
47.8%, the biological yield of 2671 kg/ha and
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limiting conditions - 11.5 cm, 457 seeds,
43.97 g, 38.7%, 1005 kg/ha and 934 kg/ha,
respectively. Inoculation with phosphorus-
solubilizing bacteria increased the diameter of
the head compared to the control under optimal
conditions by 1.3 cm, the number of seeds in the
head by 30 seeds, the weight of 1000 seeds by
1.7 g, the oil content by 0.6%, the biological
yield by 159 kg/ha and the actual yield by
112 kg/ha, while under limiting conditions - by
0.3 cm, 9 seeds, 0.59 g, 0.9%, 33 kg/ha and
62 kg/ha, respectively.  Inoculation  with
arbuscular mycorrhizal fungi also increased the
diameter of the head compared to the control
under optimal conditions by 1.2 cm, the number
of seeds in the head by 26 seeds, the weight of
1000 seeds by 1.56 g, the oil content by 0.6%,
the biological yield by 140 kg/ha and the actual
yield by 86 kg/ha, while under limiting
conditions - by 0.5 cm, 10 seeds, 0.71 g, 0.8%,
38 kg/ha and 43 kg/ha, respectively.

However, compared to mono-inoculation,
multicomponent inoculation (nitrogen-fixing +
phosphorus-solubilizing bacteria + arbuscular



mycorrhizal fungi) was more effective. Thus,
the diameter of the head under optimal
conditions was 19.8 cm, the number of seeds in
the head was 798 seeds with the weight of 1000
seeds of 66.59 g, the oil content of 48.5%, the
biological yield of 2657 kg/ha and the actual
yield of 2403 kg/ha, while under limiting
conditions - 11.9 cm, 466 seeds, 44.15 g, 39.4%,
1030 kg/ha and 954 kg/ha, respectively.

The use of fertilizer at the rate of NzoP3o
increased, compared to the control, the
indicators of the crop structure and yield
elements both under optimal and limiting
conditions: the head diameter by 2.3 cm and
1.7 cm, number of seeds in the head by 56 and
31 seeds, the weight of 1000 seeds by 3.37 and
3.08 g, the oil content by 1.8 and 2.6%, the
biological yield by 312 and 140 kg/ha and the
actual yield by 142 and 153 kg/ha, respectively;
it also slightly increased the indicators of
complex inoculation excepting the actual yield
under optimal conditions. Thus, the diameter of
the head under optimal conditions increased by
0.1 cm, under limiting conditions - by 0.6 cm,
the number of seeds in the head - by 6 and 11
seeds, the weight of 1000 seeds by 0.34 and
1.09 g, the oil content by 0.1 and 0.7%, the
biological yield by 34 and 49 kg/ha,
respectively, and the actual yield under limiting
conditions by 31 kg/ha, while the actual yield
under optimal conditions was lower by 48 kg/ha.
The combination of mono-inoculation and
fertilizer at the rate of NooP3o exceeded not only
the control, but also the application of fertilizer
at the rate of N2gP30. The use of poly-component
inoculation and N2oP3o not only increased the
crop structure constituents and sunflower seed
yield compared to mono-inoculation and N2oP3o,
but was almost at the same level as the variant
with fertilizer application at the rate of Na4oPso,
and even exceeded it by some indicators. Under
NaoPso application, the diameter of the head
under optimal conditions was 22.6 cm, under
limiting conditions - 13.5 ¢cm, which surpassed
the control by 5.0 and 2.7 cm, respectively, the
number of seeds in the head was 869 and 500
seeds, which was 121 and 54 seeds higher than
in the control, the weight of 1000 seeds was
70.44 and 46.93 g, which was 6.88 and 4.77 g
higher, respectively, the oil content - 49.8 and
42.3%, which surpassed the control by 3.0 and
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4.6%, respectively, the biological yield - 3060
and 1173 kg/ha, which surpassed the control by
681 and 234 kg/ha, respectively, and the actual
yield - 2657 and 1167 kg/ha, which surpassed
the control variant by 444 and 335 kg/ha,
respectively.

Instead, in the combination of poly-component
inoculation and N2oP30, the diameter of the head
was smaller than that at N4oPso by 0.2 cm, both
under optimal conditions and under limiting
conditions, the number of seeds in the head was
10 seeds less under optimal and 12 seeds less
under limiting conditions, the weight of 1000
seeds was 0.67 g higher under optimal
conditions, and 0.08 g higher under limiting
conditions. The oil content in the variant with
poly-component inoculation and N2oP3o under
optimal conditions was 0.5% higher than that at
NaoPso, while under limiting conditions it was
1.2% lower. The biological yield of poly-
component inoculation and NP3 was lower
than that at NsoPso by 63 kg/ha under optimal
conditions and by 25 kg/ha under limiting
conditions. However, the actual yield under
poly-component inoculation and N2oP3o was 106
kg/ha higher under optimal conditions, while
under limiting conditions it was 54 kg/ha lower.
The largest diameter of the head under optimal
conditions was formed by the hybrids Niagara -
23.0 cm and Hysun 232 IT HO - 23.1 cm in the
variant with NoPeo and by the hybrid Niagara -
23.1 cm in the variant with poly-component
inoculation and N»oP3o, while under limiting
conditions the hybrid P63LEII3 was
characterized with the largest head diameter of
14.3 cm. The greatest number of seeds under the
optimal conditions was formed by Niagara
hybrid - 908 seeds, under limiting conditions —
by P63LE113 - 529 seeds. The highest weight of
1000 seeds under optimal conditions were
attributed to the hybrids Hysun 232 IT HO -
71.95 g in the variant with NoPeo and Niagara -
71.93 g under poly-component inoculation and
N20P30, while under limiting conditions by
P63LEI13 - 49.69 g. The highest oil content
under optimal conditions was recorded for the
hybrid Hysun 232 IT HO - 51.5% in the variant
with NsoPso and 51.4% under poly-component
inoculation and N2oP30, while under limiting
conditions the highest oil content was attributed
to the hybrid Bella - 43.3%
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The highest biological yield under optimal
conditions was obtained on the variant with
NaoPso in Niagara - 3260 kg/ha and Hysun 232
IT HO - 3243 kg/ha, and under limiting
conditions in P63LEI13 - 1315 kg/ha. The
highest actual yield under the optimal conditions
was provided by the hybrid Niagara
2955 kg/ha in the variant with poly-component
inoculation and NoP3p, and under limiting
conditions in the hybrid P63LE[13 - 1282 kg/ha
in the variant with Na4oPso.

Evaluating average indicators by the studied
hybrids, the largest head diameter under the
optimal conditions was formed by Niagara -
20.9 cm, Hysun 232 IT HO - 20.8 cm and
P63LEII3 - 20.7 cm, and under limiting
conditions by P63LE113 - 12.7 cm (Table 4).
The largest number of seeds in the head and the
biggest weight of 1000 seeds under the optimal
conditions was formed by the hybrid Niagara -
841 seeds and 69.27 g, respectively, while under
limiting conditions they were formed by the
hybrid P63LE113 - 493 seeds and 46.74 g. The
highest oil content under optimal conditions was
provided by the hybrids Hysun 232 IT HO -
49.7% and P63LEII3 - 49.4%, and under
limiting conditions — by the hybrid P63LE113 -
41.4%.

The highest biological and actual yields under
the optimal conditions were obtained in the
hybrid Niagara - 2915 kg/ha and 2641 kg/ha,
respectively, slightly lower yields were
harvested in the hybrid Hysun 232 IT HO - 2876
and 2597 kg/ha and the hybrid P63LE113 - 2828
and 2550 kg/ha, while under limiting conditions
in the hybrid P63LE113 - 1153 and 1068 kg/ha,
respectively.

CONCLUSIONS

Under the optimal conditions, the highest
number of seeds in the head of 869 seeds, the
weight of 1000 seeds of 70.44 g and the
biological yield of 3060 kg/ha were obtained on
the variant with NsoPeo, and the highest oil
content of 50.3% and the actual yield of
2763 kg/ha were obtained on the variant with
N20P3p  and  poly-component inoculation
(nitrogen-fixing +  phosphorus-solubilizing
bacteria + arbuscular mycorrhizal fungi).

Under limiting conditions, the highest number
of seeds in the head of 500 seeds, the oil content
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of 42.3%, the biological and actual yields of
1173 and 1167 kg/ha, respectively, were
obtained on the variant with NsoPso, and the
highest weight of 1000 seeds of 47.01 was
obtained on the variant with NaoP3o and poly-
component inoculation (nitrogen-fixing +
phosphorus-solubilizing bacteria + arbuscular
mycorrhizal fungi).

Under the optimal conditions, the highest
number of seeds in the head of 841 seeds, the
weight of 1000 seeds of 69.27 g, the biological
and actual yields of 2915 and 2641 kg/ha,
respectively, were obtained in the hybrid
Niagara, and the highest oil content — in the
hybrids Hysun 232 IT HO and P63LE113 - 49.7
and 49.4%, respectively.

Under the limiting conditions, the highest
number of seeds in the head of 493 seeds, the
weight of 1000 seeds of 46.74 g, the oil content
of 41.4%, the biological and actual yields of
1153 and 1068 kg/ha, respectively, were
obtained in the hybrid P63LE]13.
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