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Abstract: Allelopathy is a phenomenon that has both beneficial and deleterious influences among
plants within the same ecosystem. The allelopathic activity of sunflower on cereals, one of the
most popular crops in crop rotation, is still poorly studied and understood. This experiment was
aimed at evaluating the allelopathic potential of aqueous extracts of different parts of the sunflower
(Helianthus annuus L.) grown in the Boreal environmental zone on seedling morphological parameters
of spring barley (Hordeum vulgare L.) and spring wheat (Triticum aestivum L.). The following three
factors were studied: factor A—two growth stages: flowering sunflower (FS) and ripe sunflower (RS);
factor B—three sunflower plant parts: leaves and stems (L + S), heads (H), and roots (R) for extract
preparation; factor C—five concentrations (25%, 50%, 75%, and 100% (initial concentration 1:10,
referred to as 100% solution)) of sunflower aqueous extracts and deionised water (0%) as a control. FS
extract revealed an inhibitory effect on all parameters of spring barley and spring wheat in comparison
to RS extract. Extracts from different plant parts differed in their allelopathic effects. Compared with
L + S extract, R extract significantly stimulated SG and the morphological characteristics of wheat. H
extract significantly inhibited barley RL and SL. With increasing concentrations of the extracts, the
values of all investigated parameters were significantly inhibited for both receptor plants.

Keywords: allelopathy; aqueous extract; Helianthus annuus; Hordeum vulgare; inhibitory rate; seed
germination; seedling development; synthetic effect; Triticum aestivum

1. Introduction

Allelopathy is a phenomenon that has both useful and deleterious influences among
plants within the same ecosystem [1]. Allelopathy refers to the influence of a plant on
the germination and successive development of a neighbouring plant by emitting allelo-
pathic compounds into the environment [2,3]. The abundance of allelopathic plants and
allelopathic compounds in them is an unlimited reservoir of new and, so far, unrevealed
mechanisms of action [4]. Plants with allelopathic properties cause allelopathic influ-
ence on plants through the evaporation and leaching of allelochemicals from leaves and
stems, root exudates, or excretion into the surroundings during the decomposition of
plant residues [5-7]. The allelochemicals may affect the growth and development of re-
cipient plants, including growth stimulation or inhibition [1,8-10]. The mode of activity
of allelochemicals depends on their concentration. Low concentrations of them promote
germination and growth, and high concentrations inhibit germination of seed and seedling
growth [9,11,12]. Cultivation of similar plant species for many years leads to loss of soil
nutrients, exacerbation of pests and diseases, deterioration of soil quality, and ecologi-
cal imbalance, which ultimately has a significant influence on crop yield and production
quality [13-15]. In an agricultural field where the same crops are often grown in crop
sequences, allelopathic competition can negatively affect crop yields [5]. Allelopathic
compounds that appear in the soil during the disintegration of above-ground plant parts
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and roots can influence the germination and development of succeeding crops [16,17],
formation of dry mass [18,19] and photosynthesis [4,20,21].

Sunflower is one of the most important allelopathic plants due to the bioactive com-
pounds they secrete, including allelochemicals. Due to the sufficiently high allelopathic
character of sunflower, the germination and growth of nearby plant species are inhib-
ited [4,16,22].

The allelopathic attributes of plants can be used for the control of weeds and the
suppression of their germination and growth [10,23-27]. However, there is a lack of data
on the effects of allelopathic compounds of sunflower, grown in cool climate zones, on
protected plants [28].

The allelopathic potential of sunflowers has been studied in their habitual grow-
ing regions for some crops: corn [19,29], rice [16], mung bean [30], wheat [19,20,31], let-
tuce [17], radish [9], sponge gourd (Luffa cylindrica) [32], and mustard [4,33]. The allelo-
pathic effect of sunflowers on peas was studied by Polish researchers [34,35] and Lithuanian
researchers [11,12]. However, the allelopathic activity of sunflower for other popular crop
rotation crops in this region, such as cereals, is still poorly studied and understood.

Climate change unlocks opportunities to expand the area of sunflower cultivation to
regions where sunflowers were not grown before and to the northern part of Europe, where
the growing season has lengthened and winters have become milder. Until now, sunflowers
were rarely grown in the Boreal environment, but as the climate changes, this all-purpose
crop can make a great addition to crop rotations. This region is not the usual climate
zone for sunflowers and heat-loving plants. Sunflowers growing under unusual, cool
climate conditions may accumulate different amounts of allelopathic substances than those
growing in warm climate zones. However, there is a lack of knowledge about the action of
sunflowers grown in crop rotation in the Boreal environmental zone and their influence
on soil properties, productivity dynamics, and chemical composition. We also know little
about the concentration of allelochemical compounds accumulated in sunflowers grown in
the mentioned climate zone and their influence on plant development in the crop sequence.

This study aimed to evaluate the allelopathic effect of aqueous extracts of differ-
ent parts of sunflowers on seed germination and morphological parameters of juvenile
seedlings of spring barley and spring wheat in the Boreal region.

2. Materials and Methods
2.1. Collection of Plant Materials

The investigation was carried out at the Institute of Agriculture, Lithuanian Research
Centre for Agriculture and Forestry. The above-ground part of the plant and the roots of
the donor plant (Helianthus annus L., cultivar ‘Peredovick’) were collected in the flowering
stage and the full maturity stage from the experimental field of the Institute of Agriculture.
The grains of target cereals as receptor plants—spring barley (Hordeum vulgare L., cultivar
‘Freedway’) and spring wheat (Triticum aestivum L., cultivar ‘Colada’)—were derived by
the Department of Cereal Breeding, Institute of Agriculture, Lithuania.

2.2. Details of the Laboratory Experiment

Three factors have been studied: factor A—donor plant growth stage (GS): flowering
sunflower (FS) and ripe sunflower (RS); factor B—aqueous extract from different parts of
donor plants: leaves and stems (L + S), heads (H), and roots (R); and factor C—concentration:
0%, 25%, 50%, 75%, and 100% w/v.

Sunflowers were divided into parts (roots, stems and leaves, and heads). All these
parts were chopped into pieces (10 mm) and air-dried. Aqueous sunflower extracts were
prepared by adding 100 g of different air-dried sunflower parts to 1.0 L of deionised water
and soaking for 24 h at room temperature (25 &£ 2 °C). The extract was filtered using filter
paper. The resulting solution is considered a standard 100% solution. Extracts were then
diluted with deionised water to concentrations of 25%, 50%, 75% and 100% (by volume)
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and stored in a refrigerator at 4 °C until use. These extracts were used for bioassays. The
deionised water was used as a no-extract control.

The grains of the target plants were washed with deionised water. Grain germination
was determined by the Cigar Roll method as described by Watt et al. [36].

2.3. Germination and Biometric Parameters

To ascertain the allelopathic impact of sunflower part extracts on the grain germina-
tion of spring barley and spring wheat, the following indicators were determined: seed
germination (SG) and germination index (GI). To evaluate the effect of extracts on seedlings’
development of target plants, we established root length (RL), shoot length (SL), fresh mass
of roots (RFM), and fresh mass of shoots (SFM) of target plants in each roll. Five days after
sowing (DAS), grain germination (SG) was recorded by counting the number of germinated
grains in each roll. Grain with a 1 mm radicle was kept as germinated. Germination index
(GI) was calculated [37]:

Gt

Germination index (GI) = Dt

)
where Gt is the number of grains emerging on a given day and Dt is the time after setting
the grains for germination.

At 8 DAS and 14 DAS, the root length (RL) and shoot length (SL) were measured by
using a ruler. The fresh mass of seedling roots (RFM) and fresh mass of shoots (SFM) were
estimated using an electronic balance with an accuracy of 0.001 g. RFM and SFM were
estimated at 8 DAS and 14 DAS.

2.4. Biologically Active Compounds

The total polyphenolic compounds (TPC) content and total flavonoids (TF) content
were determined according to spectrophotometric methods [38].

2.5. Allelopathic Potential Determination
The inhibitory rate (IR) was calculated using the following formulas:

IR=1-C/T,ifT>C @)

IR=T/C—1,ifT<C 3)

where T is the treatment value and C is the control value [39]. IR > 0 represents a stimulatory
effect, and IR < 0 represents an inhibitory effect.

The synthetical allelopathic effect index (SE) was calculated as the arithmetic mean
value of IR [39]. Here SE = (IRgg + IRRy, + IRgr, + IRRpm + IRspn) /5, where SG is the seed
germination; RL and SL are the root and shoot lengths, respectively; and REM and SFM are
the root and shoot fresh mass, respectively.

2.6. Statistical Analysis

A three-way ANOVA model was used to determine the effects of two growth stages
of sunflower (factor A), three plant parts (factor B), and five concentrations of extracts
(factor C) on the SG, RL, SL, RFM, and SFM of spring barley and spring wheat. Statistical
significance was evaluated using the Fisher’s least significant difference (LSD) test at the
probability levels of p < 0.05 and p < 0.01. The statistical analysis was done using the
software ANOVA from the statistical software package Selekcija, version 4.0 [40].
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3. Results
3.1. Effect of Sunflower Extracts on Germination of Spring Barley and Spring Wheat at 5 DAS
3.1.1. Spring Barley

A three-way ANOVA showed that seed germination (SG) and germination index (GI)
of spring barley were significantly (p < 0.01) influenced by sunflower growth stage (GS)
(factor A), sunflower aqueous extract concentration (factor C), and their interaction (A x C)
(Table 1). The extract concentration was the main factor responsible for 64.3% of the total
variability of SG in spring barley. The influence of factor A and interaction A x C was
lower, only 4.6% and 5.3%, respectively, but also significant (p < 0.01).

Table 1. Effects of donor plant development, plant parts, and aqueous extract concentration of
sunflower plants on seed germination (SG) and germination index (GI) at 5 DAS of spring barley and
spring wheat.

Donor Plant Plant Concentration Spring Barley Spring Wheat
GS Part % SG GI SG GI
Data averaged across plant parts and extract concentration
FS 31a 0.63a 53a 1.07 a
RS 48b 0.97b 8.0b 1.59b
Data averaged across donor plant GS and extract concentration
L+S 38a 0.75a 53a 1.06 a
H 38a 0.76 a 62b 124D
R 44a 0.88a 85¢ 1.69 ¢
Data averaged across donor plant GS and plant part
0 10.0a 2.00a 10.0a 2.00a
25 3.7b 0.73b 7.8b 157b
50 20¢ 0.40 c 62c¢ 123 ¢
75 35b 0.70b 52d 1.03d
100 0.8d 0.15d 41e 0.82e
Mean squares (percentage of the sum of squares between parentheses) and effect of factors and their interaction and significance.
Donor plant GS (A) 86.7 ** (4.6) 3.47 ** (4.6) 208.0 ** (14.3) 8.32 ** (14.3)
Plant parts (B) 5.2 (0.6) 0.21 (0.6) 105.3 ** (14.5) 4.21 ** (14.5)
Extract concentration (C) 305.5 ** (64.3) 12.22 ** (64.3) 129.9 ** (35.7) 5.20 ** (35.7)
A xB 5.7 (0.6) 0.23 (0.6) 18.2 ** (2.5) 0.73 ** (2.5)
AxC 25.2**(5.3) 1.01** (5.3) 22.5%**(6.2) 0.90 ** (6.2)
BxC 4.6 (1.9) 0.18 (1.9) 19.1 **(10.5) 0.76 ** (10.5)
AxBxC 6.1(2.6) 0.24 (2.6) 9.1 **(5.0) 0.36 ** (5.0)

DAS—days after sowing; GS—growth stage; FS—flowering sunflowers; RS—ripe sunflowers; L + S—leaves
and stems, H—heads, R—roots. Different letters in the column denote a significant difference (p < 0.05) among
treatments; **—significant at p < 0.01.

The data averaged across plant parts and extract concentrations showed that extract
from flowering sunflower (FS) inhibited SG in spring barley by 34% compared with RS
extract. The data averaged across donor plant GS and extract concentrations demonstrated
that the highest SG of spring barley was for plants treated with R extract (+16%, compared
with L + S); however, the difference was insignificant. The data averaged across donor plant
GS and plant parts showed that the SG of spring barley significantly and progressively
decreased as the concentration was increased. At 25%, 50%, 75%, and 100% concentrations,
SG was reduced by 63%, 80%, 65%, and 92%, respectively, compared with the control (0%).

3.1.2. Spring Wheat

SG and GI of spring wheat were significantly (p < 0.01) influenced by all factors
and their interactions (Table 1). Extract concentration was the main factor (factor C) that
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explained 35.7% of the total variability of SG. Donor plant GS (factor A) and plant parts
(factor B) governed a similar percentage of variation—14.3 and 14.5%, respectively.

The data averaged across plant parts and extract concentrations showed that FS extract
suppressed SG in the spring wheat by 34%. The data averaged across donor plant GS
and extract concentrations revealed that the response of SG in spring wheat as affected by
extracts from different parts of sunflower was varied. The lowest SG was for plants treated
with the L + S extract. In comparison with L + S extract, H and R extracts had a stimulatory
effect on the SG, significantly increasing the index by 17% and 60%, respectively. The data
averaged across donor plant GS and plant parts showed a significant (p < 0.05) decrease in
spring wheat SG with increasing extract concentration: 0% < 25% < 50% < 75% < 100%. In
comparison with the control treatment (0%), SG was suppressed by 22%, 38%, 48%, and
59% under 25%, 50%, 75%, and 100% extract concentrations, respectively.

By comparing both receptor plants, it was found that the response of barley to the
inhibitory effect of sunflower extracts was more pronounced than that of wheat. The seed
germination of spring barley was on average 33-80% lower than that of spring wheat.

3.2. Effect of Sunflower Extracts on Morphological Parameters of Spring Barley and Spring Wheat
at 8 DAS and 14 DAS

3.2.1. Root Length (RL) and Shoot Length (SL) of Spring Barley

A three-way ANOVA of the 8 DAS and 14 DAS data showed that donor plant GS
(factor A), plant parts (factor B), sunflower aqueous extract concentration (factor C), and
interactions A x C and B x C had a significant (p < 0.01) effect on root length (RL) of spring
barley (Table 2). The extract concentration (factor C) was the main factor responsible for
89.4% and 47.6% of the total variability of RL at 8 DAS and 14 DAS, respectively.

Table 2. Effects of donor plant development, plant parts, and aqueous extract concentration of
sunflower plants on root length (RL, cm) at 8 DAS and 14 DAS of spring barley and spring wheat.

Donor Plant Plant Concentration Spring Barley Spring Wheat
GS Part % 8 DAS 14 DAS 8 DAS 14 DAS
Data averaged across plant parts and extract concentration
FS 0.30 a 0.56 a 0.63 a 0.97 a
RS 0.39b 0.83b 1.00b 1.87b
Data averaged across donor plant GS and extract concentration
L+S 0.36 a 0.62 a 0.68 a 1.10a
H 0.29b 041a 0.75b 1.18 a
R 0.38 a 1.06 ¢ 1.02 ¢ 1.99b
Data averaged across donor plant GS and plant part
0 1.19a 1.61a 2.64a 3.13 a
25 0.22b 1.13b 0.76 b 2.37b
50 0.15¢ 0.48c 0.40 ¢ 0.98 ¢
75 0.14 ¢ 0.23 ¢ 0.19d 0.53d
100 0.03d 0.04d 0.10d 0.11e
Mean squares (percentage of the sum of squares between parentheses) and effect of factors and their interaction and significance
Donor plant GS (A) 0.25 ** (1.0) 2.19 ** (2.5) 4.09 * (3.2) 24.41 * (8.9)
Plant parts (B) 0.09 ** (0.7) 4.34 ** (10.0) 1.36 ** (2.1) 9.81 ** (7.1)
Extract concentration (C) 5.48 ** (89.4) 10.29 ** (47.6) 26.52 ** (83.1) 39.12 ** (56.8)
AxB 0.01 (0.1) 0.26 (0.6) 0.65 ** (1.0) 1.43*(1.0)
A xC 0.07 ** (1.1) 0.52 (2.4) 1.06 ** (3.3) 6.23 ** (9.0)
BxC 6.03 ** (2.5) 1.23** (11.4) 0.31 **(1.9) 1.47 ** (4.3)
AxBxC 1.32 (0.6) 0.14 (1.3) 0.27 ** (1.7) 0.81*(2.4)

DAS—days after sowing; GS—growth stage; FS—flowering sunflowers; RS—ripe sunflowers; L + S—leaves
and stems, H—heads, R—roots. Different letters in the column denote a significant difference (p < 0.05) among
treatments; ** and *—significant at p < 0.01 and p < 0.05, respectively.
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The data averaged across plant parts and extract concentrations showed that FS
sunflower extract significantly (p < 0.05) inhibited RL of sunflower by 23% and 33% at
8 DAS and 14 DAS, respectively, in comparison with RS extract.

The data averaged across donor plant GS and extract concentrations revealed that,
compared with L + S extract, H extract significantly (p < 0.05) inhibited RL at 8 DAS and
tended to decrease RL at 14 DAS. R extract had a stimulatory effect on RL at 14 DAS
(by 71%).

The data averaged across donor plant GS and plant parts showed that RL of spring
barley was highest in the control treatment (0%), and compared to the 0%, all concentrations
revealed a significant (p < 0.05) inhibitory effect on RL. In comparison with the control
treatment (0%), RL was inhibited by 82%, 87%, 88%, and 97% at 8 DAS and by 30%,
70%, 86%, and 98% at 14 DAS, respectively, under 25%, 50%, 75%, and 100% extract
concentration.

Donor plant GS (factor A), sunflower extract concentration (factor C), and interactions
A x Cand B x Chad a significant (p < 0.01) effect on shoot length (SL) of spring barley at
8 DAS and 14 DAS (Table 3). The plant parts (factor C) had a significant (p < 0.01) effect on
SL only at 14 DAS. The extract concentration was the main factor responsible for 87.7 and
72.0% of the total variability of SL at 8 DAS and 14 DAS, respectively.

Table 3. Effects of donor plant development, plant part, and aqueous extract concentration of
sunflower plant shoot length (SL, cm) at 8 DAS and 14 DAS of spring barley and spring wheat.

Donor Plant Plant Concentration Spring Barley Spring Wheat
GS Part % 8 DAS 14 DAS 8 DAS 14 DAS
Data averaged across plant parts and extract concentration
FS 0.81a 216a 0.61a 181a
RS 1.03Db 3.15b 1.05b 4.09b
Data averaged across donor plant GS and extract concentration
L+S 1.01a 271a 0.72a 224a
H 0.82b 2.14b 0.72a 247 a
R 0.94Db 311c 1.04b 414b
Data averaged across donor plant GS and plant part
0 3.35a 752a 2.64a 6.81a
25 0.46 b 2.83b 0.82Db 4.28b
50 0.28Db 116 ¢ 0.38 ¢ 212¢
75 0.39b 142 ¢ 0.25c¢ 1.33d
100 0.13c 0.35d 0.06d 0.20e
Mean squares (percentage of the sum of squares between parentheses) and effect of factors and their interaction and significance
Donor plant GS (A) 1.54 ** (0.8) 29.23**(2.7) 6.05 ** (4.2) 155.91 ** (12.3)
Plant parts (B) 0.38 (0.4) 9.52**(1.7) 1.37 ** (1.9) 48.09 ** (6.8)
Extract concentration (C) 44.63 ** (87.7) 196.7 ** (72.0) 26.40 ** (73.5) 165.24 ** (52.1)
AxB 0.15(0.1) 1.89 (0.3) 1.51** (2.1) 24.15** (3.8)
AxC 0.79 ** (1.6) 7.40 ** (2.7) 1.79 ** (5.0) 35.33 ** (11.1)
BxC 0.70 ** (2.8) 6.17 ** (4.5) 0.58 ** (3.2) 7.34** (4.6)
AxBxC 1.32 (0.6) 1.26 (0.9) 0.58 ** (3.2) 4.99 ** (3.1)

DAS—days after sowing; GS—growth stage; FS—flowering sunflowers; RS—ripe sunflowers; L + S—leaves
and stems, H—heads, R—roots. Different letters in the column denote a significant difference (p < 0.05) among
treatments; **—significant at p < 0.01.

The data averaged across plant parts and extract concentrations demonstrated that FS
sunflower extract had a stronger inhibitory effect than RS extract, and compared with RS
extract, it significantly (p < 0.05) inhibited SL of sunflower by 21% and 31% at 8 DAS and
14 DAS, respectively.
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The data averaged across donor plant GS and extract concentrations revealed that,
compared with L + S extract, H extract significantly (p < 0.05) suppressed the SL of spring
barley at 8 DAS and 14 DAS. R extract had an inhibitory effect on SL at 8 DAS (by 7%) and
a stimulatory effect at 14 DAS (by 15%), compared with L + S extract.

The data averaged across donor plant GS and plant parts showed that, compared to
0%, the inhibitory effect on SL significantly increased with the application of an increasing
extract concentration from 25% to 100% by 86-96% and 62-95%, respectively, at 8 DAS and
14 DAS.

3.2.2. Root Length (RL) and Shoot Length (SL) of Spring Wheat

A three-way ANOVA showed that all factors and their interactions had a significant
(p < 0.05 and p < 0.01) effect on root length (RL) of spring wheat at 8 DAS and 14 DAS
(Table 2). The extract concentration (factor C) was responsible for the largest part of the
total variability of spring wheat RL: 83.1% and 56.8% at 8 DAS and 14 DAS, respectively.

The data averaged across plant parts and extract concentrations showed that, com-
pared with RS extract, FS extract inhibited RL of spring wheat by 37% and 48%, respectively,
at 8 DAS and 14 DAS.

The data averaged across donor plant GS and extract concentrations revealed that the
lowest RL of spring wheat was for plants treated with L + S extracts. H and R extracts,
compared with L + S extracts, in most cases significantly (p < 0.05) stimulated RL by 10%
and 50% at 8 DAS and by 7% and 81% at 14 DAS, respectively.

The data averaged across donor plant GS and plant parts demonstrated that the RL of
spring wheat progressively and significantly decreased as the concentration of extracts was
increased. At 25%, 50%, 75%, and 100% concentrations, RL was reduced by 71%, 85%, 93%,
and 96%, respectively, at 8 DAS and by 24%, 69%, 83%, and 96%, respectively, at 14 DAS,
compared to the control (0%).

A three-way ANOVA showed that all factors and their interactions had a significant
(p < 0.01) effect on the SL of spring wheat at 8 DAS and 14 DAS (Table 3). The extract
concentration (factor C) was the main factor that explained 73.5% and 52.1% of the total
variability of SL at 8 DAS and 14 DAS, respectively.

The data averaged across plant parts and extract concentrations showed that FS extract
suppressed the SL of spring wheat by 42% and 56% at 8 DAS and 14 DAS, respectively, in
comparison with RS extract.

The data averaged across donor plant GS and extract concentration demonstrated
that H and R extracts had a stimulating effect on the SL of spring wheat. Compared with
L + S, H extract significantly (p < 0.05) increased SL by 10% at 14 DAS, whereas R extract
stimulated SL by 44% at 8 DAS and by 85% at 14 DAS.

The data averaged across donor plant GS and plant parts revealed that the RL of
spring wheat significantly (p < 0.05) decreased with increasing concentrations of extracts.
At 25%, 50%, 75%, and 100% concentrations, RL was reduced by 69%, 86%, 91%, and 98%,
respectively, at 8 DAS and by 37%, 69%, 80%, and 97%, respectively, at 14 DAS, compared
with 0%.

Spring barley was more sensitive to the applied extracts in terms of RL and SL.
Comparing the responses of both receptor plants to the applied extracts, it was found that
the RL of barley was on average 26-71% and 42-65% lower than that of spring wheat, at
8 DAS and 14 DAS, respectively. The SL of spring barley, compared with spring wheat, was
on average 2-44% and 13-45% lower at 8 DAS and 14 DAS, respectively, in 50% of cases.

3.2.3. Root Fresh Mass (RFM) and Shoot Fresh Mass (SFM) of Spring Barley and
Spring Wheat

In comparison to the control treatment (0%), all extracts had an inhibitory effect on the
RFM and SFM of both plants: both indices of spring barley were suppressed by 7-74% and
47-98% and of spring wheat by 8-97% and 37-99%, respectively (Figure 1).
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Figure 1. Effects of donor plant growth stage (GS), plant parts, and aqueous extract concentrations of
sunflower plants on the fresh mass of the shoot and root of the target plant species of spring barley
and spring wheat. Different letters denote a statistically significant difference (p < 0.05 according to
LSD) among treatments. The error bars show SE. FS—flowering sunflowers; RS—ripe sunflowers;
L + S—leaves and steams; H—heads; R—roots.

The data revealed that FS significantly (p < 0.05) inhibited RFM and SFM of both
target plants (Figure 1). In comparison to the RS treatment, RFM and SFM of spring barley
decreased by 53% and 7%, respectively, whereas indices of spring wheat were suppressed
by 49% and 32%, respectively.

The significant (p < 0.05) stimulating effect of R extract on RFM and SFM was found
for spring barley (+37% and +32%, respectively) and spring wheat (+88% and +48%,
respectively), compared to L + S extract. Meanwhile, H extract had an inhibiting effect on
both indices, but a significant difference was only observed for spring barley SEM (—32%).

All extracts and concentrations of extracts showed an inhibitory effect on the root/shoot
fresh mass ratio (Figure 2).

Spring barley Spring wheat

Plant part

Root/ shoot fresh mass ratio

Donor plant Plant part Concentration
GS

Concentration

Figure 2. Effects of donor plant growth stage (GS), plant parts, and aqueous extract concentrations
on root/shoot fresh weight ratios of spring barley and spring wheat. Different letters denote a
statistically significant difference (p < 0.05 according to LSD) among treatments. The error bars show
SE. FS—flowering sunflowers; RS—ripe sunflowers; L + S—leaves and steams; H—heads; R—roots.
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3.3. Allelopathic Effects of Sunflower Aqueous Extract on Spring Barley and Spring Wheat

The inhibitory rate (IR) demonstrated the allelopathic effect of tested factors on seed
germination and morphological parameters (Table 4). It was found that different concentra-
tions of extract had an inhibiting effect on the parameters of spring barley in 94% of the
cases and spring wheat in 95% of the cases.

Table 4. The inhibitory rate (IR) for seed germination and morphological parameters of spring barley
and spring wheat at 14 DAS.

Plant Concentration Spring Barley Spring Wheat
Part IRsg IRRL IRsL IRrREM IRspm IRsg IRRL IRsL IRREM IRspm
Extract of FS
L+S 25 —0.30 —0.34 —043 —0.34 —0.39 —0.25 —0.71 —0.79 —0.52 —0.60
50 —0.75 —0.95 —0.95 —0.95 —0.95 —0.75 —-0.97 —1.00 —0.89 —0.78
75 —0.95 —0.95 —0.95 —0.95 —0.95 —0.80 —0.99 —0.97 —0.98 —1.00
100 —0.95 —0.95 —0.98 —0.95 —0.95 —0.90 —0.97 —0.98 -0.97 —0.98
H 25 —0.80 —0.99 —0.83 —0.32 —0.83 —0.60 —0.88 —0.88 —0.59 —0.90
50 —0.95 —0.97 —0.98 —0.94 —0.95 —0.85 —0.99 —0.92 —1.00 —1.00
75 —0.95 —0.91 —0.98 —0.95 —0.95 —0.75 —-0.99 —-0.97 —0.94 —0.95
100 —0.95 —0.98 —0.98 —0.95 —0.98 —0.75 —0.98 —0.98 —0.98 —0.95
R 25 —0.55 —0.21 —0.73 —0.59 —0.05 —0.05 —0.34 —0.72 —0.49 —0.28
50 —0.75 —0.23 —0.76 —0.66 +0.03 —0.25 —0.62 —0.81 —0.81 —0.21
75 —0.95 —0.98 —0.98 —0.95 —0.98 —0.65 —0.96 —1.00 —1.00 —1.00
100 —0.95 —0.98 —0.94 —0.89 —0.25 —0.25 —0.92 —0.92 —0.94 —0.83
Extract of RS
L+S 25 —0.55 —0.07 —0.41 —0.62 +0.33 —0.05 —0.05 —0.06 —0.41 0.18
50 —0.90 —0.96 —0.99 —0.87 —0.66 —0.25 —0.89 —0.91 —0.92 —0.79
75 —0.80 —0.81 —0.66 —0.86 +0.21 —0.25 —0.91 —0.96 —1.00 —1.00
100 —0.95 —0.95 —0.89 —0.96 —0.34 —0.80 —0.98 —0.99 —1.00 —1.00
H 25 —0.45 —0.68 —0.79 —0.76 —0.07 —0.05 +0.10 —0.26 —0.23 +0.24
50 —0.70 —0.81 —0.75 —0.93 —0.82 —0.25 —0.61 —0.55 —0.66 —0.31
75 —0.25 —0.94 —0.79 —0.88 —0.03 —0.10 —0.92 —0.80 —0.89 —0.75
100 —0.95 —0.98 —-0.91 —0.95 —0.98 —0.55 —0.98 —0.99 —1.00 —1.00
R 25 —0.10 +0.33 —0.55 —0.22 +0.24 0.00 +0.28 0.32 +0.04 +0.43
50 —0.40 —0.21 —0.59 —0.54 +0.42 —0.10 —0.05 0.06 —0.28 +0.28
75 —0.35 —0.38 —0.42 —0.72 +0.34 0.00 —-0.22 —0.08 —0.68 —0.22
100 —0.75 —0.91 —0.89 —0.94 —0.92 —0.15 —0.93 —0.94 —1.00 —1.00

IRgg—response index of seed germination; IRg; —response index of root length; IRs; —response index of shoot
length; IRRppm—Tesponse index of root fresh mass; IRspv—response index of shoot fresh mass; L + S—leaves and
stems; H—heads; R—roots. Positive values (+) indicate stimulation by treatment, negative values (—) indicate
inhibition, and zero is an indication of a nil effect.

Figure 3 shows the relationship between the synthetical effect (SE) for seed germination
and all tested morphological parameters of receptor plants and concentrations of sunflower
aqueous extract. The correlation coefficient of spring barley was 0.4418-0.9823 and of
spring wheat was 0.8399-0.9931. According to the SE values, the allelopathic effect of
aqueous extracts of sunflower parts on spring barley and spring wheat was as follows:
H<L+S<RandL +S <H <R, respectively.

3.4. The Amount of Biologically Active Compounds

The highest amount of biologically active substances was determined in the H of FS:
TPC was 32.5 mg g~! RUE and TF was 39.3 mg g~ ! RUE (Figure 4). In RS, most of these
substances were found in the R: TPC was 17.2 mg g~! RUE and TF was 19.0 mg g ! RUE.
About the plant parts, in FS material, the trend of H < L + S < R was found for the content
of both TPC and TF, and in RS material, the trend was R<L + S < H.
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Figure 3. The influences of the aqueous extracts of flowering sunflower (A,B), ripe sunflower (C,D),

and averaged across extracts of flowering and ripe sunflower (E,F) on the synthetical effect (SE) for

seed germination and all tested morphological parameters of spring barley and spring wheat under
extract concentrations of 25%, 50%, 75%, and 100%. L + S—leaves and steams; H—heads; R—roots.
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Figure 4. Total polyphenolic compounds (TPC) content and total flavonoids (TF) content in leaves
and stems (L + S), heads (H), and roots (R) of sunflower extracts. FS—flowering sunflowers;
RS—ripe sunflowers.

4. Discussion

Substances released by plants with allelopathic properties can suppress the germi-
nation and development of nearby or succeeding plants [7,8]. Sunflowers are one of the
most widely known allelopathic plants, so new data on the behaviour of these plants
among other plants are sought [3,4,9,22,27,28]. Sunflowers accumulate water-soluble alle-
lochemicals in their above-ground organs and roots [9,11,19]. Allelochemicals are mainly
secondary metabolites that can have an inhibitory effect or stimulate the germination and
growth of other plants [2,16,35]. The results of the present study revealed that sunflower
water extracts possess significant allelopathic potential for spring barley and spring wheat
germination and juvenile seedling development. By comparing both tested plants, it was
found that barley was more sensitive to the allelopathic effect of sunflower extracts than
spring wheat in terms of SG. Researchers who studied the influence of sunflower extracts
on wheat and maize also found different sensitivities of these plants: the germination
inhibition of wheat was twice as high as that of maize [19]. We found that, compared to
RS extract, FS extract had an inhibitory effect on both tested plants, reducing SG by more
than 30%, thereby confirming similar findings in previous studies. Buckwheat extracts
collected in the flowering stage inhibited weed germination and growth to a greater extent
compared to buckwheat collected in the ripening stage [41]. The phytotoxicity of some
Brassica species extracts at the full flowering stage was higher than at the ripe stage [42].

Different allelopathic potentials of different parts of sunflower (root, shoot, and leaf) on
seedlings of tested plants are associated with the concentration of allelopathic compounds
in different organs of plants [4,16,28]. We found that the most allelopathic compounds
were in the heads of flowering sunflowers (Figure 4). On the contrary, other researchers
found that, in the study of sunflower allelopathy in weeds, the shoot of the sunflower
had higher phytotoxic activity than the root [43]. In the experiment, it was found that the
significant influence on SG of different parts of the donor plant was only for spring wheat,
while no significant differences were found in spring barley. These results agreed with
those of previous studies that found that different parts of sunflowers affected the tested
plant differently [20]. Our findings revealed that the strength of the allelopathic effect of
the three plant parts on the SG of two tested plants was as follows: L + S < H < R. There are
partially conflicting data that indicate that the allelopathic effects of sunflower extracts vary
in the order: root < stem < leaf [9]. In a study that investigated the allelopathy of sunflower
root, stem, and leaf extracts for wheat and corn, it was also found that leaves have more
allelochemicals than other parts, thus making them more phytotoxic [19].

The results of this experiment indicated that the concentration of extract was the most
important factor governing the total variability of the SG, RL, SL, SFM, and RFM data.
The values of these parameters for spring barley and spring wheat significantly decreased
with increasing extract concentration: 0% < 25% < 50% < 75% < 100%. Our findings
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agree with those of previous studies [9,18,31,33], which reported the inhibitory effects of
sunflower extracts on the germination of mustard, wild barley, wheat, and radish, and
the magnitude of inhibition depended on the extract concentration. There are conflicting
data demonstrating that donor plant extracts significantly acted on shoot and root growth,
wherein the higher concentration revealed the strongest inhibitory effect and the lower
concentration had stimulatory effects on some occasions [44].

The diversity of allelopathic materials and their concentration and allelopathic activity
vary with the growth stage of the donor plant [45-47]. The results of the present investiga-
tion showed that the FS extract had a higher inhibitory effect on the RL and SL of spring
barley and spring wheat than the RS extract. Our experimental data are in agreement with
a previous study [47], where differences in the allelopathic effect were found among donor
plant growth stages. This was also confirmed in the study with lettuce [17], where the shoot
length of seedlings was more inhibited with sunflower leaves collected in the flowering
stage than in the butonisation stage.

The influence of the sunflower aqueous extract, which has been reported to ameliorate
crop productivity [23,48], could be due to the stimulation of various physiological processes
in plants. In comparison with the control, sunflower extracts had a significant and negative
influence on the dry mass of wheat, maize, and weed [19,49,50]. The results of the current
experiment showed that SFM and RFM were significantly increased when R extract was
applied to both barley and wheat. Regarding RFM and SFM data, depending on the extracts
used, the trend observed was H < L + S <R for barley and L + S < H < R for wheat. Our
findings are in line with previous results, conducted in habitual sunflower cultivation
zones, indicating that the L extract had a stronger stimulating effect on the fresh mass of
wheat in comparison with the R extract [20].

5. Conclusions

It was found that the highest and most significant inhibitory effect on SG and all
morphological parameters of seedlings was revealed by FS extract in both spring barley
and spring wheat, compared with RS extract.

In most cases, the H and R extracts were found to have a significant stimulatory effect
on the SG, RL, SL, RFM, and SFM of spring wheat in comparison with the L + S extracts.
The H and R extracts revealed a stimulating effect on barley parameters only in sparse
cases, and it was not always significant. H extract significantly inhibited barley RL and
SL, while R extract, 14 DAS, showed a stimulating effect on these parameters. Extract
concentration was the main factor that explained the largest part of the total variability
of all tested parameters. In both receptor plants, the values of all investigated parameters
were significantly inhibited with increasing concentrations of the extracts.

According to the SE values, the allelopathic effect of aqueous extracts of sunflower
parts on spring barley and spring wheat was as follows: H<L+S<Rand L+S<H <R,
respectively. According to the values of all parameters, the inhibitory effect of sunflower
extracts was more pronounced on spring barley than on spring wheat.

A comprehensive investigation of the allelopathic effect of sunflowers grown in the
Boreal environmental zone can potentially increase their proper use and improve crop
sequence productivity in both conventional and sustainable agricultural practices.
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