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Abstract: Allelopathy, a biological phenomenon, is a valuable tool for weed management and
minimization of synthetic pesticide use in sustainable agricultural production. The aim of the study
was to evaluate the allelopathic potential of nine sunflower genotypes. Water extracts from dry
sunflower leaves collected in two growth stages (butonisation and flowering) were tested in two
concentrations (1 and 2.5%) on germination and growth of lettuce under laboratory conditions. The
allelopathic effect of extracts was influenced by genotype, growth stage and extract concentration.
The majority of extracts exhibited negative allelopathic potential with seed germination being the
least affected, and root length reduced up to 85% compared to the control. A higher concentration
of water extracts resulted in a greater reduction of lettuce growth parameters. On average, extracts
collected in the flowering stage inhibited lettuce shoot length to a greater degree. Several genotypes
showed a greater negative impact, especially on shoot length and seedlings’ fresh weight. Further
investigations of selected sunflower genotypes with the highest allelopathic potential on weed species
and studies on phytochemical analysis are needed.
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1. Introduction

Modern agricultural production relies heavily on applying synthetic herbicides as
a simple and effective weed control measure. However, their excessive and improper
use causes a series of negative consequences, such as the occurrence of resistant weed
populations and herbicide residues in food, soil and water, that is, environmental pollution
with adverse effects on human and animal health [1,2]. Additionally, herbicide application
restrictions, a ban on active ingredients and the demand of users for food produced in
organic systems [3,4] call for the search for alternative methods in weed control.

Allelopathy represents both harmful and beneficial, direct and indirect effects of one
species (donor) on the growth and development of the other (receiver) through the secretion
of chemical compounds (allelochemicals) in the environment [5]. Allelochemicals, which
are mainly secondary metabolites, are present in almost all plant species and in various
concentrations in different plant parts, from roots to flowers and seeds [6–8]. The release
of allelochemicals by means of root exudation, volatilization, leaching and decomposition
of plant material [9] occurs in natural ecosystems and plays an important role in plant
diversity and species succession, as well as in agroecosystems in crop productivity [10].
Allelopathic crops can be utilized in plant protection for integrated weed management
in different ways, such as water extracts or natural bioherbicides, in crop rotation, as
mulches or incorporated residues, as cover crops, or as catch crops [11–14]. Crops with
excellent allelopathic potential include rice (Oryza sativa), sorghum (Sorghum bicolor), rye
(Secale cereale) [15], barley (Hordeum vulgare), triticale (× Tritico secale) [16], alfalfa (Medicago
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sativa) [17], as well as species from the Brassiceae family, such as white mustard (Sinapis alba),
radish (Raphanus sativus) and camelina (Camellina sativa) [13,14]. Medicinal and aromatic
plants, both wild and cultivated, are also frequently screened due to the wide variety of
compounds they possess [18–20].

The allelopathic potential of plant species is dependent on multiple factors, with
the concentration/dose, plant parts and test species being the subject of the majority of
studies [14,17,19,21–24]. Differences in allelopathic potential were also recorded among
fresh or dry plant materials and extraction methods [18,19,22]. Both seasonal variation and
species’ growth stages may influence the allelopathic performance of species. However,
studies usually focus only on one sampling time. Appiah et al. [25] evaluated the effect
of seasonal variation on the phytotoxic potential of rosemary (Salvia rosmarinus). They
concluded that the highest inhibitory potential on lettuce (Lactuca sativa) was observed
with samples collected from early summer (June), coinciding with the highest average
concentration of carnosic acid. Similarly, plant materials collected from vegetative, flow-
ering and/or mature stages significantly vary in their ability to impede the germination
and growth of target species [26–28]. Variability in the allelopathic potential of geno-
types has been previously documented for several plant species, such as rice and wheat
(Triticum aestivum) [29]. Scavo et al. [24] pointed out that durum wheat’s local landraces
showed higher phytotoxic potential compared to the modern variety. Zubair et al. [30]
found a significant difference in 40 alfalfa genotypes for their ability to suppress annual
ryegrass (Lolium rigidum) with an allelopathic inhibition index for roots that ranged from
3.5 to 45.5%.

Sunflower (Helianthus annuus L.) is a highly allelopathic plant, and its phytotoxic
potential has been demonstrated on crops and weeds in the laboratory, greenhouse and
field trials with regard to a variety of factors, such as concentration, test species and
genotype [12,23,31–35]. However, studies on the effect of sunflower growth stages are
scarce. Additionally, no previous reports exist on the allelopathic potential of Croatian
sunflower genotypes. Thus, this study aimed to test the allelopathic potential of water
extracts from several Croatian sunflower genotypes. To reach the aim, the following
objectives were defined: (I) to compare the allelopathic effect of leaf extracts from different
sunflower genotypes with regard to the sunflower growth stage; and (II) to assess seed
germination and growth parameters of lettuce seedlings under allelopathic stress. The
results are aimed to identify the best sunflower genotypes to be selected for further studies
with the purpose of evaluating their bioherbicidal properties.

2. Materials and Methods
2.1. Sunflower Genotypes

Nine sunflower genotypes were included in the study (Table 1), of which three were
hybrids and six were parental lines. Sunflower genotypes were cultivated at the experi-
mental field of Agricultural Institute Osijek (AIO) in Croatia. Seeds of each genotype were
planted by hand in a randomized block design with three replicates. Each plot consisted
of four rows with a length of 4 m spaced 70 cm apart, while interrow spacing was 23 cm.
Standard agrotechnical measures were applied for all genotypes.

Table 1. Sunflower genotypes (AIO—Agricultural Institute Osijek) included in the study.

Genotype Code Genotype Name Status

Genotype 1 Luka Hybrid
Genotype 2 G cms Female (CMS) line
Genotype 3 PIO-2 Male (restorer) line
Genotype 4 Matej Hybrid
Genotype 5 L-10 A Female (CMS) line
Genotype 6 RF-56/07 Male (restorer) line
Genotype 7 OS-H-17 Hybrid
Genotype 8 L-13 cms Female (CMS) line
Genotype 9 I5-25/14 Male (restorer) line
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2.2. Collection of Plant Material and Preparation of Water Extracts

Leaves of each sunflower genotype were collected at two different growth stages,
butonisation and flowering, during June 2021 and July 2021, respectively. Ten healthy
leaves from the top of plants were collected from each repetition from randomly selected
plants and then pooled to form one sample for each genotype and growth stage. In the
laboratory, all samples were air-dried for four days, and afterwards, oven-dried at 45 ◦C
for 48 h. Dried leaves were chopped, ground into a fine powder with a mill to pass a 1 mm
sieve, and stored in paper bags in a cool place until further use.

According to Norsworthy [21], water extracts were prepared with some modifications.
An amount of 2.5 g of each plant material was mixed with 100 mL of distilled water and
kept for 24 h at room temperature (22 ± 1 ◦C). The mixtures were filtered through filter
paper and the obtained water extracts were further diluted with distilled water in order to
give final concentrations of 1 and 2.5%.

2.3. Bioassay

The allelopathic potential of sunflower water extracts was evaluated in a laboratory
bioassay at the Faculty of Agrobiotechnical Sciences Osijek. Commercially purchased
lettuce seeds (cv. Majska kraljica) were used as test species. Lettuce seed was chosen as a
test species due to its high sensitivity to allelochemicals and rapid germination [36]. The
seeds were surface-sterilized with 1% NaOCl for 10 min and rinsed with distilled water.

The experiment was conducted in Petri dishes. Thirty lettuce seeds were placed in
90 mm Petri dishes lined with two layers of filter paper. In each Petri dish, 3 mL of sunflower
extract was added, while distilled water was used in control. Petri dishes were incubated
at room temperature (22 ± 1 ◦C) for five days. All treatments had four repetitions.

2.4. Data Collection and Statistical Analysis

The following parameters were measured: germination percentage (%), root and
shoot length (cm), and fresh weight (mg) of lettuce seedlings. The seeds were considered
germinated when the radicle protruded over 2 mm.

Analysis of variance (ANOVA) was used to determine the statistical differences be-
tween growth stages (butonisation and flowering), treatments (control, 1 and 2.5% water
extract concentrations) and sunflower genotypes, which were followed by the least signifi-
cant difference (LSD) post hoc test at p < 0.05.

3. Results

Results of the ANOVA showed that sunflower water extracts had different effects
on the germination and growth of lettuce seedlings (Table 2). The concentration of water
extracts significantly affected all measured parameters, while only the growth stage had no
significant effect on seedlings’ root length. Particular main factors and their interactions
influenced seedlings’ shoot length and fresh weight.

Table 2. Analysis of variance (mean squares) for traits in tested growth stages (butonisation and
flowering), treatments (control, 1 and 2.5% water extract concentrations) and sunflower genotypes.

Source of Variation Degree of Freedom Germination Root Length Shoot Length Fresh Weight

Growth stage (S) 1 7 0.05 0.64 * 1.03
Concentration (C) 2 667 * 83.22 * 23.76 * 791.24 *

Genotype (G) 8 27 0.24 * 0.14 9.10 *
S × C 2 57* 0.21 * 0.17 1.26
S × G 8 26 0.42 * 0.21* 3.08 *
C × G 16 11 0.16 * 0.11 4.02 *

S ×C × G 16 23 0.20 * 0.07 2.13

* Significance at p < 0.05.
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Germination of lettuce was significantly affected by the “growth stage × concentra-
tion” interaction (Table 2, Figure 1). For both growth stages, 2.5% concentration showed
significantly higher allelopathic potential, with average germination reduction of 6.3%
compared to control. The greatest negative effect was recorded in the butonisation stage
with 2.5% concentration.
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Figure 1. Allelopathic effect of water extracts from sunflower leaves collected in the butonisation and
flowering stage on the germination of lettuce. Columns with the same letters are not significantly
different at p < 0.05.

A significant decrease in lettuce seedlings’ root length was recorded in all treatments
with sunflower water extracts (Figure 2a,b). The lowest inhibition was with Genotype 2
(11.3%) and the highest with Genotypes 3, 4, 5 and 7 (74.1–80.6%) for a lower concentration
of extracts from leaves collected in the butonisation stage. An increase in concentration
resulted in a root length decrease of over 80% in all treatments, except Genotypes 1 and
2. Similarly, with lower concentrations of extracts from the flowering stage, root length
was markedly inhibited in the majority of treatments for over 70%. Only Genotype 3 had
slightly lower allelopathic potential with a root length reduction of 56.1%. Extracts in
higher concentrations obtained in the flowering stage induced substantial inhibition, which
was highest with Genotypes 1, 2, 4, 5, 6 and 7, and ranged from 80.1% to 84.7%.

The allelopathic effect of sunflower extracts on the shoot length of lettuce seedlings is
presented in Figure 2c with significant interaction for “growth stage × genotype”. Signifi-
cantly higher reduction of lettuce shoot length was observed in treatments with Genotypes
1, 2 and 9 from the flowering stage compared to the butonisation stage. For the butonisation
stage, the greatest inhibition was recorded with Genotypes 5 and 8.

The fresh weight of lettuce seedlings was significantly affected by the “concentration ×
genotype” and “growth stage × genotype” interactions (Table 2, Figure 3a,b). Regarding the
former (Figure 3a), for all the sunflower genotypes, 2.5% concentration showed significantly
higher inhibitory potential compared to 1% concentration and control. Genotypes 4, 5
and 7 at 2.5% concentration showed the highest allelopathic potential and reduced the
fresh weight of seedlings for 51.9%, 56.5% and 54.2%. A positive effect was recorded with
Genotypes 1 and 9 at lower concentration. For the “growth stage × genotype” interaction
(Figure 3b), results revealed a significantly greater reduction of fresh weight with Genotype
9 from the flowering stage compared to the butonisation stage. The greatest inhibition for
the butonisation stage was recorded with Genotypes 5 and 7, and with Genotypes 4 and 5
for the flowering stage.
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Figure 2. Allelopathic effect of water extracts from sunflower leaves collected in the butonisation and
flowering stage on the root (a,b) and shoot (c) length of lettuce seedlings. Columns with the same
letters are not significantly different at p < 0.05.
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Figure 3. Allelopathic effect of water extracts from sunflower leaves on the fresh weight of lettuce
seedlings: (a) “concentration × genotype” and (b) “growth stage × genotype” interactions. Columns
with the same letters are not significantly different at p < 0.05.
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4. Discussion

Results of the experiment showed that sunflower water extracts possess significant
allelopathic potential for lettuce germination and growth, thereby confirming similar find-
ings in previous studies. Laboratory bioassays confirmed sunflower leaf water extract
in 10% concentration significantly delayed and reduced mustard and oilseed rape germi-
nation but promoted seedlings’ dry weight [23]. Greenhouse experiments showed that
incorporated sunflower residues significantly delayed and inhibited germination of jungle
rice (Echinochloa colona) by 22.5% [31], while sunflower leaf extract in combination with her-
bicide pretilachlor reduced germination of barnyard grass (E. crus-galli) [35]. Crop density,
weight of seed/grain and total yield of guar (Cyamopsis tetragonoloba), maize (Zea mays),
sorghum (Sorghum vulgare) and pearl millet (Pennisetum americanum) were significantly
reduced in fields with sunflower residues [37].

When comparing the response of seedlings to the effect of extracts, germination was
the least affected, followed by shoot length and fresh weight, while the greatest negative
potential was observed for root length. Tian et al. [38] also concluded that root elongation of
maize, soybean (Glycine max) and wheat (Triticum aestivum) seedlings were more sensitive
to the effect of extracts compared to seed germination. The presence of sunflower water
extracts caused morphological abnormalities in seedlings in the form of root thickening with
brown colour [33]. Besides germination and growth, the application of sunflower extracts
affects the contents of gibberellic (GA), indole-3-acetic (IAA) and abscisic (ABA) acids in
leaves and roots, as well as proline, chlorophyll, sugar, protein, superoxide dismutase (SOD)
and peroxidase (POD) contents in leaves of wheat [32]. Various allelopathic compounds,
such as phenolics (syringic, vanillic, sinapic and p-coumaric acids) and sesquiterpene
lactones, have been identified in sunflower residues and leaves [12,39].

Negative allelopathic potential significantly increased with the increase of sunflower
water extracts concentration, which was especially pronounced in the growth of seedlings.
Higher concentrations usually have a greater detrimental effect, and studies sometimes
report germination and growth inhibition up to 100% [19,22,38,40]. On the contrary, positive
effects can occur with extracts in lower concentrations promoting seedlings’ growth and
accumulation of biomass [14,23], which in our study was recorded with Genotypes 1
and 2. Such extracts could be used as biostimulators for crop growth promotion [13].
Pannacci et al. [40] stated that, in addition to the stimulative effect on crops, ideal extracts
should simultaneously have herbicidal activity on weeds. This emphasizes the need for
assessing allelopathic potential on both weeds and crops as test species.

The results of this experiment indicated that although all genotypes showed a certain
degree of allelopathic activity, depending on both growth stage and extract concentration,
several genotypes proved to possess greater overall inhibitory potential. Among these were
Genotypes 4 and 7, which were hybrids, and Genotypes 5 and 8, which were used as their
maternal lines. The reduction of seedlings’ root length and fresh weight amounted to 80.6%
and 38.1%, respectively. Alsaadawi et al. [12] demonstrated significant differences among
eight sunflower genotypes in their suppressive abilities towards weeds by root exudation
and residue incorporation. They marked a higher total content of phenolic compounds in
genotypes with high inhibitory potential. Using the relay seeding method, Silva et al. [34]
studied 23 sunflower genotypes in order to evaluate the allelopathic potential of root
exudates against the weed species Bidens pilosa. Great variability among genotypes was ob-
served, and although the decline in B. pilosa germination was not recorded, the reduction in
root and shoot length amounted to 51.2% and 27.9%, respectively, suggesting the possibility
of including genotypes with high suppressive abilities in breeding programs [15,41].

The diversity and concentration of allelochemicals and allelopathic potential vary
with the phenological stage of the donor plant [26,27,42]. This was also confirmed in this
study for the shoot length of seedlings, which was, on average, more inhibited with leaves
collected in the flowering stage than in the butonisation stage (Table 2 and Figure 2c).
Ðikić et al. [43] found that extracts from buckwheat collected in the flowering stage sup-
pressed weed germination and growth to a greater extent compared to buckwheat in the
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ripening stage. Higher phytotoxicity of extract from the full flowering stage compared to
straw was also recorded for Brassica species [44]. In several studies, plant material from
the vegetative stage was more allelopathic than in the fruiting stage [27,28]. In addition,
this research showed a significant interaction of growth stage and genotype for all growth
parameters of lettuce (Table 2). For example, Genotypes 1 and 9 exhibited a higher nega-
tive effect on shoot length in the flowering stage, while Genotype 3 significantly reduced
root length in the butonisation compared to the flowering stage. Screening 26 sunflower
genotypes collected in four developmental stages, Macías et al. [45] determined that 1 m
tall plants (one month before harvest) showed better allelopathic potential. Zribi et al. [26]
also reported differences in Nigella sativa varieties harvested at the different developmental
stages, with the Indian variety being the most toxic at the vegetative and Tunisian at the
flowering stage. Identification of the growth stage with the highest allelopathic activity
enables more efficient utilization of allelopathic plants [26,46].

5. Conclusions

Inhibitory allelopathic effects of sunflower water extracts were determined on the
germination and growth of lettuce seedlings. Several genotypes (4, 5, 7 and 8) exhibited
higher phytotoxic potential. Both the genotype and growth stage should be considered
when evaluating the allelopathic potential of plant species. Further studies of the phytotoxic
potential of sunflower genotypes on different test species and phytochemical analysis
are required.
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on seed germination and seedling growth of vegetables. Glas. Zaštite Bilja 2021, 44, 17–22. [CrossRef]
18. Amini, S.; Azizi, M.; Joharchi, M.R.; Shafei, M.N.; Moradinezhad, F.; Fujii, Y. Determination of allelopathic potential in some

medicinal and wild plant species of Iran by dish pack method. Theor. Exp. Plant Physiol. 2014, 26, 189–199. [CrossRef]
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