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The study investigates the allelopathic potential of the aqueous extracts of four 
plants species; Cleome arabica L., Diplotaxis harra (Forssk.) Boiss., Nerium 
oleander L., and Retama raetam (Forssk.) Webb. Collected from Tunisian arid 
regions. The effects of these extracts were evaluated on seed germination and 
seedling growth of two weeds (Setaria verticillata L. and Sisymbrium irio L.) and 
two crops (Solanum lycopersicum L. and Capsicum annuum L.) at different 
concentrations. Aqueous extracts, prepared by cold maceration, were analyzed 
for their allelochemicals content, mainly polyphenols, flavonoids, and tannins and 
further characterized by LC-MS analysis. Antioxidant capacity was assessed using 
total antioxidant and antiradical capacities. Retama raetam, followed by N. 
oleander, exhibited the highest phenolic compounds content as well as the 
strongest total antioxidant capacity. Both species strongly inhibited the 
germination of S. verticillata and S. irio, particularly at 20 g/L. In contrast, crop 
species showed greater tolerance, with S. lycopersicum maintaining germination 
rates above 50%, even at the highest concentrations. Growth bioassays revealed 
that roots were more sensitive than shoots, especially in weed species, indicating 
both organ selectivity and dose-dependent responses. Furthermore, allelopathic 
activity was supported by an in silico molecular docking study. The main 
metabolites of the studied samples were docked into the active pocket of 
glutathione S-transferase (GST; PDB: 1BX9) and 4-hydroxyphenylpyruvate 
dioxygenase (hydroxyphenylpyruvate dioxygenase; PDB: 6J63). These findings 
highlight the potential of arid-land allelopathic plants as natural herbicides, with R. 
raetam and N. oleander emerging as promising candidates for sustainable weed 
management.
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1 Introduction

Weeds are undesirable herbaceous plants with no recognized 
economic or ecological value. They disrupt agroecosystems by 
interfering with agricultural operations, increasing cultivation 
costs and labor requirements, and significantly reducing crop 
yields. These harmful species exhibit invasive growth patterns 
through resource and spatial competition, negatively impacting 
cultivated plants (Wani et al., 2021). In fact, they compete 
aggressively with crops for essential resources, leading to yield 
losses that can reach up to 90% (Ekwealor et al., 2019; Kaur 
et al., 2019). In addition, some species produce toxins that can 
poison livestock through consumption (Ekwealor et al., 2019). 
Furthermore, weeds thrive in diverse ecosystems such as 
pastures, forests, and ragelands (Wani et al., 2021), thereby 
disturbing ecological balance, reducing native biodiversity, and 
degrading the aesthetic quality of natural landscapes. Their 
widespread distribution makes them a major global concern for 
both environmental and economic sectors due to their harmful 
effects (Ekwealor et al., 2019). Globally, heavy weeds infestations 
pose serious threats to food security, public health, economic 
stability, and environmental sustainability (Fried et al., 2017; 
Pacanoski and Mehmeti, 2021). Therefore, efficient weed 
management is essential for maintaining agricultural productivity 
and sustainability (Verma et al., 2015; Aparna et al., 2024).

Among weed management strategies, chemical control is a 
highly effective method for weed mitigation, accounting for the 
majority of pesticide use worldwide (Alsaadawi et al., 2020). 
However, their excessive and indiscriminate use has raised 
serious concerns due to their ecological and health-related 
consequences, including soil degradation, environmental 
pollution, toxicity to non-target organisms, and the development 
of herbicide-resistant weeds (Fogliatto et al., 2020; Alsaadawi et al., 
2020; Motmainna et al., 2021; Mesnage et al., 2021). Thus, reliance 
on synthetic herbicides presents a major challenge to achieving 
sustainable agriculture (Lykogianni et al., 2021).

Conventional methods are increasingly being replaced or 
complemented by novel approaches and eco-friendly alternatives 
(Alsaadawi et al., 2020; Aparna et al., 2024).

Integrated weed management, which combines preventive, 
cultural and biological control strategies, represents a cornerstone of 
sustainable weed control (Verma et al., 2015). Non chemicals 
approaches such as the use of cover crops, mowing, tillage, flaming, 
and hot-water treatments are gaining importance as viable substitutes 
(Fogliatto et al., 2020). Among these sustainable solutions, allelopathy 
stands out as a particularly promising and environmentally friendly 
method for sustainable weed suppression (Kostina-Bednarz et al., 
2023; Khamare et al., 2022; Rithiga et al., 2024).

The term allelopathy, introduced by Hans Molisch in 1937 from 
the Greek words allelon (mutual) and pathos (harm), describes the 
biochemical interactions among plants (Kumari et al., 2017). 
According to the International Allelopathy Society, allelopathy 
refers to the release of bioactive secondary metabolites 
(allelochemicals) by plants or microorganisms into the 
environment (Shan et al., 2023). These allelochemicals can either 
inhibit or stimulate the growth and development of neighboring 
plants (Scavo et al., 2018; Macias et al., 2019). These secondary 
metabolites are synthesized naturally or under abiotic (drought, 

light and temperature) and biotic (pathogens and herbivory) stress 
(Singh et al., 2021; Shan et al., 2023). They comprise various 
chemical classes including phenols, flavonoids, terpenoids, 
alkaloids, and nitrogenous compounds (Mushtaq et al., 2020; Xu 
et al., 2023). They are released via multiple pathways such as 
volatilization, leaching, root exudation, and plant residue 
decomposition (Scavo et al., 2018; Dahiya et al., 2018). These 
metabolites interfere with key physiological processes such as 
photosynthesis, mineral uptake, protein synthesis, membrane 
integrity, and oxidative balance (Cheng and Cheng, 2015; Aziz 
et al., 2021). A frequent mode of action involves the 
overproduction of reactive oxygen species, resulting in oxidative 
stress and cellular damage in recipient plants (Staszek et al., 2021). 
The application of allelopatic residues or plant extracts is among the 
most viable and practical and eco-friendly methods for weed 
suppression (Alsaadawi et al., 2020). This can be achieved 
through cover cropping, crop rotation, mulching, and 
intercropping with allelopathic species (Mushtaq et al., 2020).

In this context, Cleome arabica L., Diplotaxis harra (Forssk.) 
Boiss, Nerium oleander L., and Retama raetam (Forssk.) Webb., four 
spontaneous plants collected from arid regions of Tunisia, were 
investigated for their allelopathic potential on the germination and 
seedling growth of two weeds Setaria verticillata L (bristly foxtail) 
and Sisymbrium irio L (London rocket) and two crops Capsicum 
annuum L (pepper) and Solanum lycopersicum L (tomato). 
Additionally, the bioactive composition of these plants, 
particularly their polyphenols, flavonoids, and tannins, was 
analyzed to elucidate the biochemical basis of their allelopathic 
activity alongside their antioxidant potential. The phytotoxicity 
results were supported by an in silico molecular docking study. 
Our findings highlight the promising use of these species as natural 
herbicides for sustainable and environmentally responsible weed 
management.

2 Materials and methods

2.1 Vegetal materials

The selected plants (C. arabica L., D. harra (Forssk.) Boiss, N. 
oleander L., and Retama raetam (Forssk.) Webb.) were collected at 
the vegetative stage from the region of Medenine (southern Tunisia) 
in 2024. The seeds of S. verticillata L. were collected from the same 
region and period, while the seeds of S. irio L. were collected from 
the region of Gabes (Tunisia) in the same year. Seeds of C. annuum L 
(pepper) and S. lycopersicum L (tomato) were purchased from a local 
market located in Mednine, Tunisia. The aerial parts of the four 
plants were harvested, rinsed with distilled water to remove any 
surface contaminants, and shade-dried in a ventilated dark chamber. 
Afterwards, the dried materials were ground using an electric 
grinder to obtain homogenous fine powders for extraction.

2.2 Preparation of extracts

Aqueous extracts of C. arabica, D. harra, N. oleander and R. 
raetam, were prepared by cold maceration in distilled water (10 g of 
plant powder in 100 mL of solvent) for 24 h with continuous 
agitation at 150 rpm using an incubator agitator (ORBITAL 
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INCUBATOR SI50, Stuart). After filtration with filter paper, the 
extracts were lyophilized using a freeze dryer (ALPHA 1-4 LSC, 
Christ) to obtain dry powders. These were subsequently used for the 
concentration’s preparation, biochemical characterization, 
antioxidant assays, germination, and growth parameters.

2.3 Phytochemical screening

2.3.1 Determination of total polyphenol content

Total polyphenol content in the aerial parts of the four plants was 
quantified using the modified Folin-Ciocalteu Reagent method as 
described by Shi et al. (2019). This colorimetric assay is based on 
the reduction of Folin-Ciocalteu Reagent by phenolic compounds 
under alkaline conditions, the intensity of which is proportional to 
polyphenol concentration. For analysis, 125 µL of each diluted extract 
was mixed with 500 µL of distilled water and 125 µL of Folin-Ciocalteu 
Reagent. After 3 min of vortex mixing (RX3, Velp Scientifica), 1250 µL 
of 7% sodium carbonate (Na2CO3) solution was added, and the final 
volume was adjusted to 3 mL with distilled water. Samples were 
incubated for 1 h in the dark at room temperature. Absorbance 
was measured at 760 nm using a microplate reader (VARIOSKAN 
FLASH, Thermo Fisher Scientific). All samples were analyzed in 
quadruplicate. A gallic acid (C7H6O5) standard curve (10, 50, 100, 
150, and 200 μg/mL) was used for calibration and results were 
expressed as milligrams of Gallic acid equivalent (GAE) per Gram 
of dry weight (mg GAE/g DW).

2.3.2 Determination of total flavonoid content

The total flavonoids content was assisted by the modified 
protocol based on Abdelwahab and Ashour (2018). The method 
is based on the formation of a flavonoid-aluminum chloride 
complex, which yields a chromophore measurable at 510 nm. 
Briefly, 250 µL of each diluted extract was mixed with 75 µL of 
5% sodium nitrite (NaNO2) and incubated for 6 min at room 
temperature. Then, 150 µL of freshly prepared 10% aluminum 
chloride (AlCl3) was added, and incubated for 5 min. Finally, 
500 µL of sodium hydroxide (NaOH) was added, and the total 
volume was adjusted to 2.5 mL with distilled water. After gentle 
mixing, absorbance was measured at 510 nm. All analyses were 
performed in quadruplicate. Catechin (C15H14O6) was used as the 
standard (10–400 μg/mL), and results were expressed as milligrams 
of catechin equivalents per Gram of dry weight (mg CE/g DW).

2.3.3 Determination of condensed tannin content

Condensed tannin content was determined using a modified 
vanillin method adapted from Galgano et al. (2021). The assay is 
based on the depolymerization and transformation of condensed 
tannins into red-colored anthocyanidins in the presence of vanillin 
and concentrated sulfuric acid. 500 μL of each diluted extract was 
mixed with 3 mL of 4% vanillin (C8H8O3) in methanol and 1500 µL of 
sulfuric acid (H2SO4). The reaction mixture was incubation for 15 min 
at room temperature and absorbance were recorded at 500 nm. 
Catechin was used as a reference standard, and results were 
expressed as milligrams of catechin equivalents per Gram of dry 
weight (mg CE/g DW). All analyses were carried out in quadruplicate.

2.3.4 LC-MS analysis

Liquid Chromatography (LC) analysis was conducted using 
a Shimadzu LC-20ADXR pump coupled with a SIL-20AXR 
autosampler maintained at 40 °C following the method of 
Ayaz et al. (2005). The injection volume was 5 μL, and 
separations were performed on a DiscoVery BIO Wide Pore 
C18 column (250 mm × 4 mm, 5 µm) at 75 °C. The separations 
were implemented at a flow rate of 0.4 mL/min. The mobile 
phase consisted of two eluents. Eluent A: methanol/water (5:95, 
v/v) containing 0.15% acetic acid and eluent B: acetonitrile/ 
water (50:50, v/v) containing 0.15% acetic acid. The gradient 
program was used as: 0–14 min (10%–20% eluent B), 14–27 min 
(20% eluent B), 27–37 min (20%–55% eluent B), 37–45 min (55% 
eluent B), and 45–52 min (55%–100% eluent B). Mass 
spectrometry (MS) analysis was performed using a Shimadzu 
UFLC XR–2020 single-quadrupole mass spectrometer with an 
electrospray ionization interface (ESI) operating in negative ion 
mode. Selected ion monitoring (SIM) was operated under the 
following conditions: source temperature 450 °C, desolvation 
temperature 280 °C, capillary voltage 2.7 kV, cone voltage 35 V, 
nebulizing gas flow 1.5 L/min, and a drying gas flow 15 L/min. 
Phenolic compounds were identified by comparing their 
retention times and mass spectra with authentic standards.

2.3.5 Antioxidant capacity

2.3.5.1 Total antioxidant capacity
Total antioxidant capacity of was determined according to 

Phatak and Hendre (2014), with minor modifications. This 
method is based on the reduction of molybdenum (VI) 
(MoO3) to molybdenum (V) (MoO2

+) by the tested extract, 
resulting in a green phosphate-Mo (V) complex under an 
acidic condition. Each diluted extract (100 µL) was added to 
1 mL of acidic reagent and incubated at 90 °C for 90 min in the 
dark. After cooling, the absorbance was recorded at 695 nm. All 
samples were analyzed in quadruplicate. The total antioxidant 
capacity concentration was assisted using ascorbic acid standard 
curve (10, 50, 100, 150, 200 and 250 μg/mL) and expressed as 
milligrams of ascorbic acid equivalent (AAE) per Gram of dry 
weight (mg AAE/g DW).

2.3.5.2 DPPH antiradical capacity
The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging 

activity was determined following Abdelwahab and Ashour (2018), 
with modifications. The DPPH• radical reacts with hydrogen- 
donating antioxidants, leading to a color change from deep violet 
to light yellow.

Each extract (1.5 mL, at concentrations of 50–500 μg/mL) was 
mixed with 1.5 mL of DPPH solution and incubated for 30 min in 
the dark. Absorbance was measured at 517 nm. All analyses were 
performed in quadruplicate.

The percentage of inhibition was calculated as follows: 

Inhibition %( ) �
C−E( )

C
􏼢 􏼣x 100 

where C is the control absorbance and E is the extract absorbance.
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2.4 Germination test

Germination assays were performed to assess the allelopathic 
potential of the extracts, following the methods of Jovičić et al. 
(2019) and Bertolacci et al. (2018). In this experiment, seeds were 
treated with plant extracts under controlled laboratory conditions 
(Friedman, 2017).

Twenty sterilized seeds (2% ethanol, 10 min) of each test species 
(weed or crop) were placed on moistened filter paper (Whatman 
No.1) and treated with 2 mL of extract at concentrations of 0.05, 10, 
and 20 g/L. Distilled water served as the control, with four replicates 
per treatment. The dishes were then incubated in a germination 
chamber under controlled conditions (25 °C ± 2 °C, 16/8 h light/dark 
cycle) for 7 days. Daily monitoring was carried out to record 
germinated seeds (radicle length ≥2 mm), which were 
subsequently removed. The same parameters were applied for the 
four studied plants. The following germination parameters were 
then calculated, following Al-Ansari and Ksiksi (2016): Germination 
Rate (GR), Germination Index (GI), and Mean Germination 
Time (MGT).

GR � (TS
S
) × 100 , where TS = total germinated seeds and S = 

number of initial seeds
GI �􏽘(SDi

Di
), where SDi = germinated seeds on day i and 

Di = day i
MGT �􏽘 (SDi × Di)

St
, where St = total seeds tested.

2.5 Growth test

Growth parameters of shoots and roots serve as a primary 
method to assess allelopathic effects in plants. They involve 
exposing seedlings to extracts from allelopathic plants, followed 
by measuring the shoot and root lengths (Rob and Noguchi, 2019).

Growth inhibition assays were performed according to Govea 
et al. (2020), with modifications. Germinated seeds (radicle ≥2 mm) 
were transferred to Petri dishes containing the same extract 
concentrations used in germination tests. Distilled water served 
as the control. Each dish contained 10 uniform seedlings, with four 
replicates per treatment for each plant species. Plates were 
maintained in the same germination conditions for 7 days, and 
irrigated daily with the extracts at different concentrations. Root and 
shoot lengths were measured, and growth inhibition or stimulation 
(G%) was calculated as follows (Andrianandrasana et al., 2020): 

G %( ) �
extract treated length− control length( 􏼁

control length
􏼠 􏼡 × 100 

2.6 Molecular docking procedure

In order to predict the affinities and interaction modes between 
the selected molecules and the binding sites of the target enzymes, 
the AutoDock Vina software (Trott and Olson, 2010) was used to 
perform docking analyses of three major polyphenols (>100 ppm) 
identified during the phytochemical investigation. These 
compounds were docked into the active sites of two enzymes: 
glutathione S-transferase (GST; PDB: 1BX9) and 4- 
hydroxyphenylpyruvate dioxygenase (HPPD; PDB: 6J63). 

Structures of the selected molecules were designed and optimized 
utilizing 3D Viewer ACD software (http://www.filefacts.com/acd3d- 
viewer-freeware-info). The crystal structure of the GST and HPPD 
complexed with their co-crystallized inhibitors were retrieved from 
the Protein Data Bank (https://www.rcsb.org). The active site 
coordinates were determined through the positions of the co- 
crystallized inhibitors. Water molecules and co-crystallized 
ligands were eliminated. Subsequently, Kollman charges and 
polar hydrogens were added. Molecular docking for GST was 
conducted using a grid box centered on the enzyme’s 3D- 
structure at coordinates (16.980, 29.265, 21.156), with a grid size 
of 35 × 35 × 35 points. In contrast, docking simulations for HPPD 
were performed using a grid box centered at (29.532, −22.712, 4. 
898), also with a grid size of 35 × 35 × 35 points. For both enzymes, 
docking calculations were carried out with a grid spacing of 0.375 Å, 
an exhaustiveness parameter set to 8, and the number of binding 
modes fixed at 9. The docking protocol was validated by redocking 
the co-crystallized ligands into their respective binding sites under 
the described parameters. The resulting RMSD values were 1.5741 Å 
for GST and 0.9666 Å for HPPD, confirming the reliability of the 
docking procedure. Interaction profiles of the docked molecules 
within enzyme active sites were analyzed using DSV BIOVIA (2017).

2.7 Statistical analysis

All data were analyzed using SPSS software (v.11.5). One-way 
ANOVA was performed followed by Duncan’s multiple range test 
(p < 0.05). Results are expressed as mean ± standard error of 
quadruplicate measurements.

3 Results and discussion

3.1 Phytochemical screening

3.1.1 Phenolic compounds screening

Allelopathy is a biochemical mechanism mediated by the release 
of phytotoxic metabolites that can influence the growth of 
neighboring plants. Among these, phenolic compounds represent 
a diverse class of allelochemicals known to inhibit key physiological 
processes such as germination, root elongation, and nutrient 
assimilation (Mushtaq and Fauconnier, 2024). Still, it is 
important to note that several metabolites are classified as pan- 
assay interfering compounds (PAINS), and so their biological 
activity should be interpreted with caution, especially when 
inferred from in vitro or in silico approaches. The secondary 
metabolites profile of the aqueous extracts of the four studied 
plants is presented in Table 1. Quantitative analysis revealed 
marked differences in the contents of total polyphenols, 
flavonoids, and tannins among the species. Retama raetam 
exhibited the highest concentrations of these bioactive 
compounds, with polyphenols 73.42 ± 0.32 mg GAE/g DW, 
flavonoids 76.59 ± 0.37 mg CE/g DW, and tannins 74.48 ± 
0.31 mg CE/g DW, significantly exceeding those of N. oleander, 
with polyphenols 40.33 ± 0.54 mg GAE/g DW, flavonoids 68.80 ± 
0.27 mg CE/g DW, and tannins 69.76 ± 0.53 mg CE/g DW) as well as 
C. arabica and D. harra. Our findings demonstrated a significantly 
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higher polyphenols compounds contents in R. raetam compared to 
previous studies. For instance, the polyphenols content surpassed 
the one reported by Saada et al. (2018) (23.9 mg GAE/g). Similarly, 
its flavonoid content was also higher than the one reported by Rejab 
and Ksibi (2019) for Retama retama (5.04–5.76 mg CE/g DW) 
collected from the same region, obtained by maceration and Soxhlet 
methods, respectively. Its tannins content was importantly higher 
than the ones reported by Boussahel (2018) for R. retama aqueous 
extracts, collected from Algeria (3.22 mg CE/g DW). As a xerophytic 
shrub endemic to Mediterranean ecosystems, R. raetam displays 
remarkable allelopathic potentials and strong adaptations to arid 
conditions (Youssef et al., 2024). Its elevated polyphenol and tannin 
levels are closely associated with its allelopathic and antimicrobial 
activity, which has been shown to inhibit the growth of many weeds 
and phytopathogens (El-Darier et al., 2018; Soriano et al., 2022). 
These attributes, combined with its resilience in stressful 
environments, qualify R. raetam a valuable candidate for 
sustainable agroecology applications (Youssef et al., 2024).

Similarly, N. oleander accumulates significant amounts of 
flavonoids and tannins, phytochemicals that play key roles in 
allelopathic interactions (Chaudhary et al., 2015; Sinha and 
Biswas, 2016). In addition, screening analyses have identified 

several bioactive compounds in N. oleander such as quercetin 
derivatives, which contribute to its inhibitory effects on seed 
germination and early seedling growth in neighboring plants 
(Assia et al., 2022). However, these metabolites are discussed as 
part of a complex phytochemical mixture, and their contribution to 
the observed effects is interpreted in conjunction with the 
experimental germination and growth results rather than as 
isolated pharmacologically active compounds.

3.1.2 LC-MS profile

The LC-MS analysis disclosed considerable differences in the 
concentration and composition of phenolic composition among the 
four studied species. Table 2 reveals these differences, underlining 
the chemical diversity and allelopathic potentials of the 
studied plants.

Phenolic acids, widespread secondary metabolites in plant 
tissues, play an important role in allelopathy via numerous 
mechanisms. They are released into the soil through 
decomposition, root exudation, or leaching from living and 
decaying plant material. These acids affect plant growth by 
altering phytohormone activity, ion leakage, enzyme function, 

TABLE 1 Phenolic compounds quantification of the aqueous extracts of C. arabica, Diplotaxis harra, Nerium oleander and Retama raetam collected from 
Tunisian arid regions. The letters (a, b, c, and d) indicate a significant difference at a threshold of 5%.

Secondary metabolites Plants

C. arabica D. harra N. oleander R. raetam

Polyphenols (mg GAE/g DW) 17.31 ± 0.15c 15.61 ± 0.30c 40.33 ± 0.54b 73.42 ± 0.32a

Flavonoids (mg CE/g DW) 38.09 ± 0.21c 30.01 ± 0.22d 68.80 ± 0.27b 76.59 ± 0.37a

Tannins (mg CE/g DW) 41.16 ± 0.50c 26.02 ± 0.25d 69.76 ± 0.53b 74.48 ± 0.31a

TABLE 2 LC-MS anaylisis of C. arabica, Diplotaxis harra, Nerium oleander and Retama raetam collected from Tunisian arid regions.

Compound/Plant species C. arabica D. harra N. oleander R. raetam

Quinic acid 11.85 4.90 49.37 176.21

Chlorogenic acid 0.47 142.77 0.99

Rutin 203.44 4.38

Hyperoside 0.27 2.25 10.09

Quercetrin 0.86 8.62 2.61 5.01

Quercetin 1.75 1.82

Salviolinic acid 9.50

Naringenin 0.59 0.64 0.29 10.27

Naringin 24.08 3.44

Apegenin7-O-glucoside 0.023

Apegenin 0.14 13.17

Luteolin 2.45 68.02

Cirsiliol 0.39 0.53 0.12 0.17

Cirsilineol 0.50 5.52
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nutrient uptake, membrane permeability, and hydraulic 
conductivity (Li et al., 2002). Due to their structural diversity, 
rapid biodegradation, and limited environmental persistence, 
phenolic allelochemicals represent promising eco-friendly 
alternatives to synthetic herbicides (Mushtaq and Fauconnier, 
2024). The allelopathic activity of phenolic acids depend not only 
on individual metabolites activity but also on synergistic 
interactions, their physical state and specific environmental 
concentrations (Li et al., 2002; Xie et al., 2014). Among the 
analyzed species, R. raetam showed the highest concentration of 
quinic acid (176.21 ppm) and was the only species containing 
measurable salviolinic acid. It also had the highest levels of 
luteolin (68.02 ppm), apigenin (13.17 ppm) and naringenin 
(10.27 ppm). Nerium oleander exhibited the highest 
concentration of rutin (203.44 ppm), chlorogenic acid 
(142.77 ppm), and hyperoside (10.09 ppm). Both N. oleander and 
D. harra contained comparable content of quercetin; however, D. 
harra displayed significant quantities of quercetrin (quercetin-3- 
O-rhamonosid) (8.62 ppm) and cirsilineol (5.52 ppm). Among all 
four species, C. arabica was distinguished by its high naringin 
content (24.08 ppm). Quinic acid and its derivatives are involved 
in multiple physiological processes, influencing seed germination 
and plant–pathogen interactions through both antioxidant and 
phytotoxic mechanisms (Huang et al., 2024; Gomes et al., 2020). 
Rutin, a well-known plant flavonoid, has been reported to inhibit 
seed germination and seedling growth in various plant species 
through multiple physiological and biochemical mechanisms, 
including the induction of oxidative stress, enhanced membrane 
lipid peroxidation, and alterations in leaf nutrient uptake (Hussain 
and Reigosa, 2014). Chlorogenic acid also modulates germination by 
suppressing radicle elongation in a dose-dependent manner, 
highlighting its regulatory role in early seed germination (Huang 
et al., 2024).

3.1.3 Antioxidant capacity

Allelopathy involves plant–plant interactions mediated by 
chemical compounds that can induce oxidative stress in recipient 
species. Allelochemicals can stimulate the production of reactive 
oxygen species (ROS) and alter the cellular antioxidant defense 
systems, including hydroperoxidase, superoxide dismutase, and 
ascorbate-glutathione cycle enzymes. However, not all 
allelochemicals act as prooxidants. Some of them display 
antioxidant properties in a concentration-dependent way, 
eliciting variable physiological responses in target plants 
(Gniazdowska et al., 2015). The total antioxidant and antiradical 
capacities of the four selected species showed interspecific 
differences (Table 3). Retama raetam had the highest total 
antioxidant capacity (87.59 ± 0.85 mg AAE/g DW), followed by 
N. oleander (50.71 ± 0.63 mg AAE/g DW), D. harra (30.95 ± 0.80 mg 
AAE/g DW), and C. arabica (24.34 ± 0.78 mg AAE/g DW). 
Antiradical capacity followed a different pattern. Nerium oleander 
showed the lowest IC50 value (23.91 ± 0.02 μg/mL), indicating 
relatively higher scavenging activity, followed by R. raetam 
(79.62 ± 0.20 μg/mL). Cleome arabica and D. harra showed 
higher IC50 values exceeding 270 μg/mL. Statistical analysis 
confirmed significant interspecific variations (p < 0.05) for both 
capacities. These results are based on preliminary chemical assays 

and do not directly reflect biological activity. Djeddi et al. (2013) and 
Saada et al. (2018) attributed the antioxidant potential of R. raetam 
to its content and variety of phenolic compounds and other 
secondary metabolites. Phenolic compounds and flavonoids, 
present in Retama extracts, can act as free-radical scavengers 
(Benkhouili et al., 2024; Belmokhtar and Harche, 2014; Outaki 
et al., 2023). This antioxidant capacity may contribute to its 
allelopathic effect by affecting ROS levels in target species 
(Gniazdowska et al., 2014), probably influencing their growth 
and development (Aniya et al., 2022). Such mechanisms of R. 
raetam’s allelopathic effect may disrupt cellular processes in 
susceptible plants, with possible growth inhibition (Benkhouili 
et al., 2024; Outaki et al., 2023). Siham et al. (2014) reported 
antiradical capacity in various N. oleander extracts, with IC50 

values ranging between 5 and 430 μg/mL. Studies on different 
plant parts of N. oleander (leaves, stems, and flowers) have 
described the presence of potent antioxidant compounds that 
contribute to radical scavenging and reducing capacities (Ali 
et al., 2010; Singhal and Gupta, 2012; Gayathri et al., 2012; 
Germi et al., 2013; Assia et al., 2022). The antioxidant capacity of 
this species may enhance its allelopathic potential by improving the 
effectiveness and stability of its allelochemicals, as well as influencing 
target plant responses (Bouabidi et al., 2025; Atay et al., 2018). The 
antioxidant defense mechanism of N. oleander contributes to its 
allelopathic behavior, possibly through effects on ROS dynamics in 
its environment (Kumar et al., 2016; 2017). Further studies should 
identify additional antioxidant substances in these species to clarify 
their role in allelopathy.

3.2 Germination test

To evaluate the allelopathic effects of the four plant extracts on 
seed germination of the tested weeds (S. verticillata L. and S. irio L.) 
and crops (C. annuum L. and S. lycopersicum L.), germination rate 
(GR), germination index (GI), and mean germination time (MGT) 
were determined. Figures 1, 2 present GR results, while Tables 4–7
summarize GI and MGT after exposure to three extract 
concentrations (5, 10, and 20 g/L).

3.2.1 Effects of the aqueous plant extracts on 
weeds germination

In S. verticillata (Figure 1A), all extracts at 5 g/L reduced 
germination by approximately half. Increasing concentrations 

TABLE 3 The antioxidant capacity of C. arabica, Diplotaxis harra, Nerium 
oleander and Retama raetam, collected from Tunisian arid regions. The 
letters (a, b, c, and d) indicate a significant difference at a threshold of 5%.

Plant Total antioxidant 
capacity (mg AAE/g DW)

Antiradical capacity 
(IC50 µg/mL)

C. arabica 24.34 ± 0.78d 271.30 ± 0.11c

D. harra 30.95 ± 0.80c 298.80 ± 0.06d

N. 

oleander

50.71 ± 0.63b 23.91 ± 0.02a

R. raetam 87.59 ± 0.85a 79.62 ± 0.20b
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intensified the inhibitory effects: D. harra caused the strongest 
inhibition, 68.75% and 83.75% at 10 and 20 g/L, respectively, 
followed by R. raetam, 66.25% and 81.25% at the same 
concentrations. Cleome arabica (77.50%) and N. oleander (71%) 
showed comparatively weaker while still significant reductions at 
20 g/L. For S. irio (Figure 1B), R. raetam and N. oleander exhibited 
the strongest inhibitory effects at the lowest concentration (5 g/L), 
with GR being reduced by 75% and 71.25%, respectively. At 10 g/L, 
all extracts inhibited GR by more than 70%, with N. oleander 
showing the highest suppression (87.50%), followed by R. raetam 
(81.25%). At the highest concentration (20 g/L), R. raetam and C. 
arabica completely inhibited the germination, while N. oleander 
reduced it by 96.25%. These results demonstrate that allelochemicals 

can significantly inhibit germination even at low concentrations 
(5 g/L). Consistent with previous findings, phytotoxic metabolites 
can disrupt germination and metabolic functions at trace levels 
(Cheng et al., 2024; Anwar et al., 2021). The concentration- 
dependent response observed in R. raetam and C. arabica, which 
achieved total inhibition in S. irio at 20 g/L, aligns with the general 
pattern of allelopathy reported by Kanjevac et al. (2023), confirming 
a clear dose–response. Higher concentrations of allelochemicals 
increase bioavailability and thus phytotoxic intensity (Zhao et al., 
2015). Interestingly, N. oleander displayed selective inhibition. It 
showed a strong effect on S. irio (96.25%), a dicotyledon speciecs, 
while a weaker effect on S. verticillata (71%), a monocotyledon 
speciecs. This species-specific sensitivity likely reflects the selectivity 

FIGURE 1 
(A) Effect of the aqueous extracts of Cleome arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on Setaria verticillata 
Germination Rate (GR). The letters (a and b) indicate a significant difference at a threshold of 5%. (B) Effect of the aqueous extracts of Cleome arabica (C.a), 
Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on Sisymbrium irio Germination Rate (GR). The letters (a, b, and c) indicate a 
significant difference at a threshold of 5%.
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FIGURE 2 
(A) Effect of the aqueous extracts of Cleome arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on Solanum 
lycopersicum Germination Rate (GR). The letters (a and b) indicate a significant difference at a threshold of 5%. (B) Effect of the aqueous extracts of Cleome 
arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on Capsicum annuum Germination Rate (GR). The letters (a and b) 
indicate a significant difference at a threshold of 5%.

TABLE 4 Effect of the aqueous extracts of C. arabica, Diplotaxis harra, Nerium oleander and Retama raetam on S. verticillata Germination Index (GI) and Mean 
Germination Time (MGT). The letters (a, b, and c) indicate a significant difference at a threshold of 5%.

GI MGT

Control 5 g/L 10 g/L 20 g/L Control 5 g/L 10 g/L 20 g/L

C. arabica 4.66 ± 0.14a 3.04 ± 0.17a 2.66 ± 0.26b 1.26 ± 0.15a 2.91 ± 0.04a 3.73 ± 0.06a 3.95 ± 0.11a 4 ± 0.04a

D. harra 2.92 ± 0.21a 1.84 ± 0.22a 1 ± 0.11a 3.48 ± 0.06b 3.54 ± 0.23a 3.82 ± 0.11a

N. oleander 2.71 ± 0.18a 2.17 ± 0.24a,b 1.17 ± 0.57a 3.45 ± 0.05b 3.59 ± 0.11a 3.67 ± 0.28a

R. raetam 2.79 ± 0.32a 1.87 ± 0.31a 1.15 ± 0.23a 3.33 ± 0.04c 3.73 ± 0.32a 3.86 ± 0.12a
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of allelochemical metabolites, suggesting that biochemical 
adaptation enforces allelopathic competitiveness in plant-plant 
interactions (Yuan et al., 2022). GI and MGT results (Tables 4, 
5) support GR patterns. All extracts significantly reduced GI and 
MGT in S. verticillata and S. irio in a concentration-dependent 
manner. At 20 g/L, D. harra caused near-complete inhibition in S. 
verticillata (GI = 1 ± 0.11) and a similarly strong effect in S. irio (GI = 
0.95), followed by N. oleander (GI = 1.03).

At the lowest tested concentration, all extracts decreased GI 
values compared to the untreated group. At 10 g/L, all tested extracts 
further decreased the GI, with D. harra and R. raetam showing the 
strongest inhibitory effects in S. verticillata and S. irio. At the 
maximum concentration (20 g/L), an important consistent 
decrease in GI values was observed particularly for D. harra in S. 
verticillata (GI = 1 ± 0.11), indicating nearly complete germination 
inhibition.

This observed reduction in GI corroborates the germination 
inhibition trends shown in Figure 1A, confirming that D. harra has 
the strongest phytotoxicity effect in S. verticillata. Similarly, this 

pattern intensified at 20 g/L, where D. harra and N. oleander 
exhibited substantial GI reduction of 0.95 and 1.03, respectively, 
in S. irio. D. harra extracts restrained the germination and seedling 
growth of other weeds arid regions plants (Hegazy et al., 1990). D. 
harra, rich in phenolics and other secondary metabolites (Falleh 
et al., 2013; Scavo et al., 2018), is known for its strong allelopathic 
effect, which likely underlies its inhibitory action observed in our 
study. Furthermore, all extract treatments consistently extended 
MGT compared to control groups. The MGT of S. verticillata 
and S. irio increased in a concentration-dependent manner, 
notably for C. arabica and R. raetam, at the highest 
concentration, indicating deleterious effects. However, D. harra 
and N. oleander showed moderate delays.

A lower GI and a higher MGT typically indicate an allelopathic 
inhibition potential, reflecting a reduced or delayed germination due 
to allelochemicals (Scrivanti and Anton, 2021; Oraon and Mondal, 
2023). In contrast, an increased GI and a decreased MGT reflect a 
stimulatory allelopathic effect (Scrivanti and Anton, 2021). For 
instance, several studies demonstrated that aqueous extracts from 

TABLE 5 Effect of the aqueous extracts of C. arabica, Diplotaxis harra, Nerium oleander and Retama raetam on S. irio Germination Index (GI) and Mean 
Germination Time (MGT). The letters (a, b, and c) indicate a significant difference at a threshold of 5%.

GI MGT

Control 5 g/L 10 g/L 20 g/L Control 5 g/L 10 g/L 20 g/L

C. arabica 4.65 ± 0.22a 3.04 ± 0.26a 2.66 ± 0.16c 1.26a 2.91 ± 0.10a 3.73 ± 0.32a 3.95 ± 0.20a 4a

D. harra 2.92 ± 0.34a 1.84 ± 0.39a 0.95 ± 0.07a 3.48 ± 0.17b 3.54 ± 0.33a 3.79 ± 0.34a

N. oleander 2.71 ± 0.57a 2.17 ± 0.54a,b 1.03 ± 0.33a 3.45 ± 0.31b 3.58 ± 0.19a 3.72 ± 0.87a

R. raetam 2.79 ± 0.20a 1.87 ± 0.51a 1.15a 3.33 ± 0.23c 3.73 ± 0.10a 3.86a

TABLE 6 Effect of the aqueous extracts of C. arabica, Diplotaxis harra, Nerium oleander and Retama raetam on S. lycopersicum Germination Index (GI) and 
Mean Germination Time (MGT). The letters (a, b, and c) indicate a significant difference at a threshold of 5%.

GI MGT

Control 5 g/L 10 g/L 20 g/L Control 5 g/L 10 g/L 20 g/L

C. arabica 6.57 ± 0.26a 6.15 ± 0.19a 4.91 ± 0.20a 4.47 ± 0.11a 3.47 ± 0.01a 3.34 ± 0.07a 3.30 ± 0.21a 3.25 ± 0.11a

D. harra 5.67 ± 0.26a,b 4.72 ± 0.24a 3.02 ± 0.51a,b 3.47 ± 0.06b 3.44 ± 0.20a 3.43 ± 0.14a

N.oleander 5.19 ± 0.50c 4.50 ± 0.36a 2.69 ± 0.34a,b 3.36 ± 0.14a 3.46 ± 0.08a 3.42 ± 0.10a

R.raetam 5.43 ± 0.66a,b 4.86 ± 0.21a 0.97 ± 0.05c 3.45 ± 0.12a 3.35 ± 0.13a 3.33 ± 0.05a

TABLE 7 Effect of the aqueous extracts of C. arabica, Diplotaxis harra, Nerium oleander and Retama raetam on C. annuum Germination Index (GI) and Mean 
Germination Time (MGT). The letters (a, b, and c) indicate a significant difference at a threshold of 5%.

GI MGT

Control 5 g/L 10 g/L 20 g/L Control 5 g/L 10 g/L 20 g/L

C.arabica 4.07 ± 0.15a 3.45 ± 0.27a 2.69 ± 0.19c 2.41 ± 0.29a 3.20 ± 0.07a 3.0.2 ± 0.25a 2.93 ± 0.21a 2.86 ± 0.19a

D. harra 3.19 ± 0.18a 3.13 ± 0.20a,b 1.88 ± 0.34a 2.47 ± 0.14c 2.43 ± 0.19c 2.3 ± 0.10a

N. oleander 3.51 ± 0.29a 3.21 ± 0.22a,b 2 ± 0.10a 2.73 ± 0.23b 2.56 ± 0.11a,b 2.49 ± 0.12a

R.raetam 3.65 ± 0.32a 3.31 ± 0.31a 2.59 ± 0.15a 2.71 ± 0.08b 2.65 ± 0.19a,b 2.49 ± 0.20a
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many allelopathic plants can significantly inhibit germination rates 
and delay their onset in target plant species (Chen et al., 2014; Xie 
and Wang, 2024). The research conducted by Wu et al. (2011), 
Moosavi et al. (2011) confirmed that aqueous extracts from various 
plant parts can significantly inhibit GR and GI and delay MGT of 
target species, especially with increasing concentrations. Such 
inhibition may result from impaired respiration, protein synthesis 
inhibition, hormonal imbalance, and altered membrane 
permeability (Yang, 2005).

3.2.2 Effects of the aqueous plant extracts on crops 
germination

Figure 2A presents the effect of the aqueous extracts on S. 
lycopersicum germination. At the lowest concentration, GR 
remained high (76.25%–87.50%) in N. oleander and R. raetam. 
At 10 g/L, GR slightly decreased but stayed above 66%, with R. 
raetam showing minimal effect. Even at 20 g/L, the inhibition was 
moderate. Nerium oleander showed the lowest GR (56.25%), while 
R. raetam maintained 66.25%. Figure 2B, presenting the effects in C. 
annuum, showed that the concentration of 5 g/L produced a 
negligible reduction compared to the control (83.75%), 
particularly in R. raetam (77.50%). The increase of the 
concentration to 10 and 20 g/L caused mild-to-moderate 
inhibition. For instance, C. arabica and R. raetam showed the 
lowest inhibitions at 20 g/L (48.75% and 53.75%, respectively). 
Nerium oleander (60%) and D. harra (58.75%) maintained 
germination rates above 50%, indicating a relatively high crop 
tolerance. GI data (Tables 6, 7) confirmed these trends. Cleome 
arabica and D. harra caused the weakest inhibition in S. 
lycopersicum, whereas R. raetam was the most suppressive (GI = 
0.97 ± 5 at 20 g/L). Conversely, R. raetam had minimal effect on C. 
annuum (GI = 3.65 ± 0.32 at 5 g/L to 2.59 ± 0.15 at 20 g/L). MGT of 
S. lycopersicum remained unchanged across treatments, even at 20 g/ 
L. In C. annuum, D. harra accelerated germination at all 
concentrations, suggesting a potential stimulatory effect at low 
doses. Previous studies reported that allelopathic compounds can 
either inhibit or stimulate crop germination depending on species 
sensitivity and concentration (Baek et al., 2017; Kamel and 
Hammad, 2015; Qasem, 2022). Studies on various crops, 
including tomato and pepper, have shown a dose-dependent 
response to phytotoxic extracts (Qasem, 2022). This variability 
may be linked to detoxification mechanisms allowing tolerant 
crops to neutralize allelochemicals and restore physiological 
balance (Bakhshayeshan-Agdam and Salehi-Lisar, 2020).

3.3 Growth test

Figures 3–6 illustrate the effects of the four aqueous extracts on 
shoot and root growth of S. verticillata, S. irio, S. lycopersicum, and C. 
annuum after 7-day treatment at concentrations of 5, 10, and 20 g/L.

3.3.1 Effects of the aqueous plant extracts on 
weeds growth

Across all concentrations, the shoots of S. verticillata 
experienced slight to moderate growth inhibition (Figure 3A). At 
5 g/L, D. harra induced the weakest inhibition (−10.70% ± 0.31%), 

whereas C. arabica caused stronger suppression (−35.66% ± 1.09%) 
on the same weed. Increasing extract concentration intensified the 
growth inhibition. At 10 g/L, R. raetam showed the most 
pronounced effect (−51.02% ± 0.62%), while at 20 g/L, R. raetam 
(−78.15% ± 0.46%) and N. oleander (−72.72% ± 1.55%) caused 
severe shoot suppression. Roots of S. verticillata demonstrated 
higher sensitivity to allelochemicals than shoots (Figure 3B). At 
5 g/L, C. arabica caused the highest inhibition (−57.30% ± 0.36%). 
Root suppression increased with concentration. At 10 g/L, N. 
oleander, R. raetam, and C. arabica exhibited shoot growth 
inhibition rates of −82.11% ± 0.33%, −79.35% ± 0.40%, 
and −68.58% ± 0.11%, respectively. At 20 g/L, growth inhibition 
exceeded 80% in all extracts and reached −89.42% ± 0.11% for C. 
arabica. In S. irio, shoot growth decreased progressively in all species 
(Figure 4A). At the minimal concentration, the inhibition ranged 
from −43.02% ± 1.33% (C. Arabica) to −57.56 %± 0.58% (R. 
Raetam). At 10 g/L, N. oleander (−59.59% ± 0.44%) and R. 
raetam (−59.55% ± 0.46%) exhibited similar strong effects. At the 
maximum concentration, inhibition exceeded 60% in all species, 
with N. oleander (−68.49% ± 0.19%) and R. raetam (−61.63% ± 
0.58%), remaining the most potent inhibitors. Root systems were 
particularly sensitive to allelochemical metabolites, revealing near- 
complete growth suppression at the highest concentration 
(Figure 4B). Notably, R. raetam showed an inhibition 
of −85.61% ± 0.23% at 5 g/L and reaching −87.53% ± 0.25% at 
10 g/L. D. harra (78.85% ± 1.71%) and N. oleander (−75.43% ± 
0.47%) followed closely. At 20 g/L, the inhibition exceeded 90% for 
all species, with N. oleander reaching −92.61% ± 0.27%, indicating a 
critical toxicity threshold for root growth. The inhibitory effects of 
allelochemicals on weed growth include the suppression of essential 
physiological processes like seed germination, root elongation, and 
shoot development (Mali et al., 2021; Rasheed, 2020; Boukhili et al., 
2022). Belz et al. (2022) and Moraes et al. (2023) confirmed that 
secondary metabolites released by plants inhibit the growth of 
neighboring species in a concentration-dependent and often 
species-specific manner. Both weed species in this study exhibited 
dose-dependent inhibition, with roots consistently more affected 
than shoots. This agrees with previous findings showing that root 
length is a highly sensitive biomarker of phytotoxic stress, as roots 
are directly exposed to allelochemicals in the soil (Zhou et al., 2021; 
Qu et al., 2021; Bakacsy et al., 2024). The stronger inhibition of root 
growth may result from disrupted auxin homeostasis, oxidative 
stress generation, and alterations in root tip ultrastructure (Šoln 
and Koce, 2021; Kumar et al., 2024; Choudhary et al., 2023; Šoln 
et al., 2022).

3.3.2 Effects of the aqueous plant extracts on 
crops growth

The four plant extracts demonstrated distinct allelopathic effects 
in S. lycopersicum (Figure 5) and C. annuum (Figure 6). Overall, 
growth inhibition in crops was significantly milder than the ones 
observed in weed species. Furthermore, C. arabica stimulated shoot 
growth, particularly in S. lycopersicum. As shown in Figure 5A, shoot 
elongation was remarkably stimulated by it especially at the lowest 
dose (5 g/L), with a 38.93% ± 0.81% increase compared to the 
control. A moderate stimulation was also observed at 10 g/L 
(13.63% ± 1.09%). Retama raetam showed the weakest inhibitory 
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effect across all concentrations, with reductions of only −8.11% ± 
0.17%, −9.50% ± 0.17%, and −11.59% ± 1.04% at 5, 10, and 20 g/L, 
respectively. Both D. harra and N. oleander caused moderate effects, 
not exceeding 45% inhibition even at the highest concentration. 
Root growth (Figure 5B) was generally more sensitive, particularly 
to R. raetam, which showed notable inhibition at all doses. 
Conversely, C. arabica exhibited the weakest inhibition at 5 g/L 
(−19.47% ± 0.17%) and 10 g/L (−26.72% ± 0.20%). Nerium oleander 
also showed relatively mild inhibition (−38.14% ± 0.07%) at the 
highest concentration compared with the other species. C. annuum 
exhibited even greater tolerance in shoots compared to S. 
lycopersicum. Cleome arabica slightly stimulated shoot 
growth (1.38% ± 0.07%), while R. raetam demonstrated 
the weakest inhibition effects across all concentrations, 
with −0.46%, −8.32% ± 0.22%, and −23.98% ± 0.45% inhibition 
percentages with the increase of the concentrations (Figure 6A). 
Root growth (Figure 6B) was more affected than shoots, with C. 
arabica (−62.89% ± 0.89%) and D. harra (−66.44% ± 0.30%) 
showing the strongest inhibition at 20 g/L. In contrast, N. 

oleander and R. raetam exhibited the weakest inhibitory effects, 
never exceeding −30% inhibition. Notably, N. oleander showed the 
most promising tolerance profile, with minimal root inhibition 
of −0.31% ± 0.06%, −13.58% ± 0.06%, and −13.33% ± 0.63% at 
5 g/L, 10 g/L, and 20 g/L, respectively.

Our findings are consistent with the principle of herbicide- 
induced hormesis, where low doses of phytotoxins compounds can 
stimulate plant growth by 10%–25% (Belz et al., 2011). Similarly, Xu 
et al. (2023) reported that low concentrations of potentially toxic 
compounds can trigger hormetic effects, enhancing photosynthetic 
activity and chlorophyll synthesis in tomato plants, ultimately 
promoting growth.

3.4 Molecular docking analysis

Given the significant phytotoxic effects exhibited by N. oleander 
and R. raetam extracts, it becomes essential to investigate how their 
main constituents exert their activity. Molecular docking serves as an 
essential computational tool to elucidate how a bioactive compound 

FIGURE 3 
Effect of the aqueous extracts of Cleome arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on the growth of shoots 
(A) and roots (B) of Setaria verticillata. The letters (a, b,c, and d) indicate a significant difference at a threshold of 5%.
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may interact within the active site of a target enzyme. This in silico 
approach provides detailed insights into binding conformations and 
affinities, thereby enhancing the mechanistic understanding and 
corroborating data from in vitro and in vivo assays. Therefore, in 
this section of the study, the structures of quinic acid, chlorogenic acid 
and rutin (Figure 7) were docked within enzyme active sites of 
glutathione S-transferase (GST; PDB: 1BX9) and 4- 
hydroxyphenylpyruvate dioxygenase (HPPD; PDB: 6J63) to explore 
their potential interactions and affinities. Glutathione S-transferase 
(GST) was selected as a molecular target due to its pivotal role in plant 
detoxification systems and oxidative stress regulation. By catalyzing the 
conjugation of glutathione with toxic electrophilic compounds, GST 
contributes to the neutralization and removal of xenobiotics and 
reactive oxygen species.

Inhibition of this enzyme can compromise cellular redox 
homeostasis, leading to oxidative damage that negatively affects 
seed germination and early plant development. In parallel, 4- 
hydroxyphenylpyruvate dioxygenase (HPPD) was chosen due to its 

essential function in the tyrosine degradation pathway, which is 
directly linked to the biosynthesis of plastoquinone and 
tocopherols. These metabolites are crucial for carotenoid 
production and protection of chlorophyll against photooxidative 
damage. Inhibition of HPPD results in carotenoid depletion, 
chlorophyll degradation, and disruption of photosynthetic 
processes, ultimately leading to growth inhibition and bleaching 
symptoms. Thus, targeting GST and HPPD provides a mechanistic 
framework that plausibly explains the phytotoxic effects observed in 
the germination and growth assays, thereby establishing a direct link 
between the molecular docking results and the experimental findings. 
Moreover, Glutathione S-transferase (GST) is pivotal in cellular 
detoxification processes, primarily catalyzing the conjugation of 
toxic electrophiles and oxidative stress byproducts with glutathione, 
thereby facilitating their elimination. Additionally, GST functions in 
hormone transport and modulation of cellular signaling pathways 
(Gullner et al., 2018). Conversely, 4-hydroxyphenylpyruvate 
dioxygenase (HPPD) is a critical enzyme involved in the catabolism 

FIGURE 4 
Effect of the aqueous extracts of Cleome arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on the growth of shoots 
(A) and roots (B) of Sisymbrium irio. The letters (a, b, and c) indicate a significant difference at a threshold of 5%.
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of tyrosine, converting 4- hydroxyphenylpyruvate to homogentisate. 
Disruption of tyrosine degradation in plants results in severe 
physiological disturbances, including growth inhibition from 
tyrosine accumulation, oxidative stress due to diminished 
tocopherol (vitamin E) synthesis, and chlorophyll degradation 
stemming from a deficiency in carotenoids that normally protect 
chlorophyll molecules from photooxidative damage (Moran, 2005). 
Therefore, inhibition of these enzymes is a strategy used in some 
herbicides (Prade et al., 1998; Pan et al., 2019; Lin et al., 2019). From the 
in silico docking results, the binding energies of chlorogenic acid 
(−7.1 kcal/mol) and rutin (−7.8 kcal/mol) are better than that of 
the co-crystallized inhibitor (FOE-4053-glutathione conjugate; 
−6.7 kcal/mol), which will allow them to bind favorably to the 
active pocket of GST enzyme. The interaction profiles of the main 
identified polyphenols, all with that of the standard inhibitor of GST 
(FOE-4053-glutathione conjugate), are presented in Figure 8. Quinic 
acid (−4.9 kcal/mol) exhibited the weakest affinity for GST, while it 
carried out a good binding profile, displaying many similarities to that 

of the co-crystallized GST inhibitor. Quinic acid is involved in six 
conventional hydrogen bonds with Arg15, Pro54, Glu65, Ser66, 
Arg67 and Asp110 amino acids and two carbon hydrogen bonds 
with Pro54 and Glu65. Chlorogenic acid formed seven hydrogen 
bonds with Ala12, Glu65, Ser66, Arg67 and Asp110 residues, 
alongside two π-alkyl bonds with Leu34 and Val53, and two carbon 
hydrogen bonds with His39 and Gln52. The interaction profile of rutin 
is characterized by the presence of seven hydrogen bonds with the 
amino acids Ala12,Gln52, Val53, Glu65, Ser66 and Ser114, alongside 
three π-anion bonds with Glu65 and Asp110, four π-alkyl bonds with 
Ala12, Pro111, Phe118, and Phe122, and a carbon hydrogen bond with 
Ser114 residue. The co-crystallized GST inhibitor (FOE-4053- 
glutathione conjugate) formed eight conventional hydrogen bonds 
with Gly51, Gln52, Val53, Glu65, Ser66 and Arg67, two π-alkyl bonds 
with Phe122 residue, two alkyl ones with Ile11 and Ala117, and a π-π 
stacked bond with Phe118. From the in silico docking results within the 
binding site of the 4-hydroxyphenylpyruvate dioxygenase (HPPD; 
PDB: 6J63), the binding energies of chlorogenic acid (−8.0 kcal/ 

FIGURE 5 
Effect of the aqueous extracts of Cleome arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on the growth of shoots 
(A) and roots (B) of Solanum lycopersicum. The letters (a, b, and c) indicate a significant difference at a threshold of 5%.
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mol) and rutin (−8.4 kcal/mol) are comparable to that of the co- 
crystallized inhibitor (NTD; −9.3 kcal/mol), which will allow them 
good affinities for HPPD enzyme. The interaction profiles of quinic 
acid, chlorogenic acid and rutin, all with that of the NTD (HPPD co- 
crystallized inhibitor), are presented in Figure 9. The binding profiles of 
the three docked polyphenols (quinic acid, chlorogenic acid and rutin) 

show many similarities with that of the co-crystallized HPPD inhibitor. 
The HPPD inhibitor (NTD; −9.3 kcal/mol) forms two conventional 
hydrogen bonds with Glu394 and Phe419, a metal-acceptor bond with 
the iron ion, a π-π stacked bond with Phe424, two π-alkyl bonds with 
Phe381 and Phe424 residues, and a carbon hydrogen bond with 
His308. On the other hand, quinic acid (-5.6 kcal/mol) is involved 
in four conventional hydrogen bonds with Ser267, Gln379, Glu394 and 
Phe419 residues, a metal-acceptor bond with the iron ion and three 
carbon hydrogen bonds with Ser267, His308 and Phe419 amino acids. 
Chlorogenic acid (−8.0 kcal/mol) binding mode is described by five 
hydrogen bonds with the Ser267, Asp370, Arg371, Gly417 and 
Phe419 amino acids, a metal-acceptor bond with the iron ion, and 
two carbon hydrogen bonds with Ser267, Asn282 residues. Rutin 
(−8.4 kcal/mol) is implicated in four hydrogen bonds with the 
Ser263, Gln293, Gln379 and Phe419 amino acids, three π-π stacked 
bonds with Phe381 and Phe392, a π-alkyl bond with Phe424, an alkyl 
bond with Leu265 and two carbon hydrogen bonds with Ser263 and 
Lys291 residues. The higher affinities and interaction profiles of the 
main polyphenols, identified in extracts of N. oleander and R. raetam, 

FIGURE 6 
Effect of the aqueous extracts of Cleome arabica (C.a), Diplotaxis harra (D.h), Nerium oleander (N.o), and Retama raetam (R.r) on the growth of shoots 
(A) and roots (B) of Capsicum annuum. The letters (a, b, and c) indicate a significant difference at a threshold of 5%.

FIGURE 7 
Molecular structures of quinic acid, chlorogenic acid and rutin.
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FIGURE 8 
2D and 3D representations of the binding profiles of quinic acid, chlorogenic acid, rutin and FOE-4053-glutathione conjugate (GST standard 
inhibitor) with glutathione S-transferase enzyme (PDB: 1BX9).
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within the active sites of the target enzymes, predict a significant power 
to inhibit the targeted enzymes, which supports the significant 
phytotoxic results. Although molecular docking provides valuable 
insights into the binding modes and predicted affinities of ligands 
within enzymatic active sites, it remains an in silico approach primarily 

intended for preliminary and supportive predictions. Accordingly, the 
docking results presented herein should be considered as 
supplementary theoretical evidence and interpreted with caution, as 
they require further experimental validation to confirm their 
biological relevance.

FIGURE 9 
2D and 3D representations of the binding modes of quinic acid, chlorogenic acid, rutin and NTD (HPPD co-crystallized inhibitor) with 4- 
hydroxyphenylpyruvate dioxygenase enzyme (PDB: 6J63).
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4 Conclusion

This study highlights the significant allelopathic potential of R. 
raetam and N. oleander as promising eco-friendly candidates for 
sustainable weed management. Both species effectively inhibited 
weed germination and growth, while exerting minimal effects on 
tomato and pepper. Biochemical analyses revealed high levels of 
polyphenols, flavonoids, and tannins, along with distinctive LC–MS 
profiles, which that correlates with their allelopathic activity and 
antioxidant properties. In particular, R. raetam and N. oleander 
displayed remarkable total antioxidant and radical-scavenging 
capacities. The inhibition of weed germination and growth 
increased proportionally with extract concentration, indicating a 
dose-dependent response. In contrast, crop seeds-maintained 
germination rates above 50% even at 20 g/L, confirming their 
relative tolerance and the selectivity of these plant extracts. 
Growth bioassays further supported these findings, showing that 
root development was more sensitive than shoots, which exhibited 
only moderate inhibition. To support the phytotoxicity findings, a 
molecular docking study was conducted to predict the binding 
affinities and interaction profiles of the selected compounds, 
thereby providing computational insight into and support the 
experimental results. Overall, these results highlight R. raetam 
and N. oleander as sustainable alternatives to synthetic herbicides, 
contributing to the achievement of global sustainable agriculture 
goals. Future research should focus on large-scale field validation 
and the isolation of key bioactive compounds to optimize their 
efficiency and integration into environmentally friendly weed 
management strategies.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Author contributions

MH: Data curation, Writing – original draft. WE: Funding 
acquisition, Formal Analysis, Writing – review and editing, 
Visualization. DM: Methodology, Writing – original draft. AB: 
Writing – review and editing, Methodology, Formal Analysis. IS: 

Writing – review and editing, Software, Investigation. RK: 
Methodology, Writing – original draft. HB: Funding acquisition, 
Writing – review and editing. SA: Funding acquisition, 
Writing – review and editing. SM: Methodology, Data curation, 
Writing – review and editing. HB: Writing – review and editing, 
Data curation, Validation. HN: Writing – review and editing, Project 
administration, Methodology, Conceptualization, Validation.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. This work was supported and 
funded by the Deanship of Scientific Research at Imam Mohammad 
Ibn Saud Islamic University (IMSIU) (grant number 
IMSIU-DDRSP2601).

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure 
accuracy, including review by the authors wherever possible. If 
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abdelwahab, M. F., and Ashour, M. A. (2018). New secondary metabolite and 
bioactivitie Asphodelus refractus. Indo Am. J. Pharm. Sci. 5 (5), 4277–4285. doi:10. 
5281/zenodo.1254385

Al-Ansari, F., and Ksiksi, T. (2016). A quantitative assessment of germination 
parameters: the case of Crotalaria persica and Tephrosia apollinea. Open Ecol. J. 9 
(1), 13–21. doi:10.2174/1874213001609010013

Ali, H. F. M., El-Ella, F. M. A., and Nasr, N. F. (2010). Screening of chemical analysis, 
antioxidant antimicrobial and antitumor activities of essential oil of oleander (Nerium 
oleander) flower. Int. J. Biol. Chem. 4 (4), 190–202. doi:10.3923/ijbc.2010.190.202

Alsaadawi, I. S., Khaliq, A., and Farooq, M. (2020). Integration of allelopathy and less 
herbicides effect on weed management in field crops and soil biota: a review. Plant Arch. 
20 (2), 225–237.

Andrianandrasana, M. D., Mihajamanana, N. A., Rakotojoseph, F., Baohanta, R. H., 
Randriambanona, H., Cornea, C. P., et al. (2020). Allelopathic effects of Grevillea banksii 

R. BR. Leaf extracts and its rhizospheric soil on germination and initial growth of three 
agricultural crops in Madagascar. AgroLife Sci. J. 9 (1).

Aniya Nomura, Y., Appiah, K. S., Fuerdeng, Suzuki, Y., Fujii, Y., Xia, Q., et al. (2022). 
Relationship between the antioxidant activity and allelopathic activities of 55 Chinese 
pharmaceutical plants. Plants 11 (19), 2481. doi:10.3390/plants11192481

Anwar, S., Naseem, S., Karimi, S., Asi, M. R., Akrem, A., and Ali, Z. (2021). Bioherbicidal 
activity and metabolic profiling of potent allelopathic plant fractions against major 
weeds of wheat—Way forward to lower the risk of synthetic herbicides. Front. Plant Sci. 
12, 632390. doi:10.3389/fpls.2021.632390

Aparna, M. V., Baskaran, R., Harisudan, C., Kalpana, R., Boominanthan, P., and 
Jaghadeeswaran, R. (2024). Advances and trends in weed management: a 
comprehensive review. Plant Sci. Today 11, 5141. doi:10.14719/pst.5141

Assia, B., Abdelkader, A., Fatiha, C., Taibi, A., Guenaia, A., Kerzabi, R., et al. (2022). 
Phytochemical screening and antioxidant properties of Nerium oleander growing in 

Frontiers in Pharmacology frontiersin.org17

Harabi et al. 10.3389/fphar.2026.1746401

https://doi.org/10.5281/zenodo.1254385
https://doi.org/10.5281/zenodo.1254385
https://doi.org/10.2174/1874213001609010013
https://doi.org/10.3923/ijbc.2010.190.202
https://doi.org/10.3390/plants11192481
https://doi.org/10.3389/fpls.2021.632390
https://doi.org/10.14719/pst.5141
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1746401


Algeria. Egypt. Acad. J. Biol. Sci. C, Physiology Mol. Biol. 14 (2), 523–528. doi:10.21608/ 
eajbsc.2022.295633

Atay, B, İ., Doğan, H. T., Zengin, G., Colak, N., Ayaz, F. A., et al. (2018). Enzyme 
inhibitory and antioxidant activities of Nerium oleander L. flower extracts and activity 
guided isolation of the active components. Industrial Crops Prod. 112, 24–31. doi:10. 
1016/j.indcrop.2017.10.058

Ayaz, F. A., Hayirlioglu-Ayaz, S., Gruz, J., Novak, O., and Strnad, M. (2005). Separation, 
characterization, and quantitation of phenolic acids in a little-known blueberry 
(vaccinium Arctostaphylos L.) fruit by HPLC-MS. J. Agric. Food Chem. 53 (21), 
8116–8122. doi:10.1021/jf058057y

Aziz, M. M., Ahmad, A., Ullah, E., Kamal, A., Nawaz, M. Y., and Ali, H. H. (2021). Plant 
allelopathy in agriculture and its environmental and functional mechanisms: a review. 
Int. J. Food Sci. Agric. 5 (4), 623–626. doi:10.26855/ijfsa.2021.12.009

Baek, J. M., Kawecki, O. J., Lubin, K. D., Song, J., Wiens, O. A., and Wu, F. (2017). Plant 
warfare: allelopathic effects of Nicotiana tabacum on the germination of Vigna radiata 
and Triticum aestivum. West. Undergrad. Res. J. Health Nat. Sci. 8 (1). doi:10.5206/ 
WURJHNS.2017-18.1

Bakacsy, L., Kardos, L. V., Szepesi, Á., Nagy, K. N., Vasas, A., and Feigl, G. (2024). 
Investigation of the allelopathic effect of two invasive plant species in rhizotron system. 
Life 14 (4), 475. doi:10.3390/life14040475

Bakhshayeshan-Agdam, H., and Salehi-Lisar, S. Y. (2020). Agronomic crops response 
and tolerance to allelopathic stress. Agron. Crops 3, 313–348.

Belmokhtar, Z., and Harche, M. K. (2014). In vitro antioxidant activity of Retama 
monosperma (L.) boiss. Nat. Prod. Res. 28 (24), 2324–2329. doi:10.1080/14786419.2014. 
934237

Belz, R. G., Cedergreen, N., and Duke, S. O. (2011). Herbicide hormesis–can it be useful 
in crop production? Weed Res. 51 (4), 321–332. doi:10.1111/j.1365-3180.2011.00862.x

Belz, R. G., Velini, E. D., and Duke, S. O. (2022). “Dose/Response relationships in 
allelopathy research,” in Allelopathy. CRC Press, 3–29. doi:10.1201/9780367813673-2

Benkhouili, F. Z., Moutawalli, A., Ouchari, L., El Fahime, E., Benzeid, H., Doukkali, A., 
et al. (2024). Evaluation of the content of polyphenols, flavonoids and tannins, the 
antioxidant capacity, and the antimicrobial activity of different organic and aqueous 
fractions of stems of Retama monosperma. Plant Sci. Today. doi:10.14719/pst.2944

Bertolacci, R., Meza, G., and Sandell, S. (2018). Impact of pine allelopathy on seed 
germination. Purch. Coll. J. Ecology2, 35–41.

Bouabidi, A., Romdhane, M., and Saadaoui, E. (2025). Nerium oleander L.: a review of 
diversity, toxicity, chemical compositions and biological activities. Biol. Nyssana 16 (1). 
doi:10.46793/biolnyss.16.1.10b

Boukhili, M., Szilágyi, A., and Cheradil, A. (2022). Allelopathic effect of five invasive 
plants on seed germination and growth of wild mustard. Rev. Agric. Rural Dev. 11 (1–2), 
181–185. doi:10.14232/rard.2022.1-2.181-185

Boussahel, S. (2018). Study of the phytochemical composition and biological activities of 
Rhamnus alaternus and Retama sphaerocarpa (doctoral dissertation)’.

Chaudhary, K., Prasad, D. N., and Sandhu, B. S. (2015). Preliminary pharmacognostic 
and phytochemical studies on Nerium oleander linn. (white cultivar). J. Pharmacogn. 
Phytochemistry 4 (1).

Chen, L., Yang, X., Li, X., and Song, N. (2014). Allelopathic effects of Caragana 
intermedia on seed germination and seedling growth of four crops. J. Of Zhejiang 
Univ. Agric. and Life Sci.

Cheng, F., and Cheng, Z. (2015). Research progress on the use of plant allelopathy in 
agriculture and the physiological and ecological mechanisms of allelopathy. Front. Plant 
Sci. 6, 1020. doi:10.3389/fpls.2015.01020

Cheng, Y., Li, M., and Xu, P. (2024). Allelochemicals: a source for developing 
economically and environmentally friendly plant growth regulators. Biochem. 
Biophysical Res. Commun. 690, 149248. doi:10.1016/j.bbrc.2023.149248

Choudhary, C. S., Behera, B., Raza, M. B., Mrunalini, K., Bhoi, T. K., Lal, M. K., et al. 
(2023). Mechanisms of allelopathic interactions for sustainable weed management. 
Rhizosphere 25, 100667. doi:10.1016/j.rhisph.2023.100667

Dahiya, S., Kumar, S., Khedwal, R. S., Ram, S. G.Jakhar (2018). Allelopathy for 
sustainable weed management. J. Pharmacogn. Phytochemistry 6, 832–837.

Djeddi, S., Karioti, A., Yannakopoulou, E., Papadopoulos, K., Chatter, R., and Skaltsa, H. 
(2013). Analgesic and antioxidant activities of Algerian Retama raetam (forssk.) webb 
and berthel extracts. Rec. Nat. Prod. 7 (3), 169.

Ekwealor, K. U., Echereme, C. B., Ofobeze, T. N., and Okereke, C. N. (2019). Economic 
importance of weeds: a review. Asian Plant Res. J. 3 (2), 1–11. doi:10.9734/aprj/2019/ 
v3i230063

El-Darier, S. M., El-Kenany, E. T., Abdellatif, A. A., and Abdel Hady, E. N. F. (2018). 
Allelopathic prospective of Retama raetam L. against the noxious weed Phalaris minor 
retz. Growing in Triticum aestivum L. fields. Rendiconti Lincei. Sci. Fis. Nat. 29, 155–163. 
doi:10.1007/s12210-018-0675-x

Falleh, H., Msilini, N., Oueslati, S., Ksouri, R., Magne, C., Lachaâl, M., et al. (2013). 
Diplotaxis harra and Diplotaxis simplex organs: assessment of phenolics and biological 
activities before and after fractionation. Industrial Crops Prod. 45, 141–147. doi:10.1016/ 
j.indcrop.2012.12.017

Fogliatto, S., Ferrero, A., and Vidotto, F. (2020). Current and future scenarios of 
glyphosate use in Europe: are there alternatives? Adv. Agronomy 163, 219–278. doi:10. 
1016/bs.agron.2020.05.005

Fried, G., Chauvel, B., Reynaud, P., and Sache, I. (2017). Decreases in crop production by 
non-native weeds, pests, and pathogens. Impact Biol. Invasions Ecosyst. Serv., 83–101.

Friedman, J. (2017). Allelopathy, autotoxicity, and germination. Seed Development and 
Germination, 629–644. doi:10.1201/9780203740071-24

Galgano, F., Tolve, R., Scarpa, T., Caruso, M. C., Lucini, L., Senizza, B., et al. (2021). 
Extraction kinetics of total polyphenols, flavonoids, and condensed tannins of lentil seed 
coat comparison of solvent and extraction methods. Foods 10 (8), 1810. doi:10.3390/ 
foods10081810

Gayathri, V., Ananthi, S., Parameswari, R. P., and Vasanthi, H. R. (2012). Retracted 
article: free radical scavenging potential and reducing capacity of flowers of Nerium 
oleander linn. J. Herbs, Spices and Med. Plants 18 (1), 77–92. doi:10.1080/10496475.2011. 
652296

Germi, K. G., Namian, P., Talebi, T., and Shabani, F. (2013). Screening of biological 
activities (antioxidant, antibacterial and antitumor) of Nerium oleander leaf and flower 
extracts. Am. J. Phytomedicine Clin. Ther.

Gniazdowska, A., Krasuska, U., Andrzejczak, O., and Soltys, D. (2014). “Allelopathic 
compounds as oxidative stress agents: yes or NO,” in In reactive oxygen and nitrogen 
species signaling and communication in plants. Springer International Publishing, 
155–176. doi:10.1007/978-3-319-10079-1_8

Gomes, A. K. C., Morgado, C. S. A., Kuster, R. M., Gomes, A. C. C., and Simas, N. K. 
(2020). Evaluation of phytotoxic activity, antioxidant and phytochemical study of 
Saccharum officinarum L. J. Biol. Pharm. Agric. Manag. 17 (2).

Govea, K. P., Pereira, R. S. T., De Assis, M. D. O., Alves, P. I., Trindade, L. D. O. R., and 
Barbosa, S. (2020). Response of Lactuca sativa l.‘babá de verão’exposed to different 
substrates for laboratory bioassays. Pak. J. Bot. 52 (5), 1625–1629. doi:10.30848/ 
pjb2020-5(22)

Gullner, G., Komives, T., Király, L., and Schröder, P. (2018). Glutathione S-transferase 
enzymes in plant-pathogen interactions. Front. Plant Science 9, 1836. doi:10.3389/fpls. 
2018.01836

Hegazy, A. K., Mansour, K. S., and Abdel-Hady, N. F. (1990). Allelopathic and autotoxic 
effects of Anastatica hierochuntica L. J. Chem. Ecol. 16 (7), 2183–2193. doi:10.1007/ 
bf01026929

Huang, Y., Wang, H., Zhang, Y., Zhang, P., Xiang, Y., Zhang, Y., et al. (2024). SCPL 
acyltransferases catalyze the metabolism of chlorogenic acid during purple coneflower 
seed germination. New Phytol. 243 (1), 229–239. doi:10.1111/nph.19776

Hussain, M. I., and Reigosa, M. J. (2014). Evaluation of herbicide potential of 
sesquiterpene lactone and flavonoid: impact on germination, seedling growth indices 
and root length in Arabidopsis thaliana. Pak. J. Bot. 46 (3), 995–1000.

Jovičić, D., Nikolić, Z., Sikora, V., Tamindžić, G., Petrović, G., Ignjatov, M., et al. (2019). 
Comparison of methods for germination testing of Cannabis sativa seed. Ratarstvo I 
povrtarstvo/Field Veg. Crops Res. 56 (3), 71–75. doi:10.5937/ratpov56-21105

Kamel, M., and Hammad, S. A. (2015). The allelopathic effect of the exotic tree Acacia 
saligna on the germination of wheat and canola. Ecol. Balk. 7 (1).

Kanjevac, M. M., Todorović, M. S., Stanković, M. S., and Bojović, B. M. (2023). 
Allelopathic potential of Codiaeum variegatum L. rumph. Ex A. Juss. On 
germination, early growth and biochemical characteristics of Lolium perenne L. 
Kragujevac J. Sci. 45, 287–298. doi:10.5937/kgjsci2345287k

Kaur, H., Brar, G. S., and Shete, P. P. (2019). A review on different weed management 
approaches. Int. J. Curr. Microbiol. Appl. Sci. 8 (8), 2854–2859. doi:10.20546/ijcmas. 
2019.808.328

Khamare, Y., Chen, J., and Marble, S. C. (2022). Allelopathy and its application as a weed 
management tool: a review. Front. Plant Sci. 13, 1034649. doi:10.3389/fpls.2022.1034649

Kostina-Bednarz, M., Płonka, J., and Barchanska, H. (2023). Allelopathy as a source of 
bioherbicides: challenges and prospects for sustainable agriculture. Rev. Environ. Sci. 
Bio/Technology 22 (2), 471–504. doi:10.1007/s11157-023-09656-1

Kumar, D., Al Hassan, M., Vicente, O., Agrawal, V., and Boscaiu, M. (2016). Mechanisms of 
response to salt stress in oleander (Nerium oleander L.). Bull. Univ. Agric. Sci. Veterinary 
Med. Cluj-Napoca Hortic. 73 (2), 249. doi:10.15835/buasvmcn-hort:12287

Kumar, D., Al Hassan, M., Naranjo, M. A., Agrawal, V., Boscaiu, M., and Vicente, O. 
(2017). Effects of salinity and drought on growth, ionic relations, compatible solutes and 
activation of antioxidant systems in oleander (Nerium oleander L.). PLOS ONE 12 (9), 
e0185017. doi:10.1371/journal.pone.0185017

Kumar, N., Singh, H., Giri, K., Kumar, A., Joshi, A., Yadav, S., et al. (2024). Physiological 
and molecular insights into the allelopathic effects on agroecosystems under changing 
environmental conditions. Physiology Mol. Biol. Plants 30 (3), 417–433. doi:10.1007/ 
s12298-024-01440-x

Kumari, S., Chander, S., Ram, K., and Sajana, S. (2017). Allelopathy and its effect on fruit 
Crop—A review. Int. J. Curr. Microbiol. Appl. Sci. 6, 952–960. doi:10.20546/IJCMAS. 
2017.612.105

Li, S. T., Zhou, J. M., Wang, H. Y., and Chen, X. Q. (2002). Phenolic acids in plant-soil- 
microbe system: a review. Pedosphere 12 (1), 1–14.

Frontiers in Pharmacology frontiersin.org18

Harabi et al. 10.3389/fphar.2026.1746401

https://doi.org/10.21608/eajbsc.2022.295633
https://doi.org/10.21608/eajbsc.2022.295633
https://doi.org/10.1016/j.indcrop.2017.10.058
https://doi.org/10.1016/j.indcrop.2017.10.058
https://doi.org/10.1021/jf058057y
https://doi.org/10.26855/ijfsa.2021.12.009
https://doi.org/10.5206/WURJHNS.2017-18.1
https://doi.org/10.5206/WURJHNS.2017-18.1
https://doi.org/10.3390/life14040475
https://doi.org/10.1080/14786419.2014.934237
https://doi.org/10.1080/14786419.2014.934237
https://doi.org/10.1111/j.1365-3180.2011.00862.x
https://doi.org/10.1201/9780367813673-2
https://doi.org/10.14719/pst.2944
https://doi.org/10.46793/biolnyss.16.1.10b
https://doi.org/10.14232/rard.2022.1-2.181-185
https://doi.org/10.3389/fpls.2015.01020
https://doi.org/10.1016/j.bbrc.2023.149248
https://doi.org/10.1016/j.rhisph.2023.100667
https://doi.org/10.9734/aprj/2019/v3i230063
https://doi.org/10.9734/aprj/2019/v3i230063
https://doi.org/10.1007/s12210-018-0675-x
https://doi.org/10.1016/j.indcrop.2012.12.017
https://doi.org/10.1016/j.indcrop.2012.12.017
https://doi.org/10.1016/bs.agron.2020.05.005
https://doi.org/10.1016/bs.agron.2020.05.005
https://doi.org/10.1201/9780203740071-24
https://doi.org/10.3390/foods10081810
https://doi.org/10.3390/foods10081810
https://doi.org/10.1080/10496475.2011.652296
https://doi.org/10.1080/10496475.2011.652296
https://doi.org/10.1007/978-3-319-10079-1_8
https://doi.org/10.30848/pjb2020-5(22)
https://doi.org/10.30848/pjb2020-5(22)
https://doi.org/10.3389/fpls.2018.01836
https://doi.org/10.3389/fpls.2018.01836
https://doi.org/10.1007/bf01026929
https://doi.org/10.1007/bf01026929
https://doi.org/10.1111/nph.19776
https://doi.org/10.5937/ratpov56-21105
https://doi.org/10.5937/kgjsci2345287k
https://doi.org/10.20546/ijcmas.2019.808.328
https://doi.org/10.20546/ijcmas.2019.808.328
https://doi.org/10.3389/fpls.2022.1034649
https://doi.org/10.1007/s11157-023-09656-1
https://doi.org/10.15835/buasvmcn-hort:12287
https://doi.org/10.1371/journal.pone.0185017
https://doi.org/10.1007/s12298-024-01440-x
https://doi.org/10.1007/s12298-024-01440-x
https://doi.org/10.20546/IJCMAS.2017.612.105
https://doi.org/10.20546/IJCMAS.2017.612.105
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1746401


Lin, H. Y., Yang, J. F., Wang, D. W., Hao, G. F., Dong, J. Q., Wang, Y. X., et al. (2019). 
Molecular insights into the mechanism of 4-hydroxyphenylpyruvate dioxygenase 
inhibition: enzyme kinetics, x-ray crystallography and computational simulations. 
FEBS J. 286 (5), 975–990. doi:10.1111/febs.14747

Lykogianni, M., Bempelou, E., Karamaouna, F., and Aliferis, K. A. (2021). Do pesticides 
promote or hinder sustainability in agriculture? The challenge of sustainable use of 
pesticides in modern agriculture. Sci. Total Environ. 795, 148625. doi:10.1016/j. 
scitotenv.2021.148625

Macias, F. A., Mejías, F. J., and Molinillo, J. M. (2019). Recent advances in allelopathy for 
weed control: from knowledge to applications. Pest Management Science 75, 2413–2436. 
doi:10.1002/ps.5355

Mali, A., Pawar, M., and Khade, V. (2021). Allelopathic effect of two invasive weeds on 
growth performance of Sorghum vulgare pers. J. Pharmacogn. Phytochemistry 10 (3), 
210–213. doi:10.22271/phyto.2021.v10.i3c.14073

Mesnage, R., Székács, A., and Zaller, J. G. (2021). “Herbicides: brief history, agricultural 
use, and potential alternatives for weed control,” in Herbicides. Elsevier, 1–20. doi:10. 
1016/b978-0-12-823674-1.00002-x

Moosavi, A., Afshari, R. T., Asadi, A., and Gharineh, M. H. (2011). Allelopathic effects of 
aqueous extract of leaf stem and root of Sorghum bicolor on seed germination and 
seedling growth of Vigna radiata L. Not. Sci. Biol. 3 (2), 114–118. doi:10.15835/ 
NSB325862

Moraes, L. F. D. D., Feitoza, R. B. B., Lima, H. R. P., and Caldas Oliveira, S. C. (2023). 
Allelopathic potential of the aqueous extracts from leaves, stems, and roots of Brazilian 
Atlantic forest native trees. Stems, Roots Braz. Atl. For. Native Trees. doi:10.2139/ssrn. 
4340740

Moran, G. R. (2005). 4-Hydroxyphenylpyruvate dioxygenase. Archives Biochem. 
Biophysics 433 (1), 117–128. doi:10.1016/j.abb.2004.08.015

Motmainna, M., Shukor, B. A., Uddin, M. K., Asib, N. B., Uddin, A. K. M. M., Hasan, M., 
et al. (2021). ‘Assessment of allelopathic compounds to develop new natural herbicides: a 
review’. Allelopathy J., 52, 21–40. doi:10.26651/allelo.j/2021-52-1-1305

Mushtaq, W., and Fauconnier, M. L. (2024). Phenolic profiling unravelling allelopathic 
encounters in agroecology. Plant Stress 13, 100523. doi:10.1016/j.stress.2024.100523

Mushtaq, W., Siddiqui, M. B., and Hakeem, K. R. (2020). Mechanism of action of 
allelochemicals. doi:10.1007/978-3-030-40807-7_7

Oraon, S., and Mondal, S. (2023). Identification and assessment of allelochemicals of 
lamiaceous weed (Leucas nutans) on seed germination and seedling growth of selected 
crops. J. Soil Sci. Plant Nutr. 23 (4), 6392–6406. doi:10.1007/s42729-023-01492-0

Outaki, M., Zefzoufi, M., Sammama, A., El Gadali, K., Fdil, R., and El Gaini, L. (2023). 
Phenolic compounds from Moroccan Retama monosperma L. boiss, Berberis vulgaris L. 
and Ricinus communis L.: characterization, antioxidant activity and performance criteria 
of the validated method using UHPLC/DAD/ESI-MS. Indonesian J. Chem. 23 (6), 
1704–1721. doi:10.22146/ijc.87157

Pacanoski, Z., and Mehmeti, A. (2021). Worldwide complexity of weeds. Acta Herbol. 30 
(2), 79–89. doi:10.5937/actaherb2102079p

Pan, M., Lei, Q., Zang, N., and Zhang, H. (2019). A strategy based on GC-MS/MS, 
UPLC-MS/MS and virtual molecular docking for analysis and prediction of bioactive 
compounds in Eucalyptus globulus leaves. Int. J. Mol. Sci. 20 (16), 3875. doi:10.3390/ 
ijms20163875

Phatak, R. S., and Hendre, A. S. (2014). ’Total antioxidant capacity (TAC) of fresh leaves 
of Kalanchoe pinnata’. J. Pharmacogn. Phytochemistry 2 (5), 32–35.

Prade, L., Huber, R., and Bieseler, B. (1998). Structures of herbicides in complex with 
their detoxifying enzyme glutathione S-transferase–explanations for the selectivity of the 
enzyme in plants. Structure 6 (11), 1445–1452. doi:10.1016/S0969-2126(98)00143-9

Qasem, J. R. (2022). “Allelopathic activity of white rocket [diplotaxis Erucoides (L.) 
DC.],” in Allelopathy (CRC Press), 139–163. doi:10.1201/9780367813673-12

Qu, T., Du, X., Peng, Y., Guo, W., Zhao, C., and Losapio, G. (2021). Invasive species 
allelopathy decreases plant growth and soil microbial activity. PLOS ONE 16 (2), 
e0246685. doi:10.1371/journal.pone.0246685

Rasheed, S. M. (2020). Allelopathic effects of plant parts of two on invasive weeds on 
seed germination and seedling growth of maize varieties. J. Weed Sci. Res. 27 (2), 85–92. 
doi:10.28941/pjwsr.v26i1.814

Rejab, A., and Ksibi, H. (2019). Phenolic and flavonoid contents of some plant extracts 
from Tunisia southern landscape by using different extraction techniques: the case of 
retama Reatam. Med. Aromatic Plants (Los Angeles) 8 (337), 2167.

Rithiga, R., Natarajan, S. K., Rathika, S., Sivakumar, R., Venkatachalam, S. R., and 
Ramesh, T. (2024). Allelopathy prospective of oil seed crops for sustainable weed 
management-A review. Plant Sci. Today 11, 5336. doi:10.14719/pst.5336

Rob, M. M., and Kato-Noguchi, H. (2019). Study of the allelopathic activity of’Garcinia 
pedunculata ’roxb. Plant Omics 12 (1), 31–36. doi:10.21475/POJ.12.01.19.PT1773

Saada, M., Falleh, H., Catarino, M. D., Cardoso, S. M., and Ksouri, R. (2018). Plant 
growth modulates metabolites and biological activities in Retama raetam (forssk.) webb. 
Molecules 23 (9), 2177. doi:10.3390/molecules23092177

Scavo, A., Restuccia, A., Pandino, G., Onofri, A., and Mauromicale, G. (2018). 
Allelopathic effects of Cynara cardunculus L. leaf aqueous extracts on seed 
germination of some mediterranean weed species. Italian J. Agron. 13 (2), 1021. 
doi:10.4081/ija.2018.1021

Scavo, A., Restuccia, A., and Mauromicale, G. (2018). “Allelopathy: principles and basic 
aspects for agroecosystem control,” in Sustainable agriculture reviews 28: ecology for 
agriculture (pp. 47-101). Cham. Springer International Publishing, 47–101. doi:10.1007/ 
978-3-319-90309-5_2

Scrivanti, L. R., and Anton, A. M. (2021). Germination inhibitory activity of aqueous 
extracts of native grasses from South America. Rodriguésia 72, e01672019. doi:10.1590/ 
2175-7860202172028

Shan, Z., Zhou, S., Shah, A., Arafat, Y., Arif Hussain Rizvi, S., and Shao, H. (2023). Plant 
allelopathy in response to biotic and abiotic factors. Agronomy 13 (9), 2358. doi:10.3390/ 
agronomy13092358

Shi, P., Du, W., Wang, Y., Teng, X., Chen, X., and Ye, L. (2019). Total phenolic, flavonoid 
content,and antioxidant activity of bulbs, leaves, and flowers made from Eleutherine 
bulbosa (mill.) urb. Food Sci. Nutr. 7 (1), 148–154. doi:10.1002/fsn3.834

Siham, L., Saida, O., Moha, T., Nadia, S., and Hakima, A. (2014). Chemical analysis and 
antioxidant activity of Nerium oleander leaves.

Singh, A. A., Rajeswari, G., Nirmal, L. A., and Jacob, S. (2021). Synthesis and extraction 
routes of allelochemicals from plants and microbes: a review. Rev. Anal. Chem. 40 (1), 
293–311. doi:10.1515/revac-2021-0139

Singhal, K. G., and Gupta, G. D. (2012). Hepatoprotective and antioxidant activity of 
methanolic extract of flowers of Nerium oleander against CCl4–induced liver injury in 
rats. Asian Pac. J. Trop. Med. 5 (9), 677–685. doi:10.1016/s1995-7645(12)60106-0

Sinha, S. N., and Biswas, K. (2016). A concise review on Nerium oleander L.—An 
important medicinal plant. Trop. Plant Res. 3, 408–412.

Šoln, K., and Koce, J. D. (2021). Allelopathic root inhibition and its mechanisms. 
Allelopath. J. 52, 181–198. doi:10.26651/ALLELO.J/2021-52-2-1315

Šoln, K., Klemenčič, M., and Koce, J. D. (2022). Plant cell responses to allelopathy: from 
oxidative stress to programmed cell death. Protoplasma 259 (5), 1111–1124. doi:10.1007/ 
s00709-021-01729-8

Soriano, G., Petrillo, C., Masi, M., Bouafiane, M., Khelil, A., Tuzi, A., et al. (2022). 
Specialized metabolites from the allelopathic plant Retama raetam as potential 
biopesticides. Toxins 14 (5), 311. doi:10.3390/toxins14050311

Staszek, P., Krasuska, U., Ciacka, K., and Gniazdowska, A. (2021). ROS metabolism 
perturbation as an element of mode of action of allelochemicals. Antioxidants 10 (11), 
1648. doi:10.3390/antiox10111648

Trott, O., and Olson, A. J. (2010). AutoDock vina: improving the speed and accuracy of 
docking with a new scoring function, efficient optimization, and multithreading. 
J. Computational Chemistry 31 (2), 455–461. doi:10.1002/jcc.21334

Verma, S. K., Singh, S. B., Meena, R. N., Prasad, S. K., Meena, R. S., and Gaurav, G. (2015). A 
review of weed management in India: the need of new directions for sustainable agriculture.

Wani, Z. A., Pant, S., and Sharma, V. (2021). “Diversity, distribution, and status of weed 
species of northwest himalaya,” in Bioremediation using weeds. Singapore: Springer 
Singapore, 3–34. doi:10.1007/978-981-33-6552-0_1

Wu, G. L., Ren, G. H., and Shi, Z. H. (2011). Phytotoxic effects of a dominant weed 
Ligularia virgaurea on seed germination of Bromus inermis in an alpine meadow 
community. Plant Ecol. Evol. 144 (3), 275–280. doi:10.5091/PLECEVO.2011.459

Xie, M., and Wang, X. (2024). Allelopathic effects of Thuidium kanedae on four urban 
spontaneous plants. Sci. Rep. 14 (1), 14794. doi:10.1038/s41598-024-65660-7

Xie, X., Chen, Y., Bu, Y., and Dai, C. (2014). A review of allelopathic researches on 
phenolic acids. Acta Ecol. Sin. 34, 6417–6428. doi:10.5846/STXB201302210285

Xu, Y., Chen, X., Ding, L., and Kong, C. H. (2023). Allelopathy and allelochemicals in 
grasslands and forests. Forests 14 (3), 562. doi:10.3390/f14030562

Xu, N., Sun, Y., Wang, Y., Cui, Y., Jiang, Y., and Zhang, C. (2023). Hormesis effects in 
tomato plant growth and photosynthesis due to acephate exposure based on physiology 
and transcriptomic analysis. Pest Manag. Sci. 79 (6), 2029–2039. doi:10.1002/ps.7381

Yang, Q., Ye, W., Liao, F., and Yin, X. (2005). Effects of allelochemicals on seed 
germination. Chin. J. Ecol. (12), 1459. doi:10.1093/aob/mcac127

Youssef, R. A., Amer, W. M., Ghaly, O. N., and Hamed, A. B. (2024). A spotlight on 
retama spp., the mediterranean evergreen Stem-assimilating xerophyte. Egypt. J. Bot. 64 
(2), 467–495. doi:10.21608/ejbo.2024.222012.2402

Yuan, L., Li, J., and Van Kleunen, M. (2022). Competition induces negative conspecific 
allelopathic effects on seedling recruitment. Ann. Bot. 130 (6), 917–926.

Zhao, M., Zhao, H., Du, Q., and Shi, Y. (2015). Inhibitory effects of tropical medicinal 
plant extracts on urea hydrolysis and nitrification in soil: a preliminary study. 
HortScience 50 (5), 744–749. doi:10.21273/HORTSCI.50.5.744

Zhou, S., Tang, Y., Pan, L., Wang, C., Guo, Y., Yang, H., et al. (2021). Effect of fulvic acid 
on barnyardgrass (Echinochloa crus-galli) seedling growth under flooding conditions. 
Weed Sci. 69 (2), 192–202. doi:10.1017/wsc.2020.95

Frontiers in Pharmacology frontiersin.org19

Harabi et al. 10.3389/fphar.2026.1746401

https://doi.org/10.1111/febs.14747
https://doi.org/10.1016/j.scitotenv.2021.148625
https://doi.org/10.1016/j.scitotenv.2021.148625
https://doi.org/10.1002/ps.5355
https://doi.org/10.22271/phyto.2021.v10.i3c.14073
https://doi.org/10.1016/b978-0-12-823674-1.00002-x
https://doi.org/10.1016/b978-0-12-823674-1.00002-x
https://doi.org/10.15835/NSB325862
https://doi.org/10.15835/NSB325862
https://doi.org/10.2139/ssrn.4340740
https://doi.org/10.2139/ssrn.4340740
https://doi.org/10.1016/j.abb.2004.08.015
https://doi.org/10.26651/allelo.j/2021-52-1-1305
https://doi.org/10.1016/j.stress.2024.100523
https://doi.org/10.1007/978-3-030-40807-7_7
https://doi.org/10.1007/s42729-023-01492-0
https://doi.org/10.22146/ijc.87157
https://doi.org/10.5937/actaherb2102079p
https://doi.org/10.3390/ijms20163875
https://doi.org/10.3390/ijms20163875
https://doi.org/10.1016/S0969-2126(98)00143-9
https://doi.org/10.1201/9780367813673-12
https://doi.org/10.1371/journal.pone.0246685
https://doi.org/10.28941/pjwsr.v26i1.814
https://doi.org/10.14719/pst.5336
https://doi.org/10.21475/POJ.12.01.19.PT1773
https://doi.org/10.3390/molecules23092177
https://doi.org/10.4081/ija.2018.1021
https://doi.org/10.1007/978-3-319-90309-5_2
https://doi.org/10.1007/978-3-319-90309-5_2
https://doi.org/10.1590/2175-7860202172028
https://doi.org/10.1590/2175-7860202172028
https://doi.org/10.3390/agronomy13092358
https://doi.org/10.3390/agronomy13092358
https://doi.org/10.1002/fsn3.834
https://doi.org/10.1515/revac-2021-0139
https://doi.org/10.1016/s1995-7645(12)60106-0
https://doi.org/10.26651/ALLELO.J/2021-52-2-1315
https://doi.org/10.1007/s00709-021-01729-8
https://doi.org/10.1007/s00709-021-01729-8
https://doi.org/10.3390/toxins14050311
https://doi.org/10.3390/antiox10111648
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1007/978-981-33-6552-0_1
https://doi.org/10.5091/PLECEVO.2011.459
https://doi.org/10.1038/s41598-024-65660-7
https://doi.org/10.5846/STXB201302210285
https://doi.org/10.3390/f14030562
https://doi.org/10.1002/ps.7381
https://doi.org/10.1093/aob/mcac127
https://doi.org/10.21608/ejbo.2024.222012.2402
https://doi.org/10.21273/HORTSCI.50.5.744
https://doi.org/10.1017/wsc.2020.95
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1746401

	Allelopathic effects of four spontaneous plants from arid regions on the germination and growth of selected weeds and crops
	1 Introduction
	2 Materials and methods
	2.1 Vegetal materials
	2.2 Preparation of extracts
	2.3 Phytochemical screening
	2.3.1 Determination of total polyphenol content
	2.3.2 Determination of total flavonoid content
	2.3.3 Determination of condensed tannin content
	2.3.4 LC-MS analysis
	2.3.5 Antioxidant capacity
	2.3.5.1 Total antioxidant capacity
	2.3.5.2 DPPH antiradical capacity


	2.4 Germination test
	2.5 Growth test
	2.6 Molecular docking procedure
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Phytochemical screening
	3.1.1 Phenolic compounds screening
	3.1.2 LC-MS profile
	3.1.3 Antioxidant capacity

	3.2 Germination test
	3.2.1 Effects of the aqueous plant extracts on weeds germination
	3.2.2 Effects of the aqueous plant extracts on crops germination

	3.3 Growth test
	3.3.1 Effects of the aqueous plant extracts on weeds growth
	3.3.2 Effects of the aqueous plant extracts on crops growth

	3.4 Molecular docking analysis

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


