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The role of Lavandula stoechas L.
extract in enhancing tolerance to
prometryn toxicity

Oksal Macar?, Tugce Kalefetoglu Macar*™, Kijltigin Cavusoglu?, Emine Yalgin' & Ali Acar?

The aim of this study was to determine the tolerance-enhancing effect of Lavandula stoechas L. (LSE)
against prometryn herbicide using Allium cepa. Six treatment groups were established to assess
whether LSE could mitigate prometryn-induced stress: control, LSE (200 and 400 mg/L), prometryn
(6000 mg/L), and prometryn combined with LSE (200 and 400 mg/L). Alterations in physiological,
genotoxic, biochemical, and root meristematic tissues of A. cepa were systematically evaluated.
Prometryn exposure led to substantial physiological deterioration in A. cepa, as evidenced by
reductions of 57% in rooting percentage, 83% in root elongation, and 69% in weight gain compared

to the control group. Moreover, the mitotic index showed a significant reduction of 26%, while the
frequency of chromosomal aberrations, micronuclei formation, and tail DNA percentage demonstrated
a pronounced increase, indicating a major genotoxic effect induced by prometryn treatment. In the
prometryn-treated group, the most prevalent chromosomal abnormalities included fragment, followed
by sticky chromosomes, vagrant chromosomes, chromosomal bridges, unequal chromatin distribution,
vacuolated nuclei, and reverse polarization. In the group treated with prometryn, malondialdehyde
content increased by 2.7-fold, catalase and superoxide dismutase activities rose by 2.1-fold each,
whereas chlorophyll a and chlorophyll b levels declined by 55.4% and 75.5%, respectively, compared

to the control. Prometryn treatment also provoked structural changes in the root meristem, including
epidermal cell damage, cortex cell damage, thickening of cortex cell walls, flattened cell nucleus, and
thickening of conduction tissue. The interaction of prometryn with key macromolecules was further
investigated through molecular docking to elucidate its toxicity mechanism. Conversely, co-application
of increasing concentrations of LSE alongside prometryn significantly alleviated the physiological,
biochemical, and cytogenetic alterations induced by prometryn toxicity. LC-MS/MS analysis revealed
that rosmarinic acid, caffeic acid, p-coumaric acid, protocatechualdehyde, sesamol, 4-hydroxybenzoic
acid, salicylic acid, vanillin, gentisic acid, taxifolin, quercetin, rutin, naringenin, and syringaldehyde
were identified as the predominant phenolic constituents. The findings indicate that LSE has a
protective effect in A. cepa against prometryn-induced phytotoxicity, genotoxicity, and oxidative
stress. This protective capacity is attributed to the potent antioxidant and antigenotoxic properties

of LSE, which are likely associated with its rich phenolic composition. The results demonstrated that
LSE alone did not exhibit any toxic effects at the tested concentrations, while co-treatment with
prometryn significantly alleviated prometryn-induced physiological, cytogenetic, and biochemical
alterations. These findings provide the first experimental evidence that LSE exerts a dose-dependent
protective role against prometryn toxicity in A. cepa, likely due to its rich phenolic composition and
antioxidant capacity.
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In the context of current agricultural practices, herbicides are frequently used to manage the growth of weeds,
often with the aim of increasing crop yields. In order to meet the growing need for agricultural products,
agrochemicals are considered indispensable!. However, their use can also have detrimental effects on the
environment. Although herbicides are intended to act selectively on specific plant species at certain doses, they
may also harm non-target plants?. Despite the possibility that even relatively harmless pesticides may accumulate
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in living organisms over time and pose a carcinogenic, mutagenic, or teratogenic hazard, the toxic characteristics
of most pesticides have not yet been adequately investigated.

Prometryn (2,4-bis(isopropylamino)-6-methylthio-s-triazine) is classified as a thiomethyl-s-triazine-
type herbicide utilized for the management of annual grass, broad-leaved weeds, moss, aquatic weeds, large
grasses, and harmful algae in the fields of cotton, wheat, vegetables, rice, and other crops. Its soil adsorption
coefficient (400 Koc) makes it a relatively immobile compound in soil, resulting in its common occurrence as
an environmental contaminant®. Prometryn functions by obstructing electron transport and ATP synthesis,
suppressing CO, fixation, impeding photosynthesis by affecting photosystem II, and promoting the generation
of reactive oxygen species (ROS)*. Prometryn can be toxic to aquatic plants and phytoplankton as well as to
animals and humans. For this reason, it has been listed as an endocrine-disrupting substance by Japan, the USA,
and other countries; banned by the European Union; and restricted in the USA®. On the other hand, despite
the known risks, this practice continues in other countries, such as China, the USA, New Zealand, Canada, and
South Africa’.

The therapeutic use of plant extracts and pure bioactive chemicals from medicinal plants for the healing and
treatment of diseases and disorders has a long historical background stretching back over centuries. Plant extracts
contain bioactive molecules that offer a wide range of physiological roles. Lavandula stoechas L. (Lamiaceae)
(Karabas otu, Spanish lavender, French lavender, or topped lavender) is an aromatic medicinal plant native to
the Mediterranean region®. The plant has been traditionally used for many years in the treatment of various
medicinal conditions, including kidney diseases, digestive disorders, diabetes mellitus, cough, hyperlipidemia,
asthma, headache, and flu’. The plant is also referred to as the "broom of the brain" for its traditional use in
the treatment of epilepsy, migraine, and memory-related health issues®. The plant is rich in diverse bioactive
constituents, including luteolin, camphor, erythrodiol, oleanolic acid, eucalyptol, lavanol, fenchone, longipene-
2-ene, lupeol, myrtenol, pinocarvil acetate, terpineol, vergatic acid, ursolic acid, vitexin, B-sitosterol, a-amyrin,
and a range of aromatic compounds’. Furthermore, L. stoechas has demonstrated a range of pharmacological
properties, including anti-epileptic, antispasmodic, antibacterial, antifungal, sedative, anti-leishmaniasis, anti-
inflammatory, anti-diabetic, and cytotoxic effects'®.

Higher plants are considered to be excellent biological indicators of pollution sources and can be used to
assess both acute and chronic exposure to pollutants'!. Allium cepa L. is a widely used, recognized test organism
and model plant for determining the toxicity of hazardous chemical compounds and environmental pollutants
in laboratory settings'?. The Allium test offers a high degree of correlation with other test systems and serves as
a guiding framework for challenging experiments on humans and animals'?.

This study was conducted with the objective of revealing the acute toxic effects of prometryn herbicide and
the tolerance-enhancing effect of L. stoechas extract (LSE) against this chemical using A. cepa. The purpose of the
study was to investigate alterations in the physiological, genotoxic, biochemical, and structural characteristics of
root meristem tissue in A. cepa. Furthermore, in order to enhance comprehension of the mechanisms of action,
the phenolic content of LSE was ascertained by the LC/MS-MS method, and the interaction of proteins vital for
prometryn cell division was investigated by the molecular docking method.

Materials and methods

Materials

The A. cepa bulbs utilized in the experimental procedures were procured from a store specializing in agricultural
products in Giresun, Tiirkiye. The L. stoechas used in the study was obtained from Ag¢1 Baharatlar1 (Ordu,
Turkey) and consisted of 100% pure L. stoechas flowers. As the toxic agent, Prometryn (CAS No: 7287-19-6)
from the Merck firm (Darmstadt, Germany) was applied. The remaining chemicals utilized in the experimental
process were of analytical grade.

For preparation of aqueous L. stoechas extract, 10 g of plant material was mixed with 100 mL of distilled water
and incubated in a shaker at room temperature for 24 h. The mixture was then filtered to remove residual solids,
and the filtrate was centrifuged at 10,000 rpm for 10 min. After centrifugation, the water was evaporated, and the
pellet obtained was used for subsequent analyses.

Experimental plan

The dosage of prometryn selected for the study was determined in accordance with the findings of Karaismailoglu'“.
Although, 2000-3000 mg/L is the standard agricultural dose of prometryn we used 6000 mg/L to investigate its
acute toxicity under controlled laboratory conditions. Therefore, using 6000 mg/L (approximately double the
routine dose) enabled us to simulate overuse, or accumulation and better assess potential acute toxic effects
on non-target organisms. The concentrations of L. stoechas extract (200 and 400 mg/L) were chosen based on
preliminary solubility tests, representing the maximum concentrations fully soluble in water at room temperature
without precipitation. These doses also correspond to levels that did not affect the germination percentage of
A. cepa in preliminary trials. Six experimental groups were established from fifty healthy A. cepa bulbs, one of
which was designated as the control group and administered with tap water, while the remaining five groups
were administered with 200 mg/L LSE (LSE-I), 400 mg/L LSE (LSE-II), 6000 mg/L prometryn (PMT), 6000 mg/L
prometryn +200 mg/L LSE (PMTLSE-I), and 6000 mg/L prometryn + 400 mg/L LSE (PMTLSE-II), respectively.
The A. cepa bulbs were rooted in beakers so that their basal plates were in contact with the respective treatment
solutions. During the experiment, all fifty bulbs were evaluated for their rooting capacity, while ten randomly
selected bulbs were subjected to further analyses. And the groups were harvested after 72 h of rooting in the
respective solutions in the dark and at a temperature of 23+2 °C. An additional set of 10 bulbs per group,
independent of the germination experiment, was maintained under identical conditions for 6 days to obtain
samples for chlorophyll analyses.
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Physiological analyses

At the end of the 3rd day, physiological changes in A. cepa bulbs were determined by rooting percentage, root
length, and bulb weight. The rooting ratio was calculated as the percentage of all bulbs with an mean root length
of at least 1 cm; only these onions were included in the calculation. For each bulb, germination was considered
2% when at least 10 adventitious (primary) roots, each reaching>1 cm in length, were developed. If 5-9 roots
of>1 cm length were present, it was scored as 1%, and if 04 roots developed, it was scored as 0%. Due to this
categorical scoring system, the maximum possible germination value may be less than 100% depending on the
distribution of individual bulb scores. Root elongation (cm) was assessed as the mean of the measurements taken
from the freshly developed adventitious roots using a ruler. Weight gain (g) was calculated as the difference in
onion weight before and after the experiment, measured using an electronic precision balance with a precision
of0.01g.

Genotoxicity analyses

To evaluate the genotoxic effects of prometryn and the protective potential of L. stoechas extract, common
cytogenetic parameters were analyzed in A. cepa root meristem cells. In this study, the following cytogenetic
parameters were used and evaluated: MNs, a small extranuclear bodies composed of whole or fragmented
chromosomes that fail to be incorporated into daughter nuclei during cell division and used as markers of
genotoxic damage; M1, calculated as the percentage of dividing cells among the total number of observed cells
as indicators of cell proliferation and mitotic activity; and CA, structural or numerical abnormalities such as
fragments, bridges, and vagrant chromosomes as signs of genotoxic stress and chromosomal instability. Changes
in MN, ML, and CA parameters in A. cepa root tips were induced by prometryn and were determined using a
squash preparation technique with 1% acetocarmine stain, as previously described by Staykova et al.!°. After
24 h of staining, root tip preparations were screened under a research microscope (Irmeco IM-450 TI) at
X400 magnification. All images were obtained directly from research microscope without digital modification.
Only uniform adjustments of brightness and contrast were applied equally across entire images to enhance
visualization, without altering or removing any structural details. The mean of the values obtained from ten
preparations was used to determine the results for each group (n=10). The calculation of MI and CAs was
conducted on a total of 1000 cells, with 100 cells from each of 10 slides being analyzed. The MI calculation was
performed on a further 10,000 cells, with 1000 cells from each of the 10 slides being analyzed.

Biochemical analyses

The approach proposed by Unyayar et al.'® was applied to determine the magnitude of the alterations in MDA
levels in response to prometryn administration. Freshly extracted A. cepa root tips, weighing 0.5 g, were then
mechanically homogenized in 1 mL of a 5% trichloroacetic solution. The homogenate was taken and subjected
to a centrifugation process at 12,000 g for a duration of 10 min. Then, a mixture of thiobarbituric acid (0.5%),
trichloroacetic acid (20%), and supernatant was combined, and this reaction mixture was first incubated at 96 °C
for 30 min and then cooled to stop the reaction. The level of malondialdehyde (MDA) was then determined by
measuring the degree of absorption of the optical density of the final mixture obtained by centrifugation of the
mixture at 10,000 g for 5 min at a wavelength of 532 nm.

A 0.5 g of root tissue was then subjected to homogenization in 5 mL ice-cold 50 mM sodium phosphate
buffer (pH 7.8) using a cold mortar to obtain the extracts required for determining the activities of superoxide
dismutase (SOD) and catalase (CAT) enzymes, as was previously described by Zou et al.'”. The homogenate was
centrifuged for 20 min at 10,500 g, and the supernatant was taken out for analyses.

The activity of superoxide dismutase (SOD), an enzyme that plays a role in antioxidant defense, was assessed
using the technique established by Beauchamp and Fridovich!®. The method involves the mixing of 1.5 mL
of 0.05 M sodium phosphate buffer (pH 7.8), 0.3 mL of 130 mM methionine, 0.3 mL of 750 uM nitroblue
tetrazolium chloride (NBT), 0.3 mL of 0.1 mM EDTA-Na,, 0.3 mL of 20 uM riboflavin, 0.01 mL of 4% insoluble
polyvinylpyrrolidone, and 0.28 mL of deionized water with 0.01 mL of enzyme extract in a glass tube to create
the reaction medium. The reaction medium was first exposed to the light of two 15 W fluorescent lamps for
10 min. This initial step was followed by stopping the medium in the dark for 15 min, after which the SOD
activity was calculated using the absorbance measured at 560 nm. One unit (U) of SOD activity was defined as
the amount of enzyme causing 50% inhibition of NBT reduction under the assay conditions, and SOD activity
was expressed as U/mg protein.

The activity of the CAT enzyme, another significant antioxidant enzyme, was determined through the
preparation of a solution that was composed of 1.5 mL of 200 mM monosodium phosphate buffer, 1.0 mL of
distilled water, and 0.3 mL of 0.1 M H,0O,, by the method proposed by Beers and Sizer'®. The speed of the
reaction, which was initiated by the addition of 0.2 mL of enzyme extract to this solution, was determined by
spectrophotometric measurement of the absorbance at 240 nm over time.

The impact of prometryn on the chlorophyll content of the fresh leaves of A. cepa was analyzed after a 6-day
rooting period. In order to prepare the extract for the purpose of chlorophyll analyses, 0.2 g of fresh leaf sample
was placed in 5 mL of 80% acetone. The solution was then stored in the dark at+4 °C°. Subsequent to the end
of this period, the samples were crushed and filtered to ensure complete extraction of chlorophyll from the
tissues. The filtrate was then added to 5 mL (80%) acetone, and the solution was centrifuged at 1000 g. The green
chlorophyll solution located at the very upper end of the tube was measured spectrophotometrically, first at
645 nm and then at 663 nm. The equations proposed by Witham et al.?! were utilized in order to calculate the
levels of chlorophyll a and b in fresh tissue.

All biochemical analyses were carried out on ten independent samples (n=10), with each procedure fully
replicated.
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Meristem tissue structure analyses

The alterations in the meristem structure of A. cepa root in response to prometryn treatment were studied in
the cross-section of roots?. According to this method, the cross-section of A. cepa roots was obtained near the
apex with a sharp razor blade. These samples were then transferred to microscope slides, stained with an aqueous
solution of methylene blue (1%), and covered with coverslips. Photography of the samples was conducted using
a light microscope (Irmeco IM-450 TI model) atx400 magnification. Subsequent image analysis was then
performed on the digital images. All anatomical damages were compared with the control group. From each
bulb, 10 root cross-sections were obtained, resulting in 100 sections per group. 0-5 damage: (—) No damage;
6-25 damage: (+) minor damage; 26-50 damage: (++) Moderate damage; 51 or more damage: (+++) Severe
damage.

Molecular docking analysis

In order to examine possible interactions between prometryn and selected targets, molecular docking studies
were conducted on tubulins, DNA topoisomerases, glutamate-1-semialdehyde aminotransferases, and
protochlorophyllide reductases. The Protein Data Bank provided the following 3D structures: tubulin (alpha-
1B chain and tubulin beta chain) (PDB ID: 6RZB)?*, DNA topoisomerase I (PDB ID: 1K4T) and II (PDB ID:
5GWK)*+%, glutamate-1-semialdehyde aminotransferase (PDB ID: 2ZSL)?, and protochlorophyllide reductase
(PDB ID: 6R48)?’. The 3D structure of the prometryn molecule (PubChem CID: 4929) was retrieved from the
PubChem database. The preparation of the structure for molecular docking was undertaken by determining
the active sites of the proteins, the removal of water molecules and ligands, and the addition of polar hydrogen
atoms. Protein energy minimization was performed with Gromos 43B1 with the Swiss-PdbViewer?® (v.4.1.0)
program, while energy minimization of the 3D structure of prometryn was performed with the uff-force field
with Open Babel v.2.4.0 software®®. The allocation of Kollman charges was made to the receptor molecules,
while Gasteiger charges were assigned to prometryn. The molecular docking procedure was performed with
the grid box containing the active sites of proteins. Subsequently, docking was carried out using Autodock 4.2.6
software® that employs the Lamarckian genetic algorithm. The Biovia Discovery Studio 2020 Client was used to
perform the docking analysis and 3D visualizations.

Determination of phenolic compounds in L. stoechas

Phenolic constituents of L. stoechas were profiled using liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS). A 1 g of dried plant material was extracted in a solvent mixture consisting of
methanol and dichloromethane (4:1, v/v). The extract was subsequently passed through a 0.45 um sterile syringe
filter to remove particulate matter prior to analysis. Chromatographic separation was achieved on a Thermo
Scientific LC-MS/MS system fitted with a Hypersil ODS column (4.6 x250 mm). The mobile phase system
consisted of two eluents: solvent A (ultrapure water containing 0.1% formic acid) and solvent B (methanol). The
gradient elution protocol was programmed as follows: isocratic at 0% B from 0 to 1 min; linear increase to 95%
B from 1 to 22 min; held at 95% B until 25 min; followed by a ramp to 100% B by 30 min. The total runtime,
including re-equilibration, was set at 34 min. All instrumental analyses were performed at the Central Research
Laboratory (HUBTUAM) of Hitit University under standardized operating conditions.

Statistical analysis

The normality of data from the experiment was assessed using the Kolmogorov-Smirnov and Shapiro-Wilk
tests. For statistical analysis, SPSS Statistics 23 (IBM SPSS) software was employed. The evaluation involved one-
way ANOVA and Duncan’s multiple range tests. Data were expressed as mean +standard deviation (SD), and
statistical significance was established at a value of p <0.05.

Results and discussion

The effects of the prometryn herbicide and LSE on the rooting ratio, root elongation, and weight gain of A.
cepa bulbs are presented in Table 1. The LSE-I and LSE-II groups treated with LSE exhibited no statistical
difference from the control group, which received tap water treatment. These results indicated that 200 mg/L

Groups Rooting ratio % (n=50) | Root length (cm) (n=10) | Weight gain (g) (n=10)
Control 99 9.00+1.53% +7.00?
LSE-I 100 8.80+1.50° +7.10°
LSE-II 98 9.30+1.55* +7.30%
PMT 43 1.50+0.74¢ +2.20¢
PMTLSE-T |52 2.90+0.95¢ +3.50¢
PMTLSE-II | 65 5.60+1.27° +5.20

Table 1. Effects of prometryn and L. stoechas extract on physiological parameters in A. cepa. Control:

Tap water, LSE-I: 200 mg/L L. stoechas extract, LSE-II: 400 mg/L L. stoechas extract, PMT: 6000 mg/L
prometryn, PMTLSE-I: 6000 mg/L prometryn +200 mg/L L. stoechas extract, PMTLSE-II: 6000 mg/L
prometryn +400 mg/L L. stoechas extract. The values are displayed as the mean + standard deviation. Data were
analyzed using one-way ANOVA followed by Duncan’s multiple range test. Means within the same column
followed by different letters (a—d) are significantly different at the p <0.05 level.
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and 400 mg/L LSE did not cause any physiological toxicity in A. cepa (Table 1). Although the results of the
present study differ from those reported by Celik and Aslantiirk®!, the variation is likely due to the substantially
higher LSE concentrations (40,000-120,000 mg/L) used in their experiment compared to the low, non-toxic
doses tested here. Prometryn exposure markedly inhibited root growth and biomass accumulation in A. cepa,
consistent with its strong phytotoxicity (Table 1). Prometryn, an environmental risk and a widely used herbicide
in agricultural areas, has been demonstrated to exert deleterious effects on the growth of non-target plants,
including soybeans*? and beans?. Furthermore, the results of our study are in agreement with the study of Cakir
et al.¥, which showed that prometryn decreased weight gain, germination percentage, and final root length
in A. cepa due to its negative effects on RNA synthesis, photosynthesis, lipid synthesis, protein synthesis, and
electron transport system, as well as causing oxidative stress. In contrast, the application of LSE in combination
with prometryn in the PMTLSE-I and PMTLSE-II groups resulted in higher rooting ratio, root elongation,
and weight gain than the PMT- alone group (p<0.05) (Table 1). In the PMTLSE-II group, which received a
higher dose of LSE, a more pronounced improvement in growth indicators was observed. However, the observed
improvement did not attain the magnitude seen in the control group. Despite extensive research, no prior study
has been found demonstrating a mitigative effect of LSE against pesticide-induced growth retardation in A.
cepa. Nonetheless, various studies have reported that plant extracts such as Cornus mas*!, Melissa officinalis®,
and Ginkgo biloba® can reduce the adverse effects of pesticides on the growth of A. cepa. Moreover, Yalgin and
Gavusoglu®” showed that Momordica charantia extract alleviated glyphosate-induced growth inhibition in A.
cepa. These findings collectively suggest that the bioactive compounds present in herbal extracts -such as those
in L. stoechas- may counteract the negative impacts of pesticides on cell division and plant metabolism through
their antioxidant properties.

The impacts of prometryn and LSE treatments on genotoxicity indicators are demonstrated in Fig. 1 and
Table 2. The highest MI score and the lowest number of MNs (Fig. 1f) and CAs were found in the control,
LSE-I (200 mg/L LSE), and LSE-II (200 mg/L LSE) groups, and there was no statistical difference between these
groups. In these groups, mitotic normal interphase (Fig. 1a), prophase (Fig. 1b), metaphase (Fig. 1¢), anaphase

10 um

Fig. 1. Chromosomal damages in A. cepa root meristem caused by prometryn herbicide. Normal interphase
(a), normal prophase (b), normal metaphase (c), normal anaphase (d), normal telophase (e), micronucleus (f),
fragment (g), sticky chromosome (h), vagrant chromosome (i), bridge (j), unequal distribution of chromatin
(k), vacuolated nucleus (1), Reverse polarization (m). Bar=10 pm.
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Anomalies Control LSE-I LSE-IT PMT PMTLSE-I PMTLSE-II
Mitotic index % 768+27.2* (7.68) | 785+28.3* (7.85) | 776 +27.9* (7.76) | 566 +15.99 (5.66) | 607+17.4€ (6.07) | 653+19.7 (6.53)
Micronucleus 0.30+0.48¢ 0.17+0.35¢ 0.20+0.42¢ 62.5+4.16* 54.7+3.88" 45.9+3.63¢
Fragment 0.00+0.00¢ 0.00+0.00¢ 0.00+0.00¢ 49.8+3.65 40.4+3.54° 31.7+2.96°
Sticky chromosome 0.20+0.424 0.10+0.32¢ 0.00+0.00¢ 41.6+3.56° 33.8+2.98" 24.6+2.38°
Vagrant chromosome 0.00+0.00¢ 0.00+0.00¢ 0.00+0.00¢ 34.0+3.022 24.5+2.40° 16.8+1.85°
Bridge 0.00+0.00¢ 0.000.00¢ 0.000.004 26.2+2.44° 17.6+1.87 10.4+1.53¢
Unequal distribution of chromatin | 0.00+0.00¢ 0.00+0.00¢ 0.00+0.00¢ 23.4+2.36* 15.9+1.83° 8.80+1.27¢
Vacuolated nucleus 0.00+0.00¢ 0.00+0.00¢ 0.00+0.00¢ 18.0+1.88° 11.4+1.56 7.50+1.10¢
Reverse polarization 0.00+0.00¢ 0.00+0.00¢ 0.00+0.00¢ 14.3+1.75 9.60+1.34° 4.30+0.86°

Table 2. Protective role of LSE against genotoxicity caused by prometryn herbicide. Control: Tap water, LSE-I:
200 mg/L L. stoechas extract, LSE-II: 400 mg/L L. stoechas extract, PMT: 6000 mg/L prometryn, PMTLSE-I:
6000 mg/L prometryn +200 mg/L L. stoechas extract, PMTLSE-II: 6000 mg/L prometryn +400 mg/L L.
stoechas extract. The values are displayed as the mean + standard deviation. Data were analyzed using one-way
ANOVA followed by Duncan’s multiple range test (n=10). Means within the same line followed by different
letters (a-d) are significantly different at the p <0.05 level. MN and chromosomal damage numbers were
calculated by analyzing 1000 cells in each group and MI rate was calculated by analyzing 10,000 cells in each

group.

(Fig. 1d), and telophase were observed. The findings of the present study indicate that the tested concentrations
of LSE did not exhibit genotoxic effects in A. cepa. In contrast to the LSE treatments, exposure to prometryn at
a concentration of 6000 mg/L resulted in a statistically significant reduction in MI and a concomitant increase
in the frequencies of MN and CAs in the PMT group (p<0.05). In contrast to LSE treatments, exposure to
prometryn at a concentration of 6000 mg/L led to a 26% reduction in the MI in the PMT group, accompanied
by an increase in the frequencies of MN (62.5) and CAs. Application of prometryn also led to the formation
of various chromosomal aberrations in root tip meristem cells, with the most frequently observed types being
fragments (Fig. 1g), followed by sticky chromosomes (Fig. 1h), vagrant chromosomes (Fig. 1i), chromosomal
bridges (Fig. 1j), unequal distribution of chromatin (Fig. 1k), vacuolated nucleus (Fig. 1l), and reverse
polarization (Fig. 1m). The genotoxic effects of prometryn were previously reported in the study by Dikié et al.*,
in which prometryn caused DNA damage in mouse leukocytes. The findings of this study are consistent with
those reported by Karaismailoglu!* and Cakir et al.*>, who similarly demonstrated that prometryn exposure led
to a reduction in MI and a rise in MN frequency as well as CAs in A. cepa. The genotoxic effects observed in A.
cepa may be attributed to prometryn-induced oxidative stress and its direct interaction with DNA, which can
lead to disruptions in essential physiological and biochemical pathways, including RNA and protein synthesis®*.
Parlak® noted that pesticide-induced toxicity leads to the generation of ROS, which cause mutations in genetic
material and consequently impair functions of protein.

The co-administration of LSE extract with prometryn resulted in a notable dose-dependent increase in MI
values and a decrease in MN and CA values. In the PMTLSE-II group, where the most significant differences
were observed as a result of higher doses of LSE, MI increased by 15% and MN decreased by 27% compared
to the PMT group. Furthermore, the administration of LSE concomitantly with prometryn led to a statistically
significant reduction in all CA types (p <0.05). The reduction of changes in genotoxic markers suggests that LSE
enhances the tolerance of A. cepa to prometryn-induced genotoxicity. When the literature was examined, no
study was found on the protective effect of L. stoechas and its extracts, which have many medicinal uses, against
genotoxicity in A. cepa. In contrast to the findings of this study, genotoxic effects associated with LSE have been
reported in previous studies conducted by Celik and Aslantiirk®! in A. cepa test and by Celik and Aslantiirk*
in human peripheral lymphocyte cells. However, it is important to emphasize that the doses of LSE used in
these studies were extremely higher than those used in the present investigation. This difference in dosage
may explain the observed differences in genotoxic results. On the other hand, the findings of this study are
consistent with prior research demonstrating that plant extracts rich in antioxidants and bioactive compounds
can effectively mitigate pesticide-induced genotoxicity. For instance, studies utilizing the A. cepa model have
shown the protective effects of various plant-derived substances: Macar et al.*! reported that M. charantia extract
conferred anti-genotoxic protection against metaldehyde; Yirmibes et al.** similarly found that Camellia sinensis
extract alleviated paraquat-induced genotoxicity; and Topatan®® demonstrated the protective role of Achillea
millefolium extract against etoxazole-induced genotoxic damage. Plant extracts may exert their antigenotoxic
effects not only through the free radical scavenging properties of the polyphenolic compounds they contain but
also by induction or inhibition of specific detoxification and repair enzyme**. The overall biological activity of
the extract is likely the result of synergistic interactions among various phenolic constituents, rather than the
action of a single compound®.

Table 3 summarizes the changes in MDA, chlorophyll a and chlorophyll b levels, SOD, and CAT activities
caused by LSE, prometryn, and prometryn applied in a mixture with LSE. In terms of all biochemical parameters,
the LSE-I and LSE-II groups treated with LSE exhibited similar mean values with the control group (Table
3). These findings demonstrated that the administered doses of LSE did not induce any adverse effects on
membranes, oxidative balance, or pigment content. On the other hand, the PMT group exposed to prometryn
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Superoxide dismutase Catalase (AOD,,, nm Chlorophyll®
Groups Malondialdehyde (umol/g FW) | (U/mg protein) min/g FW) Chlorophyll* (mg/g FW) | (mg/gFW)
Control 16.6+0.95¢ 52.7+0.914 0.38+0.06¢ 17.7+0.83 8.49+0.48
LSE-I 16.3+0.56¢ 51.9+0.664 0.43+0.074 17.5+0.67° 8.50+0.422
LSE-IT 16.1+0.68¢ 51.4+0.594 0.39+0.08¢ 17.9+0.77% 8.40 +0.44%
PMT 44.0+1.15 110+4.78 0.79+0.09* 7.86+0.414 2.08+0.19¢
PMTLSE-I | 35.7+0.90 91.6+1.00° 0.67+0.07° 9.47+0.58° 3.42+0.28°
PMTLSE-II | 26.3+0.85° 72.5+0.97° 0.56+0.08° 11.6+0.71° 5.02+0.32°

Table 3. Biochemical alterations in A. cepa exposed to prometryn and L. stoechas extract. Control:

Tap water, LSE-I: 200 mg/L L. stoechas extract, LSE-II: 400 mg/L L. stoechas extract, PMT: 6000 mg/L
prometryn, PMTLSE-I: 6000 mg/L prometryn +200 mg/L L. stoechas extract, PMTLSE-II: 6000 mg/L
prometryn +400 mg/L L. stoechas extract. FW: Fresh weight. U: one unit of SOD activity defined as the amount
of enzyme causing 50% inhibition of NBT reduction. The values are displayed as mean + standard deviation
(n=10). Data were analyzed using one-way ANOVA followed by Duncan’s multiple range test. Means within
the same column followed by different letters (a—d) are significantly different at the p <0.05 level.

herbicide exhibited a significant increase in MDA content and a drastic decrease in pigment levels in comparison
to the control group (p <0.05). The mean values of SOD and CAT activity in this group were also remarkably
higher than those recorded in the control group (Table 3). Prometryn triggered oxidative stress, as evidenced
by elevated MDA and antioxidant enzyme activities and reduced chlorophyll pigments. It has already been
shown that prometryn increases the level of MDA and causes an acceleration of the SOD and CAT enzyme
activities in the root meristem cells of A. cepa®. In line with the findings of the present study, Jiang and Yang*®
reported that prometryn exposure in Triticum aestivum induced oxidative stress, as evidenced by a reduction in
chlorophyll content and an increase in antioxidant enzyme activities, including SOD and CAT. Min et al.*” stated
that prometryn exposure triggered ROS production, according to a study conducted with Danio rerio, another
bioindicator. Boulahia et al.? reported that the growth, photosynthetic pigments, and photosynthetic products
of Phaseolus vulgaris seedlings grown in soil contaminated with prometryn significantly decreased, while MDA
and antioxidant enzyme activities increased. The researchers mentioned above also pointed out that increased
doses of prometryn had a significant decrease in enzyme activity, possibly due to the disruption of the structural
integrity of the enzymes. Pesticide-induced ROS have been reported to disrupt membrane permeability, cause
mitochondrial damage, and induce mutations in DNA*”48, The production of ROS in plants under biotic and
abiotic stress, at levels that exceed the power of the antioxidant system, is referred to as oxidative stress. SOD
and CAT are two important antioxidant enzymes that function in the suppression of oxidative damage®’. The
first of these two key antioxidant enzymes catalyzes the breakdown of the peroxide radical into oxygen and
hydrogen peroxide, and the second catalyzes the neutralization of hydrogen peroxide by converting it into water
and oxygen®’. A significant marker of oxidative stress associated with ROS accumulation is the increase in MDA
levels in cells. MDA is a product produced by peroxidation of polyunsaturated fatty acids in cellular membranes,
and due to its electrophilicity, it attacks DNA, proteins, and enzymes and causes functional disorders in these
molecules®. Huang et al.>! suggested that the toxicity of prometryn in non-target organisms is attributable
to the disturbance of ROS balance. Indeed, the combined evidence from increased MDA accumulation,
enhanced antioxidant enzyme activation, and genotoxicity indicates that prometryn triggers oxidative stress
in the meristematic cells of A. cepa roots (Table 3). It has been established that triazine herbicides, including
prometryn, not only inhibit growth but also reduce chlorophyll content and photosynthetic efficiency®. In this
study, root-applied prometryn decreased the chlorophyll content in newly developing leaves compared to the
control group (Table 3). This finding suggests that this herbicide can be transported from the application sites
in the root to the upper parts of the plant. Increased levels of radicals such as intrinsic hydrogen peroxide or
singlet oxygen have been reported to cause photoinhibition by inhibiting the repair of photosystem II1%. It may
be suggested that prometryn binds to the D1 protein in the chloroplast, causing an interruption in the electron
transport chain, resulting in increased accumulation of ROS and degradation of chlorophyll. Pesticides can also
bind directly to photosynthetic pigments, disrupting the structure and function of these molecules, or reduce
pigment synthesis by disrupting key enzymes in the chlorophyll synthesis pathway***.

Co-administration with LSE reversed these biochemical disruptions, particularly at the higher concentration,
demonstrating strong antioxidant and photoprotective activity (Table 3). These changes were more evident in
the PMTLSE-II group, in which the dosage of LSE in the mixture was elevated. The findings revealed that the
application of LSE, which does not induce adverse effects when used alone in A. cepa cells, led to a reduction in
prometryn-induced oxidative stress and membrane damage. Additionally, it exhibited a capacity to protect the
photosynthetic apparatus when applied at the same time with prometryn. The present findings are corroborated
by those of Tayarani-Najaran et al.”®, who previously demonstrated that LSE suppressed ROS accumulation and
oxidative stress-induced toxicity associated with 6-hydroxydopamine treatment in PC12 cells. Additionally, the
pretreatment of A172 cells with Lavandula viridis extract, another Lavandula species, resulted in a reduction
in ROS accumulation, a regulation in the expression of antioxidant enzymes, and an enhancement of cell
viability against H,0, toxicity>’. Sebai et al.”® reported that the volatile compounds contained in LSE have high
antioxidant capacity, as evidenced by DPPH and radical scavenging activity analysis. Bioactive compounds
present in LSE, including naringin, syringic acid, rutin, cinnamic acid, caffeic acid, 4-hydroxybenzoic acid,
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catechin, and p-coumaric acid, have been demonstrated to have significant antioxidant potential®**°, which may
contribute to the decline of prometryn-induced biochemical damage in cells of A. cepa root.

Prometryn administration induced a range of structural root meristem tissue abnormalities in A. cepa (Table
4 and Fig. 2). In contrast, treatment with LSE alone (LSE-I and LSE-II groups) did not result in any detectable
abnormalities in root meristem tissue (Fig. 2a, ¢, f, and h). However, the group exposed solely to prometryn
exhibited severe epidermis cell damage (Fig. 2b), cortex cell damage (Fig. 2d), thickening of cortex cell walls
(Fig. 2e), flattened cell nucleus (Fig. 2g), and thickening of conduction tissue (Fig. 2i). Co-treatment LSE with
prometryn (PMTLSE-I and PMTLSE-II groups) led to a dose-dependent amelioration of these abnormalities.
In the PMTLSE-II group, LSE significantly reduced epidermis cell damage, cortex cell damage, thickening of
cortex cell wall, and flattened cell nucleus to a minor level, while completely preventing thickening of conduction
tissue. The findings are in alignment with those of the study conducted by Cakir et al.*3, which demonstrated
that the administration of prometryn in A. cepa resulted in the thickening of the cortex cell wall, the flattening of
cell nuclei, the presence of unclear vascular tissue, and damage to the epidermis and cortex cells. The alterations
observed in the configuration of meristematic tissue are the result of a combination of A. cepa's adaptive responses
aimed at reducing the uptake of prometryn into the plant, and prometryn-induced damage to cell membranes
and DNA%. Furthermore, studies demonstrating the deleterious effects of glyphosate and paraquat herbicides
on the root meristem of A. cepa corroborate our findings®"*®2. In the present study, the deleterious effects of
herbicide-induced oxidative stress on root development were observed. Furthermore, other findings of the study
also support the idea that herbicide-induced oxidative stress plays a role in impairing root development. On the
other hand, co-treatment with LSE significantly mitigated the structural abnormalities caused by prometryn,
especially at higher concentrations. The tolerance-enhancing effect of LSE may be related to its antioxidant
capacity, which could reduce reactive oxygen species and stabilize cellular components.

Molecular docking studies are instrumental in uncovering the interactions between small molecules
and macromolecules, providing critical insights into their potential effects on cellular mechanisms®. In this
study, molecular docking analyses were performed to evaluate the binding affinities and interaction dynamics
of prometryn with a range of essential macromolecules. These macromolecules included tubulins, DNA
topoisomerases, glutamate-1-semialdehyde aminotransferase, and protochlorophyllide reductase, all of which
play vital roles in cellular functions such as microtubule dynamics, DNA topology regulation, amino acid
metabolism, and chlorophyll biosynthesis, respectively®*>. The interactions between prometryn and these
macromolecules are of significant interest due to their potential consequences for cellular integrity. For instance,
disturbances in microtubule dynamics, governed by tubulins, can compromise critical processes like cell division
and intracellular transport®. Similarly, alterations in DNA topology, controlled by DNA topoisomerases, may
result in karyotypic instability, including chromosomal abnormalities®’. Additionally, changes in glutamate-
1-semialdehyde aminotransferase activity can disrupt amino acid metabolism, while interactions with
protochlorophyllide reductase may impair chlorophyll biosynthesis and reduce photosynthetic efficiency®.
The outcomes of the molecular docking analysis are detailed in Table 5 and Fig. 3, highlighting the binding
affinities and interaction profiles of prometryn with the selected macromolecules. These results offer a basis
for understanding the molecular-level effects of prometryn and its broader implications for cellular processes,
chromosomal stability, and photosynthetic performance.

Prometryn exhibited a strong binding affinity to the tubulin alpha-1B chain, as indicated by the free energy of
binding and a relatively low inhibition constant. The interaction was primarily mediated by two hydrogen bonds
with GLU71, suggesting that this residue plays a critical role in stabilizing the binding of prometryn. The absence
of hydrophobic interactions implies that the binding is predominantly driven by polar interactions. This strong
binding affinity may disrupt the structural integrity or function of tubulin, potentially leading to microtubule
destabilization. The binding affinity of prometryn to the tubulin beta chain was slightly stronger compared
to the alpha-1B chain, with a comparable inhibition constant. The interaction involved two hydrogen bonds
with GLU181 and one with TYR222, along with hydrophobic interactions involving CYS12 and TYR222. The
dual nature of these interactions (both polar and hydrophobic) suggests a more complex binding mechanism,
which could enhance the stability of the prometryn-tubulin complex. This binding may interfere with tubulin
polymerization or depolymerization, further supporting the observed mitotic disruptions and chromosomal
abnormalities in the study.

Epidermis cell damage | Cortex cell damage | Thickening of cortex cell wall | Flattened cell nucleus | Thickening of conduction tissue
Control - - - - -
LSE-I - - - - -
LSE-II - - - - -
PMT +++ +++ +++ +++ ++
PMTLSE-I | ++ ++ ++ ++ +
PMTLSE-II | + + + + -

Table 4. Effects of prometryn and L. stoechas extract on root meristem tissue structure in A. cepa. Control:
Tap water, LSE-I: 200 mg/L L. stoechas extract, LSE-II: 400 mg/L L. stoechas extract, PMT: 6000 mg/L
prometryn, PMTLSE-I: 6000 mg/L prometryn +200 mg/L L. stoechas extract, PMTLSE-II: 6000 mg/L
prometryn +400 mg/L L. stoechas extract. (-): no damage, (+): minor damage, (++): moderate damage,
(+++): severe damage. (n=10).
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Fig. 2. Structural root meristem tissue abnormalities caused by the herbicide 6000 mg/L prometryn in A. cepa.
Normal appearance of epidermis cells (a), epidermis cell damage (b), normal appearance of cortex cells (c),
cortex cell damage (d), thickening of cortex cell wall (e), normal oval-shaped nucleus (f), flattened cell nucleus
(g), normal appearance of conduction tissue (h), thickening of conduction tissue (i). Bar=10 um.

Prometryn showed moderate binding affinity to DNA topoisomerase I, with a free energy of binding of
—-4.92 kecal/mol and an inhibition constant of 248.28 uM. The interaction was stabilized by two hydrogen
bonds each with ASP500 and GLU510, as well as hydrophobic interactions with LEU530 and HIS511. While
the binding affinity is lower compared to tubulin, the interaction with DNA topoisomerase I could still impair
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Macromolecule Free energy of binding (kcal/mol) | Inhibition constant (Ki) | Hydrogen bond interactions | Hydrophobic interactions
Tubulin alpha-1B chain -6.81 10.16 uM GLU71 (x2) -

. . GLU181 (x2) CYS12
Tubulin beta chain -6.83 9.9 uM TYR222 TYR222 (x2)
DNA topoisomerase I —492 248.28 yM éi%?loo((xx 22)) hpigssﬁo((ff))

ALA46
DNA topoisomerase T -4.90 254.86 M Pt ((XX 32)) LEU616
HIS759
ALA301
Glutamate-1-semialdehyde aminotransferase 3 | —4.57 444.65 yM GLU123 (x2) ALA301
THR303
VAL14 (x2)
ALAS88
GLY15 VAL223 (x2)
Protochlorophyllide reductase -4.56 457.29 yM LEU228 (x3)
ASNB6 (x2)
LYS193
LEU139
PHE229

Table 5. Binding affinities and interaction profiles of prometryn with selected macromolecules.
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Fig. 3. The molecular interactions of prometryn with selected macromolecules (a: tubulin alpha 1B chain,
b: tubulin beta chain, ¢: DNA topoisomerase I, d: DNA topoisomerase II, e: glutamate-1-semialdehyde
aminotransferase, f: protochlorophyllide reductase).

its function, potentially leading to DNA damage due to the enzyme’s role in relieving torsional stress during
DNA replication and transcription. The binding affinity of prometryn to DNA topoisomerase II was similar to
that of topoisomerase I (—4.90 kcal/mol), with an inhibition constant of 254.86 puM. The interaction involved
three hydrogen bonds with ASP541 and two with GLU461, along with hydrophobic interactions with ALA46,
LEU616, and HIS759. These interactions suggest that prometryn may bind to the active site or a regulatory
region of topoisomerase II, potentially inhibiting its function.

Prometryn exhibited a relatively lower binding affinity to glutamate-1-semialdehyde aminotransferase with

an inhibition constant of 444.65 uM. The interaction involved hydrogen bonds with ALA301, GLU123 (x2),

Scientific Reports |

(2026) 16:1887

| https://doi.org/10.1038/s41598-025-33722-z

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

and THR303, as well as a hydrophobic interaction with ALA301. This enzyme plays a crucial role in chlorophyll
biosynthesis, and its inhibition by prometryn could explain the observed reduction in chlorophyll content in the
study. The binding, although weaker compared to other targets, may still be sufficient to disrupt the function of
the enzyme, leading to disruption of amino acid metabolism and chlorophyll production.

The binding affinity of prometryn to protochlorophyllide reductase was similar to that of glutamate-1-
semialdehyde aminotransferase, with an inhibition constant of 457.29 uM. The interaction involved hydrogen
bonds with GLY15 and ASN86 (x2), along with extensive hydrophobic interactions with multiple residues
(VAL14, ALAS88, VAL223, LEU228, LYS193, LEU139, PHE229). This enzyme is also involved in chlorophyll
biosynthesis, and its inhibition by prometryn could further contribute to the observed reduction in chlorophyll
content. The extensive hydrophobic interactions suggest that prometryn binds deeply within the active site,
potentially causing significant functional disruption.

The molecular docking results provide strong evidence that prometryn interacts with multiple
macromolecules involved in critical cellular processes, including microtubule dynamics (tubulin), DNA
integrity (topoisomerases), and chlorophyll biosynthesis (glutamate-1-semialdehyde aminotransferase and
protochlorophyllide reductase). The high binding affinities to tubulin, in particular, align well with your
experimental observations of chromosomal abnormalities and mitotic disruptions. Similarly, the interactions
with chlorophyll biosynthesis enzymes support the observed decrease in chlorophyll content. These findings
collectively suggest that prometryn exerts its toxic effects through multiple mechanisms, disrupting both
structural and metabolic processes. Results of our study align with Cakir et al.?® reported that prometryn binds
strongly to tubulin and DNA topoisomerases, disrupting mitotic spindle formation and genomic stability in
A. cepa. These findings broaden the mechanistic understanding of Prometryn toxicity by linking its genotoxic
effects with interference in photosynthetic metabolism.

Medicinal plants, which contain a wide variety of secondary metabolites, are generous gifts of nature. A
notable component of secondary metabolites is phenolic compounds, which are distinguished by the presence of
aphenol ring in their molecular structure®®. The accumulation of phenolic chemicals in plant tissues is considered
an adaptive response of the plant to biotic and abiotic stressors®®. The efficacy of phenolic compounds can be
attributed to their inherent antibacterial properties, antioxidant activities, particularly the capacity to neutralize
ROS, and their ability to reinforce cellular barrier function and stimulate defense gene activation”’. According
to the phenolic profile determined by LC/MS-MS, the phenolic compounds found in LSE were rosmarinic acid,
caffeic acid, p-coumaric acid, protocatechualdehyde, sesamol, 4-hydroxybenzoic acid, salicylic acid, vanillin,
gentisic acid, taxifolin, quercetin, rutin, naringenin, and syringaldehyde, from most to least (Table 6 and Fig. 4).
Although the phenolic contents of LSE have been previously revealed by various studies, factors such as the
extraction method, the solvent utilized, the geographical region in which the plant is cultivated, and the age of
the plant have caused changes in the results obtained”. In this study, growth retardation (Table 1), genotoxicity
(Table 2), oxidative stress (Table 3), and meristematic tissue damage (Table 4) were alleviated, and pigment
content (Table 3) was increased in the PMTLSE-I and PMTLSE-II groups exposed to LSE mixed with Prometryn
compared to the PMT group exposed to prometryn alone. As the dose of LSE in the mixture increased, the
therapeutic effect also increased. In this study, the protective activity of LSE against the pesticide prometryn in
A. cepa was demonstrated for the first time. However, Tayarani-Najaran et al.*® demonstrated that pretreatment
with phenolic-rich LSE led to a reduction in 6-hydroxydopamine-induced free radical formation and an
enhancement in cell viability. In addition, the protective potential of various plant extracts against pesticide-
induced multiple toxicity in A. cepa has been previously *>72. The most prevalent phenolic compound present
in LSE was identified as rosmarinic acid, a finding that aligns with the observations reported in the study by
Karan”3. Zhang et al.” proved that rosmarinic acid promoted SOD and CAT activity in kidney and liver tissues
of aging mice and reduced MDA formation, contributing to membrane integrity. In addition, rosmarinic acid
was shown to reduce ethanol-induced DNA damage in mice by Comet assay’”. Furthermore, Arikan et al.”®
reported that rosmarinic acid contributes to the maintenance of photosynthetic efficiency by reducing radical
accumulation and protecting the photosynthetic apparatus in Arabidopsis thaliana exposed to heat stress. Caffeic
acid, one of the most abundant phenolic compounds in LSE (Table 6), has been reported to reduce DNA damage
caused by oxidative stress by chelating intracellular iron””. In addition, according to the study of Sevgi et al.”
rosmarinic acid and caffeic acid found in remarkable amounts in LSE, were strong protectors for DNA against
the toxic and mutagenic effects of hydrogen peroxide and UV. The antioxidant property of p-coumaric acid has
been associated with the presence of a phenyl hydroxyl group that allows it to donate hydrogen or electrons”. It
has also been stated that the antioxidant and anticancer properties of p-coumaric acid and caffeic acid depend
on prooxidant-antioxidant equilibria in the presence of reduced glutathione®’. Mehmood et al.3! showed that
caffeic acid increased growth, antioxidant enzyme activities, mineral and water content, and decreased lipid
peroxidation and hydrogen peroxide accumulation in T. gestivim under salt stress. Protocatechualdehyde, which
was abundant in LSE (Table 6), has been suggested to be effective in alleviating chromium-induced oxidative
stress by quenching ROS and free nitrogen species, preventing DNA and apoptosis, and affecting enzymes and
proteins in membranes®?. Kumar et al.®> demonstrated that sesamol, which was found to be ranked fifth in
terms of abundance in LSE (Table 6), led to a reduction in the frequency of radiation-induced total CAs and
MNs and Comet tail DNA % in mice. Phenolic compounds in the composition of LSE applied to A. cepa from
the root medium were effective in protecting the photosynthetic pigments in the leaves of the plant. In support
of these findings, Nehela et al.** demonstrated that benzoic acid and protocatechuic acid enhanced growth and
chlorophyll a and chlorophyll b content while also contributing to the regulation of ROS homeostasis in response
to toxicity caused by Alternaria solani in tomato. Salicylic acid is considered to be a significant contributor to the
protection of A. cepa against the toxicity of prometryn (Table 6). Indeed, according to Fatma et al.3, exogenously
applied salicylic acid reduced oxidative stress and increased photosynthetic pigment content in Vigna radiata
subjected to pesticide stress.
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Phenolic compound | C (ng g* plant material)
Rosmarinic acid 1003.326
Caffeic acid 69.096
P-Coumaric acid 46.175
Protocatechualdehyde | 33.619
Sesamol 23.956
4-Hydroxybenzoic acid | 12.128
Salicylic acid 11.251
Vanillin 9.899
Gentisic acid 8.684
Taxifolin 6.303
Quercetin 5.758
Rutin 1.025
Naringenin 0.465
Syringaldehyde 0.440
Pyrogallol NM
Gallic acid NM
Protocatechuic acid NM
Catechin NM
Epicatechin NM
Syringic acid NM
Sinapic acid NM
Ferulic acid NM
Oleuropein NM
Resveratrol NM
Ellagic acid NM
Cinnamic acid NM
Kaempferol NM
Galangin NM
Flavone NM

Table 6. Phenolic compound profile of L. stoechas detected by LC/MS-MS. NM: Not measured.

The results of this study clearly show that LSE improves A. cepa’s tolerance to prometryn-induced toxicity. LSE
appears to has an important role in protecting cellular function under oxidative stress caused by the prometryn.
This protection likely results from its ability to enhance ROS scavenging and stabilize cell membranes. The
extract may also contribute to DNA repair and cell-cycle regulation, complementing its antioxidant role. These
observations agree with previous work reporting that essential oils from L. stoechas reduce genotoxicity and
strengthen antioxidant systems in organisms exposed to pesticides 3657,

The protective activity of LSE stems from its high content of phenolic acids and other bioactive molecules
with metal-chelating and radical-scavenging abilities. By rapidly neutralizing superoxide and hydroxyl radicals,
these compounds prevent lipid peroxidation and protect photosynthetic pigments. Studies with lavender extracts
have shown similar effects, reduced pesticide-induced oxidative injury and enhanced enzymatic antioxidants®.
Comparable mechanisms likely help A. cepa maintain genomic stability, protect spindle and chromosomal
structures, and sustain ROS balance. Altogether, this study offers the first experimental evidence that LSE
enhances plant resistance to prometryn toxicity by reducing oxidative and genotoxic stress while reinforcing
intrinsic antioxidant defenses and preserving genomic integrity.

Conclusion

The present study offers information about the potential role of LSE in enhancing the tolerance of A. cepa to
prometryn-induced toxicity under laboratory conditions. In line with prior research on herbicide toxicity,
elevated doses of prometryn elicited acute phytotoxic, oxidative, and genotoxic effects in A. cepa. In contrast,
LSE exhibited a dose-dependent protective effect, which may be attributed to its diverse and rich phytochemical
composition capable of mitigating oxidative damage and improving cellular resilience. While earlier reports
have described toxic and genotoxic outcomes of LSE at high concentrations, the present findings suggest that
moderate and optimized low doses may exert beneficial, rather than deleterious, effects. Overall, these results
indicate the potential applicability of LSE as a bioprotective agent against pesticide-induced stress. However,
the findings are limited to short-term laboratory conditions using A. cepa, and further in vivo and field-based
studies are needed to identify the specific phytochemicals responsible for these effects and to verify their efficacy
in different organisms and environments.
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Fig. 4. LC/MS chromatogram of L. stoechas.
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