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The objective of this study was to assess the toxicity of the insecticide esfenvalerate in Allium cepa,
employing a multifaceted methodology. For this purpose, A. cepa bulbs were organized into four
groups, one of which served as the control. The control group was exposed to tap water, while the
remaining three groups were exposed to esfenvalerate at concentrations of 0.33 mg/L, 0.64 mg/L and
0.98 mg/L, respectively. The application of the highest dose of 0.98 mg/L esfenvalerate resulted in a
significant decrease in physiological parameters, including a 51% reduction in rooting percentage, an
85.3% decrease in root elongation, and a 54.3% decrease in weight gain (p<0.05). In the esfenvalerate-
treated group (0.98 mg/L), a 45.7% decrease in mitotic index was observed, while a significant increase
in chromosomal aberrations and micronucleus formation was observed compared to the control

group (p<0.05). The most frequently observed chromosomal abnormalities due to esfenvalerate were
sticky chromosome, vagrant chromosome, fragment, unequal distribution of chromatin, bridge,
vacuolated nucleus, reverse polarization and multipolar anaphase. Insecticide application could
significantly increase the percentage of DNA tails up to 48.3%, as determined by the Comet test
(p<0.05). Exposure to 0.98 mg/L esfenvalerate increased malondialdehyde level (2.75-fold), proline
level (1.96-fold), superoxide dismutase activity (1.35-fold), and catalase activity (1.69-fold) while
reducing chlorophyll a level (58.18%) and chlorophyll b level (70.35%) (p < 0.05). Molecular docking
analysis revealed that esfenvalerate can interact with tubulins, DNA topoisomerases, glutamate-1-
semialdehyde aminotransferase, protochlorophyllide reductase and DNA molecules. Epidermis and
cortex cell damages, cortex cell wall thickening, material accumulation in cortex cells and flattened
cell nucleus were recorded as meristematic cell damages due to esfenvalerate. The toxicological profile
of esfenvalerate on A. cepa exhibited dose dependence. While esfenvalerate-induced oxidative stress
is the most probable cause of toxicity, direct interaction with DNA and other molecules that play a
crucial role in maintaining cell integrity may also be among the mechanisms of toxicity. The study’s
findings emphasize that esfenvalerate poses a risk to non-target organisms, underscoring the need for
areassessment of its regulations and further research into its toxicity.
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The term ‘ecosysten’ is defined as a complex system comprising biotic and abiotic components that interact
to form a dynamic circle of life. Biotic elements include flora, fauna and other living organisms, while abiotic
factors encompass environmental conditions and other non-living elements!. The widespread and improper
use of pesticides in agricultural practices has emerged as an important contributor to chemical pollution of the
entire ecosystem?.

Synthetic pyrethroids represent over 30% of insecticides employed in pesticide applications due to their
photostable, high insecticidal activity, broad spectrum, and low toxicity to mammals, birds, and plants®. The
synthesis of pyrethroids, which are considered highly effective contact pesticides, was achieved by modifying
the properties of pyrethrin, a natural insecticide derived from the flowers of Pyrethrum species?. This class
of insecticides bind to the sodium channel, thereby paralyzing insects. Another mechanism of action is the
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alteration of the membrane potential in nerve cells, which results in hyperexcitability with abnormal stability®.
The contamination of the environment by synthetic pyrethroids may result from the application of these
chemicals via airborne and ground-based methods, as well as from agricultural and urban runoff®.

Esfenvalerate  [(S)-Cyano(3-phenoxyphenyl)methyl  (2S)-2-(4-chlorophenyl)-3-methylbutanoate], a
pyrethroid insecticide that is widely utilized in agricultural, housing and public health protection applications,
is the most active enantiomer of fenvalerate’. The action of esfenvalerate has the capacity to induce alterations
in the transmission of impulses along the axons of nerve cells. This process is achieved by the inactivation of
sodium and calcium channels within the membranes of nerves®. The efficacy of the compound in living cells is
attributable to its rapid incorporation into biological membranes and tissues, a process facilitated by its lipophilic
nature®. Despite the efficacy of esfenvalerate on insect infestations caused by cockroaches, flies, and locusts, as
well as other insect species, its toxicological impact on non-target species is a major concern®. Indeed, the non-
target earthworm Eisenia fetida was found to be four times more susceptible to the toxic effects of esfenvalerate
than fenvalerate, particularly through the induction of oxidative stress’. In Melanotaenia fluviatilis, another
unintentional model organism, a linear relationship was identified between esfenvalerate exposure duration and
acute toxicity'®. Furthermore, the genotoxicity of esfenvalerate was evidenced by the occurrence of DNA damage
and chromosomal abnormalities in albino rats?.

Plant models are frequently employed in toxicity studies to monitor physiological and anatomical
abnormalities, DNA damage, chromosomal aberrations and imbalances in oxidative stress parameters, due to the
presence of pollutants such as pesticides!"!2. The World Health Organization, the United States Environmental
Protection Agency, and the United Nations Environment Programme have all authorized the use of Allium
cepa as a model plant in bioassays. This plant is an optimal subject for cytogenetic studies due to its rapid
proliferation in root meristem cells, the presence of large chromosomes (2n = 16) that facilitate the detection of
abnormalities, and the fact that no ethical approval is required'®. The high correlation of the Allium test with
mammalian toxicity test systems should also be considered'. In recent years, molecular docking studies have
gained widespread acceptance as a tool for predicting the molecular mechanisms of cytotoxicity and genotoxicity
revealed by the Allium test'”. This in silico approach enables the assessment of potential interactions between the
tested chemical and biological molecules'.

Although esfenvalerate is a hazardous pesticide widely used today, there are not enough studies investigating
its toxic effects on non-target species, including humans. The absence of data hinders the capacity to estimate
the impact on human health and the environment, as well as obstructing effective planning for application in
agriculture.

In order to close this significant knowledge gap, there was a need to investigate the extent and mechanism
of the toxic effect of esfenvalerate on non-target organisms using a recognized model and a widely cultivated
agricultural plant (A. cepa).The goal of this study was to examine the potential toxicity of esfenvalerate insecticide
in A. cepa from a variety of perspectives. For this purpose, physiological (rooting percentage, root elongation,
weight gain) and biochemical changes [superoxide dismutase (SOD) and catalase (CAT) enzyme activities,
proline, malondialdehyde (MDA) and chlorophyll contents] and genotoxic changes [mitotic index (MI), Comet
test-DNA tail percentage, micronucleus (MN) formation and chromosomal aberration (CAs) frequencies] that
may be induced by esfenvalerate exposure were investigated. The effects of esfenvalerate on meristematic tissue
were investigated through the microscopic examination of sections taken from the root tips. Molecular docking
analysis was performed to predict the interactions of esfenvalerate molecule with tubulins, DNA topoisomerases,
glutamate-1-semialdehyde aminotransferase, protochlorophyllide reductase and DNA molecules.

Materials and methods

Materials

Allium cepa bulbs utilized as test organisms for this study were procured from a local grocery store in Giresun,
Turkey. The esfenvalerate chemical substance with the CAS Registry Number 66230-04-4 was obtained from
Sigma-Aldrich Corporation (Merck KGaA, Darmstadt, Germany). The chemicals utilized in the experimental
process were categorized as analytical-grade.

Experimental procedure

Bulbs of similar size and health condition were selected to ensure the most accurate comparison. The dosage of
esfenvalerate was determined on the basis of the residue doses observed in plants!’. In order to determine the
toxicity of esfenvalerate on A. cepa, a series of treatments containing 0 mg/L (control) esfenvalerate, 0.33 mg/L
esfenvalerate (ESF 1), 0.64 mg/L esfenvalerate (ESF 2) and 0.98 mg/L esfenvalerate (ESF 3) were applied to four
groups of fifty bulbs each. During the preparation of all solutions, tap water was used to mimic field conditions
and to minimize the osmotic pressure difference. For each experimental group, fifty bulbs were placed in glass
beakers, with their disc-stem touching the relevant solution. The bulbs were rooted for a total of three days in an
environment that was completely dark, with a constant temperature of 23 + 1 °C, and the solutions were refreshed
on a daily basis. The same conditions were maintained over six days to estimate chlorophyll pigments's.

Analysis of alterations in growth

At the end of the third day of treatments, the length adventitious roots of the harvested bulbs were measured
with an electronic caliper. Bulbs with root length exceeding 10 mm were considered rooted to compute rooting
percentage. The difference between the weights of the onions before and after the treatment was determined by
precision scale.
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Analysis of alterations in genotoxicity indicators

In order to evaluate the cytotoxic impact of esfenvalerate, the alterations in mitotic index (MI), chromosomal
aberrations (CAs) and micronucleus (MN) frequencies in the root tips of A. cepa were monitored using the
method of Staykova et al.! For this purpose, root tip preparations were prepared and analyzed in detail.
Roots of harvested onions were gently rinsed with distilled water and 1-2 cm segments were fixed in Clarke’s
solution (glacial acetic acid/ethanol=3:1) and washed once more with distilled water. The fixed root tips were
then hydrolyzed in 1 N HCl at 60 °C for 13 min. Following hydrolysis, another wash with distilled water was
performed and then the samples were stained with acetocarmine (1%) for 24 h. At the end of the staining process,
preparations were prepared by the routine pumpkin preparation procedure and examined by microscope (IM-
450, IRMECO) with the help of a drop of 45% acetic acid solution. The method of diagnosing the MN by
differentiating it from the nucleus was based on the criteria proposed by Fenech et al.?® According to these
criteria, the diameter of the MN should be 1/3 of the diameter of the main nucleus, both formations should be
stained in the same way, and the MN should be separated from the main nucleus by a clear border. A total of
1,000 cells were analyzed for each group to evaluate the frequency of MN and CA. MI value for each group was
determined by counting a total of 10,000 cells and using Eq. (1).

MI% = Number of cells with visible chromosomes/Total number of cells x 100 (1)

Comet Assay

The comet analysis methodology®! was also employed to determine the extent of damage caused by the
Esfenvalerate pesticide to the genetic material of A. cepa. To obtain the required nuclear suspension for the
Comet Assay, root tip samples were gently crushed in 400 mM Tris-buffer in an ice bath. A volume of 40 pL of
nuclear suspension was added to each group, together with an equal volume of 1% low melting point agarose
(LMPA) on slides pre-coated with normal melting point agarose (NMPA). Samples were placed in a horizontal
gel electrophoresis tank containing 1 mM Na,EDTA and 300 mM NaOH (pH > 13), left for 15 min and then run
at4°Cand 0.7 V/cm (20 V and 300 mA) for 20 min. After electrophoresis, the slides were stained with ethidium
bromide for five min. The stained slides were then treated with tris-buffer to facilitate photography using
fluorescence microscopy. The DNA ratios (%) of the head and tail sections of the comets were determined using
CometScore 2.0.0.38 software (Tritek Corp., Sumerduck, VA, USA). In line with the quantitative classification
proposed by Pereira et al.?2, the tail DNA percentages obtained from the software were evaluated as follows:
a value of <5% represents no or minor damage, 5-20% represents low damage, 20-40% represents moderate
damage, 40-75% represents high damage, and a value of 75% is represents severe damage. Moreover, the degree
of DNA damage observed in the comet images was assessed in accordance with the visual scale proposed by
Jayawardena et al.?.

Analysis of alterations in biochemical indicators

The biochemical analyses were carried out in triplicate to allow for statistical evaluation. Chlorophyll content
analyses were carried out on leaves harvested at the end of the sixth day, while all other analyses were carried out
on roots harvested at the end of the third day. To determine chlorophyll a and b contents, 0.1 g of leaves were
crushed in 2.5 mL acetone (80%) and incubated in the dark for one week. After the mixture was filtered, 2.5 mL
acetone (80%) was added and mixed thoroughly. The resulting 5 mL solution was then centrifuged at 3000 rpm
and the absorbance of the supernatant was measured spectrophotometrically at both 645 nm and 663 nm. To

calculate chlorophyll contents, the formulas (Eqs. 2 and 3) suggested by Witham et al.>* were applied:
Chlorophyll a = (12.7 x A663 — 2.69 x A645) x (V/1000 x W) (2)
Chlorophyll b = (22.9 x A645 — 4.68 x A663) x (V/1000 x W) (3)

A663: absorbance value of the supernatant at 663 nm, A645: absorbance value of the supernatant at 663, V: final
volume (mL) and W: weight of fresh leaf (g).

In order to analyze the concentration of proline in A. cepa root tissue, a sample of 0.25 g of root tissue was
homogenized with 5 mL of aqueous sulfosalicylic acid (3%)?°. Following filtration of the homogenate, the filtrate
was combined with equal volumes of acid-ninhydrin and glacial acetic acid. The resulting mixture was allowed
to react in a hot water bath at 100 °C for one hour. After the reaction was terminated by cooling the mixture
in an ice bath for two minutes, 2 mL toluene was added to the mixture and vortex mixed. The supernatant was
then collected and the absorbance was determined using a spectrophotometer at a wavelength of 520 nm, in
comparison to a control sample of pure toluene. Equation (4) and a standard curve were used to quantify the
proline concentration of fresh weight of samples (FW).

pmoles proline per g of fresh weight = [(/Lg proline mL™" x mL toluene)] / [115.5/1,g pmole ™"/ (g sample) /5} (4)

The accumulation of lipid peroxidation MDA caused by esfenvalarate-induced oxidative stress was determined
by the method proposed by Unyayar et al.?6. A 0.5 g sample of A. cepa root was homogenized with 1 mL of
trichloroacetic acid (TCA) (5%) and the obtained homogenate was further processed by centrifugation at
12,000 rpm for 15 min. The supernatant was combined with equal volumes of 20% TCA and 0.5% thiobarbituric
acid, and then incubated at 100 °C for 20 min in a hot water bath. The reaction in the mixture was terminated
by placing the tubes in an ice bath, subsequently the mixture was centrifuged at 10,000 rpm for 5 min. The
absorbance of the mixture was then measured using spectrophotometry at 532 nm.
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The determination of SOD and CAT enzyme activities was conducted using the methodology described by
Zou et al.”. In accordance with this procedure, 1 g of fresh root tip was mechanically homogenized with 10 mL
of monosodium phosphate buffer (50 mM/pH 7.8). The enzyme rich supernatant was obtained by centrifuging
the homogenate at 10,000 rpm for 25 min and was utilized for subsequent analyses.

The measurement of SOD enzyme activity was conducted by combining 0.01 mL of the enzyme extract with
a total of 3 ml of reaction mixture, comprising monosodium phosphate buffer, hydrogen peroxide (H,O,) and
distilled water?®. To initiate the reaction, the mixture was placed in transparent glass tubes in front of a 30 W
fluorescent lamps for 10 min. Following this, the mixture was kept in the dark to terminate the reaction. The
absorbance of the mixture was then measured at 560 nm using a spectrophotometer.

The activity of CAT enzymes was determined on the principle of Beers and Sizer?’, in which 0.2 ml
of enzyme extract was combined with a total of 2.8 ml of a reaction mixture containing hydrogen peroxide
(H,0,), monosodium phosphate buffer and distilled water. The activity of the CAT enzyme was determined
by spectrophotometric monitoring of the decrease in absorbance at 240 nm, resulting from the enzymatic
degradation of H,O.,.

Observations of alterations in root meristem tissue

In order to assess esfenvalerate-induced changes in root meristem tissue, A. cepa roots collected at the end of the
third day were thoroughly washed and transverse sections were taken using a sharp razor blade. Sections were
stained with 1% methylene blue and examined and photographed using an Irmeco, IM-450 T1.

Molecular docking analysis

In order to gain insight into the potential interactions of esfenvalerate pesticide with a range of biological
macromolecules, a molecular docking analysis was conducted. This involved the examination of the binding
potential between the pesticide and a number of important molecules, including tubulins, DNA topoisomerases,
glutamate-1-semialdehyde aminotransferase, and protochlorophyllide reductase. Additionally, the analysis
encompassed the interaction between the pesticide and different type of DNA molecules. The following 3D
structures were retrieved from the protein data bank: tubulin (alpha-1B chain and tubulin beta chain) (PDB
ID: 6RZB)*, DNA topoisomerase I (PDB ID:1K4T) and II (PDB ID:5GWK)3!32, glutamate-1-semialdehyde
aminotransferase (PDB ID:2ZSL)*, protochlorophyllide reductase (PDB ID:6R48)** and B-DNA dodecamer
(PDB ID: 1bna)**, B-DNA dodecamer d (PDB ID: 195d)*® and DNA (PDB ID: 1cp8)*. The 3D structures
of the esfenvalerate pesticide, identified with the PubChem CID number 10342051, was obtained from the
PubChem database. In order to optimize the molecular docking process, the active sites of the proteins were first
identified, after which the water molecules and ligands were removed and polar hydrogen atoms were added. The
minimization of protein energy was conducted utilizing the Gromos 43B1 method with the Swiss-PdbViewer
software®® (version 4.1.0). The minimization of the 3D structure of esfenvalerate was achieved through the
application of the uff-force field, employing the Open Babel software (version 2.4.0)*. The receptor molecules
were assigned Kollman charges, and esfenvalerate was allocated Gasteiger charges. In order to conduct the
molecular docking analysis, a grid box was constructed, incorporating the active sites of the proteins under
investigation and the overall structure of the DNA molecules. Subsequently, docking was undertaken using
Autodock 4.2.6 molecular modelling software?, which employs a Lamarckian genetic algorithm. In all studied
complexes, the lowest binding affinity and lowest root mean square deviation (RMSD) were selected as the ideal
docking position, and the upper and lower limits of the RMSD values were taken as zero. Biovia Discovery
Studio 2020 Client was used to do the docking analysis and 3D visualizations.

Statistical analysis

Kolmogorov-Smirnov and Shapiro-Wilk anomaly tests were used to evaluate the normality of the data of the
four experimental groups. The results revealed that the data showed normal distribution (p>0.05). IBM SPSS
Statistics 23 statistical analysis program was used to analyze the findings of the study. The results are presented
as means with standard deviations (mean+SD). The statistical significance of the data between each group
was analyzed using one-way ANOVA and post hoc multiple comparisons (Duncan tests), with a statistical
significance of p <0.05.

Experimental research on plants
Experimental research and field studies on plants and plant parts (A. cepa bulbs), including the collection of
plant material, comply with relevant institutional, national, and international guidelines and legislation.

Results and discussion
Table 1 provides a summary of the impact of esfenvalerate treatment on growth-related physiological parameters
in A. cepa. The emergence of roots was observed in all bulbs (100%) within the control group that had been
treated with tap water. In contrast, an increase in the dosage of esfenvalerate was followed by a reduction in the
rooting percentage. Indeed, in the ESF 3 group treated with 0.98 mg/L esfenvalerate, the percentage of rooting
decreased to 49%. Additionally, the application of esfenvalerate resulted in a notable reduction in root elongation
and weight gain in all experimental groups, when compared to the control group. The growth retardation induced
by esfenvalerate was observed to exhibit a dose-dependent behavior in response to the test chemical. The root
elongation and weight gain in the ESF 3 group were found to have decreased by 85.3% and 84.3%, respectively,
in comparison to the control group.

Based on the effect of esfenvalerate on root length, the EC,  value was determined as 0.59 mg/L esfenvalerate.
The root system is more susceptible to environmental toxicity in the root zone than the stem and leaves. The
accumulation of pyrethroids in plant roots is greater than that observed in the other parts*!. Therefore, the
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Groups | Rooting percentage (%) (n=50) | Root elongation (cm) (n=50) | Weight gain (g) (n=50)
Control | 100 7.40+0.42° +8.90°
ESF1 |77 5.83+0.38" +6.00°
ESF 2 64 3.20+0.31¢ +3.80°¢
ESF3 |49 1.09£0.25¢ +1.40¢

Table 1. The physiological alterations induced by esfenvalerate administration. Control: Tap water, ESF 1:

0.33 mg/L esfenvalerate, ESF 2: 0.64 mg/L esfenvalerate, ESF 3: 0.98 mg/L esfenvalerate. The data are presented
as mean + standard deviation. Effect sizes for all groups were large (d>0.8). A total of fifty bulbs were examined
to determine rooting percentage, while ten bulbs were examined to determine root length and weight gain.
Different letters (*-4) in the same column indicate statistical significance between means at p <0.05.

Abnormalities | Control (n=10) | ESF1 (n=10) | ESF2 (n=10) | ESF 3 (n=10)
MI 843+24.1% 774+19.1° 668+27.8° 458+25.24
MN 0.60+0.70¢ 15.0+2.00¢ 3504327 | 73.0+3.41°
STC 0.30+0.48¢ 12.1£2.02¢ 33.0+3.23° 68.7 £4.50*
VAC 0.00+0.00¢ 10.2+1.87¢ 31.1+3.07° 59.6+4.25%
FRG 0.000.00¢ 9.60+1.84¢ 28.8+2.86" [51.0+221°
UDC 0.20+0.424 8.70+1.34¢ 22.7+2.00° 42342212
BRG 0.10+0.324 7.00+1.49° 17.6+1.71° | 359+2.38
VCN 0.000.00¢ 6.10+1.37¢ 129+1.73> | 29.9+1.45
RVP 0.000.00¢ 5.30+0.95° 9.50+1.43> | 22.44232°
MPA 0.00+0.00¢ 4.10+1.10° 8.40+1.17 13.6+1.84°

Table 2. Esfenvalerate-promoted genotoxicity. Control: Tap water, ESF 1: 0.33 mg/L esfenvalerate, ESF 2:

0.64 mg/L esfenvalerate, ESF 3: 0.98 mg/L esfenvalerate. The data are presented as mean + standard deviation
(n=10). Effect sizes for all groups were large (d>0.8). Different letters (*9) in the same line indicate statistical
significance between means at p <0.05. MI mitotic index, MN micronucleus, STC sticky chromosome, VAC
vagrant chromosome, FRG fragment, UDC unequal distribution of chromatin, BRG bridge, VCN vacuolated
nucleus, RVP reverse polarization, MPA multipolar anaphase.

assessment of root development and growth represents a crucial step in the verification of a plant’s ability to
establish and flourish®2. In recent years, numerous studies have examined the toxicity of pesticides in A. cepa
by investigating the inhibitory effect on root growth*>~*°. The pyrethroid pesticide cypermethrin has also been
shown to suppress weight gain in A. cepa bulbs*®. Nevertheless, this study represents the first evidence that
esfenvalerate induces growth retardation in A. cepa. Seed germination tests have been shown to evaluate soil
toxicity directly, whereas root elongation tests take into account the indirect effects of potentially present water
components*!. The growth of plant roots is determined by the processes of cell proliferation and elongation
that occur during the development and differentiation of the root*. The inhibition of root development and
growth may be attributed to a limitation in the uptake of water, which is essential for cell division, or it may
be due to pesticide-induced oxidative stress. Furthermore, the chemical constituents of pesticides have been
demonstrated to impede growth by interfering with the genetic material, mitotic machinery and cell death
induction mechanisms*’. Zhang et al.*® proposed that fenvalerate may also exert its growth-inhibitory effects by
disrupting carbohydrate metabolism.

MI is a metric that makes it possible to estimate the frequency of cell division and certain percentages of
inhibition of mitotic activity point to the cytotoxicity phenomena in plants*’. The impact on MI is dependent
on the pesticide type, application dosage and the bioindicator plant species. In all cases, MI shows a decreasing
trend as the pesticide dosage rises*. In our study, the administration of esfenvalerate resulted in a reduction in
the MI values of A. cepa root tip cells (Table 2). The decline in MI was observed to become more pronounced
with an increase in the dosage of the pesticide applied. MI reduction in the ESF 1, ESF 2 and ESF 3 groups was
8.2%, 20.8% and 45.7%, respectively, compared to the control group. The considerable reduction in mitotic
activity also suggests the presence of genotoxic potential and a decline in MI to below 50% of the negative
control is regarded as sublethal®®!. In the present study, following esfenvalerate treatment, A. cepa root tip
cells showed a variety of chromosomal aberrations, including MN (Table 2; Fig. 1). The mean MN frequency
values for the ESF 1, ESF 2, and ESF 3 groups were 15.0, 35.0, and 73.0, respectively, when compared to the
control group (Table 2). MN (Fig. 1a) is one of the most basic indicators of genetic damage and may be a
symptom of clastogenic or aneugenic activity in chromosomes®2. These tiny bodies are made of DNA fragments
that are either wrongly cleaved or left unrepaired during cell division. As precursors of pesticide-induced
genotoxicity in plants, they reflect the ability of pesticides to induce oxidative stress, attack DNA and modify
DNA repair mechanisms*>>*. The chromosomal aberrations induced by esfenvalerate were ranked according
to their frequency of occurrence, as follows: sticky chromosome (Fig. 1b), vagrant chromosome (Fig. 1c¢),
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Fig. 1. Esfenvalerate-promoted chromosomal aberrations. MN (a), sticky chromosome (b), vagrant
chromosome (c), fragment (d), unequal distribution of chromatin (e), bridge (f), vacuolated nucleus (g),
reverse polarization (h), multipolar anaphase (i). Bar=10 pM.

fragment (Fig. 1d), unequal distribution of chromatin (Fig. le), bridge (Fig. 1f), vacuolated nucleus (Fig. 1g),
reverse polarization (Fig. 1h), and multipolar anaphase (Fig. 1i). While all CA types appeared following the
lowest application dose of 0.33 mg/L esfenvalerate, maximum values were reached in the ESF 3 group, where
0.98 mg/L esfenvalerate was applied (Table 2). Stickiness may be caused by partial dissolution of nucleoproteins,
chromosome condensation, unusual contraction, DNA depolymerization, excessive nucleoprotein formation,
or inter-chromosomal attachment of sub-chromatid strands that are combined by defective protein-protein
interactions. In light of the irreversible nature of this CA, it can be posited that esfenvalerate poses a risk of death
for A. cepa cells. A vagrant chromosome is a spindle thread defect that arises when a chromosome relocates to a
poleward position in advance of its own set of chromosomes. This phenomenon leads to an unequal distribution
of chromosomes in daughter cells®. The occurrence of chromosomal fragments can be attributed to the rupture
of double-stranded DNA or the obstruction of DNA replication. Such fragmentation can subsequently lead to
the formation of MN®¢, unbalanced chromosome arrangements and unequal distribution of chromatids®!. The
formation of bridges is attributed to a number of factors, including chromosome and/or chromatid breakage,
unequal chromatid translocation, and the presence of dicentric chromosomes®”. The non-disjunction of sticky
chromosomes also results in chromosomal bridges®*. Vacuolated nucleus represents vacuoles within the nucleus
that do not contain genetic material and such nuclear abnormalities have been linked to aneuploidy, which
may be another contributing factor in the development of MN8. The existence of multipolar anaphase may be
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Control

Parameters Control (n=10) | ESF1 (n=10) | ESF2 (n=10) | ESF 3 (n=10)
Head diameter (px) | 18.000 14.000 14.000 12.000

Head density 79.412 77.332 77.708 68.302

Head DNA (%) 96.1+1.37° 69.8+1.99" 56.1+1.45° 51.7+1.134
Tail length (px) 4.000 16.000 25.000 27.000

Tail density 3.260 33.530 60.801 63.903

Tail DNA (%) 3.90+1.37¢ 30.2+1.99¢ 43.9+1.45" 48.3+1.15%
Tail moment 0.157732 4.839 10.974 13.050

Table 3. Comet assay of DNA damage induced by esfenvalerate insecticide. Control: Tap water, ESF 1:

0.33 mg/L esfenvalerate, ESF 2: 0.64 mg/L esfenvalerate, ESF 3: 0.98 mg/L esfenvalerate. The data are presented
as mean + standard deviation (n=10). Effect sizes for all groups were large (d>0.8). Different letters (*-%) in
the same line indicate statistical significance between means at p <0.05. A total of 1,000 cells were analyzed for
each group to assess DNA damage. Significant values are in bold.

Undamaged Minor damage Major damage Major damage

Fig. 2. DNA damage induced by esfenvalerate insecticide. Control: Tap water, ESF 1: 0.33 mg/L esfenvalerate,
ESF 2: 0.64 mg/L esfenvalerate, ESF 3: 0.98 mg/L esfenvalerate. The visual severity of DNA damage was
determined by the ratio between tail and core diameter. No tail (undamaged), tail length less than or equal to
the core diameter (minor damage), tail length less than twice the core diameter (medium damage), tail length
equal to twice the core diameter (major damage), tail length more than twice the core diameter (maximum
damage).

a sign of spindle inactivation and cytokinesis suppression®. This is the first research to show that the pesticide
esfenvalerate is genotoxic for A. cepa. Nevertheless, in accordance with our findings, Abdel Rheim et al.2
previously demonstrated the esfenvalerate-induced formation of diverse CAs, including fragment, in rat bone
marrow cells. It was also demonstrated that exposure to esfenvalerate in grapes, bush beans, soybeans, pumpkins,
and cucumbers resulted in DNA modification due to oxidative stress, membrane lipid peroxidation, and DNA
adduct formation®. In addition, cypermethrin, lambdacyhalothrin and deltamethrin, which are among other
pyrethroid pesticides, have been proven to increase the frequency of MN and CAs while decreasing MI in A.
cepa, similar to our results®!. According to the reduction in MI observed following esfenvalerate administration
might also be a marker of growth inhibition (Table 1) associated with reduced cell proliferation. Surrallés et
al.®? proposed that pyrethroid pesticides have a cyclopropane ring with a methyl group, which leads to cytotoxic
effects. Furthermore, Chauhan et al.%> suggested that the greatest effect of these kind of pesticides is on mitotic
spindles. Abdel Rheim et al.?, the substances that harm lysosomes and cellular membranes cause lysosomal or
other DNAases to be released into the strand break. In cells that survive sublethal damage, these double strand
breaks may result in a number of genotoxic effects, including mutation and CAs. The formation of structural
CAs can be attributed to a number of factors, including the direct consequence of DNA damage, the replication
of a damaged DNA template, the restriction of DNA synthesis, and the inhibition of topoisomerase II>*. Other
potential causes of esfenvalerate-induced cytogenotoxicity in A. cepa may include inhibited DNA synthesis, an
interruption in the G2 phase of the cell cycle, CAs formation-related uncompleted cell cycles, and free radical
attack on genetic machinery.

Although CAs are indicative of a true genetic effect, the Comet test was employed to elucidate the direct
impact of the pesticide on DNA (Table 3). The Comet assay was initially developed in 1984 to detect the
migration of DNA fragments from nuclei to an anode under neutral conditions. However, subsequent research
showed that it was more sensitive, specific, and reproducible under alkaline conditions®*. Pesticides possess the
capacity to damage the structure of DNA in A. cepa L.%°. In the current version of the Comet assay, the DNA
exhibits free mobility and the unwinding of DNA supercoils allows the DNA loops extend from the nuclear core
under an electric field to create a comet-like tail. In a cellular level, this makes it possible to detect DNA single
or double strand breakages, cross-linked DNA and alkali-labile sites®*. Table 3 and Fig. 2 show the esfenvalerate-
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induced DNA damage detected by the Comet assay. In accordance with the classification proposed by Pereira et
al.?%, when DNA tail percentage (Table 3) was considered, minimal damage was observed in the control group,
while esfenvalerate treatment resulted in moderate’ damage in the ESF1 group and ‘high’ damage in the ESF2
and ESF3 groups. According to the visual scale proposed by Jayawardena et al.2}, when taking into account
the ratio of tail to core diameter, the control group was undamaged, whereas ‘minor’ damage was observed in
the ESF 1 group, and ‘major’ damage in the ESF 2 and the ESF 3 groups as a result of esfenvalerate application.
Therefore, the amount of DNA damage increases with tail length. Similarly, the migration distance is inversely
proportional to the size of the DNA fragment®. The comet assay results, which were consistent with the results
of other genotoxicity parameters (MI, MN and CAs) obtained from our study, showed that esfenvalerate
treatment caused direct damage to DNA of A. cepa in a dose-dependent manner. Our results are in agreement
with the study showing that esfenvalerate induced a significant increase in the percentage of tail DNA, tail length
and tail moment in the Comet assay in rat liver cells®. The comet assay also showed that fenvalerate, another
pyrethroid insecticide, caused DNA damage in Columba livia liver cells”’. Similarly, cypermethrin was found
to significantly increase the percentage of Comet tail DNA in root meristem cells of A. cepa?®. Ibrahim et al.®
reported that the insecticide esfenvalerate induced DNA damage and apoptosis via the activation of caspase-3
and DNA fragmentation in neonatal rats. During the mitochondrial pathway of apoptosis, cellular disintegration
is accelerated when cytochrome C is released because it activates caspase-9 and caspase-3. Esfenvalerate may
also induce apoptosis in response to DNA damage by increasing the expression of tumor suppressor proteins
such as p53%. DNA strand breakage can lead to loss of cell integrity and toxicity that can result in cell death. A
molecular pathway leading to pesticide-induced toxicity occurs due to free radical production. Reactive oxygen
species (ROS) attack membranes, initiating lipid peroxidation and forming oxidative lesions on DNA associated
with oxidized purines and pyrimidines®. Indeed, Ullah et al.*® posited that a direct relationship exists between
ROS, ROS-producing enzymes, and DNA damage. For instance, hydrogen peroxide is a radical that readily
penetrates membranes and reaches the nucleus, where it reacts with iron or copper ions to generate a hydroxyl
radical, which has the primary damaging function of destroying DNA%®70,

Table 4 summarizes the esfenvalerate-related biochemical alterations. Subsequent to their binding to
macromolecules, pesticides are subject to degradation through a series of physiochemical reactions, including
autolysis, rearrangement, inactivation, and photolysis. This process results in the regeneration ROS in the cells”!.
Pesticide-induced ROS production has been demonstrated to cause lipid peroxidation and inevitable triggering
or impairment of antioxidant defenses’?. Any imbalance between the production of ROS and the capacity of the
antioxidant defense system to actively detoxify and neutralize excess ROS is referred to as oxidative stress. This
process has the potential to cause extensive damage to cellular components, including membranes and genetic
materials’’. One of these damages is lipid peroxidation of biological membranes. MDA, a byproduct of
polyunsaturated fatty acid oxidation, often referred to as lipid peroxidation, is accumulated when ROS levels are
higher than the cell can withstand. It damages the integrity of membranes, making them permeable in a way that
interferes with cell functioning’®. SOD and CAT are two enzymes that are among the enzymatic components of
antioxidant defense and work as a harmonious team™®. The SOD enzyme catalyzes the dismutation of the
superoxide radical to hydrogen peroxide, while the CAT enzyme catalyzes the conversion of the hydrogen
peroxide radical to water and oxygen’. One of the non-enzymatic metabolites accumulated by plants under
stress is proline, which serves a number of functions. These include being an osmotic protector, part of the
soluble nitrogen pool, an indicator of senescence and a stress resistance signal’®. This molecule also functions as
a ROS scavenger and alters the solubility of proteins to avoid denaturation under stress’®””. All groups that
received esfenvalerate showed remarkable increases in MDA and proline levels as well as SOD and CAT enzyme
activities. The ESF 1, ESF 2 and ESF 3 groups had MDA concentrations 1.34, 1.88 and 2.75 times the control
group, respectively. In addition, proline levels of these three groups were 1.28, 1.55 and 1.96 times that of the
control group, respectively. MDA and proline levels rose with increasing pesticide doses. On the other hand,
SOD activities of the ESF 1, ESF 2 and ESF 3 groups were 1.22, 1.44 and 1.35 times that of the control group,
respectively. CAT activities of the ESF 1, ESF 2 and ESF 3 groups were 1.21, 2.01 and 1.69 times that of the control
group, respectively. Similar to SOD activity, CAT activity increased in the first two esfenvalerate-treated groups
(ESF 1 and EFS 2) and decreased slightly in the ESF 3 group exposed to the highest dose of pesticide. Although
SOD and CAT activity levels were significantly lower in the ESF 3 group than in the ESF 2 group, enzyme activity
levels were significantly higher in all esfenvalerate-treated groups than in the control group. This study presents
the first evidence that esfenvalerate elicits oxidative stress in A. cepa. Nevertheless, Hussein et al.”® demonstrated
that esfenvalerate induced oxidative stress-related MDA elevation and neurotoxicity in rats. In another study; it

Groups MDA (uM/g FW) | Proline (umol/g FW) | Chlorophyll a (mg/g FW) | Chlorophyll b (mg/g FW) | SOD (U/mg FW) | CAT (U/g FW)
Control (n=10) | 5.75+0.29¢ 18.0+£0.41¢ 17.0+0.28° 8.33+0.47° 52.7+0.49¢ 15.37+1.38¢
ESF1(n=10) |7.71+0.30¢ 23.0+0.38° 14.5+0.48" 6.13%0.50 64.1+0.38° 18.58+1.38¢
ESF2(n=10) |10.8+0.76" 27.940.39 10.4+0.53¢ 4.35+0.35° 76.1+0.44% 30.96+ 1.15°
ESE3 (n=10) |15.8+0.29* 35.3+0.37° 7.11+0.464 2.47+0.27¢ 71.0+0.38° 25.92+1.15°

Table 4. The biochemical alterations induced by esfenvalerate administration. Control: Tap water, ESF 1:

0.33 mg/L esfenvalerate, ESF 2: 0.64 mg/L esfenvalerate, ESF 3: 0.98 mg/L esfenvalerate. The data are presented
as mean + standard deviation (n=10). Effect sizes for all groups were large (d>0.8). Different letters (*-%) in the
same line indicate statistical significance between means at p <0.05. MDA malondialdehyde, SOD superoxide
dismutase, CAT catalase.
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was revealed that esfenvalerate exposure up-regulated SOD and CAT gene expressions in Cyprinus carpio®.
Interestingly, esfenvalerate induced an elevation in MDA levels and a drop in SOD and CAT activities in albino
rats””. This may be due to high-dose esfenvalerate exposure, which can completely impair SOD and CAT
mechanisms. Differences in cellular pesticide responses may be due to variations in uptake rates influenced by
detoxification, toxicity of metabolic intermediates and membrane composition in different organism. In
addition, Ye et al.” observed alterations in the activities of SOD, CAT and MDA in E. fetida following the
application of esfenvalerate. The authors concluded that CAT activity and MDA accumulation were more
sensitive biomarkers of oxidative stress induced by esfenvalerate than SOD activity. In the study of Bashir et al.”,
deltamethrin, a pyrethroid pesticide, induced a remarkable increment in both MDA and proline levels in Glycine
max. The study conducted by Ayhan et al.* revealed that the application of the synthetic pyrethroid insecticide
cypermethrin resulted in an increase in proline and MDA accumulation, as well as an enhancement in SOD and
CAT activities. According to El-Demerdash®, the oxidative damage caused by pyrethroids is due to their
lipophilic structure, which facilitates the easy penetration of these pesticides into the cell membrane, and these
pesticides can easily produce a large number of ROS, including superoxide radical. It has been demonstrated that
pyrethroids can induce mitochondrial dysfunction and enhance apoptotic pathways by altering the antioxidant
activities of enzymes such as SOD and CAT8!. Additionally, one of the consequences of severe oxidative damage
induced by pyrethroid pesticide stress is the loss of structural integrity in enzymes®’. The partial reduction of
SOD and CAT in the ESF 3 group in comparison to the other two groups treated with esfenvalerate (Table 4),
along with the other severe damage observed in this group (Tables 1, 2, 3), suggests that the applied dose may
pose a risk of detrimental harm to A. cepa. Indeed, the elevated levels of damage in the ESF 3 group may be
attributed to the heightened accumulation of H,O, within this group, which has been demonstrated to promote
lipid peroxidation and modulate DNA. In addition to lipid peroxidation, esfenvalerate can also disrupt normal
ion flux across membranes by binding to sodium (Na*) channels in the cell membrane, and thus increased Na*
accumulation in the cell can result in cell swelling. Loss of both membrane integrity and cellular ion balance
disrupts Ca?* homeostasis, affecting intracellular signaling pathways and leading to the development of novel
stress responses®”. All in all, oxidative stress and DNA damage are closely related®® and esfenvalerate is an
“oxidative stress trigger” for A. cepa. As the results of our study on genotoxicity may confirm, ROS, including
superoxide, hydrogen peroxide, and hydroxyl radicals, may play a role in various forms of DNA damage,
including single- and double-strand breaks, alkali-stable sites, and purine and pyrimidine oxidation®. It has
been reported that the protective mechanism of proline against pyrethroid pesticide exposure is not only
associated with the support of ROS detoxification, scavenging of free radicals and membrane stabilization, but
also with the biosynthesis of glutathione, which plays an important role in pesticide detoxification®*. The
alteration of photosynthetic pigments in plants is a commonly employed indicator for the evaluation of stress
conditions. The concentrations of chlorophyll a and chlorophyll b in the esfenvalerate-treated groups exhibited
a notable and dose-dependent decline (Table 4). The concentration of chlorophyll a in the ESF 1, ESF 2 and ESF
3 groups was observed to decrease by 14.71%, 38.82% and 58.18%, respectively, in comparison to the control
group. In a similar fashion, the quantity of chlorophyll b present in these groups was observed to diminish by
26.41%, 47.78% and 70.35%, respectively, when compared to the control group. Similar to our findings, Shakir
et al.8> demonstrated that high doses of alpha-cypermethrin, imidacloprid, emamectin benzoate and lambda-
cyhalothrin pesticides resulted in a reduction of both chlorophyll a and chlorophyll b levels in Lycopersicon
esculentum. In addition, prolonged exposure of dimethoate insecticide to pigeon pea plants decreased chlorophyll
a and chlorophyll b levels®. It is possible that pesticides may modify the biosynthesis of chlorophyll by affecting
the formation of plastids or the conversion of plastids to chloroplasts®”. Chopade et al.®® proposed that the
excessive or unintentional utilization of pesticides results in mutational alterations to chlorophylls or their
decomposition via catabolic processes. Moreover, the role of pesticides in chlorophyll degradation was linked to
their potential to cause oxidative stress by Siddiqui et al.®. The synchronous occurrence of chlorophyll
degradation and ROS accumulation during the process of senescence lends further support to this hypothesis*s.
The reduction in chlorophyll pigmentation observed in plants subjected to esfenvalerate stress (Table 4) may also
be associated with the diversion of glutamate, the precursor molecule for both proline and chlorophyll, towards
proline synthesis®.

Molecular docking studies play a pivotal role in elucidating the interactions between small molecules and
macromolecules, offering valuable insights into their potential impacts on cellular processes®. In the present
study, we conducted molecular docking analyses to assess the binding affinities and interactions of esfenvalerate,
a pyrethroid insecticide, with a spectrum of vital macromolecules. The selected macromolecules encompassed
tubulins, DNA topoisomerases, glutamate- 1-semialdehyde aminotransferase, and protochlorophyllide reductase,
which are crucial components of the cellular machinery involved in microtubule dynamics, DNA topology, amino
acid metabolism, and chlorophyll biosynthesis, respectively’’~*3. The interactions between esfenvalerate and
these macromolecules are of particular interest due to their potential implications for cellular health. Disruption
of microtubule dynamics, as mediated by tubulins, can affect various cellular processes, including cell division
and intracellular transport®. Perturbations in DNA topology, regulated by DNA topoisomerases, may lead to
karyotypic alterations, such as chromosomal aberrations®. Moreover, modulation of glutamate-1-semialdehyde
aminotransferase can influence amino acid metabolism?® while interactions with protochlorophyllide reductase
may impact chlorophyll biosynthesis and photosynthetic efficiency®’. In this study, the results of the molecular
docking analysis are presented in Table 5 and Fig. 3, showcasing the binding affinities and interaction patterns
of esfenvalerate with the selected macromolecules. These findings provide a foundation for understanding the
potential impacts of esfenvalerate at the molecular level and its implications for cellular processes, chromosomal
stability, and photosynthetic efficiency.

The molecular docking analysis revealed that esfenvalerate exhibited a high binding affinity with the Tubulin
alpha-1B chain, with a free energy of binding calculated as -8.17 kcal/mol. The inhibition constant (Ki) was
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Macromolecule (kcal/mol) Inhibition constant (Ki) | Hydrogen bond interactions | Distance (A) | interactions

Free energy of binding Hydrophobic

Tubulin alpha-1B chain -8.17 1.03 uM TYR224 (x2)

THR179 275 GLN11
ILE171 (x2)

ALAI12 3.25
ALA12 (x3)

ALA99

Tubulin beta chain —7.47 3.35uM - - VAL76 (x2)

ALA18 (x2)
PHES1

PRO80
LYS19

DNA topoisomerase I —-6.40 20.36 uM

ASN491 (x2) 2.10 ALA489 (x2)
2.08 ALA586 (x2)
LYS587 (x2)
ARG488 ARG488
3.03

LYS493
LYS532

DNA topoisomerase II -6.78 10.72 uM THR767 1.90 ARG713 (x2)

MET766 (x2)

PRO724 (x2)

Glutamate-1-semialdehyde
aminotransferase 3 1YS271 324

SER120 2.81 VAL245
TYR148
-7.53 3.02uM PRO278 (x2)
PRO67
VAL279 (x2)

Protochlorophyllide reductase | —9.85 60.24 nM

TYR219 3.37 VAL14
PRO220 2.74 LEU139
LEU228 (x2)
LYS193
LYS152
ILE153
ILE155
LYS190

TYR189 2.68

Table 5. Binding affinities and interactions of esfenvalerate with selected macromolecules.

determined to be 1.03 uM. This interaction was primarily characterized by multiple hydrogen bond interactions,
particularly involving THR179 and ALA12. Hydrophobic interactions played a significant role in stabilizing
the binding, with contributions from residues such as GLN11, ILE171, TYR224, ALA12 and ALA99. In the
case of the Tubulin beta chain, esfenvalerate exhibited a binding affinity with a free energy of —7.47 kcal/mol
and an inhibition constant (Ki) of 3.35 pM. Interestingly, the interaction with the Tubulin beta chain lacked
hydrogen bond interactions but was predominantly stabilized by hydrophobic interactions. Residues such as
ALA18, PHES1, VAL76, PRO80, and LYS19 were involved in hydrophobic contacts, which contributed to the
binding. These findings indicate that esfenvalerate may have an impact on microtubule stability, potentially
affecting various cellular processes.

The molecular docking analysis showed that esfenvalerate exhibited a binding affinity with DNA
topoisomerase I with a free energy of -6.40 kcal/mol and an inhibition constant (Ki) of 20.36 uM. The binding
interactions primarily involved hydrogen bonds with residues such as ASN491 and ARG488. Additionally,
hydrophobic interactions were observed with ALA489, ALA586, LYS587, ARG488, LYS532 and LYS493.
Esfenvalerate demonstrated a binding affinity with DNA topoisomerase II with a free energy of —6.78 kcal/mol
and an inhibition constant (Ki) of 10.72 pM. The interaction was characterized by hydrogen bond interactions
with THR767 and hydrophobic interactions involving MET766, ARG713 and PRO724. This suggests that
esfenvalerate may influence the function of DNA topoisomerase I and II, potentially affecting DNA topology.

In the case of glutamate-1-semialdehyde aminotransferase, esfenvalerate exhibited a binding affinity with a
free energy of —7.53 kcal/mol and an inhibition constant (Ki) of 3.02 uM. The interaction involved hydrogen
bond interactions with SER120 and LYS271, as well as hydrophobic interactions with VAL245, TYR148,
PRO278, and VAL279. These findings suggest that esfenvalerate may interfere with the function of glutamate-1-
semialdehyde aminotransferase, potentially impacting processes related to amino acid metabolism.

Esfenvalerate displayed a strong binding affinity with protochlorophyllide reductase, with a free energy
of binding calculated as —9.85 kcal/mol and an inhibition constant (Ki) of 60.24 nM. This interaction was
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Fig. 3. The molecular interactions of esfenvalerate with selected macromolecules. Tubulin alpha 1B chain
(a), tubulin beta chain (b), DNA topoisomerase I (c), DNA topoisomerase II (d), glutamate-1-semialdehyde
aminotransferase (e), protochlorophyllide reductase (f). The figure was drawn using the Biovia Discovery
Studio 2020 Client software.

characterized by hydrogen bond interactions with TYR219, PRO220, and TYR189. Additionally, hydrophobic
interactions with VAL14, LEU139, LEU228, LYS193, LYS152, ILE153, ILE155, and LYS190 contributed to the
binding. These findings suggest that esfenvalerate could potentially disrupt the role of protochlorophyllide
reductase, with potential repercussions on the intricate process of chlorophyll biosynthesis and its interconnected
cellular pathways.

In this study, molecular docking analyses were conducted to explore the binding interactions between
esfenvalerate, a pyrethroid insecticide, and three distinct DNA molecules: B-DNA dodecamer (1BNA), B-DNA
dodecamer D (195D), and DNA (1CP8). The results of the docking analysis provide valuable insights into the
potential effects of esfenvalerate on DNA structure and function. The findings, as presented in Table 6 and
Fig. 4, indicate that esfenvalerate interacts with these DNA molecules, albeit with varying affinities. Esfenvalerate
interacted with B-DNA dodecamer (1BNA) with a binding energy of —7.33 kcal/mol and an inhibition constant
of 4.24 uM. These interactions involved nucleotides G4 and A5 in chain A, and C21, G22, C23 in chain B. In
the context of B-DNA dodecamer D (195D), esfenvalerate exhibited notable affinity by interacting with the A8
nucleotide in chain A, and nucleotides A19, A20, and C21 in chain B, resulting in a binding energy of —8.51 kcal/
mol and an inhibition constant of 578.28 nM. Furthermore, the interaction between esfenvalerate and DNA
(1CP8) yielded a binding energy of -8.26 kcal/mol and an inhibition constant of 881.83 uM, encompassing
interactions with nucleotides G4, C6, and A7 in chain A, and G3 and C6 in chain B.

The results stemming from our molecular docking investigations between esfenvalerate and diverse DNA
molecules reveal the compound’s capability for intercalation, facilitated by interactions with both identical and
distinct strands within DNA molecules All these molecular docking results indicate that esfenvalerate may
interact with DNA that may have effects on its structural stability and conformational changes, which in turn
may affect the role of DNA in storing genetic information and various cellular functions. Furthermore, our
findings suggest that esfenvalerate can potentially modulate DNA structure by preferentially binding to regions
rich in G-A, C-G-C, A-A, G-C-A, and G-C nucleotides.

The microscopic examination of cross-sectional samples revealed the damage caused to the root meristem of
A. cepa by esfenvalerate insecticide. Esfenvalerate-induced damage types and their severity are given in Table 7
and Fig. 5. All meristematic structures examined in the control group treated with tap water displayed a normal
appearance (Fig. 5a,c,g). On the other hand, the application of different doses of esfenvalerate caused an increase
in meristematic damage in a dose-dependent manner. The application of 0.33 mg/L esfenvalerate to the ESF 1

Scientific Reports |

(2025) 15:16977

| https://doi.org/10.1038/s41598-025-01638-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

DNA molecule

DNA sequence Free energy of binding (kcal/mol) | Inhibition constant (Ki) | Interacting nucleic acids (Chain: nucleotide)

B-DNA Dodecamer (1BNA)

A:G4
A:A5
5'-CGCGAATTCGCG-3' | -7.33 4.24uM B:C21
B:G22
B:C23

B-DNA Dodecamer D (195D)

A:A8
5'-CGCGTTAACGCG-3' | -8.51 578.28 nM B:A19
B:A20

DNA (1CP8)

A:G4
A:C6
5-TTGGCCAA-3' -8.26 881.83 nM A:A7
B:G3
B:Cé6

Table 6. The binding energy of the interacted esfenvalerate with DNA molecules.

group resulted in the observation of epidermis cell damage (Fig. 5b), cortex cell damage (Fig. 5d), thickened
cortex cell wall (Fig. 5e) and flattened cell nucleus (Fig. 5h) type damage, which were classified as ‘minor’ levels
of damage. Similarly, the application of 0.64 mg/L esfenvalerate to the ESF 2 group resulted in the observation
of material accumulation in cortex cells (Fig. 5f), which were also classified as ‘minor’ levels of damage. The
0.98 mg/L esfenvalerate applied ESF 3 group demonstrated the highest level of damage for each damage type.
This is the first study to demonstrate that esfenvalerate causes damage to meristematic tissue in plant roots.
Conversely, Chauhan and Gupta98 reported that deltamethrin, another pyrethroid insecticide, resulted in
irreversible damage to the meristem ultrastructure of A. cepa root cells. In a similar manner to the observations
made in our study, insecticides cypermethrin caused damage to epidermis cells, flattened cell nuclei, thickened
cortex cell walls and caused cortex cell damage in A. cepa as a result of oxidative stress'®#¢. Our findings regarding
the activities of SOD and CAT enzymes and MDA levels are consistent with the interpretation of Kutluer et
al.!2, who stated that peroxidation of lipids as a result of oxidative stress can lead to deformation and shape
changes in cell and nuclear membranes in plants. Conversely, Singh et al.*” posited that plants employ a defensive
mechanism to prevent the penetration of harmful chemicals into their cells. This involves the accumulation of
chemical compounds, including lignin, cellulose, suberin, and cutin, within cells and cell walls, which serves
to reinforce and thicken the wall, thereby creating a barrier against potential cellular damage. In addition. The
observed flattened cell nuclei are indicative of not only physical deformation but also of genetic damage to the
genetic material, as evidenced by the genotoxicity results of this study.

Conclusion

The widespread and excessive use of pesticides in agriculture worldwide has become one of the most important
concerns for both wildlife and human health. While the use of synthetic pyrethroids has been promoted as a
safer alternative, there is an increasing body of evidence indicating that these chemicals can have adverse effects
on non-target organisms. Despite the acknowledged hazardous nature of esfenvalerate, a prevailing synthetic
pyrethroid insecticide, there is a clear deficiency in the existing body of research concerning its toxic effects
on plants. This study revealed the potential toxicity of esfenvalerate insecticide in A. cepa, a recognized model
plant, from a number of perspectives. The results indicated that A. cepa was subjected to severe oxidative stress
induced by esfenvalerate. This oxidative stress to cellular structures and processes, including DNA, is probably
the primary contributing factor to phytotoxicity. Furthermore, molecular docking analysis demonstrated that
esfenvalerate can directly interact with DNA, as well as with molecules involved in cell division and genetic
integrity, resulting in damage to these molecules. These findings provide valuable insights into the molecular
mechanisms driving the toxicity of esfenvalerate, suggesting that the oxidative damage observed in A. cepa likely
parallels the broader physiological effects seen in other organisms, including mammals. Nevertheless, the precise
molecular pathways through which esfenvalerate exerts its toxic effects remain to be elucidated. In future studies,
we aim to fill this gap by investigating physiological pathways and various molecular interactions. The results
of the study are expected to provide a framework for further research on the adverse effects of esfenvalerate on
humans and experimental animals, offer insights into the legal regulations that govern the use of esfenvalerate,
and raise awareness of the toxicity of esfenvalerate on wildlife and non-target species including agricultural
plants.
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Fig. 4. The molecular interactions of esfenvalerate with DNA molecules. 1BNA (a), 195D (b), 1CP8 (c). The
figure was drawn using the Biovia Discovery Studio 2020 Client software.
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Control (n=10) | - - - - -
ESF 1 (n=10) + + + - +
ESF 2 (n=10) ++ ++ + + ++
ESF 3(n=10) +++ +++ ++ ++ +++

Table 7. Degree of damage to meristematic tissue caused by the esfenvalerate insecticide. Control: Tap water,
ESF 1: 0.33 mg/L esfenvalerate, ESF 2: 0.64 mg/L esfenvalerate, ESF 3: 0.98 mg/L esfenvalerate. (—): no damage,
(+): minor damage, (++): moderate damage, (++ ++): severe damage.

Fig. 5. Meristematic tissue damage types induced by esfenvalerate insecticide. Normal appearance of
epidermis cells (a), epidermis cell damage (b), normal appearance of cortex cells (c), cortex cell damage-red
area (d), thickened cortex cell wall (e), material accumulation in cortex cells (f), normal appearance of cell
nucleus-oval (g), flattened cell nucleus (h). Bar=10 uM.
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