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Risk assessment of oxidative stress
and multiple toxicity induced
by Etoxazole

Oksal Macar*™, Tugce Kalefetoglu Macar?, Kiltigin Cavusog§lu? & Emine Yalgin?

Etoxazole is among the systemic pesticides with acaricidal and insecticidal characteristics. This paper
reports the first evaluation of the toxic effects of Etoxazole on Allium cepa L. Etoxazole solutions
were applied to three groups formed from A. cepa bulbs at 0.125 mL/L, 0.25 mL/L and 0.5 mL/L doses,
respectively. The control group was treated with tap water throughout the experimental period.

The toxic effects of Etoxazole became more apparent as the dose of Etoxazole was increased. The
growth-limiting effect was most pronounced in the highest dose group with approximately 29%,

70% and 58.5% reductions in germination percentage, root elongation and weight gain, respectively.
The genotoxic effect of Etoxazole was most severe in the 0.5 mL/L dose group. In this group, the
mitotic index decreased by 30% compared to the control group, while the micronucleus frequency
increased to 45.3 +3.74. The most observed aberrations were fragment, vagrant chromosome,

sticky chromosome, unequal distribution of chromatin, bridge, reverse polarization and nucleus

with vacuoles. The malondialdehyde level showed a gradual increase with increasing Etoxazole

doses and reached 2.7 times that of the control group in the 0.5 mL/L Etoxazole applied group.
Catalase and Superoxide dismutase activities increased in the groups exposed to 0.125 mL/L and

0.25 mL/L Etoxazole with dose dependence and decreased abruptly in the group treated with 0.5 mL/L
Etoxazole. Etoxazole triggered meristematic cell damages, such as epidermis cell damage, thickening
of cortex cell walls, flattened cell nucleus and indistinct transmission tissue. Considering the versatile
toxicity induced by Etoxazole, we announce that this chemical has the potential to cause serious
damage to non-target organisms. It should be noted that the higher the dose of exposure, the more
severe the level of damage. This study will be an important reminder to limit the indiscriminate use of
this highly risky agrochemical.

The main threats to agriculture and forestry around the world are pest-related plant diseases'. Pesticides are
chemical and natural substances administered to control or kill pests, including insects, herbs, rodents, arthro-
pods and nematodes that cause plant diseases, yield losses and health problems?. Due to the widespread use of
pesticides in many agricultural industries, high levels of agricultural production and quality have been achieved.
In addition to nourishing and multiplying crop yield, pesticides have other benefits, such as saving time and
effort®. Despite all their advantages, pesticides, most of which are hydrophilic, tend to accumulate in nature as
potential pollutants and harm non-target organisms*. Common classifications of pesticides are based on the
target pest.

Pesticides used to combat mite populations include chemicals with acaricidal/insecticidal properties. Etoxa-
zole, a diphenyl oxazoline miticide, is chemically known as 2-(2,6-difluorophenyl)-4-[4-(1,1-dimethylethyl)-
2-thoxyphenyl]-4,5-dihydrooxazole’. It was first introduced to the public as a new option to carbamates,
pyrethroids, organophosphates and organochlorines in 1994 and took its place in the market as an acaricide/
insecticide in 1998°. Since that time, it has been utilized to eliminate the eggs, larvae and nymphs of mites
including Tetranychus spp., Eotetranychus spp. and Panonychus spp. on fruits such as grapes, strawberries, nuts,
citrus and cotton®’. Pest management achieved by Etoxazole also includes limiting damage from rice green
leathopper (Nephotettix nicropictus) and diamondback moth (Plutella xylostella) infestations®. Etoxazole inhibits
chitin biosynthesis by binding to the sulfonylurea receptor and prevents moulting®. Chang et al.® investigated the
systemic stereoselectivity of Etoxazole in grapes, strawberries and apples to estimate residue-induced toxicity in
humans and the environment. Due to its 20-day half-life, Etoxazole residues can be easily transported to humans
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Figure 1. Flow diagram of experimental design.

and animals. According to EFSA', Etoxazole can be accepted as bio-accumulative, persistent and toxic. It has
been reported that Etoxazole induces toxic effects such as neurotoxicity, genotoxicity, cytotoxicity, infertility,
endocrine disrupting activity and oxidative stress on various non-target organisms®'~'6. In zebrafish (Danio
rerio) larvae, Park et al.* discovered that Etoxazole caused developmental abnormalities, hearth rate disorders
and reduced viability. In the study of Ham et al.%, it was indicated that Etoxazole exposure induced testicular
toxicity arisen from mitochondrial failures and altered gene expression in mice. Etoxazole-induced genotoxicity
in human peripheral lymphocytes was evidenced by an increase in chromosome abnormalities and a decrease
in mitotic division'!. The European Union banned the use of Etoxazole in 2018 because of its persistence in soil
sediments and toxicity"’.

The overuse of pesticides raises concerns about their safety. There are many eukaryotic bioassay methods
used to evaluate pesticide-induced toxicity in non-target biota. With its large chromosomes (2n=16) and rapid
root growth, the Allium cepa test system is well suited for determining the cytotoxicity and genotoxicity of
pesticides. As a short-term indicator, it allows assessing the score of the mitotic index (MI), the frequencies of
micronuclei (MN) and aberrant chromosomes (ACs), as well as the levels of oxidative stress and growth'®. The
most important merit of this test system is that the results obtained from the A. cepa assay have an extremely
high correlation with analyses in mammals®.

In the literature, there is a data gap in the field reporting the multifaceted toxic effects of Etoxazole applications
on plants, apart from residue analyses. Therefore, the object of the present study was to determine the biological
responses of A. cepa to Etoxazole. For this purpose, physiological (rooting percentage, root elongation and weight
increase), genotoxic (MI, MN and ACs) and biochemical catalase (CAT: EC 1.11.1.6) and (superoxide dismutase
(SOD: EC 1.15.1.1) activities and malondialdehyde (MDA) accumulation effects in Etoxazole-treated A. cepa were
evaluated. Moreover, the types of cellular damage induced by Etoxazole in meristematic tissue were analyzed.

Materials and methods
Preparation of test materials. A. cepa bulbs obtained commercially from Sebinkarahisar district of
Giresun province were classified in the laboratory based on their size. The bulbs with the closest initial weights to
each other were selected for the study. Four groups (each containing 50 bulbs) were formed. Aqueous solutions
of Etoxazole were prepared from the commercial preparation with the trade name Delos (Hektas Ticaret Tiirk
A.S., Kocaeli, Tiirkiye) containing 110 g/L Etoxazole as the active ingredient. Etoxazole solutions were applied
to the three treatment groups at doses of 0.125 mL/L, 0.25 mL/L, and 0.5 mL/L, respectively. In the selection of
Etoxazole concentrations, the application dose recommended by the manufacturer, and half and twice this dose
were used. On the other hand, the control group was treated with tap water during the experiment. All treat-
ments were carried out by placing the onion stems in glass tubes in contact with the relevant solution to allow
the emergence of fresh adventitious roots. The solutions were regularly refreshed every day. The application of
pesticide solutions was carried out in a dark room at a constant temperature (23+2 °C) for 3 days. In order to
investigate Etoxazole toxicity, multifaceted analyses were performed in A. cepa (Fig. 1).

The use of plants and the experiments in the present study complies with the relevant international, national
and institutional guidelines.

Assessment of physiological parameters. In the determination of germination percentage, bulbs with
roots longer than 1 cm were estimated as “rooted”. While calculating the germination percentage, the total num-
ber of rooted bulbs was divided by the total number of bulbs and the result was given as a percentage (%). To
observe the rooting percentage, 50 bulbs from each group (n=>50) were taken into account.

All bulbs were weighed (g) before administration of the relevant solutions and after 72 h of treatment. The
weight recorded before the applications was subtracted from the second weight to calculate the total weight
increase of the bulbs.
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At the end of the experiment, the length of the roots (cm) from the apex of the root cap to the root primordial
was measured with a ruler to evaluate root elongation. For root elongation and weight gain, 10 randomly selected
bulbs from each group (n=10) were analyzed.

Assessment of genotoxicity. Genotoxicity measurements, including MI, MN and ACs analyses, were
carried out by microscopic examination of decapitated root tip preparations®. Root tips were placed in Clarke’s
fixator consisting of glacial acetic acid and ethanol (3:1) for 120 min following the harvest. Root materials were
then hydrolyzed in a 1 N HCl solution at 60 °C for 12 min. A 1% acetocarmine solution freshly prepared in 45%
acetic acid was utilized to stain root tips for 24 h. Microscopic preparations were formed by gently crushing root
materials with a drop of 45% acetic acid under a coverslip. For genotoxicity analyses, 10 slides were prepared
from each group. MI analysis was performed by screening 10,000 randomly selected cells from these slides (1000
cells per slide). On the other hand, MN and ACs were evaluated by screening 1000 randomly selected cells from
the same slides (100 cells per slide). MN existence was evaluated using the features previously noted by Fenech
etal.?!. All slides were screened under a research microscope (Irmeco, IM-450 TI) with a magnification of X 500.

Assessment of biochemical changes. In order to determine the biochemical changes caused by Etoxa-
zole applications, the MDA level and the activities of CAT and SOD enzymes were investigated.

The extraction of antioxidant enzymes was performed according to Zou et al.>%. 0.1 g of root tip material was
mixed with 1 ml of sodium phosphate buffer after it was thoroughly ground by adding liquid nitrogen to it. The
pH of the buffer was adjusted to 7.8 before the buffer (50 mM) was used. The homogenates were immediately
centrifuged at 14,000 rpm at 4 °C for 20 min, and the upper fraction (the supernatant containing the enzyme)
was stored in a deep freezer at— 80 °C.

The catalytic activity of the CAT enzyme was assessed according to the analysis method of Beers and Sizer?.
Firstly, 1.5 mL of sodium phosphate buffer at 0.2 M concentration and 7.8 pH was taken into a tube. The buffer
was mixed with hydrogen peroxide (0.1 M) and distilled water. The reaction was started by adding the enzyme-
containing buffer (0.2 mL) to the mixture. CAT activity was calculated as OD,,, ,,, minute per g of fresh weight
(OD,49 ny min/g FW) by monitoring the absorbance, showing the decrease in hydrogen peroxide concentration
at 240 nm wavelength. The whole procedure was repeated 10 times (n=10).

The catalytic activity of the SOD enzyme was assessed according to the analysis method of Beauchamp and
Fridovich?%. Firstly, 1.5 mL of sodium phosphate buffer at 0.05 M concentration and 7.8 pH was taken into a
tube. Distilled water, EDTA-Na, (0.1 mM), riboflavin (20 uM), methionine (130 mM), nitro blue tetrazolium
chloride (750 uM) and polyvinylpyrrolidone (4%) were added to the buffer-containing tube. Finally, 0.01 mL of
enzyme-containing buffer, which was dissolved by holding the tubes in the palm of the hand without shaking,
was added to this mixture. For the initiation of enzyme activity, the mixtures were exposed to fluorescent light of
375 umol/m?/s intensity for 15 min. SOD activity was calculated as a unit per mg of fresh weight (U/mg FW) by
reading the absorbance of the samples at 560 nm wavelength. The whole procedure was repeated 10 times (n=10).

MDA accumulation, which is a common marker of peroxidation of the lipids in cellular membranes, was
analyzed according to Unyayar et al.”*. 0.4 g of root tip material was ground in a mortar containing 8 mL of
trichloroacetic acid (5%). Following the homogenization completed at room temperature, the samples were cen-
trifuged at 12,000 rpm for 15 min in a centrifuge at 23 °C. The upper fraction of the homogenates was collected
and added to the premixed trichloroacetic acid (20%) and thiobarbituric acid (0.5%). After allowing the reaction
to proceed at 90 °C for 40 min, the reaction was stopped by placing the tubes on ice. A second centrifugation
process (10,000 rpm for 5 min) was applied to obtain the supernatant fraction. The MDA levels of the samples
were calculated as uM per g of fresh weight (UM/g FW) by recording the absorbance of the supernatant fractions
at 532 nm wavelength. The whole procedure for MDA determination was repeated 10 times (n=10).

Assessment of meristematic cell damages. Meristematic cell damages triggered by Etoxazole appli-
cations were assessed in the cross-section of the roots taken from the root tips, excluding the cap part. Roots
were carefully washed to remove pesticide residues before sections were prepared. Two drops of methylene blue
(3%) were used to stain the cells. In order to analyze meristematic abnormalities, slides were screened under a
research microscope (Irmeco, IM-450 TI) with x 500 magnification. Three severity classes were used to express
the frequency of occurrence of damage types: absent, minor, moderate and major.

Statistical analysis. One-way ANOVA and Duncan’s test were implemented to determine the statistical
significance (p <0.05) between the mean values. Results were arranged to specify “mean value + standard devia-
tion”.

Results and discussion

Table 1 shows the “growth arrest” induced by Etoxazole treatments. While the deleterious effect of Etoxazole
on physiological parameters was most pronounced in the HLE group, the least inhibition was observed in the
LLE group. The high germination percentage determined in the control group was proof that the bulbs selected
for the experiment were healthy. The final root length and the mean weight increase of the control group were
12.0+0.84 cm and 8.09 g, respectively. There was a significant reduction in root elongation and weight increase
compared to the control, even in LLE, the group that received the lowest dose of Etoxazole. Indeed, root elonga-
tion and weight increase values in HLE were decreased by 70% and 58%, respectively, when compared to the
control group values. The dose-dependent effects of various pesticides on the growth and development of non-
target organisms have been demonstrated in different investigations before?2°. Although the effect of Etoxazole
on growth in plants has not been previously investigated, it has been shown that growth is suppressed in zebrafish
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Groups | Germination Percentage (%) | Root Elongation (cm) | Weight Increase (g)

Control | 99 12.0+£0.84° +8.09° (12.05+1.28-20.14 £ 1.55)
LLE 88 9.80+0.44° +6.58" (11.83+1.15-18.41+1.32)
MLE 81 7.20+0.51° +4.64° (11.55+1.41-16.19+ 1.54)
HLE 70 3.60+0.29¢ +3.369(11.51 £1.32-14.87+1.31)

Table 1. Etoxazole toxicity on selected physiological parameters. *Control: Tap water, LLE Low level
Etoxazole (0.125 mL/L), MLE Medium level Etoxazole (0.25 mL/L), HLE High level Etoxazole (0.5 mL/L).
The superscript letters @9 in the same column indicate the statistical significance between the mean values
(p<0.05).
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Figure 2. The effect of Etoxazole on MI and MI (%). Control: Tap water, LLE Low level Etoxazole (0.125 mL/L),
MLE Medium level Etoxazole (0.25 mL/L), HLE High level Etoxazole (0.5 mL/L). Different letters (a—d) indicate
the statistical significance between the mean values (p <0.05).

embryos exposed to this pesticide®. Park et al.* demonstrated that the growth-limiting mechanism is due to the
fact that Etoxazole both suppresses mitotic division and induces programmed cell death. Ama¢ and Liman?’
suggested that genotoxicity and excessive radical production may be the reason why agrochemicals inhibit cell
division in onion root cells. In this study, the inhibitory power of Etoxazole on growth-related physiological
parameters was demonstrated for the first time in A. cepa roots.

The reduction in MI values in all Etoxazole exposed groups was concomitant with growth inhibition (Fig. 2).
The MI scores of the bulbs in the LLE, MLE and HLE groups declined gradually. The differences between the
MI results of all groups were statistically significant. The MI was defined as an easily reproducible, specific, and
highly sensitive biomarker of cytostaticity and cytotoxicity®. The suppressive activity of Etoxazole in MI levels of
A. cepa was certainly dose-related. Gogoi et al.>! noted that a gradual decrease in MI is a hallmark of the toxicity
of any contaminant upon mitotic division of cells. According to Shabbir et al.*>, MI values lower than the control
value point out that the pollutants to which the cells are exposed interfere with the growth and development
of organisms by limiting cell division. Although this study showed for the first time that Etoxazole slows down
the division of A. cepa root tip cells, the mitodepressive effect associated with the other pesticide types, which
can be predicted by MI analysis, has been shown in A. cepa roots by many researchers before**=*. In addition,
Renciizogullari et al.!! reported that increasing Etoxazole concentrations triggered a significant decrease in the
MI value of human lymphocytes, depending on the application dose. The microtubules, which form the spindle
apparatus in the cell, ensure the proper separation of sister chromatids during cell division. Pesticides that interact
with tubulins to interrupt microtubule polymerization may prevent chromosome movement towards the poles,
triggering both the disruption of mitotic order and the formation of MN and ACs*.

The quantification of MN often serves as an explicit index of genotoxicity as well as chromosomal instabil-
ity. In addition, MN analysis provides information on genetic material defects, defects in mitosis and responses
to stress factors”’. A remarkable increment in MN formation was observed in all groups exposed to Etoxazole
(Table 2). However, the most prominent MN (Fig. 3a) frequency was determined in the HLE group. MN seems
like a miniature version of the cell nucleus and appears as a result of lagging chromosomes or acentric chromo-
somes encapsulated in an abnormal nuclear envelope®. Renciizogullari et al."! pointed out that the formation of
MN and AC:s following Etoxazole administration may be due to the breaking of the phosphodiester skeleton in
DNA. In addition, some researchers noted that pesticides generally cause DNA ruptures as well as kinetochore,
centromere and spindle impairments to generate MN*0. The present study is the first in the literature to reveal
the MN-inducing capacity of Etoxazole in plants.

Cell proliferation dysregulation upon Etoxazole administration occurred simultaneously with the emergence
of various types of ACs (Table 2 and Fig. 3). Etoxazole administration in the LLE, MLE and HLE groups engen-
dered a variety of ACs in a dose-related manner (Table 2). The most seen AC types in all treatment groups were
listed as fragment (Fig. 3b), vagrant chromosome (Fig. 3¢), sticky chromosome (Fig. 3d), unequal distribution
of chromatin (Fig. 3e), bridge (Fig. 3f), reverse polarization (Fig. 3g) and vacuole nucleus (Fig. 3h), respectively,
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Damage types Control LLE MLE HLE

MN 0.14+0.33¢ 14.4+1.13¢ 26.8+1.97° 453+3.74
FRM 0.00+0.00¢ 12.6+1.10¢ 24.7+1.84° 41.9+3.52°
VGC 0.00 £0.00¢ 10.7+0.96¢ 21.6+1.65° 37.1+£3.16*
STC 0.12+0.28¢ 8.1+0.88° 18.7+1.51° 33.2+2.74°
UDC 0.10+0.24¢ 6.5+0.79° 15.5+1.28 28.6+2.62°
BRG 0.00£0.00¢ 5.4+0.65° 13.4+1.15° 24.742.33*
RVP 0.00+0.00¢ 4.140.58° 9.2+0.94° 16.8+1.48°
NV 0.00+0.00¢ 2.8+0.44° 6.3+£0.69° 13.7+£1.20°

Table 2. Genotoxicity induced by Etoxazole administration. *Control: Tap water, LLE Low level Etoxazole
(0.125 mL/L), MLE Medium level Etoxazole (0.25 mL/L), HLE High level Etoxazole (0.5 mL/L). The
superscript letters (a—d) in the same line indicate the statistical significance between the mean values (p <0.05).
MN micronucleus, FRM fragment, VGC vagrant chromosome, STC sticky chromosome, UDC unequal
distribution of chromatin, BRG bridge, RVP reverse polarization, NV nucleus with vacuoles.
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Figure 3. AC types induced by Etoxazole administration. MN (a), fragment (b), vagrant chromosome (c),
sticky chromosome (d), unequal distribution of chromatin (e), bridge (f), reverse polarization (g), nucleus with
vacuoles (h).

considering their frequencies. Based on the results of many epidemiological, in vitro or in vivo studies, it can
be deduced that several pesticides cause toxicity in the genomic construct*!. Moreover, intrinsic circumstances
such as inhibited or altered DNA replication and DNA damage may induce chromosomal perturbations upon
exposure to various contaminants®. In the current study, the detrimental effect of Etoxazole on the arrangement
and integrity of chromosomes in A. cepa roots was revealed for the first time. However, the hazards of Etoxazole
application on the chromosomal regularity of human lymphocytes have been introduced earlier as well'!. Since
they are directly related to MN formation*?, it was not surprising that fragment (Fig. 3b) and vagrant (Fig. 3c)
were the most common ACs in the Etoxazole groups. Indeed, the number of fragments and vagrants in the
etoxazole treated HLE group was approximately 40% of the total ACs. Fragment formation indicates the clasto-
genic effect of a chemical, which leads to a partial loss of genetic material®’. Vagrant chromosomes result from
spindle defects and eventually lead to the formation of irregularly shaped or unevenly sized nuclei in daughter
cells**. According to Adrovic et al.**, stickiness (Fig. 3d), the third most frequent ACs in our study, is induced by
toxicity and inevitably results in cell death. In fact, the main reason for the increase in chromosomal stickiness
is the disorders in the nucleic acid metabolism of the cell*®. Unequal distribution of chromatin (Fig. 3e), one
of the most abundant ACs induced by Etoxazole, is such an anomaly that it is a consequence of unseparated
chromatins and is accountable for the increase in vagrants*’. On the other hand, sticky chromosomes leading
to failure of separation at the anaphase stage are cited as the probable cause of bridge (Fig. 3f) formation, which
is an indicator of a complete disruption of the chromosome structure*. Demirtas et al.*® stated that both the
unequal distribution of chromatin and reverse polarization (Fig. 3g) are produced due to the aneugenic effects
of pollutants. The nucleus with vacuoles (Fig. 3h), the least frequent ACs in our study, points out the suppression
of DNA biosynthesis because of a nuclear poison*. The increase in MN and ACs frequencies together with the
decrease in MI value clearly shows that Etoxazole acaricide caused serious genotoxicity in A. cepa. Our results are
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Figure 4. Etoxazole toxicity on selected biochemical parameters. Control: Tap water, LLE: Low level Etoxazole
(0.125 mL/L), MLE: Medium level Etoxazole (0.25 mL/L), HLE: High level Etoxazole (0.5 mL/L).

in agreement with the previous findings of Kalefetoglu Macar™, who showed that Abamectin, another acaricide,
causes various ACs such as MN, sticky chromosome, bridge, fragment, unequal distribution of chromatin and
nuclear abnormality in A. cepa root cells. In another study, Spirodiclofen, a widely used insecticidal agent, was
proven to cause MN, fragment, bridge, sticky chromosome, vagrant, unequally distributed chromatins, bud-
ded nucleus and spindle thread disorder. Although toxic effects of Etoxazole on different organisms and cell
cultures have been reported previously, the mechanism underlying its toxicity in non-target organisms is still
unknown®!"1617_However, Park et al.* demonstrated that Etoxazole exposure promoted cell cycle inhibition and
the formation of reactive oxygen species. Therefore, the likely cause of Etoxazole-induced genotoxicity is the
direct interaction of these molecules with chromosomes or oxidative imbalance due to radical formation in cells.

CAT and SOD activities and the amount of MDA were analyzed in order to understand whether the growth
retardation and genotoxicity that occurred following Etoxazole administration were related to oxidative stress
(Fig. 4). As a broadly utilized indicator of membrane lipid peroxidation, the MDA level provides an estimate
of oxidative stress damage in cells®. Etoxazole treatment at all doses triggered a remarkable rise in MDA levels
compared to the control group (Fig. 4a). In addition, the differences between the MDA results of all groups
were statistically significant. The MDA level in the HLE group was approximately 2.7 times that of the control
group. The gradual increase in MDA accumulation in A. cepa root cells evidenced that a dose-related oxidative
damage occurs following Etoxazole applications. Kiiiikakyiiz et al.” suggested that pesticide-associated MDA
accumulation shows cell membrane rupture in tomatoes. Although there is no publication on the oxidative stress
induced by the presence of Etoxazole in plants, it has been reported that the MDA level ascends as the exposure
time to high dose Etoxazole increases in experimental animals'®!”.

Abnormal circumstances may give rise to the over-production of superoxide anion and hydrogen peroxide'®.
As a member of the “antioxidant team” within the cells, the SOD enzyme catalyzes the depletion of the superoxide
radical in order to reverse oxidative burst™. On the other hand, CAT has an extremely high turnover number
and plays a crucial role in swiftly converting hydrogen peroxide into water and oxygen®. Etoxazole applied at
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Control - - - -
LLE + + + +
MLE ++ ++ + +
HLE +++ +++ ++ ++

Table 3. Severity of meristematic cell damages induced by Etoxazole treatments. *Control: Tap water, LLE
Low level Etoxazole (0.125 mL/L), MLE: Medium level Etoxazole (0.25 mL/L), HLE High level Etoxazole

(0.5 mL/L). ECD epidermis cell damage, FCN flattened cell nucleus, TCCW thickening of cortex cell walls, ITT
indistinct transmission tissue. (—): absent, (+): minor damage, (+ +): moderate damage, (+ ++): major damage.

—— Y ———

o‘- NQJ .

Figure 5. Meristematic cell damages induced by Etoxazole. Epidermis cells with normal appearance (a), cell
nucleus with normal appearance (oval) (b), cortex cells with normal appearance (c), transmission tissue with
normal appearance (d), epidermis cell damage (e), flattened cell nucleus (f), thickening of cortex cell walls (g),
indistinct transmission tissue (h).

different doses caused significant changes in CAT and SOD activities (Fig. 4b and c). CAT and SOD activities
in the LLE group were approximately 2.3 and 1.2 times greater than those of their controls, respectively. In
the MLE group, CAT and SOD activities were nearly 1.7 and 1.4 times greater than those of the LLE groups,
respectively. These results obtained from the application of relatively lower doses of Etoxazole were in agree-
ment with the study of Sun et al.’®, which showed Etoxazole-related increases in CAT and SOD activities in cell
culture. Additionally, Chang et al.’” reported a significant increment in SOD activity in experimental animals
upon Etoxazole administration. However, different results have been reported in the literature on antioxidant
enzyme behaviors after Etoxazole exposure. For instance, in the study of Yilmaz et al.'®, CAT activity decreased
in the liver and kidneys of rats exposed to different doses of Etoxazole. In our study, the tendency to increase in
the catalytic activities of both enzymes was reversed in the HLE group. Although SOD and CAT activities in the
HLE group were significantly higher than those in both the control and LLE groups, they were significantly lower
than the values determined in the MLE group. The increase in both MDA and antioxidant enzyme activities in
the first two doses of Etoxazole (in the LLE and MLE groups) was a sign that the membranes were damaged due
to oxidative stress, although the defense mechanism against this stress was activated. While MDA continued
to accumulate in the HLE group, enzyme activities began to be restricted; this may indicate that the enzymatic
antioxidant defense mechanism of cells is no longer able to overcome oxidative stress conditions. This is the first
study to demonstrate Etoxazole-induced oxidative stress in plants. Synchronized increase of oxidative stress and
genotoxic damage in Etoxazole applied A. cepa revealed an “Etoxazole-mediated genotoxicity—oxidative stress
relationship”. As a matter of fact, the increased production of reactive molecules in plant cells under the influence
of agrochemicals, including pesticides, causes genotoxicity as well as oxidative stress as it damages vital elements
in cells such as proteins, membranes and nucleic acids™.

Etoxazole treatments induced a variety of meristematic cell damages, including epidermis cell damage, thick-
ening of cortex cell walls, flattened cell nucleus and indistinct transmission tissue in A. cepa roots (Table 3, Fig. 5).
On the other hand, none of these abnormalities were found in the control group (Fig. 5a-d). The severity of
meristematic cell damages in bulbs treated with Etoxazole varied depending on the application dose. All damage
types were at a minor level in the LLE group. In the MLE group, the levels of epidermis cell damage (Fig. 5¢)
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Parameters LLE MLE HLE
Germination percentage 1 N 1l
Root elongation l 1 Ll
Weight increase | 1 Ll
MI score ! H W
MN frequency 1 " "M
AC:s frequency 1 " "M
MDA level 1 1 71
CAT activity 1 1 T
SOD activity 1 71 oS
Meristematic cell damages 1 " "M

Table 4. An overview of how Etoxazole causes toxicity in A. cepa cells. *LLE Low level Etoxazole

(0.125 mL/L), MLE Medium level Etoxazole (0.25 mL/L), HLE High level Etoxazole (0.5 mL/L). Downward
arrow (|) symbolizes a decrease and upward arrow (1) symbolizes an increase in values. The number of arrows
indicates the degree of change compared to the control.

and flattened cell nucleus (Fig. 5f) increased to moderate, while thickening of the cortex cell walls (Fig. 5g) and
indistinct transmission tissue (Fig. 5h) remained at their levels determined in the LLE group. The severity of all
types of meristematic injury increased in the HLE group exposed to the highest dose of Etoxazole. A study on
Etoxazole-induced meristematic cell damages has not been found in the literature. However, in toxicity stud-
ies focusing on pesticides, disruption of meristematic tissue caused by different pesticides has been previously
reported in A. cepa®®’->°. Deformations in epidermis cells can be considered as a precaution taken by plants to
prevent the uptake of pesticides into cells. Cells that encounter pesticides seem to be squeezed, possibly to keep
the contaminant out. Thickening of the cortex cell walls can be accepted as a similar defense. On the other hand,
the pesticide, which was inevitable to reach the inner parts of the cells, caused deformity in the cell nucleus and
defects in the conducting tissue. Membrane disorders, as evidenced by increased MDA levels, probably allowed
toxic chemicals to ruin the integrity of tissues®. Furthermore, these anatomical changes in the structure of the
root meristems may have impeded the transport of water from the environment to the cells, ultimately leading
to a limitation in plant growth and germination®.

Table 4 summarizes the changes in all parameters investigated to clarify the mechanism of dose-dependent
toxicity of Etoxazole in onion root meristem cells.

Conclusion

Indiscriminate application of agrochemicals leads to a huge pollution of nature. Due to pesticides accumulat-
ing in the environment, many non-target organisms become “toxicity targets”. In this study, the dose-related
toxic effects of Etoxazole in A. cepa, which is a very popular organism for toxicity studies, were revealed for the
first time from a multidimensional perspective. Physiological and genotoxicity parameters showed that Etoxa-
zole suppressed growth, limited cell proliferation and increased the frequencies of MN and ACs. Considering
growth arrest and alterations of the levels of genotoxicity indicators, Etoxazole harms the non-target systems
in a dose-related way. In addition, study data revealed that Etoxazole is a trigger of oxidative stress as well as a
genotoxicity initiator in A. cepa. Although the enzymatic antioxidant system was activated following Etoxazole
treatments, SOD and CAT activities were significantly reduced due to the highest dose of Etoxazole. Meanwhile,
lipid peroxidation continued to elevate due to increasing Etoxazole doses. Furthermore, Etoxazole provoked an
apparent deterioration in meristematic cell integrity in roots. All in all, Etoxazole harms non-target systems in
a dose-dependent way, considering the results of all the parameters. It should not be forgotten that all biota is
at risk and the fate of the environment is in our hands (Supplementary Information). More conscious use of
pesticides should be encouraged

Received: 24 May 2022; Accepted: 22 November 2022
Published online: 28 November 2022

References

1. Zhang, J. et al. Monitoring plant diseases and pests through remote sensing technology: A review. Comput. Electron. Agric. 165,
104943 (2019).

2. Rani, L. et al. An extensive review on the consequences of chemical pesticides on human health and environment. J. Clean. Prod.
283, 124657 (2021).

3. Wang, W,, Jin, J., He, R. & Gong, H. Gender differences in pesticide use knowledge, risk awareness and practices in Chinese farm-
ers. Sci. Total Environ. 590, 22-28 (2017).

4. Park, H, Lee, J. Y., Park, S., Song, G. & Lim, W. Developmental toxicity and angiogenic defects of etoxazole exposed zebrafish
(Danio rerio) larvae. Aquat. Toxicol. 217, 105324 (2019).

5. Chang, W, Nie, ], Yan, Z., Wang, Y. & Farooq, S. Systemic stereoselectivity study of etoxazole: stereoselective bioactivity, acute
toxicity, and environmental behavior in fruits and soils. J. Agric. Food Chem. 67, 6708-6715 (2019).

6. Nauen, R. & Smagghe, G. Mode of action of etoxazole. Pest Manag. Sci. 62, 379-382 (2006).

Scientific Reports |

(2022) 12:20453 | https://doi.org/10.1038/s41598-022-24966-0 nature portfolio



www.nature.com/scientificreports/

7. Shams EL Din, A. M. et al. Persistence of diniconazole and etoxazole in broad bean pods, peels, seeds and its planted soil. J. Plant
Prot. & Pathol. 6, 859-870 (2015).
8. Chen, H. et al. Residue, dissipation, and safety evaluation of etoxazole and pyridaben in goji berry under open-field conditions in
the China’s Qinghai-Tibet Plateau. Environ. Monit. Assess. 191, 1-11 (2019).
9. Ham, J,, You, S., Lim, W. & Song, G. Etoxazole induces testicular malfunction in mice by dysregulating mitochondrial function
and calcium homeostasis. Environ. Pollut. 263, 114573 (2020).
10. European Food Safety Authority (EFSA) et al. Peer review of the pesticide risk assessment of the active substance etoxazole. Efsa.
J. 15, €04988 (2017).
11. Renciizogullari, E. et al. The genotoxic effect of the new acaricide etoxazole. Russ. J. Genet. 40, 1300-1304 (2004).
12. Sevgiler, Y., Orug, E. O. & Uner, N. Evaluation of etoxazole toxicity in the liver of Oreochromis niloticus. Pestic. Biochem. Phys. 78,
1-8 (2004).
13. Sdenz-de-Cabezén Irigaray, E. J. & Zalom, E. G. Transovarial biotransference of etoxazole through a terrestrial trophic web. Pest.
Manag. Sci. 68, 1467-1470 (2012).
14. Zhao, M. et al. Disruption of the hormonal network and the enantioselectivity of bifenthrin in trophoblast: Maternal-fetal health
risk of chiral pesticides. Environ. Sci. Technol. 48, 8109-8116 (2014).
15. Sun, D., Pang, J., Fang, Q., Zhou, Z. & Jiao, B. Stereoselective toxicity of etoxazole to MCF-7 cells and its dissipation behavior in
citrus and soil. Environ. Sci. Poll. Res. 23, 24731-24738 (2016).
16. Yilmaz, M., Rencuzogullari, E. & Canli, M. Investigations on the effects of etoxazole in the liver and kidney of Wistar rats. Environ.
Sci. Pollut. Res. 24, 19635-19639 (2017).
17. Chang, W. et al. Etoxazole stereoselective determination, bioaccumulation, and resulting oxidative stress in Danio rerio (zebrafish).
Ecotoxicol. Environ. Saf. 192, 110287 (2020).
18. Mota, T. E. M., Sampaio, A. R., Vasconcelos, M. W. & de Castilhos Ghisi, N. Allium cepa test vs. insecticides: A scientometric and
meta-analytical review. Environ. Sci. Poll. Res. 29, 42678-42691 (2022).
19. Banti, C. N. & Hadjikakou, S. K. Evaluation of genotoxicity by micronucleus assay in vitro and by Allium cepa test in vivo. Bio-
Protoc. 9, 3311 (2019).
20. Staykova, T. A., Ivanova, E. N. & Velcheva, I. G. Cytogenetic effect of heavy metal and cyanide in contamined waters from the
region of southwest Bulgaria. J. Cell. Mol. Biol. 4, 41-46 (2005).
21. Fenech, M. et al. HUMN Project: detailed description of the scoring criteria for the cytokinesis-block micronucleus assay using
isolated human lymphocyte cultures. Mutat. Res. Gen. Toxicol. Environ. 534, 65-75 (2003).
22. Zou, J., Yue, ], Jiang, W. & Liu, D. Effects of cadmium stress on root tip cells and some physiological indexes in Allium cepa var.
agrogarum L. Acta Biol. Cracov. Bot. 54,129-141 (2012).
23. Beers, R. E. & Sizer, I. W. Colorimetric method for estimation of catalase. J. Biol. Chem. 195, 133-139 (1952).
24. Beauchamp, C. & Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem.
44,276-287 (1971).
25. Unyayar, S., Celik, A., Cekic, F. O. & Gozel, A. Cadmium-induced genotoxicity, cytotoxicity and lipid peroxidation in Allium
sativum and Vicia faba. Mutagenesis 21, 77-81 (2006).
26. Zedan, A. & Omar, S. Nano selenium: reduction of severe hazards of atrazine and promotion of changes in growth and gene
expression patterns on Vicia faba seedlings. Afr. J. Biotechnol. 18, 502-510 (2019).
27. Amag, E. & Liman, R. Cytotoxic and genotoxic effects of clopyralid herbicide on Allium cepa roots. Environ. Sci. Pollut. Res. 28,
48450-48458 (2021).
28. Maldani, M. et al. Effect of glyphosate and paraquat on seed germination, amino acids, photosynthetic pigments and plant mor-
phology of Vicia faba, Phaseolus vulgaris and Sorghum bicolor. Environ. Sustain. 47, 23-733 (2021).
29. Popova, T. et al. Cytotoxic and mutagenic effects of pesticides Verita WG and Actara 25 WG on sweet pepper (Capsicum annuum
L.) and onion (Allium cepa L.). Bulg. J. Agric. Sci. 27, 569-574 (2021).
30. Chacon, C. E, Gonzélez, E. C. L. & Poletta, G., L. Biomarkers of geno-and cytotoxicity in the native broad-snouted caiman (Cai-
man latirostris): Chromosomal aberrations and mitotic index. Mutat. Res. Gene.t Toxicol. Environ Mutagen. 867, 503353 (2021).
31. Gogoi, J., Das, K. & Dutta, P. Effect of preservatives and pesticides on mitotic index of Allium cepa roots-biological model experi-
ment for genotoxicity. Poll. Res. 40, 777-781 (2021).
32. Shabbir, M., Singh, M., Maiti, S. & Saha, S. K. Organophosphate pesticide (chlorpyrifos): Environmental menace; study reveals
genotoxicity on plant and animal cells. Environ. Chall. 5, 100313 (2021).
33. Yildiz, M. & Arikan, E. S. Genotoxicity testing of quizalofop-P-ethyl herbicide using the Allium cepa anaphase-telophase chromo-
some aberration assay. Caryologia 61, 45-52 (2008).
34. Tiirkoglu, $. Determination of genotoxic effects of chlorfenvinphos and fenbuconazole in Allium cepa root cells by mitotic activity,
chromosome aberration, DNA content, and comet assay. Pestic. Biochem. Phys. 103, 224-230 (2012).
35. Tiitiinc, E., Yalgin, E., Acar, A., Yapar, K. & Cavusoglu, K. Investigation of the toxic effects of a carbamate insecticide methiocarb
in Allium cepa L.. Cytologia 84, 113-117 (2019).
36. Giig, 1, Yalgin, E., Cavusoglu, K. & Acar, A. Toxicity mechanisms of aflatoxin M1 assisted with molecular docking and the toxicity-
limiting role of trans-resveratrol. Sci. Rep. 12, 1-19 (2022).
37. Ye, C.]J. et al. Micronuclei and genome chaos: Changing the system inheritance. Genes 10, 366 (2019).
38. Krupina, K., Goginashvili, A. & Cleveland, D. W. Causes and consequences of micronuclei. Curr. Opin. Cell Biol. 70, 91-99 (2021).
39. Kirsch-Volders, M. et al. Commentary: critical questions, misconceptions and a road map for improving the use of the lymphocyte
cytokinesis-block micronucleus assay for in vivo biomonitoring of human exposure to genotoxic chemicals-A HUMN project
perspective. Mutat. Res. 759, 49-58 (2014).
40. Cayir, A., Coskun, M., Coskun, M. & Cobanoglu, H. DNA damage and circulating cell free DNA in greenhouse workers exposed
to pesticides. Environ. Mol. Mutagen. 59, 161-169 (2018).
41. Jacobsen-Pereira, C. H. et al. Markers of genotoxicity and oxidative stress in farmers exposed to pesticides. Ecotoxicol. Environ.
Saf. 148, 177-183 (2018).
42. Abdollahi, M. & Karami-Mohajeri, S. A comprehensive review on experimental and clinical findings in intermediate syndrome
caused by organophosphate poisoning. Toxicol. Appl. Pharmacol. 258, 309-314 (2012).
43. Mehrian, S. K. & De Lima, R. Nanoparticles cyto and genotoxicity in plants: Mechanisms and abnormalities. Environ. Nanotechnol.
Monit. Manag. 6, 184-193 (2016).
44. Yildiz, M., Cigerci, IH., Konuk, M., Fidan, A. F. & Terzi, H. Determination of genotoxic effects of copper sulphate and cobalt
chloride in Allium cepa root cells by chromosome aberration and comet assays. Chemosphere 75, 934-938 (2009).
45. Adrovic, J., Eminovic, I., Vidovic, S. & Adrovic, F. Chromosomal aberrations and nuclear anomalies in root tip cells of Allium cepa
L. caused by radon in water. JMBR 9, 25-36 (2021).
46. Hajmoradi, F. & Kakaei, M. Genotoxic effects of heavy metals on mitotic chromosomes of Trigonella foenum-graecum L.. ]. Genet.
Res. 7, 265-271 (2021).
47. Dutta, J., Ahmad, A. & Singh, J. Study of industrial effluents induced genotoxicity on Allium cepa L.. Caryologia 71, 139-145 (2018).
48. Demirtas, G., Cavusoglu, K. & Yalgin, E. Aneugenic, clastogenic, and multi-toxic effects of diethyl phthalate exposure. Environ.
Sci. Pollut. Res. 27, 5503-5510 (2020).
Scientific Reports |  (2022) 12:20453 | https://doi.org/10.1038/s41598-022-24966-0 nature portfolio



www.nature.com/scientificreports/

49. Sutan, N. A., Popescu, A., Mihaescu, C., Soare, L. C. & Marinescu, M. V. Evaluation of cytotoxic and genotoxic potential of the
fungicide ridomil in Allium cepa L. Analele Stiint. ale Univ. Al Cuza din Iasi 60, 5-12 (2014).

50. Kalefetoglu Macar, T. Investigation of cytotoxicity and genotoxicity of abamectin pesticide in Allium cepa L.. Environ. Sci. Pollut.
Res. 28,2391-2399 (2021).

51. Gavusoglu, D., Yal¢in, E., Cavusoglu, K., Acar, A. & Yapar, K. Molecular docking and toxicity assessment of spirodiclofen: Protec-
tive role of lycopene. Environ. Sci. Pollut. Res. 28, 57372-57385 (2021).

52. Senthilkumar, M., Amaresan, N. & Sankaranarayanan, A. Estimation of malondialdehyde (MDA) by thiobarbituric acid (TBA)
assay. In Plant-microbe interactions 1st edn (eds Senthilkumar, M. et al.) (Humana, 2021).

53. Kiigiikakytiz, K., Yildiztekin, M., Civelek, H. S., Nadeem, S. & Tuna, A. L. Antioxidative defence mechanisms in tomato (Lycoper-
sicum esculentum L.) plants sprayed with different pesticides and boron compounds. Int. J. Second. Metab. 5, 200-209 (2018).

54. Kunos, V. The stimulation of superoxide dismutase enzyme activity and its relation with the Pyrenophora teres f. teres infection in
different barley genotypes. Sustainability 14, 2597 (2022).

55. Sharma, J. K. et al. Influence of CeO, nanoparticles synthesized from plant extracts on the catalytic performance of isolated catalase
from carrots. Emergent. Mater. 5, 673-682 (2022).

56. Mahapatra, K., De, S., Banerjee, S. & Roy, S. Pesticide mediated oxidative stress induces genotoxicity and disrupts chromatin
structure in fenugreek (Trigonella foenum-graecum L.) seedlings. J. Hazard. Mater. 369, 362-374 (2019).

57. Gavusoglu, K., Yal¢in, E., Tarkmen, Z., Yapar, K. & Sagir, S. Physiological, anatomical, biochemical, and cytogenetic effects of
thiamethoxam treatment on Allium cepa (amaryllidaceae) L.. Environ. Toxicol. 27, 635-643 (2012).

58. Acar, A., Cavusoglu, K., Tirkmen, Z., Cavusoglu, K. & Yalgin, E. The investigation of genotoxic, physiological and anatomical
effects of paraquat herbicide on Allium cepa L.. Cytologia 80, 343-351 (2015).

59. Macar, O. Multiple toxic effects of tetraconazole in Allium cepa L. meristematic cells. Environ. Sci. Pollut. Res. 28, 10092-10099
(2021).

60. Akgiindiiz, M. C., Cavusoglu, K. & Yal¢in, E. The potential risk assessment of phenoxyethanol with a versatile model system. Sci.
Rep. 10, 1-10 (2020).

Acknowledgements
This study has not been financially supported by any institution.

Author contributions

O.M: conceptualization; investigation; methodology; writing-review and editing. T.K.M: investigation; methodol-
ogy; writing-review and editing. K.C: methodology; data curation; writing-review and editing. E.Y: methodology;
data curation; writing-review and editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-24966-0.

Correspondence and requests for materials should be addressed to O.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:20453 | https://doi.org/10.1038/s41598-022-24966-0 nature portfolio


https://doi.org/10.1038/s41598-022-24966-0
https://doi.org/10.1038/s41598-022-24966-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Risk assessment of oxidative stress and multiple toxicity induced by Etoxazole
	Materials and methods
	Preparation of test materials. 
	Assessment of physiological parameters. 
	Assessment of genotoxicity. 
	Assessment of biochemical changes. 
	Assessment of meristematic cell damages. 
	Statistical analysis. 

	Results and discussion
	Conclusion
	References
	Acknowledgements


