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Abstract
Contamination with neonicotinoids is a global problem affecting environment and target and non-target organisms including
plants. The present study explored the potential genotoxic and cytotoxic effects of the insecticides Actara 25WD and Nuprid 200
SL containing the active substances thiamethoxam (TMX) and imidacloprid (IMI), respectively, on cultivated sunflower
(Helianthus annuus L.). The half maximal effective concentration (½EC50) of the tested substances was calculated using a
dose-response inhibition analysis of the growth of plant roots relative to the corresponding controls. Application of approximately
½EC50 or higher TMX doses significantly increased the antioxidant activity in sunflower leaves, whereas IMI led to a significant
decrease in root antioxidant capacity, indicating organ-specific insecticide effects on sunflower plants. Even low doses (½EC50) of
the studied neonicotinoids led to irregularities in mitotic phases and abnormalities in the cytokinesis and chromosome segregation,
such as bridges, laggards, stickiness, and C-mitosis. Genotoxic effects manifested by a dose-independent induction of primary
DNA damages and retrotransposon dynamics were also observed. The used set of physiological, biochemical, and genetic traits
provides new information about the organ-specific effects of neonicotinoids in sunflower plants and elaborates on the complexity
of mechanisms underpinning these effects that include DNA damages, cytokinesis defects, and genome instability.
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Introduction

Neonicotinoids are widely used insecticides that have benefi-
cial economic effects based on their effective pest control and

contribution to plant vigor and crop yield. However, the ex-
tensive use of insecticides in modern agriculture entails risks
of their accumulation in soils, groundwater, and plant tissues.
Most studies on the biological effects of neonicotinoid insec-
ticides have been conducted with animals, such as soil and
aquatic organisms, worms, fish, rodents, and mammals
(Dittbrenner et al. 2011; Feng et al. 2005; Finnegan et al.
2017). Uncontrolled dispersion of neonicotinoid insecticides
from target fields to surrounding agricultural and urban areas
affects various non-target organisms (Malev et al. 2012). The
application of these substances on agricultural crops can be
hazardous to pollinators, including honeybees (Craddock
et al. 2019). The influence of neonicotinoids on different plant
traits, however, remains poorly studied and disputable.
Despite the low uptake (approximately 5%) of neonicotinoids
by crops (Wood and Goulson 2017), they are transported to all
plant tissues and intensively metabolized often forming toxic
compounds (Simon-Delso et al. 2015). Residue concentra-
tions in plants may range from parts per billion (ppb) to parts
per million (ppm) (Bonmatin et al. 2015; Craddock et al.
2019).

Highlights
• Neonicotinoid insecticides inhibit root growth in cultivated sunflower.
• Neonicotinoids do not damage cell membranes.
• Neonicotinoids provoke organ-specific antioxidant responses.
•Neonicotinoids exert dose-independent DNA damages and higher trans-
poson dynamics

• Neonicotinoid insecticides affect chromosome segregation and
cytokinesis.
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Thiamethoxam (TMX) and imidacloprid (IMI) are N-
nitroguanidine neurotoxins that are mainly used for seed dress-
ing and for soil and foliar treatment before planting economi-
cally important crops, which reduce losses due to pests
(Laurent and Rathahao 2003). Pre-treatment with these insec-
ticides can enhance drought tolerance in tobacco, red pepper,
soybean, and sugar cane (Cataneo et al. 2010; Endres et al.
2016; Stamm et al. 2014), and freezing tolerance in wheat
(Larsen and Falk 2013). On the other hand, TMX and IMI
adversely affect crop germination, growth, development, and
productivity, which could be at least partially associated with
the insecticide-induced oxidative stress (Shahid et al. 2021).
Similar to animals, plants exposed to TMX and IMI accumu-
late reactive oxygen species (ROS) that can damage plant bio-
molecules, such as lipids, proteins, and nucleic acids
(Çavuşoğlu et al. 2012; Ford et al. 2011). These effects mainly
depend on the insecticide type and the applied doses (Shahid
et al. 2021). Transcriptome analysis of soybean seeds exposed
simultaneously to spider mites and TMX and IMI reveals a
strong suppression of the genes implicated in biosynthetic
pathways of cell wall, phenylpropanoids, and flavonoids, as
these effects are particularly prominent after ТMX treatment.
It is likely that TMX acts as a repressor of genes involved in
biotic stress responses and cell growth-related genes (Wulff
et al. 2019; House et al. 2020). Neonicotinoids can negatively
affect plant structure, key metabolic, physiological and bio-
chemical activities, and cause genetic abnormalities
(Çavuşoğlu et al. 2012; Ford et al. 2010, 2011; Stamm et al.
2014). Dose-dependent damages in the root tip and surface and
deformation of plant vascular tissues have been noted after
treatment of chickpea with TMX and IMI (Shahid et al. 2021).

The cultivated sunflower (Helianthus annuus L.) is one of
the most important oilseed crop used for human food, animal
feed, and biofuel production (Mursec et al. 2009). It is also a
prominent mass-flowering crop providing pollen and nectar
for insect pollinators. On the other hand, sunflower is consid-
ered a high-risk crop because of losses due to insect pests,
diseases, and damage by birds, which might be potentially
controlled by pesticide applications. Eastern European coun-
tries, such as Bulgaria, Romania, and Greece, are the largest
producers of linoleic type sunflowers in the European Union
(Kaya et al. 2015). Although the insecticides are a major farm
tool for the pest control, their effects on oilseed crops, in
particular on sunflower, are largely unexplored. Bredeson
and Lundgren (2015) have shown that neonicotinoid treat-
ment of sunflower seeds does not produce benefits in terms
of pest regulation or yield increases. A very recent report has
displayed the toxicity of TMX on root meristematic cells in
sunflower (Georgieva and Vassilevska-Ivanova 2021).
Hence, additional studies are urgently required to gain a
deeper insight into the action of neonicotinoids, which could
allow development of new guidelines and protocols for
neonicotinoid treatment of different crops.

The present work focuses on various physiological, cyto-
toxic, and genotoxic effects of the commonly used
neonicotinoids TMX and IMI on the cultivated sunflower,
which revealed some specific mechanisms of neonicotinoid
action.We assessed the level of lipid peroxidation, antioxidant
capacity, the frequency and types of chromosome aberrations,
and cytotoxic and genotoxic effects in insecticide-treated
plants. The evaluated set of biological traits provides evi-
dences for the organ-specific effects of neonicotinoids in sun-
flower plants and showed that the mechanisms underpinning
these effects are complex and include DNA damages, cytoki-
nesis defects, and genome instability.

Materials and methods

Plant material and chemicals

The two insecticides, Actara 25 WD, containing the active
substance thiamethoxam [(3-(2-chloro-1,3-thiazol-5-
ylmethyl)-1,3,5-oxadiazinan-4-ylidenene(nitro)amine
(TMX), 250 g/kg)], and Nuprid 200 SL, containing the active
substance imidacloprid [1-(6-chloro-3-pyridin-3-ylmethyl-
Nnitroimidazolidin-2-ylidenamine) (IMI), 200 g/l], were ob-
tained from Syngenta (Switzerland) and Nufarm GmbH& Co
KG (Austria), respectively. The applied TMX and IMI doses
were calculated according to the concentration of the active
substances (as mentioned above) provided in the fact sheet of
the insecticides and selected as threshold levels at which the
experimental plants had comparable germination and root
growth performances.

Sunflower (Helianthus annuus L.) seeds, cultivar favorite
(2n=34), were obtained from Dobroudja Agricultural Institute
at General Toshevo, Bulgaria. The H. annuus genome is dip-
loid with a chromosome number of 17 and an estimated ge-
nome size of ∼3.5 Gb (Kantar et al. 2014). The seeds were
surface sterilized in 1% potassium permanganate (KMnO4)
solution for 10 min, rinsed three times with autoclaved dis-
tilled water, and germinated on wet filter paper in sterile round
Petri dishes with a diameter of 150 mm (30 seeds on a single
plate).

Physiological parameters

Root growth inhibition test and determination of effective
concentrations (EC50) of neonicotinoids

Germinated seedlings were separated into different groups
and exposed to five concentrations (0.2, 0.4, 0.6, 1.0, 2.0,
and 4.0 g/l) of TMX and four concentrations (0.03, 0.05,
0.07, 0.10, and 1.00 g/l) of IMI. Untreated plants constituted
the negative controls. During the treatment period, insecticide
solutions were refreshed every day to maintain active
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substances at constant levels. To determine the half maximal
effective concentration (EC50) of the insecticides, root growth
inhibition test was performed at 24 h, 48 h, and 120 h after
seed germination. The EC50 refers to the effective concentra-
tion of insecticides causing 50% reduction in root length, as
compared to the control. The point showing a 50% reduction
in root length was expressed as a mean percentage for differ-
ent treatment concentrations, and the dynamics of EC50 for
TMX and IMI were generated by sigmoidal curves based on
nonlinear regression techniques:

y ¼ minþ max−min

1þ x=EC50ð ÞHillslope

using the online EC50 calculator (AAT Bioquest, Inc.,
Sunnyvale, CA; Beam and Motsinger-Reif 2014).

Assessment of lipid peroxidation as a biomarker of oxidative
stress

The level of membrane lipid peroxidation in insecticide-
treated plants and controls was estimated by measuring the
malondialdehyde (MDA) content using the thiobarbituric acid
(TBA) assay (Hodges et al. 1999). The TBA-reactive sub-
stances were quantified in leaf and root samples collected
from 10-day-old sunflower plants. Leaf or root material (0.5
g) was homogenized on ice with 0.1% trichloroacetic acid
(w/v) (TCA) and centrifuged at 12 000×g for 30 min. An
aliquot of the supernatant (500 μl) was mixed with 20%
chloroacetic acid and 0.5% (w/v) TBA and then immersed
in a boiling water bath for 45 min. Reactions were stopped
by cooling the tubes on ice. The absorbance values of the
supernatant were read by a spectrophotometer at 440, 532,
and 600 nm. Lipid peroxidation was calculated using a
MDA molar extinction coefficient of ε = 155 mM cm−1 and
expressed as nmol g−1 fresh weight (nmol g/FW).

Spectrophotometric determination of antioxidant capacity
by FRAP assay

The total antioxidant potential of neonicotinoid-treated and
control plants was estimated spectrophotometrically by the
ferric reducing antioxidant power (FRAP) assay (Benzie and
Strain 1999). Root and leaf samples were collected from 10-
day-old plants, then grinded with 80% ethanol, and centri-
fuged at 10,000 rpm for 20 min at 4 °C. A 50-μl aliquot of
the suspension was mixed with 1.5 ml of the freshly prepared
FRAP reagent [0.3M acetate buffer; 0.01M 2,4,6-tripyridyl-S-
triazine (TPTZ) in 0.04M HCl, and 0.02M FeCl3.6H2O in the
proportion of 10:1:1]. In the presence of TPTZ, the ferric-
TPTZ (Fe3+-TPTZ) complex was reduced to the blue colored
ferrous (Fe2+-TPTZ) form, which was monitored at 593 nm.
For calibration, solutions of FeSO4.7H2O in the range of 100

to 1000μmol/l were used. The results were expressed asμmol
FRAP g/FW.All the experiments were performed in triplicate.

Genetic and molecular parameters

Evaluation of DNA damage by plant comet assay

The genotoxicity of neonicotinoid insecticides was assessed
by alkaline comet assay with modifications, as described by
Georgieva et al. (2015, 2017a). Sunflower roots treated for
24 h with the insecticides were chopped with a razor blade,
squashed between gelatinized slides and coverslips, and the
isolated nuclei were collected in Sörensen buffer [(50 mM
sodium phosphate (pH 6.8), 0.1 mM ethylenediaminetetraace-
tic acid (EDTA) and 0.5% dimethyl sulfoxide (DMSO)].
Dakin fully frosted microscope slides (Thermo Scientific)
were covered with 60 μl of normal melting agarose (0.5%).
The nuclear pellets were resuspended in 50 μl of 1% low-
melting point agarose (Carl Roth), applied to microscope
slides and allowed to polymerize. Then the slides were placed
into alkaline lysis buffer [2.5 M NaCl, 100 mM EDTA-Na2,
10 mM Tris (pH > 10), 5 ml of DMSO, and 0.5 ml of Triton
X-100] for 30 min. Before electrophoresis, the slides were
incubated for 20 min in alkaline buffer (10 M NaOH and
200 mM EDTA-Na2, pH > 13) to denature DNA. After alkali
denaturation, the slides were subjected to electrophoresis at
25 V (300 mA) for 20 min, then washed with neutralization
buffer (0.4 M Tris, pH 7.5), and dehydrated twice with 90%
and 96% ethanol followed by staining with DAPI (4 g/l, 30 μl
per slide). Scoring of the comets was conducted using an
Olympus BX41 fluorescence microscope (Hamburg,
Germany) with the software for image analysis CometScore
System version 1.5 (TriTek Corporation). DNA damage was
estimated by the quantification and classification of nucleoids
into five types, according to the amount of DNA in comet
tails: Type 1 (<5%), 2 (5–20% damage), 3 (20–40% damage),
4 (40–95% damage), and 5 (more than 95% damage)
(Anderson et al. 1994). In each experiment, at least fifty ran-
domly selected nuclei per slide were scored. The experiments
were repeated three times, and the average percentage of DNA
in the comet tails was calculated.

Analysis of genome dynamics by retrotransposon-based iPBS
markers

To assess genetic variability related to the insertion/loss of
LTR retrotransposons and/or to DNA sequence variations in
adjacent regions, the inter-primer binding site (iPBS) amplifi-
cation technique was used (Kalendar et al. 2010). Genomic
DNA was extracted from the leaves of 10-day-old plants with
DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA, USA),
and the DNA quality and quantity were assessed by agarose
gel electrophoresis. Two randomly selected plants were
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chosen per each treatment group. Thiamethoxam was applied
at concentrations of 0.5, 1.0, and 2.0 g/l and IMI at 0.05, 0.1,
and 0.2 g/l representing ½EC50, EC50, and 2×EC50. Two
primers 2222 (5′-ACTTGGATGCCGATACCA-3′) and
2224 (5′-ATCCTGGCAATGGAACCA-3′) with a high effi-
ciency amplification rate (Kalendar et al. 2010) were used for
the analysis. Well-resolved bands were scored manually as a
binary value, “1” for the presence and “0” for the absence of a
band. Transposable element (TE) dynamics was evaluated
through the following parameters describing the abundance
and diversity of TEs: band number, number of polymorphic
loci, genetic distances, and type of band rearrangements (ap-
pearance and loss of bands). The genetic distances were cal-
culated based on the Jaccard’s coefficient implemented in
XLSTAT v. 2014.5.03.

Cytogenetic assay and microscopic examination

The cytotoxic and genotoxic effects of the insecticides were
assessed according to Karaismailoglu (2014) with some mod-
ifications (Georgieva and Vassilevska-Ivanova 2021). Control
and treatment groups each comprising at least 10 seeds were
exposed to three concentrations of neonicotinoids
representing ½EC50, EC50, and 2×EC50 for 24 h and 48 h.
Root tips were fixed in Clarke’s fixative (96% ethanol: acetic
acid glacial, 3:1) for 24 h, washed three times with ultrapure
water, and hydrolyzed in 1N HCl at 60 °C for 2 min followed
by staining in 2% acetocarmine solution for 2 h. Then the root
tips were then squashed in 45% acetic acid. The mitotic index
(MI) was calculated as a ratio between the number of cells in
mitosis and the total number of analyzed cells. At least 1000
cells per slide of each root meristem per treatment were ana-
lyzed and expressed in percentages. The phase index of mi-
totic division was measured as the number of cells in the
respective mitotic phase to the total number of dividing cells.
The type and quantity of chromosomal abnormalities were
also scored.

Statistical analysis

All data are the means of at least three independent experi-
ments with three replicate measurements, unless otherwise
stated. The Kolmogorov-Smirnov test was used to test the
normality of the data sets. Since the data for MDA, FRAP,
and MI test were normally distributed, the comparisons
among the various experimental groups and the controls were
performed using one-way analysis of variance (ANOVA)
followed by post hoc Tukey’s test. The data from the root
growth test and comet assay were non-normally distributed
and analyzed by the nonparametric Kruskal-Wallis test
followed by Dunn’s multiple comparison test. The signif-
icance level was set at 0.05 for the parametric and non-
parametric tests. All statistical analyses were performed

using GraphPad Prism 5 statistical software (GraphPad
Inc.).

Results

Short-term acute phytotoxicity of TMX and IMI.
Calculation of EC50 values

A primary objective of acute toxicity experiments was to es-
timate the dynamics of effective concentrations (EC50) of the
neonicotinoids TMX and IMI after treatment duration of 24 h,
48 h, and 120 h. The data from the root growth inhibition test
are summarized in Fig. 1 and Online Resource 1. All the
applied concentrations of TMX had an inhibitory effect on
the root growth at all time points after germination. The only
exception was noted for the doses of 0.2 and 0.6 g/l, where
statistically significant differences to the controls were not
detected. The tested IMI concentrations from 0.03 to 0.07 g/l
did not significantly affect root growth after 24-h treatment,
compared to untreated controls. However, a 24-h exposure to
0.1 g/l reduced more than 84.74% the root length. Treatment
with IMI for 48 h coincided with the greatest inhibitory effect
on the root growth, which decreased between 1.4- and 3.5-
fold depending on the applied dose. The root length after
120 h of IMI treatment was comparable to that of the controls.
The highest IMI concentration (1.0 g/l) completely inhibited
the seed germination.

Data presented in Online Resource 1 were used to construct
nonlinear concentration-response curves upon neonicotinoid
treatment for 24 h, 48 h, and 120 h (Fig. 1a, b). Acute toxicity
tests showed that the EC50was approximately 1.0 g/l for TMX
(6 concentrations tested) and 0.1 g/l for IMI (5 concentrations
tested).

Membrane lipid peroxidation and antioxidant
response

Since neonicotinoids can considerably increase lipid peroxi-
dation (Wang et al. 2018), quantification of the damage in cell
membranes was carried out bymeasuring the amount ofMDA
(Fig. 2a, b). Upon exposure to ½EC50, EC50, and 2xEC50

TMX and IMI, the leaves displayed only a slight tendency
towards the accumulation of higher levels of MDA than the
roots. However, both insecticides did not significantly affect
the MDA content indicating preserved integrity of the cell
membranes in the leaves and roots.

To further unravel neonicotinoid effects, the antioxidant
activity in the root and leaf samples was monitored using
FRAP analysis (Fig. 2c, d). The TMX-treated roots did not
display statistically significant changes in the FRAP values,
compared to untreated controls. On the contrary, in the leaf
samples, TMX at the ½EC50 or higher concentrations led to
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statistically significant increases in the antioxidant potential.
Treatment with IMI significantly reduced the FRAP values in
the roots, whereas in the leaves, these values were comparable
to those of untreated controls. Therefore, the antioxidant state
of sunflower seedlings was affected in an organ-specific man-
ner depending on the type of the neonicotinoids applied.

Neonicotinoid-induced changes in DNA integrity

The alkaline comet assay was used to assess the potential
genotoxic effects induced by TMX (Fig. 3a, b) and IMI
(Fig. 3c, d) exposure in sunflower. The primary DNA damage
is presented as a percentage of DNA in comet tails (Fig. 3a, c)
and the distribution of different types of comets (Fig. 3b, d).
Significantly larger comet tails were detected following expo-
sure to all tested doses of TMX and IMI indicating a substan-
tial DNA damage (Fig. 3a, c). The observed changes however
did not occur in a dose-dependent manner. Under both insec-
ticides, the fraction of comets with <5% DNA in the tail was

greatly reduced (Fig. 3b, d). On the contrary, the fraction of
comets with a higher percentage of DNA in the tail, type 3
(20–40%) and type 4 (40–95%), was significantly increased.

Analysis of genome integrity by retrotransposon-
based iPBS markers

Inter-primer binding site (iPBS) primers were used to access
the differences between the genome integri ty of
neonicotinoid-treated and control samples. The primers gen-
erated high-quality and scorable gel bands in the range of
550–4000 bp (Fig. 4a, b). The number of amplified fragments
per plant varied from 18 to 21, when using primer 2222, and
from 12 to 16 using primer 2224.

Polymorphisms between the neonicotinoid-treated and con-
trol groups were detected, and the genetic distances for the whole
set of analyzed samples ranged from 0 to 28.6% for the primer
2222 and from 0 to 35.3% for the primer 2224 (Fig. 4c; Online
Resource 2). Overall, the patterns of dose-dependent changes in

Fig. 1. Inhibition of sunflower root growth by neonicotinoid insecticides
containing the active substances thiamethoxam (TMX) and imidacloprid
(IMI). Sigmoidal dose-response curves relative to four parameters

(maximum response, minimum response, ЕC50, and Hill-slope) display
the effects of TMX (a) and IMI (b) after plant treatment for 24 h, 48 h and
120 h. The equation is displayed in the upper right corner
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Fig. 2 Antioxidant-related
parameters in sunflower exposed
to neonicotinoid insecticides.
Membrane lipid peroxidation (a,
b) and antioxidant capacity (c, d)
were measured in the plant roots
and leaves after exposure to TMX
(a, c) and IMI (b, d). FRAP
values are expressed as
micromoles of FRAP g−1 fresh
mass. Data represent the mean
values ± SE from at least three
biological replicates. The
asterisks indicate statistically
significant differences, compared
to the untreated controls (**p
<0.01; ***p <0.001; n.s., not
significant), according to
ANOVA test followed Tukey’s
post hoc test

Fig. 3 Induction of DNA strand
breaks and distribution of
different types of comets in the
roots of sunflower exposed to
neonicotinoid insecticides. DNA
damage was assessed after plant
exposure to TMX (a, b) and IMI
(c, d) by measuring of the
percentage of DNA in the comet
tails (a, c). The comets are
grouped as types 1 to 5 according
to the % damage in comet tails (b,
d): type 1 (<5%DNA in tail), type
2 (5–20% DNA in tail), type 3
(20–40% DNA in tail), type 4
(40–95% DNA in tail), and type 5
(>95% DNA in tail). Data
represent the mean values ± SE
from at least three biological
replicates. The asterisks indicate
statistically significant differences
from the untreated controls at ***p
<0.001, according to Kruskal-
Wallis test followed Dunn’s post
hoc test
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polymorphisms varied between both insecticides and used
primers. Lower degree of variability was detected with primer
2222 (~17% for the lowest treatment doses of both insecticides).
The values remained relatively constant under further increase in
the TMX dose for the same primer (Online Resource 3). A
comparable pattern of decreased genetic polymorphisms at

higher doses was found for IMI (primer 2224) and TMX (primer
2222). A dose-dependent rise in genetic diversity was noted only
for IMIwith primer 2224. Ultimately, the treatment-induced gain
or loss of bands (iPBS markers) impacted on the observed ge-
netic diversity. The appearance of new transposable element
(TE) bands was the major outcome when using both primers
and treatment doses. Band rearrangements were detected for all
doses, which correlated well with the values of genetic polymor-
phisms (Online Resource 3). A polymorphism was also noticed
between the samples within each treatment group (Online
Resource 3). When using primer 2222, the values ranged from
5.3 to 14.3 for TMX and from 5.6 to 14.3 for IMI. Under TMX
treatment, both primers displayed a higher within-group poly-
morphism upon the lower insecticide doses, whereas higher
doses resulted in the lowest polymorphism rate. The same trend
was seen for IMI with primer 2222. An exception to the general
trend was primer 2224 under IMI treatment, where the polymor-
phism increased 2.0- and 4.0-fold at higher doses.

Cytogenetic analysis

The studied insecticides affected the percentage of cells
in mitosis (mitotic index, MI) (Fig. 5a, b) and the pro-
portion of cells in a particular mitotic phase (phase in-
dex) (Fig. 5c–f). Exposure to TMX (Fig. 5a) and IMI
(Fig. 5b) for 24 h and 48 h significantly reduced MI in
the root tip cells. Additional reduction occurred with the
increase of the applied doses and treatment duration.
The strongest effect was seen after treatment with 0.2
g/l IMI for 48 h (Fig. 5b). Even low doses (½EC50) of
the insecticides led to changes in the frequencies of
mitotic phases and their distribution (Fig. 5c–f). In gen-
eral, TMX treatment decreased the fractions of prophase
and ana-telophase cells and did not affect the cells in
metaphase (Fig. 5c, d). Exposure to IMI for 24 h in-
creased or did not affect the cells in prophase (Fig. 5e),
whereas treatment with higher doses for 48 h decreased
the frequency of all mitotic phases (Fig. 5f).

Nuclear and chromosomal aberrations induced by the
neonicotinoids at ½EC50, EC50, and 2xEC50 significant-
ly increased after 24 h and 48 h treatment (Table 1).
Interphase abnormalities manifested by various types of
nuclear defects, such as binucleated cells (Fig. 6a), nu-
clear buds (Fig. 6b), ghost cells (Fig. 6c), and cells with
nuclear disintegration (Fig. 6d), could be seen. Different
types of chromosomal aberrations were also observed,
when compared to the regular mitosis (Fig. 6e), includ-
ing disturbed prophase (Fig. 6f) and metaphase (Fig.
6g), stickiness (Fig. 6h), C-mitosis (Fig. 6i), bridges
(Fig. 6j), and laggards (Fig. 6k). At EC50 and 2×EC50

doses of TMX, significant increase in the frequency of
sticky chromosomes was detected, while the 2×EC50

dose induced C-mitotic effects. Exposure to TMX for

Fig. 4 iPBS fingerprints and level of genetic polymorphism in sunflower
exposed to neonicotinoid insecticides. Amplification bands obtained with
the primers 2222 (a) and 2224 (b), and quantitative data about the level of
genetic polymorphism (c) after plant exposure to TMX and IMI. Roman
numerals in parentheses after the insecticide names depict the first (I) and
the second (II) replicate of each treatment group. Data about the level of
genetic polymorphism (c) represent themean values ± SE from two plants
per treatment
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24 h led to more chromosomal abnormalities than treat-
ment for 48 h (Table 1), while IMI induced a higher
number of chromosomal aberrations after 48 h. Upon
IMI treatment, the frequencies of chromosome bridges,
laggards, and C-mitosis increased, which affected the
percentage of total chromosomal abnormalities at all
doses and both exposure times. In the IMI-treated cells
at 2×EC50, ring chromosomes were also observed (Fig.
6l). Therefore, TMX exerted higher cytotoxicity after
24 h treatment, whereas IMI had more pronounced dam-
aging effect after exposure period of 48 h.

Discussion

Exposure to TMX and IMI inhibited sunflower root
growth

In general, various doses of neonicotinoids had a negative
impact on the growth of plant roots, which has been previous-
ly summarized by Georgieva et al. (2017b). In our work, the
changed dynamics of root growth varied between the tested
insecticides and was dependent on the dose applied and expo-
sure duration. At ½EC50 (0.6 g/l), TMX did not significantly

Fig. 5 Mitotic indices and phase
indices of root meristem cells in
sunflower exposed to
neonicotinoid insecticides.
Mitotic indices (a, b) and phase
indices (c–f) were calculated after
plant exposure to different doses
of TMX (a, c, d) and IMI (b, e, f)
for 24 h and 48 h and represent
themean values ± SE from at least
three biological replicates. The
asterisks indicate statistically
significant differences, compared
to the untreated controls (*, p
<0.05; **, p <0.01; ***, p
<0.001), according to ANOVA
followed by Tukey post hoc test
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alter root growth or had a negative effect. This minimal dose
affecting the growth of sunflower roots was considerably low-
er than that reported for rice (2.0 g/l) (Annamalai et al. 2018)
and corn (1.0 and 2.0 g AI/kg of seeds) (Ding et al. 2018),
which is indicative of species-specific response to
neonicotinoids. Furthermore, our results show that Nuprid
200 SL at a dose of 0.05% recommended by the manufacturer
for the treatment of seeds could be toxic to sunflower and
eventually lead to crop damage and yield losses. Similarly,
the IMI-mediated inhibition of root growth was more pro-
nounced under the higher doses and extended treatment dura-
tion, as the largest IMI dose fully compromised seed germi-
nation. This observation is in line with the recent studies on
chickpea, where IMI had the most toxic impact on seed ger-
mination (Shahid et al. 2021). Thus, the studied insecticides
should be additionally examined and optimized for treatment
of different crops, which is particularly important for sunflow-
er considering its vulnerability to relatively low neonicotinoid
doses.

TMX and IMI provoked organ-specific antioxidant re-
sponses and did not damage cell membranes

Exposure of sunflower to increasing neonicotinoid doses led
to organ-specific variations in ROS scavenging potential.
Treatment with TMX resulted in higher total antioxidant ac-
tivity in the sunflower leaves. Similarly, TMX enhances
radical-scavenging antioxidant activity in tomato and maize
leaves (Horii et al. 2007; Shakir et al. 2018) and increases the

levels of salicylic and ascorbic acids through modulations of
flavonoids and phenylpropanoid pathway (Bi et al. 2007; Ford
et al. 2010). However, Wulff et al. (2019) reported lower
expression of the genes involved in the biosynthesis of
phenylpropanoids and flavonoids under higher TMX concen-
trations. The FRAP test revealed that IMI-treated roots had an
impaired capacity to eliminate ROS, and this effect was not
apparent in the leaves. The observed differences between the
antioxidant activity in roots and leaves upon TMX and IMI
exposure imply for the existence of differential organ-specific
response mechanisms. Although both insecticides are readily
translocated from roots to leaves (Ge et al. 2017), the diver-
gent antioxidant capacity in sunflower organs is likely linked
to varying and complex factors. For instance, the enhanced
FRAP values in TMX-treated leaves could be related to the
higher accumulation of ROS in the leaf tissues provoked not
only by TMX but also by its breakdown products (Ge et al.
2017). On the other hand, the low antioxidant capacity in IMI-
treated roots could be attributed to the high IMI toxicity.
Shakir et al. (2018) observed a very large increase in ROS
levels in tomato roots under high IMI doses, which can induce
oxidative stress and suppress detoxification systems, thus re-
ducing root antioxidant capacity.

Moreover, the lipid peroxidation, which is a generally used
as a marker for oxidative stress quantified by the MDA level
(Yadav et al. 2016), did not display any significant changes
compared to the untreated controls. The detected low MDA
levels suggest that the tested insecticides did not induce severe
oxidative stress that could result in membrane damage.

Fig. 6 Representative images of
nuclear and mitotic abnormalities
in root meristem cells of
sunflower plants exposed to the
neonicotinoid insecticides TMX
and IMI: (a) binucleated cells
(arrows); (b) interphase with a
nuclear bud (arrow); (c) ghost
cells; (d) nuclear disintegration
(arrows); (e) normal mitosis
(black arrowhead: normal pro-
phase; double black arrowhead:
normal metaphase; empty
arrowhead: normal anaphase;
double empty arrowhead: normal
telophase); (f) disturbed prophase;
(g) disturbed metaphase (arrow);
(h) stickiness (arrow); (i) C-
mitosis (arrow); (j) chromosomal
bridge (arrows); (k) laggards (ar-
rows), and (l) ring chromosome
(arrow). Scale bars: (a–c, e, g–k)
50 μm; (d, f, l) 20 μm.
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Similar low levels of lipid peroxidation and hydrogen
peroxide have been reported by Afifi et al. (2015) for maize
plants treated with TMX. The authors link this effect to the
TMX-induced upregulation of free radical-scavenging genes,
which keeps the balance between the production and scaveng-
ing of ROS. Taken together, these findings suggest that the
tested insecticides mobilized various components of antioxi-
dant defense system in an organ-specific way maintaining the
ROS accumulation at relatively low levels, which did not lead
to oxidative damage of the cell membranes.

TMX and IMI affected DNA integrity and TE dynamics

Various toxic agents exert inhibitory effects on plant growth and
cause DNA damages (Nisa et al. 2019). Several reports have
shown that the highly reactive neonicotinoids can interact with
DNA and induce DNA breaks in animal and human cells
(Ansoar-Rodríguez et al. 2015; Calderón-Segura et al. 2012;
Chevillot et al. 2017). The plant comet assay has been established
as an effective method to assess the genotoxic effects of pesticides
and their potential to induce DNA breaks (Poli et al. 2003; Liman
et al. 2011, 2015). Using this technique, we observed larger comet
tails in the insecticide-exposed samples, which demonstrate that
neonicotinoids directly affected DNA integrity and induced DNA
strand breaks. It is noteworthy however that they did not provoke
dose-dependent DNA damages. Evaluation of the effect of the
herbicide maleic hydrazide on Arabidopsis thaliana by alkaline
comet assay has also shown higher than in the control DNA
damages and dose-independent herbicide responses (Menke
et al. 2001). Interestingly, the same herbicide doses induce muta-
tions and chromatid aberrations in tobacco and field bean nuclei
but DNA damages remain at control level (Gichner et al. 2000).
We can only suggest that the observed dose-independent effect
may be attributed either to the strong toxicity of the applied low
neonicotinoid doses or to the high vulnerability of sunflower root
nuclei to low neonicotinoid levels. The observed increases in the
fractions with larger comet tails (type 3 and type 4) upon the
lowest insecticide doses support this assumption.

In addition, the iPBS marker technique was employed as a
pioneering approach to assess the effect of insecticides on ge-
nome stability and retrotransposon dynamics. The ubiquitous
distribution in plant genomes and susceptibility to stress activa-
tion (Grandbastien 1998;Wessler 1996) make TEswell suited as
molecular tools to monitor natural and stress-induced genetic
diversity (Schulman et al. 2004). Transposon-based markers are
especially relevant for sunflower, as TEs constitute more than
81% of its genome mainly represented by long terminal repeat
(LTR)-retrotransposons (Giordani et al. 2014). Exposure to both
neonicotinoids resulted in larger genetic polymorphism and band
rearrangements predominantly manifested by the appearance of
new bands. Treatment with TMX led to a relatively narrow de-
viation range from the mean polymorphism rate under all the
applied doses, compared to the controls. This observation

coupled with the relatively higher polymorphism suggests large 
penetration rates and strong genotoxic effects of TMX.

The insecticides likely promoted retrotransposon activity 
and/or enhanced the rate of recombination between individual 
TE copies. The induction of TE-related rearrangements by 
chemical mutagens has been previously reported for ethyl 
methanesulfonate (EMS) in wheat (Bonchev et al. 2010) and  
for pesticides in rice (Yilmaz et al. 2018). Furthermore, we 
detected genetic variation even between the plants within the 
same treatment group. Similar within-group genetic variation 
after herbicide treatment has been assessed by the IRAP 
(Inter-Retrotransposon-Amplification Polymorphism) method 
(Cakmak et al. 2015; Marakli et al. 2012; Yilmaz et al.  2018). 
Interestingly, upon lower neonicotinoid doses, a higher 
within-group genetic variation was observed. This effect is 
likely linked to the uneven uptake of insecticides by plants 
under lower treatment concentrations. Increased doses could 
potentially enhance the neonicotinoid uptake rate and respec-
tively reduce within-group variability. The patterns of genetic 
variability linked to the applied doses differed between the 
two insecticides. A dose-dependent increase in genetic diver-
sity occurred only for IMI (primer 2224). Further optimization 
of the assay (e.g., additional treatment doses, more treatment 
plants) is required to get deeper insights into the patterns of TE 
dynamics upon exposure to different insecticides and doses.

Overall, both the comet assay and iPBS maker analyses 
showed that neonicotinoid-containing insecticides substantial-
ly affected DNA integrity and TE dynamics in sunflower.

TMX and IMI exerted cytotoxic and genotoxic effects 
on sunflower

The dynamics of cell division, which is frequently monitored by 
MI, is an important indicator of the cytotoxic effect of various 
stress agents on plants (Liman et al. 2015). This study revealed 
insecticide-disturbed mitotic progression in sunflower meriste-
matic cells manifested by a significant decrease in MIs and 
changes in phase indices. In parallel, various types of nuclear and 
chromosomal abnormalities were noted. Exposure to IMI for 24 h 
arrested the cells in prophase, which is in line with previously 
published reports on mito-depressive effects of IMI (Bianchi et al. 
2016), TMX (Georgieva and Vassilevska-Ivanova 2021) and 
some pesticides (Dragoeva et al. 2012; Lamsal et al.  2010). 
Besides the dose-dependent inhibition of germination, root 
length, biomass production, MDA level, and MI, chromo-somal 
aberrations and the induction of micronuclei by TMX in Allium 
cepa seeds have been reported (Çavuşoğlu et al. 2012). One of the 
most frequent abnormalities upon TMX and IMI treatment was 
the formation of binucleated cells, which is usually associated 
with impaired cytokinesis and disturbed karyokinesis 
(Iqbal et al. 2019). Chromosomal abnormalities, such as C-
mitosis, stickiness, laggards, and vagrants, are sensitive 
biomarkers   for   the   toxicity  of   different   agents   (Soodan
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et al. 2014). Laggards and stickiness were very frequent 
chromosomal aberrations upon exposure to TMX and IMI for 
24 h. These defects might be due to inhibition of tubulin 
proteins, which could disturb spindle formation and interrupt 
normal chromosome migration to the poles (Kuchy et al. 
2016). Indeed, there are two main reasons for the occurrence of 
C-mitosis in the cells: disturbances of microtubules and 
distortion of spindle formation (Odeigahetal. 1997). In this 
study, the chromosome stickiness could be a sign of insecticide 
toxicity with consequent lethal outcomes for the organisms. 
The potential causative for this type of aberrations is the 
emergence of inter- and intra-chromatid cross links 
(Kovalchuk et al.1998). Although the biochemical nature of this 
abnormality is still unknown, it has been suggested that 
chromosome stickiness originates from the functional failure of 
specific non-histone proteins involved in the segregation and 
separation of the chromatids (Gaulden 1987). Recent studies on 
humans have linked the chromosome stickiness with the 
functional defect in the Ki-67 protein, which prevents the 
binding of chromo-somes after nuclear envelope disintegration 
(Brangwynne and Marko 2016; Cuylen et al. 2016). Plant 
analogs of these proteins and genes have not been identified 
yet. The studied neonicotinoids also induced clastogenic 
aberrations, such as chromosomal breaks, chromosomal 
bridges, and ring chromosomes. The formation of chromosome 
bridges is normally linked to the occurrence of double-stranded 
DNA breaks. At the end of the cell division, their formation 
can lead to chromosome or chromatid fragmentation, which 
in turn are visualized as micronuclei in daughter cells (Luzhna 
et al. 2013).

In conclusion, this work explored the relatively 
unknown adverse effects of the neonicotinoid insecticides 
TMX and IMI on the physiology, antioxidant capacity, 
genome stability, and integrity of cultivated sunflower. The 
observed diverse and organ-specific plant responses 
strongly suggest the exis-tence of species-specific 
mechanisms of neonicotinoid action that often differ among 
plant tissues and organs. Further stud-ies are still needed to 
assess the neonicotinoid toxicity with greater resolution, 
which could contribute to minimization of adverse 
insecticide effects on crops.
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Кратка информация за изсле-
дователя: име, степен, зва-
ние, месторабота

Валя Василева, доктор, професор, ръ-
ководител на лаборатория „Регулация 
на генната експресия“ в Институт по 
физиология на растенията и генетика 
– Българска академия на науките.

С какво се занимавате на работно-

то си място? (Ежедневието на един 
учен) – проекти, изследвания, …

Научната работа предлага едно голя-
мо предимство – свободата сами да 
организираме графика си за работа. 
Ежедневието на учения включва из-
ключително разнообразни дейности. 
Не се сещам за друга професия, която 
да е свързана с толкова различни ак-
тивности и да изисква толкова раз-

Интервю с д-р Валя Василева, 
ръководител на лаборатория 
„Регулация на генната 
експресия“, БАН
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изменения, които подпомагат оцеля-
ването на организмите в екстремни 
условия. Продължавам с тези изслед-
вания и в момента.

Какво ви мотивира да изберете про-
фесията на изследовател?

При мен този избор беше по-скоро ре-
зултат от стечение на обстоятелствата. 
Харесвах биологията, но не бях много 
сигурна в каква насока ще се развие 
това харесване. След началото на науч-
ната ми работа дойде интересът и лю-
бопитството да видиш как се случват 
нещата, появи се и вълнението, с което 
отварях новите публикации на колеги 
по света, работащи по интересуващата 
ме тематика. А след това работата се 
превърна в хоби… Уникално е усеща-
нето, когато даден експеримент срабо-
ти, така както се надяваш (въпреки че 
доста по-често се случва обратното), 
или когато научната ти публикация е 
добре оценена и приета за печат (въ-
преки че често се налага да се правят 
поправки, доработване, отговори на 
въпроси..). Освен това научната работа 
е свързана с пътуване по света и обмя-
на на експертиза с колеги – научни спе-
циализации, участия в конференции и 
научни мрежи, което доста разширява 
хоризонта и начина на мислене. Спе-
циализациите ми в Япония, Белгия, 
Швейцария и Великобритания ми да-
доха възможност да срещна невероят-
ни учени и интересни хора, които оста-

виха дълбок отпечатък върху творче-
ското ми развитие и разбирането ми 
за света. Коя друга професия предлага 
такива възможности? 

В момента работя върху ……., което 
ще …….

През последните години работя върху 
няколко финансирани проекта. Eди-
ният е Националната научна програ-
ма „Опазване на околната среда и на-
маляване на риска от неблагоприятни 
явления и природни бедствия“, финан-
сирана от Министерството на образо-
ванието и науката (МОН). Задачата на 
нашата работна група е да проучва ге-
нетичните и епигенетични механизми 
на регулация на стрес-индуцируеми 
гени в икономически важни култури. 
Изследваме адаптационния потен-
циал на растенията, като проучвания-
та засягат различни нива на биологич-
на организация (клетка, тъкан, орган, 
организъм). По такъв начин се създа-
ва основа за подбор на устойчиви към 
стрес генотипове пшеница и ечемик. 

Другият проект е финансиран от Фонд 
„Научни изследвания“ и засяга ево-
люционно консервативни гени, ко-
диращи белтъци с NudC домен, които 
участват в клетъчното делене и в пос-
тигането на повишена толерантност 
към високи температури, засушаване 
и засоляване на моделния растителен 
вид Arabidopsis thaliana. Това белтъчно 
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