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Abstract
Object  This study aimed to determine the effects of chlorpyrifos and lindane on the roots of Cambray onion (Allium 
fistulosum).
Methods  We assessed growth, the mitotic index (MI), the development of nuclear abnormalities (NA), the expression of 
POLD1 and CDC2 genes (key components of DNA replication, repair, and cell cycle progression), and oxidative stress. Onion 
roots were first grown for 24 h in distilled water; then, they were exposed for 72 h to three concentrations of chlorpyrifos 
(0.1, 1, and 10 μg/L) and lindane (100, 300, and 500 μg/L).
Results  The results indicated significant differences from the controls, showing lower MI and higher NA in treatments with 
either pesticide. Lindane exposure led to increased expression of POLD1 and CDC2, while chlorpyrifos exposure resulted 
in increased expression of CDC2 but not POLD1. The findings of oxidative stress biomarkers indicate significant differences 
between the controls and the roots treated with either pesticide, accompanied by increases in antioxidant enzyme activities 
and lipid peroxidation.
Conclusion  The combination of traditional microscopy-based results in the Allium sp. test, along with the evaluation of 
oxidative stress biomarkers and the expression of genes involved in DNA duplication and repair, indicated that exposure to 
chlorpyrifos and lindane, pesticides commonly found in Yucatan groundwater, is cytotoxic, genotoxic, and induces oxidative 
stress. In the case of chlorpyrifos, the concentrations tested in this study are lower than the limits allowed for drinking water 
in Mexican regulations. They are close to levels detected in groundwater.
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Introduction

Pesticides are chemicals used to combat insects, weeds, 
fungi, bacteria, and other organisms. These substances 
are typically designed to disrupt the physiological func-
tions of targeted organisms, leading to dysfunction and 
reduced vitality [1]. Pesticide residues can significantly 
contribute to environmental contamination, affecting air, 
water, and soil. This situation threatens the coexistence 
of plant and animal communities [2]. Organophosphate 
(OPPs) and organochlorine pesticides (OCPs) are the 
primary insecticides used in tropical crops [3]. Lindane 
is an organochlorine pesticide known for its notable tox-
icity, environmental persistence, bioaccumulation, and 
long- range transport; these characteristics complicate the 
assessment of this compound' s effects on the environment 
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and human health [4, 4, 5]. OCPs cause severe disruptions 
in the endocrine system and result in significant adverse 
health effects, including carcinogenic and non- carcino-
genic damage to living beings [6–8]. Chlorpyrifos, on the 
other hand, is an OPP that inhibits acetylcholinesterase 
(AChE) in animals and plants [9]. Chlorpyrifos is con-
sidered a low- persistence pesticide in organisms and the 
environment. However, its adverse effects include geno-
toxicity, immunotoxicity, cytotoxicity, oxidative stress, 
neurotoxicity, and mutagenicity. Its use and regulation are 
ambiguous, and there is ongoing debate about the issue 
[10–12]. OCPs are listed as priority xenobiotics under the 
Stockholm Convention. OCPs persist in water bodies due 
to runoff from adjacent fields and roads and can travel 
considerable distances from emission sources. In this 
context, bioassays are valuable methods for identifying 
and evaluating the hazards of chemicals and their mix-
tures on the environment, enabling the detection of toxic 
and genotoxic impacts on biota. Plants serve as biological 
models, providing an economical and reliable alternative 
in toxicological studies to assess negative responses to 
pesticides [13, 14]. The Allium sp. test (AT) is a valuable 
tool for this purpose [15–17]. The AT enables the iden-
tification of genotoxicity, which results in morphological 
changes in chromosomes and cytotoxicity in response to 
environmental stressors that affect mitosis and cytokinesis.

The Mexican norm for drinking water, NOM-127-
SSA1-2021 [18], has set a maximum lindane contami-
nant level (MCL) of 2.0 µg/L; however, this concentration 
exceeds the limit established by international legislation. For 
example, the Environmental Protection Agency established 
a permissible limit of 0.2 µg/L [19]. Australian legislation 
states that typical lindane values have been occasionally 
reported in drinking water at concentrations of less than 
1 µg/L [20] Regarding chlorpyrifos, Mexican legislation and 
the World Health Organization [21] recommend a tolerable 
quantity of chlorpyrifos in drinking water of 30 μg/L; how-
ever, other international legislation recommends less than 
10 μg/L [19].

Environmental water concentrations of lindane in 
Yucatan wells have been reported as high as 8.5 μg/L dur-
ing the north wind season [22], while other studies reported 
concentrations of 0.14 and 0.17 μg/L for chlorpyrifos and 
lindane, respectively [23].

The present study assessed the potential cytotoxic and 
genotoxic effects of two commonly found pesticides in 
Yucatan groundwater: chlorpyrifos (0.1, 1.0, and 10 µg/L) 
and lindane (100, 300, and 500 µg/L), using Cambray onion 
(Allium fistulosum) as a biological model. We evaluated root 
growth, mitotic index (MI), nuclear abnormalities (NA), 
gene expression of CDC2 and POLD1, and oxidative stress 
biomarkers. These biomarkers provide valuable information 
for environmental monitoring programs, as they have been 

used to measure organism responses to pesticide exposure 
in the aquatic environment [24].

Materials and methods

Experimental design

Cambray onion (A. fistulosum) bulbs were purchased from a 
local market in Merida, Mexico. Similar-sized (20–30 mm) 
and healthy bulbs were obtained and washed under running 
tap water. All dry scales and roots were carefully removed 
with a sharp knife to avoid damaging the root primordia. 
The onion bulbs were then placed in plastic cups (60 mL 
capacity) with their basal ends submerged in distilled water 
to promote root growth in a dark room at 25 ± 1 °C for 48 h. 
Subsequently, the experimental design included two con-
trols (one with distilled water and the other with 0.01% etha-
nol), along with concentrations of 0.1, 1.0, and 10 μg/L of 
chlorpyrifos and 100, 300, and 500 μg/L of lindane, for 72 h 
under a 12/12-h photoperiod. Each treatment was tested in 
triplicate.

Concentrations of lindane and chlorpyrifos used in the 
bioassays were verified through solid-phase microextrac-
tion and gas chromatography-mass spectrometry (SPME/
GC–MS), following the method previously described by 
our group [25]. A 10 mL sample aliquot was placed in a 
20 mL SPME vial (Supelco, USA) with a PTFE/silicone 
septum (SU860101, Supelco). SPME was conducted via 
direct immersion for 20 min at 50 °C with a 65 μm PDMS/
DVB SPME fiber (57,310-U, Supelco), while magnetic stir-
ring was maintained at 700–900 rpm. After extraction, both 
pesticides were quantified using an Agilent Technologies 
7890B Series Gas Chromatography System equipped with a 
5977B mass detector and a J&W HP-5MS capillary column 
(30 m × 0.25 mm and 0.25 μm film thickness). The inlet 
temperature was set at 250 °C, and samples were injected in 
splitless mode with a desorption time of 10 min. The oven 
temperature program began at 50 °C for 1 min, followed by 
three different ramps: 1) 15 °C/min to 180 °C (hold time 
5 min), 2) 2.5 °C/min to 200 °C (hold time 2 min), 3) 30 °C/
min to 290 °C (hold time 2.3 min). The carrier gas used was 
helium (ultra-pure grade) with a flow rate of 0.8 mL/min. 
Mass spectra (m/z 50–600) were recorded at a rate of five 
scans per second at 70 eV, with the interface and ion source 
temperatures set at 290 and 230 °C, respectively. The MS 
ionization mode utilized was electronic ionization (EI). Mass 
spectrometric analysis for quantitative determinations was 
performed using selected ion monitoring (SIM Mode) of two 
characteristic fragment ions (m/z) for each analyte (181 and 
183 for lindane; 199 and 97 for chlorpyrifos). Calibration 
solutions were employed to quantify lindane and chlorpyri-
fos in the samples.
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Three roots were measured using a caliper at the begin-
ning of the exposure, after 24 h of growth in distilled water, 
and at the end of the exposure period. The roots were col-
lected separately for analysis. Three roots were preserved 
in 70% ethanol at room temperature for further cytological 
studies. After 72 h of exposure, four roots were fixed in RNA 
later and stored at -80 °C for molecular analysis, while four 
roots were also kept at -80 °C for biochemical analysis.

Mitotic index and nuclear abnormalities

Mitotic activity in the onion root tips was studied using the 
squash technique [26]. The roots were prepared for micro-
scopic examination with aceto-carmine (Sigma, USA) to 
stain the chromosomes [27, 28]. The stained and macerated 
milky root tips were placed on glass slides, covered with 
coverslips, and observed under a microscope, starting with 
lower magnifications. Cell counts were conducted for both 
dividing and non-dividing cells. The number of dividing 
cells out of 1000 cells was counted and recorded. Similarly, 
the number of abnormal cells was also counted and noted. 
The mitotic index (MI) was calculated by determining the 
number of cells in metaphase, anaphase, or telophase out 
of 1000 cells and expressed as a percentage. The nuclear 
abnormalities (NA) were documented as the number of cells 
displaying micronuclei, buds, kidney-shaped condensed 
nuclei, multinucleation, or nuclear buds in 1000 cells dur-
ing interphase relative to the number of cells in interphase. 
Micrographs of the cells were captured with a Velab VE-
M5LCD camera attached to a standard light microscope.

Gene expression

The RNA was extracted from roots using the Gene Elute™ 
Mammalian Total RNA Miniprep Kit (Sigma, USA) fol-
lowing the user manual for gene expression analysis. The 
quality and quantity of the isolated RNA were assessed 
with a NanoDrop One (Thermo Scientific, USA) at 260 nm 
and subsequently stored at -80 °C. For RT-qPCR, 250 ng of 
total RNA was used to synthesize cDNA with the iScript® 
Reverse Transcription Supermix Kit (Biorad, USA). Quan-
titative analysis of CDC2 and POLD1 expression in onion 

was conducted with gene-specific primers(Table 1), previ-
ously utilized [29, 30], using iTaq Universal SYBR Green 
Supermix according to the user manual on the CFX96 Real-
Time System (Biorad, USA). For qPCR, 1 μL of cDNA 
was applied with iTaq SYBR Green Mix (Biorad, USA). 
For POLD1, an initial denaturation took place at 95 °C for 
3 min, followed by 37 cycles of 40 s at 95 °C, 60 s at 65 °C, 
and 40 s at 72 °C, concluding with a melting curve from 
95 °C for 50 s to 55 °C for 20 s. For the CDC2 gene, the 
qPCR was performed with an initial denaturation at 95 °C 
for 3 min, followed by 37 cycles of 40 s at 95 °C, 60 s at 
58 °C, and 40 s at 72 °C, finishing with a melting curve from 
95 °C for 50 s to 55 °C for 20 s. B-actin was used as a house-
keeping gene, utilizing the informed Bayesian method for 
gene expression analysis. The optimal annealing temperature 
was verified for each set of primers by gradient PCR. Before 
qPCR, all amplicons were purified and sequenced to confirm 
primer specificity, and efficiency curves were run to validate 
the method.

Oxidative stress biomarkers

Onion roots were homogenized with 0.05 M Tris Buffer at 
pH 7.4 in a 1:100 (w/v) ratio for each sampling treatment, 
using a Potter–Elvehjem homogenizer. After homogeniza-
tion, 200 µL of the homogenate was taken from each sample 
and centrifuged at 12,298 RCF for 5 min at 4 °C.

The supernatant was collected and stored at -80 °C. The 
measurement of catalase (CAT) was conducted according 
to the method previously developed [31, 32]. The assay 
quantified the hydrogen peroxide reduction rate at 405 nm 
over 10 min, with measurements taken every 15 s as the 
reaction proceeded in the presence of ammonium molyb-
date. Glutathione-S-transferase (GST) levels were measured 
using a Sigma Aldrich Assay Kit CS04 [33], with CDNB at 
100 mM as the substrate for spectrophotometric measure-
ment at 340 nm every 15 s for 5 min. Superoxide dismutase 
(SOD) activity was assessed using the Sigma Aldrich Assay 
Kit 19,160. The total glutathione (GSH) concentration was 
determined with the Sigma Aldrich Glutathione Assay Kit 
CS0260. Protein carbonylation (PO) quantification was 
based on the method previously described [34], while lipid 

Table 1   Primer sequences 
used for qRT-PCR to assess 
genotoxic effects on Allium 
fistulosum roots

Gene Sequence (5’ → 3’)

B-actin (Housekeeping)
F: ATA​TCC​AGC​CTC​TTG​TGT​GCGA​

R: TAG​GGG​CAT​CAT​CAC​CAG​CAAA​
POLD1 F: AGA​CGA​CTC​GCT​GTG​TAT​TGCT​
R: CCA​GTA​ACT​CGT​GCC​ATC​TCCA​
CDC2 F: TTA​TGG​GTA​CCC​CAA​ACG​AA
R: TTG​TCC​CAA​GAT​CCC​TGA​AG



418	 Toxicology and Environmental Health Sciences (2025) 17:415–424

peroxidation (LPO) quantification was performed by the 
FOX method utilizing the Sigma Aldrich PeroxiDetect Kit. 
The proteins in the supernatant were analyzed using the 
Bradford method [35] with bovine serum albumin (BSA) 
as a standard to standardize all enzyme activities in U mg−1 
protein.

Statistical analysis

Data were analyzed using a multivariate statistical approach. 
Permutational MANOVA (PERMANOVA) and Principal 
Coordinate Analysis (PCO) were performed using Primer 
v7.0 + PERMANOVA add-on. The data were transformed 
using the function log10(x + 1) and were normalized. The 
resemblance among samples was calculated using the 
Euclidean Distance [36]. PERMANOVA was conducted 
using unrestricted permutation of raw data (9999 permuta-
tions) to generate a pseudo-F [37]. Pairwise tests were per-
formed using a Monte Carlo test.

Gene expressions were analyzed and quantified using 
"informed" Bayesian methods, with b-actin serving as 
the housekeeping gene, following the procedure previ-
ously reported [38]. The analysis was conducted using the 
MCMC.qPCR package of the R software (version 4.2.2). In 
the qPCR model, qPCR data are represented as counts (i.e., 
the transcript count). Therefore, a generalized linear model 
with Poisson-lognormal errors was fitted. Once the counts 
were obtained, log2 abundance was applied to compare the 
expression levels of target genes across various samples or 
experimental conditions.

Results and discussion

In this study, we evaluated the effects of chlorpyrifos and 
lindane pesticides on Allium fistulosum. The meristematic 
regions of the onion roots were exposed to control (C, dis-
tilled water), control solvent (CS, ethanol at 0.01% in dis-
tilled water), and concentrations of 0.1, 1.0, and 10 µg/L of 
chlorpyrifos, along with 100, 300, and 500 µg/L of lindane. 
(Table 2) presents the concentrations measured by MEFS/
GC–MS of lindane and chlorpyrifos in the solutions used 
for the bioassays.

The PCO analysis of the effects of lindane and chlorpy-
rifos on growth, MI, and NA is presented in Fig. 1A. For 
lindane, 76.87% of the total variation is explained by the 
first two axes. PCO1 was highly correlated with MI and 
NA, while PCO2 was correlated with root growth. It is evi-
dent that MI is higher in controls, and the number of NA 
increased in roots treated with lindane (Table 3). Growth 
was similar across all treatments. PERMANOVA indicated 
significant differences between treatments (P = 0.0008, 
Pseudo-F = 3.4338); pair-wise tests with a Monte Carlo 

test indicated significant differences between controls and 
treatments at 100 µg/L (P(MC) = 0.0429) and 500 µg/L 
(P(MC) = 0.0122) of lindane. In roots treated with chlorpy-
rifos (Fig. 1B), the total variation is explained by the first 
two axes at 73.99%. PCO1 correlates similarly with the 
three measured variables, and PCO2 correlates with MI and 
growth. As observed in lindane exposure, MI is higher in 
controls than in treatments with chlorpyrifos, and the num-
ber of NA is higher in roots treated with the pesticide than in 
controls (Table 3). Growth was similar across all treatments. 
PERMANOVA indicated significant differences between 
treatments (P = 0.0017, Pseudo-F = 3.397). Pair-wise tests 
with Monte Carlo indicated significant differences between 
controls and roots treated with 0.1 and 10 µg/L of chlorpy-
rifos (P(MC) = 0.0228 and 0.033, respectively). Therefore, 
these results demonstrate differences between controls and 
treatments with both pesticides.

Previous studies have shown that onion root tip cells 
treated with pesticides can develop genotoxic effects, includ-
ing cellular abnormalities such as lagging chromosomes and 
chromosome bridges, along with several injuries similar to 
those observed in our slides [39]. Despite these findings, 
root growth was not inhibited in any treatment (Table 3). 
However, the increased number of abnormal nuclei (NA) in 
pesticide-treated roots indicated that pesticide exposure trig-
gered DNA damage. This is reflected in the expression levels 
of the POLD1 and CDC2 genes (Fig. 2), where significant 
differences in pesticide treatments compared to the control 
group (P < 0.05) were apparent. POLD1 gene expression 
increased primarily in response to lindane exposure, with 
all treatments showing significant differences relative to the 
control groups (P < 0.05, Fig. 2A). In contrast, POLD1 gene 
expression did not demonstrate significant differences fol-
lowing chlorpyrifos exposure (Fig. 2B). The POLD1 gene 
is involved in DNA replication and repair processes [40]. 
The regulation of POLD1 gene expression is complex and 
can be influenced by various factors, including environmen-
tal conditions and exposure to pollutants such as pesticides 
[41]. The increase in POLD1 gene expression indicates that 
plant cells initiate DNA repair mechanisms in response to 

Table 2   Measured pesticide concentrations in the solutions employed 
to perform the bioassays using MSPE and GC–MS

*ND = Not detected 

Chlorpyrifos 
nominal

Measured µg/L Lindane nomi-
nal

Measured µg/L

Control ND Control ND
Control solvent ND Control solvent ND
0.1 µg/L 0.10 ± 0.01 100 µg/L 114.9 ± 10.9
1.0 µg/L 0.87 ± 0.13 300 µg/L 254.6 ± 3.5
10 µg/L 9.86 ± 1.01 500 µg/L 460.1 ± 6.7
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damage caused by stressors [30]. This suggests that DNA 
damage affects cell mitosis and may lead to genomic insta-
bility and mutations [30, 42]. In this context, timely repair 
of DNA damage is crucial for maintaining genomic integ-
rity, as DNA damage triggers the activation of DNA repair 
machinery, which delays or halts cell-cycle progression, 
allowing adequate time for damaged DNA to be repaired 

before entering mitosis [43]. With regard to CDC2 gene 
expression, both chlorpyrifos and lindane exposure exhib-
ited significant differences (P < 0.05), with increased expres-
sion in the treatment groups compared to the control groups 
(Fig. 2). CDC2 becomes activated in complexes with spe-
cific cyclins, managing entry into mitosis and ensuring the 
cell progresses to division only when it is ready. The CDC2 

Fig. 1   Principal coordinate 
analysis (PCO) of root growth, 
Metaphase, Anaphase, and Tel-
ophase index (MI) and nuclear 
abnormalities (NA), in Allium 
fistulosum exposed to lindane 
(A) and chlorpyrifos (B)
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gene encodes a cyclin-dependent kinase essential for regulat-
ing cell cycle progression, particularly during the transition 
from interphase (G2 phase) to mitosis (M phase) [44, 45]. 
Therefore, we suggest that the decrease in mitotic index (MI) 
and the increase in NA under chlorpyrifos and lindane pesti-
cide stress were mediated by DNA damage. Additionally, a 
coordinated and critical relationship was observed between 
the genes, with POLD1 highlighting its role in DNA repli-
cation and repair. Simultaneously, a coordinated and essen-
tial relationship between POLD1 and CDC2 governs cell 

cycle progression, ensuring that cells only proceed to mito-
sis when DNA is accurately replicated and repaired. This 
coordination is vital for maintaining genomic integrity and 
cellular viability.

Additionally, incorporating more genes associated with 
toxicity into the Allium sp. test could enhance its utility as a 
bioindicator for environmental pollutants. Genes related to 
oxidative stress, apoptosis, and other cellular defense mech-
anisms, such as SOD2, GPX1, and CASP3, may provide 
insights into the broader cellular responses triggered by toxic 

Table 3   Mitotic Index (MI), 
nuclear abnormalities (NA), 
and most cytological damage 
observed during exposures to 
lindane and chlorpyrifos in each 
pesticide treatment

* MI: Mitotic index as metaphase, Anaphase, and Telophase mean ±sd; NA: nuclear abnormalities mean 
±sd; Growth mean±sd; sd: Standard deviation; NA present: KSC: kidney shape cell; MN: micronuclei; 
BC: binucleated cell; NB: nuclear budding; NEC: necrotic cells

LINDANE
µg/L

MI
%

NA
%

Growth
cm

Nuclear abnormalities

CONTROL 9.22 ± 1.36 0.34 ± 0.10 2.88 ± 0.92 NB, KSC
CS 6.78 ± 0.97 0.22 ± 0.13 2.35 ± 1.02 NB, KSC
100 6.64 ± 0.46 0.52 ± 0.32 3.2 ± 0.26 MN, BC, KSC
300 7.94 ± 2.22 1.06 ± 0.64 1.55 ± 1.15 MN, BC
500 6.51 ± 1.15 2.31 ± 0.40 2.88 ± 0.21 NEC, MN, BC
CHLORPYRIFOS
µg/L

MI
%

MI
%

Growth
cm

Nuclear abnormalities

CONTROL 9.22 ± 1.36 0.34 ± 0.10 2.88 ± 0.92 NB, KSC
CS 7.19 ± 0.72 0.26 ± 0.13 2.35 ± 1.02 NB, KSC
0.1 6.96 ± 0.85 1.99 ± 1.21 4.02 ± 0.43 BC, NB, KSC
1.0 7.55 ± 0.77 2.87 ± 2.37 2.80 ± 0.23 KSC, NEC, MN
10 4.46 ± 0.77 1.22 ± 0.78 2.14 ± 2.14 KSC, NEC, MN

Fig. 2   POLD1, CDC2 gene expression in A Lindane (LIN) and B Chlorpyrifos (CPF) pesticide exposure. *The Bayesian method using an 
"informed" model using b-actin as a housekeeping gene indicates significant differences. (P < 0.05) with the control group
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exposure. By examining these genetic expressions alongside 
POLD1 and CDC2, researchers can gain a more compre-
hensive understanding of the molecular pathways disrupted 
by stressors, thereby improving the predictive accuracy of 
cytotoxic and genotoxic effects across biological systems.

Regarding the PCO analysis applied to oxidative stress 
biomarkers in A. fistulosum, the total variation explained 
by the first two axes was 76.4% for lindane and 79.97% for 
chlorpyrifos (Fig. 3A and Fig. 3B). For lindane exposure, 
the variables that correlated with PCO1 were LPO (0.8081), 

GST (0.818), GSH (0.825), and CAT (0.872). For the sec-
ond principal coordinate, SOD (0.943) showed the highest 
correlation. The PERMANOVA indicated significant dif-
ferences between treatments (P = 0.0008, Pseudo-F = 3.42). 
Pairwise tests with the Monte Carlo test revealed significant 
differences between the control groups and roots exposed 
to 100, 300, and 500 µg/L (P(MC) < 0.05). The activity of 
SOD increased at 100, 300, and 500 µg/L. LPO and GST 
also increased in all treatments compared to controls. GST 
enzyme is involved in LPO repair [46]. CAT exhibits its 

Fig. 3   Principal coordinate 
analysis (PCO) of oxidative 
stress biomarkers in Allium 
fistulosum exposed to A lindane 
and B chlorpyrifos. Response 
variables were included in the 
analysis: antioxidant enzymes 
activities (catalase, CAT; 
superoxide dismutase, SOD; 
glutathione-S-transferase, GST), 
total glutathione concentration 
(GSH), indicators of oxidative 
damage (protein carbonylation, 
PO; and lipid peroxidation, 
LPO)
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highest activity at 100 µg/L, followed by a reduction at 300 
and 500 µg/L. This behavior has been previously reported; 
at high concentrations of reactive oxygen species (ROS), 
CAT is inhibited due to excess substrate, indicating oxida-
tive stress [47].

For chlorpyrifos exposure, the variable which correlated 
with PCO1 was LPO (-0.9073); for PCO2, SOD was the 
variable that presented the highest correlation (0.8717) 
(Fig. 3B). The PERMANOVA showed significant differ-
ences between treatments (pseudo-F = 9.734; P = 0.0001). 
Pairwise tests using the Monte Carlo test revealed signifi-
cant differences between control groups with chlorpyrifos 
treatment, particularly at higher exposure concentrations 
(P < 0.05). Controls had lower concentrations of LPO and 
GSH and lower activities of SOD, CAT, and GST than treat-
ments with chlorpyrifos.

Exposure to chlorpyrifos and lindane can induce oxida-
tive stress, triggering specific responses from the antioxidant 
system. The overexpression of the POLD1 and CDC2 genes 
is involved in repair mechanisms and cellular replication, 
respectively. It is well known that plants utilize various 
processes at molecular, morphological, physiological, and 
biochemical levels to mitigate the adverse effects of stress-
ors, such as pollutants [48]. When activated, the antioxidant 
system helps plants endure stressful conditions by reducing 
oxidative damage [49]. Plants possess a complex antioxidant 
system, which includes enzymes like CAT and SOD, to miti-
gate and repair damage caused by ROS [50]. For instance, 
SOD converts superoxide radicals into hydrogen peroxide, 
which is then broken down into water and oxygen by CAT; 
this process helps maintain cellular health, especially under 
environmental stress conditions, ensuring that plants can 
withstand and adapt to challenging environments [51]. Our 
results indicate that both chlorpyrifos and lindane treat-
ments increase the activities of antioxidant enzymes. In this 
context, other studies have highlighted an increase in SOD 
activity in Allium cepa under stress generated by chlorpyri-
fos and mancozeb pesticides [52]. For LPO, higher values 
were observed in the chlorpyrifos and lindane treatments 
compared to the control groups; this variable was also most 
closely linked to NA. It is essential to note that lipid peroxi-
dation has been reported as a physiological process occur-
ring in both plants and animals; it is the primary molecular 
mechanism responsible for causing oxidative damage to 
cells, which can ultimately lead to cell death, rendering it 
an irreversible process [53]. Lipid peroxidation can disrupt 
redox homeostasis and contribute to disease development 
caused by stress in both plants and animals. The activation 
of this process can initiate a cascade of events, including 
the activation of inflammatory pathways and the release of 
pro-inflammatory cytokines [54].

The results of the current study indicate that the enzy-
matic system plays a crucial role in ROS defense during 

the initial stages of pesticide stress. The findings illustrate 
the morphological changes in roots caused by varying con-
centrations of pesticides. At higher pesticide concentra-
tions, A. fistulosum onion roots exhibit more pronounced 
toxic effects on cellular responses. Pesticide stress induces 
distinct responses in biomarkers utilized in this research, 
resulting in a positive correlation among them, which 
allows us to establish a connection between various levels 
of biological organization.

In conclusion, cytotoxic and genotoxic effects were 
observed following exposure to chlorpyrifos and lindane. 
Roots employed various defensive strategies under pesti-
cide treatment, specific to the nature and mode of action 
of the pesticides. The pesticides increased nuclear abnor-
malities, indicating DNA damage and the accumulation 
of ROS, which triggered the activation of detoxification 
and antioxidant mechanisms. They suppressed cell cycle 
progression, decreased mitotic index (MI), and increased 
nuclear anomalies (NA) (Table 3). The mitotic-depressive 
activity could be attributed to cell cycle regulators, such as 
CDC2, and the delay in cell cycle timing. The occurrence 
of various chromosomal aberrations, including clastogenic 
aberrations, indicates DNA damage resulting from pesti-
cide exposure.

Beyond the cytotoxic and genotoxic effects observed 
at the cellular level, these findings pose broader ecologi-
cal implications. Pesticides like chlorpyrifos and lindane, 
when they leach into groundwater, can affect the health of 
aquatic systems.

Additionally, these pesticides pose significant risks to 
human health, particularly in regions that rely on groundwa-
ter for drinking. The levels of chlorpyrifos measured in this 
study, although near Mexican regulatory limits, underscore 
the potential dangers associated with long-term exposure. 
Prolonged contact with pesticide-tainted water has been con-
nected to neurological disorders, developmental problems, 
and disruptions of the endocrine system in humans.

The use of traditional microscopy results in the Allium sp. 
test, along with the evaluation of oxidative stress biomarkers 
and the expression of genes involved in DNA duplication 
and repair, suggests that exposure to chlorpyrifos and lin-
dane, pesticides commonly found in Yucatan groundwater, 
is cytotoxic, genotoxic, and leads to oxidative stress. For 
chlorpyrifos, the concentrations tested in this study are lower 
than those permitted for drinking water according to Mexi-
can regulations and are comparable to values measured in 
groundwater. These findings underscore the urgent need for 
stricter regulations and sustainable agricultural practices to 
mitigate health and environmental consequences.
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