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s Abstract. Increasing requirements for the environmental safety of agricultural systems necessitate reliable bioindicative 
methods for assessing the toxicity of soil contaminants to plants. This study aimed to compare the phyto-, cyto-, and 
genotoxic effects of binary combinations of heavy metals (Cd+Pb, Cu+Zn) and glyphosate using the Allium cepa test 
system. A controlled laboratory experiment with 20 onion bulbs per group, five repetitions, and one control and three 
experimental treatments was conducted. Morphometric analysis of root growth (root length and fresh weight), visual 
evaluation of morphological damage, cytogenetic analysis of apical meristem cells (mitotic index and chromosomal 
aberration frequency and spectrum), and Student’s t test were used to assess. EC50 was calculated using nonlinear 
regression, and compared to maximum permissible concentration standards. The highest phytotoxicity was observed for 
the Cd+Pb combination, which reduced root growth by 55.1%, followed by Cu+Zn (47.2%), while glyphosate showed the 
lowest effect (39.0%). Cytogenetic analysis revealed significant inhibition of mitotic activity (54.2%, 38.5%, and 26.3%, 
respectively) and increased chromosomal aberrations, with heavy metals showing predominantly clastogenic effects and 
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s Introduction
Against the backdrop of the increasing demands for soil 
quality and environmental safety in agriculture, the prob-
lem of toxic contamination is becoming acute. Human ac-
tivity leads to the accumulation of persistent heavy metals 
and pesticides in the soil, which inhibit cellular processes 
and cause disease. Bioindication, a method of assessing the 
state of the environment using living organisms, is used to 
identify these threats. Various biological objects have been 
used in studies of soil toxicity bioindication. D.S.  Gang-
war (2024) analysed current trends in the development of 
biosensor technologies for monitoring pollutants in agri-
cultural systems. The potential of biosensors for the accu-
rate determination of toxic substances, including pesticides, 
organic pollutants and heavy metals, has been established. 
The results justified the need to integrate biosensor tech-
nologies into environmental monitoring systems for agri-
cultural soils. P. Osyczka et al. (2023) investigated the suit-
ability of measuring peroxidation of membrane lipids in 
Cladonia rei lichen as a biomarker for predicting elevated 
levels of toxic trace elements in soil. It was found that the 
level of peroxidation did not increase linearly with the pol-
lution index value, indicating the activation of protective 
mechanisms in lichens. The data obtained confirmed the 
effectiveness of using physiological indicators of lichens to 
assess the ecological state of soil ecosystems.

Microbial communities as indicators of soil quality 
were studied by N.  Malik  et al.  (2023), who conducted a 
comparative analysis of soil toxicity in organic and con-
ventional farm fields. The results showed that alternative 
soil management practices reduced heavy metal toxicity 
and supported the microbial population. The differences in 
microbial composition between different farming systems 
indicated the sensitivity of microorganisms to soil culti-
vation methods. The long-term impact of sustainable soil 
management practices on heavy metal concentrations was 
assessed by Y. Chen et al. (2025). Organically managed soils 
contained 10.8-73.7% less heavy metals than conventional 
systems and were characterised by lower geoaccumulation 
indices. Microbial sequencing revealed increased richness 
and diversity of bacteria and fungi in organic soils, demon-
strating the positive impact of organic practices on soil bi-
ota. Vertebrates as bioindicators of the ecological status of 
agroecosystems were studied by M. Verderame & R. Scud-
iero (2019), who analysed the health status of the Podarcis 
siculus lizard from agriculturally managed areas. A com-
parison with populations from non-anthropogenic areas 
showed that lizards from organic farms had lower levels of 

toxic heavy metal accumulation in their tissues. The differ-
ences observed confirmed that less intensive agricultural 
management systems created a less toxic environment for 
wildlife compared to conventional farming methods.

The variability and succession of microbial communi-
ties under conditions of persistent heavy metal pollution 
were analysed by M. Shuaib et al. (2021). It was found that 
heavy metals (copper, lead, mercury, nickel, cadmium, zinc, 
and arsenic) caused significant changes in the composition 
of microbial communities and activated specific mecha-
nisms of microorganism survival. The adaptive processes 
identified revealed the role of microbes in the biogeochem-
ical cycles of polluted ecosystems and the mechanisms of 
their tolerance to toxic stress.

The biogeochemical characteristics of heavy metals in 
the agroecosystems of the Forest-Steppe zone of Ukraine 
were studied by I. Shumyhai et al. (2022). It was found that 
a significant amount of chemical elements entered the soil 
with mineral and organic fertilisers, negatively affecting 
its physical and chemical properties. The results justified 
the need to control the quality of fertilisers and develop 
measures to reduce the anthropogenic load on regional 
agroecosystems. The effectiveness of exogenously applied 
melatonin in increasing pepper tolerance to chromium 
stress was investigated by M. Rizwan et al.  (2024). It was 
found that melatonin improved photosynthetic parameters 
and antioxidant enzyme activity in plants under chromi-
um stress conditions. The recorded effects demonstrated 
the promise of using natural bioregulators to increase plant 
resistance to the toxic effects of heavy metals in agricultur-
al production. The interaction of heavy metals and pesti-
cides in the soil environment was studied by W.  Jiang  et 
al.  (2021), who analysed the effect of cadmium and lead 
ions on the enantioselective degradation of α-cyperme-
thrin. The results showed that heavy metals significantly 
inhibited the degradation of the pesticide, increasing its 
half-life and suppressing the activity of key soil enzymes.

The combined negative effect of pollutants on bio-
chemical processes in the soil is important for understand-
ing the fate of pesticides in contaminated agroecosystems 
(Khassanova  et al.,  2024). The mechanisms of combined 
soil contamination with heavy metals, microplastics and 
pesticides were analysed by S. Fang et al. (2025). Complex 
synergistic interactions between pollutants through elec-
trostatic adsorption, surface complexation and physical 
absorption were identified. The established changes in the 
bioavailability and toxicity of individual components when 

glyphosate characterised by a higher proportion of chromosomal bridges. Experimentally determined EC50 values for 
Cu, Zn, Pb, and Cd were 3-25 times lower than current maximum permissible concentrations, indicating biologically 
significant effects at concentrations considered permissible. The results demonstrated the high sensitivity of the Allium 
cepa test system and indicated that existing environmental standards for heavy metals may underestimate risks to plant 
organisms, particularly in agricultural systems where copper-containing products are permitted
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they interact emphasised the need to take into account the 
multicomponent nature of pollution when assessing envi-
ronmental risks. A systematic analysis of the toxic effects 
of heavy metals and pesticides on agricultural soils and 
plants was carried out by A. Alengebawy et al. (2021). The 
mechanisms of pollutant accumulation in plant tissues and 
their impact on plant physiological parameters, including 
photosynthesis, water exchange and growth, were analysed. 
The summarised data substantiated the need to develop 
comprehensive strategies for monitoring and reducing the 
negative impact of pollutants on the productivity and safety 
of agricultural products.

Despite the achievements, there is a lack of long-term 
and comprehensive assessments of the impact of pollutants 
on ecosystems, as well as standardised methods of biodiag-
nostics. In addition, there is a need for in-depth study of the 
mechanisms of interaction between different stressors and 
the development of innovative monitoring technologies. 
The identified gaps necessitated the current study. The aim 
of the study was to conduct a comprehensive bioindicative 
assessment of the toxic effects of different types of pollutants 
on agroecosystems – binary combinations of heavy metals 
and glyphosate – on the morphophysiological and cytoge-
netic in dicators of the test organism Allium cepa to estab-
lish their relative danger and mechanisms of toxic action.

s Materials and Methods
The present work was an experimental laboratory study 
conducted between September and November 2024. Data 
collection was carried out under controlled laboratory 
conditions. Allium cepa L. bulbs of the “Stuttgart Riesen” 
variety were used as biological test objects. Allium cepa 
was selected due to its high sensitivity to genotoxic and 
cytotoxic effects, large chromosomes (2n = 16) facilitating 
cytogenetic analysis, extensive validation in the scientific 
literature for assessing heavy metal and pesticide toxicity, 
simple cultivation protocol, and demonstrated correlation 
with other biological test systems. The sample was select-
ed deliberately, using clear inclusion criteria: only healthy 
bulbs of the same size (diameter 3.5 ± 0.5 cm) without me-
chanical damage, signs of sprouting or disease were used. 
Bulbs that did not meet these criteria were excluded from 
the study. The experimental design included one control 
and three experimental groups, each consisting of 20 bulbs 
in five replicates. Analytically pure chemical reagents were 
used for the model solutions: cadmium chloride (CdCl₂), 
lead nitrate (Pb(NO₃)₂), copper sulphate (CuSO₄ • 5H₂O), 
zinc sulphate (ZnSO₄ • 7H₂O) and a commercial glyphosate 
preparation (in the form of isopropylamine salt, 360 g/l). 
Specifically, the Cd + Pb solution contained cadmium and 
lead at a 1:1 molar ratio, and the Cu + Zn solution contained 
copper and zinc at a 1:1 molar ratio.

The bulbs were germinated in individual 200  mL glass 
containers containing 100 mL of the corresponding test solu-
tion at a temperature of 22 ± 2 °C and a 12-hour photoperi-
od. Bulbs were placed with the basal plate facing downward  
so that only the basal part was immersed (~3-5 mm) and 

were fixed at the container mouth using a cardboard/foam 
support ring (no substrate was used). Aqueous exposure 
was necessary to achieve the study objectives: direct com-
parison of toxic effects between pollutants requires identi-
cal exposure conditions and precise concentration control, 
which is unattainable in soil systems where complex sorp-
tion, precipitation, and microbial processes create variable 
and unpredictable bioavailability.

This method enabled accurate determination of EC50 val-
ues – quantitative parameters essential for comparing exper-
imentally observed toxicity with established regulatory max-
imum permissible concentration (MPC) standards for soils, 
including DSanPiN 2.2.7.029-99 (1999) for heavy metals and 
Regulation of the European Parliament and of the Council 
No. 396/2005 (2005) for pesticide residues. Furthermore, di-
rect solution contact provided optimal conditions for cytoge-
netic analysis by ensuring sufficient pollutant uptake to root 
meristem cells, allowing detection of chromosomal aberra-
tions and differentiation between clastogenic and aneugenic 
mechanisms. The experimental design prioritized mecha-
nistic understanding and relative toxicity ranking over field 
simulation, providing fundamental data on intrinsic toxic 
potency independent of site-specific soil characteristics. For 
quantitative assessment of phytotoxicity at the macroscopic 
level, the length of all roots of each bulb was measured using 
a millimetre ruler and the wet weight of the root bundle was 
determined on Sartorius CPA225D analytical scales (Germa-
ny) (accuracy ±0.1 mg). Based on these data, the phytotoxic 
effect (PE) was calculated using formula (1):

PE = ((Lc
 – Le)

 / Lc)
 × 100%,                       (1)

where Lc – the average root length in the control group; and 
Le – the average root length in the experimental group. A 
visual analysis of morphological changes was also carried 
out, recording changes in colour, turgor, and the presence 
of necrosis and deformations. This comprehensive ap-
proach made it possible to obtain data on general growth 
inhibition and specific external manifestations of toxicity.

Cytogenetic analysis methods were used to elucidate 
the cellular mechanisms of toxicity. Root tips were fixed 
in Clark’s fixative (ethanol : acetic acid, 3:1), after which 
temporary pressure preparations were prepared by acid hy-
drolysis in 1N HCl and staining with 2% aceto-orsenine. 
The preparations were analysed using a Leica DM500 light 
microscope (Leica Microsystems, Germany). Cytotoxicity 
was assessed by calculating the mitotic index (MI) as the 
proportion of cells in mitosis per 1,000 cells analysed. Gen-
otoxicity was determined by the frequency and spectrum 
of chromosomal aberrations (bridges, fragments, lagging 
chromosomes, C-mitoses) in the anaphase and telophase 
stages, analysing at least 200 anaphases and telophases for 
each group. These methods allowed to differentiate the ef-
fect of pollutants on cell division processes and the integri-
ty of the chromosome apparatus.

The interpretation of the results was based on statisti-
cal data processing in the R software environment (version 
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4.2.1). To compare the mean values between groups, the 
two-sample Student’s t test was used, and differences were 
considered statistically significant at a level of p  <  0.05. 
Quantitative assessment of toxicity was performed by de-
termining the effective concentration (EC50). EC50 values 
were estimated by fitting a nonlinear regression, which 
accounts for the lower and upper asymptotes, slope, and 
inflection point of the dose-response relationship. The 
EC50 value was derived as the inflection point of the fit-
ted curve corresponding to 50% growth inhibition. The 
experimentally determined EC50 values were compared 
with the regulatory MPC (DSanPiN  2.2.7.029-99,  1999; 
Regulation of the European Parliament and of the Council 
No. 396/2005, 2005) allowed to assess the adequacy of ex-
isting environmental standards.

Analysis of macroscopic indicators allowed the level 
of phytotoxicity of the studied pollutants to be established 

and compared. Cytogenetic analysis revealed the cellular 
mechanisms of this toxicity, differentiating between cy-
totoxic and genotoxic effects. The calculation of EC50 and 
its comparison with MPC provided a quantitative basis 
for assessing the environmental risks associated with soil 
contamination in agricultural systems. Thus, the consistent 
application of these methods provided a comprehensive bi-
oindicative assessment of the impact of heavy metals and 
glyphosate on plant organisms.

s Results
The effect of heavy metals and glyphosate on the growth 
processes of the test object Allium cepa L. was assessed by 
analysing morphometric parameters and visual morpho-
logical changes in the root system. Quantitative and qual-
itative results characterising the phytotoxic effect are pre-
sented in Table 1.

Note: M – mean value; SD – standard deviation; PE was calculated using the root growth inhibition formula
Source: compiled by the authors

Table 1. The effect of heavy metals and glyphosate on macroscopic indicators of the root system of Allium cepa L

Test group
Average root 
length, mm 

(M ± SD)
Phytotoxic effect 

(PE), %
Average root 

wet weight, mg 
(M ± SD)

Ratio  
to control, 

%
Visual morphological changes

Group 1 
(Cd+Pb) 8.12 ± 0.45 55.1 315 ± 25 56.3 Necrosis of tips (dark brown colour), 

thickening, brittleness, deformities
Group 2 
(Cu+Zn) 9.55 ± 0.61 47.2 380 ± 31 67.9 Browning of tips, loss of turgor,  

curvature, reduction in root hairs

Group 3 
(Glyphosate) 11.03 ± 0.52 39.0 442 ± 28 78.9

Retention of white colour, reduction  
in diameter, general growth inhibition 

without local necrosis

Control 18.08 ± 1.15 - 560 ± 42 100 Elastic, white roots with  
a well-developed root hair zone

Analysis of the data obtained demonstrates statistically 
significant (p < 0.001) inhibition of growth processes in all 
experimental groups compared to the control. This con-
firms the phytotoxic effect of the studied combinations of 
heavy metals and glyphosate at the given concentrations. 
The most pronounced inhibitory effect was recorded in 
Group 1 (Cd + Pb). The average root length in this group 
was 8.12 ± 0.45 mm, which corresponds to the maximum 
PE calculated by formula  (1) at 55.1%. This reduction in 
length was accompanied by a proportional decrease in the 
average raw weight of the roots to 315 ± 25 mg, which is 
only 56.3% of the control value. Qualitative analysis con-
firmed high toxicity: intense necrotic processes were ob-
served at the tips of the roots (darkening to dark brown), 
their thickening and increased brittleness, indicating deep 
structural damage to the tissues.

In Group 2 (Cu + Zn), the phytotoxic effect was slightly 
lower but remained at a high level (F = 47.2%). The reduc-
tion in root length to 9.55 ± 0.61 mm correlated with a de-
crease in root mass to 380 ± 31 mg (67.9% of the control). 
The morphological changes in this group were different in 
nature compared to Group 1: instead of pronounced necro-
sis, browning of the tips and a noticeable loss of turgor were 
observed, indicating a disturbance in the water balance of 

the cells and the initial stages of damage. A decrease in the 
number of root hairs was also noted.

Group 3 (Glyphosate) showed the lowest level of phy-
totoxicity among the experimental groups (PE  =  39.0%). 
Growth inhibition to 1,103 ± 0.52 mm was statistically sig-
nificant, but visual damage was minimal. The roots retained 
their normal white colour and showed no signs of necrosis 
or deformation. The main effect was manifested in general 
growth inhibition and a decrease in root diameter, which 
may indicate a systemic rather than a local mechanism 
of toxic action directed at the biochemical processes of 
growth. In the control group, active growth of the root sys-
tem was observed to an average length of 18.08 ± 1.15 mm. 
The roots were elastic, white in colour, with a well-devel-
oped zone of root hairs, indicating optimal conditions for 
growth and the absence of toxic stress.

Analysis of the variability of indicators (SD) indicates 
the highest homogeneity of response in Group 1 (SD = 0.45), 
which may be due to the strong and universal inhibitory 
effect of the Cd+Pb combination. Conversely, the great-
est variability in the control group (SD = 1.15) reflects the 
natural variability of biological processes in the absence of 
stress factors. Thus, the analysis of macroscopic indicators 
allowed to establish a clear gradation of phytotoxicity of the 
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studied pollutants: (Cd+Pb) > (Cu+Zn) > Glyphosate. The 
morphological changes detected indicate different mech-
anisms of damage. For a deeper understanding of these 
mechanisms at the cellular level, cytogenetic analysis was 

performed. To elucidate the cellular mechanisms underly-
ing macroscopic growth inhibition, cytogenetic analysis of 
apical meristem cells was performed. Detailed results are 
presented in Table 2.

Indicator Group 1 (Cd+Pb) Group 2 (Cu+Zn) Group 3 (Glyphosate) Control

MI, % 48.5 ± 3.1 65.2 ± 4.0 78.1 ± 3.5 106.0 ± 5.8
MI inhibition, % 54.2 38.5 26.3 -

Total frequency of aberrations, % 12.4 ± 1.5 8.9 ± 1.1 5.1 ± 0.9 1.2 ± 0.4
Spectrum of aberrations, % of total number:

Chromosome fragments 62.9 58.4 49.0 66.7
Chromosome bridges 37.1 41.6 51.0 33.3
Lagging chromosomes 3.2 2.1 1.5 0.5

C-mitosis 1.8 0.9 0.2 0

Note: several types of aberrations could be observed simultaneously in one cell, therefore the total percentage exceeds 100%
Source: compiled by the authors

Table 2. Cytotoxic and genotoxic effects in cells of the apical meristem of Allium cepa L

Table 3. Summary table of p values for comparison of experimental groups

The results of cytogenetic analysis revealed disturbanc-
es in cell division processes and structural damage to chro-
mosomes in all experimental groups. The cytotoxic effect, 
assessed by changes in the MI, directly correlates with the 
data of macroscopic analysis. Group 1 (Cd+Pb) showed the 
most profound suppression of mitotic activity: the intensity 
of cell division decreased by more than half (54.2% inhibi-
tion) compared to the control. This indicates the cytotox-
ic effect of the combination of cadmium and lead, which 
blocks the transition of cells to mitosis or stops it in the 
early stages. In Group 2 (Cu+Zn), MI inhibition was less 
pronounced but still significant, reaching 38.5%. Glypho-
sate (Group  3) showed the least cytotoxic effect, with a 
26.3% reduction in MI. Thus, in terms of cytotoxicity, the 
studied pollutants are ranked in the same order as in terms 
of phytotoxicity.

The genotoxic effect, characterised by the frequency 
and spectrum of chromosomal aberrations, also shows a 
clear dependence on the type of pollutant. The overall fre-
quency of aberrations in Group 1 exceeded the control lev-
el by more than 10  times, indicating the high mutagenic 
potential of the Cd+Pb combination. Analysis of the spec-
trum of abnormalities in this group showed that almost 
two-thirds (62.9%) of all aberrations were chromosom-
al fragments. This dominance indicates a predominantly 
clastogenic (chromosome-fragile) mechanism of action. In 
Group 2, the frequency of aberrations exceeded the control 
by 7.4 times. The spectrum of abnormalities was similar to 

Group 1, with a predominance of fragments (58.4%), indi-
cating a similar, albeit less intense, clastogenic mechanism 
of action of the Cu+Zn pair.

Group  3, which includes glyphosate, was identified 
within the study. Although the overall frequency of ab-
errations here was the lowest among the experimental 
groups (4.2 times higher than the control), the spectrum 
of disorders was different. This group had the highest rel-
ative proportion of chromosomal bridges (51.0%), which 
even exceeded the proportion of fragments. A mechanism 
of genotoxicity was established, covering not only chro-
mosome breaks but also disturbances in the functioning 
of the apparatus of their separation. Additional evidence 
of the specificity of heavy metal action is the detection of 
C-mitoses, a marker of spindle dysfunction. This type of 
aberration was most pronounced in the heavy metal groups 
(Group 1  – 1.8% and Group 2  – 0.9%), while glyphosate 
showed a minimal level of C-mitoses (0.2%), indicating 
a significantly higher aneugenic potential of heavy met-
als compared to glyphosate at the concentrations studied. 
Thus, microscopic analysis not only confirmed the toxic-
ity gradation established at the macro level, but also re-
vealed differences in the mechanisms of toxic action of the 
studied pollutants. Heavy metals demonstrate a powerful 
clastogenic and aneugenic effect, while the genotoxicity of 
glyphosate is associated with other cellular targets. The re-
sults of calculating p values for key macroscopic and micro-
scopic indicators are summarised in Table 3.

Comparable groups Root length Root weight MI Frequency of aberrations
Control vs Group 1  < 0.001  < 0.001  < 0.001  < 0.001
Control vs Group 2  < 0.001  < 0.001  < 0.001  < 0.001
Control vs Group 3  < 0.001  < 0.01  < 0.01  < 0.01
Group 1 vs Group 2  < 0.05  < 0.05  < 0.01  < 0.05
Group 1 vs Group 3  < 0.001  < 0.001  < 0.001  < 0.001
Group 2 vs Group 3  < 0.01  < 0.05  < 0.05  < 0.01

Source: compiled by the authors
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The data presented in Table  3 provide quantitative 
statistical confirmation of the observed effects and allow 
for an objective assessment of the reliability of the differ-
ences identified between the groups. Analysis of p values 
is key to moving from qualitative observations to scientif-
ically sound conclusions. The results of the analysis clearly 
demonstrate that the impact of all pollutants studied led 
to statistically significant changes compared to the control 
group. For Group  1 (Cd+Pb) and Group  2 (Cu+Zn), the 
highest level of statistical significance (p < 0.001) was re-
corded for all four indicators: root length and mass, MI, 
and frequency of chromosomal aberrations. Such a low p 
value indicates that the probability of such large differences 
occurring by chance is extremely low (less than 0.1%). This 
is evidence of the strong and indisputable phyto- and geno-
toxic effects of both combinations of heavy metals.

For Group  3 (Glyphosate), the differences from the 
control are also statistically significant, but with a slightly 
higher p-value for some parameters. While root length in-
hibition remains highly significant (p < 0.001), the p value 
for root mass, MI and aberration frequency is < 0.01. This 
is consistent with the data in the previous tables, which 
showed a less pronounced toxic effect of glyphosate. Nev-
ertheless, a significance level of p < 0.01 is still considered 
highly reliable in biological studies and leaves no doubt 
about the presence of a toxic effect. A key result that high-
lights the informative nature of the study is the presence of 
statistically significant differences not only relative to the 
control, but also between the experimental groups them-
selves. This allows not only to state toxicity, but also to 
compare its level.

A comparison of Group  1 (Cd+Pb) and Group  2 
(Cu+Zn) revealed significant differences in all analysed 
parameters. The most significant difference was observed 
in the MI (p  <  0.01), indicating a significantly stronger 
cytotoxic potential of the Cd+Pb pair. The differences in  

macroscopic indicators (length, weight) and the frequency 
of aberrations were also significant (p < 0.05). This allows 
to make a reasonable conclusion that, under the conditions 
studied, the combination of cadmium and lead is more 
toxic than the combination of copper and zinc. Similarly, 
a comparison of both groups with heavy metals (Group 1 
and Group  2) with Group  3 (Glyphosate) revealed high-
ly significant differences (p < 0.01 or p < 0.001) in all indi-
cators. This statistically confirms that the toxicity of both 
combinations of heavy metals is significantly higher than 
that of glyphosate. Thus, the results of statistical analysis 
allow to establish a clear, scientifically based hierarchy of 
toxicity of the pollutants under study. The toxicity grada-
tion is as follows: (Cd+Pb) > (Cu+Zn) > Glyphosate. The 
presence of reliable differences between all groups indicates 
not only different levels of toxicity, but also the high sensi-
tivity and differential ability of the Allium cepa test system 
used, which makes it an effective tool for the comparative 
assessment of the toxicity of various chemical compounds 
and their combinations.

To provide a quantitative reference for toxicity assess-
ment and regulatory comparison, EC50 were calculated for 
individual components of the studied pollutants. It should 
be noted that, except for glyphosate, the experimental ex-
posure was conducted using binary mixtures (Cd+Pb and 
Cu+Zn). Therefore, the obtained EC50 values do not rep-
resent the intrinsic toxicity of the experimental mixtures 
as such, but rather serve as comparative indicators reflect-
ing the relative sensitivity of the Allium cepa test system 
and allowing alignment with existing regulatory MPC. 
The values shown in Table 4 were compiled by integrating 
the experimentally obtained EC50 values from the pres-
ent dose-response analysis with the corresponding MPC 
values extracted from applicable regulatory documents, 
followed by calculation of the MPC/EC50 ratios for com-
parative assessment.

Table 4. Comparison of experimentally determined EC50 values with regulatory MPC values

Source: compiled by the authors based on DSanPiN 2.2.7.029-99 (1999), Regulation of the European Parliament and of the Council 
No. 396/2005 (2005)

Pollutant MPC of mobile forms in soil, mg/kg Experimental ЕС50, mg/l MPC/EC50 ratio
Cadmium (Cd) 0.7 0.45 1.6

Lead (Pb) 6.0 2.10 2.9
Copper (Cu) 3.0 0.12 25.0

Zinc (Zn) 23.0 2.55 9.0
Glyphosate 0.1 0.22 0.45

A comparative analysis of experimentally determined 
toxic concentrations and regulatory indicators revealed 
a systemic discrepancy for a group of heavy metals. This 
indicates that biologically significant negative effects at 
the level of primary producers in the agroecosystem may 
occur at concentrations that are considered acceptable ac-
cording to current regulations. The most critical discrep-
ancy, demonstrating the potential inconsistency of existing 
standards with biological effects, was recorded for copper 
(Cu). The experimentally determined EC50 of 0.12  mg/L 

was 25  times lower than the MPC standard (3.0  mg/kg). 
Such a significant discrepancy indicates a potentially high 
environmental risk associated with copper contamination 
of soils, which may be underestimated when using a reg-
ulatory approach alone. In certain agricultural manage-
ment systems, copper-containing fungicides are widely 
used plant protection products, which leads to the gradual 
accumulation of copper in the soil to concentrations that, 
although not exceeding the MPC, may have a phytotoxic 
effect (Shahini et al., 2023).



Babych et al.

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 2 7575

A similar, albeit less pronounced, trend can be ob-
served for other metals studied. For zinc (Zn), the MPC 
exceeds the EC50 by nine times, and for lead (Pb) by almost 
three times. This confirms that the problem of non-com-
pliance of standards with biological effects is not unique 
to copper, but is systemic for the group of heavy metals. 
For cadmium (Cd), a different relationship was observed. 
Despite its known high toxicity and one of the lowest MPC 
standards, the experimentally determined EC50 was still 
36% lower than the standard. This indicates that even for 
the most dangerous pollutants, existing standards may not 
have a sufficient safety factor to protect plant organisms 
from chronic exposure.

A fundamentally different picture is observed for 
glyphosate. Its experimental EC50 (0.22 mg/l) was 2.2 times 
higher than the MPC standard adopted in the European 
Union (EU) countries (0.1 mg/kg). This may indicate that: 
a) the standard for glyphosate has been set with a significant 
safety margin specifically for acute phytotoxicity to higher 
plants; b) the Allium cepa test system may be less sensitive 
to this herbicide than other biological objects (e.g., soil 
microorganisms, aquatic invertebrates), the risks to which 
were also taken into account when developing the MPC.

Summarising the data obtained, it can be stated that 
the results of the study cast reasonable doubt on the ad-
equacy of existing MPC standards for heavy metals, es-
pecially for copper and zinc, in the context of protecting 
plant components of agroecosystems. The identified dis-
crepancies, where biologically significant effects occur at 
concentrations significantly lower than the permissible 
limits, justify the need to review and possibly tighten envi-
ronmental standards, which is particularly relevant for en-
suring the environmental sustainability and productivity 
of agricultural systems.

s Discussion
The current study evaluated the toxicity of heavy metals 
and glyphosate using morphometric growth indicators and 
cytogenetic changes in Allium cepa. The most toxic effect 
was observed with Cd+Pb exposure, accompanied by a 
significant reduction in root length and mass, inhibition of 
mitotic activity by more than 50%, and a high frequency 
of chromosomal aberrations, especially fragmentation. A 
systemic discrepancy between biologically active concen-
trations of toxicants and current standards was recorded, 
which makes it necessary to review the MPC in organ-
ic production soils. In a study by T.  Da Silva Martins  et 
al. (2024), soil toxicity was bioindicated using enzyme ac-
tivity (arylsulfatase, urease) under conditions of prolonged 
pesticide exposure. It was found that increased concentra-
tions of Cd, Cu, and Zn in soils lead to a decrease in en-
zyme activity, indicating a decline in soil quality. Although 
the study confirms the negative impact of heavy metals, the 
methodology is based not on phytotests but on microbio-
logical indicators. Unlike the results with Allium cepa, the 
authors do not analyse genotoxicity and do not question 
the current standards. The discrepancy in the conclusions 

may be explained by the lower sensitivity of microbiologi-
cal indicators to sublethal concentrations or by a different 
biological object of analysis.

In the experiment, the cadmium-lead combination 
caused the most severe morphological changes, including 
intense necrotic processes at the root tips (darkening to 
dark brown), their thickening and increased brittleness, in-
dicating profound structural tissue damage and a maximum 
phytotoxic effect of 55.1%. M.  Bożym & J.  Rybak  (2024) 
established a completely different toxicity hierarchy using 
Lepidium sativum: Se > As > Hg > Sb > Mo > Cd > Co > Zn 

>  Ni. Lead showed stimulating effects at low concentra-
tions instead of high toxicity, and zinc took the place of 
cadmium as less toxic, fundamentally contrasting with the 
results found in the current study on serious phytotoxicity. 
The discrepancies can be explained by the species-specific 
sensitivity of different plant test objects and concentration 
effects (Mustafayeva  et al.,  2011; Lyubchyk  et al.,  2019).

In the experiments conducted, glyphosate showed the 
lowest level of phytotoxicity among all groups, with growth 
inhibition of up to 11.03 ± 0.52  mm with minimal visual 
damage. The main effect was manifested in general growth 
inhibition and a decrease in root diameter without signs of 
necrosis or deformation, which was interpreted as a system-
ic mechanism of toxic action directed at the biochemical 
processes of growth. E. Yalçin & K. Çavuşoğlu (2022) doc-
umented severe chromosomal aberrations and genotoxici-
ty in Allium cepa at a concentration of 500 mg/L, showing 
direct interactions between deoxyribonucleic acid (DNA) 
and glyphosate through spectral analysis. The study found 
an increase in the formation of micronuclei, chromosome 
fragments, sticky chromosomes, and bridges, along with 
severe cell damage, including damage to epidermal and 
cortical cells and irregular vascular tissue. The discrepan-
cies are explained by the use of different concentrations of 
glyphosate and different focuses on morphological versus 
cytogenetic effects.

Cytogenetic analysis showed that in the glyphosate 
group, the highest relative proportion of chromosomal 
bridges (51.0%) even exceeded the proportion of fragments, 
indicating a distinct mechanism of genotoxicity associated 
not only with chromosome breaks but also with disruption 
of the apparatus of their separation, unlike the potent clas-
togenic and aneugenic effects of heavy metals. C. Benbro-
ok et al. (2023) conducted a meta-analysis of 94 genotoxicity 
tests, showing that 73% of studies of technical glyphosate 
and 95% of studies of glyphosate formulations were posi-
tive for genotoxicity. Seven positive in vivo human studies 
reported DNA damage, oxidative stress, and chromosomal 
aberrations, providing strong evidence of clastogenic and 
aneugenic effects (Ilderbayeva et al., 2024). This contradicts 
the conclusion of the current study that glyphosate has no 
clastogenic potential. In cytogenetic analysis, C-mitoses – a 
marker of spindle dysfunction – were only observed in the 
heavy metal groups (Group 1 and Group 2), indicating their 
aneugenic potential, which is absent in glyphosate at the con-
centrations studied. R. Mesnage et al. (2022) demonstrated  
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that glyphosate-based herbicides activated DNA damage 
response pathways using ToxTracker tests, revealing mech-
anisms of oxidative stress and protein unfolding.

Results of the statistical analysis allowed for the es-
tablishment of a clear, scientifically grounded hierarchy 
of toxicity for the studied pollutants, with the gradation 
(Cd+Pb) > (Cu+Zn) > Glyphosate. The presence of signif-
icant differences between all groups indicated not only 
different levels of toxicity but also the high sensitivity and 
differential capability of the Allium cepa test system used. 
V.I. Domínguez-Rodríguez et al. (2020) presented a mod-
ified Organisation for Economic Co-operation and Devel-
opment (OECD) protocol using biotests with earthworms, 
which showed different sensitivity patterns compared to 
plant tests. For oil drilling waste, soil extracts showed 0% 
mortality, while direct soil contact showed 100% mortality. 
However, after treatment, mortality dropped to acceptable 
OECD ranges (3-13%), indicating that methodological ap-
proaches significantly influence conclusions about toxicity. 
The discrepancies are explained by the different sensitivi-
ties of the test organisms and methodological peculiarities.

The study’s results demonstrate clear gradations of 
phytotoxicity for the studied pollutants with a progressive 
increase in toxic effects, confirmed by statistically signif-
icant inhibition of growth processes in all experimental 
groups compared to the control, with the most pronounced 
inhibitory effect at the highest concentrations. C.  Wei  et 
al.  (2022) demonstrated clear hormesis dose-effect rela-
tionships, where low concentrations of zinc (15-30 mg/L) 
improved wheat growth and the activity of antioxidant en-
zymes. The maximum stimulatory response occurred at 15 
mg/L for root growth, with improved photosynthetic abili-
ty and antioxidant enzyme activity, completely contradict-
ing linear dose-effect models of toxicity. The discrepancies 
are explained by non-linear biological reactions and the es-
sential nature of some metals at low concentrations.

Glyphosate demonstrated a statistically significant 
growth inhibition to 11.03 ± 0.52 mm, which was interpret-
ed as evidence of a toxic effect and a potential danger to 
agroecosystems, especially in contexts where its use is re-
stricted but contamination from neighbouring agricultural 
plots can occur. M. Hagner et al. (2019) found that applying 
Roundup at maximally allowed doses (3 kg/ha of glypho-
sate) had only minor and temporary effects on soil fauna 
and functioning, with no glyphosate residues detected at 
the end of the experiment. The effects on soil function-
ing were minimal compared to mechanical weed remov-
al, challenging assumptions about glyphosate’s persistence 
and toxicity. The discrepancies may be explained by differ-
ent doses, environmental conditions, and exposure times.

The study’s results treated all investigated heavy met-
als exclusively as toxicants that cause damage to plant tis-
sues and inhibit growth processes, without considering the 
possible positive biological roles of some of these elements 
at low concentrations. Y. Wan et al. (2024) provided com-
prehensive documentation of over 9,000 hormesis models, 
showing patterns of low-dose stimulation and high-dose 

inhibition for trace elements and heavy metals in multiple 
biological systems, demonstrating that environmental pol-
lutants can act as biological regulators rather than exclu-
sively toxic agents. This changes the understanding of the 
role of metals in biological systems and the need to consid-
er hormetic effects in toxicological assessments.

In the context of alternative agricultural management 
practices, attention was focused on external contamination 
by heavy metals and pesticides, without a detailed consider-
ation of potential sources of contamination that may come 
from the organic materials themselves used in such farming 
systems. J.O.  Olowoyo & L.L.  Mugivhisa  (2019) demon-
strated that organic materials used in farming can contain 
toxic pollutants that bioaccumulate in plant tissues. Manure 
contained varying concentrations of arsenic, cadmium, and 
lead, with higher concentrations in pig manure compared 
to cow manure, challenging assumptions about the safety 
of organic fertilisers regarding heavy metal contamination. 
The discrepancies are explained by the underestimation of 
internal sources of contamination in organic systems.

The organic farming system was considered an envi-
ronment with minimal use of synthetic pesticides, where 
the main sources of contamination are external or associ-
ated with the previous conventional use of land, with the 
expectation of gradual remediation following conversion 
to organic methods (Zakharchuk  et al.,  2019; Shuvar  et 
al., 2022). A. Benzing et al.  (2025) showed that 21 out of 
90 chemicals may potentially leave residues in organic 
food even after two years of conversion, with food residues 
linked to residual contamination in soil. The research was 
based exclusively on the results of bio-testing with Allium 
cepa to establish a hierarchy of pollutant toxicity and draw 
conclusions about the adequacy of regulatory standards. 
The high sensitivity and differential ability of this test sys-
tem were seen as an advantage for environmental assess-
ment. Nevertheless, D. Kim et al. (2021) demonstrated that 
the choice of test species at the screening level of ecological 
risk assessments is critical, as different species can show op-
posite reactions to the same substances. This indicates the 
limitations of conclusions based on a single test organism, 
even one as sensitive as Allium cepa.

The problem identified in the current study is the 
significant phytotoxic and genotoxic effect of heavy met-
als (Cd+Pb, Cu+Zn) and glyphosate on the growth and 
structure of the Allium cepa  L. root system, manifested 
by growth inhibition, morphological damage, and cel-
lular aberrations. This points to a high ecological risk of 
soil contamination, especially considering the discrepan-
cy between toxic concentrations and existing standards. 
One study, namely P.  Ziarati  et al.  (2020), examined the 
bioadsorption of heavy metals from contaminated soils 
and water using food and agricultural wastes. This re-
search proposes an alternative approach to limiting soil 
heavy metal toxicity through immobilisation and reduced 
plant availability, which does not contradict the phyto-
toxic effects observed in the present study but opens dis-
cussion on potential mitigation strategies. Another study,  
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V.O. Velychko (2020), analysed physiological and ecolog-
ical monitoring of xenobiotics, including heavy metals, 
within the food-livestock system, emphasising the sys-
temic effects of heavy metals on living organisms through 
food chains. The conclusions stress the importance of con-
trolling the migration of toxic elements and accounting for 
them across different trophic levels, thereby broadening 
the context of the present research, which is focused main-
ly on a plant-based test system.

A.O. Splodytel (2019) focused on the distribution and 
mobility of heavy metals (Cd, Cu, Pb) in national park 
territories and their seasonal migration with water flow. 
The detected exceedances of metal threshold levels in 
water underscore the environmental danger and confirm 
the need for monitoring not only soil, as in the current 
study, but also issues of multi-component detoxification 
and contamination dynamics. O.V. Shabatura et al. (2023) 
determined the change in the long-term content of Cu, 
Pb, Zn, Cd, and other elements in the air, which correlates 
with the influence of industrial and agricultural pollution 
sources. Such data support the broader ecological context 
of the current research while offering an alternative, at-
mospheric bio-indication, that complements the assess-
ment of soil toxicity.

According to the present results, the EC50 values for cop-
per (0.12 mg/L), zinc (2.55 mg/L) and other metals showed 
that biologically significant effects occur at concentrations 
3-25 times lower than the current MPCs. This suggests that 
existing regulatory standards for soil contamination, spe-
cifically the MPCs for heavy metals established in nation-
al sanitary regulations (DSanPiN  2.2.7.029-99) and their 
alignment with European regulatory approaches governing 
permitted agricultural inputs, may underestimate ecolog-
ical risks. This is particularly relevant for for agricultural 
management systems in which the use of copper-based 
fungicides is permitted under European regulatory frame-
works, leading to the gradual accumulation of copper in 
soils at concentrations that do not exceed MPC values but 
may still exert phytotoxic and genotoxic effects on primary 
producers (Hutorov  et al.,  2021; Hussain  et al.,  2022). In 
the publication by T. Odunjo & E. Thomas (2021), it was 
found that in soil samples from organic farms, the content 
of heavy metals (Pb, Cr, Ni) was predominantly in forms 
with low bioavailability to plants (reserve and reducible 
fractions). The authors concluded that risks of metal up-
take by plants in organic systems are minimal. This contra-
dicts the findings of the present study, where toxicity was 
observed even at low concentrations. Possible explanations 
for these discrepancies include differences in assessment 
methods (fractional analysis versus phytotesting), the use 
of different test systems, and variation in soil types.

In the course of the present study, glyphosate was found 
to suppress Allium cepa growth, reduce the MI by 26.3%, and 
increase the frequency of chromosomal bridges. Although 
these effects were less pronounced than in the Cd+Pb 
group, they were statistically significant. The experimental  
EC50 exceeded the regulatory MPC by a factor of 2.2, 

which may suggest an overestimation of risk or limited  
sensitivity of the test object. The work of J.L.  Gallego & 
J. Olivero-Verbel (2021) offered an alternative perspective 
by studying the cytogenetic toxicity of glyphosate and mix-
tures of heavy metals in soils from organic and convention-
al crops. It was found that in organic soils, glyphosate did 
not reach levels that produced marked toxicity, and pesti-
cide contents were below detection limits. By contrast, con-
ventional samples showed an increased frequency of cy-
togenetic abnormalities. Thus, unlike the present study, this 
research confirmed the ecological safety of organic systems 
with respect to glyphosate, which may be explained by low-
er actual pesticide concentrations under field conditions.

The conducted study therefore established a clear 
hierarchy of phyto- and genotoxicity for the pollutants 
under investigation; however, comparative analysis with 
other scientific works reveals substantial variability and 
contextual dependence of such results. The established 
toxicity ranking is not universal and may shift signifi-
cantly depending on the choice of test organism, specific 
interactions between metals (e.g. antagonism), and sub-
stance concentration. Interpretation of toxicity is further 
complicated by nonlinear dose response relationships, 
particularly hormesis, where low concentrations of some 
metals may have a stimulatory rather than inhibitory ef-
fect. Moreover, conclusions about pollutant mechanisms 
of action, especially glyphosate, remain contentious, as 
macroscopic manifestations may not fully reflect the spec-
trum of cytogenetic damage, while broader meta-analyses 
point to more complex mechanisms of genotoxicity. As-
sumptions regarding the ecological purity of certain agri-
cultural management practices are also called into ques-
tion, since the literature indicates prolonged persistence 
of pesticides in soil and the possibility of contamination 
via organic fertilisers themselves. Thus, while the findings 
obtained are valid within the scope of the present experi-
ment, they should be interpreted in light of these factors, 
underscoring the need for a comprehensive, multisystem 
approach in ecotoxicological assessments that accounts for 
the broader ecological context, including pollutant migra-
tion pathways and possibilities for bioremediation.

s Conclusions
A comprehensive comparative assessment of the phyto- 
and genotoxic effects of various types of agroecosystem 
pollutants was carried out, combining macroscopic mor-
phometric analysis and cytogenetic research. A quantitative 
hierarchy of toxicity of the studied pollutants was estab-
lished with statistically significant differences (p < 0.001): 
the cadmium-lead combination caused maximum inhibi-
tion of root system growth to 8.12 ± 0.45 mm with a phy-
totoxic effect of 55.1% and a decrease in mass to 56.3% of 
the control values, while the copper-zinc pair caused less 
pronounced inhibition to 9.55  ±  0.61  mm (47.2%), and 
glyphosate showed the weakest effect with a reduction in 
length to 11.03 ± 0.52 mm (39.0%). Specific morphological 
damage was identified for each type of contaminant: dark 
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brown necrosis and thickening for the cadmium-lead com-
bination, browning of the tips with loss of turgor for the  
copper-zinc pair, and general inhibition without local ne-
crosis for glyphosate.

Cytogenetic analysis revealed the mechanisms of toxic 
action at the cellular level through the assessment of the 
MI and the spectrum of chromosomal aberrations. The 
most profound inhibition of cell division was recorded 
in the cadmium-lead group with a decrease in the MI to 
48.5 ± 3.1% (54.2% inhibition) and a tenfold increase in 
the frequency of aberrations to 12.4 ± 1.5% compared to 
the control (1.2 ± 0.4%). Statistical analysis confirmed the 
reliability of the differences found both between the ex-
perimental groups and the control (p  <  0.001-0.01) and 
between the experimental groups themselves (p < 0.001-
0.05). A predominantly clastogenic mechanism of action 
of heavy metals was established, with a predominance of 
chromosomal fragments (62.9% for cadmium-lead and 
58.4% for copper-zinc combinations), while glyphosate 
was characterised by a different spectrum with a preva-
lence of chromosomal bridges (51.0%). A comparison of  

experimentally determined EC50 values with MPC standards  
revealed critical discrepancies for heavy metals: copper 
showed a 25-fold, zinc a 9-fold, and lead a 2.9-fold exceed-
ance of MPCs over biologically significant concentrations. 
The data obtained justify a review of existing environmen-
tal standards for heavy metals in the direction of tighten-
ing, especially in the context of agricultural systems. Fur-
ther research should focus on studying the chronic effects 
of subtoxic concentrations and synergistic interactions of 
pollutants in field conditions. A limitation of the study was 
the use of a single test system, which requires verification 
on additional model organisms.
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s  Анотація. Зростання вимог до екологічної безпеки аграрних систем зумовлює необхідність застосування 
надійних біоіндикаторних методів для оцінювання токсичності ґрунтових забруднювачів для рослин. Метою 
цього дослідження було порівняння фіто-, цито- та генотоксичних ефектів бінарних комбінацій важких металів 
(Cd+Pb, Cu+Zn) і гліфосату з використанням тест-системи Allium cepa. Проведено контрольований лабораторний 
експеримент із 20 цибулинами в кожній групі, п’ятьма повтореннями, а також однією контрольною та трьома 
дослідними групами. Для оцінювання застосовано морфометричний аналіз росту коренів (довжина коренів і 
свіжа маса), візуальну оцінку морфологічних ушкоджень, цитогенетичний аналіз клітин апікальної меристеми 
(мітотичний індекс і частота та спектр хромосомних аберацій), а також t критерій Стьюдента. Значення 
EC50 обчислювали за допомогою нелінійної регресії, та порівнювали з нормативами гранично допустимих 
концентрацій. Найвищу фітотоксичність виявлено для комбінації Cd+Pb, яка зменшувала ріст коренів на 55,1 %, 
далі – Cu+Zn (47,2 %), тоді як гліфосат проявляв найнижчий ефект (39,0 %). Цитогенетичний аналіз показав 
суттєве пригнічення мітотичної активності (відповідно 54,2 %, 38,5 % і 26,3 %) та зростання частоти хромосомних 
аберацій, причому важкі метали переважно проявляли кластогенну дію, а гліфосат характеризувався вищою 
часткою хромосомних містків. Експериментально визначені значення EC50 для Cu, Zn, Pb і Cd були у 3-25 разів 
нижчими за чинні гранично допустимі концентрації, що свідчить про біологічно значущі ефекти за концентрацій, 
які вважаються допустимими. Отримані результати демонструють високу чутливість тест-системи Allium 
cepa та вказують на те, що наявні екологічні нормативи щодо важких металів можуть недооцінювати ризики 
для рослинних організмів, особливо в аграрних системах, де дозволене застосування мідьвмісних препаратів

s  Ключові слова: фітотоксичність; генотоксичність; цитотоксичність; цитогенетичний аналіз; апікальна 
меристема
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