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Abstract. Soil contamination with heavy metal ions can limit land use and reduce the effectiveness of 
phytoremediation. Sinapis alba L. is considered as a promising test culture and a potential phytoremediant, 
but its response to various metals in the soil system needs to be clarified. The purpose of this study was 
to evaluate the effect of Zn2+, Cu2+, Pb2+, and Fe3+ ions on the viability of seeds, the length of shoots and 
roots of S. alba. The experiment was performed in a model soil experiment with three repetitions for 
each variant. On Day 5, a significant decrease in viability was detected only under the action of Cu2+ at a 
concentration of 300 mg/dm3, where this indicator was 77.9 ± 1.2%. On Day 10, the strongest effect was 
observed for Fe3+: viability decreased to 34.9 ± 1.2%, 27.7 ± 1.2% and 20.5 ± 1.2% at concentrations of 600, 
800, and 1,000 mg/dm3, respectively. For Cu2+ this indicator was 74.7-56.6%, Zn2+ – 80.7-67.5%, and Pb2+ – 
81.9% at the highest concentration. The length of shoots and roots decreased under the action of all 
the metals under study. Fe3+ caused the greatest growth suppression: the length of the shoots decreased 
from 54.62 to 9.94 mm, and the roots – from 35.96 to 13.09 mm. Therefore, morphometric parameters 
were found to be more sensitive to metal stress than to viability, and should be used for a comprehensive 
assessment of soil phytotoxicity. The results can be used by specialists in the field of environmental 
monitoring, soil science, and phytoremediation for a comprehensive assessment of the toxicity of soils 
contaminated with heavy metals
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stress

BIOLOGICAL SYSTEMS: Theory and Innovation

DOI: 10.31548/biologiya/3.2026.84UDC 504.53:581.1:633.853.483

BIOLOGICAL SYSTEMS: Theory and Innovation
Received: 28.03.2026 Revised: 02.08.2026 Accepted: 26.08.2026 Published: 21.09.2026

Journal homepage: https://bioscience.com.ua/en
Vol. 17, No. 3, 2026, 84-93

ISSN 2706-8390
e-ISSN 2706-8382

Vol.16  |  №3  |  2024

BIOLOGICAL
SYSTEMS:
Theory and Innovation

ISSN 2706-8382
e-ISSN 2706-8390

INTRODUCTION
Soil contamination with heavy metals is an ur-
gent problem for areas where the effects of hos-
tilities, industrial stress, and intensive land use 
are combined. Ingress of Zn2+, Cu2+, Pb2+ and Fe3+ 
ions in the soil environment can disrupt seed  

germination, root system development, and the 
development of aboveground biomass. For phy-
toremediation, it is important to evaluate not only 
the plant’s ability to accumulate pollutants, but 
also the preservation of viability and growth in 
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researchers showed that roots may be more sen-
sitive to soil factors than shoots, and toxicity as-
sessment should consider the combined effects of 
pollution and the physicochemical characteristics 
of the soil. However, the multivariate model of 
this study did not replace the controlled compar-
ison of specific ions within a single plant species. 
The paper did not consider S. alba and grey forest 
soils of northern Ukraine. A. Díaz et al. (2024) and 
D. Kramski et al. (2026) reported that soil additives 
can simultaneously alter the availability of metals 
and support growth of Sinapis alba. For As, com-
post increased accumulation, while the combina-
tion of dunite, compost, and nanoscale nulvalent 
iron reduced mobilisation; for Cd, sawdust im-
proved growth, and spruce sawdust increased the 
bioaccumulation rate by more than 30%.

Thus, these studies confirmed the prospects 
of S.  alba for phytoremediation, but a specific 
combination of Zn2+, Cu2+, Pb2+, and Fe3+ in the soil 
system, the experiment requires further investiga-
tion. Current studies confirmed the importance of 
soil conditions, species specificity, and simultane-
ous analysis of germination and growth, but do not 
provide an answer regarding the early metal-spe-
cific reaction ofS. alba on Zn2+, Cu2+, Pb2+, and Fe3+ 
in the grey forest soil. The purpose of this study 
was to determine how individual concentrations 
of these ions affect seed viability on Day 5 and Day 
10 and the length of roots and shoots on Day 10, 
and to determine which indicators are most sensi-
tive to metal-specific stress.

MATERIALS AND METHODS
The study was conducted under the conditions of 
a model soil experiment using Sinapis alba L. as a 
test crop. The substrate was soil collected from the 
outskirts of Kyiv, in the forest zone of Desnianskyi 
district. Working soil moisture was 60.0  ±  0.5%, 
the proportion of organic matter – 3.0 ± 0.5%. The 
studies were conducted on plant seeds and did not 
involve the involvement of humans, vertebrates, 
or invertebrates, nor the use of protected species. 
Therefore, bioethical approval procedures were not 
applied for these categories. Work with solutions 
of metal salts and contaminated substrate was 
carried out in compliance with laboratory chem-
ical safety requirements; materials after the ex-
periment were collected separately for disposal as 
metal-containing laboratory waste. The study was 

their presence. This is particularly important for 
gray forest soils, where the acidity, organic mat-
ter content, sorption capacity, and metal mobility 
can change the actual toxicity of the same refer-
ence concentrations.

C. Luo et al. (2024) summarised the effects of 
various hazardous substances in the soil on seed 
germination and showed that the effect is deter-
mined not only by the concentration, but also by 
the chemical form of the pollutant, the type of 
plant, and the duration of exposure. The research-
ers identified impaired water uptake, oxidative 
damage, and destabilisation of cellular structures 
as the main mechanisms of germination inhi-
bition. However, this study was a review and ex-
amined a wide range of pollutants, so it did not 
provide an experimental answer regarding the 
comparative effects of Zn2+, Cu2+, Pb2+, and Fe3+ 
for one test crop in the same soil environment. 
B.  Krasnodębska-Ostręga  et al.  (2022) reviewed 
Sinapis alba as a promising plant for phytoreme-
diation and summarised data on the accumula-
tion of As, Tl, and platinum group elements. G.-
G. Vasile et al. (2021) and N. Vasilache et al. (2023) 
confirmed this prospect for soils contaminated 
with As, Cd, Ni, and Pb, but showed a metal-spe-
cific plant response: As mostly stabilised in the 
roots, Cd and Ni accumulated more actively, and 
Pb was largely retained by the soil. The availability 
of metals depended on the properties of the soil 
and mobile fractions. However, these papers did 
not cover a comparative investigation of Zn2+, Cu2+, 
Pb2+, and Fe3+ in the model grey forest soil in the 
early stages of development of S. alba.

P. Singh et al. (2024) examined five varieties of 
Brassica juncea in soils irrigated with wastewater 
and borehole water. The researchers found that 
contaminated irrigation reduced the morpholog-
ical, physiological, and productive characteristics 
of plants, and the genotype determined the level 
of metal accumulation and the suitability of the 
variety for phytoremediation. These results high-
lighted the importance of species, genotype, and 
soil-water regime. However, the study concerned 
B. juncea, longer cultivation, and complex contam-
ination, rather than an early reaction of S. alba on 
separate concentration series of metals. Y. Peng & 
I.  Grigorieva  (2024) analysed the effect of heavy 
metals and soil properties on plant germination 
in the system of Brassica napus and sorghum. The 
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conducted in accordance with the ethical stand-
ards of Convention on Biological Diversity (1992) 
and Convention on International Trade in En-
dangered Species of Wild Fauna and Flora (1973).

The experiment was performed in Petri dish-
es. Each Petri dish was filled with 25 cm3 of soil, 
after which a solution of the respective metal was 
added. Zn2+, Cu2+ and Pb2+ were introduced in the 
form of nitrates, Fe3+  – in the form of chloride. 
Three concentrations expressed in mg/dm3 of 
soil were used for each metal: Fe3+ – 600, 800, and 
1,000 mg/dm3; Cu2+ – 100, 200, and 300 mg/dm3; 
Zn2+ – 200, 300, and 400 mg/dm3; Pb2+ - 50, 100, and 
150 mg/dm3. For each variant of the experiment, 
3 repetitions were performed. 30 seeds of S. alba 
were sown in each Petri dish. The control version 
contained the same volume of soil, water, and the 
corresponding amount of nitrate ions, but with-
out the introduction of metals. Since Zn2+, Cu2+, 
and Pb2+ were introduced in the form of nitrates, 
and calcium nitrate was additionally introduced to 
equalise the effect of nitrate ions in experimental 
and control versions. Its amount was calculated so 
that the total intake of nitrates corresponded to 
400 mg/dm3 of soil. After applying the solutions, 
all Petri dishes were supplemented with water 
to the same initial volume of liquid – 20 cm3. By 
Day 5, germination was carried out in the dark in 
closed Petri dishes. After Day 5, the dishes were 
opened and transferred to 200 lux lighting con-
ditions. In the future, the plants were grown with 
sufficient watering, preventing the soil substrate 
from drying out. The phytotoxic effect was evalu-
ated based on seed viability, shoot length, and root 
length. Viability was determined by the number of 
seeds that formed seedlings. The length of shoots 
and roots was measured on Day 10 of the experi-
ment. These indicators were used as indicators of 
early response of S. alba to the action of Zn2+, Cu2+, 
Pb2+, and Fe3+ in model soil conditions.

Statistical analysis was performed separately 
for morphometric parameters and viability. For 
shoot and root lengths, ANOVA analysis of vari-
ance was used, followed by post hoc comparison 
between variants. The χ2 test was used to analyse 
viability with subsequent post hoc correction of 
multiple comparisons. The viability of the control 
was considered to be 100%. The differences were 
considered statistically significant at the accept-
ed level of significance after adjusting for multiple 

comparisons. The choice of statistical approach-
es was determined by the nature of the data ob-
tained. The length of shoots and roots were con-
tinuous quantitative indicators, so it was advisable 
to compare the average values between the experi-
ment variants using variance analysis. Instead, the 
viability in each Petri dish was actually a ratio of 
two categories – seeds that formed seedlings and 
seeds that did not form viable seedlings. That is 
why χ2 test was applied for this indicator. The con-
trol variant was taken as 100%, and all experimen-
tal variants were interpreted as deviations from it. 
This allowed assessing not the absolute similarity 
of the crop, but the loss of viability associated with 
the introduction of metal. This approach was con-
sistent with the purpose of the study, since it was 
not aimed at pairwise ranking of all metals and 
concentrations against one another, but at deter-
mining which variants actually alter normal early 
development of S. alba compared to control.

RESULTS AND DISCUSSION
On Day 5, seed viability of Sinapis alba significant-
ly differed from the control only in the variant 
with Cu2+ 300 mg/dm3 of soil and was 77.9 ± 1.2%, 
p = 0.002. In other variants, viability did not signif-
icantly differ from the control on Day 5 (Table 1). 
On Day 10, the most pronounced decrease in via-
bility was observed for Fe3+: 34.9 ± 1.2%, 27.7 ± 1.2%, 
and 20.5  ±  1.2% at 600, 800, and 1,000  mg/dm3, 
respectively, p < 0.001. For Cu2+, viability was sig-
nificantly reduced at all concentrations and was 
74.7 ± 1.2%, 66.3 ± 1.2%, and 56.6 ± 1.2% at 100, 200, 
and 300 mg/dm3, respectively. For Zn2+, a signifi-
cant decrease was also found at all concentrations: 
80.7 ± 1.2%, 74.7 ± 1.2%, and 67.5 ± 1.2% at 200, 300, 
and 400  mg/dm3, respectively. For Pb2+, viability 
was significantly reduced at just 150 mg/dm3 and 
was 81.9 ± 1.2%, p = 0.014; for 50 and 100 mg/dm3 it 
was not different from control.

On Day 10, the average length of shoots and 
roots of Sinapis alba decreased in all variants of 
metal application compared to the control (Fig. 1). 
The strongest growth inhibition was observed for 
Fe3+: shoot length decreased from 54.62 ± 0.79 mm 
in the control to 16.14 ± 0.57 mm, 13.14 ± 0.74 mm, 
and 9.94 ± 0.69 mm at 600, 800, and 1,000 mg/dm3, 
respectively; root length – from 35.96 ± 0.38 mm 
to 18.35  ±  0.56  mm, 15.92  ±  0.52  mm, and 
13.09 ± 0.41 mm. All differences in shoot and root 
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length were statistically significant, p < 0.001. For 
Cu2+, Zn2+, and Pb2+ there was also a decrease in the 
length of shoots and roots with an increase in the 
metal content in the soil. For Cu2+, the length of 
shoots decreased from 35.16 ± 0.88 mm at 100 mg/
dm3 up to 23.11  ±  0.74  mm at 300  mg/dm3, and 
the length of the roots  – from 28.24  ±  0.43  mm 
to 20.20 ± 0.42 mm. For Zn2+, the length of shoots  

decreased from 44.61 ± 0.90 mm to 29.51 ± 0.69 mm, 
the length of roots  – from 30.53  ±  0.49  mm to 
24.09 ± 0.43 mm. For Pb2+, the length of shoots de-
creased from 47.79 ± 0.82 mm to 32.62 ± 0.70 mm, 
the length of roots  – from 32.96  ±  0.34  mm to 
25.42 ± 0.39 mm. For all variants, differences from 
the control for shoot and root length were statisti-
cally significant, p < 0.001.

Metal Concentration,  
mg/dm3 of soil

Viability, Day 5, % 
± SE p χ2, Day 5 Viability, Day 10, 

% ± SE p χ2, Day 10

Control – 100.0 – 100.0 –
Fe3+ 600 96.5 ± 1.2 1.000 34.9 ± 1.2 <0.001
Fe3+ 800 91.9 ± 1.2 0.740 27.7 ± 1.2 <0.001
Fe3+ 1,000 84.9 ± 1.2 0.059 20.5 ± 1.2 <0.001
Cu2+ 100 88.4 ± 1.2 0.203 74.7 ± 1.2 0.001
Cu2+ 200 84.9 ± 1.2 0.059 66.3 ± 1.2 <0.001
Cu2+ 300 77.9 ± 1.2 0.002 56.6 ± 1.2 <0.001
Zn2+ 200 95.3 ± 1.2 1.000 80.7 ± 1.2 0.011
Zn2+ 300 91.9 ± 1.2 0.740 74.7 ± 1.2 0.001
Zn2+ 400 84.9 ± 1.2 0.059 67.5 ± 1.2 <0.001
Pb2+ 50 100.0 ± 1.2 1.000 92.8 ± 1.2 0.236
Pb2+ 100 96.5 ± 1.2 1.000 88.0 ± 1.2 0.097
Pb2+ 150 93.0 ± 1.2 0.820 81.9 ± 1.2 0.014

Table 1. Seed viability of Sinapis alba on Day 5 and Day 10 of the experiment

The overall picture of the results indicates 
that the reaction of S. alba had not only a con-
centration but also a time dependence. On Day 5, 
most of the variants were still indistinguishable 
from the viability control, but on Day 10, the dif-
ferences between the metals became much more 
pronounced. This was especially noticeable for 
Fe3+ and Cu2+, where a decrease in viability was 

Note: values are given as the mean ± SE for three repetitions; 30 seeds were sown in each repetition. p χ2 – adjusted 
p-value post hoc comparison with the control; p < 0.05 – highlighted in red
Source: compiled by the authors

combined with a sharp suppression of the length 
of roots and shoots. For Zn2+ and Pb2+, viability 
changed less, but morphometric parameters still 
decreased, which indicates a sublethal nature of 
the action. Therefore, it is impossible to fully as-
sess the early phytotoxicity of the studied met-
als based on the proportion of viable seedlings 
alone.

Figure 1. Length of roots and shoots of Sinapis alba  
with different content of heavy metal ions in the soil

Source: compiled by the authors
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The results show that root and shoot length 
was a more sensitive indicator of phytotoxici-
ty than viability. Viability decreased statistically 
significantly mainly under the action of Fe3+ and 
high concentrations of Cu2+, while the length of 
roots and shoots decreased in all variants of met-
al application. M.  Gupta  et al.  (2024) linked the 
Corene-centric response of Brassicaceae with the 
primary interaction of metals in the rhizosphere, 
apoplexy, cell wall, and root meristem. S.  Bu-
soms  et al.  (2021) also showed that Pb tolerance 
depends on metal accumulation processes and the 
root system response. This is consistent with the 
authors’ data, in which morphometric parameters 
reacted earlier and more stable than viability.

The difference between viability and mor-
phometric parameters is of great biological im-
portance. The fact of the appearance of a seedling 
does not mean that the plant is able to develop ef-
fectively in the future in a contaminated substrate. 
In the first stages, the seed partially uses internal 
reserves, so the short-term viability index can re-
main relatively high even in conditions when the 
root meristem is already under stress. Root length 
in this case is a more sensitive sign of sublethal 
toxicity, since it reflects cell division and stretch-
ing in the growth zone, and the ability of the seed-
ling to maintain water absorption and contact with 
the soil solution. The length of the shoot, in turn, 
shows whether early development passes into the 
development of biomass. That is why variants in 
which the viability did not differ statistically from 
the control, but the roots and shoots were short-
er, cannot be considered completely safe for using 
S. alba as a phytoremediant.

The experimental conditions could enhance 
the root component of phytotoxicity. Under such 
conditions, the root system developed in a limit-
ed volume of substrate with high contact with the 
pore solution. Therefore, to interpret the results, 
it is important to consider the pH, organic matter 
content, cation exchange capacity, and availability 
of metals in the soil. J. Liu et al. (2022) noted that 
changes in soil properties can affect acidity, nutrient 
availability, structure, and microbial activity, and 
therefore change the plant’s response to pollution.

The strongest phytotoxic effect was observed 
for Fe3+. All its concentrations dramatically re-
duced viability, root length, and shoot length. In 
this experiment, Fe3+ was introduced in the FeCl3 

form and in the highest range among all met-
als – 600-1,000 mg/dm3 of soil. H. Li et al. (2022) 
showed that FeCl3 can change the bioavailability 
of metals in the soil during remediation washing, 
but this procedure differs from direct application 
of Fe3+ to the substrate for germination. J. Clúa et 
al. (2024) link Fe- homeostasis regulation with pro-
cesses in the root meristems. C. Xue et al.  (2023) 
and F.  Fodor  (2024) reported that excess Fe can 
be associated with ROS/RNS-stress, violation of  
K+- homeostasis, damage to the root apex, and in-
hibition of meristem activity. Excess iron causes 
the accumulation of NO at the root tip; this NO 
can increase the leakage of potassium from the 
cells of the apical zone, which leads to a decrease 
in cell viability and stops root growth.

Delayed intensification of the Fe3+ effect may 
also be conditioned by the fact that the soil sys-
tem gradually changes the availability of nutrients 
in the root zone. On Day 5, some of the seedlings 
could still support development at the expense of 
seed reserves, while on Day 10, the dependence on 
the work of the root and the availability of min-
eral elements increased. The high content of Fe3+ 
allows simultaneously increasing oxidative stress, 
local damage to meristem cells, and reducing the 
availability of phosphates due to their binding in 
a slightly acidic soil environment. This explains 
why Fe3+- variants showed not just a decrease in 
the length of roots and shoots, but a sharp drop in 
viability at a later stage of observation.

Phosphorus was not additionally introduced 
in the experiment, so Fe- series may partially re-
flect more than just the direct toxicity of Fe3+, but 
also changes in the availability of phosphates. In 
slightly acidic soil with a high concentration of Fe3+, 
part of the available phosphorus could pass into a 
less accessible state, and under irrigation condi-
tions – partially shift from the active zone of con-
tact with the root. J. Clúa et al. (2024) showed that 
primary root suppression in phosphate deficiency 
is largely associated with Fe-dependent processes 
in the root meristem. R. Maniero et al. (2024) clar-
ified that ferritreduction in root meristems is part 
of the response to changes in phosphorus availa-
bility. The lack of additional introduction of phos-
phorus is unlikely in itself to explain such a sharp 
suppression of S. alba on Day 10. In early devel-
opment, the plant can still partially use the inter-
nal reserves of seeds, while the consequences of P 
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deficiency are more pronounced in later stages of 
growth due to limited energy metabolism, biomass 
and root system development. N. Shen et al. (2021) 
showed that phosphate deficiency rearranged the 
root architecture of Arabidopsis by regulating Fe 
homeostasis and WRKY33 activity. Therefore, in 
this experiment, it is advisable to consider the 
phosphorous factor as a modifier of Fe3+- toxicity, 
and not as an independent cause of a sharp drop in 
viability and growth. C. Xue et al. (2023), J. Clúa et 
al. (2024) and F. Fodor (2024) gave grounds to con-
sider Fe-specific action as a combination of metal-
lic stress, violation of Fe-P balance, and damage to 
the root meristem.

It is advisable to discard the chloride factor 
as the main cause of the Fe3+ effect. In the exper-
iment, there was a calcium-nitrate background, 
since nitrates were equalised by applying Ca(NO3)2 
up to a nitrate ion concentration of 400 mg/dm3 of 
soil; this background reduces the likelihood of a 
sharp pH- or salt shift as the only explanation for 
the results. Q. Huang et al. (2022) in experiments 
with Brassica napus delimited the effects of NaCl, 
Na2SO4, KCl, and K2SO4 and found that the main 
contribution to growth suppression was made by 
Na+, and the additional effect of Cl- and SO4

2- de-
pended on the dose and genotype. M.  Rezayian 
& F.  Zarinkamar  (2023) also showed that calci-
um and signalling components can alter the salt 
response of plants. Therefore, in the presence of 
calcium chloride in this system, it is not the most 
likely factor of sharp growth inhibition; the effect 
of Fe variants is more logically associated with 
Fe3+-specific toxicity and Fe-P interactions.

Cu2+ also significantly suppressed develop-
ment of Sinapis alba, especially at concentrations 
of 200 and 300 mg/dm3. G. Chen et al.  (2022) de-
scribed copper as an essential but redox active el-
ement, an excess of which causes the generation 
of reactive oxygen species, oxidative damage to 
membranes, and disruption of electron transport 
chains. X.  Zheng  et al.  (2024) summarised the 
role of Cu in the plant-soil system. B.  Rather  et 
al. (2022) showed on mustard that Cu-stress is ac-
companied by oxidative stress, impaired nitrogen 
metabolism, and reduced photosynthetic efficien-
cy, and optimisation of nitrogen and ethylene sig-
nalling can mitigate these effects. In this experi-
ment, the nitrate background was levelled, so the 
decrease in viability at high copper concentrations 

and stable inhibition of root and shoot length were 
more likely to reflect the actual toxic effect of Cu2+, 
not the difference in nitrate intake.

Zn2+ did not cause a statistically significant 
decrease in viability, although at concentrations 
of 300 and 400  mg/dm3 the p values approached 
0.05. The length of roots and shoots decreased in 
all Zn2+ variants. H. Kaur & N. Garg (2021) reported 
that excess zinc causes erroneous incorporation 
of metals into metalloproteins, Fe-deficiency-like 
signals, disruption of membrane and enzyme ho-
meostasis, and secondary redox stress. S.  Sadr  et 
al.  (2024) showed that Zn toxicity in rapeseed is 
associated with changes in cellular redox status 
and can be modulated by calcium and melatonin. 
P. Singh et al. (2024) demonstrated that the effec-
tiveness of mustard phytoremediation depends on 
varietal characteristics and soil conditions. In grey 
forest soils, this additionally depends on pH, or-
ganic matter, cation exchange capacity, and Zn2+ 
mobility. This correlation of effects means that 
the use of white mustard for phytoremediation 
can be difficult on heavily contaminated Cu2+ and 
Zn2+ land plots due to loss of viability and biomass. 
However, at lower levels of contamination, plants 
retained sufficient development, which makes 
S. alba more suitable for moderately polluted soils, 
where the expected extraction of metals is not 
accompanied by a sharp inhibition of growth. In 
practice, this means that for preliminary selection 
of sites or metal concentrations, it is necessary to 
consider not only the fact of a statistically signifi-
cant decrease in viability, but also the constancy of 
growth inhibition. If the roots and shoots are sig-
nificantly shorter than the control even with rel-
atively high viability, this option can give a weak 
plant cover and less biomass, and therefore – low-
er practical efficiency of phytoremediation in real 
soil conditions of long-term cultivation, especially 
with unstable water regime of the substrate.

Pb2+ did not have a statistically significant ef-
fect on viability, but it significantly reduced the 
length of roots and shoots. S. Busoms et al. (2021) 
showed that accumulation and tolerance to Pb 
in Arabidopsis depend on the genotype and pro-
cesses associated with the root system. Z. Tan et 
al.  (2022) and H.  Manne  et al.  (2024) described 
the ability of Pb to disrupt antioxidant systems, 
destabilise membranes, and trigger secondary 
oxidative stress. At the studied concentrations 
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of 50-150 mg/dm3, this could manifest mainly as 
growth inhibition rather than as a decrease in vi-
ability. Low impact of Pb2+ on viability can also be 
associated with its binding to the soil and a cor-
responding decrease in the fraction available to 
the plant. N.  Vasilache  et al.  (2023) showed that 
the availability of metals for S.  alba was deter-
mined by the properties of the soil and the mobile 
fraction, and G.-G. Vasile et al.  (2021) recorded a 
blockage of Pb in the soil. Since the availability of 
Pb was not measured in this experiment, this ex-
planation should be considered as a well-founded 
hypothesis that requires separate testing. Y. Peng 
& I. Grigorieva (2024) also showed that in the soil 
system, the roots Brassica may be more sensitive 
to pollution factors than shoots, which supports 
this interpretation.

Overall, the results are better explained not by 
a single factor, but by a combination of metal-spe-
cific toxicity with soil system conditions. Grey 
forest soil with moderate organic matter without 
additional application of phosphorus created con-
ditions in which root effects were most sensitive. 
For Fe3+, this implies the need for further separate 
investigation of the role of available phosphorus: 
Fe+P variants, control of P without Fe, pH measure-
ment, mobile Fe, mobile P, and Fe-P ratios in pore 
solution are necessary to distinguish between di-
rect Fe3+- toxicity and phosphate-modulated effect.

CONCLUSIONS
Metal ions of PB2+, Zn2+, Cu2+, and Fe3+ had differ-
ent effects on early development of Sinapis alba. 
The most sensitive indicators were the length 
of shoots and roots, while viability varied less 
steadily and depended on the metal and duration 
of exposure. On Day 5, a significant decrease in  

viability was observed only under the action of Cu2+ 
at 300 mg/dm3 – 77.9 ± 1.2%, p = 0.002. On Day 10, 
the strongest and most delayed effect was found 
for Fe3+: 34.9 ± 1.2%, 27.7 ± 1.2% and 20.5 ± 1.2% at 
600, 800, and 1,000 mg/dm3, respectively, p < 0.001; 
Cu2+ reduced viability to 74.7 ± 1.2%, 66.3 ± 1.2%, 
and 56.6  ±  1.2% at 100, 200, and 300  mg/dm3; 
Zn2+ – to 80.7 ± 1.2%, 74.7 ± 1.2%, and 67.5 ± 1.2% 
at 200, 300, and 400 mg/dm3; Pb2+ – to 81.9 ± 1.2% 
at 150 mg/dm3, p = 0.014. The length of roots and 
shoots decreased under the action of all metals 
under study: according to Fe3+, the length of shoots 
decreased from 54.62 ± 0.79 mm in the control to 
9.94 ± 0.69 mm, and roots – from 35.96 ± 0.38 mm to 
13.09 ± 0.41 mm. Cu2+, Zn2+, and Pb2+ also reduced 
this indicator. All differences in shoot and root 
length were statistically significant, p < 0.001. The 
use of Sinapis alba for phytoremediation of grey 
soils under high metal load is limited due to inhi-
bition of early development. With moderate con-
tamination, the crop may be suitable for further 
evaluation if viability and sufficient development 
of root and shoot biomass are maintained. Further 
research should focus on distinguishing the direct 
toxicity of Fe3+ and the phosphate-modulated ef-
fect by comparing variants with and without phos-
phorus addition, and measuring pH, mobile forms 
of Fe and P, and their ratios in the basal zone.
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Вплив іонів важких металів на ранній розвиток Sinapis alba L.
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Анотація. Забруднення ґрунтів іонами важких металів може обмежувати використання земель і 
знижувати ефективність фіторемедіації. Sinapis alba L. розглядають як перспективну тест-культуру 
та потенційний фіторемедіант, однак її реакція на різні метали в ґрунтовій системі потребує 
уточнення. Метою роботи було оцінити вплив іонів Zn2+, Cu2+, Pb2+ і Fe3+ на життєздатність насіння, 
довжину пагонів і коренів S. alba. Дослід проводили в модельному ґрунтовому експерименті з 
трьома повтореннями для кожного варіанта. На 5-ту добу значуще зниження життєздатності 
виявлено лише за дії Cu2+ у концентрації 300 мг/дм3, де цей показник становив 77,9 ± 1,2 %. На 
10-ту добу найсильніший ефект спостерігали для Fe3+: життєздатність знижувалася до 34,9 ± 1,2 %, 
27,7 ± 1,2 % і 20,5 ± 1,2 % за концентрацій 600, 800 і 1000 мг/дм3 відповідно. За дії Cu2+ цей показник 
становив 74,7-56,6 %, Zn2+ – 80,7-67,5 %, а Pb2+ – 81,9 % за найвищої концентрації. Довжина пагонів 
і коренів зменшувалася за дії всіх досліджених металів. Найбільше пригнічення росту спричиняв 
Fe3+: довжина пагонів зменшувалася з 54,62 до 9,94 мм, а коренів – з 35,96 до 13,09  мм. Отже, 
морфометричні показники виявилися чутливішими до металевого стресу, ніж життєздатність, 
і мають використовуватися для комплексного оцінювання фітотоксичності ґрунтів. Результати 
можуть бути використані фахівцями у сфері екологічного моніторингу, ґрунтознавства та 
фіторемедіації для комплексної оцінки токсичності ґрунтів, забруднених важкими металами

Ключові слова: фітотоксичність; біотестування фітотоксичності; сірі лісові ґрунти; 
фіторемедіація; метал-специфічний стрес
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