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The increasing levels of toxic metals in the environment are of growing concern. This problem has been significantly 
exacerbated by the  russian military aggression in  Ukraine, where military activities have resulted in  extensive 
contamination of terrestrial and aquatic ecosystems. Phytoremediation has attracted increasing attention as an 
environmentally friendly and cost-effective alternative to chemical methods of soil purification. Our studies were 
aimed at comparing the  characteristics of Sorghum bicolor nothosubsp. drummondii f. nigra (black sorghum) 
and Raphanus sativus convar. oleifer (oil radish) seedlings in  the  early stages of growth in  the  presence of toxic 
metals. Seeds were germinated at a temperature of 24 °C during 7 days on a filter paper in Petri dishes with water 
solutions of Ni(NO3)2 (0, 5, and 10 mg·L-1 by Ni2+) and Pb(NO3)2 (100, 200, and 400 mg·L-1 by Pb2+). Shoot and root 
weight and tolerance indices of seedlings were compared. Shoot tolerance index (TIsh) of plants of the two species 
grown in the medium with Ni(II) was close to “1” with a slight predominance of TIsh of oil radish, however, the root 
tolerance indices (TIr) were quite different. The TIr of black sorghum in the presence of Ni(II) was only 0.221 ±0.037 
and 0.102 ±0.015, while TIr in oil radish was 3–5 times higher. The tolerance index of shoots growing in the medium 
with Pb(II) was also close to “1” with a slight predominance of TIsh of oil radish (up to 1.190 ±0.094). The TIr of 
black sorghum was equal to 0.682, 0.341 and 0.0, respectively. The TIr of oil radish was 1.052 ±0.121; 0.723 ±0.105 
and 0.356 ±0.079. At the lowest concentration of Pb(II) – 100 mg·L-1 – it was close to “1”, which indicates moderate 
resistance of plants to this metal. Thus, according to the TIr index, oil radish plants turned out to be more resistant 
than black sorghum plants. Due to the fact that oilseed radish demonstrated higher resistance to both nickel and 
lead, plants of this species can be considered as potential objects for use in phytoremediation of lands contaminated 
with these metals, especially if they are present in relatively low concentrations.
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Introduction
Heavy metals are persistent environmental pollutants 
that exert severe phytotoxic effects on plants, leading 
to growth inhibition, metabolic disturbances, and 
reduced productivity. When accumulated in  soil or 
water resources, these metals can also enter food chains 
and pose serious risks to human health (Mitra, 2022). 
Mercury, chromium, copper, lead, nickel, and cadmium 
are among the  most toxic metals, and their toxicity 
depends on both their chemical form and concentration 
in the soil environment (Gaetke et al., 2014; Wani et al., 
2015; Buxton et al., 2019; Charkiewicz et al., 2023; Yan 
et al., 2023; Wu et al., 2024).

The increasing levels of toxic metals in the environment 
are of growing concern, necessitating the development 
of effective strategies for soil and water remediation. 
This problem has been significantly exacerbated by 
the  russian military aggression in  Ukraine, where 
intensive military activities have resulted in extensive 
contamination of terrestrial and aquatic ecosystems 
due to bombings, fires, and the  destruction of civil 
infrastructure. In particular, soil analyses conducted 
in  the  Sumy region revealed substantial exceedances 
of background metal concentrations following air 
bombardments: lead levels were 5.4-fold higher, zinc 
3.9-fold, cadmium 1.4-fold, and copper 4.6-fold, while 
nickel and iron exceeded background values by 1.2- 
and 1.1-fold, respectively (Zaitsev et al., 2022).

Given the  urgency of this environmental challenge, 
a  variety of remediation approaches are currently 
under investigation. Modern remediation strategies 
include biological methods (biodegradation by living 
organisms), chemical methods (use of chelating agents, 
chemical immobilization, and oxidation–reduction 
reactions), and physical methods (electrokinetic 
remediation, soil washing, stabilization/solidification, 
thermal desorption, and combustion technologies) 
(Azhar, 2022). Among these approaches, 
phytoremediation has attracted increasing attention 
as an environmentally friendly and cost-effective 
alternative. Phytoremediation relies on the use of plants 
to remove, immobilize, or transform contaminants 
present in soil or water (Wang, 2021).

Phytoremediation can proceed through 
phytostabilization and/or phytoextraction. 
Phytostabilization reduces the  mobility and 
bioavailability of metals by their immobilization 
in the rhizosphere or sequestration within root tissues, 
often mediated by root exudates (Bakshe, 2023). In 
contrast, phytoextraction involves the  uptake and 
translocation of metals from soil to above-ground 

plant parts, enabling their removal through biomass 
harvesting (Suman et al., 2018). These approaches offer 
significant advantages, including low implementation 
costs, the  potential for simultaneous removal of 
multiple pollutants, minimal disturbance to soil 
structure, and aesthetic and ecological benefits.

Numerous plant species have demonstrated the ability 
to accumulate toxic metals from contaminated soils. 
For example, Scariola orientalis (Boiss.) Soják, Cardaria 
draba L., and Gundelia tournefortii L. exhibit a  strong 
capacity for lead accumulation, while Cydonia oblonga 
Mill., Euphorbia cheiradenia Boiss.&Hohen., and 
S. orientalis are effective in  zinc uptake. Cadmium 
accumulation has been reported in  Biebersteinia 
multifida DC and Marrubium vulgare L., copper 
accumulation in  E. cheiradenia and Ziziphora tenuior 
L., and nickel accumulation in Euphorbia spp. and Salix 
excelsa S.G.Gmel. (Chehregani and Malayeri, 2007).

Our studies were aimed at comparing the  growth 
characteristics of seedlings of two species, Sorghum 
bicolor nothosubsp. drummondii (Nees ex Steud.) de 
Wet ex Davidse f. nigra (black sorghum) and Raphanus 
sativus convar. oleifer Alef. (oil radish), in the early stages 
of growth (from seed germination) in the presence of 
toxic metals – nickel and lead – in  the  medium. Such 
a  study allows us to assess the  possibility of using 
a biological method of soil purification by sowing seeds 
and short-term cultivation of plants of a  particular 
species, since plants at the beginning of germination, 
not yet having a developed root system, may be much 
more sensitive to toxicants than those that are already 
vegetating and have significant biomass (Marcin et al., 
2025).

Although nickel (Ni) is listed as a toxic metal, it is also 
a  trace element and is required in  small amounts for 
normal physiological function of cells. Cells need this 
metal for the  function of enzymes, including urease, 
hydrogenase, and superoxide dismutase (Küpper, 2007; 
Kaluarachchi, 2010; Awasthi 2022). However, nickel 
in higher concentrations causes disruption of plant cell 
function, which leads to growth inhibition (especially 
of root growth), chlorosis and other negative effects 
(Rahman, 2005; Gajewska, 2006; Maheshwari, 2007; 
Ahmad and Ashraf 2011).

Lead (Pb), unlike nickel, is not an element necessary 
for cell function. The accumulation of this metal leads 
to disruption of metabolic processes in cells, initiation 
of oxidative stress, disruption of enzyme activity. Lead 
negatively affects the  morphological, physiological 
and biochemical functions of plants. The  metal is 
absorbed by plant roots in  an apoplastic way or 
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through Ca2+-permeable channels. Entering the  cells, 
lead changes the  permeability of cell membranes 
and reacts with the active groups of various enzymes 
involved in  plant metabolism. Its toxic effect is also 
manifested in  the  inhibition of ATP synthesis, as well 
as DNA damage due to excessive production of reactive 
oxygen species and the  initiation of oxidative stress 
(Małkowski, 2002; Reddy, 2005; Liu, 2008; Meyers, 
2008; Romanowska, 2008; Sengar, 2009; Qufei and 
Fashui, 2009; Pourrut, 2011).

Comparison of the features of the action of Ni(II) and 
Pb(II) on plants of two species belonging to different 
classes and families allows us to assess the  toxicity 
of these metals at the early stages of plant formation, 
as well as to determine the potential for using plants 
for phytoremediation of soils contaminated with toxic 
metals.

Material and Methodology

Plant cultivation 
To determine the  effect of metals on plant growth at 
the short-term stage of seed germination, studies were 
conducted under non-sterile conditions. Seeds were 
placed in Petri dishes with filter paper and water with 
solutions of nickel nitrate and lead nitrate (Sigma) 
in  the  appropriate concentrations: Ni(II) – 5 mg·L-1 
and 10 mg·L-1; Pb(II) – 100 mg·L-1, 200 mg·L-1, and 
400 mg·L-1. Seeds were germinated at a  temperature 
of 24  °C, and the  germinated plants were cultivated 
in  a  thermostatically controlled room with lighting 
(24 °C, 3,000 lx). Seeds that were germinated without 
metals under the  same conditions were used as 
a  control. After 7 days, the  seedlings were washed, 
dried with filter paper and weighed using a Sartorius 
analytical balance.

Assessment of plant resistance/sensitivity 
to metal 
Plant resistance/sensitivity was determined by 
the  tolerance index (TI). The  tolerance index was 
calculated as the ratio of the weight of plants (shoots 
and roots separately) cultivated under metal-induced 
stress to the corresponding weight of the control plants.

Statistical analysis 
Data were analyzed for statistical significance using 
analysis of variance followed by Tukey‘s test. Groups 
of measurements were tested for normal distribution 
using the  Shapiro-Wilk test and for homogeneity of 
variance using the Levene test. Values were considered 

significant at p <0.05. Results were presented as mean 
and standard error (SE).

Results and Discussion

Features of the influence of Ni(II) on shoots 
and roots formation
The beginning of seed germination was observed after 
2 days. Black sorghum plants grown in  the  presence 
of Ni(II) and without this metal differed little in shoot 
growth, but had significant differences in  root 
formation (Figure 1, a–c). Thus, the average weight of 
shoots in the control was 0.0297 ±0.0022 g, and in two 
variants in  the  presence of Ni(II) in  concentrations 
of 5  mg·L-1 and 10 mg·L-1 – 0.0233 ±0.0014 g and 
0.0253 ±0.0026 g, respectively (Figure 2). At the same 
time, the  weight of roots in  the  variants was 0.0161 
±0.0020 g (control), 0.0036 ±0.0014 g (Ni(II) 5 mg·L-1) 
and 0.0016 ±0.0001 g (Ni(II) 10 mg·L-1) (Figure 2). As 
can be seen from the  given data, black sorghum root 
growth was significantly inhibited, and the  weight of 
roots was up to ten times less than in the control. 

Oil radish plants also formed shoots from seeds even 
in the presence of Ni(II) at a concentration of 10 mg·L-1, 
and there were no significant differences in the weight 
of the experimental samples compared to the control 
(Figure 1, d–f). In particular, the  shoot weight was 
0.0824 ±0.0175 g in  the  control, and in  two variants 
in  the  presence of Ni(II) at concentrations of 5 and 
10 mg·L-1 it was 0.0841 ±0.0040 and 0.0921 ±0.0135 g, 
respectively (Figure 2 a). However, nickel in increased 
content can be considered quite toxic for plants of 
this species, since the  root weight in  the  variants 
in  the  presence of Ni(II) at concentrations of 5 and 
10 mg·L-1 was significantly lower than in  the  control 
(0.0182 ±0.0029 g), and was equal to 0.0110 ±0.0017 
and 0.0094 ±0.0012 g (Figure 2).

Tolerance indices of plants grown 
in the medium with Ni(II)
As can be seen from Figure 3, the shoot tolerance index 
(TIsh) of plants of the  two species was close to “1” 
with a slight predominance of TIsh of oil radish plants 
(0.787 ±0.074 and 0.853 ±0.107 for S. bicolor; 1.021 
±0.222 and 1.117 ±0.288 for R. sativus). However, 
the  root tolerance indices (TIr) were quite different. 
In particular, the TIr of black sorghum in the presence 
of 5 mg·L-1 and 10 mg·L-1 Ni(II) was only 0.221 ±0.037 
and 0.102 ±0.015 u., while this indicator in oil radish 
was 2.7–5.1 times higher and equaled 0.604 ±0.133 
and 0.516 ±0.105 u., respectively. In plants of both 
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species, there was a tendency for TIr to decrease with 
increasing Ni(II) concentration, although a  similar 
effect was not found in determining TIsh. Thus, the toxic 
metal primarily negatively affected the process of root 
formation, significantly inhibiting their growth in both 
black sorghum and oil radish plants.

Previously, a  number of studies have confirmed 
that plants of various species, in  particular, Alyssum, 
Sorghum, Peltaria, Thlaspi, Brassica, Bornmuellaria, etc., 
are able to remove Ni(II) from the soil and accumulate it 
in cells (Giordani, 2005; Al Chami, 2015; Kumar 2021). 
However, although nickel is necessary for the normal 
functioning of cells, even fairly low concentrations of 
this metal can cause a  toxic effect, which is primarily 
expressed in the inhibition of root cell division (Gupta 
et al., 2017). In particular, such studies were conducted 
using millet plants. A  dose-dependent toxicity 

of  the  metal for these plants was found (Gupta et al., 
2017). Thus, the  metal at a  concentration of 20  ppm 
resulted in 2-fold reduction of root weight and 40 ppm 
nickel content 5 fold inhibited the growth of the root 
system, while at a  much lower concentration (lower 
than 10 ppm) nickel did not cause such a  negative 
effect. A  dose-dependent inhibitory effect of nickel 
was studied on Allium cepa, Vicia faba, and Zea mays 
(Akbas, 2009; Antonkiewicz, 2016). A  similar effect 
of inhibiting the  growth of roots of plants of the  two 
species, S. bicolor nothosubsp. drummondii f.  nigra 
and R. sativus convar.  oleifer, was also observed 
in  our studies. At the  same time, the  tolerance index, 
calculated by the  weight of roots, was higher in  oil 
radish plants, which indicates a  higher tolerance 
of plants of this species to the  toxic effect of Ni(II) 
in increased concentrations.

Figure 1	 Seedlings of black sorghum (a–c) and oil radish (d–f) on a medium with nickel (a, d – control, b, e – 5 mg·L-1 Ni(II), 
c, f – 10 mg·L-1 Ni(II)); scale bars – 20 mm
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Figure 2	 Weight of shoots and roots of black sorghum and oil radish seedlings depending on the concentration of Ni(II) 
in the medium (0, 5 and 10 mg·L-1) 
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Figure 3	 Nickel tolerance indices (TI) of shoots and roots of black sorghum and oil radish seedlings
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The results obtained indicate a  greater resistance of 
oil radish plants to Ni(II) at the  initial stages of seed 
germination. Such a  relatively greater resistance 
was manifested in  a  lower inhibition of root growth 
in  the  presence of Ni(II) and also in  a  significantly 
higher root tolerance index. Given these features of 
oil radish plants, these plants have an advantage and 
can be considered in further studies as those that can 
be used for phytoremediation of nickel-contaminated 
soils under the condition of a low initial concentration 
of Ni(II).

Influence of Pb(II) on shoots and roots 
formation of black sorghum and oil radish 
seedlings
When germinating black sorghum seeds 
in the presence of lead nitrate, the weight of seedling’s 
shoots in  the presence of Pb(II) at a concentration of 
100, 200 and 400 mg·L-1 was 0.0293 ±0.0011 g, 0.0256 
±0.0011 and 0.0217 ±0.0018 g, respectively. These 
weights were almost the same as the weight of shoots 
in  the  control variant (0.0259 ±0.0013 g) (Figure 4, 
5). At the  same time, root growth in  the  presence of 

Figure 4	 Plants of oil radish (a–d) and black sorghum (e–h), 7 days of germination in water: a, e – control; b, f – 100 mg·L-1 
Pb(II); c, g – 200 m·L-1 Pb(II); d, h – 400 mg·L-1 Pb(II); scale bars – 20 mm
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Pb(II) at all concentrations was significantly inhibited. 
Root formation practically stopped in the presence of 
Pb(II) at a  concentration of 400 mg·L-1. Root weight 
in  the  control was 0.0202 ±0.0017 g, and in  the  two 
experimental variants – 0.0138 ±0.0010 and 0.0069 
±0.0010 g (the initial concentration of Pb(II) was 
100 and 200 mg·L-1). Therefore, the root weight under 
such conditions was 1.46 and 2.53 fold less than 
in the control.

The presence of lead had a  negative effect on 
the germination of oilseed radish seeds. In particular, 
shoot weight in the three experimental variants (Pb(II) 
100, 200, 400 mg·L-1) was 0.0703 ±0.0047 g, 0.0731 
±0.0036 g, and 0.0485 ±0.0028 g, respectively, and 
in  the  control this perameter was 0.0614 ±0.0038 
g (Figure 4, 5). The  root weight in  the  control was 
0.0149±0.0009 g, and in  the  experimental variants – 
0.0157 ±0.0015 g, 0.0108 ±0.0014 g, 0.0053 ±0.0011 g. 
Thus, significant inhibition of root growth was 
observed in the presence of Pb(II) at concentrations of 
100–400 mg·L-1.

Tolerance indices of plants grown with Pb(II)
The tolerance index of shoots (TIsh) of black sorgum 
seedlings was 1.133 ±0.070, 0.991 ±0.065, 0.839 

±0.082 in the experimental variants with the addition 
of Pb(II) in concentrations of 100, 200 and 400 mg·L-1, 
respectively (Figure 6). The root tolerance index (TIr) 
of plants of this species was equal to 0.682, 0.341 and 
0.0, respectively.

The tolerance index of shoots of oil radish plants 
was 1.145 ±0.104, 1.190 ±0.094 and 0.790 ±0.067 
in  the  experimental variants with the  addition of 
Pb(II) in  concentrations of 100, 200 and 400 mg·L-1, 
respectively (Figure 6). The tolerance index of roots of 
plants of this species was lower (1.052 ±0.121; 0.723 
±0.105 and 0.356 ±0.079), however, at the  lowest 
concentration of Pb(II) – 100 mg·L-1 – it was close to 
“1”, which indicates moderate resistance of plants to 
this metal. Thus, according to the TIr index, oil radish 
plants turned out to be more resistant than black 
sorghum plants.

It has been previously established that plants are 
capable to grow in the presense of lead. In particular, 
such experiments were carried out using Vigna 
unguiculata (L.) Walp. (Kopittke et al., 2007), Festuca 
rubra L., (Ginn et al., 2008), Brassica juncea (L.) Czern. 
(Meyers et al., 2008), Lactuca sativa L., (Uzu et al., 
2009) and Funaria hygrometrica Hedw. (Krzesłowska 
et al., 2009, 2010). A large number of species were used 

Figure 5	 Weight of shoots and roots of black sorghum and oil radish plants on a medium with Pb(II) at concentrations of 0, 
100, 200 and 400 mg·L-1
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in the work of Cai et al. (2020). In particular, the authors 
determined the growth ability of 14 herbaceous plants 
after treatment with lead at concentrations up to 
2,000 mg·kg-1. The results showed that the dry weight 
of shoots, the  tolerance index of shoots and roots 
in plants of all species decreased with increasing lead 
concentration. It was found that plants of some species 
such as Trifolium repens L., Campsis grandiflora Thunb., 
Polygonum lapathifolium L., Lolium perenne L., and Poa 
annua L. are quite tolerant to the metal. Rudbeckia hirta 
L. could effectively absorb lead with a bioconcentration 
factor BCF = 2.29. This also applies to P. lapathifolium 
and Medicago sativa L.

Plants with a  high degree of metal translocation (Cai 
et al., 2020). Daurov et al. (2024), based on studies 
that included the  treatment of seedlings of different 
sweet potato varieties with lead at a concentration of 
30 mM, considered sweet potato plants suitable for 
phytoremediation of soils contaminated with the metal. 
One of the  cultivars used in  the  experiments showed 
even greater tolerance to high Pb concentrations than 
sunflower and rapeseed, which have been well-studied 
earlier for phytoremediation.

Thus, according to study of numerous authors plants 
of different species may be quite tolerant to lead. 

However, it is not possible to draw an unambiguous 
parallel between these data and the  results of our 
studies, since we determined the sensitivity of plants 
of two species without using adult plants with a well-
developed aerial part and root system. The presence of 
a developed and branched root system allows plants to 
withstand higher concentrations of toxic compounds, 
due to the  functioning of a number of detoxification/
deposition mechanisms. At the  same time we think 
that the  use of plants at early stages of development 
(in the  process of forming seedlings from seeds) 
can provide additional and important information 
regarding the  effects of toxic metals on plants and 
the possibility for soil remediation of sowing seeds of 
plants of different species in contaminated areas.

Conclusions
Thus, our studies have shown that oil radish plants are 
more tolerant to the effects of toxic metals such as nickel 
and lead. This conclusion is supported, in particular, by 
data on root formation at the seed germination stage, 
i.e. at the stage when the systems for neutralizing toxic 
metals by root exudates (due to the absence of a root 
system) and/or the  systems for compartmentalizing 
toxicants in  cells (due to the  absence of significant 

Figure 6	 Lead tolerance indices (TI) of shoots and roots of black sorghum and oil radish seedlings
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aboveground biomass) cannot yet function. Also, 
evidence of greater resistance of oil radish plants to 
nickel and lead is the higher tolerance index of the roots 
of seedlings of this species.
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