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Abstract
Nowadays, many sites are considered waste, due to high potentially toxic metal (PTM) concentration. Recycling of globally 
critical metals requires development of environmentally friendly processes for metal recovery. To study plants response to 
elevated Zn and Cu concentration in soil, a greenhouse experiment was designed using hyperaccumulator Brassica juncea. 
Plants were irrigated daily with PTM solutions, with final mass of both Zn and Cu added to the soil reaching 104.5, 209, 
313.5, and 330 mg. After 8 weeks, samples were harvested, dried, weighed, and elemental analysis was conducted using 
atomic emission spectrometry (Agilent Technologies 4210 MP-AES). Phytotoxicity was determined based on visual obser-
vation, biomass, and chlorophyll measurements. The highest accumulation of Zn and Cu was found in the stem and leaf 
material, with observed concentrations of Zn in the leaf being 16.750 mg  kg−1 and 7.170 mg  kg−1 of Cu in the stem. The 
highest allocated in the biomass mass of Zn and Cu was in T4 treatment reaching 25.8 mg and 9.5 mg, respectively. Treat-
ment with 330 mg Zn and Cu application displayed a 62.3% decrease in stem mass, a 25% decrease in average root mass 
(LD30 reached), and a 59% decrease in leaf mass when compared with the control. With increasing PTM concentration, 
root, biomass (from about 0.4 to 0.1 g; from about 3.8 to 2.0 g, respectively) and chlorophyll “a” (from about 24 to 19 μg/
cm2) decline was observed, which correlates with observed chlorosis. This study reaffirmed the capabilities of B. juncea to 
bioaccumulate Zn and Cu from an enriched soil and provided further understanding as to how Zn and Cu translocate within 
plant tissues.
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Introduction

Soil potentially toxic metal (PTM) pollution can result from 
a number of anthropogenic activities such as industry, min-
ing, and agricultural practices including land application 
of contaminated sewage sludges. Therefore, due to their 
non-biodegradable character, PTM concentration in soil 

progressively increases causing irreversible damages to 
ecosystem (Amen et al. 2020). Copper and zinc are two of 
the PTMs, but they are, at the same time, essential nutrient 
elements, so that for the assessment of possible environ-
mental impacts, their contents and mobility in the soil are 
of particular interest and must be monitored as thoroughly 
as possible.

Cu is needed for plant growth in limited quantities and 
plays a key role in plant biochemical reactions and physi-
ological development (Lepp 1981; Shabbir et al. 2020). 
Background soil levels of Cu in nature can generally range 
from 14 to 109 mg  kg−1 and the mean content, according to 
Kabata-Pendias (2011), is 38.9 mg  kg−1 globally. When in 
excess within plant tissues, Cu can lead to an overproduction 
of reactive oxygen species (ROS) and lipid hydroperoxide 
(LPO). Cu toxicity in plants reduces root length and mass, 
causes chlorotic symptoms of the leaf tissues, signs of necro-
sis, inability to uptake water from the soil matrix, P and N 
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deficiency, and ultimately decreasing the plants’ ability to 
photosynthesize (Lepp 1981; Shabbir et al. 2020).

Zn is an essential nutrient for thousands of proteins in 
plants, ensuring healthy development and biotic mechanisms 
(Balafrej et al. 2020). The common geochemical occurrence 
of Zn is estimated in the range of 10–1000 mg  kg−1 (Allo-
way 2013). In reference to Zn biochemical properties, it is 
the only metal represented in all six enzyme classes (oxi-
doreductases, transferases, hydrolases, lyases, isomerases, 
ligases) (Broadley et al. 2007).

According to Englbrecht et al. (2004), the largest class 
of Zn-binding proteins can regulate transcription directly 
through effects on DNA/RNA binding, and through site-
specific modifications, regulation of chromatin structure, 
RNA metabolism and protein–protein interactions; chloro-
phyll formation and conversion of starches to sugars. How-
ever, at elevated levels, Zn can become toxic and lead to 
chlorosis, necrosis, and eventual death of the plant (Bala-
frej et al. 2020). Elevated levels of Cu in Zn in soil are an 
environmental hazard and can result in a reduction in soil 
microbial activity, yield loss, as well as direct and acute 
toxic effects to other living organisms (Purakayastha et al. 
2008). The cleanup of sites contaminated with excess PTMs 
is necessary for both economic development and the health 
and safety of the environment.

An environmentally friendly and relatively inexpensive 
technique to remove PTM from the soil is phytoremedia-
tion through the use of hyperaccumulator plant species. This 
technique utilizes the necessity of plants to absorb water, 
soluble mineral nutrients, and contaminants through the 
root structure and bioaccumulate into both belowground and 
aboveground tissues in the plant. Usually, when plants are 
exposed to high levels of PTMs, a physiological response 
can be observed in the aboveground constituents, includ-
ing chlorosis, growth inhibition, discoloration of the roots, 
and eventual death of the host plant, caused by reduction in 
photosynthesis, water, and nutrient uptake (Kutrowska et al. 
2017). According to Cui et al. (2023), hyperaccumulators are 
plants that can accumulate trace elements of a magnitude 
2–3 times higher than normal. Further studies and applica-
tion of such plant species contribute to the recycling of eco-
nomically critical heavy metals and support the development 
of environmentally friendly processes for metal recovery, 
including phytomining.

Brassica juncea has appeared in numerous scientific stud-
ies involving the extraction and bioaccumulation of PTMs 
from the soil matrix (Ebbs and Kochian (1997); Mendoza-
Hernández et al. 2019; Purakayastha et al. 2008; Rathore 
et al. 2019; Rosenkranz et al. 2016; Wang et al. 2008; Singh 
et al. 2022). According to a study conducted by Ebbs and 
Kochian (1997), B. juncea proved to be the most effective in 
removing Zn from the contaminated soil and proved superior 
to other plants undergoing the same experiment due to its 

high biomass and resistance to negative effects brought upon 
by the excess PTMs. On the contrary, in a study performed 
by Wang et al. (2008), B. juncea was the lowest accumulator 
of Zn, but the highest for Cu. Of the five hyperaccumulator 
species grown on soil containing excess PTMs, Rosenk-
ranz et al. 2016 observed that B. juncea showed the highest 
resistance to negative effects of excess heavy metals (HMs) 
among all treatments and remained healthy until the end of 
the experiment. Brassica juncea has proven to have great 
potential as hyperaccumulating plant, due to natural resist-
ance to PTMs toxicity, affinity for HM accumulation, rapid 
growth and high biomass production. However, with ongo-
ing and constant release of PTMs into environment, growing 
interest of the application of remote sensing to study HM 
pollution based on data extracted from aerial photos, results 
is a growing need for further studies, involving hyperaccu-
mulating species, that combine plant phytotoxicity responses 
related to fluorescence. To our knowledge, no study has been 
published relating the performance of B. juncea photosyn-
thetic apparatus to increasing Zn and Cu concentrations.

Thus, we propose a novel study where the feasibility 
of B. juncea for Zn and Cu accumulation in a greenhouse 
experimental setup under comparatively high temperatures, 
sandy substrate, and relatively high treatment levels has not 
been extensively studied before. Further goals include deter-
mining the phytotoxicity based on biomass, visual observa-
tions, and chlorophyll “a” analysis; defining the differences 
in accumulation and translocation of studied PTMs within 
the plant tissue; evaluating the bioconcentration and trans-
location factors.

Materials and Methods

Greenhouse Experiment

For each pot (45 in total), 4.5 kg of sandy soil substrate 
(2.6% of hygroscopic moisture) was used and saturated 
with water (about 500 ml). Twenty seeds from an U.S. 
Food and Drug Administration (FDA) approved source 
(Rareseeds) were initially sown in and after 2 weeks of 
initial growth were thinned to ten plants per pot. The light 
and temperature conditions were controlled at a 12–12 day 
to night cycle, and a temperature of 24 °C on average 
for the first 4 weeks of growth. Solaris 100 (watt) grow 
lights with a beam angle of 120° were suspended at 93 cm 
above soil level. Pot rotations were performed weekly 
to provide asymmetric conditions among the treatments. 
An all-purpose fertilizer (b1 Universal-Flüssigdünger) 
was used at 3 weeks of growth after the secondary leaves 
were established among all treatments. In total, 45 pots 
were established to apply 4 various Zn and Cu concen-
trations (9 replications per treatment) and control plants 
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(9 replications). After 6 weeks of plant development, the 
Zn  (ZnSO4*7H2O; Roth) and Cu  (CuSO4*5H2O; Roth) 
application (100 ml per day) began (Table 1). Due to poor 
health conditions, the application of Zn and Cu for treat-
ment 4 were halted after 15 days. The final concentrations 
and application rates can be seen in Table 1.

At the end of 8 weeks, composite sampling was per-
formed. The leaf, stem, and root tissues were collected, 
dried (40 °C; 24 h), and weighed. The soil was homog-
enized by hand and oven dried (40 °C; 24 h).

Sample Analysis

10 g of dried and sieved (< 2 mm) soil were used for pH 
analysis (0.01 M  CaCl2, 1:2.5 ratio). Plant and soil mate-
rial was ground using a Retsch RM 200 grinding machine 
for 20 min and then sieved using a 0.25 mm screen. Sub-
sequently, about 0.150 g of soil and plant material were 
digested using 8 ml of 65%  HNO3 via Mars G microwave 
system (20 min at 180 °C). Cu and Zn analysis was per-
formed by microwave plasma atomic emission spectrom-
etry (Agilent 4100 MP-AES) (Sut-Lohmann et al. 2021). 
All measurements were conducted using two replicates 
and certified reference materials Merck  Certipur™ were 
used to control soil analysis quality and instruments cali-
bration. Following detection limits for the analyzed ele-
ments (ppm) using MP-AES were obtained: Zn (0.7); Cu 
(0.1).

To determine the chlorophyll “a” concentration in 
the leaves, three samples per treatment were collected. 
Leaf samples were cut using a ring punch with an area 
of 6.83  cm2 and ground with 80% acetone and the aid 
of quartz sand. Subsequently, samples were heated and 
filtered (150 mm Sartorious filter paper) and analyzed 
using Perkin Elmer Lambda 2S UV/VIS Spectrometer 
(400–800 nm). Chlorophyll concentrations were calcu-
lated according to Fischer et al. (2010).

Data Analysis

Zn and Cu uptake were compared using Tukey test. Critical 
values of the studentized range distribution, as well as p 
values corresponding to an observed value were calculated 
using the Gleason (1999) algorithm. Further tandem analysis 
of subsets within these groups was performed using ANOVA 
at significance levels of p ≤ 0.05 and p ≤ 0.001. Data were 
processed and assembled using R software.

To evaluate the plant ability to accumulate and translocate 
the heavy metals, bioaccumulation (BCF) and translocation 
factors (TF) were calculated (mg  kg−1). According to Tripti 
(2018), following equations were applied:

BCF = metal (plant part)/metal (substrate)
TF = metal (plant shoot/leaf)/ metal (plant root)

Results and Discussion

Phytotoxicity

Visual observation of the harvested root material revealed a 
stunting of lateral root development among T3 and T4 when 
compared with control. T1 and T2 showed an increase in 
lateral root development, but the mass showed no signifi-
cant difference (Fig. 1). In Fig. 1, a general tendency can 
be observed, where root mass decreases with the increasing 
Zn and Cu concentration. An observed increase in the mean 
root mass between the control and T1 can be attributed to 
the fact that at lower concentrations, Zn and Cu can serve 
as fertilizer as they are both essential for healthy develop-
ment of plant tissues (Feigl et al. 2014). Previous studies 
revealed that Cu has a greater impact on lateral root growth 
than Zn when compared in isolated experiments (Yang et al. 
2016; Ebbs and Kochian (1997); ). An increase in an aver-
age root mass at lower levels of Zn addition is also observed 
by Li et al. (2009) where hyperaccumulator Sedum alfredii 
was cultivated in a hydroponic morphological experiment 
in elevated levels of Zn and Cd. For all samples that experi-
enced biomass loss of the root systems, an increase in HM 
concentration in stem and leaf tissues was observed, when 
compared to samples within the same treatment that had 

Table 1  Heavy metals 
application across the 
treatments; soil final 
concentrations expressed as 
mean ± S.D. values

Treatment Application 
(days)

Zn and Cu 
in solution 
(mg  kg−1)

Zn total 
mass (mg)

Cu total 
mass (mg)

Soil Zn concen-
tration (mg  kg−1)

Soil Cu concen-
tration (mg  kg−1)

C – – – – 96.27 ± 3.02 9.09 ± 0.5
T1 19 55 104.5 104.5 114.00 ± 2.75 28.76 ± 3.35
T2 19 110 209 209 143.91 ± 2.00 53.66 ± 5.25
T3 19 165 313.5 313.5 152.77 ± 3.35 70.37 ± 4.81
T4 15 220 330 330 153.42 ± 3.75 71.45 ± 6.26
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their root structures intact. This displays B. juncea’s ability 
to adapt to morphological stress and shift concentrations 
of HM within the host plant itself. Yang et al. (2016) found 
that in an experiment involving the addition of Zn and Cu 
to the growing medium of wheat, the production of ROS 
was increased. This correlates to the reduction in root mass 
observed in this experiment, as it is common with plants 
undergoing oxidative stress. According to Balafrej et al. 
(2020) and Chaudhry et al. (2020), cellular and subcellular 
distribution of HMs in B. juncea mainly accumulate in the 
xylem, which is the main route for metals translocation from 
roots to stems and to leaves. This distribution mechanism 
is believed to be linked with ability to tolerate high metals 
concentrations (Chaudhry et al. 2020).

An elongation of stem material occurred across all treat-
ments and can be attributed to the warm weather condi-
tions. Among T3 and T4, however, there was an observed 
thinning of the stem and spiraling of plant tissues closer 
to the soil surface. Stem mass showed no significant dif-
ference among control, T1, and T2; however, the observed 
average mass across the three treatments shows a pattern of 
decreasing median stem mass with increasing HM concen-
tration (Table 2). Reduction of biomass and growth inhibi-
tion belongs to main plants responses to HM toxicity, since it 
impairs cell elongation and division. Higher energy demand 
due to stress coping mechanism caused by increased metal 
accumulation can also result in biomass decrease.

Visual observation revealed a decrease in leaf area and 
signs of chlorosis in T3 and T4. Beginning with T2, a yel-
lowing of the leaves, a symptom of chlorosis, began to 
appear as the addition of HMs continued. Through visual 

interpretations, a correlation between the increasing yellow-
ing of the leaves, reduction in the leaf mass, and an increase 
in the total Zn and Cu added to the soil solution can be 
observed (Table 2).

The changes in chlorophyll “a” content observed in this 
study can be interpreted as a direct physiological response 
and phytotoxic stress of the plants to the PTMs addition. 
Chlorophyll “a” captures and utilizes light energy, and its 
production requires 15 key enzymes composed of specific 
macronutrients and micronutrients (Zhang et  al. 2011). 
However, the excess of HM ions, including Cu and Zn, 
inhibit the absorption of  Mg2+, a key ion in the synthesis of 
chlorophyll (Beale 2005).

In Fig. 2, a decrease in chlorophyll “a” concentration with 
the increasing Cu and Zn concentration is observed, that 
correlates with the visually observed leaf chlorosis. Sun-
induced fluorescence from chlorophyll “a” and “b” pigments 
provide valuable information about plant physiology and 
can be retrieved from remote sensing data. A pre-analysis 
showed a change in the reflectance spectrum within the PTM 
concentration in the green peaks. Those green peaks were 
caused by strong absorptions of chlorophyll a and b around 
420, 490, and 660 nm (Zhang 2011). Cu due to redox activ-
ity and Zn due to Lewis acid strength are essential nutrients 
to plants (Kutrowska et al. 2017). However, as transition 
metals, both elements can become a potential pro-oxidants. 
In the presence of Fe, they participate in the Haber–Weiss 
and Fenton reactions, resulting in the hydroxyl radical pro-
duction (Kutrowska et al. 2017). In excess of Zn and Cu, 
coping stress mechanism may impair (results showed in 
chapter 3.2) accumulation and translocation of HM to the 

Fig. 1  Average dry weight Root 
Mass across various treatments 
presented as median + max/min 
bars (n = 9, T4 n = 8); columns 
with the same letter are not sig-
nificantly different (p > 0.05)
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shoots and leaves, lead to potential micronutrient deficiency 
for the photosynthetically active tissues.

Establishing more information about HM-induced plant 
phytotoxicity and its relation to chlorophyll content can pro-
foundly minimize the cost of data collection in situ. To our 
knowledge, no study using B. juncea has been performed 
to relate the chlorophyll “a” content to Zn or Cu phytotox-
icity. However, our results correlate with study conducted 
by Szopiński et al. (2019), where Arabidopsis arenosa and 
Arabidopsis halleri, in a hydroponic experiment, were 
exposed to elevated Zn concentrations. Analogous to our 
study, a decrease in chlorophyll “a” concentration with 
increasing PTMs amounts was observed.

PTM Uptake

The applications of HMs across the treatments was nega-
tively correlated to soil pH, resulting in soil pH decrease 
from around 8.0 for control to 6.4 for T4 (Fig. 3). This can 
be attributed to root uptake of the cationic HMs and restor-
ing the cation–anion balance by releasing  H+ ions within the 
rhizosphere, thus acidifying the soil. Plant roots and associ-
ated microbiome can support metal bioavailability by rhizo-
sphere acidification due to secretion of proton, organic acids, 
phytochelatins (PCs), amino acids, and enzymes. According 
to Kim et al. (2010), lowering of soil pH can be a result 
of chelating compounds released by B. juncea as an PTMs 
absorption mechanism, like release of histidine reported for 
its bonding mechanisms regarding various PTMs. B. juncea 
has been recorded to tolerate a range of pH values from 4.3 
to 8.3, with a preference range of 5.5–8.0 (Javid et al. 2012); 
however, the decrease observed in Fig. 3 has an impact on 
the bioavailability of HM in soil. With the increasing soil 
acidity, mobility of Cu and Zn increases, which can result 
in stronger HM accumulation leading to mass reduction and 
chlorosis. In the system, where multiple HMs interact with 
the plant root zone, it is important to understand the rate at 
which Cu and Zn are available. Kim et al. (2010) defined the 
affinity for metals in the soil as  Cu2+  >  Zn2+, meaning Zn 
prior uptake by plants absorption over Cu.

In the greenhouse experiment, HMs concentrations in 
roots, stems, and leaves increased with the increasing HM 
concentration in treatments and in soil (Table 2). The high-
est accumulation of Zn and Cu was found in the stem and 
leaf material (Table 2), with highest observed concentrations 
of Zn in the leaf reaching T3 16.750 mg  kg−1 of Zn and 
7.170 mg  kg−1 of Cu in the stem material. Table 3 compares 
the findings of the current study against previous publica-
tions involving hyperaccumulation in various plant species. 
To determine the effects of endophytic bacteria and their 
potential in promoting the growth of copper accumulation 
of B. juncea, Zhang et al. (2011) grew various plants on 
Cu-enriched quartz sand. Though an overall decrease was Ta
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observed in the health of plants grown on Cu-enriched soil, 
there was no mention of critical limits and observed plant 
death within this experiment. Feigl et al. (2014), Tang et al. 
(2009), and Cui et al. (2023) demonstrated the absorption 
capabilities of hyperaccumulators grown in excess HMs. 
In all three experiments, while a reduction of overall root 
mass was observed at higher concentrations, most HMs were 
found to be stored in the root structure.

Table 4 displays calculated bioaccumulation (BCF) and 
translocation (TF) factor for both metals. BFC values greater 
than one demonstrate a plants species positive potential for 
phytoremediation (Mishra and Pandey 2019). A TF > 1 
reveals tendency of accumulation in aboveground biomass 
(Chaudhry et al. 2020).

For both elements, a similar tendency is observed, 
where the BCF increases with the increasing concentration. 

Fig. 2  Measured chlorophyll 
“a” concentration (μg/cm2) from 
various treatments presented as 
median + max/min bars (n = 3); 
columns with the same letter 
are not significantly different 
(p > 0.05)

Fig. 3  Measured pH from 
various treatments presented as 
median + max/min bars (n = 9, 
T4 n = 8); columns with the 
same letter are not significantly 
different (p > 0.05)
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Additionally, for both metals, the accumulation follows the 
pattern of roots > stem > leaves. For Zn, the BCF steadily 
increased with the increasing concentrations within the 
root, shoots, and leaves tissue. For the treatments C, T1, 
and T2, the BCF of the roots was higher than that of both the 
shoots and leaves. However, with T3 and T4, the BCF of the 
shoots exceeded that of the roots (Table 4). The leaves had 
the lowest BCF among all treatments when compared to the 
roots and shoots. For Cu, the BCF root pattern was not as 

clear as that of the Zn. The results were uneven among the 
treatments and need further analysis. BCF of the shots and 
leaves showed a general increase across the treatments with 
increasing HM concentrations (Table 4).

The Zn TF from roots to shoots steadily increased across 
the treatments with the exception of T2 which showed a 
decrease in concentration even when compared to con-
trol (Table 4). This can be attributed to an exceptionally 
high concentration of the metal in the root structures of 

Table 3  A comparative table, adapted from  Ksenija et al., (2020), of previous studies applying hyperaccumulating plants

Plant species Metal (s) added Heavy metal 
concentration in 
plant mg  kg−1

Measured plant 
constituent

Concentration 
of added metal 
(s) in medium

Grow medium Decrease in 
biomass at 
increasing con-
centrations?

Reference

Bidens pilosa Cu 753 ± 180 ± 5 ± 8 Roots, stem, leaf 0, 2.5 and 
5 mg  kg−1

Quartz Sand Yes Zhang et al. 
(2011)

Arabidopsis 
halleri

Zn 15,000, 5000 Roots, shoot 5, 50 and 
500 μM

Peat yes Seregin et al. 
(2023)

Murdannia 
triquetra

Cu 698 ± 99 ± 18 ± 2 Roots, stem, leaf 0, 2.5 and 
5 mg  kg−1

Quartz Sand Yes Zhang et al. 
(2011)

Thymus praecox Zn 1777 Leaf 241 mg  kg−1 Soil – Bani and Ehevar-
ria (2010)

Alyssum heldre-
ichii

Ni 1441 Aerial tissues 2000–
3000 mg  kg−1

Soil – Bani and Ehevar-
ria (2010)

Sedum alfredii Ni 3000, 200 Roots, shoots 0–200 μM Soil Yes Ge et al. (2020)
Arabis panicu-

lata Franch
Cd, Zn 8400, 12,400 Roots 267, 1223 μM Hydroponic Yes Tang et al. (2009)

Brassica juncea Zn 30,000, 50,000 Roots 150, 300 μM Hydroponic Yes Feigl et al. (2014)
Brassica juncea Zn 1500, 7000 Shoot, root 6.5 mg  L−1 Hydroponic Yes Ebbs and 

Kochian (1997) 
Brassica juncea Cu 30, 750 Shoot, root 0.32 mg  L−1 Hydroponic Yes Ebbs and 

Kochian (1997)
Brassica juncea Cu 3116, 6547, 2481 Stem, leaf, roots 75, 71, 

70 mg  kg−1
Sand Yes Present study

Brassica juncea Zn 11,700, 16,750, 
6892

Stem, leaf, roots 160, 146, 
158 mg  kg−1

Sand Yes Present study

Table 4  Calculated Zn and Cu BCF and TF values, expressed as mean ± S.D

Treatment BCF Zn roots BCF Zn shoots BCF Zn leaves TF Zn shoots TF Zn leaves

C 3.77 ± 2.10 1.29 ± 0.04 1.65 ± 0.11 0.43 ± 0.24 0.56 ± 0.32
T1 5.63 ± 4.07 3.58 ± 0.91 2.54 ± 0.59 0.79 ± 0.34 0.56 ± 0.2
T2 16.62 ± 6.25 7.56 ± 2.88 5.62 ± 1.98 0.52 ± 0.24 0.38 ± 0.17
T3 26.9 ± 15.96 10.92 ± 2.12 12.97 ± 1.78 0.33 ± 0.06 0.63 ± 0.43
T4 37.35 ± 9.89 27.52 ± 8.03 18.62 0.79 ± 0.43 0.61

BCF Cu roots BCF Cu shoots BCF Cu leaves TF Cu shoots TF Cu leaves

C 16.71 ± 13.94 0.68 ± 0.24 4.08 ± 0.75 0.07 ± 0.05 0.43 ± 0.3
T1 8.93 ± 4.81 5.15 ± 3.02 5.29 ± 3.09 0.61 ± 0.25 0.66 ± 0.28
T2 16.53 ± 5.94 5.82 ± 3.81 7.96 ± 5.25 0.36 ± 0.2 0.5 ± 0.28
T3 22.49 ± 17.87 7.16 ± 2.82 17.83 ± 5.68 0.49 ± 0.4 1.3 ± 1.15
T4 22.96 ± 17.3 10.36 ± 0.13 12.28 ± 1.27 0.63 ± 0.48 0.72 ± 0.49
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the host plant (Table 2). The TF from roots to leaves bore 
similar results with T2 being lower than all other treatments 
including the control (Table 4). For Zn, the tendency can be 
observed, that TF is higher in shoots than in leaves.

For Cu, analogous trend is observed, where the TF from 
roots to shoots and the TF from roots to leaves steadily 
increases across all treatments except T2. However, contra-
dictory to Zn, the TF values from roots to leaves are equal of 
higher than TF from roots to shoots values, revealing various 
translocation pattern for both elements.

For both HMs, in treatments T3 and T4, TF values > 1 
were calculated, which demonstrates the potential ability of 
a given species for phytoremediation (Tripti 2018). Given 
the nature of plants and that this is a biotic process, there 
is a divergence of observed TF and BCF across the treat-
ments. These observed results can be compared with the 
findings of Chaudhry et al. (2020) in which the TF and BCF 
in treatments varied greatly due to the performance of the 
individual specimen. Those observations showed that B. 
juncea can demonstrate great potential for translocation of 
HMs from the root structure to the aerial stem tissues under 
specific conditions, implying that this efficiency increases 
with the increasing PTM concentration in soil.

In a study measuring the effects of binary metal concen-
trations and their effect on B. juncea, it was observed that 
TF was decreased when Cu and Zn were elevated in the 
same treatment (Kutrowska et al. 2017). These findings led 
Kutrowska et al. (2017) to the conclusion that an antagonism 
exists between Cu and Zn uptake that do not take place at 
the soil–root interface, but within plant tissue during xylem 
loading/unloading. When comparing in Table 4 the BCF 
values for both metals, it can be noticed that for the roots, 
slightly higher bioaccumulation is observed only for Zn T4 
treatment, meaning that both PTMs are comparably up taken 
by the roots. However, for the shoots and leaves, BFC val-
ues, especially for the T3 and T4 treatments,the superior 
bioaccumulation of Zn can be noticed when moving from 
root tissues into the xylem and further uptake within the 
leave structure, which correlate to Kutrowska’s et al. (2017) 
findings.

Hyperaccumulation and transfer of PTMs is complex in 
plants cells and compartments. It generally involves: (a) 
transport of metals across the plasma membrane of root 
cells; (b) xylem loading and translocation; and (c) detoxi-
fication and sequestration of metals at the whole plant and 
cellular levels (Lombi et al. 2002). Our results indicated 
ability of Brassica juncea to accumulate and translocate Zn 
and Cu from spiked soil. For both studied PTMs, the accu-
mulation was greater in the underground parts (roots) than 
in aboveground (stems and leaves). Similar distribution pat-
tern was observed for Hg (Cui et al. 2023) and Pb (Meyers 
et al. 2008) accumulation. Pb mostly accumulated in the root 
tip, which lacks the membrane proteins responsible for Pb 

influx, resulting in pre-dominantly extracellular deposition 
(Meyers et al. 2008). Hg was mainly distributed in the epi-
dermis and pericycle of the root, and a large amount was also 
found in the central cylinder of the shoot (Cui et al. 2023). 
For the PTMs, it can be challenging to reach root xylem ves-
sels, that are transporting water and nutrients to the steam 
and leaves. For the Zn and Cu being micronutrients, have 
to cross the endodermis and the suberized Casparian strips, 
which can strongly reduce plant’s ability to hyperaccumulate 
metal cations (Feng et al. 2021). Our study revealed that 
under applied experimental conditions, most of the accu-
mulated Zn and Cu remained in the roots, capturing most 
of the bioavailable PTMs. It can be a consequence of the 
direct exposure of the roots to the spiked soil and avoidance 
mechanisms to prevent phytotoxicity in aboveground parts. 
Analogously to C. violifolia characterization presented by 
Cui et al. (2023), we can hypothesize that B. juncea root 
cells are more tolerant to strongly increased Cu and Zn con-
centrations than aerial parts.

Conclusion

In this study, feasibility of B. juncea as a bioaccumulator 
could be proven in extreme and unusual conditions, like 
sandy substrates, under comparatively high temperatures, 
with increasing treatment contents and decreasing vitality. 
B. juncea demonstrated the ability to adapt to morphologi-
cal stress and shift concentrations of HM within the host 
plant itself. Plants that experienced biomass loss of the root 
systems, had an observed increase in HM concentration in 
stem and leaf tissues. BCF and TF analysis revealed supe-
rior translocation of the Zn from root tissues into the xylem 
and leave structure. However, both elements, especially for 
the lower concentration treatments, were remaining in the 
root systems. With increasing Zn and Cu concentration, 
both metals followed the same accumulation pattern of 
roots > stem > leaves, but various translocation order. For 
Zn, the TF was higher in shoots than leaves, whereas for 
Cu, higher TF was observed for shoots.

In this study, an increase of Zn and Cu concentrations 
within root, stem, and leaf’s tissues with the increasing 
treatments concentrations has been observed. Consequently, 
increasing soil acidity, enhanced the mobility and accumu-
lation of Cu and Zn, leading to mass reduction, thinning of 
the stem, spiraling of plant tissues, yellowing of the leaves, 
and chlorosis.

Visual signs of B. juncea phytotoxicity, especially notice-
able in the highest treatments, correlated with the decreasing 
chlorophyll “a” concentration. Further studies are in prepa-
ration to directly relate chlorophyll fluorescence to examine 
HM accumulation in vegetation using remote sensing data.
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