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c Department of Inorganic and Analytical Chemistry, Agilent Atomic Spectroscopy Partner Laboratory, University of Debrecen, H-4032, Debrecen, Hungary 
d HUN-REN–UD Anthropocene Ecology Research Group, University of Debrecen, H-4032, Debrecen, Hungary   
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• Initial growth and elemental patterns of 
rapeseed were studied along Cd–Zn 
gradients. 

• Both Cd and Zn intensified the accu
mulation of Zn in plantlets. 

• Effects of Cd and Zn were significant on 
Mn and minor on Cu and Fe in tissues. 

• The application of Zn substantially 
decreased the Ca concentration in 
rapeseed. 

• Tissue K and Mg concentrations were 
determined by Cd and Zn exposure 
times.  
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A B S T R A C T   

Soil contamination caused by the presence of Cd and the excess amount of Zn is a widespread concern in 
agricultural areas, posing significant risks to the growth and development of crops. In this paper, the early-stage 
development and metal (Cd and Zn) accumulation potential of rapeseed (Brassica napus L.) grown under different 
metal application schemes were assessed by determining radicle and hypocotyl length and the micro- and macro 
elemental composition of plantlets after 24, 72, and 120 h. The results indicated that the single and co- 
application of Cd and Zn significantly reduced the radicle and hypocotyl lengths. Accumulation intensity for 
Cd and Zn was affected by Cd and the combination of Cd and Zn in the solution, respectively. In addition, both 
metals significantly influenced the tissue Mn and had a minor effect on Cu and Fe concentrations. Both Cd and Zn 
significantly affected macro element concentrations by decreasing tissue Ca and influencing K and Mg concen
trations in a dose- and exposure time-dependent manner. These findings specify the short-term and support the 

* Corresponding author. 
E-mail address: sajtos.zsofi@science.unideb.hu (Z. Sajtos).  

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2024.141235 
Received 28 November 2023; Received in revised form 11 January 2024; Accepted 15 January 2024   

mailto:sajtos.zsofi@science.unideb.hu
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2024.141235
https://doi.org/10.1016/j.chemosphere.2024.141235
https://doi.org/10.1016/j.chemosphere.2024.141235
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2024.141235&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Chemosphere 351 (2024) 141235

2

long-term use of rapeseed in remediation processes. However, interactions of metals are crucial in determining 
the concentration patterns in tissues, which deserves more attention in future investigations.   

1. Introduction 

Soil deterioration has been a cause for concern for several centuries, 
whereby living conditions of organisms in a direct or indirect relation
ship with the soil – thus, members of the food chain – face severe im
pairments individually and as part of a community (Sarker et al., 2022). 
Unfortunately, these unfavourable phenomena get attention only in a 
small proportion of the actual instances. Nevertheless, increased regard 
is paid to cases where the area is under agricultural utilization (Wang 
et al., 2021). In this respect, risks concern not only the scope of stake
holders from the close vicinity of the contamination but – due to the 
complex processing and supply system – reach quite remote geograph
ical areas, making the adverse effects acutely diversified (Hou et al., 
2020). 

Among concerned agents, metals constitute a broad range of sub
stances and receive a significant share of the total contamination cases 
(Hédiji et al., 2015). One of the core issues is that these elements can 
migrate along the food chain without considerable depletion and 
excretion from the organisms (Gall et al., 2015; Ali and Khan, 2019; 
Coimbra and Borges, 2023). This persistence and resistance are also 
typical for two of the most studied metals in this regard, namely Cd 
(cadmium) and Zn (zinc). Cd is known to be an unessential, toxic heavy 
metal with several significant consequences after contact. It was previ
ously indicated that even low concentrations of Cd could trigger the 
appearance of chlorotic symptoms and hinder plant growth (Haider 
et al., 2021; Zhao et al., 2021). The metal also decreased chlorophyll 
content and photosynthesis activity, often complemented by reactive 
oxygen species (ROS)-based damage to cells and membranes (Huihui 
et al., 2020). Unlike Cd, Zn is an essential microelement (nutrient) for 
living organisms. At the same time, it is known to support plant growth 
and development, and it is a crucial agent in pathogen defense (Cabot 
et al., 2019). In excess concentrations, however, Zn can also be toxic to 
organisms. Toxicity symptoms in plants are similar to those of Cd; 
reduced growth, photosynthetic damage, and ROS-induced harm to 
tissues are the main issues to be addressed (Kaur and Garg, 2021). 

In many cases, when the growing environment contains elements 
among which interactions (e.g., antagonism, synergism) could be sup
posed, attributing effects to the actual source becomes more complex 
(Rietra et al., 2017). Like numerous elements, interactions of various 
natures were reported for Cd and Zn between the media and the tissues 
of the organisms affected (Wu et al., 2020; Zhou et al., 2020). Further, 
due to their physicochemical properties, the two metals are also factors 
in the dynamics of several micro- and macro elements (Dong et al., 
2019). 

Along with these characteristics of the metals, it was recognized that 
plant contact with Cd and Zn does not necessarily conclude in a series of 
adverse effects; under controlled or monitored conditions, plant accu
mulation can be managed and used for recovery purposes with the group 
of approaches called phytoremediation (Sharma et al., 2022; Simon 
et al., 2022). Among species with proven records of accumulating Cd 
and Zn in high concentrations from contaminated media, many crops 
have already been highlighted as good prospects. With simultaneous 
relevance to these two criteria, rapeseed (Brassica napus L.) is a thor
oughly studied species (Grispen et al., 2006; Dhaliwal et al., 2020). It is 
cultivated extensively in many countries of the world primarily for its oil 
used in the human diet and chemical industry and for its plant parts used 
as fodder for animals, having an overall global cropland size larger than 
that of the sunflower and a total yield exceeding 70 million tons a year 
(Ettl et al., 2020; Raboanatahiry et al., 2021; Romeh, 2021). This 
widespread and large-scale utilization justifies the necessity of a thor
ough understanding of the species’ functions in metal-contaminated 

environments. 
Regarding the prerequisites of effective metal accumulation, rape

seed is characterized by fast growth, intensive biomass production, and 
high metal tolerance (Yu et al., 2012). For these reasons, the potential of 
the species to clean up contaminated environments has also been 
assessed during its initial stages of development (Chen et al., 2018). 
Rapeseed is acutely sensitive to stress factors as a plantlet, which raises 
the need for experiments at this stage involving as many variables as 
possible (Haj Sghaier et al., 2022). Exposed to metal stress, high con
centrations of Cd limit its root and shoot development, which impedes 
the overall viability of phytoremediation (Zhang et al., 2018). Cultivated 
in media with the simultaneous presence of Cd and Zn, most relevant 
studies presented synergism between the accumulations of the two 
metals in the species (Nan et al., 2002). It was also observed that several 
rapeseed varieties had very high Zn accumulation potential, even in 
multi-contaminated soils, without suffering condition-threatening harm 
(Elizareva et al., 2019). However, variation can be found in the 
elemental evaluation of the species and the genus Brassica, so further 
studies to provide novel aspects and findings are highly reasonable 
(Mourato et al., 2015). 

The purpose of this paper is to assess the early growth parameters 
and elemental (Cd, Cu, Fe, Mn, Zn, Ca, K, and Mg) concentration pat
terns of rapeseed individuals germinating in solutions in single- and co- 
Cd and Zn treatments, intending to provide novel information on the 
development and remediation performance of the species in the very 
short-term (0–120 h). This study hypothesizes that high Cd concentra
tions hinder radicle and hypocotyl growth, while the adverse effects of 
Zn are relatively moderate. Further, it is also expected that high single- 
and co-Cd and Zn doses significantly influence the tissue concentrations 
of these metals and other interacting elements. Correlations are hy
pothesized between them and the studied macro elements based on the 
known interactions of Cd and Zn with other elements. 

2. Experimental 

2.1. Germination test 

During the experiment, the growth of rapeseed individuals was 
evaluated using solutions with Cd (3CdSO4 × 8H2O), Zn (ZnSO4 ×

7H2O), and their co-application. As for the preparations, filter papers 
were placed into sterile Petri dishes with a diameter of 55 mm. Filter 
paper in each dish was moistened using 1 ml of one of the following 
distilled water-based treatment scheme solutions (the number after the 
chemical symbol refers to its applied concentration in mg L− 1): 

Single Cd treatment Cd10 + Zn0, Cd50 + Zn0, Cd100 + Zn0, Cd500 +
Zn0, Cd1000 + Zn0; Single Zn treatment Cd0+Zn10, Cd0+Zn50, 
Cd0+Zn100, Cd0+Zn500, Cd0+Zn1000; Co-treatment Cd10 + Zn10, 
Cd10 + Zn500, Cd10 + Zn1000, Cd50 + Zn50, Cd50 + Zn100, Cd50 +
Zn500, Cd50 + Zn1000, Cd100 + Zn50, Cd100 + Zn100 Cd100 +
Zn500, Cd500 + Zn10, Cd500 + Zn50, Cd500 + Zn100, Cd500 + Zn500, 
Cd1000 + Zn10, Cd1000 + Zn50, and Cd1000 + Zn1000; Control 
distilled water (Cd0+Zn0). 

The most appropriate solution quantity was determined in a pre
liminary experiment. Compared to the addition of 1 ml of the solution, 
the application of 0.5 and 0.75 ml of the fluid resulted in premature 
drying and deficient supply for the seeds even after 96 h, while after 
providing 2, 3, and 5 ml of the solution, a high amount of excess solution 
remained on the filter paper in each case triggering the development of 
molds and stunted growth. 

Seven seeds were laid onto each filter paper. Petri dishes were 
packed in aluminium foil to exclude the effects of light and temperature 
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change. Seeds germinated at permanent room temperature (20.5 ±
1.4 ◦C). Three replications of each treatment along the concentration 
gradients were run for 24, 72, and 120 h, respectively. After reaching the 
end of the indicated exposure intervals, plantlets were thoroughly 
washed with double distilled water. Then, the radicle and hypocotyl 
length (with an accuracy of 0.1 mm) were measured on clean laboratory 
sheets using forcipes and plastic rulers. Tools were thoroughly rinsed 
among the uses in different treatments. After this, plantlets were moved 
into clean Petri dish lids and left in an oven (WTC Binder FD53) at 55 ◦C 
for 48 h. After cooling down, germinated plantlets were pulverized and 
homogenized in an agate mortar and then filled into plastic centrifuge 
tubes before the acid digestion. 

2.2. Acid digestion and elemental analyses 

During the preparation, 0.1 ± 0.01 g of each sample was measured 
on an analytical balance (Precisa ES 225SM-DR). Samples were then 
digested under atmospheric pressure and high temperature 
(100–120 ◦C) by adding a mixture of 5.0 ml of 65% (m/m) HNO3 (re
agent grade, Merck) and 1.0 ml of 30% (m/m) H2O2 (reagent grade, 
Merck). Digested samples were diluted to 10.00 ml with ultrapure water 
(Synergy UV Millipore), filled into centrifuge tubes, and stored at room 
temperature for further analysis. 

The elemental composition (Cd, Cu, Fe, Mn, Zn, Ca, K, and Mg) of the 
samples was measured using inductively coupled plasma optical emis
sion spectrometry (ICP-OES 5110 Vertical Dual View, Agilent Technol
ogies; Supplementary Materials A1 and A2). An autosampler (Agilent 
SPS4), Meinhard® type nebulizer, and double pass spray chamber were 
used, while a 5-point calibration procedure was also applied (ICP VI, 
Merck). The standard solutions of the microelements (Cd, Cu, Fe, Mn, 
Zn) were prepared from the multi-element spectroscopic standard so
lution of 1000 mg L− 1 (ICP IV, Merck). In contrast, the macro elements 
(Ca, K, Mg) were prepared from the mono-element spectroscopic stan
dard of 1000 mg L− 1 (Scharlau). In both cases, a 5-point calibration 
process was used for which standard solutions were diluted with 0.1 M 
HNO3 and prepared in ultrapure water. 

2.3. Statistical analyses 

The mean values and standard deviations of the three replications 
were calculated to assess the changes in the radicle and hypocotyl length 
and elemental concentrations of rapeseed among the treatments and 
exposure intervals. Single treatments were studied and compared to the 
relevant results from uncontaminated (control) measurements to reveal 
the individual effects of Cd and Zn on growth parameters. 

To highlight the effects of treatments and exposure intervals on the 
radicle and hypocotyl length and elemental concentrations, a stan
dardized effect size measure, the unbiased, standardized mean differ
ence (Hedges’ g), was computed for the contaminated-control 
comparisons. This calculation was based on the following equations: 

g= J
xU − xC

Swithin
(1)  

Swithin =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(nU − 1)S2
U + (nC − 1)S2

C

nU + nC − 2

√

(2)  

J = 1 −
3

4(nU + nC − 2) − 1
(3)  

where. 
xU and xC mean radicle or hypocotyl length (mm), or element con

centrations (mg kg− 1) in plants grown on uncontaminated (U) and 
contaminated (C) solution; nU and nC sample sizes for plants grown on 
uncontaminated (U) and contaminated (C) solution; SU and SC standard 
deviation for radicle or hypocotyl length or element concentrations of 

plants grown on uncontaminated (U) and contaminated (C) solution. 
The negative g values indicated that element concentration was 

higher in rapeseed grown in contaminated solutions than those from 
uncontaminated (control) media. Further, the 95% confidence intervals 
of the unbiased, standardized mean difference (Hedges’ g) were 
computed using the esc package (Lüdecke, 2019). The mean effect size 
was considered statistically significant if the 95% confidence interval 
did not include zero. 

The relationship between elements’ accumulation rates was assessed 
by linear models to study synergism and antagonism between the 
studied elements. All statistical analyses were performed using the R 
program environment (version 4.1.2; R Core Team, 2018). 

3. Results 

3.1. Effects of metal treatments on plant development 

The growth parameters of rapeseed were assessed, and further ana
lyses were performed to evaluate germinated seeds. The sample sizes 
slightly varied across studies due to germination rate values. After 24 h, 
the germination rate decreased with the increase of Cd dose, primarily 
by single but also by co-treatment, while after 72 and 120 h, the 
germination rate varied between 93 and 100% for all treatments (Sup
plementary Materials B). 

In the case of the Cd-contaminated media, significant (p < 0.05) 
radicle and hypocotyl growth was noted for each treatment with the 
exposure time; the only minor difference occurred in the hypocotyl 
length of the 72- and 120-h samplings. Further, a considerable variation 
was observed in the growth of plantlets among different treatments; the 
radicle and hypocotyl of individuals contaminated by 500 and 1000 mg 
L− 1 Cd were significantly shorter after 72 and 120 h than those from the 
less contaminated media. The growth parameter values in the 100 mg 
L− 1 treatment differed from those in the less and more contaminated 
ones. Radicle lengths from the two least contaminated treatments 
significantly exceeded that of the control solution, while hypocotyl 
lengths were similar after 120 h (Fig. 1 and Supplementary Materials 
C1). 

Very intensive radicle and hypocotyl growth was demonstrated with 
exposure time for the Zn-treated individuals in the case of each treat
ment, except the 1000 mg L− 1 treatment for radicle, in which growth 
was hindered between the 72- and 120-h exposures. Significant differ
ences were also observed among treatments in selected exposure in
tervals; radicle and hypocotyl had much higher lengths after growing in 
the three less contaminated media than in the two most contaminated 
ones. For both organs after 120 h, the most intensive growth was pre
sented for 50 and 100 mg L− 1 Zn treatments, with values even higher 
than the control for radicle and significantly higher than the control for 
hypocotyl (Fig. 2 and Supplementary Materials C2 and C3). 

Further, unbiased, standardized mean differences (Hedges’ g) based 
on control values were compared to confirm these findings and broaden 
the analysis to co-treatment effects. It was found that the single and co- 
application of the metals significantly decreased the radicle and hypo
cotyl lengths in most of the treatments. In general, Cd negatively 
influenced the radicle and hypocotyl elongation applied alone and 
combined with Zn. However, compared to control individuals, treat
ments with Zn alone positively affected radicle and hypocotyl length 
values. Assessing the exposure time-dependent variation in both devel
opment factors, a non-significant general difference could be reported 
between the results of the 24-h sampling and those of the 72- and 120-h 
samplings with longer radicle and hypocotyl with time (Supplementary 
Materials C4 and C5). 

3.2. Concentration of microelements 

The individual assessments of elements indicated significant (p <
0.05) differences between the accumulation of rapeseed growing in 
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contaminated vs. uncontaminated solutions. The variation among the 
accumulation patterns was also high in several cases. 

Compared to control conditions, except for the Cd10 + Zn0 treat
ment after 72 h, the accumulation of Cd in rapeseed was significantly 
higher in each single Cd treatment with the most intensive accumulation 
for the 500 mg L− 1 Cd dose after 24 h, followed by the same and the 
1000 mg L− 1 doses after 72 h. The single Zn treatments did not influence 
the accumulation of Cd. As for the co-contaminated treatments, Cd 
accumulation was very intensive in each treatment in each sampling 
interval. Further, the degree of tissue metal enrichment was the highest 
by low Cd doses coupled with low (50 mg L− 1) and high (1000 mg L− 1) 
Zn after 24 h and by high Cd doses coupled with low (50 mg L− 1) and 
high (500 mg L− 1) Zn after 72 h. Significant accumulation trends were 
not found within the treatments among exposure intervals (Supple
mentary Materials D1). 

The analysis of tissue Cu concentration in response to single Cd 
supplies resulted in more intensive accumulation after 72 h, while less 
intensive after 24 and 120 h compared to the control values. The 

rapeseed accumulation of Cu was generally lower and, in some cases, 
significantly lower than in the individuals from uncontaminated solu
tions for both single Zn-treated and co-contaminated solutions. The 
highest Cu concentration drop was observed for rapeseed grown in the 
Cd500 + Zn50 solution, followed by the individuals from the Cd500 +
Zn10 and Cd100 + Zn50 treatments, each after 72 h (Supplementary 
Materials D2). 

In general, the concentration of Fe in rapeseed did not differ 
remarkably in the single contaminated treatments from that of the 
control tests after any of the sampling intervals. By single Cd doses, a 
drop in accumulation was found in the Cd10 + Zn0 treatment after 24 h, 
while by single Zn doses, such variation of any results among the 
treatments was not indicated. In the co-contaminated treatments, Fe 
accumulation patterns were also highly similar. Significant accumula
tion was found only for the Cd50 + Zn1000 treatment after 24 h, while a 
decrease was indicated in Cd500 + Zn10 after 24 h and Cd500 + Zn500 
after 120 h (Supplementary Materials D3). 

The accumulation intensity of Mn was significantly increased by high 

Fig. 1. Radicle (A) and hypocotyl (B) length of rapeseed plantlets in response to different single-Cd concentrations (mg L− 1) after 24, 72, and 120 h of growth (mean 
± SD). (Control = distilled water – 0 mg L− 1 Cd.) 

Fig. 2. Radicle (A) and hypocotyl (B) length of rapeseed plantlets in response to different single-Zn concentrations (mg L− 1) after 24, 72, and 120 h of growth (mean 
± SD). (Control = distilled water – 0 mg L− 1 Zn.) 
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(500 and 1000 mg L− 1) single Cd doses after 72 h, while no consistent 
patterns were found for the rest of the treatments. As for the single Zn 
applications, except for three cases, Mn accumulation in rapeseed was 
more intensive than in individuals from control solutions. However, the 
relations were insignificant. In the co-contaminated treatments, both 
increases and decreases in Mn accumulation were observed, while 
considerable effects were demonstrated with concentration increments 
only in the minority of the comparisons. In detail, a significant increase 
in Mn accumulation was found in the Cd10 + Zn1000, Cd50 + Zn500, 
Cd100 + Zn50, Cd500 + Zn50, and Cd1000 + Zn50 treatments after 24 
h, and Cd1000 + Zn50 and Cd1000 + Zn1000 treatments after 72 h 
(Supplementary Materials D4). 

In the case of Zn, its accumulation in rapeseed was only slightly 
affected by single Cd doses without suggesting any specific correlation. 
At the same time, in single Zn treatments, apart from growing in 10 mg 
L− 1 for 24 and 120 h, accumulation was very high for all the treatments 
and sampling intervals, with the most intensive enrichment in the 
Cd0+Zn1000 treatment after 120 h, followed by the application of the 
same dose after 72 h. In the co-contaminated treatments, the accumu
lation was more intensive in all the cases, resulting in only six relations 
with non-significant concentration differences. The most intensive 
accumulation was observed for the Cd1000 + Zn50 treatment after 72 h, 
followed by the Cd50 + Zn1000 treatment after 120 h, and the Cd10 +
Zn500, Cd1000 + Zn1000, and Cd500 + Zn100 treatments after 72 h, 
reflecting on the significant role of Cd (Supplementary Materials D5). 

3.3. Concentration of macro elements 

The concentration of Ca was significantly lowered by applying 500 
mg L− 1 Cd after 24 and 120 h of exposure, with the latter interval having 
the most significant effect among all the treatments set. Compared to the 
control solution, a concentration drop of Ca was observed in response to 
each single Zn treatment. Further, concentration change with time was 
significant in six cases with 500 mg L− 1 Zn, causing the most intensive 
decrease after 120 and 72 h. In the combined treatments, solutions with 
low levels (10 and 50 mg L− 1) of Cd influenced Ca flux substantially after 
24 and 72 h when Zn was co-added in 1000 mg L− 1 concentration. 
Treatments with moderate levels (100 mg L− 1) of Cd had no significant 
effect on Ca concentration in rapeseed; however, besides a general in
hibition in enrichment, the fundamental influence was confirmed by 
several highly (500 and 1000 mg L− 1) Cd-contaminated solutions. In 
detail, after 120 h, Cd500 + Zn10, Cd1000 + Zn50, and Cd500 + Zn100 
treatments lowered the concentration of Ca the most (Supplementary 
Materials E1). 

The concentration change of K in response to single Cd doses was 
various across the treatments. The only significant relationship was 
found for 1000 mg L− 1 Cd after 120 h, triggering a decreased tissue K 
concentration. As for the single Zn applications, the presence of the 
metal was positive on the K concentration in rapeseed in most cases. 
Further, 500 mg L− 1 Zn after 72 h and 1000 mg L− 1 Zn after 120 h highly 
increased K concentration compared to the control treatment. Studying 
the metal patterns in co-contaminated treatments, the effects were also 
positive in most comparisons. A significantly positive concentration 
change was indicated for Cd50 + Zn1000 and Cd500 + Zn500 after 120 
h and Cd10 + Zn1000 after 72 h. However, by Cd1000 + Zn50, a sig
nificant decrease in K concentration was found after 72 h of growth 
(Supplementary Materials E2). 

The concentration patterns of Mg were various for single Cd treat
ments. The 10 mg L− 1 Cd application decreased, while the 100 mg L− 1 

Cd dose increased the tissue concentration of Mg significantly after 24 h. 
The effects of single Zn doses on the concentration of Mg were also 
inconsistent, resulting in patterns without any significant relationship. 
The combined application of Cd and Zn also triggered different Mg 
concentrations among the treatments. Besides the various relationships 
compared to the control values, highly positive and negative patterns 
were also indicated. After 72 h, a substantial increase was found in Mg 

concentration for the Cd10 + Zn1000, Cd50 + Zn50, Cd50 + Zn500, 
Cd100 + Zn500, Cd500 + Zn500, and Cd1000 + Zn50 treatments, while 
a considerable decrease was noted for the Cd1000 + Zn10 treatment 
(Supplementary Materials E3). 

3.4. Interaction of elements 

The analysis of element interactions during the single Cd and single 
Zn accumulations with pooled exposure times resulted in two significant 
(p < 0.05) relationships between studied elements. In the other cases, 
the nature of the relationship was weak. 

A significant negative correlation existed between the effect size 
values calculated for Ca and Zn in rapeseed plantlets (Fig. 3). This 
interaction pattern suggests that the tissue concentration of Ca 
decreased in response to the increase in Zn concentration. 

Unlike the previous Ca–Zn interaction, a significant positive corre
lation existed between the effect size values calculated for K and Zn in 
rapeseed individuals (Fig. 4). This afore interaction indicates that the 
tissue concentration of K decreased in response to the decrease of tissue 
Zn concentration. In another aspect, the higher degree of Zn accumu
lation in plants resulted in a higher K concentration in plant tissues. 

4. Discussion 

According to the results of this study, a concentration-dependent 
decrease in germination rate was found for Cd after 24 hours of 
growth, while after 72 and 120 hours, signs of germination were visible 
and measurable on almost every seed for all the treatments. It suggests 
that rapeseed did not suffer irreversible impairments in a 5-day-long 
period; instead, the development was slowed down by specific treat
ments after one day, which was successfully compensated with time. The 
period of this experiment was only five days; however, adverse effects 
can appear in the longer term. Applying different concentrations of Cd 
up to 30 mg L− 1 and Zn up to 100 mg L− 1, Montalbán et al. (2012) found 
non-significant variation in germination rates of rapeseed after two 
weeks of exposure, explaining the phenomenon with the high degree of 

Fig. 3. The relationship between the standardized mean difference (Hedges’ g) 
values for Ca and Zn (± SE of the effect size for Ca) from Zn-contaminated vs. 
uncontaminated comparisons. More negative g values denote a higher differ
ence in element concentration of plantlets growing on contaminated vs. un
contaminated solutions (weighted linear regression: F = 21.58, n = 15, p <
0.001, r = − 0.79). Results are calculated from the mean values of related 24-, 
72- and 120-h treatments; the dotted line represents the 95% confi
dence interval. 
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inherent seed viability under metal stress. Contrasting the findings here, 
Cojocaru et al. (2016) observed a 92% germination rate for rapeseed 
with single Cd doses, while that was only 23% grown on a Cd–Zn 
mixture even after several weeks of exposure. Also, in contrast with the 
results here, after ten days of growth, Rao et al. (2019) reported a 
germination rate drop in two B. napus cultivars from 97% to 29% when 
Cd concentration was elevated from 10 to 250 mg L− 1 in the media. The 
general negative influence of Cd on development was also noted by Rady 
and Hemida (2015), underlining the inhibition of cell division and 
growth as the most significant consequences. At the same time, in line 
with the result of this paper, the expression of specific genes in response 
to Cd stress could help proper cell formation and detoxification in 
rapeseed during development, which thus promotes seed viability and 
germination in highly Cd-contaminated media (Chen et al., 2018; Zhang 
et al., 2018). In the case of development under Cd stress, Mwamba et al. 
(2020) identified various tolerance and adaptation mechanisms among 
rapeseed genotypes, which account for the different detoxification pat
terns and germination success observed in individual experiments. 
Further, Sanjosé et al. (2021) concluded that Zn could foster plant 
germination and compensate for the adverse effects of other metals even 
in multi-contaminated environments. Those mentioned above give po
tential explanations for the observations in this research regarding the 
100% germination rate by nearly all the treatments after 72 and 120 h. 
In another aspect, Kania et al. (2021) indicated that rapeseed exposure 
to Cd and Zn stress during the first five days of germination promoted 
extensive molecular responses compared to control conditions; the 
aminopeptidase activity was altered, resulting in nutrient management 
deficiencies and hindered germination. The result in this paper also 
suggests overall delayed germination in response to single- and 
multi-contaminated treatments; this finding is consistent with the 
statements made by Kumar Sethy and Ghosh (2013) and Bouchama et al. 
(2023), underlining that early-stage germination can be retarded by the 
presence of Cd, showing a moderate variation according to the applied 
concentration. 

Significant differences were found in radicle and hypocotyl length 
along the exposure interval within the selected treatment and the con
centration gradient at the chosen sampling date for Cd and Zn. Unlike in 

this study, Rosca et al. (2021) measured significantly slower rapeseed 
growth after 120 h for each Cd supply set between 25 and 300 mg L− 1 

than in the control treatment. It was demonstrated here that develop
ment became more intensive after 72 h in the 10, 50, and 100 mg L− 1 

treatments, indicating the positive effect of low concentration Cd on 
rapeseed growth. Meng et al. (2009) attributed this phenomenon to 
activating a defense mechanism triggered by low Cd doses. The authors 
also presented a very restricted development by high and extreme Cd 
concentrations. This latter is made clear by the fact that the metal is 
known to disrupt water and nutrient balance, resulting in reduced 
growth and severe ecophysiological disturbances (Younis et al., 2016; 
Haider et al., 2021). Peško and Kráľová (2013) noted that rapeseed’s 
metal stress could be indicated by further consequences, such as a 
decrease in chlorophyll content, leading to multiple developmental 
disorders. Further, in response to toxic Cd and Zn loads, El Rasafi et al. 
(2016) emphasized a considerable reduction in growth parameters, 
identifying crop roots as primary contact organs susceptible to metal 
stress. At the same time, shoot growth was less limited than by Cd. Ben 
Ghnaya et al. (2009) noted a variation in the growth parameters among 
four rapeseed cultivars and also among their plant organs in response to 
Cd and Zn concentrations, with Cd causing a higher degree of growth 
inhibition than Zn, based, among others, on the enzyme inhibition 
induced by the metals. Namely, despite being an essential element, Zn 
can also have Cd-like toxic effects on plant development, however, only 
at elevated concentration ranges (Kaur and Garg, 2021). This was 
confirmed for rapeseed by Wang et al. (2009), who found visible growth 
reduction in individuals treated with high doses of Zn in a 7-day-long 
experiment. Accordingly, in this paper, the 500 and 1000 mg L− 1 

treatments hindered radicle and hypocotyl development the most. The 
radicle elongation was supported by 100 mg L− 1 Zn the most intensively, 
while the hypocotyl grew with a permanent intensity throughout the 
exposure. Other authors confirmed this in a greenhouse and the field 
(Olama et al., 2014; Ashkiani et al., 2020). 

Luo et al. (2019) and Kniuipytė et al. (2023) highlighted that rape
seed germination, metal accumulation, and toxicity symptom occur
rence highly depend on environmental factors such as temperature and 
water availability. For instance, Raza et al. (2022) evidenced that cold 
stress induces an imbalance in ROS production of rapeseed, thereby 
indirectly affecting tissue elemental composition patterns. Channaoui 
et al. (2017) and Batool et al. (2022) named drought stress a primary 
driver influencing the germination and growth of rapeseed individuals. 
Further, in response to severe drought stress, Hatzig et al. (2018) 
identified a transgenerational decline in rapeseed seedling vigor, trig
gering long-term yield quality deterioration. As another factor, Brunetti 
et al. (2011) noticed that the metal (e.g., Zn) accumulation of rapeseed 
can be very different when grown under controlled conditions and in the 
field, which is in association with the different physiological states and 
modified role (greenhouse: accumulator, field: tolerant) of individuals 
between the two setups. Besides these variables, plant development and 
element accumulation can be affected by further decisive factors, among 
others: growth stage, condition, type of growing media, pH, weather 
conditions, exposure time, interactions with other organisms, for
ms/fractions of elements, and ex-planta/in-planta element interactions, 
which should also be considered when evaluating the potential oppor
tunities and limitations under metal stress (Singh et al., 2016; Tőzsér 
et al., 2017; Gentili et al., 2018; Zhang and Tielbörger, 2020; Ismu
khanova et al., 2022; Xiao et al., 2023). 

Based on the concentration changes of Cd, a moderating effect of Zn 
was suggested, especially by moderate and high Zn doses. The nature of 
the interaction between Cd and Zn in plants is evaluated inconsistently 
across studies. Unlike the findings in this paper, studying rapeseed from 
various Cd- and Zn-contaminated soils, Cojocaru et al. (2016) observed a 
very high Cd accumulation rate only by single Cd contamination. In tall 
fescue individuals, Dong et al. (2019) presented antagonism in roots and 
various interaction schemes in shoots between the two metals. Wu et al. 
(2003) highlighted that Zn decreased the concentration of Cd in barley, 

Fig. 4. The relationship between the standardized mean difference (Hedges’ g) 
values for K and Zn (± SE of the effect size for K) from Zn-contaminated vs. 
uncontaminated comparisons. More negative g values denote a higher differ
ence in element concentration of plantlets growing on contaminated vs. un
contaminated (weighted linear regression: F = 19.00, n = 15, p < 0.001, r =
0.77). Results are calculated from the mean values of related 24-, 72- and 120-h 
treatments; the dotted line represents the 95% confidence interval. 
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thereby moderating the potentially toxic effects exerted by Cd. Zhou 
et al. (2020) reflected on the same pattern for wheat; the authors evi
denced that Zn effectively regulated transport genes of Cd, which also 
favoured enzyme activity. Moustakas et al. (2011) indicated a 
dose-level-based inhibitory effect between Cd and Zn fluxes in Calendula 
officinalis L. Moreover, Cherif et al. (2011) found that Zn accumulation 
decreased the concentrations of Cd in tomato tissues, mitigated 
Cd-induced toxicity, and restored chlorophyll balance. Such distinct 
antagonism presented in these studies could not be identified in this 
paper, which can be attributed to rapeseed’s inherent very intensive Cd 
and Zn accumulation potential. This research also proved that signifi
cant Zn accumulation was found by high single and co-Zn-treatment 
levels and by low and moderate Zn complemented by high Cd doses. 
Contrasting these results, Yan et al. (2023) did not find a determining 
effect of Cd on Zn accumulation in B. napus individuals. Li et al. (2020) 
presented that the generally negative correlation between Cd and Zn is 
caused primarily by the competition between the two metals in the soil 
and in plant tissues, manifesting itself in low concentration of either 
metal in the case of their co-presence. Contrarily, the results here show 
the outstanding initial co-accumulation ability of the metals by 
rapeseed. 

As introduced, both Cd and Zn in the contaminated solutions were 
found to decrease the concentration of Cu in rapeseed. However, single 
Cd also had a significant positive effect on its concentration after 72 h. 
For Zn, these statements are in association with the results by Mousavi 
et al. (2012), who described a negative interaction between Zn and Cu in 
plants due to the competition for the same adsorption sites during 
accumulation. Moreover, Ivanova et al. (2010) established that excess 
Zn promoted the uptake of Cu in rapeseed, restricting its translocation 
into aboveground plant organs simultaneously. As a reverse approach, 
Wang et al. (2022) revealed a negative correlation between Cd and Cu in 
Brassica campestris L. by highlighting that Cu supported plant conditions 
by compensating for the effects of Cd. Also, in line with the trends 
introduced here, Wong et al. (1986) reported a species-dependent 
decrease in the Cu concentration of Brassica chinensis (Brassica rapa L.) 
in response to Cd supply. As evidence for the variation mentioned above, 
Mwamba et al. (2016) outlined a strong synergism between the accu
mulations of Cd and Cu in rapeseed by low Cd concentration ranges due 
to their close interaction on the root surfaces. Based on the findings of 
the relevant literature and the results presented here, the demonstrated 
divergent patterns justify the need for further research for a more 
thorough explanation. 

It was suggested that both alone and combined, Cd and Zn had a 
minor role in rapeseed Fe dynamics. In turn, in the cases of both single 
and co-Cd-treatment, significant effects were found on Mn concentration 
in rapeseed. In contrast, Wang et al. (2009) proposed that high con
centrations of Zn can result in a negative interaction between the metal 
and other elements, such as Fe and Mn in rapeseed, manifesting itself in 
a reduced accumulation of afore essential elements due to Zn-induced 
root injuries. This study did not reveal such interaction between the 
studied treatments and the Fe- and Mn concentrations. Regarding Mn 
and Zn in maize, Soltangheisi et al. (2014) confirmed no correlation in 
their concentration between the media and the shoot, while in roots, Zn 
lowered the content of Mn. Additionally, for Cd, Mwamba et al. (2016) 
indicated by two rapeseed cultivars that the metal decreased the accu
mulation of Fe and Mn as well, presumably due to the toxic effects of Cd 
during its accumulation. Hussain et al. (2020), using a reverse approach, 
studied the effects of Fe and Mn on the uptake of Cd in rice. They found 
that the accumulation of Cd was highly restricted by applying the other 
two elements due primarily to the differences in the expression of Cd, Fe, 
and Mn transporters accountant for Cd accumulation. These observa
tions for Cd contradict the results presented for the Cd–Fe relation. As a 
potential explanation of the results demonstrated here, the concentra
tion of Fe was not dependent on the concentration levels of Cd and Zn, 
which is considered a species-specific phenomenon. In contrast, the high 
concentration of solely applied Cd and co-applied Cd or Zn positively 

affected tissue Mn concentration. This is regarded as a considerable 
species-specific finding regarding remediation with rapeseed in the 
short term. 

In several treatments, the concentration of Ca was negatively influ
enced by the single application of both Zn and Cd, while the simulta
neous application of the metals also impaired Ca flux. In the literature, 
the general mediating effects of Ca on Cd uptake are widely described 
(Huang et al., 2017; Zhang et al., 2020); however, assessments on the 
role of added Cd in the tissue Ca concentrations are scarce. Accordingly, 
these relations for B. napus and relative species are also sporadic among 
studies. Zhu et al. (2023) found that nano-Ca supply increased the rate of 
Cd accumulation by passively and actively enhancing pectin activity and 
Cd fixation and simultaneously favoring internal translocation of the 
metal. In B. campestris, on the other hand, Chen et al. (2019) recognized 
a competitive inhibition between Cd and Ca, which triggers a negative 
correlation by their uptake. Prasad et al. (2016) reported that Zn affects 
the dynamics of Ca negatively as high concentrations of Zn in the 
growing media induce the formation of Ca–Zn complexes with low 
bioavailability, while translocation of Ca from root to shoot is also 
hindered. These latter corroborate the results of the analyses here, which 
showed a significant negative correlation in effect size values between 
tissue Ca and Zn, suggesting that high Zn concentrations substantively 
decreased Ca concentrations in rapeseed in the long term. Noticing this 
observation by other species, like in the Zn–Cu relation, Watkins and 
Ferguson (1982) attributed the Zn-based depletion of Ca in tissues to the 
competition between the two elements for the same exchange sites. The 
substitution mechanism between Zn and calcite was depicted as com
mon in tobacco individuals by Sarret et al. (2006), which can also be 
related to the results presented in this paper. 

It was found that single Cd had no significant effect on the K con
centration, except for one significant negative relation. In contrast, the 
influence of single Zn was positive, elevating the concentration of K in 
two cases applied in high doses. The joint effect remained generally 
positive with co-application, with significant influences in both di
rections. As for Mg, concentrations were varied across the treatments. 
Regarding the relevant literature on B. napus, there is a gap in knowl
edge of well-founded information. Before and after its flowering stage, 
Anjum et al. (2008) evaluated the elemental composition of B. campestris 
in Cd treatments and experienced different degrees of depletion of tissue 
K. The authors suggest that Cd can change plasma membrane charac
teristics; therefore, the nutrient cycle can also be severely impaired. 
Studying Pisum sativum, Abbas et al. (2022) found antagonism between 
the uptake of Cd and K, explained by the role of K in effectively reducing 
Cd accumulation intensity. In reverse, Hédiji et al. (2015) concluded 
that Cd considerably lowered the concentrations of both K and Mg in 
tomato individuals due to the influence of nutrition balance caused by 
cell damage. In the literature, the study of interactions between Mg and 
Cd was mainly dedicated to the protective function of Mg against 
Cd-induced toxicity (Hermans et al., 2011; Lu et al., 2021). In line with 
this, Nazar et al. (2012) indicated growth inhibition and Mg depletion 
under Cd stress in the case of several herbaceous species. Partly sup
porting the outcomes here, Dong et al. (2019) demonstrated an increase 
in tissue K and Mg in response to surplus Zn in a Cd-contaminated 
environment, which was due to the positive effect of Zn on the tran
spiration dynamics, enabling the build-up of a more balanced nutrient 
pattern under Cd stress. In this paper, an increase in Zn concentration 
significantly elevated the concentration of K. Likewise, Molnár et al. 
(2022) drew a positive relationship between Zn and K in rapeseed, 
which was the most noticeable in the leaves. Evidence for a positive 
correlation was also found by Cakmak and Marschner (1988) for three 
cultivated species; the authors observed that Zn deficiency triggered the 
exudation of K by roots, causing a significant decrease in tissue 
concentrations. 
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5. Conclusions 

It was found in this research that the concentration level, treatment, 
and exposure time of the growing media significantly influenced the 
development and the micro- and macro element concentrations of 
rapeseed. Element interactions also determined plant tissue concentra
tions. The radicle and hypocotyl lengths were significantly reduced by 
the single and co-application of Cd and Zn. Among microelements, the 
accumulation intensity of Cd was elevated by applied Cd, the accumu
lation of Zn was increased by Cd and Zn, and both metals significantly 
influenced the concentration of Mn. In contrast, the concentrations of Cu 
and Fe were slightly affected by any of the metals. In the cases of macro 
elements, both Cd and Zn had significant effects on tissue concentra
tions; correlations were negative for Ca and variously negative and 
positive for K and Mg. Based on these findings, rapeseed is recognized as 
a highly proficient accumulator of both Cd and Zn during its early 
development stages. However, the interactions involving these two 
metals are crucial in determining the micro- and macro elemental con
centrations in tissues, which deserves more attention in future 
investigations. 
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Oilseed rape (Brassica napus L.) potential to remediate Cd contaminated soil under 
different soil water content. J. Environ. Manag. 325, 116627 https://doi.org/ 
10.1016/j.jenvman.2022.116627. 

Kumar Sethy, S., Ghosh, S., 2013. Effect of heavy metals on germination of seeds. J. Nat. 
Sci. Biol. Med. 4, 272–275. https://doi.org/10.4103/0976-9668.116964. 

Li, L., Zhang, Y., Ippolito, J.A., Xing, W., Qiu, K., Wang, Y., 2020. Cadmium foliar 
application affects wheat Cd, Cu, Pb and Zn accumulation. Environ. Pollut. 262, 
114329 https://doi.org/10.1016/j.envpol.2020.114329. 

Lu, M., Liang, Y., Lakshmanan, P., Guan, X., Liu, D., Chen, X., 2021. Magnesium 
application reduced heavy metal-associated health risks and improved nutritional 
quality of field-grown Chinese cabbage. Environ. Pollut. 289, 117881 https://doi. 
org/10.1016/j.envpol.2021.117881. 

Luo, T., Xian, M., Zhang, C., Zhang, C., Hu, L., Xu, Z., 2019. Associating transcriptional 
regulation for rapid germination of rapeseed (Brassica napus L.) under low 
temperature stress through weighted gene co-expression network analysis. Sci. Rep. 
9, 55. https://doi.org/10.1038/s41598-018-37099-0. 

Lüdecke, D., 2019. Esc: Effect Size Computation for Meta Analysis. https://doi.org/ 
10.5281/zenodo.1249218, Version 0.5.1. 

Meng, H., Hua, S., Shamsi, I.H., Jilani, G., Li, Y., Jiang, L., 2009. Cadmium-induced stress 
on the seed germination and seedling growth of Brassica napus L., and its alleviation 
through exogenous plant growth regulators. Plant Growth Regul. 58, 47–59. https:// 
doi.org/10.1007/s10725-008-9351-y. 
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