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Abstract

In the present study the accumulation of Pb and Cd in maize seedlings (Zea mays L., cv. K33 x F2) and 
its effect on the content of Ca in their organs were investigated. The influence of both metals on dry weight 
yield was also studied. Concentrations of Pb, Cd and Ca were measured in 15 mm-long apical root segments 
as well as in whole mesocotyls and coleoptiles after 24 h of incubation of seedlings in hydroponic solutions. 
It was observed that in Pb- or Cd-treated maize seedlings the dry weight of root apical segments was mark-
edly increased, whereas in the shoots it was less affected. It was also found that the content of both metals in 
maize seedling organs rose with increasing concentrations of Pb or Cd in the hydroponic solutions. The high-
est concentrations of both metals were observed in roots, in which the accumulation of Pb was 10-fold higher 
than that of Cd. By contrast, higher accumulation of Cd than Pb was found in mesocotyl and coleoptile. These 
data suggest that the mechanisms of Pb and Cd translocation from roots to shoots are different and that the 
accumulation of Ca in roots and its translocation to shoots was less affected by Pb than Cd.

Keywords: Pb and Cd, Ca accumulation, roots, mesocotyls, coleoptiles, Zea mays L.

*Corresponding author; e-mail: malkowsk@us.edu.pl

Introduction

Heavy metals are present in soils as natural compo-
nents or as a result of human activities. Metal-rich mine 
tailings, metal smelting, electroplating, fossil fuel com-
bustion, intensive agriculture, and waste disposal on land 
are the most important human activities that contaminate 
soils with large quantities of the toxic metals [1]. Among 
toxic metals, Pb and Cd appear to be the most dangerous 
to the environment.

These non-essential elements are taken up through the 
roots of many plant species and accumulated in all plant 
organs. Taken up in excess, Pb and Cd can cause deficien-
cies or adverse ion distribution within the plant [2, 3, 4, 5, 
6], disturb metabolism of nucleus [7], photosynthesis [8] 
or reduce rate of growth [9, 10, 11].

Many researchers have investigated the uptake and ac-
cumulation of Pb and Cd in different plant species [2, 12, 
13, 14, 15, 16]. However, the mechanism of accumulation 
of heavy metals is still not completely understood.

Among crop plant species, maize is one of the most 
important and is grown throughout the world. It also can 
be used successfully in phytoextraction, which is a new 
technology for removing heavy metals from contaminated 
soils [17]. The uptake of Pb and/or Cd [13, 18, 19, 20] and 
effects of both metals on mineral nutrition [21, 22] in maize 
have been studied previously. These experiments were con-
ducted with maize plants older than 10 days, whereas infor-
mation concerning the uptake of Pb and Cd and their inter-
action with other ions at the early stages of maize seedling 
development is poorly documented. For example, Wierz-
bicka and Obidzińska [23] conducted experiments on the 
effect of Pb on imbibition and germination of maize seeds, 
but they did not measure uptake of Pb or Ca.
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It was reported that Pb and Cd uptake affected ac-
cumulation of Ca in organs of various plant species [3, 
16, 24, 25, 26, 27]. Based on these observations, it was 
postulated that the heavy metals could compete with Ca 
for entry into plant cells and affect accumulation and dis-
tribution of Ca in plants [16, 24, 26, 28]. Recently, it has 
been documented that uptake of Pb and Cd by plant cells 
is mediated by Ca2+ channels and/or carriers and disturbs 
accumulation of Ca [17, 29].

In the present work the accumulation of Pb and Cd 
and its effect on Ca distribution in roots, mesocotyls and 
coleoptiles of maize seedlings at their early stages of de-
velopment were investigated. The influence of both met-
als on dry weight yield was also studied.

Material and Methods

The experiments were carried out with etiolated  
3-day-old maize seedlings (Zea mays L., cv. K33 x F2) 
that were transferred to hydroponic containers filled 
with control solution of the following composition: 
KCl (1 mmol dm-3), NaCl (0.1 mmol dm-3) and CaCl2  
(0.1 mmol dm-3) or to the solution with the same salt 
composition, containing additionally PbCl2 or CdCl2 
at a final concentration of 0.1 mmol dm-3 or 1.0 mmol 
dm-3. The control solution with the salt composition 
mentioned above is used routinely in our laboratory 
[30, 31]. The initial pH of the solutions was adjusted 
to 5.8-6.0 with 0.1 N NaOH or 0.1 N HCl. The plants 
were grown in the solution in the dark at 27ºC for 24 
h. After this time roots were rinsed 2-fold with dis-
tilled water and blotted dry with tissue paper. Then 15 
mm apical segments of seminal roots, whole mesocot-
yls and coleoptiles (with the first leaf removed) were 
sampled and the plant tissue was dried at 80°C for 3 
days to determine its dry weight. In the current study 
the apical root segments, instead of whole roots, were 
used to asses the effect of Pb and Cd on Ca accumula-
tion and distribution, because the uptake of Ca and its 
translocation to shoots is much higher in apical than in 
basal root zones [32]. 

For metal analyses, dry plant tissue was digested 
with ultra-pure concentrated nitric acid (Merck). The 
concentrations of Pb, Cd and Ca were measured by 
emission spectrometry with excitation by an argon 
inductively-coupled plasma technique (ICP-AES). 
Standard solutions of metals (Merck) were used as ref-
erence. All chemicals were of analytical grade. All ex-
periments were replicated at least four times, with 100 
seedlings in each replicate.

Data were analyzed using the computer software Sta-
tistica for Windows, version 5.1 ´97, StatSoft Inc., Tulsa, 
USA (Licence – SP711660411NET5). Differences be-
tween individual treatments and control were analyzed 
using one-way ANOVA and LSD test. Statistical signifi-
cance was defined at p < 0.05.

Results

As can be seen in Fig. 1 the dry weight of the 15 mm 
long apical root segments was almost twofold greater, as 
compared to the control (100 %), when maize seedlings 
were exposured to both 0.1 mmol dm-3 and 1.0 mmol  
dm-3 Pb. However, mesocotyl and coleoptile dry weight 
did not significantly differ, as compared to the control 
solution, in plants treated with 0.1 mmol dm-3 or 1.0 
mmol dm-3 Pb (Fig. 1). In turn, when maize seedlings 
were treated with 1.0 mmol dm-3 Cd an increase of dry 
weight of both root segments and mesocotyls was ob-
served (Fig. 2). By contrast to Pb, Cd at 1.0 mmol dm-3 
decreased dry weight of coleoptiles. However, in plants 
treated with Cd large variations in dry weight yields were 
observed and differences among means of dry weight of 
control and Cd-treated plants were not statistically sig-
nificant (Fig. 2).

The data in Table 1 indicate that accumulation of Pb 
and Cd in maize seedling organs increased with increasing 
concentrations of both metals in the hydroponic solutions. 
The content of Pb in root segments, at both concentrations 
of heavy metals used, was approximately tenfold higher 
as compared to Cd. The data in Table 1 also suggest that 
transport of Cd from roots to shoots was less restricted 
than that of Pb and its level in mesocotyl and coleoptile 
at 0.1 mmol dm-3 was markedly higher than that of Pb. 
Plants from 1.0 mmol dm-3 treatments had significantly 
higher concentration of Cd than Pb in coleoptile but there 
was no statistically significant difference in concentration 
of both metals in mesocotyls.

Figure 3 shows a comparison of the effects of both 
metals and the control treatment on accumulation of Ca 
in seedling organs. The data indicate that following expo-
sure of seedlings to Pb at both concentrations (0.1 mmol 
dm-3 and 1.0 mmol dm-3), the accumulation of Ca in root 
segments was enhanced 2- to 2.7-fold as compared to 
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Fig. 1. Effects of Pb on dry weight (mg) of maize seedling organs 
(Zea mays L.), shown as percent of control. Values are means  
(n = 4). Columns marked with the letter “a” are not significantly 
different from the control using LSD test (p < 0.05). Columns 
marked with the same letter are not significantly different from 
each other using LSD test (p < 0.05).



Accumulation of Pb and Cd... 205

control solution. In plants treated with 0.1 mmol dm-3 Cd, 
the concentration of Ca was 3-fold greater than in the con-
trol. Contrary to Pb, Cd at higher concentration (1.0 mmol 
dm-3) decreased content of Ca by 30%, as compared to the 
control, but the difference was not statistically significant 
(Fig.3A).

In mesocotyls the effect of Pb on Ca accumulation 
showed no definite tendency, whereas Cd decreased the 
Ca content in these organs (Fig. 3B). In coleoptiles Pb and 
Cd had no statistically significant effect on Ca concentra-
tion (Fig. 3C).

Discussion

The data presented in this paper show that dry weight 
of the 15 mm long apical root segments was enhanced, 
as compared to the control, by exposure of maize seed-
lings to both Pb concentrations, whereas dry weight of 
mesocotyls and coleoptiles was not significantly affected 
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Fig. 2. Effects of Cd on dry weight (mg) of maize seedling organs 
(Zea mays L.), shown as percent of control. Values are means  
(n = 4). Columns marked with the letter “a” are not significantly 
different from the control using LSD test (p < 0.05). Columns 
marked with the same letter are not significantly different from 
each other using LSD test (p < 0.05).

Table 1. Effects of different concentrations (0.1 and 1.0 mmol/l) of Pb or Cd in the hydroponic medium on concentrations (mg/kg d.w.) 
of both metals in the organs (root, mesocotyl, coleoptile) of maize seedlings. Values are means ± SE (n=4).

Concentration of metals in the hydroponic medium
Plant organ

Root Mesocotyl Coleoptile

Cd 0.0 mmol/l (control) 1.8 ± 0.32 a 0.5 ± 0.08 a 1.2 ± 0.37 a

Cd 0.1 mmol/l 4621.3 ± 630 b 91.5 ± 11.6 b 25.5 ± 5.7 b       

Cd 1.0 mmol/l 10,010.5 ± 650 c 140.0 ± 33.0 b 70.0 ± 6.0 c

Pb 0.0 mmol/l (control) 5.2 ± 0.20 d 0.3 ± 0.03 a 1.0 ± 0.13 a

Pb 0.1 mmol/l 40,293.3 ± 1261 e 52.0 ± 9.2 c 11.0 ± 4.5 d 

Pb 1.0 mmol/l 113,404.7 ± 9532 f 113.3 ± 7.0 b 39.0 ± 7.5 b

Means followed by the same letter in a column are not significantly different from each other using the LSD test (P < 0.05).

Fig. 3. Effects of Pb and Cd on accumulation of Ca in maize 
(Zea mays L.) seedling organs:
 A – concentration of Ca in roots; B − concentration of Ca in 
mesocotyls; C – concentration of Ca in coleoptiles. Values are 
means (n = 4). Columns marked with the same letter are not sig-
nificantly different from each other using LSD test (p < 0.05).
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(Fig. 1). Similar results have recently been demonstrat-
ed by Małkowski et al. [27], who showed that in maize 
seedlings exposed to Pb (at 0.1 mmol dm-3 and 1.0 mmol 
dm-3) the dry weight of root apical segments (8 mm) was 
markedly increased, whereas the dry weight of shoots 
was not significantly affected. In the case of Cd-treated 
maize seedlings (Fig. 2) the higher dry weight of roots 
and mesocotyls (statistically insignificant) was found at 
1.0 mmol dm-3. By contrast to roots and mesocotyls, dry 
weight of coleoptiles was not changed by Cd (Fig. 2). 
However, there is no data concerning the effect of Cd on 
dry weight of maize seedlings at their early stages of de-
velopment. Because of different experimental conditions 
(e.g. concentration of Cd, time of exposure, seedlings 
growth stages), direct quantitative comparison of our data 
for Cd with the results presented by other authors [22, 33, 
34] is difficult. The higher dry weights of root apical seg-
ments, in the presence of Pb or Cd, found in the present 
study, may have been due to the fact that roots in plants 
treated with both metals were shorter but thickened (data 
not shown).

The data on accumulation of Pb and Cd have clearly 
shown that both metals were strongly accumulated in 
roots, but substantially lower amounts were observed in 
mesocotyls and coleoptiles. It was also found here that 
accumulation of Pb in maize root apical segments was 10-
fold higher as compared to Cd (Table 1). These results are 
in agreement with the data obtained by other authors for 
different plant species [2, 5, 15, 28]. It was proposed by 
Brennan and Shelley [35] that very high accummulation 
of Pb in roots might be connected with prepicitation of the 
metal at the root surface as amorphous Pb-phosphate. It is 
noteworthy that transport of Cd to shoots was higher as 
compared to Pb (Table 1). These data suggest that mecha-
nisms of translocation of Pb and Cd from roots to shoots 
are different. Similar results for translocation of Pb and Cd 
were also reported by Burzyński [2] and Kim et al. [28] 
in experiments with Cucumis sativus and Oryza sativa, 
respectively. Since the transport of Ca2+ ions by channels 
or transporters is inhibited by Pb and Cd [17, 29], it would 
be expected that the accumulation of Ca in the presence 
of the heavy metals should be reduced. As indicated from 
results presented here this was not the case, because in-
creased Pb accummulation in root tips (Table 1), was con-
nected with higher uptake of Ca (Fig. 3A).

Wierzbicka [36] has recently reported that Pb stimulat-
ed thickening of the cell walls in roots, which was a result 
of the synthesis of new cell wall polysaccharides. This new 
cell wall should create new binding sites for divalent cations 
and enhance their accumulation in roots. Results shown in 
the present study might suggest that accumulation of Pb 
and Ca in maize root apical segments might be related to 
binding of both divalent cations to the newly synthesised 
cell wall. Accumulation of Pb in plant cell walls was also 
observed by other authors [36, 37, 38].

Cadmium at higher concentration (1.0 mmol dm-3) 
decreased the content of Ca in root segments by 30% 
as compared to the control (not statistically significant) 

(Fig.3A). These data suggest that Cd, contrary to Pb, 
should compete with Ca for entry to the root cells.

Results presented in the current study showed that ac-
cumulation of Ca in roots and its translocation to shoots 
were less affected by Pb than Cd. It is proposed that this 
phenomenon is related to binding of higher amount of 
Pb, as compared to Cd, in the root apoplast (cell walls). 
Cadmium, which is not bound in the apoplast could com-
pete with Ca for transport systems. Thus, we conclude 
that effects of Cd on accumulation and distribution of Ca 
in maize seedlings, contrary to Pb, might be caused via 
competition for the transport systems across the plasma 
membrane but not via competition for the binding sites 
on the cell wall.
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