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the interactions between cadmium stress and plant nutritional elements have been investigated on com-
plete plant or at the level of organs. this study was undertaken to contribute to the exploration of the 
physiological basis of cadmium phytotoxicity. We examined the changes in the nutritional element com-
positions of the root epidermal cells of the seedlings of Lycopersicon esculentum mill. at the initial 
growth stages that is known as the most sensitive stage to the stress. effects of cadmium stress on the 
seedlings of Lycopersicon esculentum mill. were examined by edX (energy dispersive X-ray 
microanalysis) assay performed with using low vacuum (~ 24 Pascal) scanning electron microscopy. In 
the analysis performed at the level of root epidermal cells, some of the macro- and micronutrient contents 
of the cells (carbon, oxygen, nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, iron, copper, 
and zinc levels) were found to change when the applying toxic concentrations of cadmium. there was no 
change in the manganese and sodium content of the epidermal cells. It was concluded that the changes in 
nutritional element composition of the cells can be considered as an effective parameter in explaining the 
physiological mechanisms of cadmium-induced growth inhibition.
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IntroductIon

While the high concentration of heavy metals, some of which are micronutrients and 
essential for normal plant growth, have been reported to be high stress factors for the 
plants [30], they are also identified as potential risk factors for public health [1, 13, 
18, 25].

according to an opinion: “cadmium is among the heavy metals that are highly 
toxic to plants, animal and human organisms, it has no essential biological function, 
and is capable of moving freely in the soil plant system, and can be easily removed 
by plants and it is among biologically the most accumulated heavy metal” [15, 16].

When cadmium is taken up in plants, there is no single site or model for accumu-
lation. cadmium accumulation and distribution can be very different and variable in 
different species and genotypes and also in several organs [7, 27, 30, 35]. however, 
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previous studies mainly draw more attention to the accumulation of cadmium in the 
roots. Indeed, for wheat plants to which cadmium was applied, it has been reported 
that 77.91% of the total cadmium was accumulated in the roots [36]. In another 
study conducted on five wheat genotypes, the accumulation of cadmium in the roots 
has been found to be 20-fold and 200-fold higher than shoots and grains [37]. In a 
study on Allium species, cadmium analyzes have revealed that about 75% of cad-
mium accumulated in the roots [29]. In a study conducted to determine the effects 
of cadmium toxicity on seedlings of phaseolus vulgaris and Lycopersicon esculen-
tum, it has been reported that cadmium accumulated 15-fold and 4-fold higher in the 
roots than shoots of tomato and bean, respectively [33]. In all of the studies per-
formed by bindu et al. [3] on colocasia esculenta; by salamon et al. [24] on 
Matricaria recutita, Salvia officinalis and thymus vulgaris; by sidhu and Khurana 
[26] on Brassica juncea and spinacia oleracea; by Quariti et al. [23] and by 
mohammad and moheman [19] on Lycopersicon esculentum; by gussarsson [11] on 
Betula pendula, cadmium taken up into the plant has been suggested to be accumu-
lated mainly in the root.

there are various opinions about the possible internal changes such as the hormo-
nal, nutritional and enzymatic changes which are responsible for the macro-morpho-
logical toxicity indicators caused by cadmium stress in plants. In the light of the 
above-mentioned large number of studies reporting that cadmium is mainly accumu-
lated in the roots, we addressed the internal changes with respect to cadmium accu-
mulation in young root epidermal cells of Lycopersicon esculentum, which is at the 
first seedling growth stage of the plant and in which the plant is known to be most 
sensitive to the stresses. moreover, we also examined the interactions between the 
uptake and accumulation of cadmium and some macro- and micronutrients. because 
several other authors reported that nutrient-cadmium stress interactions may be very 
different at the level of species and genotypes, we compared our results with the 
results of the previous studies and with that of studies using the same or a similar 
approach. however, previous efforts of researchers using the same or a similar 
approach are those performed on complete organs in general. We evaluated the effects 
of cadmium stress in the seedling of Lycopersicon esculentum by using edX (energy 
dispersive X-ray microanalysis) assay. energy dispersive X-ray microanalysis 
(edX) system is used to obtain the qualitative and the quantitative analyses by detect-
ing all the available X-ray data from a specimen in a convenient form [10].

materIals and methods

Lycopersicon esculentum mill. cv. h-2274 belonging to the solanaceae family was 
used as research material. the seeds were obtained from anatolia agricultural 
research Institute, turkey.

Seeds were subjected to serial superficial sterilization procedures before germina-
tion. the sterilization techniques recommended for in vitro studies [2] were used. for 
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this purpose, the seeds firstly soaked in 96% ethyl alcohol for 1 min and in 5% 
sodium hypochlorite for 35 min. then, the seeds were rid of sodium hypochlorite by 
passing through a series of sterile distilled water baths, after which 100 seeds were 
sown in each sterile Petri dishes containing sterile filter paper.

In this study, the macro- and micronutrients of murashige and skoog medium was 
used as the nutrient solution [21]. the concentrations of nutrients were as follows: 
cacl2, 332.02 mg l–1; cocl2 ∙ 6h2o, 0.025 mg l–1; cuso4 ∙ 5h2o, 0.025 mg l–1; 
fena-edta, 36.70 mg l–1; h3bo3, 6.20 mg l–1; Kh2Po4, 170.00 mg l–1; KI, 0.83 
mg l–1; Kno3, 1900 mg l–1; mgso4 ∙ 7h2o, 370.00 mg l–1; mnso4 ∙ h2o, 16.90 mg 
l–1; na2moo4 ∙ 2h2o, 0.25 mg l–1; nh4no3, 1650 mg l–1; and Znso4 ∙ 7h2o,  
8.60 mg l–1. The first series of 100 plant seeds were used as control germinated and 
grown on murashige and skoog medium, while macro- and micronutrients of 
murashige and skoog medium were given together with cadmium to the other series. 
cadmium was used as the form of cdcl2 ∙ 6h2o and the concentration was 1000 ppm. 
In one of our previous studies, we investigated the effects of cadmium applied at 14 
different concentrations (0–10,000 ppm) on some physiological and macromorpho-
logical growth parameters in L. esculentum cv. h-2274 [5] and we found that particu-
larly cadmium at a concentration of 1000 ppm had a stable toxic effect. moreover, the 
root length significantly decreased and lateral roots did not grow when cadmium was 
applied at a concentration of 1000 ppm. on the other hand, at the concentrations over 
1000 ppm, cadmium led to significantly reduced root development and it was limited 
to the radicula development having similar mean values. In the same study, signifi-
cantly reduced hypocotyl development was observed with 1000 ppm cadmium and 
even no hypocotyls developed with the applying of cadmium at concentrations over 
1000 ppm. In addition, the positivity of cotyledon opening frequency was zero with 
1000 ppm of cadmium. based on these results, toxic concentration of cadmium was 
considered as 1000 ppm. 

following the surface sterilization and sowing, the seeds were incubated in a 
growth room under 16/8 h light/dark photoperiod at 25 ± 2 °c for 15 days. root epi-
dermal cells of young seedlings were analyzed for their carbon, nitrogen, oxygen, 
sulfur, phosphorus, potassium, calcium, magnesium, sodium, iron, zinc, copper, man-
ganese, chloride, cobalt and cadmium contents by using edX analysis (energy 
dispersive X-ray microanalysis) on the 450 µm × 500 µm areas obtained with using 
low vacuum (~ 24 Pascal) scanning electron microscope at the end of incubation 
period. the same analysis method was used to determine the nutrient composition in 
hypocotyl and cotyledon epidermal cells of the seedlings from the control group. 
sem images were also obtained from all control groups. 

cadmium and nutrient contents were determined by edX analysis and by using the 
Proza correction method. the mean values and standard deviations of the control 
group and cadmium group were analyzed statistically with sPss 13.0 software. the 
difference between averages of the control group and samples that were applied to the 
cadmium was compared by the t-test.
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Fig. 1. sem image about the root epidermal cells of Lycopersicon esculentum cv. h-2274 seedlings

Fig. 2. sem image about the hypocotyl epidermal cells of Lycopersicon esculentum cv. h-2274 seedlings
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results

the percentage of the element concentrations were 52.18% for carbon, 21.80% for 
nitrogen, 22.73% for oxygen, 0.27% for sulfur, 0.93% for phosphorus, 0.26% for 
potassium, 0.59% for calcium, 0.17% for sodium, 0.09% for manganese, 0.12% for 
iron, 0.56% for copper, 0.18% for zinc and 0.10% for chlorine in the control root 
epidermal cells. magnesium and cobalt were not found in the control groups. table 1 
presents nutritional element compositon of hypocotyl and cotyledon epidermal cells 
in the same control groups.

sem images of the root, hypocotyl and cotyledon epidermal cells of Lycopersicon 
esculentum cv. h-2274 seedlings incubated in murashige and skoog nutrient solu-
tions [21] can be seen in figures 1–3. 

It was observed that root epidermal cells had a high potential to accumulate cad-
mium after the 15-day incubation period in the nutrient solutions containing 1000 
ppm of cadmium and that increasing concentration of cadmium in nutrient solution 
caused a significant increase in cadmium content of the epidermal cells (p < 0.001) 
(fig. 4).

table 1
edX results in the root, hypocotyl and cotyledon epidermal cells of Lycopersicon esculentum cv. 

h-2274 seedlings incubated in murashige and skoog nutrient solutions [21]

element

root 
epidermal cells

hypocotyl 
epidermal cells

cotyledon 
epidermal cells

% atom % elemental 
weight % atom % elemental 

weight % atom % elemental 
weight

c 58.65 52.18 21.64 17.54 24.62 20.46

n 21.01 21.80 30.37 28.70 32.08 31.09

o 19.18 22.73 46.67 50.39 42.92 47.52

s  0.11  0.27  0.00  0.00  0.00  0.01

P  0.41  0.93  0.40  0.84  0.14  0.31

K  0.09  0.26  0.10  0.28  0.02  0.05

ca  0.20  0.59  0.63  1.69  0.10  0.29

mg  0.00  0.00  0.05  0.08  0.06  0.10

na  0.10  0.17  0.01  0.02  0.00  0.00

mn  0.02  0.09  0.01  0.02  0.01  0.03

fe  0.03  0.12  0.01  0.05  0.00  0.01

co  0.00  0.00  0.01  0.03  0.00  0.00

cu  0.12  0.56  0.03  0.12  0.01  0.04

Zn  0.04  0.18  0.03  0.12  0.01  0.04

cl  0.04  0.10  0.02  0.05  0.00  0.01
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Fig. 3. sem image about the cotyledon lower and upper epidermal cells of Lycopersicon esculentum cv. 
h-2274 seedlings
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the potential of epidermal cells to accumulate cadmium reached to 1.15% (% ele-
ment concentration). on the other hand, the percentage of the element concentrations 
in the same epidermal cells were 53.40% for carbon, 26.09% for nitrogen, 18.09% for 
oxygen, 0.30% for sulfur, 0.20% for phosphorus, 0.13% for calcium, 0.17% for 
sodium, 0.02% for magnesium, 0.09% for manganese, 0.11% for copper and 0.25% 
for chlorine. In the local region studied, potassium, iron and zinc as well as cobalt, 
which is not considered as a nutrient element for L. esculentum, were not found 
(table 2).

In our study, applying of toxic concentrations of cadmium resulted in increased 
carbon (p < 0.05), nitrogen (p < 0.05), magnesium and sulfur contents in the root epi-
dermal cells. however, increases in sulfur (p > 0.05) and magnesium (p > 0.05) con-
tents were not significant. Also, after applying the toxic concentrations of cadmium 
to the seedlings, there were no significant changes in the manganese content as well 
as the sodium content which is not a nutrient element for L. esculentum. cadmium, 
however, resulted in marked decreases in particularly oxygen content (p < 0.001) as 
well as in phosphorus (p < 0.001), potassium (p < 0.001), calcium (p < 0.001) and  

Fig. 4. cadmium content in energy dispersive X-ray microanalysis spectrum from the root epidermal cells 
of Lycopersicon esculentum cv. h-2274 seedlings incubated in cadmium-containing nutrient solutions 

(accelerating voltage: 15 kv)



326 G. Colak et al.

Acta Biologica Hungarica 65, 2014

copper contents (p < 0.01) of the cells. The decreases in zinc (p > 0.05) and iron 
(p > 0.05) content of cells did not demonstrate a statistical difference. Increased chlo-
rine content (p < 0.001) in the cells is probably caused by the applying of cadmium as 
the form of chloride.

dIscussIon

In a study conducted on Brassica napus in order to shed light on the nutrient element-
heavy metal stress interactions, while exposure to cadmium caused increases of iron, 
copper, zinc, and phosphorus concentrations in roots, it reduced potassium concentra-
tions, and it was also observed that sulfur contents of shoots under cadmium stress 
were considerably high [14]. The addition of cadmium to soil significantly decreased 
calcium, iron, and manganese intakes in young Helianthus annuus seedlings [27]. 
While cadmium applications increased cadmium concentrations in triticum turgidum 
var. durum, it reduced potassium, zinc, and manganese concentrations of shoots and 
roots but did not affect iron, and copper concentrations [12]. In another study, cad-
mium additions to wheat plants reduced sulfur, phosphorus, magnesium, molybde-

table 2
edX results in the root epidermal cells of Lycopersicon esculentum cv. h-2274 seedlings incubated 

in cadmium-containing nutrient solutions

element
control cadmium application

statistical analysis
% atom % elemental 

weight % atom % elemental 
weight

c 58.65 52.18 59.38 53.40 p < 0.05

n 21.01 21.80 24.88 26.09 p < 0.05

o 19.18 22.73 15.10 18.09 p < 0.001

s  0.11  0.27  0.13  0.30 p > 0.05

P  0.41  0.93  0.08  0.20 p < 0.001

K  0.09  0.26  0.00  0.00 p < 0.001

ca  0.20  0.59  0.04  0.13 p < 0.001

mg  0.00  0.00  0.01  0.02 p > 0.05

na  0.10  0.17  0.10  0.17 –

mn  0.02  0.09  0.02  0.09 –

fe  0.03  0.12  0.00  0.00 p > 0.05

co  0.00  0.00  0.00  0.00 –

cu  0.12  0.56  0.02  0.11 p < 0.01

Zn  0.04  0.18  0.00  0.00 p > 0.05

cl  0.04  0.10  0.10  0.25 p < 0.001
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num, manganese, and boron concentrations of plant organs, it increased iron concen-
trations [36]. Quariti et al. [23], too, reported that the increases in cadmium concen-
trations caused reductions in seedlings contained calcium, potassium, and nitrogen 
when they applied nutrient solutions containing cadmium on L. esculentum seedlings 
for 7 days. 

In our study, analyses of element compositions were conducted on root epidermal 
cell level. It was found that cadmium applied in toxic concentrations were more effec-
tive especially on macroelement contents of root epidermal cells. there were increas-
es in carbon, nitrogen, magnesium, and sulfur contents of epidermal cells. however, 
these increases were not high so as to create a statistical difference compared to the 
control for magnesium and sulfur. cadmium caused decreases predominantly in oxy-
gen, and also phosphorus, potassium, calcium, copper, iron, and zinc contents of 
cells. however, decreases in zinc and iron contents did not create a statistical differ-
ence. application of cadmium in toxic concentration did not change manganese, 
sodium, and cobalt contents of epidermal cells.

the decrease we established in the potassium concentration of root epidermal cells 
were also observed in previous studies conducted on complete organ level by Jalil et 
al. on triticum turgidum var. durum [12], larsson et al. on Brassica napus [14], 
gussarsson on Betula pendula [11], drazic et al. on Glycine max [9], obata and 
umebayashi on phaseolus vulgaris and pisum sativum [22], Quariti et al. [23] and 
moral et al. on Lycopersicon esculentum [20]. We are also in agreement with the 
opinions of moral et al. on Lycopersicon esculentum [20] and Zhang et al. on triticum 
aestivum [36] concerning the decreases we established in phosphorus contents of 
epidermal cells.

In our study, the decrease we established in calcium contents of root epidermal 
cells were also observed in studies previously conducted on complete organ level by 
gussarsson on Betula pendula [11], drazic et al. on Glycine max [9], simon on 
Helianthus annuus [27], yang et al. on Lolium perenne, trifolium repens, Brassica 
oleracea var. capitata and Zea mays [34], and Quariti et al. on Lycopersicon esculen-
tum [23]. however, a study that investigated the effects of cadmium on calcium, 
magnesium, manganese, and zinc contents of picea sitchensis seedlings demonstrated 
that only the levels of manganese of these nutrients were highly sensitive to the pres-
ence of cadmium in nutrient solutions [4]; calcium did not show any clear tendency 
through cadmium applications in any of the investigated plants in the study con-
ducted by obata and umebayashi [22]; in a study conducted with 4 different Oryza 
sativa genotypes, cadmium did not have any significant effect on calcium uptake [8].

according to a view: “heavy metal uptake of plants determines both micronutrient 
and toxic metal contents of our nutrients” [28]. In a study that investigates the effects 
of cadmium stress on iron, zinc, manganese, and copper uptake and accumulation of 
20 different Oryza sativa genotypes, significant positive correlations were found 
between cd2+ and fe3+, cd2+ and Zn2+, cd2+ and mn2+, and cd2+ and cu2+ contents 
of roots [17]. In a study conducted with Hordeum vulgare, negative correlations were 
discovered between zinc, copper, and manganese concentrations in various plant 
organs with cadmium concentrations [32]. While the correlation of cadmium with 
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manganese and copper in Brassica juncea and spinacia oleracea roots and shoots 
were antagonistic, the correlation with zinc and iron were synergistic in low cadmium 
applications, and antagonistic in high cadmium applications [26]. negative correla-
tions were found between cadmium and zinc in nicotiana tabacum; it demonstrated 
the two metals were antagonistic and that zinc accumulations decreased while cad-
mium increased [31]. In studies conducted on complete organ level by Jalil et al. on 
triticum turgidum var. durum [12], drazic et al. on Glycine max [9], yang et al. on 
Lolium perenne, trifolium repens, Brassica oleracea var. capitata and Zea mays [34], 
and moral et al. on Lycopersicon esculentum [20], too, similar antagonistic tenden-
cies were noted in cadmium and zinc contents. although similar antagonistic tenden-
cies were observed in our study for iron and zinc elements, differences did not com-
prise statistical significance. Cadmium application did not cause any change in 
manganese contents of epidermal cells. The significance of the increase we observed 
in chloride contents of micronutrient elements of epidermal cells probably stemmed 
from the application of cadmium in chloride form.

We obtained similar results for decreases that we established in copper levels of 
epidermal cells with studies conducted on complete organ level by Wu et al. on 
Hordeum vulgare [32], drazic et al. on Glycine max [9], yang et al. on Lolium per-
enne, trifolium repens, Brassica oleracea var. capitata and Zea mays [34], and sidhu 
and Khurana on Brassica juncea and spinacia oleracea [26]. however, cadmium-
copper interactions in studies conducted on Brassica napus [14], Oryza sativa [17], 
also Oryza sativa, Zea mays, phaseolus vulgaris, pisum sativum [22] and Betula 
pendula [11] were presented as synergistic. among the researchers that conducted the 
first studies on nutrient element-heavy metal stress interactions, Cataldo et al. [6] 
explained antagonistic correlations between cd2+ with cu2+, fe2+, Zn2+ and mn2+ at 
uptake and transport stages with kinetic interactions suggesting dependency to a com-
mon transport spot or process in a study conducted on Glycine max seedlings. drazic 
et al. [9] also evaluated the decrease in the cu2+, Zn2+ and mn2+ contents of roots in 
Glycine max seedlings as a result of the deteriorated membrane structure or functions. 
When evaluated together the observations of other researchers working on the same 
parameters, it was concluded that reactions on species and genotype level should 
absolutely be perceived as critical factors.
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