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Abstract Wheat seedlings cv. Zyta were treated with Cu,

Ni and Cd at the concentrations causing approximately

50 % root growth inhibition, i.e. 12.5, 50 and 60 lM,

respectively. Tissue metal accumulation, membrane per-

meability, lipid peroxidation, protein oxidation, concentra-

tion of thiol compounds as well as protease, glutathione

S-transferase (GST) and peroxidase (POD) activities were

studied in roots after 7 days of metal exposure. The metals

showed different concentrations in root tissues with Cu and

Cd being accumulated to the smallest and to the greatest

extent, respectively. Membrane permeability was signifi-

cantly enhanced by Cu and Ni but not by Cd treatment. All

metals induced similar increase in protein oxidation, while

significant enhancement of lipid peroxidation was observed

only in the case of Cu treatment. The detected thiol com-

pounds: cysteine (Cys), homocysteine (Hcy), c-glutamyl-

cysteine (c-GluCys) and glutathione (GSH) were differently

influenced by the metal treatment. Ni appeared to be the

most effective inductor of GSH accumulation while both Cu

and Ni similarly increased Cys content in the roots. Accu-

mulation of c-GluCys was found in response to Cu and Cd

applications. Concentration of Hcy was enhanced by Cd

treatment but exposure to Ni decreased its content below the

level of detection. The activity of GST was considerably

elevated by Cd and Ni treatments, while POD activity was

increased only in response to Cu application. Our study

showed that wheat roots differently responded to treatment

with metals used at the concentrations having similar

impact on growth.
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Introduction

Heavy metal pollution resulting from industrialization,

mining and other anthropogenic activities is an important

factor limiting productivity of crop plants. Phytotoxicity of

heavy metals has been ascribed to their detrimental

impact on different physiological processes and metabolic

pathways (Prasad 1995; Maksymiec 1997; Seregin and

Kozhevnikova 2006). Besides, a growing body of evidence

indicates that toxic effect of heavy metals on plants is

related to oxidative stress resulting from imbalance

between generation and removal of reactive oxygen species

by antioxidative system of a cell (Sharma and Dietz 2008).

Accumulation of lipid peroxides and protein carbonyls

considered as markers of oxidative stress has been reported

for plants exposed to various heavy metals, irrespective of

their redox properties (Dietz et al. 1999).

Tolerance of plants to heavy metals depends on effective

functioning of a complex defense system consisting of

metal-binding compounds, low molecular antioxidants,

antioxidative enzymes and those participating in detoxifi-

cation processes. Formation of complexes between metal
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ions and thiol compounds is considered as a specific defense

strategy against heavy metal toxicity (Cobbett and

Goldsbrough 2002). Cysteine (Cys), produced at the final

step of sulfate assimilation pathway, is indispensable for

biosynthesis of all thiol metabolites in plants. Synthesis of

tripeptide glutathione (c-glutamylcysteinylglycine, GSH) is

catalyzed by two ATP-dependent enzymes: c-glutamylcys-

teine synthetase (EC 6.3.2.2) mediating formation c-glut-

amylcysteine (c-GluCys) from glutamate (Glu) and Cys and

glutathione synthetase (EC 6.3.2.3) that ligates a glycine

(Gly) residue with c-GluCys to form GSH. Phytochelatins

(PC) with the general structure (c-GluCys)nGly that are

produced by PC synthase (EC 2.3.2.15) are specific metal-

binding polypeptides playing an important role in transport

of heavy metals and their sequestration in a vacuole (Grill

et al. 1989). Literature data indicate that Cys and GSH not

only serve as substrates for PC but also have the ability to

act as metal chelators (Dokken et al. 2009; Delalande et al.

2010). Additionally, GSH is a very important low-molecular

antioxidant involved in maintaining the redox balance in

plant cells and is used as a substrate for different GSH-

dependent enzymes (Yadav 2010).

An important role in the removal of xenobiotics as well

as toxic endogenous compounds, such as breakdown

products of lipid and protein oxidation, is ascribed to

glutathione S-transferase (GST, EC 2.5.1.18) that catalyses

conjugation of electrophilic substrates to GSH (Marrs

1996; Edwards and Dixon 2004). It has also been suggested

that GST may participate in the formation and transport of

complexes between metals and thiol compounds (Adamis

et al. 2004). Peroxidase (POD, EC 1.11.1.7.) that catalyses

H2O2-dependent oxidation of numerous substrates includ-

ing phenolic compounds takes part in several processes of

cell wall strengthening such as lignification and cross

linking of hydroxyproline rich proteins and feruloylated

polysaccharides (Hiraga et al. 2001). Peroxidase-mediated

changes in cell wall structure have been suggested to play

a role in restriction of metal uptake by plant cells as well as

to be responsible for reduction of plant growth observed

under stress conditions (Dı́az et al. 2001).

Wheat, showing considerably high sensitivity to heavy

metals is one of the major food crops worldwide. The

objective of our work was to get better insight into the

functioning of this important species under heavy metal

stress. In most studies aimed at comparing the biochemical

response of plants to various heavy metals, the metals are

used at equal concentrations. However, sensitivity of plants

to metals differs a lot and the same dose of various metals

usually induces diverse stress severity in a studied plant

(Ivanov et al. 2003). Growth reduction, reflecting distur-

bances in physiological and metabolic processes is con-

sidered to be a reliable indicator of plant sensitivity to

heavy metal stress. The purpose of our work was to

compare the biochemical response of wheat roots to Cu, Ni

and Cd used at the concentrations causing comparable

effect on root growth, i.e. 50 % length reduction. Our study

was focused on oxidative stress and activation of defense

mechanisms in the roots of heavy metal-treated wheat

seedlings. Intensity of oxidative stress was evaluated by

measuring lipid peroxide and protein carbonyl contents.

The studied defense reactions included production of low

molecular thiol compounds and induction of protease, GST

and POD activities.

Materials and methods

Plant material and growth conditions

Seeds of wheat (Triticum aestivum L., cv. Zyta) provided

by Hodowla Roślin Strzelce Sp. z o.o., Poland were ger-

minated in Petri dishes for 2 days. Then the seedlings were

transferred into the diluted (1:4) Hoagland nutrient solution

containing 12.5 lM Cu, 50 lM Ni or 60 lM Cd supplied

as sulphates. The pH of the nutrient solution was adjusted

to 5.8. The above metal concentrations caused 50 %

reduction in root length increment after 7 days of exposure

and were chosen on the basis of our preliminary experi-

ment. The seedlings grown in the nutrient solution without

metal supplementation were considered as the control. The

seedlings were grown in a controlled climate room at

24 �C with 16-h photoperiod (175 lmol m-2 s-1 PPDF).

After 7 days the roots were harvested and concentrations of

Cu, Ni, Cd and thiol compounds, electrolyte leakage, lipid

peroxidation and protein oxidation as well as protease,

GST and POD activities were estimated.

Cu, Ni, and Cd concentrations

Concentrations of Cu, Ni and Cd in the wheat roots were

determined by atomic absorption spectrometry. After har-

vesting the roots were carefully rinsed and dried. Then the

oven-dried tissue was digested in HNO3:HClO4 (4:1, v/v)

solution at 140 �C. Metal contents were determined using

Varian SpectrAA 300 spectrometer (Varian Australia Pty.

Ldt., Mulgrave, Australia) equipped with deuterium lamp

for background correction and an air/acetylene flame.

Concentrations of Cu, Ni and Cd were estimated at 324.8,

232 and 228.8 nm, respectively. The standards of Cu, Ni

and Cd (T.J.Baker) were used for calibration. The accuracy

of analyses was evaluated with the certified reference

material (tea leaves, INCT-TL-1, Institute of Chemistry

and Nuclear Techniques, Warsaw, Poland) subjected to the

same digestion procedure and determination conditions as

described above. Metal contents in the roots were expres-

sed in lg per g DW.
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Electrolyte leakage

To evaluate membrane permeability electrolyte leakage

from cells was determined conductometrically according to

the modified method of Masood et al. (2006). Briefly, the

samples of root tissue (0.2 g) were washed in deionised water

and then placed in flasks containing 20 ml of deionised

water. The samples were shaken gently (100 rpm) for 2 h at

room temperature and electrical conductance (EC1) of liquid

was determined afterwards using Mettler-Toledo conduc-

tometer (Mettler-Toledo GmbH, Schwerzenbach, Switzer-

land). Then, the samples, still in the same solution, were

incubated in boiling water bath for 10 min to kill the tissue

completely and conductance (EC2) was measured again. The

electrolyte leakage (EL) was calculated according to the

formula: EL = (EC1/EC2) 9 100 %.

Lipid peroxidation

The quantity of lipid peroxidation products was measured in

terms of thiobarbituric acid-reacting substances (TBARS)

content according to the modified method of Yagi (1976)

as described previously (Gajewska and Skłodowska 2010).

The level of lipid peroxides was expressed in nmol of

TBARS per g FW.

Protein oxidation

Protein oxidation, given as carbonyl protein (CO-protein)

content was measured by reaction with 2,4-dinitrophenyl-

hydrazine (DNPH) according to Levine et al. (1990) as

described previously (Gajewska and Skłodowska 2010).

Carbonyl content was expressed in nmol of CO per mg

protein.

Thiol compounds

To analyze thiol compounds the samples were homoge-

nized (1:3 w/v) in an ice-cold mortar with 50 mM sodium

phosphate buffer pH 7.0 and centrifuged (20,0009g,

20 min). The thiol levels were assayed using the method of

Głowacki and Bald (2009). Briefly, supernatant (50 ll) was

diluted with 50 ll of 0.1 M sodium phosphate buffer pH

7.4. Disulfide bonds were reduced by treatment with 10 ll

of 0.25 mM tris(2-carboxyethyl)phosphine (TCEP) for

10 min, and derivatized with 10 ll of 0.1 M 2-chloro-1-

methylquinolinium tetrafluoroborate (CMQT) for 3 min at

room temperature. The reaction mixture was treated with

50 ll of 3 M perchloric acid, the precipitated proteins

removed by centrifugation (12,0009g, 10 min), and 20 ll

of the supernatant was injected onto a C18 HPLC column.

Concentrations of thiol compounds in the roots were

expressed in nmol per g FW.

Enzyme activity

Proteolytic activity as well as POD and GST activities were

extracted and assayed as described earlier (Gajewska and

Skłodowska 2010). The proteolytic activity was expressed

in units, each representing the amount of enzyme causing

increase in absorbance (measured at 366 nm) by 0.01 per

1 h. POD activity was expressed in units, each representing

the amount of enzyme catalyzing the formation of 1 lmole

of tetraguaiacol per minute. GST activity was expressed in

units, each representing the amount of enzyme catalyzing

the formation of 1 nmole of S-conjugates per minute.

Protein content in the samples was determined by the

method of Bradford (1976), with standard curve prepared

using bovine serum albumin.

Statistical analyses

The results presented are the means of 5 independent

experiments (n = 5). Sample variability was estimated by

standard deviation of the mean. The significance of dif-

ferences between the control and treatment mean values

were determined by Student’s t test using Statistica 9.0

software (StatSoft Inc., Tulsa, OK, USA). Differences at

P \ 0.05 were considered significant.

Results

Metal accumulation

Concentrations of Cu, Ni and Cd in roots of the control

wheat seedlings differed considerably, with Cd being the

least and Cu the most abundant (Table 1). Exposure of the

wheat seedlings to Cu, Ni and Cd led to significant increase

in these metals contents in the roots in comparison to the

control, with Cu showing the lowest and Cd the highest

accumulation in the root. Application of 12.5 lM Cu,

50 lM Ni and 60 lM Cd resulted in 37-fold, 280-fold and

1861-fold increases in the respective metal concentrations

as compared to the control values.

Electrolyte leakage, oxidative stress and proteolytic

activities

Electrolyte leakage reflecting membrane permeability of

root cells was not significantly influenced by Cd applica-

tion (Fig. 1a). On the contrary, Cu and Ni treatments

increased electrolyte leakage by 45 and 40 % over the

control level, respectively. Lipid peroxidation, estimated

on the basis of TBARS concentration, was enhanced by

44 % in the case of Cu treatment, while it was not signif-

icantly altered after Cd and Ni application (Fig. 1b).
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All metals led to similar increase in carbonyl groups con-

tent, ranging from 28 to 34 % over the control level

(Fig. 1c). Protease activities, both acid (pH 5.0) and

slightly basic (pH 7.5) were not significantly influenced by

metal treatments (Fig. 1d).

Thiol compounds

In the samples obtained from wheat roots 4 thiol com-

pounds were identified by HPLC analysis: Cys, Hcy,

c-GluCys and GSH. Treatment with metals had differential

impact on their contents. Application of Cd did not influ-

ence Cys content in the roots, while Cu and Ni caused 2.9-

and 2.4-fold enhancement of this amino acid concentration,

respectively (Fig. 2a). Concentration of Hcy increased over

2-fold in response to Cd application but it was not influ-

enced by Cu treatment. Exposure to Ni led to decrease in

Hcy content below the level of detection (Fig. 2b). All

metals used in our experiment caused enhancement of the

total GSH content in the roots (Fig. 2c). Exposure to Cu

and Cd resulted in 3.3- and 2.6-fold increase in GSH

concentration, respectively. Nickel was the most effective

inductor of GSH accumulation leading to almost 15-fold

increase in this tripeptide content in the roots. Neither the

control roots nor those treated with Ni contained detectable

quantities of c-GluCys (Fig. 2d). Concentration of this

thiol in Cd-treated roots 4 times exceeded that found in

Cu-treated ones.

Table 1 Effect of 12.5 lM Cu, 50 lM Ni and 60 lM Cd treatments

on concentrations of these metals in wheat roots

Treatment Root metal content (lg g-1 DW)

Cu

Control 14.59 ± 1.80

Cu-treated 546.99 ± 53.21***

Ni

Control 2.95 ± 0.30

Ni-treated 828.20 ± 56.48***

Cd

Control 0.90 ± 0.20

Cd-treated 1674.59 ± 120.23***

Data are mean ± SD

*** Indicate values that differ significantly from the control at

P \ 0.001
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Fig. 1 Electrolyte leakage (a), lipid peroxidation (b), protein oxida-

tion (c) and protease activities (d) in wheat roots after 7 days

of treatment with 12.5 lM Cu, 50 lM Ni and 60 lM Cd. Bars

represent SD of means. n = 5. *, **, *** Indicate values that differ

significantly from the control at P \ 0.05, P \ 0.01 and P \ 0.001,

respectively
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GST and POD activities

Treatment with Cu did not significantly influence GST

activity in the wheat roots (Fig. 3a). In contrast, application

of Cd and Ni resulted in enhancement in this enzyme

activity, by 184 and 59 %, respectively. The activity of

POD increased by 50 % in response to Cu exposure, while

the other metals used did not significantly alter this enzyme

activity (Fig. 3b).

Discussion

Inhibition of root growth, one of the most common

symptoms of metal toxicity, is often used to assess toxicity

of metals for plants. Taking into consideration values of

concentrations causing 50 % reduction in root growth:

12.5 lM for Cu, 50 lM for Ni and 60 lM for Cd, Cu was

the most toxic for wheat plants cv. Zyta, while Ni and Cd

showed similar toxicity, about 4–5 times lower in com-

parison to Cu. The observed differences in toxicity of the

studied metals did not depend on the level of their uptake

by the roots since Cu showing the greatest toxicity was

accumulated at the lowest level. Our experiment also

revealed that the amounts of metals taken up by the wheat

roots were not closely related to their concentrations in the

growing medium. Cd content in the roots treated with this

metal was almost twofold higher in comparison with Ni

although both metals were used at similar doses. It has

been suggested that phytotoxicity of metals, besides their

ability to enter plant tissues, may be also related to their

physicochemical properties including affinity to SH groups

or electronegativity (Ivanov et al. 2003).

Intensity of oxidative stress in plant tissues is usually

estimated on the basis of the level of lipid peroxidation. In

our work elevated lipid peroxidation was found in Cu-

treated roots while in Ni- and Cd-treated ones it was not

significantly altered. Similarly, in the roots of chamomile

plants treated with the same metals significant induction of

lipid peroxidation was observed only in response to Cu

application (Kováčik et al. 2006, 2008, 2009). This result

may be explained by differences in redox properties of the

metals used. Copper, being a transition metal, exhibits the

highest oxidative potential and ability to catalyze Fenton/

Haber–Weiss reaction that leads to generation of hydroxyl

radicals. Lack of increase in lipid peroxidation found in

Ni- and Cd-treated wheat roots may be associated with the

fact that these metals possess much lower redox activity in
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Fig. 2 Cysteine (a), homocysteine (b), glutathione (c) and c-glutam-

ylcysteine (d) contents in wheat roots after 7 days of treatment with

12.5 lM Cu, 50 lM Ni and 60 lM Cd. Bars represent SD of means.

n = 5. *** Indicate values that differ significantly from the control at

P \ 0.001
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comparison with Cu and can induce oxidative stress only

indirectly. However, in our earlier studies we demonstrated

that higher doses of Ni and Cd enhanced lipid peroxide

level in the wheat roots (Gajewska and Skłodowska 2010),

which suggests that the ability of these metals to induce

lipid peroxidation may depend on their concentration.

Detrimental impact of heavy metals on biological

membranes, reflected by their increased permeability, is

considered to be associated with oxidative damage of

membrane lipids (Wong-ekkabut et al. 2007). This is in

line with our results obtained for Cu-treated wheat roots in

which electrolyte leakage from root cells and lipid perox-

idation were increased to the similar extent. However, in

Ni-exposed roots enhancement of electrolyte leakage was

not accompanied by significant induction of lipid peroxi-

dation, which suggests involvement of other disturbances

leading to elevated membrane permeability. It was dem-

onstrated that Ni might induce changes in membrane fatty

acid profile, lipid composition, and plasmalemma ATPase

function (Ros et al. 1992; Gajewska et al. 2012).

Contrary to lipid peroxidation, which was enhanced

exclusively by Cu treatment, protein carbonylation in the

wheat roots was elevated after treatment with all metals

used in our experiment. Moreover, all treatments resulted

in similar increase in protein carbonyls content, which

corresponded with the same root growth reduction indi-

cating comparable stress severity. It is believed that the

intracellular level of oxidized proteins reflects the balance

between the rate of protein oxidation and its degradation by

proteases (Pena et al. 2008). In our experiment neither acid

(pH 5.0) nor slightly basic (pH 7.5) protease activities were

affected by the metal treatment. It seems possible that

accumulation of carbonylated proteins observed in heavy

metal-treated wheat roots might be associated with insuf-

ficient functioning of the proteolytic system.

Low molecular thiol compounds are considered to play

an important role in protection of plants against heavy

metals and their elevated concentrations were often

detected in plant tissues in response to metal stress

(Cobbett and Goldsbrough 2002; Yadav, 2010). In our

experiment all the metals studied influenced quantities of

thiol compounds, however in a different manner. Elevated

level of Cys content was found in the wheat roots treated

with Cu and Ni, which is in agreement with previous

studies concerning the effect of these metals on plans

(Gupta et al. 2004; Srivastava et al. 2006; Alves de Oliveira

et al. 2009). However, in contrast to Mishra et al. (2009)

we did not observe increase in this amino acid content after

treatment with Cd. Enhancement of Cys concentration

might be attributed to the fact that it serves as a precursor

for synthesis of other thiol compounds involved in plant

reaction to heavy metal stress. Besides, there is evidence

that Cys itself may be directly involved in defense against

metals due to its ability to form stable complexes with

heavy metals such as Cu (Dokken et al. 2009).

Homocysteine is an amino acid not utilized for protein

synthesis, however it serves as an intermediate in methio-

nine metabolism (Macnicol et al. 1981; Blom and Smulders

2011). We found that Hcy content in the wheat roots was

diversely influenced by Cd and Ni treatments. While Cd

stress enhanced concentration of this compound, applica-

tion of Ni led to its decrease below the level of detection.

This suggests the metal-induced disturbances in this amino

acid metabolism resulting in its accumulation or increased

degradation. To our knowledge involvement of Hcy in

plant response to stress has not been studied yet. Further

research is needed to get insight into the role of this amino

acid in plant reaction to heavy metals.

In the roots of control plants c-GluCys is present in very

low concentrations such as 0.05 nmol g-1 FW (Tari et al.

2002) or is even below the detection level (Meuwly and

Rauser 1992). In our experiment the control and Ni-treated

roots did not contain detectable amounts of c-GluCys,
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Fig. 3 Glutathione S-transferase (a) and peroxidase (b) activities in

wheat roots after 7 days of treatment with 12.5 lM Cu, 50 lM Ni and

60 lM Cd. Bars represent SD of means. n = 5. **, *** Indicate

values that differ significantly from the control at P \ 0.01 and

P \ 0.001, respectively
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however this dipeptide was found in the roots exposed to

Cu and Cd and in Cd-treated ones was about fourfold more

abundant. Accumulation of c-GluCys in response to treat-

ment with these metals was previously reported for wheat,

maize, water hyacinth and salvinia (Meuwly and Rauser

1992; Tari et al. 2002; Alves de Oliveira et al. 2009).

Increase in this dipeptide content was suggested to result

from induction of c-GluCys synthetase activity or elevated

rate of GSH catabolism. The second possibility is rather not

likely to occur in the case of our study, since we did not

observe decreased GSH contents in the wheat roots that

accumulated c-GluCys.

In agreement with the results obtained by Gupta et al.

(2004) all metals used in our experiment caused enhance-

ment of GSH content in the wheat roots. Accumulation of

GSH under heavy metal stress may be associated with

increased demand for this tripeptide serving as a substrate

in phytochelatin synthesis. However, in our work the most

pronounced accumulation of GSH was found in the roots

exposed to Ni, which is considered to be a much weaker

activator of phytochelatin synthesis in comparison to Cd or

Cu (Schat et al. 2002). Literature data indicate that elevated

GSH content in plant tissues may be related to tolerance to

Ni, however the protective role of this tripeptide seems to

be associated rather with its antioxidative properties than

its involvement in metal chelation (Freeman et al. 2004).

In our study an inverse relation was found between GST

activity and accumulation of lipid peroxidation products. In

Cu-treated roots unchanged GST activity coincided with

enhanced level of TBARS while in Ni- and Cd-exposed

roots, showing a considerable induction of this enzyme

activity, the concentration of TBARS did not significantly

differ from that of the control. This observation implies

that under heavy metal stress GST may participate in

controlling the level of toxic products derived from lipid

peroxidation. Increase in GST activity in Cd-treated roots

was much more pronounced than that found in Ni-exposed

ones. Similar effect was also observed in barley roots

treated with both these metals used at concentrations

causing approximately 45 % root growth inhibition (Tamás

et al. 2008). Stimulation of GST activity in response to Cd

treatment might be associated with another function pro-

posed for this enzyme under heavy metal stress, i.e. its

involvement in metal chelation by thiol compounds. GST

was demonstrated to be necessary for the formation of

complexes between Cd and GSH in Saccharomyces cere-

visiae (Adamis et al. 2004). However, Delalande et al.

(2010) showed recently that production of Cd(GS)2 and

Cd(c-GluCys)2 complexes was spontaneous and did not

require participation of GST.

Increased activity of a non-specific peroxidase accompa-

nying reduction in root length was reported for

plants exposed to heavy metals including Cu, Ni and Cd

(Gabbrielli et al. 1999; Chen et al. 2000; Dı́az et al. 2001). In

line with these observations in our previous work dealing with

the effect of equal Cu, Ni and Cd concentrations (75 lM) on

wheat seedlings, the highest induction of POD activity found

in Cu-treated roots coincided with the most pronounced

growth reduction (Gajewska and Skłodowska 2010). Sur-

prisingly, in the present experiment significantly increased

POD activity was observed only in response to Cu application,

although all the metals used led to similar growth inhibition of

the wheat root system. This result indicated that induction of

POD activity was not associated with the degree of root

growth reduction, however its relationship with high sensi-

tivity of the wheat roots to Cu cannot be excluded.

In conclusion, our experiment demonstrated differential

responses of wheat roots to treatment with Cu, Ni and Cd

used at the concentrations similarly affecting growth. Cu,

causing 50 % root growth inhibition at the lowest dose was

proved to be the most toxic for wheat. There was no

relation between the toxicity of the metals used and their

accumulation in root tissues. High toxicity of Cu may be

associated with its prooxidative properties, which was

evidenced by increased lipid peroxidation level in the

roots. The metals used in our study induced specific

changes in the concentrations of low molecular thiols. Our

results suggest that induction of GST activity may be

related to lower sensitivity of a plant to heavy metals while

enhancement of POD activity may reflect high plant sen-

sitivity to these stress factors.
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