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The effect of copper excess (CuSO4) on lipid peroxidation, H2O2 content, and antioxidative enzyme 
activities was studied in primary leaves of bean seedlings. Fourteen-day-old bean seedlings were cultured 
in a nutrient solution containing Cu2+ at various concentrations (50 and 75 μM) for 3 days. Excess of 
copper significantly increased malondialdehyde content and endogenous H2O2. This radical accumulated 
in the intercellular spaces of palisade mesophyll cells. In addition, cupric stress induced changes in anti-
oxidant enzyme activities. GPX (guaiacol peroxidase, EC 1.11.1.7) activity was decreased in 50 μM 
Cu-stressed leaves whereas 75 μM of CuSO4 resulted in an increase of enzyme activity. On the contrary, 
CAT (catalase, EC 1.11.1.6) activity was stimulated at 50 μM CuSO4 but unaltered at 75 μM CuSO4. 
Transmission electron microscopy revealed that excess copper induced changes in the ultrastructure of 
chloroplasts visible in form of a deterioration in the grana structure and the accumulation and swelling of 
starch grains in the stroma.
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INTRODUCTION

The contamination of soil by heavy metals is a worrying problem because it does not 
only concern the deterioration of the environment with its impact on the flora and 
fauna but it also represents a real public health problem through the contamination 
food crops. Heavy metals accumulated in the soil can be assimilated by vegetation 
that is replanted, spontaneous, or cultivated. Heavy metals are divided into two 
groups according to their cellular effects: transition metals such us copper and iron 
and non-redox-reactive heavy metals such as cadmium and mercury.

Transition metals catalyze the formation of OH. and H2O2 radicals through non-
enzymatic chemical reactions such as the Haber-Weiss and Fenton reaction [20, 21, 
43]. When the intracellular concentration of free radicals rises beyond the antioxidant 
capacity of the cell and when it becomes uncontrollable by the antioxidative enzyme 
systems, a state of oxidative stress develops. In the case of copper, higher concentra-
tions cause a change in the oxidative metabolism characterized by the increase of 
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active oxygen species such as the superoxide anion (O2
–), singlet oxygen (1O2), 

hydrogen peroxide (H2O2) and the hydroxyl radical (.OH). The resulting oxidative 
stress is characterized by the lipoperoxydation of membranes and by the modulation 
of antioxidative enzyme activities [7]. The damaging effects of Cu-stress are often 
alleviated by enzymatic systems scavenging reactive oxygen species like peroxidases 
and CAT. Therefore, the modulation of antioxidant enzymes can be used as an indica-
tor of copper toxicity prior to the appearance of visible symptoms in cell structure 
[47]. 

Most studies on the effect of heavy metals have focused on the physiological 
responses of the plant root because this is the first organ to come into contact with the 
metals. Hence, roots generally show higher copper contents than the leaves of the 
same plant. However, after uptake by the roots, the metal is transported into the 
shoots and interferes with important cellular processes such as photosynthesis and 
respiration [36, 49]. Metal uptake, transport, accumulation in different organs, and 
tolerance have been subject of numerous studies that revealed the importance of 
understanding how plants respond to toxic doses of heavy metals [15, 45, 47]. The 
response is influenced by the manner in which the ions are distributed between tissues 
and organs and depends on the administered concentration [15, 38]. 

The aim of the present study was to determine the effect of copper on lipid per-
oxidation, H2O2 content, and antioxidative enzyme activities in the primary leaves of 
bean seedlings. We complement the biochemical analysis by an ultrastructural locali-
zation of H2O2 and an analysis of chloroplast structure, and relate these data with 
seedling growth and metal accumulation.

MATERIALS AND METHODS

Plant material and growth conditions

Bean seeds (Phaseolus vulgaris var. Belna) were germinated and grown in a con-
trolled chamber at 25 °C ± 2 °C and 65% relative humidity, with a photoperiod of 16 h 
and a light intensity of 150 μmol/m2 pers as previously described by Mazhoudi et 
al. [28].

Fourteen-day-old seedlings were treated for 72 h by addition of 50 and 75 μM of 
CuSO4 to the nutrient medium.

Quantification of total amount of absorbed copper

Dried leaf material was ground to powder and wet-digested in 65% nitric acid (1 mL 
per 0.1 g of dry matter). The digested material was resuspended in distilled water. The 
Cu content of leaf tissue was determined using atomic absorption spectrophotometer 
(Perkin Elmer-model 2380, C.R.G.R.).
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Quantification of H2O2  formation

Hydrogen peroxide levels were determined according to Sergiev et al. [44]. Leaf tis-
sue (500 mg) was homogenized on an ice bath with 5 mL 0.1% (w/v) trichloroacetic 
acid (TCA). The homogenate was centrifuged at 12,000 g for 15 min and 0.5 mL of 
the supernatant was added to 0.5 mL 10 mM potassium phosphate buffer (pH 7.0) and 
1 mL 1M KI. The absorbance of the supernatant was measured at 390 nm, and the 
H2O2 content was deduced with the help of a standard curve.

Lipid peroxidation

The level of lipid peroxidation was evaluated with the thiobarbituric acid (TBA) reac-
tion. Fresh tissue was homogenized in 0.5% (w/v) TBA prepared in 30% (w/v) TCA 
as described by Baccouche et al. [4]. The homogenate was incubated at 95°C in a 
water bath for 30 min and then cooled on an ice bath. After centrifugation at 10,000 × g 
for 10 min, the absorbance of the supernatant was measured at 532 nm and corrected 
by substracting the non-specific absorbance at 600 nm. MDA concentration was cal-
culated using an extinction coefficient of 155 mM–1 cm–1.

Enzyme extraction

Plant material was extracted in 50 mM potassium phosphate buffer (pH 7.0) contain-
ing 5 mM sodium ascorbate and 0.2 mM EDTA. The homogenate was centrifuged at 
13,000 × g for 15 min. The resulting supernatant was considered as soluble enzy-
matic fraction.

Extraction was performed at 4 °C. Protein concentration was determined according 
to Bradford [9] using bovin serum albumin as standard protein.

Antioxidant enzyme assays

Catalase activity was determined spectrophotometrically by monitoring the absor-
bance of changes caused by disappearing H2O2 at 240 nm according to Aebi [1], in 
50 mM potassium phosphate buffer (pH 7.0) containing 10 mM H2O2 and enzyme 
extract.

Guaiacol peroxidase activity was determined following the increase in absorbance 
at 470 nm by adding the enzymatic preparation to 2 mL of 9 mM guaiacol and 10 mM 
hydrogen peroxide in 25 mM potassium phosphate buffer (pH 7.0) [18].
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Transmission electron microscopy (TEM)

In situ localization of H2O2

Hydrogen peroxide production was assessed cytochemically via determination of 
cerium perhydroxide formation after the reaction of CeCl3 with endogenous H2O2 
[37]. Fresh leaves were cut into slices (2 mm2) and incubated for 1 h in 5 mM CeCl3 
in 50 mM 3-(N-morpholino) propanesulpfonic acid (MOPS) pH 7.2. After incuba-
tion, sections were fixed in a solution of 2% formaldehyde and 2.5% glutaraldehyde 
in 0.05 M phosphate buffer (pH 7.2) (freshly prepared). Samples were washed twice 
in the same buffer, dehydrated in a graded aceton series (25, 50, 70, 90, 95 and 100%) 
and gradually embedded in Spurr’s resin. Thin sections were obtained on a Leica 
Ultracut microtome, contrasted with uranyl acetate in ethanol, mounted on uncoated 
copper grids and observed using a JEOL-JEM-100 S transmission electron micro-
scope operated at 80 kV.

Analysis of chloroplast ultrastructure

Leaf samples were directly aldehyde-fixed as described above, and then post-fixed for 
2 h in 1% aqueous osmium tetroxide. Subsequently, the samples were processed for 
sectioning and observation as described above.

Statistical analysis

The results presented are the values ± standard error obtained from at least six repli-
cates. Significant differences between treated and control plants are determined using 
ANOVA test (P < 0.05).

RESULTS

Growth inhibition and copper accumulation

To expose bean seedlings to cupric stress we complemented the nutrient medium with 
50 or 75 μM CuSO4. These concentrations had previously been shown to cause dra-
matic but not lethal effects in plants of this species [8]. Remarkably, the responses to 
these two concentrations were significantly different in bean roots [7]. Our data show 
that both concentrations significantly reduced primary leaf growth in bean seedlings. 
Leaf surface was reduced (Fig. 1A) and, fresh matter production (Fig. 1B) decreased 
by 21 and 31% at 50 and 75 μM CuSO4, respectively. Reduction in dry weight 
(Fig. 1C) was even more dramatic and more pronounced at the higher concentration 
of the metal. 
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Quantification of copper in the plant tissue confirmed that seedlings treated with 
the metal supplement in the nutrient medium accumulated high amounts of the ion in 
the leaves (Fig. 1D).

H2O2, malondialdehyde and protein content

Both H2O2 (Fig. 2A) and malondialdehyde (MDA; Fig. 2B) levels in the primary 
leaves were significantly enhanced as a result of Cu-treatment with not significant 
difference between the two metal concentrations used. The increase in MDA content 
is indicative of lipoperoxidation being induced.

Cupric stress also significantly increased the total protein amount in the leaves, 
however only at a copper concentration of 50 μM. At the higher metal concentration 
no significant difference was measured compared with the control (Fig. 2C).

Fig. 1. Leaf surface (A), fresh and dry weight production (B and C) and copper accumulation (D) in 
primary leaves of bean seedlings exposed to 50 and 75 μM of CuSO4 for 3 days. Data are mean values 

of three independent experiments. SE are indicated by vertical bars
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Localization of H2O2 in situ

To ultrastructurally localize H2O2 we performed a histochemical assay based on the 
determination of cerium perhydroxide after the reaction of CeCl3 with endogenous 
H2O2 which produced electron-dense insoluble precipitates. Unlike the control, 
Cu-treated plants showed electron-dense precipitates of cerium perhydroxide in the 
cell wall and in the intercellular spaces of the palisade parenchyma (Fig. 3).

Fig. 2. H2O2 level (A), MDA and protein content (B and C) in primary leaves of bean seedlings exposed 
to 50 and 75 μM of CuSO4 for 3 days. Data are mean values of three independent experiments. SE are 

indicated by vertical bars
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Fig. 3. Cytochemical localization of Cu-induced H2O2 accumulation in cell wall and in the intercellular 
spaces of palisade parenchyma in primary leaves of bean seedlings exposed to CuSO4 for 3 days. 

(A) control, (B) 50 μM CuSO4 and (C) 75 μM CuSO4. cw: cell wall, c: chloroplast. Bar = 1 μm

Fig. 4. Activities of guaiacol peroxidase (A) and catalase (B) in primary leaves of bean seedlings exposed 
to 50 and 75 μM of CuSO4 for 3 days. Data are mean values of three independent experiments. SE are 

indicated by vertical bars
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Changes in CAT and GPX activities

CAT and GPX activities were investigated to determine whether Cu-exposure influ-
ences these antioxidant enzymes (Fig. 4). The responses of these enzymes to cupric 
stress depended on the concentration of the administered copper. Compared to the 

Fig. 5. Ultrastructure of chloroplasts in primary leaves of bean seedlings. (A) control, (B and C) 50 μM 
CuSO4 and (D and E) 75 μM CuSO4. c: chloroplast, g: granum, m: mitochondrion, s: starch grain. 

Bar = 1 μm
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controls, the activity of GPX decreased by 43% in the case of the 50 μM-treatment 
and increased by 23% in the case of the 75 μM-treatment (Fig. 4A). The behavior was 
inverse for CAT activity, which was stimulated by 100% at the lower concentration 
of the metal and virtually unaltered at the higher one (Fig. 4B). 

Chloroplast ultrastructure

Transmission electron microscopy of leaf sections revealed that chloroplasts were the 
cell organelles that were most affected by copper-induced excess. Fifty μM Cu- 
treatment caused a distortion and progressive disintegration of the thylakoid mem-
branes as well as an accumulation and swelling of the starch grains (Fig. 5B and C). 
The chloroplasts in plants treated with 75 μM CuSO4 showed a very much reduced 
size compared to the control. At this dose the accumulation of starch grains was less 
dramatic than that observed at the lower metal concentration (Fig. 5D and E).

DISCUSSION

Copper plays an important role in various metabolic processes in plants; it is an 
essential component for the biosynthesis of plastocyanin, cytochrom c oxidase, 
lactases, ascorbate oxidase, and it is implicated in the control of hormone metabolism 
[15, 38]. However, the metal can become toxic at high concentrations. Copper toxic-
ity depends on the administered concentration and on the manner the ions are distrib-
uted within the plant [15, 38].

In plants, the toxicity of excess copper is related mainly to its ability to change 
valence and initiate redox reactions. Copper belongs to the group of transition metals 
which is characterized by its susceptibility to trigger the production of reactive oxy-
gen species. 

In a previous study, we showed that excess copper (50 and 75 μM of CuSO4) 
induced oxidative stress in bean roots, as is evident from increased levels of hydrogen 
peroxide, the accumulation of MDA and the stimulation of peroxidase activities [7]. 
In the present study, the effects of identical concentrations of the metal were studied 
in the primary leaves of beans. The copper-induced reduction in leaf biomass (fresh 
and dry matter production) and the decrease in foliar surface area are consistent with 
data obtained in cucumber seedlings [2]. These effects are associated with a strong 
accumulation of the metal in the leaves of treated plants. 

The copper-induced reduction in plant growth has been related to physiological 
changes due to oxidative stress [25]. We were able to confirm that oxidative stress is 
induced in primary leaves of bean seedlings, since the administration of copper 
resulted in an increase of the levels of hydrogen peroxide (H2O2). Overproduction of 
H2O2 molecules can have several origins. It may result from the deterioration of elec-
tron transport in the photosynthetic and respiratory chains. Copper has been shown to 
inhibit electron transport across the photosynthetic electron transport chain (PSI and 
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PSII) and result in the production of reactive oxygen species such as singlet oxygen 
(1O2), superoxide anion (O2

–), hydroxyl ion (.OH) and hydrogen peroxide (H2O2) 
[41]. Elstner et al. [17]. showed that the H2O2 produced under metal stress is derived 
from the transformation of superoxides O2

– to H2O2 by superoxide dismutase 
enzymes. H2O2 molecules can play the role of a local signal causing cell death. 
Alternatively, it can diffuse through the cells, causing a change in the redox status and 
the polarity of cell membranes [3, 46]. 

The observations of leaf tissues by TEM showed an accumulation of H2O2 only in 
the intercellular spaces of palisade mesophyll cells. The location of this radical in 
apoplastic spaces can be explained by the activation of certain apoplastic enzymes 
like superoxide dismutase [23] and cell wall NADH oxidase which is a source for the 
generation of hydrogen peroxide [6, 7, 31, 37]. This is also observed as a result of 
other types of abiotic stress especially in the case of ozone (O3) application. Similarly 
to our data, Ranieri et al. [37] showed an accumulation of H2O2 in the cell walls and 
in the apoplastic spaces of spongy mesophyll cells of sunflower seedlings following 
ozone exposure. Alternatively, the accumulation of this molecule in the apoplast 
can be explained by the activation of lignification processes in response to cupric 
stress [34].

Our results also show that cupric stress enhances the concentration of malondial-
dehyde (MDA), thus suggesting that copper induces lipid peroxidation in the leaves. 
It is known from other experimental systems that copper causes the loss of membrane 
integrity as a result of lipoperoxidation [28, 47], an effect that has also been observed 
for other heavy metals such as zinc, nickel and cadmium [4, 26, 43, 48].

Lipoperoxidation can be initiated directly by the copper ion through its redox 
activity, but it can also be mediated by the activation of lipoxygenase [18, 47, 50]. 
Other metals can cause a change in the composition and structure of membrane lipids. 
The extent of these changes varies between species and organs [12]. Lindberg and 
Griffiths [24] showed that Al ions can result in an alteration in the composition of acyl 
lipids and an increase in the ratio of phosphotidylcholine / phosphotidylethanolamine 
in sugar beet roots. Similarly, Cakmak and Horst [10] suggest that aluminum facili-
tates lipoperoxydation in membranes followed by the disruption of the membrane 
structure. This is consistent with the capacity of Al to bind to the phosphate group of 
membrane lipids [10]. Ros et al. [39, 40] observed a reduction in the degree of 
unsaturation of phosphotidylcholines of the plasma membrane in the presence of Cd 
and Ni. Unlike Cd and Ni, the copper ion usually induces lipid peroxidation leading 
to the activation of membrane reactions that generate free radicals such as the reac-
tions of Haber-Weiss and Fenton [29]. Several studies have shown that copper 
induced stress causes an accumulation of active oxygen species such as singlet oxy-
gen (1O2), hydroxyl radical (.OH) and hydrogen peroxide (H2O2) [11, 41, 46, 47]. 
These active oxygen species cause lipid peroxidation. The maintenance of membrane 
integrity during exposure to stress is a crucial factor in determining the degree of 
tolerance of plants to the heavy metals [13]. 

The overproduction of harmful compounds (H2O2 and MDA) in leaf tissues under 
cupric stress can be quenched by the induction of enzymatic antioxidant enzymes. In 
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the present study, we examined the effect of excess copper on the activity of enzymes 
involved in the antioxidant mechanism defense such as guaiacol peroxidase and cata-
lase. Our results showed a significant decrease in GPX activity and inductibiliy of 
CAT in 50 μM Cu-stressed leaves. These results suggest that at this concentration of 
the ion, catalase contributes to the detoxification and elimination of hydrogen perox-
ide and restores the balance between the pro-oxidant and antioxidant metabolites. At 
75 μM CuSO4 on the other hand, CAT activity was unaltered, whereas the detoxifica-
tion of hydrogen peroxide was seemingly catalysed by GPX enzymes.

The biochemical changes of the redox state in copper exposed bean leaves were 
accompanied by disastrous effects on chloroplast ultrastructure. The structure of the 
chloroplast membranes was affected, in particular those of the thylakoids. The disor-
ganization of thylakoid systems could be the consequence of the oxidative degrada-
tion of unsaturated fatty acids following the establishment of oxidative stress [14, 26, 
30, 32]. Moreover, an accumulation of starch grains in the stroma was observed in the 
copper treated plants, consistent with observations made in other systems [5, 16, 33, 
35, 42]. This effect appeared to be less pronounced in the chloroplasts of plants 
treated with 75 μM CuSO4, which may be due to a more pronounced deterioration of 
these organelles. On the other hand, the accumulation of starch grains could be 
explained by the establishment of an imbalance between the synthesis of carbohy-
drates through photosynthesis and transport of metabolites by the phloem vessels. 
Similarly, Herren and Feller [22] have shown that excess Zn causes a decrease in the 
phloem transport which induces an accumulation of carbohydrate reserves in the 
chloroplasts. 

In conclusion, the present work has shown that the presence of excess copper 
causes oxidative stress in primary leaves of bean plants and a subsequent increase in 
antioxidant responses due to increased production of H2O2 and MDA. These effects 
were accompanied by changes in ultrastructure of chloroplasts. 
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