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Zinc (Zn) is an essential micronutrient required 
by plants for normal growth and development. 
Like other heavy metals, excess Zn invariably 
shows marked alterations in electron transport, 
membrane permeability and uptake and transloca-
tion of nutrient elements (Wang et al. 2009b). In 
recent years, several studies (Wang et al. 2009b) 
have demonstrated the effects of Zn (deficiency 
and excess) on the activity of many antioxida-
tive enzymes and antioxidant contents in plants. 
Glutathione and ascorbate detoxify reactive oxygen 
species (ROS) by direct scavenging or by acting 
as cofactors in the enzymatic reactions in the 
ascorbate glutathione cycle. The oxidative stress is 
bound up with the increased metal accumulation 

in plant and decrease efficiency of the ascorbate 
glutathione cycle under the metal stress (Wang et 
al. 2009a). Exposure to toxic metals also induces 
plant to accumulate high amounts of proline (Štefl 
and Vašáková 1982). Increased accumulation of 
proline leads to the increase of glutamate kinase 
activity and creates a possibility for an increase 
in glutamic acid content due to the synthesis of 
glutathione and phytochelatines in plant cells 
(Pavlíková et al. 2007). An increase of free proline 
inhibits biosynthesis of its excessive amounts in 
plant under heavy metal excess, and this results in 
the preferred utilization of glutamate for metabolic 
route leading to phytochelatin synthesis (Pavlíková 
et al. 2008).
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ABSTRACT

Responses of the chlorophyll, antioxidant enzymes and lipid peroxidation in maize growing in soil with zinc (Zn) 
and elemental sulfur (S) were studied. The results showed that sulfur alleviated the high toxicity of Zn and in-
creased the concentration of chlorophyll. The activities of superoxide dismutase (SOD) and peroxidase (POD) 
increased significantly and catalase (CAT) activity significantly decreased in plants treated with 1000 mg/kg Zn 
alone. Compared with the control, SOD and POD activity increased from 62.3 to 77.3 U/mg protein and 28 to 
41 nmol/min/mg protein, respectively. However, CAT activity decreased from 1.96 to 1.48 µmol H2O2/min/mg 
protein. The concentration of malondialdehyde (MDA) in maize leaves significantly increased as the concentration 
of Zn increased. Moderate concentrations of S (32 and 160 mg/kg) alleviated the increase of both SOD and POD 
activity and the decrease of CAT activity that were observed under conditions of Zn stress. The greatest decrease of 
SOD and POD activity were 17% and 21% and both were observed in the treatment of 160 mg/kg S combined with 
1000 mg/kg Zn. In this treatment, the greatest increase of CAT activity (11%) was also observed. The results suggest 
that moderate supplementation with S may ameliorate the toxicity caused by excess Zn and plays an important role 
in protecting plants from oxidative stress induced by excess Zn.
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Sulfur (S) is usually taken up by plant roots as 
sulfates. The reduction of sulfates to S2– results in 
their incorporation into cysteine and methionine 
(Leustek and Saito 1999). Plants contain a large 
variety of other organic sulfur compounds, which 
play important roles in heavy metal detoxifica-
tion and/or metabolism in plants (Kotrba et al. 
1999). However, there is little information about 
whether the increased sulfur reduced toxic effects 
of zinc in relation to oxidative stress and induction 
of leaf senescence. The objective of the present 
study was therefore to investigate the variations 
in chlorophyll concentration, antioxidant enzyme 
activity and lipid peroxidation of maize to elevated 
concentrations of elemental S and Zn in the soil.

MATERIAL AND METHODS

Soil. The top 20 cm of soil was collected from 
a profile in Qinghe, Beijing, China. The soil was 
air-dried, ground and sieved by passing through 
a 2-mm sieve. The physicochemical properties 
of the soil were as follows: soil type, hapli-ustic 
argosols, pH (in 0.01 mol/dm3 CaCl2) 7.25, organic 
matter content 12 g/kg, total Zn 68 mg/kg, sand 
(> 0.05 mm) 6.4%, silt (0.002–0.05 mm), 75.1% 
and clay (< 0.002 mm) 18.5%.

Experimental design and treatments. The ex-
periments were carried out using elemental S and 
Zn (Zn(NO3)2). The S was added to the soil at 
concentrations of 0 (S0), 32 mg/kg (S1), 160 mg/kg 
(S2) and 640 mg/kg (S3), and Zn was added in solu-
tion at concentrations of 0, 250 and 1000 mg/kg. 
All of the S and Zn treatments were applied prior 
to planting. There were 12 treatments and each 
was replicated three times. Basal fertilizers were 
applied at concentrations of 120 mg N (NH4NO3), 
80 mg P (KH2PO4) and 120 mg K/kg (KCl and 
KH2PO4) and were thoroughly mixed with the 
soil and treatments of S and Zn. Each pot received 
1 kg of soil, which was allowed to equilibrate for 
a period of 14 days before the plant seeds were 
sown. Six maize (Zea mays L.) seeds were sown 
per pot, and the plants were thinned to leave three 
seedlings in each pot one week after germination. 
The experiment was carried out in a greenhouse 
with a 14 h (26°C)/10 h (13°C) day/night cycle. Soil 
water content was adjusted regularly to maintain 
a weight equivalent of about 60% of the water 
holding capacity, and the plants were grown for 
seven weeks.

Soil/plant Zn analysis. Soils were digested with a 
mixture of concentrated HNO3: HClO4: HF (3:1:1) 

and total Zn was determined by inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) 
(Optima-2000, Perkin-Elmer Co. Ltd., USA). The 
harvested plant samples were rinsed with deion-
ized water, oven dried at 70°C for 48 h, ground 
with an agate mill and digested with a mixture of 
concentrated HNO3: HClO4: HF (3:1:1) before the 
total Zn content was analyzed as mentioned above.

Chlorophyll. The chlorophyll (a + b) concen-
tration was determined in 96% ethanol extracts 
of 0.5 g fresh leaf tissue as described by Cui and 
Wang (2006).

Activities of antioxidant enzymes. Protein 
content was determined according to the method 
of Bradford (1976). Total superoxide dismutase 
(SOD, EC 1.15.1.1) activity was determined ac-
cording to Giannopolitis and Ries (1977). Catalase 
(CAT, EC 1.11.1.6) activity was determined by 
following the consumption of H2O2 (extinction 
coefficient 39.4 mmol/cm) at 240 nm for 3 min (Cui 
and Wang 2006). Peroxidase (POD, EC 1.11.1.7) 
activity was determined as described by Cakmak 
and Marschner (1992).

Lipid peroxidation. The lipid peroxidation was 
determined by measuring the level of malondi-
aldehyde (MDA) using the method of Cui and 
Wang (2006).

Statistics. All of the data were subjected to 
ANOVA and are presented here as the mean ± 
SE of at least three independent experiments.

RESULTS AND DISCUSSION

Plant growth and zinc accumulation. Compared 
to untreated controls, the shoot yield was signifi-
cantly decreased in maize treated with 1000 mg/kg 
Zn with or without S addition. However, no sig-
nificant change was observed in plants treated 
with any of the tested concentrations of S and the 
same concentration of Zn (Table 1). Zn concentra-
tion in the shoots of maize significantly increased 
corresponding to the concentration of the Zn 
treatment. The concentration of Zn in maize in-
creased significantly in all of the plants that were 
also treated with S (Table 2). Growth of maize was 
not inhibited by addition of 250 mg/kg Zn, which 
suggests that moderate supplementation with Zn 
does not cause damage to plants. Similar results 
were also reported by others (Andrade et al. 2009).

Chlorophyll concentration. The concentrations 
of chlorophyll increased in plants treated with 
250 mg/kg Zn and decreased in plants treated with 
1000 mg/kg Zn at each of the tested concentrations 
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of S (Table 3). As S concentrations increased, the 
chlorophyll concentrations also initially increased 
and then decreased at same rate as in plants treated 
with Zn alone. The decrease in the chlorophyll con-
centration in plants that were not supplemented with 
Zn can be attributed to zinc deficiency. Moderate 
supplementation of Zn can increase the concentra-
tion of chlorophyll in Zn-deficient plants (Wang et 
al. 2009a). However, treatment with 1000 mg/kg 
Zn resulted in a decrease in the concentration of 
chlorophyll. Similar results were also reported in 
other studies (Wang et al. 2009b). The addition of 
elemental S (32–640 mg/kg) alleviated the high 
toxicity of Zn and increased the concentration of 
chlorophyll. The varying results regarding chloro-
phyll concentration indicate that the concentration of 
plant chlorophyll depends on plant species, growth 
conditions and the level of metal and S in the soils.

Antioxidant enzyme activity. Without S ad-
dition, treatment of maize with 1000 mg/kg Zn 
significantly increased SOD activity compared 
with the control (Figure 1, Table 4). With 32 and 
160 mg/kg S, the SOD activity decreased at each 
concentration of Zn. The greatest decrease (17%) 
was observed in plants treated with 160 mg/kg 
S combined with 1000 mg/kg Zn. POD activity 
increased significantly in all Zn treatments com-
pared with controls (28 nmol/min/mg protein). 

The highest value was 41 nmol/min/mg protein 
and occurred in the 1000 mg Zn treatment. POD 
activity decreased in plants treated with 32 and 
160 mg/kg S compared to treatment with Zn alone 
(Figure 1, Table 4). The greatest decrease (21%) 
was observed in plants treated with 160 mg/kg S 
combined with 1000 mg/kg Zn. In plants treated 
with 250 and 1000 mg/kg Zn, catalase (CAT) activ-
ity decreased from 1.96 µmol H2O2/min/mg pro-
tein to 1.89 and 1.48 µmol H2O2/min/mg protein, 
respectively. A significant decrease was observed 
in plants treated with 1000 mg/kg Zn compared 
with the control (Figure 1, Table 4). CAT activity 
increased with the addition of 32 and 160 mg/kg 
S. The greatest increase (11%) was observed in 
plants treated with 160 mg/kg S combined with 
1000 mg/kg Zn. A significant increase was observed 
in plants treated with 160 mg/kg S and 250 mg/kg 
Zn compared with the control.

Depending on the metal prosthetic group, SOD 
can be divided into four types: Cu/Zn-SOD, Fe-SOD, 
Mn-SOD and Ni-SOD. In the present study, the 
increased SOD activity induced by excess Zn can 
be attributed to an increase of Cu/Zn-SOD activity. 
Similarly, other plant biochemical parameters also 
changed under the heavy metal stress. For example, 
abiotic stress caused by excess Cd at concentration 
1.10-6 mol/L in a nutrition solution increased the 

Table 1. Shoot dry matter yield (g/pot) of maize at different concentrations of S and Zn

Zn rate (mg/kg)
S rate (mg/kg)

S0 S1 S2 S3
Zn0 2.79 ± 0.17 2.89 ± 0.22 3.06 ± 0.20 2.81 ± 0.08
Zn250 2.74 ± 0.06 3.06 ± 0.29 2.96 ± 0.13 2.85 ± 0.22 
Zn1000 1.73 ± 0.19 1.72 ± 0.22 1.77 ± 0.15 1.63 ± 0.24 
Analysis of variance
Zn level (Zn) P < 0.001
Elemental sulfur (S) ns
Zn × S ns

Table 2. Concentration of Zn (mg/kg) in maize at different concentrations of S and Zn

Zn rate (mg/kg)
S rate (mg/kg)

S0 S1 S2 S3
Zn0 29.7 ± 1.8 33.8 ± 1.9 36.3 ± 2.3 38.9 ± 1.3
Zn250 166.4 ± 17.5 189.7 ± 13.8 238.2 ± 8.4 297.5 ± 17.2 
Zn1000 437.6 ± 26.6 459.6 ± 29.7 507.6 ± 36.3 605.1 ± 45.5 
Analysis of variance
Zn level (Zn) P < 0.001
Elemental sulfur (S) P < 0.001
Zn × S P = 0.03
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total polyphenol and flavonoid contents in barley 
roots (Dudjak et al. 2004, Lachman et al. 2005). The 
decrease in the level of maize SOD activity result-
ing from treatment with S can be ascribed to the 
protective effects of S, which alleviated oxidative 
stress caused by excess Zn. In the present study, an 
increase in POD activity was observed in maize leaves 
under Zn stress. Similarly, increased POD has been 
observed in other plants grown under conditions of 
Zn stress (Prasad et al. 1999). 32 and 160 mg/kg S 
alleviated the increase of POD activity, suggesting 
that S has protective effects in plant grown under 
excess Zn stress. However, application of 640 mg/kg 

S induced a significant increase in POD activity in 
plants treated with 1000 mg/kg Zn. The reduction 
of POD activity as a result of application of S was 
observed in plants grown under conditions of cad-
mium stress (Cui and Wang 2006). Therefore, POD 
activity appears to be dependent on the plant species, 
the metal, the elemental S used for the treatment 
and the intensity of the stress. A decrease in CAT 
activity in plants grown under excess Zn stress was 
observed in present study. A similar decline in CAT 
activity was reported in other plants grown under 
excess Zn (Andrade et al. 2009). The decrease in CAT 
activity observed in plant supplemented with excess 

Table 3. Total chlorophyll concentration (mg/g FW) of maize at different concentrations of S and Zn

Zn rate (mg/kg)
S rate (mg/kg)

S0 S1 S2 S3
Zn0 2.36 ± 0.10 2.41 ± 0.03 2.48 ± 0.04 2.45 ± 0.15
Zn250 2.38 ± 0.11 2.66 ± 0.17 2.75 ± 0.06 2.49 ± 0.06 
Zn1000 2.08 ± 0.30 2.37 ± 0.11 2.51 ± 0.19 2.24 ± 0.20 
Analysis of variance
Zn level (Zn) P = 0.05
Elemental sulfur (S) ns
Zn × S ns
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Zn might be due to inhibition of enzyme synthesis or 
a change in the assembly of enzyme subunits (Radić 
et al. 2010). However, unlike our studies, increased 
CAT activity was observed in Brassica juncea grown 
under conditions of excess Zn (Prasad et al. 1999). 
These inconsistent results regarding CAT activity 
might be due to differences in the plant organs stud-
ied, the plant growth conditions, the durations and 
concentrations of the metals utilized and the plant 
species. Sulfur concentrations of 32 and 160 mg/kg 
prevented the decrease of CAT activity in plants 
treated with each of the tested concentrations of 
Zn. This suggests that moderate supplementation 
with S had a protective effect in maize.

Lipid peroxidation. The concentration of MDA 
in maize leaves was significantly increased as the 
concentration of Zn increased (Table 5). While. 
32 and 160 mg/kg S were included in the treatment 
at each concentration of Zn, the concentration of 
MDA is also especially important and is charac-
terized by a notable increase in the metabolism 
of ROS (Thompson et al. 1987). In the present 
study, the chlorophyll decrease, MDA increase 
and the change of antioxidant enzymes induced 
by excess Zn showed that the early senescence of 
maize may occurred.

In conclusion, even though Zn is an essential 
micronutrient for plants, higher Zn concentrations 
(1000 mg/kg) reduced maize growth and induced 
oxidative damage. Moderate S supplementation 
(32 and 160 mg/kg) played an important role in 
protecting plants from oxidative stress induced 
by excess Zn exposure.
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