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Introduction  

Plants responses to heavy metals are 
drawing growing attention, as metal 
pollution is still increasing worldwide and 
threatens the stability of our ecosystems 
(Menon et al., 2007). Metals exist naturally 
in the environment and take part in the 
normal metabolism of plants. Yet beyond a 
certain threshold, that is variable according                                        

to the metals and plant species, 
phytotoxicity can occur (Markovska et al., 
2009). Zinc is an essential micronutrient for 
plants, but at supra optimal concentrations, 
which are occurring in some industrially-
polluted soils, it can become phytotoxic 
(Cuypers et al., 1999). This effect may be 
due to Zn induced (1) decrease in the 
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contents of essential nutrients as Fe, Cu and 
Mn (Siedleska, 1995; Ebbs and Kochian, 
1997), (2) oxidative damage to membranes 
(Weckx and Clijsters, 1997; Cuypers et al., 
2001), despite of its known effect to protect 
membrane integrity when present at normal 
concentrations (Cakmak, 2000) and (3) 
disturbances in photosynthetic performance 
(Vangronsveld and Clijsters, 1994). Zn 
induces oxidative stress by promoting the 
generation of reactive oxygen species (ROS) 
and lipid peroxidation (Madhava Rao and 
Sresty, 2000).  

Among various stresses encountered by 
plants in tropical environments, high 
intensity of irradiance is the most significant 
that account for remarkable alterations in 
plant metabolism (Dubey, 1999). Light is 
essential for plant growth and development, 
but when plants are subjected to excessive 
light, active oxygen generation is increased 
(Asada, 2006), often resulting in photo-
oxidative damages; thus light can also be 
one of the most deleterious environmental 
factor. Acclimation to different light 
environments is crucial for photosynthetic 
organisms to grow and survive. Low light 
limits cell growth, whereas excess light or 
high irradiance (HI) causes oxidative 
damage to proteins, lipids, and nucleic acids, 
ultimately leading to a loss of cell viability 
(Halliwell and Gutteridge, 1999; Mittler, 
2002).  

In plants, reactive oxygen species (ROS) are 
continuously generated as byproducts of 
photosynthesis and other cellular metabolic 
processes (Foyer and Noctor, 2000). ROS 
can also be actively induced by stresses such 
as pathogen infection, drought, nutrition 
imbalance, heat and heavy metals 
(Marschner, 1995). High ROS levels can 
damage lipids and proteins and thus ROS 
concentrations are normally well controlled 
by complex mechanisms in plants (Apel and 

Hirt, 2004). To counter ROS, plants produce 
antioxidants and antioxidant enzymes such 
as peroxidase (POX; EC 1.11.1.7) and 
superoxide dismutase (SOD; EC 1.15.1.1) 
(Zou et al., 2011) and many non-enzymatic 
solutes like proline and ascorbic acid (AsA). 
Ascorbic acid (AsA) is an ubiquitous soluble 
antioxidant in photosynthetic organisms, and 
the most important reducing substrate for 
H2O2 detoxification and plays an important 
role in detoxification of toxic metal ions in 
combination with other antioxidants like 
non-protein thiols, cysteine and proline 
(Singh and Sinha, 2005).  

Cowpea is one of the most ancient crops 
known to man, with its center of origin and 
subsequent domestication being closely 
associated with pearl millet and sorghum. 
Cowpea is one of the important kharif pulses 
grown in India. Cowpea is tolerant to heat 
and dry conditions, but is intolerant to frost 
(Davis et al., 2000). The crop is grown from 
March to April and is harvested between 
June and July depending upon its end use. 
So far, we have not encountered any report 
on the response of cowpea plants to Zn 
together with HI stress. The objective of this 
study was to investigate the influence of 
different levels of zinc and HI stress on the 
membrane damage and antioxidant enzymes 
activities in cowpea plants.  

Materials and methods  

Plant material and zinc treatments  

Cowpea seeds (Vigna unguiculata L. Walp. 
P152) were rinsed in distilled water and 
surface sterilized with 1% sodium 
hypochlorite for 20 min, rinsed again and 
germinated on moistened filter paper in 
darkness at 23 °C. After 3 days, uniformly 
germinated seedlings were transferred to 
plastic cups containing half-strength 
Hoagland s nutrient solution (Hoagland and 
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Arnon, 1950). After 7 days of growth, Zn 
treatments were given in the concentrations 
of 0 ppm (Zn-deficient), 5 ppm (Zn-
sufficient) and 50 ppm (Zn-excess) as 
ZnSO4.7H2O. The growth solutions were 
adjusted to pH 5.6 ± 0.2 and were replaced 
every two days.   

Plants were grown in a growth chamber with 
the following conditions: day/night 
temperature, 22 ± 2 °C/18 ± 2 °C; relative 
humidity, 60-70%; 16-h light: 8-h dark 
photo-cycle; light intensity, 150 µmol m-2 s-

1. Two weeks after germination, the plants 
were collected and analyzed.   

Photoinhibition and recovery under 
controlled conditions  

Detached leaves which were already 
subjected to Zn stress were placed in a 
controlled environment chamber equipped 
with a 24 V/250 W metal-halide lamp. The 
leaf surface was exposed to a photosynthetic 
photon flux density (PPFD) of 1900 µmol 
m-2 s-1 for up to 60 min. After this period, 
some leaves exposed to HI were returned to 
normal condition (Rec-recovery) by 
adapting dark recovery for 60 min before 
sampling and analyzed.  

Plant growth   

After 2 weeks of Zn treatment, 10 plants 
from each group (Zn-deficient, Zn-sufficient 
and Zn-excess) were taken at random and 
divided into shoot and root fractions. Shoot 
and root lengths were measured. Weight 
measurements were conducted from base to 
the tip of primary leaves, shoot and entire 
roots of the seedlings.   

After measuring the fresh weights of 
seedlings the same tissues were dried in an 
oven at 70 °C for 48 h, and the dry weights 
were measured. 

Determination of zinc content   

The Zn content was determined by atomic 
absorption spectrophotometer (Piper, 1942) 
after wet digestion of 1 g of dried and 
powdered leaf material in 5 mL of ternary 
mixture of HNO3: H2SO4: HClO4 in the ratio 
of 10:1:4 (v:v:v). The total Zn concentration 
was expressed as µg g-1 DW.  

Membrane permeability  

Electrolyte leakage was used to assess 
membrane permeability. This procedure was 
based on Lutts et al. (1996). Leaf discs (1 
cm in diameter) from two randomly chosen 
plants per replicate were taken from the 
middle portion of fully developed leaf and 
were then placed in individual stoppered 
vials containing 10 mL of deionized water 
after three washes with deionized water to 
remove surface contamination. These 
samples were incubated at room temperature 
(ca. 25 °C) on a shaker (100 rpm) for 24 h. 
Electrical conductivity (EC) of bathing 
solution (EC1) was read after incubation. 
The same samples were then placed in an 
autoclave at 120 °C for 20 minutes and the 
second reading (EC2) was determined after 
cooling to room temperature. The electrolyte 
leakage (EC) was expressed following the 
formula EC = (EC1/EC2) × 100.  

Hydrogen peroxide and lipid 
peroxidation assay  

H2O2 concentration from leaf samples was 
measured spectrophotometrically according 
to the procedure of Velikova et al. (2000). 
Fresh leaf tissue (0.5 g) was homogenized 
with 5 mL of 0.1% (w/v) trichloroacetic acid 
(TCA) in a pre-chilled mortar and pestle and 
the homogenate was then centrifuged at 
12,000 × g for 15 min. To 0.5 mL of the 
supernatant, 0.5 mL of 10 mM potassium 
phosphate buffer (pH 7.0) and 1 mL of 
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potassium iodide (1 M) were added. The 
mixture was vortexed and its absorbance 
was read spectrophotometrically at 390 nm.  

Lipid peroxidation was determined by 
measuring the amount of malondialdehyde 
(MDA) content according to the procedure 
of Davenport et al. (2003). Fresh leaf (0.2 g) 
was homogenized with 2 mL of 5% (w/v) 
trichloroacetic acid in an ice bath, and 
centrifuged at 10,000 × g for 10 min at 4 °C.  
2 ml of the supernatant was mixed with 
2 mL of 0.67% (w/v) thiobarbituric acid and 
incubated in boiling water bath for 30 min, 
then cooled and centrifuged. The absorbance 
of the supernatant was read 
spectrophotometrically at 450, 532, and 
600 nm. The MDA content was calculated 
based on the following formula,  

MDA ( mol g-1) = [6.45 × (A532 

 

A600) (0.56 × A450)] × Vt/W,  
where Vt = 0.002l; W = 0.2 g  

Proline and ascorbic acid  

The amount of proline was measured 
according to the procedure of Bates et al. 
(1973). 0.5 g of fresh leaf was homogenized 
in 10 mL of 3% aqueous sulfosalicylic acid 
and filtered through Whatman #2 paper. 2 
mL of the filtrate was then mixed with 2 mL 
of acid-ninhydrin and 2 mL of glacial acetic 
acid and heated at 100 oC for 60 min. The 
reaction was terminated in an ice bath and 4 
mL of toluene was added to the mixture and 
contents of tubes were stirred for 20 s. 
Absorbance of the pink red upper phase was 
recorded at 520 nm against toluene blank. A 
standard curve for proline was constructed 
to determine the proline concentration in 
each sample.  

Ascorbic acid (AsA) content was estimated 
by following the procedure of Omaye et al. 
(1979). Fresh leaf (1 g) was grounded with 5 
mL of 10% trichloroacetic acid (TCA), 

centrifuged at 1,235 × g for 20 min, re-
extracted twice and the supernatant was 
made up to 10 mL. To 0.5 mL of extract, 1 
mL of 6 mM 2,4-dinitrophenylhydrazine-
thiourea-CuSO4 (DTC) reagent was added, 
incubated at 37 oC for 3 h and then 0.75 mL 
of ice-cold 65% H2SO4 was added, allowed 
to stand at 30 oC for 30 min and the resulting 
colour was read at 520 nm. The ascorbic 
acid content was determined using a 
standard curve prepared with ascorbic acid.  

Enzyme extraction and protein 
determination  

Fresh leaves (0.3 g) were homogenized with 
3 mL of ice-cold 0.05 M potassium 
phosphate buffer (pH 7.0) containing 1% 
(w/v) PVP in an ice bath. The homogenized 
slurry was centrifuged at 10,000 × g for 
15 min at 4 °C and the supernatant was 
collected. Protein concentration in the 
supernatant was determined according to 
Lowry et al. (1951) using bovine serum 
albumin as standard.  

Antioxidant enzyme assays  

Superoxide dismutase (SOD; EC 1.15.1.1) 
activity was assayed by its ability to inhibit 
the photochemical reduction of nitro blue 
tetrazolium chloride (NBT) at 560 nm 
(Beauchamp and Fridovich, 1971). The 
assay was carried out at 25 °C in a reaction 
mixture (3 mL) containing 33 M NBT, 10 
mM L-methionine, 0.66 mM EDTA and 
0.0033 mM riboflavin in 50 mM sodium 
phosphate buffer (pH 7.8). Riboflavin was 
added last and the test tubes containing the 
reaction mixture were incubated at 25 °C for 
10 min under 300 mol m-2 s-1 irradiance. 
The reaction mixture with no enzyme 
developed maximum colour due to the 
maximum rate of reduction of NBT. The 
non-irradiated reaction mixture did not 
develop colour and was used as the control. 
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One unit of SOD activity was defined as the 
quantity of SOD required to produce a 50% 
inhibition of NBT, and the specific enzyme 
activity was expressed as Units mg 1 

protein.  

Peroxidase (POX; EC 1.11.1.7) activity was 
assayed by the method of Kumar and Khan 
(1982). Assay mixture of POX contained 2 
mL of 0.1 M sodium phosphate buffer (pH 
6.8), 1 mL of 0.01 M pyrogallol, 1 mL of 
0.005 M H2O2 and 0.5 mL of enzyme 
extract. The solution was incubated at 25 oC 
for 5 min and the reaction was terminated by 
adding 1 mL of 2.5 N H2SO4. The amount of 
purpurogallin formed was determined by 
measuring the absorbance at 420 nm against 
a blank prepared by adding the extract after 
the addition of 2.5 N H2SO4 at zero time. 
The POX activity was expressed as Units 
mg 1 protein. One unit is defined as the 
change in the absorbance by 0.1 min 1 mg 1 

protein.  

Polyphenol oxidase (PPO; EC 1.10.3.1) 
activity was assayed by the method of 
Kumar and Khan (1982). Assay mixture for 
PPO contained 2 mL of 0.1 M sodium 
phosphate buffer (pH 6.0), 1 mL of 0.1 M 
catechol and 0.5 mL of enzyme extract. The 
assay mixture was incubated at 25 oC for 5 
min and the reaction was stopped by adding 
1 mL of 2.5 N H2SO4. The absorbance of the 
purpurogallin formed was read at 495 nm. 
To the blank, 2.5 N H2SO4 was added at the 
zero time of the same assay mixture. PPO 
activity is expressed in Units mg 1 protein. 
One unit is defined as the change in the 
absorbance by 0.1 min 1 mg 1 protein.  

Statistical analysis  

The data compiled were submitted to one-
way analysis of variance (ANOVA) by 
using SigmaPlot 11.0. Each data point was 
the mean of five replicates (n = 5) and 

comparisons with P-values < 0.01 were 
considered significantly different by 
Tukey s test.  

Result and Discussion  

Plant growth  

Plant growth was assessed using differences 
in fresh weight (FW), dry weight (DW), 
shoot and root length between Zn treatments 
(Table 1). There were significant reductions 
in the FW and DW of leaf, shoot and root in 
plants grown in Zn-excess whereas the Zn-
deficient plants showed an insignificant 
decrease in FW of shoot and root. The Zn-
excess plants showed a significant decrease 
in shoot and root length while Zn-deficient 
ones showed an insignificant decrease when 
compared to Zn-sufficient plants. Visual Zn 
deficiency symptoms such as inhibition of 
shoot elongation and development of 
chlorotic areas appeared on plants grown at 
Zn-deficient condition. Zinc toxicity 
symptoms appeared on all plants grown at 
excess Zn concentration. These included 
inhibition of shoot and root growth, reduced 
leaf size, and general chlorosis.  

Zinc accumulation  

Increased Zn concentration in the nutrient 
solution led to a corresponding increase in 
the leaves (Figure 1). Seedlings without Zn 
treatment contained some Zn, which may be 
related to the prior growth of cowpea plants 
in the half strength nutrient solution for 7 
days without any stress.  

Membrane permeability  

Both Zn-deficiency and Zn-excess 
conditions impaired membrane permeability 
by increasing electrolyte leakage (Figure 
2a). There was a significant increase of EC 
in Zn-deficient and Zn-excess leaves when 
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compared to the Zn-sufficient ones under Zn 
and HI stress. Even after recovery from the 
HI stress imposed on them, the Zn-deficient 
and Zn-excess leaves showed a significant 
rise in EC when compared to Zn-sufficient 
ones. These results indicate that normal 
membrane permeability characteristics are 
seriously impaired in cowpea leaves when 
Zn is either deficient or excess.   

Hydrogen peroxide and lipid 
peroxidation  

Zn-deficient and Zn-excess conditions 
induced significant increase in H2O2 and 
MDA content in leaves compared to Zn-
sufficient leaves under Zn stress (Figure 2b 
and 2c). Further HI stress lead to a 
significant increase in H2O2 and MDA in 
Zn-deficient and Zn-excess leaves. Both Zn-
deficient and Zn-excess conditions showed a 
lower degree of recovery from HI stress. 
Our results suggest that Zn and HI stress 
directly or indirectly lead to the production 
of oxygen radicals, which results in 
increased lipid peroxidation and oxidative 
stress under Zn-deficient and Zn-excess 
conditions in the cowpea plants.  

Proline and Ascorbic acid  

Under Zn stress, the proline accumulation 
and AsA content were significantly low in 
Zn-deficient and Zn-excess leaves (Figure 
3a and 3b) when compared to Zn-sufficient 
ones. Upon further HI stress and thereafter 
recovery from HI stress, the Zn-deficient 
and Zn-excess leaves showed a meager 
increase in proline accumulation and AsA 
contents when compared to their respective 
levels under Zn stress. Though there was an 
increase in the accumulation of proline and 
AsA in Zn-deficient and Zn-excess 
conditions under HI stress and recovery, 
both the parameters were kept at similar 
level in Zn-deficient conditions while the 

Zn-excess leaves showed marked and 
significant decrease when compared to the 
level of Zn-sufficient leaves under Zn stress 
alone. The Zn-sufficient leaves had a 
significant increase in both proline and AsA 
under HI stress and recovery.    

Antioxidant enzymes  

Figure 4 shows the changes in the activities 
of SOD, POX and PPO enzymes in cowpea 
plants subjected to Zn, HI stress and Rec. 
Under Zn and HI stress, SOD activity 
(Figure 4a) increased significantly in Zn-
deficient and Zn-excess leaves when 
compared to Zn-sufficient leaves. Upon 
recovery from HI stress, the Zn-sufficient 
leaves showed a maximum rate of recovery 
while after recovery too, the SDO activity 
was found to be significantly high in Zn-
deficient and Zn-excess leaves than the Zn-
sufficient ones.  

Under Zn stress, POX and PPO enzyme 
activities were significantly low in Zn-
deficient and Zn-excess leaves when 
compared to Zn-sufficient leaves (Figure 4b 
and 4c). After further HI stress and upon 
Rec from HI stress, though there was a 
slight increase in POX and PPO activities in 
Zn-deficient and Zn-excess leaves, both the 
parameters were kept at lower level in Zn-
deficient and Zn-excess conditions when 
compared to the level of POX and PPO 
activities in Zn-sufficient conditions under 
Zn stress alone.  

As expected, adding high Zn to nutrient 
solution increased leaf Zn in the cowpea 
leaves. These results are in good agreement 
with those for black gram (Gupta et al., 
2011).  Inhibition in growth because of 
metal toxicity leads to a reduction in 
biomass production (Quariti et al., 1997).  
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Table.1 Growth parameters of Zn-stressed cowpea plant (Vigna unguiculata L. Walp. P152). 
Values are means ± SE of 10 replicates. Different letters indicate that the mean value is 
significantly different between treatments within each column (P  0.01)  

Fresh weight (g plant-1) Dry weight (g plant-1) Zn 
treatment

 
Leaf Shoot Root Leaf Shoot Root 

Root 
length 
(mm) 

Shoot 
length 
(mm) 

0 ppm 0.22 ± 
0.013a 

1.03 ± 
0.038a 

0.66 ± 
0.021a  

0.03 ± 
0.002a 

0.08 ± 
0.004a 

0.02 ± 
0.002a 

93 ± 
0.716a 

229 ± 
1.426a 

5 ppm 0.39 ± 
0.032b 

1.12 ± 
0.057a 

0.74 ± 
0.028a 

0.04 ± 
0.003b 

0.10 ± 
0.005b 

0.03 ± 
0.002b 

147 ± 
0.870b 

279 ± 
1.567a 

50 ppm 0.17 ± 
0.022c 

0.73 ± 
0.029c 

0.31 ± 
0.024c  

0.02 ± 
0.002c 

0.06 ± 
0.003c 

0.01 ± 
0.001c 

82 ± 
0.663c 

208 ± 
1.519b 

 

Figure.1 Zn concentrations of the leaves of cowpea plants grown with 0, 5 and 50 ppm of Zn. 
Values are means ± S.E. (n = 5). Bars carrying different letters are significantly different 
compared to the sufficient level (5 ppm Zn) at P 

 

0.01 as determined by Tukey s test                           
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Figure.2 Changes in EC (a), H2O2 (b) and MDA (c) contents in the leaves of Vigna unguiculata 
L. Walp. P152 subjected to Zn, Zn + HI stress and recovery. Values are means ± S.E. (n = 5). 
Bars carrying different letters are significantly different compared to the sufficient level (5 ppm 
Zn) at P 
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Figure.3 Changes in proline accumulation (a) and ascorbic acid (AsA) (b) content in the leaves 
of Vigna unguiculata L. Walp. P152 subjected to Zn, Zn + HI stress and recovery. Values are 
means ± S.E. (n = 5). Bars carrying different letters are significantly different compared to the 
sufficient level (5 ppm Zn) at P 
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Figure.4 Changes in the enzyme activities of SOD (a), POX (b) and PPO (c) in the leaves of 
Vigna unguiculata L. Walp. P152 subjected to Zn, Zn + HI stress and recovery. Values are 
means ± S.E. (n = 5). Bars carrying different letters are significantly different compared to the 
sufficient level (5 ppm Zn) at P 
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In our study, Zn-deficiency resulted in 
decreased shoot and total dry matter yields 
as has been reported in potato (Pandey et al., 
2012). Similar to our study, the inhibition of 
root growth due to Zn-deficiency has been 
reported in oilseed rape (Grewal et al., 
1997). Inhibition of growth and biomass 
reduction in black gram in response to Zn 
stress has been recently reported by (Gupta 
et al., 2011). In our study, the root and shoot 
length, FW and DW of Zn-excess cowpea 
plant is much affected when compared to the 
plants grown under Zn-deficiency. Earlier 
studies have already reported that Zn 
toxicity in plants results in reduced growth 
of both root and shoot which is concurrence 
with our results (Fontes and Cox, 1998; 
Kaya et al., 2009). This decrease could be 
due to their interference with metabolic 
processes associated with normal 
development (Lidon and Henriques, 1992). 
Welch et al. (1982) suggested that external 
supply of Zn in the root environment is 
required because Zn may be important in 
structural and functional integrity of the 
root-cell plasma membrane. This role was 
confirmed by Welch and Norvell (1993) and 
thus a sufficient supply of Zn in the external 
medium favored good growth in our study.  

Despite of their positive role in several 
metabolic processes, heavy metals cause 
severe cellular damage (Kyunghee and 
Junghoon, 2001). Though Zn is an essential 
element for plant growth, it s deficiency and 
toxicity have caused a significant increase in 
the membrane permeability in our study. 
Moreover, when the Zn stressed cowpea 
leaves were exposed to HI stress, there was 
a drastic increase in EC which revealed that 
Zn-deficient and Zn-excess leaves 
underwent a severe oxidative damage. In 
Zn-deficient plants, loss of membrane 
integrity and increase in membrane 
permeability are very common in different 
crop species (Cakmak, 2000). Thus, the 

increase in EC under Zn-deficiency in our 
study is in agreement with that of the recent 
report by Chen et al. (2009). Weckx and 
Clijsters (1997) observed that Zn toxicity 
caused membrane damage of Phaseolus 
vulgaris leaves. Moreover, the increase in 
membrane permeability under HI stress is in 
concurrence with that of the results reported 
by Xu et al. (2010).  

H2O2, an important ROS, is induced in 
plants following exposure to a wide variety 
of abiotic and biotic stress (Karpinski et al., 
1999). MDA is the final product of 
peroxidation of membrane lipid and is an 
indicator of lipid peroxidation. Hence, the 
occurrence of MDA in Zn-deficient and Zn-
excess cowpea leaves is considered as a 
useful index of general lipid peroxidation 
vis-à-vis status of the cowpea leaves under 
Zn and HI stress (Hodges et al., 1999). 
Similar to our results an increase in MDA 
and H2O2 content under excess zinc has been 
reported in Alternanthera philoxeroides 
(Yuan et al., 2009) and under Zn deficiency 
in rice (Chen et al., 2009). The absorption of 
excess light can be deleterious since it can 
potentially result in the production of singlet 
oxygen and reduced reactive oxygen species 
such as superoxide and H2O2. In our study, a 
significant increase in lipid peroxidation and 
H2O2 was observed in Zn-deficiency and 
Zn-excess under Zn stress. Moreover, the 
increase in MDA and H2O2 was drastic and 
significant under both the conditions when 
the leaves were subjected to further HI 
stress, which suggest synergetic action of 
the two stresses (Behera and Choudhury, 
2002) and thus Zn-deficiency and Zn-excess 
leaves underwent a severe oxidative damage 
under Zn and HI stress.  

Proline accumulation could be used as a 
physiological test for plant stress response to 
metal toxicity (Klimashevskii, 1983). In our 
study, the accumulation of proline was 
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significantly low under Zn-deficient and Zn-
excess conditions than under Zn-sufficient 
condition. In accordance with our study, 
Zaifnejad et al. (1997) also reported that 
proline accumulation did not increase in 
shoots under increasing level of heavy 
metal. A significant decrease in the level of 
proline accumulation in Zn-deficient and 
Zn-excess cowpea plants in our 
investigation might be due to both down 
regulation of proline biosynthetic pathway 
enzymes and upregulation of proline 
degrading enzymes. Though the Zn-
deficient and Zn-excess leaves too showed a 
meager increase in the proline accumulation 
under HI stress and recovery, still they were 
significantly lower than the Zn-sufficient 
leaves which shows that the cowpea plant 
doesn t have the capability to withstand the 
Zn and HI stress and it is not fully protecting 
the plants from the imposed oxidative 
damage.  

As A plays a prominent role together with 
glutathione in scavenging free oxy-radicals 
(Smith et al., 1989). The reactive free 
oxygen radicals were assumed to be 
involved in the oxidation of AsA to 
dehydroascorbic acid, leading to reduction 
in the AsA content of plants (Fridovich and 
Handler, 1961). Sharma et al. (2004) 
reported a decline in AsA content under Zn 
deficiency which is similar to our results. 
Though there was an increase in the AsA 
content in the Zn-deficient and Zn-excess 
leaves under HI stress, the increase percent 
was still lower than that of the Zn-sufficient 
ones which indicated that the Zn-deficient 
and Zn-excess plants were under severe 
oxidative damage which had almost 
impaired the higher synthesis of AsA.  

The lifetime of ROS within the cellular 
environment is determined by the 
antioxidant system, which provides crucial 
protection against oxidative damage. The 

antioxidant system comprises numerous 
compounds of low molecular weights and 
enzymes (Noctor and Foyer, 1998). The 
levels of ROS are regulated by their rates of 
generation, their rate of reaction with target 
substances, such as proteins, lipids, and/or 
nucleic acids, their potential rate of 
degradation and their rate of 
scavenging/buffering by enzymatic and/or 
non-enzymatic antioxidants (Hodgs, 2003). 
Several enzymes are involved in the 
detoxification of ROS which result under 
different environmental stresses. SOD is the 
first defense enzyme which converts 
superoxide to H2O2 that can be scavenged 
by POX (Bowler et al., 1992).  

Zn deficiency initiates production of 
superoxide radicals during photosynthetic 
electron transport (Cakmak and Engels, 
1999), which, in turn, could give rise to 
other highly ROS that are even more 
aggressive to chloroplast constituents 
(Asada, 1999). SOD, an essential component 
of the plants antioxidative defense 
mechanism, has been reported to increase in 
Zn deficient wheat (Hacisalihoglu et al., 
2003) which is in good agreement with our 
study. Similar to our results, SOD activity 
was established to have increased under 
excess Zn (Wang et al., 2009). But the 
enhancement of SOD activity in Zn-
deficient and Zn-excess leaves under Zn and 
HI stress alone cannot alleviate the burden 
of ROS. H2O2 is a highly toxic ROS and 
must be sequestered by the action of POX.  

POX protects cells against harmful 
concentration of hydroperoxides (Sudhakar 
et al., 2001). In our study, POX activity was 
significantly low at severe Zn-deficiency 
and Zn-excess under Zn stress. These may 
be explained by the fact that the more 
peroxidative attacks and damage of the 
radicals brought by the Zn stress exceeded 
the maximum ability of antioxidant defense 
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system and diminished the activities of these 
enzymes (Chen et al., 2009). The proposed 
physiological roles of PPO in higher plants 
include pigment formation, molecular 
oxygen scavenging in the chloroplasts, and 
participation in the plant defense system 
(Constabel et al., 1995; Ho, 1999).   

In the present investigation, under HI stress, 
the activities of PPO and POX were higher 
in Zn-sufficient leaves and it is likely that HI 
might have induced PPO and POX 
inactivation in Zn-deficient and Zn-excess 
ones. However, the drastic decrease in PPO 
and POX activity in Zn-excess indicated its 
lower ability to detoxify H2O2. The decline 
in POX activity combined with the rapid 
increase in SOD activity might have resulted 
in the rapid conversion of O2

- to H2O2, and 
might have resulted in the rapid increase in 
cellular H2O2. H2O2 generated through SOD 
activity and photorespiration in plant cells 
(Hernandez et al., 1995) diffuses rapidly 
across the membranes and is toxic as it acts 
both as an oxidant as well as a reductant 
(Foyer et al., 1997).  

In our study, a significant rise in the SOD 
activity under Zn-deficient and Zn-excess 
conditions occurred which can be 
considered a circumstantial evidence for 
enhanced production of free radicals under 
Zn and HI stress. Thus, the increase in the 
activities of SOD in Zn-deficient and Zn-
excess leaves suggested an increased 
production of H2O2. However, the extent of 
decrease in PPO and POX activity induced 
by Zn-deficiency and Zn-excess and a 
meager increase after HI stress was lower 
than that of Zn-sufficient condition, which 
indicated that, at deficient and excess Zn 
concentrations, these enzymes might not 
have sufficiently protected the cowpea 
plants from oxidative damage.  

In conclusion, our results demonstrate that 
Zn-deficiency and Zn-excess conditions 
mediates severe oxidative damage in the 
cowpea leaves under Zn and HI stress 
conditions. The decrease in the root length 
under Zn stress and decline in the activities 
of antioxidant enzymes in Zn-excess 
condition under Zn and HI stress indicates 
that the cowpea plant doesn t have the 
ability to withstand or tolerate the excess 
level of Zn and HI stress imposed on it. 
Moreover, a significant increase in MDA, 
H2O2, and membrane permeability with a 
simultaneous decrease in the antioxidant 
enzyme activities under Zn-deficient when 
compared to the Zn-sufficient condition 
shows the inefficiency of the cowpea plant 
in response to Zn deficiency. Since there is 
no information on the antioxidant response 
of cowpea plant under Zn and HI stress, we 
hope that this study provides a basis for 
understanding the role of antioxidant 
enzymes in response to Zn together with HI 
stress.  

Acknowledgements  

This study was supported by a grant from 
the Madurai Kamaraj University, Madurai, 
India. The valuable suggestions provided by 
Dr.K.K.Natarajan and my colleagues are 
gratefully acknowledged.  

References  

Apel K, Hirt H (2004). Reactive oxygen 
species: metabolism oxidative stress, 
and signaling transduction. Annu Rev 
Plant Biol 55: 373-399.  

Asada K (1999). The water-water cycle in 
chloroplasts: scavenging of active 
oxygens and dissipation of excess 
photons. Annu Rev Plant Physiol Plant 
Mol Biol 50: 601-639.  



  

125

 
Asada K (2006). Production and scavenging 

of reactive oxygen species in 
chloroplasts and their functions. Plant 
Physiol 141: 391-396. 

Bates LS, Waldem RP, Teare ID (1973). 
Rapid determination of free proline for 
water-stress studies. Plant Soil 39: 
205-207. 

Beauchamp C, Fridovich I (1971). 
Superoxide dismutase: Improved 
assays and an assay applicable to 
acrylamide gels. Anal Biochem Rev 
44: 276-287. 

Behera RK, Choudhury NK (2002). High 
irradiance induced pigment 
degradation and loss of photochemical 
activity of wheat chloroplast. Biol 
Plant 45: 45-49. 

Bowler C, Montagu MV, Inze D (1992). 
Superoxide dismutase and stress 
tolerance. Annu Rev Plant Physiol 
Plant Mol Biol 43: 83-116. 

Cakmak I (2000). Possible roles of zinc in 
protecting plant cells from damage by 
reactive oxygen species. New Phytol 
146: 185-205. 

Cakmak I, Engels C (1999). Role of mineral 
nutrients in photosynthesis and yield 
formation. In: Rengel Z, editor. 
Mineral Nutrition of crops: 
Mechanisms and Implications. The 
Haworth Press, New York, pp 141-
168. 

Chen WR, He ZL, Yang XE, Feng Y 
(2009). Zinc efficiency is correlated 
with root morphology, ultrastructure, 
and antioxidative enzymes in rice. J 
Plant Nutr 32: 287-305. 

Constabel CP, Bergey DR, Ryan C (1995). 
Systemin activates synthesis of wound 
inducible tomato leaf polyphenol 
oxidase via the octadecanoid defense 
signaling pathway. Proc Natl Acad Sci 
92: 407-411. 

Cuypers A, Vangronsveld J, Clijsters H 
(1999). The chemical behavior of 

heavy metals plays a prominent role in 
the induction of oxidative stress. Free 
Rad Res 31: 839-843. 

Cuypers A, Vangronsveld J, Clijsters H 
(2001). The redox status of plant cells 
(AsA and GSH) is sensitive to zinc 
imposed oxidative stress in root and 
primary leaves of Phaseolus vulgaris. 
Plant Physiol Biochem 39: 657-664. 

Davenport SB, Gallego SM, Benavides MP, 
Tomaro ML (2003). Behaviour of 
antioxidant defense system in the 
adaptive response to salt stress in 
Helianthus annuus L. Cell Plant 
Growth Regul 40: 81-88. 

Davis DW, Oelke EA, Oplinger ES, Doll 
JD, Hanson CV, Putman DH (2000). 
Alternative field crops manual. 
http://www.hort.purdue.edu/new 
crop/afcm/cowpea.html.  

Dubey RS (1999). Protein synthesis by 
plants under stressful conditions. In: 
Pessarakli M, editor. Handbook of 
Plant and Crop Stress, 2nd edition. 
Marcel Dekker, New York, pp 365-
397. 

Ebbs SD, Kochian LV (1997). Toxicity of 
zinc and copper to Brassica species. 
Implications to phytoremediation. J 
Environ Qual 26: 776-781. 

Fontes RLS, Cox FR (1998). Zinc toxicity 
in soybean grown at high iron 
concentration in nutrient solution. J 
Plant Nutr 21: 1723-1730. 

Foyer CH, Lopez-Delgado H, Dat JF, Scot 
IM (1997). Hydrogen peroxide and 
glutathione associated mechanisms of 
acclimatory stress tolerance and 
signalling. Plant Physiol 100: 241-254. 

Foyer CH, Noctor G (2000). Oxygen 
processing in photosynthesis: 
regulation and signaling. New Phytol 
146: 359-388. 

Fridovich I, Handler P (1961). Detection of 
free radicals generated during enzymic 
oxidation by the initiation of sulphite 

http://www.hort.purdue.edu/new


  

126

 
oxidation. J Biol Chem 236: 1836-
1840. 

Grewal HS, Stangoulis JCR, Potter TD, 
Graham RD (1997). Zinc efficiency of 
oilseed rape (Brassica napus and B. 
juncea) genotypes. Plant Soil 191: 
123-132. 

Gupta B, Pathak GC, Pandey N (2011) 
Induction of Oxidative stress and 
antioxidant responses in Vigna mungo 
by zinc stress. Russ J Plant Physiol 58: 
85-91 

Hacisalihoglu G, Hart JJ, Wang YH (2003). 
Zinc efficiency is correlated with 
enhanced expression and activity of 
zinc-requiring enzymes in wheat. Plant 
Physiol 131: 595-602. 

Halliwell B, Gutteridge JMC (1999). Free 
Radicals in Biology and Medicine, 3rd 

edition. Oxford University Press, 
Oxford. 

Hernandez JA, Olmos E, Copras FJ, Sevilla 
F, Del Rio LA (1995). Salt induced 
oxidative stress in chloroplast of pea 
plants. Plant Sci 105: 151-167. 

Ho KK (1999). Characterization of 
polyphenol oxidase from aerial roots 
of an orchid, Aranda Christine 130 . 
Plant Physiol Biochem 37: 841-848. 

Hoagland DR, Arnon DI (1950). The water 
culture method for growing plants 
without soil. Cal  Agric  Exp  Sta  Cir 
347: 4-32. 

Hodges DM, DeLong JM, Forney CF, 
Prange RK (1999). Improving the 
thiobarbituric acid-reactive-substances 
assay for estimating lipid peroxidation 
in plant tissues containing anthocyanin 
and other interfering compounds. 
Planta 207: 604-611. 

Hodgs M (2003). Oxidative stress in 
postharvest produce. In: Hodges M, 
editor. Postharvest of Oxidative Stress 
in Horticultural Crops. Food Products 
Press, New York, pp 1-12. 

Karpinski S, Reynolds H, Karpinska B, 
Wingsle G, Creissen G, Mullineaux P 
(1999). Systemic signaling and 
acclimation in response to excess 
excitation energy in Arabidopsis. 
Science 284: 654-657. 

Kaya C, Tuna AL, Sonmez O, Ince F, Higgs 
D (2009). Mitigation effects of silicon 
on maize plants grown at high zinc. J 
Plant Nutr 32: 1788-1798. 

Klimashevskii EL (1983). Identification of 
plant resistance to soil acidity. Sov 
Agric Sci 10: 1-5. 

Kumar KB, Khan PA (1982). Peroxidase 
and polyphenol oxidase in excised ragi 
(Eleusine coracana cv. PR 202) leaves 
during senescence. Ind J Exp Bot 20: 
412-416. 

Kyunghee L, Junghoon U (2001). Protection 
of metal stress in Saccharomyces 
cerevisae: cadmium tolerance requires 
the presence of two ATP-Binding 
domains of HSP104 protein. Bull 
Korean Chem Soc 22: 514-517. 

Lidon FC, Henriques FS (1992). Effects of 
copper on the nitrate to ammonia 
reduction mechanism in rice plants. 
Photosyn 26: 371-380. 

Lowry OH, Rosebrough NJ, Farn AL, 
Randall RJ (1951). Protein 
measurement with the Folin-phenol 
reagent. J Biol Chem 193: 265-275. 

Lutts S,  Kinet JM, Bouharmont J (1996). 
NaCl-induced senescence in leaves of 
rice (Oryza sativa L.) cultivars 
differing in salinity resistance. Ann 
Bot 8: 389-398. 

Madhava Rao KV, Sresty TVS (2000). 
Antioxidative parameters in the 
seedlings of pigeonpea (Cajanus cajan 
(L.) Millspaugh) in response to Zn and 
Ni stresses. Plant Sci 157: 113-128. 

Markovska Y, Gorinova N, Nedkovska M, 
Miteva K (2009). Cadmium-induced 
oxidative damage and antioxidant 



  

127

 
responses in Brassica juncea plants. 
Biol Plant 53: 151-154. 

Marschner H (1995). Mineral Nutrition of 
Higher Plants, 2nd edition. Academic 
Press, San Diego, USA. 

Menon M, Hermle S, Günthardt-Goerg M, 
Schulin R (2007). Effects of heavy 
metal soil pollution and acid rain on 
growth and water use efficiency of a 
young model forest ecosystem. Plant 
Soil 297: 171-183. 

Mittler R (2002). Oxidative stress, 
antioxidants and stress tolerance. 
Trends Plant Sci 7: 405-410. 

Noctor G, Foyer CH (1998). Ascorbate and 
glutathione: keeping active oxygen 
under control. Annu Rev Plant Physiol 
Plant Mol Biol 49: 249-279. 

Omaye ST, Turnbull JD, Sauberilich HE 
(1979). Selected methods for the 
determination of ascorbic acid in 
animal cells, tissues and fluids. 
Methods Enzymol 62: 3-11. 

Pandey N, Gupta B, Pathak GC (2012). 
Antioxidant responses of pea 
genotypes to zinc deficiency. Russ J 
Plant Physiol 59: 198-205. 

Piper CS (1942). Soil and Plant Analysis; 
Waite Agricultural Research Station 
Adelaide: Australia. 

Quariti O, Gouia H, Ghorbal MH (1997). 
Responses of bean and tomato plants 
to cadmium: growth, mineral nutrition 
and nitrate reduction. Plant Physiol 
Biochem 35: 347-354. 

Sharma PN, Kumar P, Tewari RK (2004). 
Early signs of oxidative stress in wheat 
plants subjected to zinc deficiency. J 
Plant Nutr 27: 451-463. 

Siedleska A (1995). Some aspects of 
interactions between heavy metals and 
plant mineral nutrients. Acta Soc Bot 
Pol 64: 265-272. 

Singh S, Sinha S (2005). Accumulation of 
metals and its effects in Brassica 
juncea (L.) Czern. (cv. Rohini) grown 

on various amendments of tannery 
waste. Ecotoxicol Environ Safety 62: 
118-127. 

Smith IK, Vierheller TL, Thorne CA 
(1989). Properties and functions of 
glutathione reductase in plants. Physiol 
Plant 77: 449-456. 

Sudhakar C, Lakshmi A, Giridarakumar S 
(2001). Changes in the antioxidant 
enzyme efficacy in two high yielding 
genotypes of mulberry (Morus alba L.) 
under NaCl salinity. Plant Sci 161: 
613-619. 

Vangronsveld J, Clijsters H (1994). Toxic 
effects of metals. In: Farago ME, 
editor. Plants and the Chemical 
Elements. Biochemistry, Uptake, 
Tolerance and Toxicity. VCH 
Publishers, Weinheim, Germany, pp 
150-177. 

Velikova V, Yordanov I, Adreva A (2000). 
Oxidative stress and some antioxidant 
systems in acid rain treated bean plants 
- Protective role of exogenous 
polyamines. Plant Sci 151: 59-66. 

Wang C, Zhang SH, Wang PF, Hou J, 
Zhang WJ, Li W, Lin ZP (2009). The 
effect of excess Zn on mineral 
nutrition and antioxidative response in 
rapeseed seedlings. Chemosphere 75: 
1468-1476. 

Weckx JEJ, Clijsters H (1997). Zn 
phytotoxicity induces oxidative stress 
in primary leaves of Phaseolus 
vulgaris. Plant Physiol Biochem 35: 
405-410. 

Welch RM, Norvell WA (1993). Growth 
and nutrient uptake of barley 
(Hordeum vulgare L. cv Herta). 
Studies using an N-(2-hydroxyethyl) 
ethylenedinitrilotriacetic acid buffered 
nutrient solution technique. 1. Role of 
zinc in the uptake and root leakage of 
mineral nutrients. Plant Physiol 101: 
627-631. 



  

128

 
Welch RM, Webb MJ, Loneragan JF 

(1982). Zinc in membrane function and 
its role in phosphorus toxicity. In: 
Scaife A, editor. Proceedings of the 
Ninth Plant Nutrition Colloquium. 
CAB International: Wallingford, UK, 
pp 710-715. 

Xu YF, Sun XL, Jin JW, Zhou H (2010). 
Protective roles of nitric oxide on 
antioxidant systems in tall fescue 
leaves under high-light stress. Afr J 
Biotech 9: 300-306. 

Yuan QH, Shi GX, Zhao J, Zhang H, Xu QS 
(2009). Physiological and proteomic 
analyses of Alternanthera 
philoxeroides under zinc Stress. Russ J 
Plant Physiol. 56: 495-502. 

Zaifnejad M, Clark RB, Sullivan CY 
(1997). Aluminum and water stress 
effects on growth and proline of 
sorghum. J Plant Physiol 150: 338-
344. 

Zou TJ, Li TX, Zhang XZ, Yu HY, Luo HB 
(2011). Lead accumulation and 
tolerance characteristics of Athyrium 
wardii (Hook.) as a potential 
phytostabilizer. J Hazard Mater 186:  
683-689.  


