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Abstract  
 
The mechanisms of growth inhibition and antioxidative response were investigated in wheat roots exposed to 300 µM 
iron together with different zinc concentrations (0, 50, and 250 µM). All Zn concentrations decreased Fe content but 
increased Zn content in the roots and leaves of Fe-treated seedlings. Compared with Fe stress alone, 50 or 250 µM Zn + 
Fe treatment stimulated root growth, and increased cell viability but decreased malondialdehyde content, which were 
correlated with the decreases of total and apoplastic hydrogen peroxide and superoxide anion radical (O2

·−) content 
along with apoplastic hydroxyl radical content. Generation of O2

·− in response to 10 μM diphenylene iodonium 
suggested that NADPH oxidase activity was lower in Zn + Fe-treated roots than in other roots. In addition, cell wall-
bound peroxidase, diamine oxidase, and polyamine oxidase in Fe-treated roots were insensitive to Zn addition. Further 
study showed the stimulation of total superoxide dismutase and glutathione reductase (GR) activities as well as 
apoplastic catalase, ascorbate peroxidase, and GR in Zn + Fe-stressed roots in comparison with Fe-alone-treated ones. 
Taken together, Zn could alleviate iron-inhibitory effect on root growth, which might be associated with the decrease of 
lipid peroxidation, the increase of cell viability and the reductions of reactive oxygen species generation. 
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Introduction 
 
Heavy metals are nowadays among the most important 
pollutants because of their phytotoxicity and potential 
risk for human health. Among those, iron is an essential 
element and plays important roles in such plant biological 
processes as photosynthetic electron transport, cell wall 
metabolism, and oxidative stress response (Sinha et al. 
2009, Tewari et al. 2013). Moreover, Fe is the most 
abundant in biological systems and is able to promote 
hydroxyl radical (·OH) formation through Fenton reaction 
(Halliwell and Gutteridge 1993). Zinc is also essential for 
plant growth and development because Zn is an important 
component of a number of enzymes associated with the 

saccharide metabolism, proteins synthesis, and gene 
expression and regulation (Cherif et al. 2011). However, 
these two metals at high concentrations are toxic, altering 
biochemical and physiological characteristics and 
inhibiting plant growth (Nenova 2006, De Oliveira 
Jucoski et al. 2013).  
 Plants produce a high amount of reactive oxygen 
species (ROS), such as H2O2, 

·OH, and superoxide anion 
radical (O2

·−), as part of their normal metabolism, and 
they are important signals, e.g., during pollen germination 
and pollen-tube growth (Pasqualini et al. 2015). 
However, excessive ROS generation is one of the major  
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responses of plants to different stresses. If they are not 
effectively and rapidly removed, high ROS accumulation 
has the potential to damage macromolecules including 
lipids, proteins, and nucleic acids (Halliwell et al. 1999). 
Antioxidant enzyme superoxide dismutase (SOD) can 
catalyze the dismutation of O2

·− to H2O2 and O2, and 
catalase (CAT), peroxidase (POD), ascorbate peroxidase 
(APX) and glutathione reductase (GR) make up main 
elimination systems of H2O2. To reduce functional and 
structural damages, these enzymes counteract also 
negative effects induced by heavy metals (Cherif et al. 
2011, Israr et al. 2011, Turhan et al. 2012). In addition, 
cell wall-bound POD, diamine oxidase (DAO), and 
polyamine oxidase (PAO) may be involved in the 
regulation of H2O2 content in plants (Ranieri et al. 2001, 
Karuppanapandian et al. 2011, Talaat et al. 2012).  
 The interaction between essential elements may be 
important for understanding heavy metal toxicity 
mechanisms (Upadhyay and Panda 2010). Recently,  
Zn-alleviating effects on other metal-induced oxidative 

stresses have been investigated in some plant species. For 
example, Zn addition reversed Cu-induced oxidative 
damage and growth inhibition in duckweed (Upadhyay 
and Panda 2010). In addition, Zn at low concentration has 
an alleviating effect on Cd toxicity in tomato (Cherif  
et al. 2011). Moreover, Zn is an integral component of 
numerous functional proteins in a wide range of 
physiological systems, for which the membrane lipid is 
protected from ROS (Vallee and Falchuk 1993). 
However, few detailed studies were conducted to 
evaluate the mechanism of Fe toxicity, and even less 
information is available about the effect of Zn on  
Fe-induced phytotoxicity. More recently, we observed 
such Fe-phytotoxicity as growth inhibition in wheat 
seedlings exposed to 100, 300, and 500 μM Fe alone (Li 
et al. 2012a). In the present study, the influence of Zn on 
Fe toxicity was investigated in wheat seedlings by 
analyzing element absorption, root growth, ROS 
generation, and related enzyme activities. 

 
 
Materials and methods 
 
Wheat (Triticum aestivum L., cv. Xihan 3) seeds were 
purchased from Gansu Agricultural Academy. The seeds 
were surface-sterilized with HgCl2 and germinated in the 
dark at 25 ± 1.5 °C. Uniformly germinated seeds were 
transferred into Petri dishes, treated with 1/4 Hoagland 
nutrient solution supplied with 0 (control) or 300 µM 
FeCl3 (Fe), 50 µM ZnCl2 (Zn) + 300 µM Fe or 250 µM 
Zn + 300 µM Fe and grown at 25 ± 1.5 °C, an irradiance 
of 300 µmol m-2 s-1, and a 12-h photoperiod. Root length 
and other indexes were measured 6 d later. 
 Roots and leaves were prepared for measuring Fe and 
Zn content using the method of Achary et al. (2008) with 
some modifications. Plant material was thoroughly 
washed with deionized water and dried to constant mass 
at 80 °C. The dry samples were dissolved in a solution 
containing concentrated nitric acid (HNO3), hydrofluoric 
acid, and H2O2 (30 %, v/v), and were digested in a closed 
microwave digestion system (Multiwave 3000, Anton 
Paar, Graz, Austria) for 2.5 h. The chilled samples were 
transferred to polytetrafluoroethylene beaker and 
evaporated to dryness. The resulting ash residue was 
dissolved in 1 % HNO3, and total Fe and Zn content was 
measured with flame atomic absorption spectrophoto-
metry (WFX210, Zhejiang Nade Scientific Instruments, 
Zhejiang, China). 
 Malondialdehyde (MDA) content was determined 
according to Zhou (2001) and the absorbance of the 
supernatant was measured at 450, 532, and 600 nm. The 
loss of cell viability was assayed by Evans blue staining 
(Zanardo et al. 2009). H2O2 content was calculated by use 
of the standard curve prepared with known H2O2 
concentrations according to Sergiev et al. (1997). The 
generation of ·OH was analyzed according to the method 

of Halliwell et al. (1987). O2
·− generation was determined 

using the method of Achary et al. (2012).  
 Cell walls were prepared by homogenizing roots in 
50 mM phosphate buffer solution (PBS) (pH 5.8) as 
described by Lee and Lin (1995) with some modifi-
cations. The homogenate was centrifuged at 1 000 g for 
10 min and washed at least twice with 50 mM PBS 
(pH 5.8), and then the pellets were incubated in 1 M 
NaCl. Then, it was centrifuged at 1 000 g for 10 min, and 
the supernatant containing cell wall-bound POD was 
collected to analyze enzyme activity according to Dos 
Santos et al. (2008). One unit (U) of cell wall-bound 
POD activity was defined as the absorbance change of 
0.01 min-1. Diamineoxidase (DAO) activity was calculated 
according to Naik et al. (1981) by measuring the 
generation of H2O2.  Polyamine oxidase (PAO) activity 
was assayed by using spermidine as the substrate (Asthir 
2002). One unit of enzyme activity was defined as a 
change in absorbance of 0.001 units. Total SOD activity 
was estimated based on the method described by Dhindsa 
and Matowe (1981). One unit of enzyme activity was 
defined as the quantity of SOD which produced 50 % of 
the maximum competition against nitrobluetetrazolium 
(NBT). A modification of the method of Aebi (1984) was 
used to assay CAT activity. The enzyme extract was 
added to 50 mM PBS (pH 7.0) and incubated at 25 °C for 
5 min. The reaction was started by the addition of 6 µM 
H2O2 and the absorbance changes were recorded at  
240 nm for 2 min. An absorbance change of 0.1 unit min-1 
was defined as one unit (U) of CAT activity. Soluble 
POD activity was measured following the method of Rao 
et al. (1996). One unit of POD activity was defined as an 
absorbance change of 0.01 unit min-1. Ascorbate 
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peroxidase (APX) activity was determined following the 
method of Nakano and Asada (1981). Glutathione 
reductase (GR) activity was measured by monitoring the 
oxidation of NADPH according to Schaedle and Bassham 
(1977). One unit of APX or GR activity was defined as 
an absorbance change of 0.1 unit min-1. All enzyme 
activities were expressed as U mg-1(protein) and the 
amounts of soluble proteins were estimated according to 
Bradford (1976). 
 Apoplastic fluid was extracted with the vacuum 
infiltration-centrifugation technique which was reported 
by Córdoba-Pedregosa et al. (2005) with some 
modifications. Root tissue was quickly washed in 
distilled water, placed in test tubes in 10 mM PBS (pH 6) 
containing 1.5 % polyvinylpyrrolidine (PVP), 1 mM 
EDTA, and then submitted to vacuum at 4 °C for 40 min. 

Then, centrifuged at 12 000 g for 10 min and the 
apoplastic fluid was collected. Apoplastic H2O2 content 
was measured on the basis of method of Sergiev et al. 
(1997). Apoplastic··OH content and O2

·− generation was 
assayed according to the above mentioned methods. 
Apoplastic antioxidant enzyme activities were also 
estimated based on the aforementioned measurement of 
total antioxidant enzyme activities, and all enzyme 
activities were expressed as U g-1(f.m.). 
 Each experiment was set up in at least 3 repetitions, 
and each sample was measured 3 times. The data were 
expressed as the average ± standard error (SE). Statistical 
comparisons were carried out with SPSS 13.0 software. 
After analysis of variance (one-way ANOVA) and 
Duncan`s multiple comparisons were performed. The 
significant differences were indicated at P < 0.05. 

 
 
Results 
 
Root length exhibited about 28 % reduction in the  
Fe-stressed seedlings compared with the control. Both Zn 
concentrations could block Fe-induced inhibition of root 
growth, and 250 µM Zn-alleviating effect was more 
significant than 50 µM Zn ones (Fig. 1A). 
 The constitutive amount of Fe was 103.85 ± 1.52 and 
141.61 ± 3.22 µg g-1(d.m.) in the roots and leaves of 
untreated seedlings, respectively. Compared with the 
control, a significant enhancement of Fe content was 
found in 300 µM Fe-treated roots. The presence of Zn 
blocked Fe-induced enhancement of Fe content in wheat 
roots, with the lowest content at 250 µM Zn. However, 
addition of 300 µM Fe did not affect Fe content in the 
leaves, but both Zn concentrations reduced Fe content in 
the leaves of Fe-treated seedlings, in comparison with the 
control (Table 1). In comparison with the control, root 
and leaf Zn content in 300 µM Fe-treated seedlings 
increased by about 31 and 21 %, respectively. Different 
Zn concentrations further increased Zn content in the 
roots and leaves of Fe-treated seedlings in a 
concentration-dependent manner (Table 1). 
 Compared with the control, root MDA content 
significantly increased in seedlings stressed with 300 µM 
Fe, and the addition of 50 µM or 250 µM Zn alleviated 
Fe-induced effect on MDA content. The uptake of Evans 
blue rose by about 35 % in 300 µM Fe-treated roots in 
comparison with untreated roots, indicated that Fe stress 
resulted in the loss of cell viability (Table 1). When 
different Zn concentrations were applied, the uptake of 
Evans blue was significantly lowered in Fe-stressed roots 
in comparison with Fe-alone-treated ones. 
 Compared with the control, treatment with 300 µM Fe 
caused about 93 % increase in total H2O2 content in roots 
(Table 1). The application of 50 µM or 250 µM Zn 
significantly alleviated Fe-induced elevation of total 
H2O2 content in roots. Furthermore, roots treated with Fe 
exhibited a significant increase in apoplastic H2O2 

content by 1.21-folds compared with the control and both 
Zn concentrations reduced apoplastic H2O2 production in 
Fe-stressed roots in comparison with Fe-alone-treated 
 

 
Fig. 1. Zinc induced changes of root growth (A) and O2

·− 
content (B) in roots of 300 µM Fe-treated wheat seedlings. 
CK - control, Fe - 300 µM Fe, Zn50+Fe - 50 µM Zn + 300 µM 
Fe, Zn250+Fe - 250 µM Zn + 300 µM Fe. “with DPI” means 
the addition of diphenylene iodium in the reaction solution, and 
“without DPI” means the absence of DPI in the reaction 
solution. Means ± SE (n ≥ 3), different letters indicate 
significant differences (P < 0.05). 
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ones (Table 1). Compared with the control, the amount of 
total and apoplastic ·OH rose by about 32 and 22 % in  
Fe-treated roots, respectively (Table 1). The 50 µM Zn 
did not obviously affect Fe-induced elevation of total ·OH 

production, but 250 µM Zn led to the decrease of this 
parameter in comparison with Fe treatment alone. And 
also, the presence of 50 or 250 µM Zn significantly 
blocked Fe-caused enhancement of apoplastic ·OH 
content (Table 1). Total O2

·− content increased to 126 % 
of the control value in roots exposed to Fe stress, but in 
comparison with Fe-alone-treated roots, this parameter 
significantly lowered in wheat roots under Fe treatment 
along with different Zn concentrations (Fig. 1B). When 
10 μM diphenylene iodonium (DPI) was applied, total 
O2

·− generation exhibited a notable decrease in all roots 
compared with the absence of DPI (Fig. 1B). Similarly, 
apoplastic O2

·− content elevated remarkably in roots 
compared with the control, but this parameter decreased 

by about 13 and 25 % under 50 µM Zn + Fe and 250 µM 
Zn + Fe treatments, respectively, in comparison with Fe 
stress alone (Table 1; Fig. 1B) 
 A significant reduction of cell wall-bound POD 
activity was found in 300 µM Fe-stressed roots compared 
with the control (Table 1). 50 µM Zn significantly 
stimulated cell wall-bound POD in Fe-treated roots. 
However, the application of 250 µM did not affect cell 
wall-bound POD activity. In comparison with untreated 
seedlings, root DAO activity rose in Fe-stressed seedlings 
insignificantly. In addition, Fe together with 50 µM or 
250 µM Zn treatment did not affect root DAO activity 
compared with the control. When seedlings were exposed 
to 300 µM Fe, root PAO activity elevated to 121 % of the 
control value (Table 1). Fe treatment in combination with 
250 µM Zn resulted in a significant decrease in PAO 
activity in wheat roots in comparison with Fe stress 
alone. 

 
Table 1. Changes of iron, zinc, and malondialdehyde (MDA) content, cell viability, hydrogen peroxide (H2O2), hydroxyl radical 
(·OH), superoxide anion radical (O2

·−) content, cell wall-bound (peroxidase) POD, diamine oxidase (DAO), and polyamine oxidase 
(PAO) activities, and total and apoplastic activities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and 
glutathione reductase (GR)  in wheat seedlings under 300 µM Fe treatment with or without Zn. Means  SEs, n ≥ 3, different letters 
indicate significant differences (P < 0.05). 
 

Parameters Control 300 µM Fe 50 µM Zn + Fe 250 µM Zn +Fe 

Root Fe content [µg g-1(d.m.)] 103.85  1.52a 1590.41  5.83d 972.02  6.45c 594.97  3.38b 
Leaf Fe content [µg g-1(d.m.)] 141.61  3.22c   146.00  2.68c 122.30  2.13b 106.63  3.53a 
Root Zn content [µg g-1(d.m.)]   42.03  0.61a     55.24  1.33b 136.71  0.42c 303.78  3.07d 
Leaf Zn content [µg g-1(d.m.)]   20.39  1.05a     24.65  0.09b   28.86  0.58c   33.64  1.44d 
MDA [µmol g-1(f.m.)]     9.02  0.19ab     10.75  0.05c     9.43  0.13b     8.87  0.07a 
Cell viability [A600]     0.06  0.002b       0.08  0.003c     0.06  0.002b     0.04  0.002a 
Total H2O2 [µmol g-1(f.m.)] 100.73 5.62a   194.83  5.36d 126.83  2.90b 167.76  1.27c 
Total ·OH [nmol g-1(f.m.)]     3.88  0.13a       5.13  0.17b     5.29  0.06b     3.94  0.20a 
Apoplast H2O2 [µmol g-1(f.m.)]     0.13  0.002b       0.15  0.012c     0.11  0.008a     0.14  0.009bc 
Apoplast ·OH [nmol g-1(f.m.)]   27.61  0.50a     33.57  0.50b   29.10  0.50a   29.60  1.00a 
Apoplast O2

·− [µmol g-1(f.m.)]     1.07  0.09a       1.35  0.03b     1.18  0.03a     1.02  0.02a 
Cell-wall bound POD [U mg-1(protein)]   42.14  0.72c     26.18  0.57a   31.63  1.24b   27.56  1.33a 
DAO [U mg-1(protein)]     3.57  0.19a       3.70  0.06a     3.78  0.02a     3.47  0.06a 
PAO [U mg-1(protein)]     7.42  0.20a       8.95  0.47c     8.28  0.16bc     7.73  0.05b 
Total SOD [U mg-1(protein)]   10.81  0.36a     12.26  0.64b   14.37  1.14c   28.89  1.80d 
Total CAT [U mg-1(protein)]     4.45  0.30a       5.00  0.21b     4.49  0.29a     9.88  0.23c 
Total POD [U mg-1(protein)] 127.83  1.15a   143.14  1.57b 156.87  1.77c 147.21  1.59b 
Total APX [U mg-1(protein)]   68.20  1.32ab     71.77  2.94b   71.36  2.28b   63.27  2.14a 
Total GR [U mg-1(protein)]     2.14  0.07a       2.44  0.12b     3.27  0.04c     3.54  0.14c 
Apoplast SOD [U g-1(f.m.)]     6.42  0.17a       6.75  0.25ab     6.25  0.14a     7.17  0.22b 
Apoplast CAT [U g-1(f.m.)]     0.47  0.02a       0.57  0.01b     0.84  0.02c     1.21  0.02d 
Apoplast POD [U g-1(f.m.)]   47.80  0.60a   107.33  6.30c   48.27  0.18a   93.67  0.98b 
Apoplast APX [U g-1(f.m.)]     1.29  0.04ab       1.55  0.01b     1.16  0.06a     2.40  0.08c 
Apoplast GR [U g-1(f.m.)]     0.09  0.001c       0.05  0.002a     0.08  0.002b     0.15  0.009d 

 
 In comparison with the control, an insignificant 
elevation in root SOD activity was found when seedlings 
were treated with 300 µM Fe. In contrast, Fe treatment 
together with 50 µM or 250 µM Zn resulted in about 17 
and 136 % increases of this enzyme activity, respectively, 

compared with single Fe treatment (Table 1). Root CAT 
activity was stimulated by 300 µM Fe. Compared with 
the control, no significant change in CAT activity was 
found in 50 µM Zn + Fe-treated roots. Differently, root 
CAT activity increased to 222 % of the control value in 
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250 µM Zn + Fe-stressed seedlings, respectively. Root 
POD activity resulting from 300 µM Fe treatment 
increased about 1.12-folds compared with the control. 
This enzyme activity further rose in 50 µM Zn +  
Fe-treated roots significantly, whereas 250 µM Zn did not 
affect Fe-induced changes of this parameter (Table 1). 
Compared to the control, root APX activity did not 
significantly change in wheat seedlings when exposed to 
300 µM Fe with or without Zn (Table 1). A 14 % 
enhancement of GR activity was observed in 300 µM  
Fe-stressed roots in comparison with the control. When 
the seedlings were treated with 50 or 250 µM Zn and Fe 
in combination, root GR activity rose by about 34 and 45 
%, respectively, in comparison with Fe treatment alone. 
 Compared with the control, apoplastic SOD activity 
was elevated in 300 µM Fe-stressed roots slightly. All Zn 
concentrations did not significantly alter Fe-induced 
effect on apoplastic SOD activity. After roots were 
treated with 300 µM Fe, apoplastic CAT activity 
increased to 121 % of the control values. Roots exposed 
to Fe stress together with 50 or 250 µM Zn exhibited 

about 47 and 112 % increases of apoplastic CAT activity 
in comparison with Fe-alone-treated roots, respectively. 
Apoplastic POD activity was 47.80 ± 0.60 U g-1 (f.m.) in 
untreated roots. In comparison with the control, 
apoplastic POD activity in roots remarkably increased in 
response to Fe treatment. Differently, its activity 
decreased by about 55 and 13 % in roots treated with 
50 µM Zn + Fe and 250 µM Zn + Fe, respectively, in 
comparison with Fe-alone-treated ones. Apoplastic APX 
activity increased by about 20 % in roots in response to 
Fe stress compared with the control. 50 µM Zn + Fe did 
not affect this parameter, but 250 µM application led to 
about 86 % increase of apoplastic APX activity in  
Fe-treated roots, respectively, compared with the 
untreated ones. Compared with the control, Fe stress 
significantly inhibited apoplastic GR activity in wheat 
roots. All Zn concentrations obviously retarded  
Fe-induced inhibition of apoplastic GR activity in Fe-
treated roots, with the highest GR activity at 250 µM Zn 
+ Fe treatment (Table 1). 

 
 
Discussion 
 
Iron stress induced the decrease of relative growth rate 
and the increase of Fe content in young Eugenia uniflora 
roots (De Oliveira Jucoski et al. 2013). Similarly, reduced 
root length and increased Fe accumulation were observed 
in wheat seedlings exposed to different Fe concentrations 
including 300 μM Fe (Li et al. 2012b). Furthermore, in 
this study, the presence of 50 and 250 μM Zn could 
alleviate 300 μM Fe-induced inhibition of root growth. 
This was consistent with the study of Upadhyay and 
Panda (2010), which demonstrated that Zn application 
weakened Cu toxicity and promoted the growth of 
Spirodela polyrhiza. Metal-induced phytotoxicity is 
generally associated with high metal accumulation 
because cells have to spend extra energy to cope with 
high metal content in plant tissues (Greger 1999). Here, 
we observed that the application of different Zn 
concentrations obviously decreased Fe content but 
increased Zn content in Fe-stressed seedlings. In 
consistency with our results, Cu uptake gradually 
declined due to 10, 50, or 100 μM Zn in aquatic 
duckweed (Upadhyay and Panda 2010), and Zn supply 
clearly reduced Cd accumulation and increased Zn 
content in the leaves of tomato plants under Cd stress 
(Cherif et al. 2011). These phenomena might result from 
the competition of these metals for the same transport 
system during uptake process. This could be supported by 
the study of Zhao et al. (2012) demonstrating that Zn was 
a competitor for Fe absorption. Differently, the presence 
of Zn did not affect Cd accumulation in Cd-treated Chara 
australis (Clabeaux et al. 2013).  
 Plants treated with heavy metals produce ROS, which 
in turn can induce oxidative damage and even cell death 

(Maheshwari and Dubey 2009, Liu et al. 2012). MDA is 
an indicator of lipid peroxidation (Halliwell and 
Gutteridge 1993). In the present study, the changes of 
MDA content might be associated with alleviating effects 
of Zn on Fe-induced increases in total and apoplastic 
H2O2  and O2

·−  content together with apoplastic ·OH in 
wheat roots (Table 1). It was proposed that H2O2 played 
an important role in growth inhibition of heavy metal-
stressed plants (Chen et al. 2000). A previous study 
demonstrated that oxidative stress might be responsible 
for the inhibition of root growth due to heavy metal stress 
(Tamás et al. 2009). Interestingly, the changes of MDA 
content in this study suggested that increased root length 
in 50 or 250 μM Zn + Fe-treated seedlings might be due 
to alleviating effect of Zn on lipid peroxidation induced 
by Fe stress. ROS accumulation and cell death resulting 
from Cd and Pb stress were reported in aerial roots of 
Ficus microcarpa (Liu et al. 2012). In this study, a 
declining trend in the loss of cell viability due to 50 μM 
or 250 μM Zn + Fe treatment might be responsible for the 
retarding effect of Zn on Fe-induced inhibition of root 
growth in wheat seedlings. This could be supported by 
the study of Finger-Teixeira et al. (2010) demonstrating 
that the reduction of root length was followed by the loss 
of cell viability in soybean plants under heavy metal 
treatment. 
 One enzymatic source of extracellular O2

·− is plasma 
membrane (PM) NADPH oxidase (Matsumoto and 
Motoda 2012), and the stimulation of this enzyme may be 
responsible for extracellular O2

·− or H2O2 accumulation 
when plants are exposed to different heavy metal stresses 
(Remans et al. 2010). DPI is a widely used selective 
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NADPH oxidase inhibitor (Auh and Murphy 1995). 
Decreased O2

·− content in response to DPI supplement 
indicated that PM NADPH oxidase activity in Zn +  
Fe-stressed roots was lower than in other roots. Previous 
studies suggested that extracellular O2

·− generation was 
required for root growth in different plants (Dunand et al. 
2007, Kranner et al. 2010), but according to our study, 
the changes of O2·

− generation by PM NADPH oxidase 
seemed to suggest that this enzyme might not be 
associated with the regulation of root growth in wheat 
seedlings under Fe treatment alone or together with Zn. 
Besides, cell wall-bound POD can mediate extracellular 
H2O2 generation through oxidation of NADH (Ranieri 
et al. 2001). Recent studies revealed that cell wall-bound 
POD activity was triggered and correlated with increased 
H2O2 content under heavy metal stresses (Verma et al. 
2008, Ma et al. 2012, Wen et al. 2012). In the present 
study, the changes of cell wall-bound POD activity 
indicated that cell wall-bound POD was not responsible 
for increased H2O2 content in wheat seedlings. In addition 
to NADPH oxidase and cell wall-bound POD, it is 
believed that DAO and PAO participate in the production 
of extracellular H2O2 via catabolism of polyamines 
(Cvikrová et al. 2012, Talaat and Shawky 2012). 
Meanwhile, their activities could be triggered in plants 
exposed to different heavy metal stresses (Yang et al. 
2010, Qiao et al. 2015). The present data suggested that 
PAO but not DAO might be involved in H2O2 generation 

in Fe-treated roots. 
 ROS content in plant tissues may also decrease with 
the increase of antioxidant enzyme activities including 
SOD, CAT, POD, APX, and GR. For example, increased 
CAT and APX activities, which might result in the 
reduction of H2O2 content, were found in Zn + Cu-treated 
duckweed (Upadhyay and Panda 2010). However, the 
increase of H2O2 generation and the stimulation of CAT, 
POD, and APX are caused by a heavy metal treatment in 
some plants (Wang et al. 2010, Thounaojam et al. 2012). 
These results supported the conclusion that heavy metals 
could stimulate ROS generation, leading to the increases 
of antioxidant enzyme activities as a defence system 
(Fariduddin et al. 2009, Azooz et al. 2012). The present 
data suggested that the reduction of H2O2 and O2

·− content 
in response to 50 μM or 250 μM Zn +Fe treatment 
resulted from the stimulation of major ROS-scavenging 
enzymes because the increases of total SOD, CAT, and 
GR activities along with the stimulation of apoplastic 
CAT, APX and GR in Zn + Fe-treated roots compared 
with Fe-alone-treated ones were observed (Table 1). 
Similarly, in other plant species the addition of Zn further 
stimulated Cd- or Cu-induced increases of SOD, CAT, 
POD and GR compared with single metal stresses 
(Upadhyay and Panda 2010, Cherif et al. 2011). 
However, Zn presence did not affect Cu-induced changes 
of SOD, APX, and GR activities in Sesbania drummondii 
(Israr et al. 2011). 

 
 
Conclusion 
 
In comparison with Fe-alone-treated seedlings, the 
decrease of Fe content and the increase of Zn content in 
Zn + Fe-treated wheat seedlings revealed a competition 
of these two metals for the same membrane transporters. 
Low Zn concentration alleviated Fe-inhibitory effects on 
root growth, which might be linked to the decrease in 
MDA content, the increase of cell viability, the reduction 
of total H2O2 and O2

·−, as well as apoplastic H2O2, 
·OH, 

and O2
·− accumulation. Moreover, the reduced ROS 

generation was correlated with the increases of total 
SOD, CAT, and GR activities along with apoplastic 
CAT, APX, and GR activities in Zn + Fe-treated roots 
compared with Fe-alone-treated ones. However, cell 
wall-bound POD, DAO, and PAO activities in Fe-treated 
roots were insensitive to Zn addition. 
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