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Introduction

The practice of modern industrialization causes environ-
mental imbalances due to the discharging of pollutants in 
the ecosystem (Govarthanan et al. 2015a, b). Heavy metals 
are the primary pollutants, which are normally found in the 
soil and water ecosystem. Toxicity and pollution is one of 
the major environmental problems because of its increasing 
level caused mainly by anthropogenic activities. The con-
tinuous discharging of heavy metals into the soil can cause 
serious problems to the ecosystem. Among the heavy met-
als, lead is relatively mobile in the soils and is one of the 
most toxic metals. Several studies and reviews reported the 
Pb toxicity and its high environmental persistence (Govart-
hanan et al. 2013).

Bioremediation of heavy metals which has been emerg-
ing is an innovative technology for cleaning up contami-
nated soil and maintaining the pollution free environment. 
Several studies have reported the physicochemical methods 
of remediation and its disadvantages (Yang et al. 2008; Ok 
et al. 2011). Bioremediation, particularly phytoremediation 
using plants, is an eco-friendly and efficient method for the 
removal of metals (Shin et al. 2012). Among phytoremedia-
tion, phytoextraction of heavy metals from contaminated 
soils has been receiving great attention. Metal hyper-accu-
mulator plants have been demonstrated to be potentially 
useful in soil cleanup, as they can take up significant 
amounts of metals from contaminated soils, but their low 
annual biomass production tends to limit their phytoextrac-
tion ability (Zhuang et  al. 2007). The hyper-accumulator 
plant shoots accumulate the heavy metals and produce con-
siderable amount of biomass (Luo et al. 2006). The hyper-
accumulator plants usually accumulate only a specific 
metal in small amount. Baker et al. (2000) reported on the 
Pb hyper-accumulator plants and their Pb uptake abilities. 
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With advances in stress biology, some of the high biomass 
crops such as Z. mays, Pisum sativum, Avena sativa and 
Brassica juncea plants were used as the promising alterna-
tive to hyper-accumulating plants such as Viola baoshan-
ensis, Sedum alfredii and Typha latifolia can accumulate 
heavy metals in their tissues (Zhuang et al. 2007; Chandra 
and Yadav 2011).

Synthetic chemical chelators are the most common 
amendments used in chemical-assisted phytoextraction 
of heavy metals from contaminated soils. The chemi-
cal chelators are capable of forming chemical complexes 
with metal ions, thereby modifying the bioavailability 
of heavy metals in soils (Wu et al. 2004; Quartacci et al. 
2006; Liu et  al. 2008). The application of chelators has 
been shown to enhance the phytoextraction of heavy met-
als from contaminated soil. Synthetic chelators such as 
EDTA, EDDS (ethylenediamine-N-disuccinic acid) and 
organic acids have been used extensively in Pb remedia-
tion and to enhance micronutrient supply to plants (Evan-
gelou et al. 2007; Meers et al. 2009). Several studies have 
reported the synthetic chelators inducing metal accumula-
tion in plants (Lombi et  al. 2001; Kos and Lestan 2004; 
Wu et  al. 2004; Liu et  al. 2008). However, there are no 
reported studies on combination of synthetic chelators- 
with microorganisms-assisted phytoextraction of heavy 
metals in soils.

Recently, the plant growth-promoting bacteria associ-
ated with heavy metal hyper-accumulators have attracted 
attention due to their potential applications for assisting 
phytoaccumulation of metal-contaminated soil. The plant 
growth-promoting activity of the strain was reported. 
The most recent mechanism for enhancing phytoextrac-
tion is inoculating the soil with bacteria producing sidero-
phores, which assist in chelating metals, suggesting that 
microorganisms may play a major role in successful 
phytoextraction.

Production of reactive oxygen species (ROS) is 
increased by stress conditions. The ROS are highly 
cytotoxic and can disrupt cell metabolism via oxidative 
damage to cellular components (Halliwell 1982). Plants 
have evolved protective mechanisms to reduce the risk 
of ROS, which are effective at different levels of stress-
induced deterioration (Salin 1987; Foyer et  al. 1994). 
Among the ROS protective mechanisms of plants, anti-
oxidant enzymes such as superoxide dismutase (SOD), 
peroxidase (POD) and catalases (CAT) have received 
much attention against ROS. Thus, these antioxidants 
play an important role in the cellular defense strategy of 
plants against oxidative stress, inducing resistance for 
metals by protecting labile macromolecules (Chandra 
and Yadav 2010). In the present study, we investigated on 
the (1) role of synthetic chelators with plant growth-pro-
moting Herbaspirillum sp. GW103 on phytoextraction 

of Pb by Z.mays in artificially contaminated soil and (2) 
antioxidant enzymes activities in Z.mays exposed to Pb 
stress.

Materials and methods

Bacterial strain

The heavy metal-resistant, plant growth-promoting bac-
terium Herbaspirillum sp. GW103 (Lee et  al. 2012) was 
kindly provided by Prof. Kui-Jae Lee, Chonbuk National 
University, Korea. Our previous study identified the Pb 
resistance of GW103 (Govarthanan et al. 2014). Thus, the 
strain was used for the assessment of Pb removal with syn-
thetic chelators. All chemicals used in the study were of 
analytical grade.

Soil collection and characterization

Soil sample was collected from a trial agricultural field of 
Chonbuk National University, Iksan, Republic of Korea, in 
the spring season (April 2014). The samples were sieved 
through a 2-mm sieve and autoclaved for 20 min at 121 °C 
under 105 Pa of pressure and allowed to stabilize at room 
temperature. The soil was artificially contaminated with 
100 mg/kg of Pb.

Effects of application of synthetic chelators

Seeds of Z. mays L. were surface sterilized with 70 % etha-
nol and washed with sterile water. After surface steriliza-
tion, the seeds were placed in Petri dishes filled with ster-
ile distilled water and were allowed to germinate at room 
temperature for 3–4 days. The chelators ethylene diamine 
tetra acetic acid (EDTA), gluconic acid (GA), malic acid 
(MA), boric acid (BA) and oxalic acid (OA) were applied 
on the soil surface of the pots with five different concen-
trations (20, 40, 60, 80 and 100  mM). Each chelator was 
used same concentration. All experiments were carried out 
in growth chamber at 23  °C. The roots and shoots of the 
plants were washed with tap water and rinsed with distilled 
water, and separated into two equal volumes. One group 
was dried at 60–70  °C followed by HNO3 digestion. The 
digested plant samples were used to analyze Pb accumu-
lation using inductively coupled plasma mass spectrometry 
(ICP) (150-00191-1, Rev. A, Leemans Labs, USA), after 
appropriate dilution. The ICP measurement conditions 
were as follows: nebulizer gas flow rate: 50 psi; auxiliary 
gas flow: 16 lpm; plasma gas flow: 16 lpm; ICP RF power: 
1.4 kW. Another group was used to study the antioxidant 
enzymes. A control group without chelate treatment was 
used in the experiment. Each treatment was replicated three 
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times. The higher Pb accumulation and antioxidant enzyme 
levels of each concentration of chelator were determined 
(data not shown), and the favorable concentration was used 
for further combination studies with plant growth-promot-
ing Herbaspirillum sp. GW103.

Growth studies of the Herbaspirillum sp. GW103 
with synthetic chelators

Log phase culture (5 ml) of the strain GW103 was asepti-
cally inoculated in 100 ml of M9 minimal media (g/l) com-
posed of Na2HPO4, 64 g; KH2PO4, 15 g; NaCl, 5 g; NH4Cl, 
10 g; 2 ml of 1 M MgCl2; 2 ml of 20 % fructose; and 0.1 ml 
of 1 M CaCl2) supplemented with specific concentration of 
EDTA (60 mM), MA (60 mM), GA (40 mM), BA (60 mM) 
and OA (80  mM). The flasks were incubated in a shak-
ing incubator (180 rpm) at 25 ± 2 °C, and the growth was 
measured at the prescribed time intervals (72  h) in terms 
of increase in optical density at 600  nm using a UV–Vis 
spectrophotometer (UV-1800, Shimadzu, Japan). Cultures 
grown in the absence of chelators were used as a control.

Effects of synthetic chelators combined 
with Herbaspirillum sp. GW103

In this experiment, the combined application of synthetic 
chelators and plant growth-promoting Herbaspirillum 
sp. GW103 was studied. Z. mays seedlings were grown 
for 14 days. The chelates and Herbaspirillum sp. GW103 
was applied to the soil (250 g) surface of the pots (diam-
eter 11 cm) with different concentrations (EDTA—60 mM; 
MA—60 mM; GA—40 mM; BA—60 mM; OA—80 mM 
with constant of 5 ml of bacterial culture). A control group 
without bacterial treatment was used in the experiment. 
Each treatment was replicated three times. All experiments 
were carried out in growth chamber at 23 °C. Plants were 
harvested after 2  weeks following the application of the 
chelates. The roots and shoots of the plants were washed 
with tap water and rinsed with distilled water, and separated 
into two equal volumes. One set was dried at 60–70 °C fol-
lowed by HNO3 digestion. The digested plant samples were 
used to analyze Pb accumulation using ICP.

Antioxidant enzymes activity analysis

The sample preparation and analysis of antioxidant enzyme 
activity of the plant samples were done according to Singh 
et al. (2009) with minor modifications. Briefly, 2 g of plant 
material was ground with 10  ml of phosphate buffer (pH 
7.0) containing 0.1  mM EDTA and 1  % polyvinylpyrro-
lidone. The homogenate was centrifuged at 15,000 rpm for 
15 min at 4 °C, and the supernatant was collected for the 
determination of SOD, POD, CAT activities.

Superoxide dismutase (SOD) activity

SOD activity of the plant sample was estimated according 
to the method specified in Dhindsa et al. (1981). The com-
plete reaction mixture contained 1.5 ml of 0.1 M potassium 
phosphate buffer (pH 7.0), 0.2 ml of 200 mM methionine, 
0.1  ml of nitro-blue tetrazolium chloride (NBT), 0.1  ml 
of EDTA, 0.1  ml of 1.5  M sodium carbonate, 0.1  ml of 
enzyme solution and 0.8 ml of distilled water. The reaction 
is based on the formation of blue-colored formazone by 
nitro-blue tetrazolium chloride and O2

¯ radical. The absorb-
ance was read at 560 nm using a UV–Vis spectrophotom-
eter (UV-1800, Shimadzu, Japan). Tubes containing reac-
tion mixture in the absence of enzyme extract were used 
as control. One unit of enzyme activity was defined as the 
quantity of SOD required to produce a 50 % inhibition of 
reduction of NBT.

Peroxidase (POX) activity

POX of the plant extract was estimated based on the 
method described by Castillo et al. (1984). The 0.1 ml of 
reaction solution was mixed with 1  ml of 100  mM phos-
phate buffer, 0.5 ml of 96 mM guaiacol, 0.5 ml of H2O2, 
0.4  ml of double-distilled water. Addition of H2O2 con-
verted guaiacol into the tetraguaiacol due to the oxidation 
reaction. The changes in the absorbance were determined 
at 470 nm. One unit of POX activity was determined as an 
absorbance change of 0.001 U/min.

Catalase (CAT) activity

Plant catalase was determined according to the method 
described by Piero et al. (1980) with minor modifications. 
Briefly, the enzyme mixture was mixed with 10 ml of 30 % 
H2O2. The reaction was initiated by adding H2O2 into the 
enzyme mixture. The resultant product absorbance was 
analyzed by UV spectrophotometer at 240 nm. The catalase 
activity was defined as amount of enzyme catalyzing the 
decomposition of 1 mmol of H2O2/min.

Results and discussion

The physical and chemical parameters of the soil are given 
in Table 1. The pH value of the soil represents the neutral 
condition, and the soil contains 10.2 % of organic carbon. 
The minimal inhibitory concentration of Pb of the iso-
late GW103 was reported by Govarthanan et  al. (2014). 
In order to study the synergistic effects of chelators and 
Herbaspirillum sp. GW103 on solubility of Pb was inves-
tigated. Accordingly, dose-dependent extraction studies 
were conducted. In the chelator concentration-dependent 
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experiment with GW103, Pb accumulation was observed 
after treatment with different chelators. EDTA, MA, GA, 
BA, OA combined with GW103 treatments showed Pb 
accumulation in the plant as presented in Fig. 1. Compared 
with the control group, the application of EDTA, MA, GA, 
BA and OA to the soil significantly increased the concen-
trations of Pb accumulation in Z. mays L. The combination 
of GA with GW103 treatment showed higher Pb solubil-
ity (18.9 mg/kg) compared with other chelators. Saravanan 
et al. (2007) reported that the GA and its derivatives effec-
tively solubilize the metals by endophyte G. diazotrophicus.

The application of EDTA, MA and BA with 
GW103 showed significant effects on Pb solubiliza-
tion. In chemical-mediated phytoextraction process, 
the increased uptake of Pb induced by the application 
of EDTA can be explained by the effect of improved 
solubility of Pb, and the uptake of the Pb–EDTA com-
plex by plants (Huang et  al. 1997; Vassil et  al. 1998; 
Epstein et al. 1999; Shen et al. 2002). It has been estab-
lished that there is a specific threshold concentration of 
EDTA, which is required to induce the accumulation 

of metals in plant shoots (Vassil et al. 1998). Romkens 
et  al. (2002) reported that the uptake and accumula-
tion of metals by plants can be enhanced by addition 
of chemical chelators including EDTA. Ramachandran 
et  al. (2006) reported that among the organic acids, 
gluconic acid, oxalic acid and citric acid have received 
much attention as potential chelators to improve the 
bioavailability of heavy metals in the soil (Sauer et  al. 
2008). Kos and Lestan (2004) reported that the addition 
of different concentration of organic acids increased 
soil respiration, presumably due to the microbial use of 
citric acid as an additional carbon and energy source. 
The efficiency of combination of microbe- and synthetic 
chelator-assisted phytoextraction is dependent on the 
survival of the inoculants in the presence of chelators. 
Thus, the present study showed the survival of the iso-
late GW103 with the addition of different concentration 
of chelating agents (Fig. 2). The growth studies clearly 
indicate the potential of GW103 to tolerate and survive 
in the presence of chelators.

Generally in plant system, the ROS are inevitable by-
products of plant cell aerobic metabolism. Under the nor-
mal growth conditions, favorable growth environment 
causes amounts of ROS to be modest while cells experi-
ence only mild oxidative stress, which enhance ROS pro-
duction (Inze and Van-Montagu 1995; Mittler et al. 2004). 
In particular, the heavy metal stress is of special interest to 
enhance the ROS production in the plant system. Heavy 
metals present in the environment generally cause dam-
ages to the plants and microbes either direct and/or indi-
rect manner via reactive oxygen species formation (Mit-
tler et  al. 2004; Apel and Hirt 2004; Nehnevajova et  al. 
2012). The activities of enzymes scavenging ROS such as 

Table 1   Physicochemical properties of soil

S. no Parameters Values

1 Organic matter (%) 10.2

2 Ca (meg/100 g) 3.25 ± 0.7

3 Na (meg/100 g) 42 ± 1.9

4 NH4 (meg/100 g) 54.5 ± 2.8

5 K (meg/100 g) 58.2 ± 2.1

6 pH 7.4

7 EC (ms/m) 0.24

Fig. 1   Treatment effects on the concentration of Pb in Z. mays. Error 
bars indicate standard deviation of means, where absent, bars fall 
within symbols

Fig. 2   Growth kinetics of Herbaspirillum sp. GW103 in the presence 
of various chemical chelators (BA boric acid, EDTA ethylene diamine 
tetra acetic acid, MA malic acid, OA oxalic acid and GA gluconic 
acid)
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SOD, CAT, POX were measured in the plants. The results 
show differences in enzyme activities between the treat-
ments, as well as between plants grown on a control and 
Pb-contaminated soil. The SOD activity was enhanced 
by EDTA amendment and inoculation with GW103. The 
highest level of SOD activity (55 ± 2.0 U/mg) was found 
in EDTA amended with GW103 plants. SOD is one of 
the ubiquitous enzymes, which play a key role in cellular 
defense mechanism against ROS. A significant increased 
in SOD activity was observed in all treatments compared 
to control (Table 2). The order of SOD activity was found 
to be EDTA + GW > BA + GW103 > MA + GW103 >  
OA  +  GW103  >  GA  +  GW103  >  control. The CAT 
activity was also found to be higher in all treat-
ments compared to control. Maximum activity of CAT 
(44.3  U/mg) was observed in EDTA  +  GW treated 
plants. The order of CAT activity was found to be 
EDTA  +  GW  >  OA  +  GW103  >  BA  +  GW103  >  
MA  +  GW103  >  GA  +  GW103  >  control whereas, 
the POD activity was found to be EDTA  +  GW  >  B
A +  GW103  >  OA +  GW103  >  MA +  GW103  >  GA  
+ GW103 > control. Gallego et al. (1999) reported that an 
increased antioxidant enzymes activity was observed under 
the heavy metal cadmium stress.

The antioxidant enzymes were significantly increased 
in the plants amended with EDTA +  GW. SOD catalyzes 
disproportion of superoxide anion (O2

−) to H2O2. CAT 
and POD further scavenge H2O2 and convert to O2 + H2O 
and some other phenolic compounds. The variations of the 
antioxidant enzymes are due to the application of various 
amendments in the presence of GW103. The metal stress 
condition increase the formation of reactive oxygen species 
that damage plants by oxidizing photosynthetic pigments 
and nucleic acids (Mittler et  al. 2004; Nehnevajova et  al. 
2012).

Conclusion

The heavy metal-resistant Herbaspirillum sp. GW103 with 
chelators shows a promising alternative to enhance the 

metal extraction ability in Z. mays. The extraction ability 
of Z. mays to remove Pb was considerable, due to its higher 
biomass. Addition of GA and EDTA enhanced the accumu-
lation of Pb in Z. mays. The SOD activity was enhanced 
by EDTA amendment and inoculation with GW103. The 
highest level of SOD activity (55 ± 2.0 U/mg) was found 
in EDTA amended with GW103 plants. The activities of 
antioxidant enzymes (SOD, POD and CAT) were signifi-
cantly increased in all treatments compared to control. The 
application of GA and EDTA with GW103 to contaminated 
soils greatly enhanced the uptake of Pb by Z. mays.
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