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1. Introduction 

Phytoremediation is the process through which contaminated land is ameliorated by 
growing plants that have the ability to remove the contaminating chemicals. The processes 
in phytoremediation include phytodegradation, phytostabilization, phytovolatilization and 
rhizofiltration. In addition, the association of plant and microorganism in the rhizosphere 
seems to enhance removal of the contaminants. Although relatively slow, phytoremediation 
is environmentally friendly, cheap, requires little equipment or labor, is easy to perform, 
and sites can be cleaned without removing the polluted soil; it is an in situ method. In 
addition, precious metals, such as gold, zinc and chromium, collected by the 
hyperaccumulator can be harvested and extracted as phytoextraction. However, the key 
factor for successful phytoremediation is identification of a plant that is tolerant and suitable 
for each area, one which can accumulate high concentrations of the required metal. In 
addition, the mechanism of heavy metal accumulated in the plant should be studied before 
the application. Advance research in phytoremediation has been focused on the analysis of 
the distribution and speciation of metals accumulated in the hyperaccumulative plant by 
using synchrotron radiation and the techniques of micro-X-ray fluorescence imaging (µ-XRF 
imaging) and X-ray adsorption fine edge structure (XAFS). Expression of metal-inducible 
proteins in plant such as glutathione, methallothionine and heat-shock proteins have been 
extracted by various suitable extraction buffers, separated and purified by the techniques of 
dialysis, chromatography and gel electrophoresis. Then, the amino acid sequences, the 
crystal structures of proteins, and the status of the metal bound in the proteins have been 
studied. In addition, the microorganisms in the rhizosphere of metal hyperaccumulative 
plants have been investigated by isolating the bacteria that are tolerant to heavy metals and 
contain plant growth promoting properties; such as nitrogen fixation, phosphate 
solubilization, indole-3-acetic acid (IAA) phytohormone and 1-aminocyclopropane-1-
carboxylate (ACC) deaminase production, etc. Finally, the plant design for successful 
phytoremediation in any contaminated area should be concerned with ground water, 
running off, geology and the effect of growing the plant on biodiversity. Especially, 
harvesting management and byproduct utilization should be studied and investigated to 
convince local people and government of the usefulness of phytoremediation.  
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1.1 Phytoremediation of heavy metals 
Phytoremediation is a biological treatment process that utilizes natural processes harbored 
in (or stimulated by) plants to enhance degradation and removal of contaminants in 
contaminated soil or groundwater (Alvarez & Illman, 2006). Advantages and disadvantages 
of using phytoremediation for remediation a heavy metals contaminated area are shown in 
Table 1. Furthermore, the use of phytoremediation as a secondary or polishing in situ 
treatment step minimizes land disturbance. Increasing public and regulatory acceptance are 
likely to extend the use of phytoremediation beyond current applications (Ensley, 2000; 
Tucker & Shaw, 2000). 
 

Advantages Disadvantages/Limitations 

Adaptable to a variety of heavy metal 
compounds. 

Restricted to sites with shallow 
contamination within rooting zone of 
remediative plants. 

In situ or ex situ application possible with 
effluent/soil substance respectively. 

May take up to several years to remediate a 
contaminated site. 

In situ applications decrease the amount of 
soil disturbance and relatively low cost 
compared to conventional methods. 

Restricted to sites with low contaminant 
concentrations.  

Reduces the amount of waste that has to be 
sent to landfill (up to 95%), can be further 
utilized as bio-ore of heavy metals. 

Harvested plant biomass from 
phytoextraction may be classified as a 
hazardous waste hence disposal should be 
carried out properly. 

In situ applications decrease the spread of 
contaminant via air and water.  

Climatic conditions are a limiting factor. 

Does not require expensive equipment or 
highly specialized personnel, and easily 
implemented and maintained. 

Introduction of nonnative species may 
affect biodiversity. Effects to food web and 
ultimate contaminant fates might be 
unknown. 

In large scale applications the potential 
energy stored can be utilized to generate 
thermal energy. 

Consumption/utilization of contaminated 
plant biomass is a cause of concern. 

Table 1. Advantages and disadvantages of phytoremediation for heavy metal contaminated 
areas (Adapted from Ghosh & Spingh, 2005; Alvarez & Illman, 2006) 

Phytoremediation utilizes physical, chemical and biological processes to remove, degrade, 
transform, or stabilize contaminants within soil and groundwater. The mechanism for heavy 
metal remediation are; phytoextraction, rhizofiltration, phytovolatization, and 
phytostabilization, they are described briefly as following (Ghosh & Singh, 2005; Suresh & 
Ravishankar, 2004; Schnoor, 1997; Raskin & Ensley, 2000). 
Phytoextraction or Phytoaccumulation: The extraction and translocation of heavy metals, in 
soluble form, from shallow contaminated soil to plant tissues, especially to be stored in 
stems and leaves (harvestable regions). Although the heavy metals are not destroyed, this 
approach results in considerable reduction in heavy metal mobility. Depending on the type 
and concentration of the heavy metals, extraction from the plant ashes for recycling 
purposes might be feasible. This technique is generally used for metals such as nickel, zinc, 
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copper, lead, chromium and cadmium.  Plant productivity; accumulation in harvestable 
portion of plant > 3 tons dry matter/acre-yr; > 1,000 mg/kg metals lightly contaminated soil 
near to clean-up standard. 
Rhizofiltration: This mechanism refers to the use of aquatic plants in wetlands or 
hydroponic reactors. Generally, plants with large root systems are used. The submerged 
roots of such plants act as filters for the adsorption and absorption of a wide variety of 
contaminants. This mechanism is commonly used for treatment of industrial discharge, 
agricultural runoff, metals and radioactive contamination, with the plant densities of 200-
1000 g m-2 and hydraulic detention time of several days.  
Phytovolatilization: The natural ability of a plant to volatilize a contaminant that has been 
taken up through its roots can be exploited as a natural air-stripping pump system. Volatile 
pollutants diffuse from the plant into the atmosphere through open stomata in leaves where 
gas exchange occurs.  
Phytostabilization: This application aims to prevent the dispersion of contaminated sediments 
and soil by using plants (mainly grasses) to minimize erosion by wind or rain action. Plants are 
used to reduce the bioavailability of environmental pollutants. Conditions for optimum 
likelihood of success are vigorously growing roots; hydrophobic or immobile chemicals. 

1.2 Utilization of Phytoremediation by products  
In the case of phytoremediation of heavy metals, the utilization is based on 
hyperaccumulative plants and the phytoextraction mechanism. Where, hyperaccumulation 
is defined as concentration of metal in the harvestable above ground tissues of the plant, 
with levels in the range of 0.1-1% of the dry weight of the plant. Therefore, the phytomining 
and diet enrichment of trace elements in the edible parts of plants were mentioned for 
utilization of the byproducts (Suresh & Ravishankar, 2004; Raskin & Ensley, 2000)  
Phytomining is a green technology involving the use of hyperacumulative plants to grow 
and concentrate a metal.  The basic principle of phytomining is combined with biomass 
generation and its commercial utilization as an energy source, so it can be turned into a 
profit making operation and the remaining ash can be used as bio-ore. One approach to the 
post-phytoremediation strategy would be to incinerate the plants in a incinerator, resulting 
in ash with high metal content, and there would be no emission to the air (Ghosh & Singh, 
2005; Anderson et al., 1999). The aspects of diet enrichment by trace elements such as zinc, 
iron and silinium in the edible parts of plants were mentioned for application as 
supplements in feed or biofertilizer. More than 430 taxa to date have been reported to 
hyperaccumulate heavy metals, ranging from annual herbs to perennial shrubs and trees. 
However, the chemical forms of the heavy metals accumulated in these plants have to be 
clearly understood before application as a supplement can be achieved (Suresh & 
Ravishankar, 2004; Chantiratikul et al., 2008; Ensley et al., 2001).  

1.3 Distribution and speciation of heavy metals in plants  
Plants absorb heavy metals from soil and they predominantly accumulate in the roots, then 
some portions are transported to other parts of the plant. Generally, the contents of heavy 
metals in the underground parts are higher than those found in the parts above the ground 
and follows a pattern of root>leaf>shoot (stem)>fruit and lateral root>main root, old 
leaf>young leaf (Cheng, 2003). Metals accumulated in plant tissues can cause toxic effects, 
especially when translocated to above ground tissues. The root epidermis served as a barrier 
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to transport of any heavy metals to aboveground tissues. The endodermis casparian strip 
provided a barrier to the movement of the metals into the stele (the vascular bundles). Once 
in the leaves, however, metals were highest in the xylem, followed by the mesophyll and 
then hypodermal tissue. Concentrations of metals in the cell walls were also higher than in 
intracellular locations (Weis & Weis, 2004). 
The distribution and accumulation of heavy metals in plants is related to plant species, 
element species, chemical and bioavailability, and a number of environmental conditions 
such as  redox, pH, cation exchange capacity, dissolved oxygen and temperature (Cheng, 
2003; Weis & Weis, 2004). The tolerance of plants to heavy metals and the accumulation are 
depended on various physiological factors such as uptake and leakage of metal ions by 
roots, root cation exchange capacity (CEC), phytochelatin production, antioxidative stress, 
carbohydrate production and utilization (Suresh & Ravishankar, 2004).  Generally, the 
transportation of heavy metals is related to the chemical status in plants. The transport 
activities of the ethanol extractive and water dissoluble metals were the highest, then the 
sodium chloride extractive metal, the acetic acid and the hydrochloric acid extractive metal 
being the lowest. In spite of the chemical extraction forms, heavy metals can combine with 
inorganic substances (e.g. sulphides), and some small-molecular organic substances such as 
glutathione (GSH), oxalic acid, histidine, citrate and metal-binding proteins in the plants 
(Cheng, 2003). In addition, metal ion interactions might be responsible for the regulation of 
metal uptake and translocation, for example, free proline acts as an antioxidant in Cd 
stressed cells, increasing phytochelator synthesis and sequestration of Cd, ultimately 
leading to hyperacculation (Suresh & Ravishankar, 2004; Chantiratikul et al., 2008). 

1.4 Metal-inducible proteins  
Subsequent to metal uptake into the root symplasm, the movement to xylem involves 3 
steps: metal sequestration inside root cells, symplastic transport into stele, and finally 
release into xylem mediated by membrane transport proteins. In addition, a mechanism of 
heavy metals detoxification and tolerance in plants involves the chelation of metals by 
organic acids, amino acids or peptides and metalloproteins (Suresh & Ravishankar, 2004; 
Callahan et al., 2006). Phytochelatin (PC) and metallothioneins (MT) play an important role 
in transport, translocation and detoxification of heavy metals (Memon et al., 2001; Cobbett & 
Goldsbrough, 2002).   
Phytochelatins are a group of proteins that are inducible in plants when plants are faced 
with heavy metal stress. They bind to free metal ions and carry them to vacuoles, where 
they are no longer toxic and if the metals are essential, for plant growth, like copper and 
zinc, they can be utilized by the plant itself. Phytochelatins consist of 3 amino acids, viz. 
cysteine, glycine and glutamic acid arranged in a (γ-GluCys) n-Gly confirmation. The 
synthesis of PCs starts with a response to a heavy metal by the plant by activation of an 
enzyme phytochelatin synthase, which acts upon a glutathione substrate to produce PCs. 
This action continues until the complexation of metals is completed. The action of PCs on 
heavy metals starts with the exposure of the plant to high levels of heavy metal 
concentrations (Suresh & Ravishankar, 2004; Cobbett & Goldsbrough, 2002). 
Metallothioneins (MT) resemble phytochelatins in many ways, structurally and 
functionally. They have high cysteine content, low molecular weight (6-7 KDa) and high 
metal content with coordination of metal ions in metallothionate clusters. Plant MTs are 
further classified into two types. The type 1 MTs have 12 cysteine residues arranged as 
6Cys-Xaa-6Cys, with the Xaa consisting of approximately 40 amino acids. Type 2 MTs are 
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arranged either as 6Cys-6Cys or 6Cys-Xaa-Xaa-6Cys formation. Even though, the exact 
function of metallothioneins is not clear, two theories are hypothesized. One theory says 
that MTs create ion storage pools for free excess heavy metal ions, which are chelated until 
the plant can use them, if it is an essential metal for the plant. The second theory is that MTs 
are transport proteins responsible for moving excess heavy metals from sites where they 
have built up to toxic levels to areas of the plant where they are needed (Suresh & 
Ravishankar, 2004; Cobbett & Goldsbrough, 2002). 
The organic compounds use oxygen and sulfur groups in their structures to be bound to 
heavy metals; however, plants might be bound to different atoms, depending on the tissue 
(Cobbett & Goldsbrough, 2002; Hall, 2002). Salsola kali, a potential Cd-hyperaccumulator 
desert plant species, might synthesis phytochelatins in the stems, later coordinating the 
absorbed cadmium for transport and storage in leaves as a Cd-phytochelatin complex (Rosa 
et al., 2004).  In order to understand the structure and function of these biological systems 
and the relationship of the metals with the proteins, a technique with high-resolution for 
protein separation and high sensitivity for metal analysis is required. Gel filtration, Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and two dimension gel 
electrophoresis (2DE) are techniques commonly used to analyze proteins. The techniques 
have been applied to investigate protein detoxification of metals in both microorganisms 
and plants (Yoshida, et al., 2006; Sobkowiak & Deckert, 2006). In addition, X-ray absorption 
spectroscopy (XAS) is one of the premier tools for investigating the local structural 
environment of metal ions. X-ray absorption fine edge structure (XAFS) consists of two the 
complimentary techniques of X-ray absorption near edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) (Gardea-Torresdey et al., 2005). XAFS has provided 
the nature of heavy metal complexes accumulated in metal tolerant and hyperaccumulating 
plant species, the invaluable information of metal-binding proteins, and the structure of 
metals-containing metalloproteins (Kelly et al., 2002; Verbi et al., 2005; Zhao et al., 2007). 

1.5 Microorganism in rhizosphere 
Although metals are essential components of microbial cells; for example, sodium and 
potassium regulate gradients across the cell membrane, while copper, iron and manganese 
are required for activity of key metalloenzymes in photosynthesis and electron transport. 
Perhaps the most toxic metals are the non-essential metals such as cadmium, lead and 
mercury. As a consequence of metal toxicity, some microorganisms have developed various 
resistance mechanisms to prevent metal toxicity. The strategies are either to prevent entry of 
the metal into the cell or actively to pump the metal out of the cell. This can be accomplished 
by either sequestration, active transport or chemical transformation through metal oxidation 
or reduction.  Sequestration involves metal complexation with microbial products such as 
extracellular polymeric substances (EPS) and metallothionine-like proteins. Following metal 
uptake, some cells sequester metals intracellularly utilizing low molecular weight, cysteine-
rich proteins called metallothioneins. The complexed metal may then either be transported 
back out of the cell or stored as intracellular granules. Which mechanism predominates, 
intracellular or extracellular sequestration, is dependent on the organism involved. Active 
transport of metals out of the cell is one mechanism of microbial resistance to metal toxicity. 
Highly specific efflux systems can rapidly pump out toxic metal ions that have entered the 
cell. Such efflux pumps may derive their energy from membrane potential or from ATP, and 
in fact ATP-dependent efflux pumps have been identified that are specific for metals. 
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Oxidation-reduction (redox) reactions constitute a third mechanism for microbial metal 
resistance. Microorganisms may either oxidize to mobilize or reduce to immobilize a metal 
and both reactions are used to prevent metal entry into the cell (Roane et al., 1996). 
Plant growth-promoting bacteria (PGPB) have the ability to promote a plant’s growth 
(increase biomass) and increase tolerance to toxic heavy metals by nitrogen fixation, 
phosphate solubilisation, sulfate oxidation and synthesis of phytohormones such as indole-
3-acetic acids (IAA), cytokinins, gibberellins and aminocyclopropane-1-carboxylate (ACC) 
deaminase (Zhuang et al., 2007) and induced systemic resistance (ISR) mechanism in the 
plant. Other mechanisms are the release of antibiotics, extracellular enzymes, chemical and 
volatile compounds such as lumichrome that allow respiration in roots and lead to an 
increase in the size of plants (Mukerji, 2006). More than the plant promoting properties 
under stress conditions, PGPB could assist the phytoremediation process by increase the 
availability and mobility of heavy metals to plants through acidification, redox changes and  
releasing of chelating agents such as siderophores which are then transferred together with 
water and nutrient uptake into the plant (Jing, 2007; Khan, 2005; Zhuang et al., 2007). Some 
PGPB also have toxic reducing or are heavy metal resistant mechanical inducers for example 
extracellular polymeric substants (EPS) or polysaccharides that secreted outside the bacterial 
cells can modify the soil structure and induce the plants to respond to stress. This suggest 
that rhizosphere bacteria, especially plant-growth promoting bacteria (PGPB) that contain 
the properties of heavy metal resistance can increase the plants metal resistance and increase 
accumulation in the plants that leads to increased efficiency of phytoremediation (Jing et al., 
2007; Siddiqui, 2006; Weis & Weis, 2004; Suresh & Ravishankar, 2004) 
Phytoremediation is still in the research and development phase, and could be most suitable 
for developing countries, such as Thailand. However, there are many technical barriers 
which need to be addressed. Our survey in a zinc mine, Tak province, Thailand, found 
Gynura pseudochina (L.) DC. (Wan-Maha-Kan), a tuber plant in the Genera Asteraceae. It can 
grow in areas with high zinc and cadmium contamination and highly accumulates the 
metals. In addition, it can survive all year, both dry and rainy season in Thailand. The plant 
has a potential to be used in the phytoremediation process. However, the mechanism of zinc 
and cadmium accumulation have to be made clear before application. This research aimed 
to study the distribution and chemical speciation of the metals by transmission electron 
microscopy (TEM), X-ray fluorescence (XRF) imaging and X-ray absorption fine structure 
(XAFS), using synchrotron light source. The proteins of G. pseudochina (L.) DC. involved in 
the accumulation and tolerance of zinc and cadmium were studied by extraction and 
separation with SDS-PAGE techniques. A plant growth promoting rhizobacteria (PGPR) 
from the rhizosphere of G. pseudochina (L.) DC. growing in the Zn/Cd contaminated soil 
was isolated and studied its capability to induce phosphate solubility, nitrogen fixation, IAA 
and ACC deaminase production. Finally, the phytoremediation byproduct was studied for 
their utilization as a zinc bio-ore and phytochemical extracts. 

2. Materials and methods 

2.1 Plant samples 
Gynura pseudochina (L.) DC. (Fig.1) is a member of the Asteraceae Family. It is a dicotyledon, 
with elliptic, coarsely dentate leaves covered with multicellular hairs, and an upright 
unbranched stem. The tuber has several heads near the stem apex. The flower is a long scape 
with an orange corolla on a short peduncle and an inferior ovary.  
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                                            (a)                                        (b)                             (c) 

Fig. 1. Pictures of Gynura pseudochina (L.) DC. (a) Leaves, (b) tuber and (c) flower 

Cultivation of plants and metal treatment processes were carried out in a tissue culture 
system to control environment conditions and decrease any effects from microorganism. In 
addition, propagation and experimentation using tissues derived from the same master 
plants, avoided the risks of variability among species. The master plant, non-contaminated 
shoot tips of G. pseudochina (L.) DC. were sterilized following the method of Gambrog 
(1995). The apical bud tissues were sectioned and cultured on MS nutrient agar (Murashige 
& Skoog, 1962). The apical bud explants were cultured at 25˚C under 1,500 lux of light 
intensity and 12 hours photoperiod for two months. Cuttings with nodal segments from the 
in vitro shoot of G. pseudochina (L.) DC. with one or two buds were transferred and culture in 
a modified MS nutrient agar, containing indole-3-acetic acid (IAA) plus indole-3-butyric 
acid (IBA) (Cuenca et al., 1999). 

2.2 Zinc and Cadmium treatment 
The healthy plants were selected for Zn and/or Cd treatment under the tissue culture 
system. The plant samples were separately treated with 2 ml each of zinc solutions of 0 
(control), 100, 250, 500, 750 and 1000 mg l-1, or treated with 2 ml each of cadmium solutions 
of 0 (control), 5, 20, 50, 100 and 150 mg l-1. The dual treatment of zinc and cadmium was 
carried out with various zinc concentrations containing 50 mg l-1 of cadmium. The zinc and 
cadmium solutions were prepared from ZnSO4.7H2O (Ajax Finechem, Australia) and 
CdSO4.8H2O (Ajax Finechem, Australia), respectively. After 2 weeks of exposure to the 
metals, the treated plants were harvested and rinsed with an excess of deionized water 
before being blotted dry. The leaves were separated and dried at 80oC for 24 hours. A 0.05 g 
sample of each was digested following the modified method of Miller (1998); socking with 3 
ml of 65% v/v HNO3 for 24 hours, then heating at 150˚C for 1 hour, before adding 1 ml of 
70% (v/v) HClO4 and heating at 215oC for 2 hours, then adding 3 ml of deionised water and 
boiling at 90oC for 1 hour. The digestion was analysed for zinc concentration by an Atomic 
Absorption Spectrophotometer (AAS) (Shimadzu AA-680, Japan). The data was analyzed by 
one-way analysis of variation (ANOVA). The variance and means separation were 
performed using the Duncan’s new multiple range test (DMRT) at p <0.05. Statistical 
analysis was performed using the SPSS Version 15.0 software program. 

2.3 Protein samples 
One-dimensional SDS-PAGE, the crude protein was extracted from the leaves of each 
treated plant. A 0.1 g (wet weight) of sample was homogenized with 400 µl of phenol 
extraction buffer (80% saturated phenol, 0.01% (v/v) 2-mercapto-ethanol in 12 mM Tris-HCl 
pH 8.0, 5 mM EDTA pH 8.0 and 10 mM KCl, pH 8.0) following the method of Sangdee et al. 
(2003). The crude protein was precipitated from supernatant by adding 5 volume of 100 mM 
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ammonium acetate in 99.9% methanol then incubated at -20oC for 30 min, and centrifuged at 
13,000 g for 20 minute. The protein pellet was washed with 99.96% acetone (AnalaR 
NORMAPUR, France) and resuspended in 50 µl of protein sample buffer (63 mM Tris-HCl 
pH 6.8, 2% (v/v) SDS, 5% (v/v) mercaptoethanol, 20% (v/v) glycine) and the  protein 
concentration was determined by Bradford’s assay (Bradford, 1976). Each 40 µg protein 
sample was fractionated by polyacrylamide gel electrophoresis, resolving gel 12% and 
stacking gel 5%, for 2 hours at 20 mA per gel by electrophoresis (MiniVE GE Healthcare Bio-
Sciences Corp., USA). The gels were stained with Coomassie Brilliant Blue R-250 staining 
buffer (Bollag et al., 1996). Molecular weight of protein band was measured based on the 
molecular weight of two broad range protein markers of 7.1 kDa to 209 kDa and 10 kDa to 
250 kDa (prestained SDS-PAGE standard, broad range, Bio-Rad, USA). The expression of 
proteins in SDS-PAGE was analysed by Quantity One 1-D analysis software program (Bio-
Rad, USA). 
Two-dimensional electrophoresis, a crude protein extract was extracted from the plant 
leaves (0.2 g) by grinding in a chilled mortar with liquid nitrogen to obtain a fine powder, 
then 200 µl of lysis buffer (7M urea, 2M Thiourea, 4% CHAPS, 2% IPG buffer pH 3-10, 40 
mM dithiothreitol; (DTT)) was added directly to the mortar and continually ground for 30 
sec. The extract was separated by centrifugation at 12000g, 4°C for 15 min. The supernatant 
was cleaned by 2-D Clean-up kit. Each 80 µg protein sample was isoelectric focused (IEF), 
fractionated on Immobiline DryStrip gel pH 3-7, 7 cm and IPG buffer for 4 hours by an 
isoelectric focusing electrophoresis (Ettan IPGphor II GE Healthcare, Sweden). The 
chemicals for 2-DE were ordered from GE Healthcare. After separating by first dimension of 
IEF, the strip was equilibrated in SDS equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M 
urea, 30%(v/v) glycerol, 2%(w/v) SDS, 0.002%(w/v) bromophenol blue), before separated 
in the second dimension on SDS-PAGE with a 12% polyacrylamide gel for 2 hours at 20 mA 
per gel. The separated protein spots were visualized by silver staining (Bollag et al., 1996). 

2.4 TEM 
The samples for imaging by transmission electron microscopy (TEM) were G. pseudochina 
(L.) DC. treated with 100 mg l-1 zinc solution, pH 5.5 ± 0.5 or watered with deionised water 
(control) for two months. Small sections of stem, leaf and tuber (1 mm length x 1 mm width) 
were fixed in 2.5-10% glutaraldehyde (v/v) in 0.1 M phosphate buffer at 4oC, pH 7.2 for 24 
hours. Samples were washed 3 times for 30 minutes each in phosphate buffer before being 
postfixed in 1% OsO4 for 2 hours. The postfixed samples were washed with deionised water 
3 times for 30 minutes each, then dehydrated by ethanol series (20, 40, 60, 80, and 100%) 
followed by infiltration with ethanol and Spurs’ resin in ratios of 3:1, 1:1 and 1:3 for 24 hours 
each. Embedding in Spurs’ resin and polymerization was carried out at 70°C for 80 hours. 
Thin slide sections (60-90 nm) were prepared on a grid for viewing by TEM (JEOL JEM 2010, 
Japan) at an accelerating voltage of 80.0 kV. 

2.5 XAFS and XRF imaging  
Zinc treated plants were subjected to two-dimensional µ-XRF imaging and XAFS analysis. 
The plant samples were harvested and washed with an excess of running deionised water, 
before being separated into leaves, stem and tuber. A thin section of the freeze-dried sample 
was prepared in order to maintain its tissue structure and chemical state. The cross section 
of the tuber, stem and leaves were cut to a thickness of 200-300 µm using a vertical slicer 
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(HS-1 JASCO, Japan) and immediately put on dry ice. The sections were freeze-dried 
overnight using a lyophilizer (Labconco Lyph Lock 6 Freeze Dryer, USA). For bulk XAFS 
analysis, an amount of each freeze-dried plant part, tuber (medulla and periderm), stem and 
leaves, were ground and pressed into a pellet before being sealed in a mylar plastic bag 
(Mylar polyester film, No.100, Chemplex, USA). The whole plant treated with 1,000 mg l-1 of 
Zn solution was used to prepare a crude protein pellet for XAFS analysis. 
µ-XRF imaging was performed at beamline 4A, Photon Factory (PF), High Energy 
Accelerator Research Organization (KEK), and beamline 37XU, SPring-8, Japan. XAFS 
analysis was performed at beamline 12C, at PF, KEK. The XAFS analysis data was analyzed 
by Rigaku Rex2000 Version 2.3.2. The analytical chemicals used for reference materials were 
Zn(NO3)2, ZnS, ZnSO4.7H2O, ZnCl2 and ZnO. Zn-cellulose (prepared by absorption system) 
and Zn-cysthein (prepared by absorption system) were measured as reference materials. 

2.6 Microbial isolation 
A soil sample was collected from the rhizosphere of G. pseudochina (L.) DC., growing in zinc 
and cadmium contaminated areas. The soil sample was suspended in sterile distilled water. 
Bacterial isolation was carried out by spread plate techniques on nutrient agar (NA) 
containing Zn and/or Cd of 5, 10, 15 and 20 mg l-1. The plates were incubated at 30oC for 3 
days. Colonies with different characteristics from the Zn and/or Cd containing agar plate 
were picked and further isolated to single colonies on Nutrient agar containing Zn and/or 
Cd according to their resistant metal concentration. The isolates were given code names, for 
example, PDMZnCd2003 (PDM-Phadeand mining; ZnCd-agar containing Zn and Cd; 20-
concentration of heavy metals in agar (mg l-1); 03-isolate number). All bacterial isolates were 
Gram stained and endospore stained to confirm each isolates was not the same and pre-
grouped the isolates.  The isolates containing the properties of Zn/Cd tolerance and plant 
growth promoting were identified by API 20E biochemical test (Koneman et al., 1997) and 
genetic characterization.  
Genetic characterization: Total genomic DNA of selected isolate was extracted by a 
modified phenol: chloroform procedure of Sambrook & Russel’s (2001). Two primers of fD1 
(5’-AGAGTTTGATCCTGGCTCAG-3’) and rP2 (5’-ACGGCTACCTTGTTACGACTT-3’) 
(Weisburg et al., 1991) were used for 16S rDNA (ribosomal Deoxyribonucleic acid) 
amplification, and nif H-F (5’-AAAGGYGGWATCGGYAARTCCACCAC-3’) and nif H-R 
(5’-TTGTTSGCSGCRTACATSGCCATCAT-3’) primer pairs (Torok et al., 1981) were used 
for nif gene amplification. Each 50 µl of polymerase chain reaction (PCR) reaction contained: 
100 ng of purified total DNA, 0.2 mM of each diethylnitrophenyl thiophosphate (dNTP), 5 
unit of Tag DNA polymerase (Invitrogen, USA) in 5 µL  of 10x Tag buffer, 1 mM MgCl2, 0.2 
mM of each primer, and 35 µl sterile deionized water. Thermalcycling program for 16S 
rDNA amplification consisted of 1 cycle of 94oC for 5 min (denaturation), 57oC for 2 min 
(annealing for fD1 and rP2) and 72oC for 2 min (extension), and 29 cycles of 94oC for 2 min, 
57oC for 30 sec and 72oC for 2 min, with a final elongation cycle of 72oC for 10 min (Wood et 
al., 1998). Amplification of nif gene was carried out under the thermalcycling program of 35 
cycles of 94oC for 5 min, 54oC for 1 min (annealing for nif H-F and nif H-R) and 72oC for 1 
min, with a final elongation cycle of 72oC for 10 min (Zehr et al., 1989).  The PCR products 
obtained were purified with a HiYieldTM Gel/PCR DNA Fragments extraction kit (Real 
Biotech Corporation, Taiwan) and cloned into the pGEM-T-Easy vector (Promega, Madison, 
Wis.) according to the protocols of the manufacturers. The plasmids were transformed into 
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competent E. coli JM109 by transformation and storage solution (TSS) method (Chung & 
Miller, 1993). Sequencing was performed on an 3730XL DNA sequencer, monitoring the 
whole experimental process through Laboratory Information Magement System (LIMS), 
Macrogen Inc, Korea. Sequence data of 16S rDNA (1500 bp) and nif gene (700 bp) were 
compared with sequences in the National Center for Biotechnology Information data bank 
using the BLAST program (Altschul et al., 1997).  

2.7 Study the plant growth promoting (PGPB) properties  
All bacteria were screened for their plant growth promoting properties as measured by their 
IAA and ACC deaminase production, N2 fixation, and phosphate solubilisation. The isolates 
that exhibited high heavy metal tolerance and showed plant growth promoting properties 
were subjected to quantitative analysis.  
IAA production: Bacteria were cultured in Trypticase soya broth (TSB) containing 0.2% w/v 
tryptophan and were incubated in the dark at 30oC for 48 hours at 150 rpm by an incubated 
shaker (Innova 2100 Platform shaker, New Brunswick Scientific, USA). The cultures were 
then centrifuged at 6,000 rpm for 15 minutes at 4°C by a refrigerator centrifuge (MX-301, 
TOMY, USA). The supernatants were mixed with Salkowski’s reagent (ratio 2:1) and left in 
the dark for 20 min. The optical density was measured at an absorbance of 530 nm (Bric et 
al., 1991). The IAA concentration was determined by using a standard curve of authentic 
IAA (Sigma-Aldrich, St. Louis, MO, USA). 
N2 fixation: One loop of each bacterial culture (24 hours old) was spotted onto N-Free agar 
containing 0.0025 % w/v bromothymol blue and incubated for between 1-7 days. Isolates 
that showed growth within 7 days and intensified the color of bromotymol blue around the 
colony were considered to be N2-fixation bacteria. To measure quantity, bacteria were 
inoculated into N-free malate medium and incubated for 72 hours while being shaken. The 
cultures were then centrifuged at 6,000 rpm for 15 minutes at 4°C. Ammonia nitrogen (NH3-
N), an inorganic dissolved form of nitrogen, in the supernatant was quantitatively analysed 
with Nessler’s reagent as described by Cappuccino & Sherman (1992). The amount of NH3-
H was measured against a standard curve of ammonium choride (NH4Cl) (Ajax Finechem 
Pty Ltd, Australia). 
Phosphate solubilisation: One loop of each bacterial culture (24 hours old) was streaked 
onto NBRIP (National Botanical Research Institute’s phosphate growth) agar. After 
incubation for 7 days, the clear zone around each colony that indicated phosphate-
solubilisation was observed. The amount of soluble phosphate was measured. Bacteria were 
inoculated in NBRIP medium consisting of 0.5% w/v Tricalcium phosphate and incubated 
aerobically on a rotary shaker for 72 hours. Bacterial cultures were centrifuged at 6,000 rpm 
for 15 minutes at 4°C. Soluble phosphate in the supernatant was measured by the modified 
ascorbic acid method of APHA, AWWA (Clesceri et al., 1998). Concentration of soluble 
phosphate was determined against a standard curve of potassium dihydrogen phosphste 
(KH2PO4) (Ajax Finechem Pty Ltd, Australia). 
ACC deaminase activity: Bacteria were grown in TSB until late log phase and harvested by 
centrifugation at 6000 rpm at 4˚C. Cell pellets were washed twice with DF-salt medium 
(Dworkin and Foster, 1958) and resuspended in DF-salt medium. The suspended cells were 
then added to a DF-salt medium containing 3 mM of ACC as the sole N- source and shaken 
at 200 rpm for 72 hours. ACC deaminase activity was measured by following the method of 
Penrose and Glick (Penrose & Glick, 2003). 
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2.8 Utilisation of phytoremediation by-product 
The zinc accumulative plant was dried and pyrolysed in a furnace at 550oC for 4 hours to 
obtain ash. The 98% (v/v) sulphuric acid (H2SO4), which is used in zinc mining, was used to 
extract zinc from the ash.  In addition, the phytochemical extraction from leaves of G. 
pseudochina (L.) DC. and the antioxidant property were studied to support a sustainable 
development in the zinc contaminated area. The plant from a non-contaminated side was 
studied in the extraction and basis data of phytochemicals. The extracts were investigated in 
total phenolic content (TPC) (Liu et al., 2008), total flavonoid (TF) (Yoo et al., 2008), free 
radical scavenging activity (FRSA) (Cotelle et al., 1996), and high-performance liquid 
chromatography (HPLC) by modified of the conditions of Zuo et al. (2002). Then the extracts 
of plants grown in zinc contaminated soil were measured to determine the possibility of 
zinc contaminating the extracts. 

3. Results and discussion 

3.1 Zinc accumulation 
The concentration of zinc in G. pseudochina (L.) DC. leaves increased with increasing Zn 
levels in the treatment solution (0, 100, 250, 500 and 750 mg l-1). The accumulations of Zn in 
the leaves of treated plants were 0.2-4.2 mg Zn g-1 dry wt. (Fig. 2(a)). The plants dually 
treated with various zinc concentrations and 50 mg l-1 of cadmium resulted to lower Zn 
accumulation in a range of 0.1-3.1 mg Zn g-1 dry wt. (Fig. 2 (b)), compared with only Zn 
treatment. The amounts of Cd accumulated in treated plants’ leaves are shown in Fig.2(c), 
the Cd level significantly increased with the increasing concentration of Cd (p < 0.05, n=8). 
The accumulations of Cd in the leaves of treated plants were 0.1-0.6 mg Cd g-1 dry wt. The 
Cd concentration in the leaves when dually treated with various zinc concentrations and 50 
mg l-1 of cadmium resulted in higher Cd accumulation in a range of 1.0-1.5 mg Cd g-1 dry 
wt. (Fig. 2(d)). The high accumulation of Zn and Cd in the leaves and the shoot, indicated 
the potential for application in phytoremediation (Reeves & Baker, 2000). The increase in 
zinc and cadmium accumulation when treated with higher concentrations of the metals was 
found in wheat plants, Triticum aestivum L.cv Klein Atalaya (Santa-Maria & Cogliatti, 1998), 
Linum usitatissimum (Chakravarty & Srivastava, 1997), gray mangrove Avicennia marina 
(Forsk.) Vierh (MacFarlane & Burchett, 2002), Sedum afredii (Li et al., 2006), Brassica juncea 
(Maruthi Sridhar et al., 2005), and Potentilla griffithii (Hu et al., 2009). The net Zn-uptake rate 
increased as the Zn-concentration in the growth solution increased, because the greater the 
external concentration of Zn, the higher were both Zn-influx and Zn-efflux (Santa-Maria & 
Cogliatti, 1998). In addition, the enhancement of Cd uptake under dually Zn and Cd 
treatment might be attributed to an altered and specialized transporter of metal ions in the 
plasma membrane system induced by the addition of Zn (Ebbs et al., 2009). 

3.2 Distribution and speciation of Zn 
Ultra structure studied by transmission electron microscope (TEM) showed zinc treatment 
might be responsible for the rough cell walls observed in stem tissues (Fig. 3(b)), and the 
stoma of chloroplast in leaves containing starch grains and plastoglobule (Fig. 3(d)). The 
rough cell walls occurred in B. juncea and Armeria maritime, when they were treated with a 
high zinc concentration (Maruthi Sridhar et al., 2005; Heumann, 2002). However, the 
complete chloroplast, containing starch grains and plastoglobule, implied that the plants 
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still had photosynthesis system under zinc treatment (Dimassi-Theriou & Bosabalidis, 1997; 
Kessler & Vidi, 2007).   
Conventional methods for preparation TEM samples use many chemicals to fix organelles that 
may cause the loss of some zinc and cadmium accumulated in plant tissues (Davies et al., 1991; 
Vázquez et al., 1992). In addition, using osmium tetroxide for lipid fixation caused to Os Lα 
signal that annoyed Zn Kα signal when measuring with TEM connecting to Energy dispersive 
spectroscopy (EDX) (Panitlertumpai et al., 2008). Although the zinc distribution could be due 
to precipitation of zinc into the tissues as zinc sulfide (ZnS) (Sarret et al., 2001; Heumann, 
2002), the distribution of zinc might not reflect the real situation occurring in the plant. 
Synchrotron base µ-XAS imaging shows that zinc and cadmium were transported from the 
root to the vascular ring of the tuber via the symplast system (Fig. 4(a)), and were then 
transported to the stem and leaves via the vascular bundle (Fig. 4). The combination of the 
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Fig. 2. Zinc and cadmium accumulation in the leaves of G. pseudochina (L.) DC.,  
(a) zinc accumulation when treated with various concentrations of zinc, and (b) dually 
treated with various zinc concentrations and 50 mg l-1 of cadmium, (c) cadmium 
accumulation when treated with various concentrations of cadmium, and (d) dually treated 
with various zinc concentrations and 50 mg l-1 of cadmium. Means with different letters are 
significantly different (p < 0.05, Duncan’s test), n=8. 
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             (a)                                      (b)                                         (c)                                     (d) 

Fig. 3. TEM images of micro-structures of stem and leaf tissues of G. pseudochina (L.) DC. 
treated with 100 mg l-1 zinc solution (treatment) and deionised water (control). (a) stem 
tissues of control plant, (b) stem tissues of treated plant, (c) leaf tissues of control plant, and 
(d) leaf tissues of treated plant. (Is, intercellular space; Ml, middle lamella; Pm, plasma 
membrane; Cw, cell wall). 

apoplast and symplast systems probably explained the distribution of zinc and cadmium 
(Karley et al., 2000). The distribution of zinc and cadmium in the stem cross section (Fig. 4 (b)) 
indicates major accumulated in the cortex, especially the purple colour of the parenchyma cell 
containing anthocyanin. The zinc and cadmium signal in the leaf cross section (Fig. 4 (c)) 
confirmed the transportation of zinc and cadmium from stem to leaves via xylem and vein. 
The relative Zn and  Cd content was higher in the vein and epidermis (Fig. 4) including 
trichome (Fig. 5). The plant treated with a zinc concentration of 100 mg l-1 showed the 
accumulation of zinc mainly in the epidermis cells (Fig.5 (b)). While treatment with a high zinc 
concentration of 1000 mg l-1 showed the accumulation of zinc in trichome (Fig.5 (a)). The 
distribution of Zn, Fe, Cu and Mn was in the same area, whereas the distribution of K and Ca 
was throughout the tissues of the stem and leaves (data not shown). 
Zn also hydrolyzes at pH > 7.7, resulting in hydrolyzed species that were strongly sorbed and 
also easily transferred in plants (Alvarez & Illman, 2006; Cheng, 2003). Zn is mainly in the acid 
soluble form, which is hard to be transferred in crops. The main parts of Zn in plants were 
seen to be low molecular weight compounds, metal proteins and free Zn, while less insoluble 
portions were seen to have combined with the cell wall. 58-91% of the zinc in plants was not 
soluble and played an important role in the physiological activities of the plant (Cheng, 2003). 

3.3 Protein pattern 
The majority of research in this area has focused so far on genes whose protein products are 
involved in the uptake and accumulation of metals. To investigate the effect of zinc and 
cadmium on the protein patterns, the crude protein extracted from the leaves of Zn and Cd 
treated G. pseudochina (L.) DC. were separated by one-dimensional SDS–PAGE. The visible 
differences in new and stronger protein band patterns were observed when compared with 
the protein pattern of control plant (0 mg metals l-1). The protein bands of 43, 46.4, 120 and 
160 kDa were observed in the Zn-treated samples, the protein band patterns as shown in 
Fig. 6 (a). Cd induced the synthesis of a 12.7 kDa protein (Fig. 6(b)). While, Fig. 6 (c) shows 
that 43 and 70 kDa proteins were induced by a combined treatment of Zn and Cd. 
Phytochelatins (1.5-4 kDa) and metallothioneins (8-14 kDa) have been reported to be 
responsible for metal tolerance in many plants (Grill et al., 1989). The expression of 70 kDa 
heat shock protein (hsp 70) under cadmium stress was found in Lycopersicon peruvianum cell 
culture (Neumann et al., 1994), the root of maize (Zea may L.) (Reddy & Prasad, 1993), and 
rice (Oryza sativa L.) (Raddy et al., 1995). Reddy and Prasad (1993) also used an in vitro
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Fig. 4. µ-XRF imaging for zinc and cadmium of (a) tuber, (b) stem and (c) leaf. The red 
colour depicting elemental concentrations in each map are scaled to the maximum value for 
that map. 
 

 
 (a) 
 
 
 
 
 
 (b)                                                                               (c) 
 
 
 
 
 
 
 
 
 

Fig. 5. µ-XRF imaging for zinc and cadmium distribution in leaves’ trichomes of G. 
pseudochina (L.) DC. treated with (a) 1000 mg l-1 zinc and 50 mg l-1 cadmium, (b) 50 mg l-1 
cadmium, and (c) 100 mg l-1 zinc. The red colour depicting elemental concentrations in each 
map are scaled to the maximum value for that map.   
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                       (a)                                                     (b)                                                     (c) 

Fig. 6. SDS-polyacrylamide gel electrophoresis of the Zn and/or Cd treated G. pseudochina 
(L.) DC.’s leaves proteins. (a) the plants’ leaves treated with various zinc concentrations, (b) 
treated with various cadmium concentrations, and (c) treated with various zinc 
concentrations and 50 mgl-1 of cadmium (Lane a= 0+0; b= 100+50; c= 250+50; d= 500+50; e= 
750+50 and f= 1000+50 mg l-1) 

 

 
 

Fig. 7. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) images of  
G. pseudochina (L.) DC. leaves protein extracts of (a) control plants, and (b) plants treatment 
with 50 mg l-1 cadmium. 

phosphorylation assay to show that the hsp70 was a phosphoprotein. The changes in 
protein patterns were analyzed by 2-dimensional gel electrophoresis (2-DE) for better 
separation and characterization. Ten protein spots were found to be differentially expressed 
in response to cadmium treatment, five proteins were markedly up-regulated (sport no. 1–4 
and 6) and five proteins were down-regulated (spot no. 5 and 7-10) as shown in Fig. 7. 
However, the protein spots have still to be further identified by mass spectroscopy. A Cd-
binding complex (Cd-BC) was isolated and purified from roots of wheat (Triticum aestivum 
L.), the molecular weight was around 10 kDa, and the composition of Glu/Gln, Cys and Gly 
was 4:4:1 (Cheng, 2003). 
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3.3 Speciation of Zn accumulation     
The curve fitting of EXAFS oscillation yielding the coordination number (N) and inter 
atomic distance (R) are shown in Table 2. EXAFS structure of Zn K-edge accumulated in 
plant tissue was analysed in the first shell. The results showed that Zn(II) in the periderm of 
tuber treated with zinc was coordinated by 4.9 atoms of O with radius 2.05 Ao, cellulose and 
pectin were the main constituents of the oxygen ligand.  Zn(II) in the medulla of the tuber 
treated with zinc was coordinated by 2.3 atoms of O with radius 2.06 Ao, cellulose was the 
main constituent of the oxygen ligand. In addition, there was more than one species of zinc 
binding with O from other sources. Zn(II) in the stem of plant treated with zinc was 
coordinated by 4.2 atoms of O with radius 2.14 Ao, citrate and malate were the main 
constituents of the oxygen ligand as Zn-citrate, N 4.3, R 2.03 Ao and Zn-malate, N 4.2, R 2.01 
Ao (Kelly et al, 2002; Straczek et al, 2008). Zn-S was coordinated by 2.4-3.1 atoms of S with 
radius 2.1-2.3 Ao, cysteine was the main constituent of the sulfur and oxygen ligand as Zn-
cysteine, N 4-4.5, R 2.34-2.35 Ao (Kelly et al, 2002; Straczek et al, 2008). In addition, Zn was 
bound by 2.3-2.9 atoms of Cl with radius 2.1-2.3 Ao.  Cases of Zn-Cl have not been reported. 
That implied that Zn might be easily separated from Cl and dissolved as Zn2+ ion. Therefore, 
the shoot parts of plants growing as zinc hyperaccumulators in the phytoremediation 
process should be harvested within 2 months or before falling of the leaves to prevent 
discharge of zinc into the environment. 
 

Sample Atom type, first shell N R (Å) 
Model: 
ZnS 
Zn(NO3)2 
ZnSO4 7H2O 
Zn(CH3COO)2 
ZnCl2 
ZnO 
Zn-cellulose 

 
S 
O 
O 
O 
Cl 
O 
O 

 
5.0 
6.9 
5.6 
2.6 
5.1 
4.4 
5.9 

 
2.34 
2.09 
2.08 
2.06 
2.17 
1.99 
2.09 

Zn-cysteine O 
S 

4.5 
4.1 

2.11 
2.24 

Sample:    

Zn tuber-out (periderm) O 4.9 2.05 
Zn tuber-in (medulla) O 2.3 2.06 
Zn leave O 

S 
Cl 

4.4 
3.1 
2.9 

2.12 
2.23 
2.21 

Zn leave (in vivo) O 
S 
Cl 

3.3 
2.6 
2.4 

2.62 
2.13 
2.12 

Zn stem O 4.2 2.14 
Zn protein S 1.3 2.31 

 

Table 2. EXAFS fitting of the reference Zn-compounds and Zn in plant samples, showing 
bond, coordination number (N) and atomic radius (R)(Å). 
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XANES spectrum of zinc on protein indicated that zinc in protein was possibly ZnS (81% 
fitting) and ZnO (19% fitting). The curve fittings of EXAFS oscillation are shown in Table 2. 
The results obtained for the first Zn-S coordination shell were 1.3 (N), 2.31Ao(R). However, 
the first Zn-S coordination is limited by the number of free sulfur atoms on the protein and 
lower coordination numbers of ZnS might be due to our methodology which used a 
reducing agent such as mercaptoethanol (HOCH2CH2SH). It has the ability to cleave 
disulfide bonds so it might be decreasing the number of sulfur ligands on the protein of G. 

pseudochina (L.) DC. Ideal geometrics of zinc forms four, five and six coordinate complexes 
by Tetrahedral, Trigonal Bipyramidal, Square Pyramidal and Octahedral, respectively (Patel 
et al., 2007). Zinc was bound into cysteine residue and histidine complex by coordination of 
S, O and N atoms (Bracey et al., 1994). In addition, Yu et al., (2008) reported that the 
formation of a stable Zn tetrahedral configuration with four sulfur ligands on a protein of 
KTI11. Therefore, the results indicated that Zn-S coordination in the first shell for proteins of 
G. pseudochina (L.) DC. by the amino acids containing sulfur groups might be involved in 
zinc binding proteins such as protein content a mainly of cysteine residue and histidine. 
Therefore, these results indicate that protein patterns of our experiment might be zinc 
binding proteins. 

3.4 PGPB properties of Zn and Cd tolerance isolates 
The number of bacteria isolated from the rhizosphere of G. pseudochina (L.) DC). growing in 
zinc and cadmium contaminated soil in a  zinc mining area, Phatat Phadaeng sub-distric, 
Mae sot, Tak province, Thailand, were 34 isolates (they were divided by NA agar plates 
containing Zn, Cd and Zn+Cd as 18, 10 and 6 isolates, respectively). 25 isolates were gram 
negative bacteria and 9 isolates were gram positive bacteria. The results indicated that 75% 
of the isolates were gram negative bacteria. That might be due to the cell wall structures of 
gram negative bacteria which are more complex and resulted in many functions to help 
survival in extreme environments when compared to gram positive bacteria (Willey et al., 
2009; Ahmad et al., 2008). However, it depends on the kind of heavy metal, as Abou-shanab 
et al. (2007) found the genes that control Hg, Zn, Cr and Ni tolerance in both gram negative 
and positive bacteria. In nature, metal resistance-gene transformations can occur between 
bacteria and this mechanism is the main mechanism for bacterial resistance.  
Plant growth-promoting abilities of bacteria: From the 34 isolates, there were 24, 24 and 15 
isolates of bacteria had the properties of IAA production, N2-fixation and phosphate 
solubilisation, respectively. The number of IAA producing and N2-fixing bacteria was more 
than the number of phosphate solubilising bacteria. In addition, 20 isolates contained the 
properties of N2-fixation and IAA production. These results suggested that IAA production 
and nitrogen fixation in free-living bacteria could be the major mechanisms needed to 
associate with the host plants. The large amount of IAA producing and N2-fixing bacteria 
could be related to their plant colonization due to the mutaulism relationship between 
plants and bacteria (Siddiqui., 2006). For instance IAA-producing bacteria obtained 
tryptophan that produced by plants as an IAA precursor (Spaepen et al., 2007).  
Four isolates capable of IAA production, nitrogen fixation and phosphate solubilisation 
were chosen for quantitative analysis of IAA production, nitrogen fixation, phosphate 
solubilisation and ACC deaminase activity. Table 3 shows that 4 isolates produced large 
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amounts of IAA. The large concentration of IAA produced by IAA producing bacterial 
isolates might support the growth of G. pseudochina (L.) DC. Although, ACC deaminase 
production was less than that detection by measuring the amount by the α-ketobutyrate 
production method. High IAA production implied their ability to product ACC deaminase. 
The results indicated that these 4 isolates have multiple properties to promote plant growth. 
 

Isolates IAA 
(mg l-1) 

N as NH3-N 
(mg l-1) 

P as KH2PO4 
(mg l-1) 

ACC deaminase 
(unit ml-1) 

PDMZn2008 275.3 16.2 13.9 N/D 
PDMCd0501 249.7 18.9 9.6 N/D 
PDMCd2007 311.3 12.5 7.5 N/D 
PDMZnCd2003 294.3 23.5 10.5 N/D 

*N/D, not detectable 

Table 3. IAA production, nitrogen fixation, phosphate solubilisation and ACC deaminase of 
the bacterial isolates 

Identification of bacteria 
The isolate PDMZnCd2003 was chosen for identification because of its tolerance to high 
concentrations of Zn and Cd (20 mg l-1 of Zn and Cd) and its ability to produce IAA, fix 
nitrogen, and solubilise phosphate (Table 3). In addition, PDMZnCd2003 produced 
fluorescent pigments when cultured in Cd-containing medium. It is very interesting because 
it may be a siderophores with chelating agents for holding heavy metal ions. Moreover it 
could demonstrate other plant growth promoting properties that we did not test for in this 
study. The results of API 20E biochemical test identified that PDMZnCd2003 could possibly 
be Pseudomonas aeruginosa. The 16S rDNA and nif gene sequences of the isolate were 
compared with the sequence in Genbank according to the BLAST search tool. The organism 
identified from the matched sequences was P. aeruginosa. In addition, Pseudomonas sp. have 
been reported on heavy metals and to have chemical stress characteristics, while the 
bacterium has been suggested for improving phytoremediation process previously 
(Rajkumar &Freitas, 2008; Abou-shanab et al., 2008; Robinson et al., 2001). P. aeruginosa 
showed uranium accumulated by both passive diffusion and, in some instances, by a 
metabolism-dependent translocation process (Hughes & Poole, 1989; Strandberg et al., 
1981), and the Pseudomonas putida GAM-1 was isolated as a Cd2+-resistant gram-negative 
bacterium (Horitsu et al., 1986). 

3.5 Utilization of Zn phytoremediation by product 
Zinc was completely extracted from the ash of phytoremediation by-products using 
sulphuric acid. Therefore, the application of zinc phytoremediated by G. psuedochina (L.) DC. 
could be processed in the hydrometallurgy of zinc ore mining.  
For phytochemical extracts from G. pseudochina (L.) DC., an extraction in a column system 
was carried out by a series of solvents which were hexane, ethanol, 99.8% methanol and 50% 
methanol, in that order. Total phenolic content (TPC) in the series of leaf extracts by hexane, 
ethanol, 99.8% methanol and 50% methanol were 0.74 ± 0.18, 7.94 ± 0.18, 10.24 ± 0.33 and 
25.78 mg GA g-1 dry wt., respectively. Total flavonoid (TF) in the series of leaf extracts by 
hexane, ethanol, 98.9% methanol and 50% methanol were 8.43 ± 7.15, 54.07, 89.07 and 138.3 
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mg QE g-1 dry wt., respectively. The inhibitory concentration (IC50) of leaves extracted by 
ethanol, 99.8% methanol and 50% methanol were 0.0002, 0.0028 ± 0.0001 and 0.0040 mg GA 
g-1 ml reaction, respectively. The small IC50 values indicated that the extract contained high 
antioxidant compounds. The HPLC chromatogram (Fig.8) shows that the most common 
compounds in all extracts were caffeic acid, epicatechin, rutin, myricetin, quercetin and 
kaempferol.  The contents of rutin and myricetin were the highest in leaf extracts by ethanol 
as 16,592.2 ± 5216.9 and 3228.1 ± 1362.5 µg g-1 dry wt., respectively.  Whereas, the amounts 
of epicatechin and vanillin were highest, in leaves extracted by 50% methanol as 3592.4 ± 
670.4 and 66.0 µg g-1 dry wt., respectively. Consequently, all results clearly showed that the 
amount of TPC, TF and the structure of phenolic compounds in the extracts related to their 
free radical scavenging activity. Moreover, the leaf extracts of plants grown in zinc 
contaminated soil contained 0.007 ± 0.001 mg in 5 ml of methanol, which was 4% of the zinc 
accumulated in the leaves. In which, the zinc contaminant was within the legal level for 
human consumption. However, the application of G. psuedochina (L.) DC., growing in the 
zinc mine in Tak province, Thailand, which has been reported to be contaminated with both 
zinc (100-8,036 mg kg-1) and cadmium (0.5-284 mg kg-1) (Simmons et al., 2005), should be 
more concerned with cadmium toxicity in the biomass and by product. 

 
Fig. 8.  HPLC chromatogram of (a) standards of polyphenol, and leaves extracts by  

(b) methanol, (c) ethanol, (d) 50% methanol, and (e) hexane. 

4. Conclusions 

Phytoremediation is an environmental friendly method to remediate contaminated areas. 
However, the mechanism of the metal accumulated in the plant should be clearly studied 
before application. The bacterial rhizosphere, which can stand the toxicity of the metal and 
contain plant growth promoting properties, should be identified to promote plant growth.  
Moreover, the utilization of phytoremediation byproducts have to be determined to 
convince people to accept the plant for accumulating toxic metals. A case study of G. 

pseudochina (L.) DC., growing in a Zn/Cd contaminated area of a zinc mine, showed that the 
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plant has properties to be a zinc hyperaccumulator in Thailand. The mechanism of zinc 
accumulation involved the complexation of zinc with organocompounds, such as cellulose, 
anthocyanin and sulfur protein. The possible ZnCl2 complex in the plant indicated that the 
shoot parts of the zinc accumulative plant should be harvested before falling of leaves. The 
bacteria isolated from the plant’s rhizosphere that contained plant growth promoting 
properties and could grow in Zn and Cd was Pseudomonas aeruginosa PDMZnCd2003. The 
bacterium could be used to promote growth of G. pseudochina (L.) DC. during the 
phytoremediation process. Finally, for application, the polyphenolic compounds containing 
antioxidant properties could be extracted from the plant’s leaves, then unneeded biomass 
should be turned to ash in an incinerator before zinc extracted using sulphuric acid as in the 
mining process.  
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