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Heavy metals contamination of soil is a widespread global problem. Chelant assisted phytoextraction
has been proposed to improve the efficiency of phytoextraction which involves three subsequent levels:
transfer of metals from the bulk soil to the root surfaces, uptake into the roots and translocation to the
shoots. However, most studies focused on the first level. A hydroponic experiment, which addresses the
latter two levels, was conducted to study the effects of EDTA, EDDS and IDSA on the uptake and the
distribution of Pb, Zn, Cu and Cd in the apoplast and the symplast of roots of maize (Zea mays, L.). The

g}:{;%ris" concentrations of the metals (with exception of Zn) in the shoots were increased significantly by addition
Heavy metals of all the chelants. EDTA was most effective for Pb uptake and IDSA was interestingly most effective for Cd
Uptake uptake. Pb in the roots with EDTA was mostly distributed in the apoplast, while Zn, especially with IDSA,
Distribution was mostly located in the symplast. The results indicated that, the capacity of chelant to enhance the
Apoplast nonselective apoplastic transport of metal may be most important for chelant enhanced phytoextraction.
Symplast
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1. Introduction

Heavy metals contamination of soil is a widespread global prob-
lem. Contaminated soil can be remediated by physical, chemical
or biological techniques [1], but the traditional physical or chemi-
cal methods can be very costly and also destructive to the soil [2].
Phytoextraction, one of biological techniques, has been proposed
as an environmentally friendly in situ remediation technology for
soils contaminated with heavy metals [3-5]. However, the effi-
ciency of metal extraction is generally conceived as too slow due
to the limitations of hyperaccumulator plants such as low biomass
and very slow growth rate. Chelant assisted phytoextraction has
been proposed to improve the efficiency of phytoextraction [6-8].
The chelating aminopolycarboxylic acid, ethylene diamine tetraac-
etate (EDTA), has been proven to enhance plant accumulation of
heavy metals [9-11]. However, the use of EDTA in phytoextrac-
tion is found not to be suitable due to its high environmental
persistence or un-biodegradabe property, which may lead to sec-
ondary contamination [12]. EDTA and the formed EDTA-metal
complexes have low biodegradability and high solubility in soil,
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resulting in an elevated risk of adverse environmental effects due
to metal mobilization and long persistence [8,13]. In this respect,
the amount of metal taken up by plants has been reported to be
much less than the amount mobilized from the soil during EDTA-
induced metal phytoextraction [14]. Ethylene diamine disuccinate
(EDDS), a biodegradable chelant, has been proposed as an alterna-
tive environmentally friendly phytoextraction assister to be used
for enhanced phytoextraction purposes [10,15]. EDDS has been
shown to be easily biodegradable [16], to form strong complexes
with transition metals and radionuclides [17], to cause a much
smaller leaching of metal down the soil profile than EDTA [18],
and to be less toxic to soil microorganisms [18]. Recently, a new
biodegradable chelant, iminodisuccinic acid (IDSA) has been mar-
keted. IDSA has the same aspartic acid derivative as EDDS and
good biodegradability [19], so it may be another environmentally
friendly alternative after EDDS for persistent EDTA.
Phytoremediation involves three subsequent levels: transfer of
metals from the bulk soil to the root surfaces, uptake into the roots
and translocation to the shoots. Hydroponic experiments address
the latter two levels [2,20]. It is mostly a soil chemical process at
the first level. The metals are desorbed from the solid soil bulk and
enter the soil solution, then were transferred to the root surface,
called bioavailability of metals, which affects the latter two pro-
cesses and was affected by various soil environments significantly.
Most studies focused on the first level which is understood rela-
tively clear [11,21,22]. For the latter two levels or phases, however,
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Fig. 1. Shoot uptake of Pb (A), Zn (B), Cu (C) and Cd (D) by maize from nutrient solution in the presence of EDTA, EDDS and IDSA. Results shown are mean values, error bars

are standard error.

it is not very clear yet, especially how the metals uptake and distri-
bution in plant parts (e.g. apoplast and the symplast in roots), etc.
under chelating environment [5].

There are two parallel transport pathways for metals through
the root cortex toward the shoot: one pathway of active trans-
port from cell to cell in the symplast (selective transport across
membranes) and another pathway of passive transport by diffu-
sion and convection through the apoplast, namely cell walls and
intercellular spaces [23,24]. Cellular active uptake way is highly
selective for essential metals such as Cu and Zn as free metal ions,
and nonessential metals such as Cd, there is limited cellular uptake
through this pathway. The apoplastic pathway is discontinuous,
being interrupted by the endodermis, the innermost layer of cells
of the cortex. In the radial and transverse walls of the endoder-
mis, hydrophobic incrustations of suberin such as the Casparian
band obstruct the passive transfer of solutes into the shoot. But the
endodermis is an imperfect barrier for apoplastic transport. At the
root apex the Casparian strip is not yet fully developed and, thus,
allows apoplastic transport to reach the shoot [25,26].

It has been hypothesized that metal may enter the roots at
breaks in the root endodermis and the Casparian strip, and be
rapidly transported to the shoots. With a high dissolved metal
concentration, the nonselective uptake in the presence of chelants
would exceed selective uptake along the symplastic pathway [26].
There is debate whether some metal complexes are taken up into
plants [27], but it is generally assumed that anionic metal-ligand
complexes are not bioavailable [28]. This is contradicted by the
observed increase in metal uptake in the presence of high con-
centrations of chelant [25,29-31]. While there were few evident
reports about this hypothesis and which pathway dominate the
metals transport to the shoot under the chelants because of the lim-
itation of measures to identify apoplastic and symplastic elements
[32]. After investigating various fraction methods in both mono-
cot and dicot to try to identify apoplastic and symplastic fraction
of metals (Co), Reid and Liu [32] proposed a simple freeze-thaw
approach to distinguish between the two fractions.

The objectives of this study were to investigate the effects of
EDTA, EDDS and IDSA on the uptake and the distribution of heavy
metals (Pb, Zn, Cu and Cd) in the apoplast and the symplast in roots

of maize (Zea mays, L.) by hydroponic experiment, implying the
nonselective and selective uptake of heavy metals under chelants
environment.

2. Materials and methods
2.1. Nutrient solution and plant culture

Seeds of maize (Z mays, L.) were sterilized in 10% H,0, for
10min followed by thorough washing in deionised water, then
germinated on moist filter paper for 2 days. Geminated seeds
were transferred to moist perlite and cultivated for about 5 days.
The seedlings were then removed from the perlite and were
washed carefully under tap water to remove any adhering particles.
Seedlings were then transferred to PVC pots containing 1100 ml
nutrient solution. Modified Hoagland nutrient solution contained
(in mmolL~-1): KNO3, 1.33; Ca(NOs3),, 1.33; MgS0y, 0.5; KH,POy,
0.44; in micromolL~1, FeSO4-7H,0, 50; CuSOy4, 0.5; MnSOy, 2.5;
H3BO3, 5; Na;Mo00Qy, 0.25; CoSOy4, 0.09; NaCl, 50. The solution was
modified by using FeSO4-7H;0 instead of NaFe(IIl) EDTA to avoid
interference between another complexing agent and EDDS. The
seedlings were grown in a growth chamber for 3 weeks before
they were exposed to metal and chelant solutions, with 14/10h
light/dark cycles. Light intensity was around 280 wES—!. The nutri-
ent solution was renewed twice a week and aerated continuously.
Pots were randomly arranged every day during the growth period.

2.2. Experimental design

After 3 weeks of growth the plants were transferred into
the experimental solution, in which all micronutrients were
added other than the metals under study and KH,PO, were
omitted to avoid precipitation of Cu and Pb phosphate. Four
metals (Pb 150 pmolL~1, Zn 150 wmolL-!, Cu 100 wmolL~! and
Cd 20 pmol L) were added in combination and three chelants
(EDTA, EDDS and IDSA) with 500 wumol L~! were added alone. Each
treatment had four replicates. The seedlings were grown in the
experimental solution for 1 week.
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2.3. Plant analysis

2.3.1. Metals uptake

At harvest the shoots and roots were separated. The shoots were
washed with deionised water and dried at 70°C until constant
weight and the roots were used for determination of metals distri-
bution between root apoplast and symplast. The oven-dried shoot
samples finely ground in a stainless steel miller. Sub-samples of
between 100 and 250 mg were digested in 5 ml high-purity HNO;
for metal analysis. The digest was diluted to 25 ml in high-purity
water. The concentrations of Pb, Zn, Cu and Cd in the solution were
determined by Inductively Coupled Plasma Optical Emission Spec-
trometry (ICP-OES) (Optima 2000 DV, PerkinElmer, USA).

2.3.2. Metals distribution in root apoplast and symplast

In order to distinguish the selective symplastic transport and
nonselective apoplastic transport influenced by different chelants,
the metal distributions in apoplast and symplast were measured.
Roots were desorbed using a modified desorption procedure as
described in Reid and Liu [32] and Zhang et al. [33].

After being treated with metals and chelants in hydroponic solu-
tion, roots were excised. The entire root system from different
chelants addition was rinsed using 5 mmol L~ CaCl, to remove the
metals adsorbed to the root surface. Then they were desorbed in
5mmolL-! CaCl,, which was changed every 5 min. After 20 min,
most of the apoplastic metals were removed, the roots were rapidly
frozen in liquid nitrogen to disrupt cell membranes and desorption
was continued for 40 min. The metals released in the first 20 min
desorption plus the metals remaining in the root (mainly binding
or precipitated in the root cell wall) after the freeze-thaw was con-
sidered to be apoplastic fraction. The metal released following the
freeze-thaw was considered symplastic fraction.

2.4. Statistical analysis

All statistical analysis (ANOVA) was carried out with SPSS 11.5.
Differences at P<0.05 level were considered statistically significant.

3. Results
3.1. Metals uptake

The hydroponic experiment carried out with all the studied met-
als was to evaluate the effects of chelants on the overall ability of
maize to uptake metals and to accumulate them in the shoots. Pb,
Zn, Cu and Cd uptake by maize as affected by EDTA, EDDS and IDSA
was shown in Fig. 1. Generally, the concentrations of the metals
(with exception of Zn) in the shoots were increased significantly
by addition of EDTA, EDDS and IDSA compared to the control. The
accumulation of Pb and Cu with EDTA and IDSA was higher than
EDDS significantly (Fig. 1A and C) (P<0.05). EDTA was most effec-
tive for Pb uptake which was 2.3 times higher than for the control.
Cuuptake was 2.1 times, 1.6 times and 2.2 times for EDTA, EDDS and
IDSA addition compared to the control, respectively. For the uptake
of Zn, there was no significant difference between the treatments
and the control (Fig. 1B). Interestingly, IDSA was dramatically effec-
tive for Cd uptake which was 17.2 times higher than that of the
control (P<0.001), and 2.7 times and 3.0 times higher than that of
EDDS and EDTA treatments, respectively (Fig. 1D) (P<0.05).

3.2. Metals distribution in root apoplast and symplast

In order to detect the selective symplastic transport and nons-
elective apoplastic transport in the presence of chelants, the metal
distributions in apoplast and symplast were measured as shown in
Fig. 2. Pb in the roots with EDTA addition was mostly distributed in

Fig. 2. Distribution of Pb (A), Zn (B), Cu (C) and Cd (D) in apoplast (black bar) and
symplast (white bar) in the roots of maize from nutrient solution in the presence of
EDTA, EDDS and IDSA. Results shown are mean values, error bars are standard error.

the apoplast, the concentration of which was about 5-folds higher
than that in the symplast (P<0.05) (Fig. 2A), and the content in the
symplast was also much higher than the control and other treat-
ments. The distribution ratio of Cu was not significantly affected by
chelants addition compared to the control, although the whole con-
tents in the roots were influenced. Interestingly, Zn in the roots with
IDSA treatment was much higher than those with other treatments
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(P<0.001), and was mostly distributed in the symplast with less
distributed in the apoplast. Zn concentration in symplast with IDSA
reached 446 mg kg~ FW, 17.2 times higher than the control and 4.5
and 3.9 times higher than EDTA and EDDS treatments, respectively,
and 6.6 times higher than in the apolast. Cd concentrations in both
apoplast and symplast were significantly increased in the presence
of IDSA.

4. Discussion and conclusions

It was hypothesized that the formation of negatively charged
complexes prevented free metals from binding to the cation
exchange sites in the cell walls of the roots and allowed them to
enter into the cells by a nonselective apoplastic mechanism [34].
The detection of EDDS in roots, shoots and xylem sap of sunflower
grown either in soil or in hydroponics by Tandy et al. [2,5] is an indi-
cation that metal complexes or free are taken up into the xylem and
then translocated to the above-ground parts. In this experiment,
our results were in agreement with above reports. Levels of Pb, Zn,
Cu and Cd in shoot of hydroponically grown maize were elevated
by addition of EDTA, EDDS and IDSA in comparison with the con-
trol. EDTA was most effective for Pb accumulation in accordance
with many other reports [11,15,35-37].

In most cases, the EDTA treatment was superior in solubilizing
soil Pb for root uptake and translocation into shoot [11,15,35-37]
due to its strong chemical affinity for Pb (log Ks=17.88) [38]. And
evidence showed that, the accumulation of Pb in plant shoots was
correlated with the formation of the Pb—~EDTA complex which was
the major form of Pb absorbed and translocated by plants [29,37].In
the case of hydroponic environment of present experiment, EDTA
was also most effective for Pb root uptake and translocation into
the shoot (Fig. 2A). In roots, the Pb was mainly distributed in apo-
last either with chelants or with control. It was in evidence that, in
the presence of chelants especially EDTA, the transport of Pb to the
shoot was mainly via apolast system with both apoplastic and sym-
plastic transport enhanced. It has been widely accepted that uptake
of chelants and their metal complexes occurs via the apoplastic
pathway [25,29-31]. Disruption of the endodermis could facilitate
plant-metal accumulation by allowing the free passage of chelated
metals into the stele. The endodermis may also be damaged when
high concentrations of chelants were added to the solution.

A simplified schematic of the accumulation of Cu, Zn, and Pb
in shoots or translocation from roots to shoots in the absence and
presence of chelating agents based on actual pot and hydroponic
experiments [2,5] proposed by Nowack et al. [26] showed that, in
the absence of chelant, Zn and Cu accumulation is governed by
uptake of free metal ions in the symplastic pathway, which is effi-
cient at low solution concentrations, and only a little Pb is taken
up into the shoots. If the same metal concentrations in solution
were chelated, then the uptake would occur through the apoplastic
pathways and Cu and Zn uptake would be reduced while Pb uptake
would be strongly increased. It is a clear explanation that why there
is an increase in Pb uptake in the presence of the chelant in most
cases. But there is few hydroponic data show a decrease in Cu and
Zn uptake in the presence of chelant [2,34,39]. It is suggested that,
with a high dissolved metal concentration, the nonselective uptake
in the presence of chelant would exceed selective uptake along the
symplastic pathway for both essential and nonessential metals. So
the translocation of both essential and nonessential metals to the
shoots would increase [26]. In the present experiment, levels of Pb
with EDTA and Cd with IDSA (both of which had a high accumula-
tion in shoots) in the apoplast of roots were much higher than the
control and other chelant treatments, especially for Pb with EDTA
(Fig. 2A and D), indicating that the nonselective apoplastic uptake
dominated the translocation of Pb and Cd from root to shoot. At the

same time, the contents of Pb with EDTA and Cd with IDSA in the
symplast were also significantly higher than the control and other
treatments, which suggested that, in the presence of EDTA or IDSA,
the sympastic uptake of Pb or Cd may be also enhanced. The proba-
ble reason was that, EDTA and IDSA enhanced the capacity of across
membrane transport of Pb and Cd or the complexes Pb—-EDTA and
Cd-IDSA had a higher activity to be transported across membrane.

Our results with Cu and Zn uptake showed that, Cu levels in the
shoot of maize were significantly increased by all the three chelants
addition. For Zn uptake, however, Zn levels were decreased or not
significantly changed compared to the control, which was in the
few cases (Fig. 1B and C). In roots, interestingly, a much higher per-
cent of Zn occurred in the symplast with IDSA treatment, which was
evidently different from the control and other treatments (Fig. 2B).
This suggested that, in the presence of IDSA, the selective uptake
by symplastic pathway may be still the main way for essential Zn
transport, and IDSA may enhance the across membrane transport
of Zn, the mechanism of which needs further study.

In conclusion, in the presence of chelants, the high accumula-
tion of nonessential Pb with EDTA and Cd with IDSA in shoots may
be mainly attributed to the nonselective apoplastic pathway trans-
port, and the uptake of essential Zn, not significantly changed, may
be still mainly through the selective symplastic transport. On the
point of accumulation effectiveness of phytoextration, the capacity
of chelants to enhance the nonselective transport of metals may be
most important for metal phytoextraction. Our results suggested
that the new biodegradable IDSA may be potentially useful chelant
for Cd contaminated soil.
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