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Effects of Lead on Bioaccumulation Patterns and the
Ecophysiological Response in Monochoria korsakowi
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Phytoextraction is a feasible method for eliminating heavy metals from contaminated soil. However, only a few plant species
can hyperaccumulate toxic metals. We examined bioaccumulation patterns and the ecophysiological responses (i.e., photosyn-
thetic pigments, total antioxidative capacity, and variations in antioxidant enzymes) in plants of Monochoria korsakowi that
were exposed to various concentrations of lead. Contents increased significantly when more lead was applied, with most of
this metal being found in the roots. Biomass for each organ type decreased with higher lead concentrations. Chlorophyll a
contents declined in proportion to lead amounts, whereas those of chlorophyll b were not significantly diminished. Caro-
tenoid contents were not influenced by such treatment. Total antioxidant capacity in the leaf blades of treated plants
increased greatly with higher lead concentrations. We conclude that M. korsakowi could be used as a potential phytoremedi-

ator of heavy metals in contaminated soils.
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Heavy metals are elements that cannot be degraded by
microbial or chemical processes. They tend to accumulate
in soils and aquatic sediments. This problem is not restricted
to soils with high metal contents, such as in mining areas,
but also includes sites with moderate to low contamination.
Absorption of toxic metals through root systems and the
release of these metals during the decomposition of plant
materials represents a recycling pathway in ecosystems that
can have an important effect on the level of toxic metals.
Many plants grow on contaminated sites; most can effec-
tively adapt to this toxicity through various defense mecha-
nisms, e.g., adsorption of metal ions to cells, enhancement
of active efflux, and compartmentation of toxic metals in
vacuoles (Tung and Temple, 1996), or through the induction
of metal-chelates such as phytochelatins, organic acids, and
inorganic complexes (Baker, 1987; Sanitd di Toppi and Gab-
brielli, 1999; Hall, 2002). However, toxic metal ions absorbed
through the root system can induce oxidative stress and
cause the formation of reactive oxygen species, such as
superoxide radicals, hydroxyl radicals, and hydrogen perox-
ide. These can then damage many cellular components
including proteins, membrane lipids, nucleic acids, and
chlorophyll (Gallego et al., 1996; Rucinska et al., 1999;
Manios et al., 2003; Karuppanapandian et al., 2006).

Toxic heavy metals also influence the activity of iron
enzymes, such as Fe (Ill) reductase, in the roots (Alcantara et
al., 1994) as well as enzymes involved in photosynthesis and
the photosynthetic apparatus (van Assche and Clijsters,
1990; Siedlecka and Krupa, 1996; Ewais, 1997), and anti-
oxidative defense systems (lannelli et al.,, 2002). Several
wetland plants, e.g., Iris pseudoacorus (Samecka-Cymerman
and Kempers, 2001), Typha latifolia (Manios et al., 2003),
Polygomum thunbergii (Kim et al., 2003), and Phragmites
australis (Ait et al., 2004), have been studied for their phy-
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toextraction of toxic metals. Monochoria korsakowi Regel et
Maack is another wetland species that naturally inhabits
swamps and paddy fields. For phytoextraction to be effec-
tive, one must identify the quantitative relationships between
toxic metal contents in soils or sediments and those in
plants, and the physiological responses of plants to toxic
metals. Using a long-standing, relevant bio-assay for assess-
ing toxicity, we investigated patterns for the bioaccumula-
tion of lead and the ecophysiological responses of M.
korsakowi plants exposed to various Pb concentrations.

MATERIALS AND MEHODS

Plant Materials

Samples of Monochoria korsakowi plants were collected
from an abandoned paddy field (Wanju, Korea: 36° 30" N,
126° 30" E) and transplanted to a 10 x 10 m artificial wetland.
These plants were then cultured hydroponically and their
seeds were obtained from ripened capsules. Three seedlings
(10 to 15 cm tall) each were transplanted into pots ($150 mm
xH200 mm) containing 3 kg of experiment soil (25% v/v
sand, 25% Vv/v clay, and 50% v/v soil conditioner). All plantlets
were acclimated and cultured under a hydroponic system (in
1 to 2 cm of water), being irrigated with modified Hoagland’s
solution for 2 months before the lead treatments began.

Lead Treatment

Plants were exposed to various lead concentrations in a
greenhouse with ambient temperature ranging from 28 +
3°C (day) to 17+3°C (night). Treatment concentrations were
0, 24.1, 48.3, 96.5, 241.3, or 482.6 uM Pb(NO;), (equiva-
lent to 0, 0.5, 1.0, 2.0, 5.0, or 10.0 mg Pb*" ions), which
were applied a total of 10 times in 100 mL of modified
Hoagland'’s solution at 3-d intervals. Three replicates were
used for each treatment.
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Biomass and Lead Analysis

After 30 d of treatment, plants were uprooted, blotted
dry, and separated into organ types (leaves, petioles, cap-
sules, and roots). Biomass (fresh weight) was determined for
each portion. To analyze their lead contents, tissue samples
were dried at 70°C for 48 h, then pulverized and decom-
posed via acid digestion. Lead concentrations were deter-
mined by an inductively coupled plasma emission spectro-
photometer (ICPS-1000 IV, Shimazu). The BCF (bioconcen-
tration factor) was defined in terms of [Pb pan/[Pb sl and
the TF (translocation factor) as [Pb eriall/[PD roodl-

Photosynthetic Pigment Assay

To extract their photosynthetic pigments at the end of the
treatment period, four 8-mm foliar discs (2 cm? total sur-
face area) were cut from nourished leaves with a punch.
These discs were placed immediately into 5 mL of dimethyl-
sulfoxide (DMSO), and total pigments were extracted for 24
h at 60°C in the dark. The extracts were then centrifuged at
1,500g for 20 min and the supernatants were carefully col-
lected. To assay for chlorophyll a and b and total carotenoid
contents, we measured the absorption spectra of each
extract at 665, 649, and 480 nm, respectively, using a UV-
Vis spectrophotometer (Spectronic GENESIS 5, Milton Roy).
Contents were then calculated by the equation of Wellburn
(1994).

Total Antioxidant Capacity Assay

Total antioxidant capacity was measured in terms of
hydrogen-donating; that is, the ability of all antioxidants in
the leaf extract to reduce Cu’* to Cu** was selected as an
index of this capacity. Fresh leaves were pulverized with lig-
uid nitrogen and homogenized in 50 mM potassium phos-
phate buffer (pH 7.2). The homogenate was centrifuged at
12,000 xg for 20 min at 4°C, and the supernatant was
transferred to a new tube. These aqueous extracts were
used in measurements of total protein content and total
antioxidant capacity. The former was obtained with a com-
mercial protein assay kit (Bio-Rad Laboratories, Inc. # 500-
0001; Bradford, 1976) while the latter was determined with
a commercial colorimetric microplate assay kit (Oxford Bio-
chemical Research, Inc. # TA 01; Oxford Biochemical Research,
2001). Total protein and antioxidant contents were calcu-
lated by extrapolation on a standard curve developed from
known concentrations of bovine serum albumin (BSA) and
glutathione (GSH), respectively.

Determination of SOD and CAT Activities

To assay SOD and CAT activities in plants exposed to vari-
ous lead concentrations, 700 mg of leaves was ground in
liquid nitrogen, then homogenized in 3 mL of cold 20 mM
Tris buffer (pH 7.0). After the homogenate was centrifuged
at 12,000 xg for 30 min at 4°C, total protein content in the
supernatant was determined at 595 nm by the dye-binding
method (Bradford, 1976), using the Bio-Rad protein assay
dye reagent with bovine serum albumin as a standard. In
each extract, total SOD activity was determined with a SOD
assay kit (Dojindo Molecular Technologies, Inc., Product

Code S311) as described by Ukeda et al. (1999), whereas
CAT activity was assayed according to the method of
Kraus et al. (1995) and Azevedo et al. (1998), with some
modifications. CAT activity was determined spectropho-
tometrically at 25°C in a reaction mixture that comprised
980 pL of 50 mM potassium phosphate buffer (pH 7.5)
containing 500 ulL of 50 mM hydrogen peroxide solution
prepared immediately before use. The reaction was initi-
ated by the addition of 20 pL of plant extract, and activ-
ity was determined by following the decomposition of
hydrogen peroxide based on the change in absorbance at
240 nm for 2 min against a hydrogen peroxide-free mix-
ture.

Polyacrylamide Gel Electrophoresis

Electrophoresis was carried out under non-denaturing
conditions in 10% polyacrylamide (SOD) and 7.5% poly-
acrylamide (CAT), with a 4% stacking gel. Electrophoretic
separation was performed at 4°C in a refrigerated vertical
mini-slab gel cell (SE 450; Hoefer, USA). A constant current
of 20 mA per plate in the stacking gel and 40 mA per plate
in the separating gel was applied for 2 to 3 h. Electrophore-
sis buffers and gels were prepared as described by Laemmli
(1970), except that SDS was excluded. Equal amounts of
total protein (plant extract) were loaded onto the gels, using
20 pg per lane for SOD and 10 pg per lane for CAT.

SOD and CAT Staining

To stain total SOD isoforms, the non-denaturing PAGE
slab-gel was rinsed in distilled deionized water, and incu-
bated in 2.5 mM nitroblue tetrazolium solution for 30 min.
The slab-gel was washed again with distilled deionized
water, then incubated in the dark for 30 min at room tem-
perature in a reaction mixture containing 50 mM potassium
phosphate buffer (pH 7.0), 28 uM riboflavin, and 28 mM
tetramethyl ethylene diamine. Afterward, the reaction mix-
ture was poured off and the slab-gel was rinsed with dis-
tilled deionized water before being illuminated at 200 pmol
m™ s in water until colorless bands of SOD isoforms
appeared on the purple-stained slab-gel (Rao et al. 1996).
This development of CAT isoforms was performed according
to the procedure of Anderson et al. (1995). To activate CAT
isoforms, the slab-gel was soaked in 3.27 mM hydrogen per-
oxide for 30 min, and rinsed with distilled deionized water.
The activated slab-gel was then stained in a freshly prepared
solution containing 1% ferric chloride and 1% potassium fer-
ricyanide. After the CAT isoforms were identified, the slab-
gel was washed with water and transferred to 7.5% acetic
acid to arrest the staining process.

Statistical Analysis

We used the SAS statistics software package (SAS 9.1.3).
All data were expressed as means + standard errors (SE) of
three independent replicates, and were based on two-tailed
t tests. Significant differences were established with P values
0.05. An index of the association of two quantitative vari-
ables was expressed by a Pearson product-moment correla-
tion coefficient (r).
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Table 1. Lead contents in organs from Monochoria korsakowi plants exposed to lead for 30 d, and the positive correlation coefficient (r)
values (P<0.01; n=6) between lead contents in plant samples and treatment concentrations. Values are means = SE (ug Pb** g™' dry

weight; n=3). ND: not detected.

Lead treatment (mg Pb** per pot)

Organ
(Correlation coefficient) 0 5 10 20 50 100
Capsule (r=0.9939) ND 1.1£ 0.66 2.8+ 0.84 3.7+ 0.52 14.0= 1.11 34.0= 1.04
Leaf blade (r=0.9318) 11.9% 2.35 29.9+ 5.92 21.1+ 1.05 54.9+ 1.75 51.9%+ 8.79 92.6+ 4.08
Petiole (r=0.9924) 5.4+ 1.82 20.8%= 1.31 52.5+ 4.48 94.2+ 2.89 309.3+ 7.37 498.4+15.56
Root (r=0.9915) 14.0%= 1.53 83.4% 2.41 103.7= 6.04 140.6* 3.33 556.1+=12.61 1372.5+47.03
Whole plant (r=0.9973) 31.3%5.70 135.2+10.30 180.1+12.41 293.4+ 8.49 931.3£29.88 1997.5%+67.71
RESULTS diminished, and carotenoid contents were not influenced

Lead Accumulation and Relative Growth Rates

Accumulation patterns in Monochoria korsakowi plants
treated with lead for 30 d are summarized in Table 1. In
each organ type, lead contents were significantly increased
as concentration rose, with the highest levels being found in
the roots. This pattern occurred in the sequence of capsule
< petiole < blade < root for treatments with O or 5 mg
Pb?*, and capsule < blade < petiole < root for 10, 20, 50,
or 100 mg Pb**. The correlation between treatment con-
centration and lead contents in each organ or in the whole
plant was strongly positive (Table 1). However, a significantly
negative correlation was found between lead content and
whole-plant biomass (r= —0.8615, P<0.05; n=6). The rela-
tive growth rate, based on organ biomasses, also was
reduced as treatment concentration increased, especially in
the capsules (Fig. 1). The bioconcentration factor value was
highest (81.1) when plants were treated with 5 mg of Pb?*,
whereas the translocation factor value was greatest (1.1) at a
treatment level of 20 mg of Pb?* (Fig. 2).

Effect of Lead on Photosynthetic Pigments

Chlorophyll a (Chl a) contents in leaf blades of plants
exposed to 5 or 10 mg Pb*" were not altered greatly. In
contrast, at 20, 50, or 100 mg Pb?*, those contents declined
to 66.4%, 68.4%, or 53.8% of the control value, respec-
tively. Interestingly, Chl b contents were not significantly
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Figure 1. Relative growth rate based on biomass of each organ type
from Monochoria korsakowi plants exposed for 30 d to lead (5 to 100
mg Pb?).

by the lead (Fig. 3). However, correlations were significantly
negative between blade lead levels and total photosynthetic
pigment contents (i.e., Chl a: r=-0.9597, P<0.05, n=6;
Chl b: r=-0.8929, P<0.05, n=6). The ratio Chl a/Chl b was
significantly diminished by an increase in lead concentra-
tion, with values of 2.36 (0 mg Pb**), 2.01 (5 mg Pb**),
1.88 (10 mg Pb2*), 1.83 (20 mg Pb?*), 1.73 (50 mg Pb2*),
and 1.54 (100 mg Pb**).
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Figure 2. Bioconcentration factor (BCF) and translocation factor (TF)
values for Monochoria korsakowi exposed for 30 d to 5 to 100 mg
Pb%*.
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Figure 3. Variations in pigment contents from leaf blades of Mono-
choria korsakowi plants exposed for 30 d to lead (5 to 100 mg Pb2*).
Vertical bars indicate standard errors.
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Figure 4. Variations in total antioxidative capacity (TAC) from leaf
blades of Monochoria korsakowi plants grown for 30 d in lead-treated
soil (5 to 100 mg Pb?*). Vertical bars indicate standard errors.
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Figure 5. Native PAGE of SOD (A) and CAT (B) from Monochoria kor-
sakowi plants grown for 30 d in lead-treated soil (5 to 100 mg Pb?").
Numbers on top of each slab-gel represent total amounts of lead
applied.

Effect of Lead on Total Antioxidant Capacity

Total antioxidant capacity in the blades of plants exposed
to 5, 10, 20, 50, or 100 mg Pb** was 130%, 155%, 231%,
357%, or 417% higher, respectively, than that of the control
(Fig. 4). We also noted a significant positive correlation
between total lead contents in blades and total antioxidant
capacity (r=0.9191, P<0.01; n=6).

Effect of Lead on SOD and CAT

Compared with the control plants, lead exposure dis-
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tinctly enhanced total SOD and CAT activities (Table 2). For
example, when foliar extracts were separated on native
PAGE and monitored for SOD activity, only seven Cu/Zn-
SOD isoforms were observed in the controls versus seven
Cu/Zn-SOD isoforms and four Mn-SOD isoforms in the
treated plants (Fig. 5A). Lead also directly heightened the
intensity of the existing SOD isoforms, and caused the syn-
thesis of new ones, i.e., Mn-SOD isoforms. Slab-gels stained
for CAT activity revealed an enhancive CAT band in all lead
treatments (Fig. 5B). A significant positive correlation was
also observed between blade lead content and CAT activity
(r=0.9086, P<0.05; n=6). However, the relationship between
SOD activity enhancement and the increase in blade lead
content showed no statistical correlation (r=0.7797, P<0.07;
n=6).

DISCUSSION

Plants with a high capacity for metal accumulation may
be used for phytoextraction in order to reduce the levels of
heavy metals in ecosystems. Many wetland species have
previously been assessed for their phytoextraction potential.
Patterns of bioaccumulation depend upon plant species and
the type and concentration of the heavy metal (Ye et al.,
1997; Kim et al., 2003; Lim et al. 2006). Therefore, to eval-
uate the usefulness of Monochoria korsakowi, the first step
in our study was to quantify its capacity for Pb accumulation
when each accession was grown in lead-treated soils. Here,
accumulation by each organ type increased in the order of
capsule < blade or petiole < root (Table 1). Ye et al. (1997)
have reported that cadmium, lead, and zinc accumulate in
a natural population of the aquatic macrophyte Typha latifo-
lia in the order of leaf < rhizome < root. We previously
demonstrated that the underground portions of Polygonum
thunbergii (Kim et al. 2003) show higher heavy-metal con-
tents than the aboveground organs. The particular bioaccu-
mulation pattern for lead in M. korsakowi plants is explained
by the translocation of heavy metals from below ground
(i.e., the roots) upward to the petioles, leaf blades, and cap-
sules (Hardiman et al., 1984; Sinicrope et al., 1992). We
found a positive correlation between lead treatment con-
centration and Pb contents in the capsules, blades, petioles,
and roots. Field-grown plants of various species also show a
significant positive correlation between heavy metal levels in
habitat soils and in tissue samples (Samecka-Cymerman and
Kempers, 2001); Herawati et al., 2000). In our experiment,
the relative growth rate, based on biomass, decreased as the
lead treatment concentration was increased (Fig. 1). Inter-
estingly, during the 30-d experiment, plants of M. korsakowi
survived in soil treated with up to 100 mg Pb**, and exhib-
ited no visual metal-toxicity symptoms such as necrosis or

Table 2. Variations in SOD and CAT activities in Monochoria korsakowi plants exposed to lead for 30 d. Values are means + SE (unit mg™

protein; n=3).

Antioxidative

Lead treatment (mg Pb>* per pot)

enzyme 0 5 10 20 50 100
SOD 16.4x0.88 24.6x1.15 26.4x2.60 28.4x1.67 36.4+4.91 33.9%x3.61
CAT 53.3x0.33 58.7x0.33 69.1x0.52 116.9+1.51 87.9+0.58 122.4+2.33
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whitish-brown chlorosis.

High concentrations of phytotoxic metals may be more
harmful to plant tissues than low levels. Toxic metal ions
interfere with nitrogen assimilation in cells (Kevresan et al.,
1998; Singh et al., 2002), probably by irreversibly substitut-
ing other micronutrients in critical enzymes. Those ions also
inhibit chlorophyll formation by interfering with protochlo-
rophyllide reduction and the synthesis of aminolevulinic
acid (Stobart et al., 1985). Changes in photosynthetic pig-
ments in response to heavy-metal stress not only indicate
damage to the photosynthetic apparatus and its capacity,
but also have consequences for reduced carbon assimila-
tion, growth, survival, and reproduction (Vangronsveld and
Clijsters, 1994). Sharma and Gaur (1995) and Ewais (1997)
have proposed that, when evaluating the effect of heavy
metals, one should consider the change in Chl a and b con-
tents, and, especially, the parameter of fluctuations in the
ratio of Chl a/Chl b. Toxic heavy-metal accumulation,
responsible for the reduction in total chlorophyll contents,
has a similar negative effect on that ratio. In the present
study, lead treatment influenced the content of Chl a more
than Chl b (Fig. 3), and the ratio of Chl a/Chl b was reduced
from 2.36 (at 0 mg Pb?*) to 1.54 (at 100 mg Pb**). More-
over, significantly negative correlations were calculated
between leaf-blade lead contents and photosynthetic pig-
ment contents.

Cheng et al. (2002) have reported that, in Canna indica,
Chl a declines with rising cadmium stress, while Chl b is
unaffected. This might result from a faster hydrolysis rate by
the former when plants are under toxic heavy-metal stress
(Abdel-Basset et al., 1995). Heavy metals induce oxidative
stress by generating reactive oxygen species, e.g., superox-
ide radicals (O,™), hydroxyl radicals (OH"), and hydrogen
peroxide (H,O,) in plants, which then protect themselves by
stimulating their antioxidative defense systems (Foyer et al.,
1994). Those systems involve several enzymes and low-
molecular-weight quenchers present in cells, and play an
additive role in the detoxification of ROS (Dixit et al., 2001).
Our results demonstrated that an increase in blade lead
content caused a significant enhancement of total antioxi-
dant capacity (Fig. 4).

Generally, SOD converts O,"” into H,O, and O,, while
CAT decomposes hydrogen peroxide into water and oxy-
gen. (Bowler et al. 1994). In leaf blades of plants exposed to
5 to 100 mg Pb**, total SOD and CAT activities were appar-
ently enhanced (Table 2; Fig. 5). Rucinska et al. (1999) have
reported that this increasing pattern for the full SOD
isozyme that is induced by lead (1) in the root tips of Lupi-
nus lutenus exposed to 150 mg Pb** L™ appears on native
PAGE after 6 and 36 h. Moreover, our previous study (Kim
et al. 2002) found similar variations in the activities of total
SOD and CAT in Persicaria thunbergii when exposed to 5
mM Pb**.

Hyperaccumulating plants are defined by the following
characteristics: 1) metal concentrations in the aerial portions
are >10,000 mg kg™ dry matter for Zn and Mn; >1,000
mg kg™ for Co, Cu, Ni, As, and Se; and >100 mg kg™ for
Cd (Baker and Brooks, 1989; Ma et al., 2001); 2) the bio-
concentration factor (BCF) is >1.0, and sometimes reaches
50 to 100 (Cluis, 2004); and 3) the translocation factor is
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>1.0 (Wei and Zhou, 2004). When we administered 5, 10,
20, 50, or 100 mg of lead, the mean values for Pb contents
in the aerial portions were 51.8, 76.4, 152.8, 375.2, and
625.0 ug Pb?* g™ dry matter, while values for the roots were
83.4,103.7, 140.6, 556.1, and 1372.5 pg Pb** g™ dry mat-
ter, respectively (Table 1).The bioconcentration factor is
defined as the ratio of metal concentration in the plant to
metal concentration in the soil. Here, the BCF was highest
(81.1) when plants were exposed to 5 mg of Pb**, whereas
the translocation factor value was greatest (1.1) in response
to 20 mg of Pb2* (Fig. 2). BCF values can be indexed to esti-
mate the capacity for plants to accumulate heavy metals.
Based on many studies, BCF values differ with the type and
concentration of heavy metals, plant species, and environ-
mental conditions (Mattina et al., 2002; Kim et al., 2003).
Here, although M. korsakowi plants took up the most lead
when Pb was applied at 100 mg, the BCF was not at its
maximum then. This may have been due to the different
treatment concentrations used, the physiological characteris-
tics of M. korsakowi plants, and culturing conditions.

The translocation factor (TF) describes the movement and
distribution of heavy metals in plants, and depends on many
factors. For treatments with 5, 10, 20, 50, or 100 mg Pb*",
TF values were 0.6, 0.7, 1.1, 0.7, and 0.5 (Fig. 2). A positive
correlation coefficient was found between lead contents in
the roots and the aerial portions (r=0.9781, P<0.01; n=5).
Hart et al. (1998) have reported that cadmium is translo-
cated from the roots to the shoots in several species, and
have suggested that this movement likely occurs via the
xylem and is driven by leaf transpiration. Campbell et al.
(1985) and Kim et al. (2003) have found statistically signifi-
cant relationships between heavy-metal contents in the
aerial portions and the roots of Nuphear vearigatum (cop-
per in stems: r=0.72, P<0.005; n=21) and Polygomum
thunbergii (lead in leaves: r=0.5529, P<0.001, n=80; lead
in stems, r=0.5425, P<0.001, n=80). These phenomena
are probably due to complex interactions between different
kinds of metal ions and plant species, leading to variability
in heavy-metal absorption and assimilation. Such uptake
from the soil occurs either passively, with the mass flow of
water into the roots, or through active transport, across the
plasma membrane of the root epidermal cells. In fact, under
normal growing conditions, plants can potentially accumu-
late certain metal ions to an order of magnitude greater than
in the surrounding soil.

In conclusion, we have demonstrated that plants of M.
korsakowi can be effective tools in the phytoremediation of
wetlands contaminated with heavy metals. This is based on
the following factors: 1) their massive accumulations of lead,
and 2) the stimulation of specific antioxidative enzymes and
total antioxidant capacity, which reveal a defense mecha-
nism against reactive oxygen radicals that is induced by lead
treatment. Therefore, we suggest that M. korsakowi has
great potential for phytoextraction.
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