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a b s t r a c t

Lead (Pb) pollution poses great threats to human health and can trigger serious environmental con-
sequences. Athyrium wardii (Hook.), a new plant with the potential for phytostabilization of Pb, was
identified in a field survey of plant species in a lead–zinc mine tailing located in Sichuan Province, China.
The growth, Pb concentration and some physiological and biochemical characteristics of mining ecotypes
(ME) and non-mining ecotypes (NME) were analyzed by pot experiment employing different concentra-
tions of Pb(NO3)2 in tested soil during four weeks period. The results showed that the A. wardii has a
eywords:
ead phytostabilization
thyrium wardii
ining ecotypes

olerance
iochemical response

higher tolerance to excessive levels of Pb soil contamination. The concentrations of Pb in the shoots and
roots of the ME were 3.5 and 3.0 times higher, respectively, than those of the NME when plants were
supplied with Pb at 800 mg Pb kg−1. A. wardii of ME showed higher bio-activities of superoxide dismutase
(SOD), peroxidase (POD) and catalase (CAT) and lower concentrations of malondialdehyde (MDA) and
membrane permeability under higher Pb levels, while the opposite tendency was observed in NME. These
findings demonstrated that the mining ecotype of A. wardii has the potential for phytostabilization of Pb
contaminated soils.
. Introduction

Heavy metal pollution of soils has become a widespread prob-
em in recent years. Such pollution originates from continuous
xploitation of mineral resources, electronic waste, sewage sludge,
nd widespread use of fertilizers, herbicides and pesticides [1,2].
ccording to the US Environmental Protection Agency (EPA), lead

Pb) is the most common heavy metal contaminant in the envi-
onment [3]. Lead pollution is a problem that cannot be neglected
ecause it exists in many forms in natural sources and remains
ver long periods in soil with high toxicity levels, which adversely
ffects crop production and has the potential to cause human health
roblems [4].

Pb is known to cause cellular damage by inducing oxidative
tress via the over-production of reactive oxygen species (ROS) such
s superoxide radicals (O−

2 ), hydroxyl radicals (–OH) and hydro-
en peroxide (H2O2), which react very rapidly with DNA, lipids

nd proteins, thereby causing cellular damage [5–7]. However, a
umber of autochthonous plant species in mining areas have the
otential to survive and accumulate excessive amounts of Pb in
heir biomass without incurring damage to basic metabolic func-
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E-mail address: litinx@263.net (T. Li).

304-3894/$ – see front matter © 2010 Published by Elsevier B.V.
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tions [8]. Therefore, phytoremediation has emerged as a viable
biotechnology to decontaminate heavily polluted sites. The two
main plant-based strategies of soil pollution remediation are phy-
toextraction and phytostabilization [9,10]. Previous studies have
primarily focused on phytoextraction, which uses hyperaccumula-
tor plants to absorb Pb into shoot tissue. Cropping and harvesting
these shoots reduce the level of contaminants. These plant species
have special mechanisms to cope with higher levels of Pb stress
in their growth environment. To combat oxidative damage, these
plants have a defense system composed of a variety of antioxidant
enzymes, including superoxide dismutase (SOD), peroxidase (POD)
and catalase (CAT), which can neutralize, convert and scavenge ROS
[5,11,12]. Free radicals and hydrogen peroxide have been reported
to cause damage to membrane permeability, which is often related
to lipid peroxidation. Malondialdehyde (MDA) is one of the decom-
position products of polyunsaturated fatty acids of biomembranes.
Cell membrane stability has been widely applied to study the effects
of Pb stress on plants.

However, although heavy metals can be absorbed by hyperaccu-
mulators, these plants are not suitable for every type of mining site.

Mine tailings at unreclaimed mining sites generally remain unable
to sustain plant life for tens to hundreds of years, and exposed tail-
ings can spread over tens of hectares via aeolian dispersion and
water erosion, which can pose particular threats to the health of
people and plants [13,14]. Therefore, phytoextraction is not suit-
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http://www.sciencedirect.com/science/journal/03043894
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ble for such sites. Conversely, phytostabilization primarily focuses
n sequestration of metals within the roots and rhizosphere [15].
his remediation strategy creates a vegetative cap for the long-term
tabilization and containment of tailings. Plant canopies serve to
educe aeolian dispersion, while plant roots prevent water erosion,
mmobilize heavy metals by adsorption or accumulation, and pro-
ide a rhizosphere wherein metals precipitate and stabilize [16,17].
onsequently, phytostabilization has great practical significance
nd flexibility in the ecological restoration of mining tailings and
emediation of soil polluted by heavy metals. However, there is
ittle information available regarding the physiological and bio-
hemical mechanisms of potential plants for Pb stabilization and
olerance.

Through a survey of plant species during 2007 and 2008, we
dentified a new ecotype, A. wardii, growing in lead–zinc mine tail-
ngs in the Sichuan Province of China. The Pb concentrations of
hoot and root of other herbaceous plants were 41–285 mg kg−1

nd 62–883 mg kg−1, however, A. wardii was able to accumulate as
uch as 15,542 mg kg−1 in roots with a fast growth rate and rela-

ively large amount of biomass. The objectives of this study were
1) to investigate the effects of Pb on the growth and uptake of A.
ardii within two ecotypes and (2) to evaluate the effects of Pb on

he physiological and biochemical characteristics of the ecotypes
o enable a better understanding of the stabilization ability and
olerance of Pb.

. Materials and methods

.1. Field survey and sample collection

The surveyed area was located in the Sanhe Pb/Zn mine in
ingjing County, Ya’an (102◦31′E, 29◦47′N) City in Sichuan Province
f China, which is located at an elevation of 1358–1445 m. The area
as a subtropical moist monsoon climate with an average temper-
ture of 15.3 ◦C and annual rainfall of over 1500 mm. This mine was
n operation from the 1950s to 2003. The average content of lead
n the mine tailings is about 7.62%. Field surveys were conducted
rom May to August at 2008 (during the entire growth period) to
etermine the potential for stabilizing lead. A contrasting ecotype

n the normal agricultural soils from the Yucheng District of Ya’an
102◦51′–103◦12′E, 29◦40′–30◦14′N) City in Sichuan Province that
ad similar climatic and topographic conditions to the mining area
as also identified.

A. wardii is a perennial herb. We found underground roots
nd tubers of A. wardii can survive many years, however, shoots
hanged in growth period of one year. Therefore, according to the
hanges of morphology and biomass of shoots, we distinguished
he three growth stages at early growth stage (May), vigorous stage
August) and late growth stage (October). Two ecotypes of A. wardii

ere collected at the three growth stages. The shoots and roots
ere then washed and oven-dried at 70 ◦C for 48 h, after which the

ven-dried samples were ground with a stainless steel grinder (FW-
00, China) to be able to pass through a 100 mesh sieve. Next, plant
amples were digested with HNO3:HClO4 (5:1, v/v) in closed Teflon

able 1
asic physico-chemical characteristics of the tested soil after 4 weeks of homogenization

Applied (mg Pb kg−1 soil) Treatment EPb (mg kg−1) TPb (mg kg−1)

0 Ck ND 35.34 ± 2.72f
200 Pb200 2.34 ± 0.09e 196.49 ± 0.68e
400 Pb400 7.39 ± 0.26d 393.78 ± 1.60d
600 Pb600 13.33 ± 0.41c 601.29 ± 8.35c
800 Pb800 18.01 ± 0.56b 827.59 ± 7.75b

1000 Pb1000 35.31 ± 0.21a 1091.34 ± 16.78a

ote: EPb: exchangeable Pb, TPb: total Pb, AP: available phosphorus, AK: available potas
etters in each column indicate a significant difference (p < 0.05).
aterials 186 (2011) 683–689

vessels until the liquid was clear. The digested material was then
washed into a 50 ml flask and diluted to volume using de-ionized
water [18]. The Pb concentration in the solution was determined
by flame atomic absorption spectrophotometry (Mk M6, Thermo
elemental, USA). EPA publication SW-846 7420 is taken for stan-
dardizing the AAS for lead. The instrument working conditions
were wavelength 283.3 nm, slit 0.7 nm, atomization 2000 ◦C, read
time 3 s, sample volume 10 �L [19].

2.2. Pot experiment

2.2.1. Plant materials and lead treatments
Seedlings from the mining ecotype (ME) and non-mining eco-

type (NME) were obtained from the Sanhe Pb/Zn mine tailings and
uncontaminated agricultural soils in Ya’an, respectively, in June at
2009. The fern was separated into similar size plant segments com-
posed of 8–9 fronds. Healthy plants of similar size were selected
and cultured for two weeks in quartz sand with 1/10 Hoagland’s
solution, which was continuously watered every three days.

The pot experiment of A. wardii was conducted in plastic boxes
(400 × 300 × 140 mm) filled with 7.5 kg of sterilized soil. A soil sam-
ple of Ochric Aquic Cambosol (1–10 cm) was collected in Daxing,
Ya’an and then sieved (2 mm). The Pb treatments consisted of the
addition of 0, 200, 400, 600, 800 and 1000 mg Pb kg−1 to soil sup-
plied as Pb(NO3)2, with six replicates in each treatment. The control
was the treatment without any Pb. To simulate the Pb impacted
soils, pot soils were homogenized for four weeks with the additive
Pb prior to the transplantation of seedlings. The basic characteris-
tics of the soil after homogenization are presented in Table 1.

After growing for 14 days in quartz sand, the plants were trans-
ferred to the pots, which each received eight fronds. The pot
experiment was conducted in a net house with transparent poly-
thene sheets on the roof. The water-holding capacity of filled soil
in plastic boxes was maintained at 70–80% by applying de-ionized
water every three days during the plant growth.

2.2.2. Determination of Pb in soil and plants
After four weeks of growth, the vegetation of A. wardii was har-

vested and rinsed thoroughly with de-ionized water. The samples
were then divided into above-ground (shoots) and below-ground
(roots plus rhizomes) parts. The non-rhizosphere soil was collected
from near the roots, and the tightly adhering rhizosphere soil was
collected by brushing with a paintbrush [20].

The method of determining plant Pb concentrations was
described in detail in Section 2.1. To determine the total Pb content,
soil samples were digested in the same way with HNO3:HClO4:HF
(5:1:1, v/v/v) [21]. The content of exchangeable Pb was measured
by 1 g of soil with 1 M MgCl2, the samples were shaken for 2 h
then centrifugated at 3000 r min−1 for 30 min, extract supernatant

fluid after filtrated [22]. Next, the concentrations of lead in the
plants and soil were measured using a flame atomic absorption
spectrophotometer (Mk M6, Thermo Elemental, USA). Available
phosphorus concentration, available potassium concentration and
available nitrogen were determined by molybdenum blue method,

.

AP (mg kg−1) AK (mg kg−1) AN (mg kg−1) OM (g kg−1) pH

13.96 ± 2.23 63.53 22.74 2.3 7.29

sium, AN: available nitrogen and OM: organic mater. ND: Not detected. Different
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Table 2
Biomass of two ecotypes of A. wardii during the three growth stages evaluated in
the field survey (g).

Growth stage Shoots Roots

ME NME ME NME

ES 1.1 ± 0.3bB 2.8 ± 0.3cB 2.2 ± 0.2cC 0.9 ± 0.2cB
VS 2.3 ± 0.3aA 5.5 ± 0.2aA 3.9 ± 0.3bB 2.1 ± 0.1aA
LS 2.6 ± 0.2aA 3.4 ± 0.3bB 5.2 ± 0.2aA 1.6 ± 0.1bA

Note: ES: early growth stage; VS: vigorous growth stage; LS: late growth stage. Dif-
ferent lowercase letters in each column indicate a significant difference at p < 0.05,
different capital letters in each column indicate a significant difference at p < 0.01.
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Fig. 1. Shoot biomass of the two ecotypes of A. wardii grown under different levels
of Pb for 4 weeks. Data are mean ± SD of three individual replicates. Mean val-
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ame spectrophotometer and alkaline hydrolysis diffusion method,
espectively. Organic matter of the soil was determined by potas-
ium bichromate titrimetric method. The soil pH (1:2.5 soil to
ater, w/w) was measured with a conventional pH meter [21].

.2.3. Other physical–chemical analyses
The fresh samples were quickly frozen in liquid nitrogen and

tored at −80 ◦C (Thermo Freezer 700, USA). For the enzyme assays,
.4–0.5 g of leaves were ground in 8 ml of ice-cold 50 mM phos-
hate buffer solution (pH 7.8) containing 0.2 mM Na2-EDTA. The
omogenate was then centrifuged at 4 ◦C for 20 min at 10,000 × g
model ALLEGRA-64R, Beckman Coulter. Inc., USA), and the result-
ng supernatants were used for determination of the enzyme
ctivity.

The activity of superoxide dismutase was assayed by measuring
ts ability to inhibit the photochemical reduction of nitroblue tetra-
olium (NBT) [23]. The absorbance was recorded at 560 nm. One
nit of SOD was defined as the amount in a volume of extract that
aused inhibition of the photo-reduction of NBT by 50%. CAT activ-
ty was measured based on the decline in absorbance at 240 nm due
o the decrease in the extinction of hydrogen peroxide. The reac-
ion mixture contained 25 mM sodium phosphate buffer (pH 7.0),
0 mM H2O2 and 0.1 ml enzyme extracts. The reaction was started
y adding H2O2. Analysis of the POD capacity was based on the oxi-
ation of guaiacol using H2O2. The increase in absorbance was read
t 420 nm [24] (model UN-2600A, UNICO).

Approximately 0.2 g of leaves were ground with a mortar and
estle and extracted in 80% acetone. The total chlorophyll a and
hlorophyll b were estimated according to the procedure described
y Lichtenthaler [25].

Lipid peroxidation products were measured using the method
escribed by El-Moshaty et al. [26], and the lipid peroxides were
xpressed as nmol Malondialdehyde (MDA) (g FW)−1. Membrane
ermeability was measured with the method described by Lutts
t al. [27].

.3. Statistical analyses

The Pb concentration and accumulation of the samples are pre-
ented for five individual replicates. Statistical analysis of all data
as conducted by one-way ANOVA with LSD using the SPSS statis-

ical software package (Version 11.0).

. Results

.1. A field survey of ecotypes of A. wardii in accumulating Pb

In the field survey, the soil from the mining area had
high Pb content. The total content of lead in this area

as 268–9978 mg kg−1, and the available content of lead was

6–274 mg kg−1. Due to the high Pb content in the soils, the shoot
iomass of ME was lower than that of NME (Table 2). Conversely,
he root biomass of ME was 2.5 times higher than that of NME.

The concentrations of lead in roots and shoots of ME were
5,542.1 and 656.8 mg kg−1 during the early growth stage, respec-

able 3
b concentration of two ecotypes of A. wardii during the three growth stages evaluated in

Growth stage Shoot

ME NME

ES 656.8 ± 6.0aA 24.9 ± 3.0a
VS 434.4 ± 6.9bB 14.5 ± 0.1b
LS 188.0 ± 2.8cC 9.5 ± 1.1c

ote: ES: early growth stage; VS: vigorous growth stage; LS: late growth stage. Different lo
apital letters in each column indicate a significant difference at p < 0.01.
ues labeled with different letters in each series are significantly different (p < 0.05)
at different Pb concentrations of soil. *Significantly different (p < 0.05) at different
ecotypes.

tively. Although the Pb concentrations in the shoots and roots of
A. wardii decreased significantly (p < 0.05) with prolonged growth
time, the concentrations of ME were 20–30 times and 235–445
times higher than those of the NME in the shoots and roots, respec-
tively (Table 3). The average translocation factor was 0.04 at three
growth stages.

3.2. Effects of Pb treatment on growth and accumulation of A.
wardii

In the pot experiment, a significant decrease (p < 0.05) in shoot
biomass was observed in A. wardii with increasing Pb concentra-
tion in soil (Fig. 1). The biomass of NME declined by 35% when
compared with the control, which was more greatly affected than

that of ME when the Pb concentration was at 200 mg Pb kg−1 of soil.
The shoot biomass of the NME and ME decreased by 55% and 68%
at 1000 mg Pb kg−1, respectively. The average biomass in ME was
up to 1.5 times higher than that of NME.

the field survey (mg kg−1).

Root

ME NME

A 15542.1 ± 50.8aA 36.5 ± 2.4aA
B 10720.1 ± 23.0bB 24.1 ± 0.4bB
B 4132.2 ± 23.2cC 17.6 ± 0.4cB

wercase letters in each column indicate a significant difference at p < 0.05, different
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Fig. 2. Pb concentrations in the shoot (A) and root (B) of the two ecotypes of A.
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Fig. 3. Concentration of chlorphyll a (A), chlorphyll b (B) and chlorphyll a/b (C) in
the leaves of the two ecotypes of A. wardii grown under different levels of Pb for 4
weeks. Data are mean ± SD of three individual replicates. Mean values labeled with
ardii grown under different levels of Pb for 4 weeks. Data are mean ± SD of three
ndividual replicates. Mean values labeled with different letters in each series are
ignificantly different (p < 0.05) at different Pb concentrations of soil. *Significantly
ifferent (p < 0.05) at different ecotypes.

Fig. 2 presents the Pb concentration of the two ecotypes of A.
ardii grown under different Pb conditions for four weeks. Increas-

ng Pb accumulation in A. wardii was observed with increasing soil
b levels (Fig. 2). For ME, the Pb concentration in shoots and roots at
00 mg Pb kg−1 of soil was higher than that in other Pb treatments.
he high Pb concentrations in shoots (556 mg kg−1) and roots
48,110 mg kg−1) increased by 278% and 717%, respectively, when
ompared with the control. For the NME, the Pb concentration in
hoots was highest at 600 mg Pb kg−1, after which it decreased. The
oncentration in NME roots increased with increasing Pb, with the
b concentration being 169 times higher than that of the control
nd close to the concentration of ME at 1000 mg Pb kg−1 of soil. The
b concentration of ME in the shoots and roots was 163% and 66%
igher than that of NME on average under Pb stress conditions. At
00 mg Pb kg−1 of soil, the Pb concentration between ME and NME
aried significantly.

.3. Effects of Pb treatment on the biochemical characteristics of

. wardii
.3.1. Concentration of chlorophyll a and chlorophyll b
Fig. 3 shows the concentration of chlorphyll a, chlorphyll b and

hlorphyll a/b in the leaves of the two ecotypes of A. wardii grown
nder different levels of Pb for four weeks. The concentration of
hlorophyll a of ME was significantly higher than that of NME. A
different letters in each series are significantly different (p < 0.05) at different Pb
concentrations of soil. *Significantly different (p < 0.05) at different ecotypes.

significant decrease (p < 0.05) in the concentration of chlorophyll a
was observed in ME with increasing Pb concentration in soil, while
the concentration of chlorophyll a in NME remained unchanged
at 0–800 mg Pb kg−1 and then decreased by 21% when compared

with the control. Similarly, the concentration of chlorophyll b of
both ecotypes decreased in response to the Pb treatments, but the
reduction in ME was greater than in NME in Fig. 3B.
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Fig. 4. Effects of Pb on the MDA content (A) and membrane permeability (B) in
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Fig. 5. Activity of antioxidative enzymes SOD (A), CAT (B) and POD (C) in the leaves
he leaves of the two ecotypes of A. wardii grown under different levels of Pb for 4
eeks. Data are mean ± SD of three individual replicates. Mean values labeled with
ifferent letters are significantly different (p < 0.05) at different Pb concentrations
f soil. *Significantly different (p < 0.05) at different ecotypes.

The concentration of chlorophyll a/b of the ME was signifi-
antly higher than that of the NME (Fig. 3C). The concentration
f chlorophyll a/b of the ME was lowest at 800 mg Pb kg−1, while
he differences between other treatments and the control changed
ittle. Conversely, in NME, the concentration of chlorophyll a/b
ecreased by 24% at 1000 mg Pb kg−1.

.3.2. Lipid peroxidation products and membrane permeability
Fig. 4A and B shows that increasing concentrations of Pb in the

rowth medium caused lipid peroxidation and membrane dam-
ge in A. wardii. Lipid peroxidation in the leaves of both ecotypes
as measured based on the MDA content (Fig. 4A). Significant dif-

erences in MDA were observed in both ecotypes with increasing
oncentrations of Pb in soil. The concentration of MDA in the leaves
f the ME increased by 81% at 800 mg Pb kg−1, and then decreased to
3%, which was close to the control level, in response to treatment
ith 1000 mg Pb kg−1. A continuous increase in the concentration

f MDA was observed in the leaves of the NME with increasing Pb

evels, with an overall increase of 58–277% when compared with
he control being observed.

As shown in Fig. 4B, the membrane permeability of both eco-
ypes showed a similar trend in the concentration of MDA. The

embrane permeability of ME peaked at 400 mg Pb kg−1 and then
of the two ecotypes of A. wardii grown under different levels of Pb for 4 weeks.
Data are mean ± SD of three individual replicates. Mean values labeled with differ-
ent letters are significantly different (p < 0.05) at different Pb concentrations of soil.
*Significantly different (p < 0.05) at different ecotypes.

decreased with high Pb stress. However, the membrane permeabil-
ity of NME increased with increasing Pb treatment and was higher
than that of the ME.

3.3.3. Antioxidant enzymes activities
As shown in Fig. 5A–C, Pb induced a strong antioxidative

response in the two ecotypes of A. wardii. The activity of antiox-

idant enzymes followed patterns similar to the Pb concentration,
with an increase with increasing soil Pb concentration followed by
a decrease in response to high soil Pb treatments being observed
(Fig. 5A). The SOD activity increased by 190% and 283% in the leaves
of ME and NME at 800 mg Pb kg−1 in soil, respectively, when com-
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ared with the control. The increasing percentage of SOD activity
f ME was significantly higher than in NME, which was 1.3–53.8%
nder Pb stress conditions.

As shown in Fig. 5B, the CAT activity of the ME and
ME increased to the maximum value at 400 mg Pb kg−1 and
00 mg Pb kg−1, respectively, after which it decreased. The CAT
ctivity of ME was about 24.3–148.6% higher than that of NME
nder Pb treatment. The trend of POD activity of both ecotypes
as similar to the CAT activity (Fig. 5C). A significant increase in the

ctivity of POD was observed in ME at 800 mg Pb kg−1, with a value
f 364% compared to the control and a value four times higher than
hat of NME being observed. The POD activity of the NME peaked at
00 mg Pb kg−1, and significantly decreased to a level close to that
f the control in response to the highest Pb treatment.

. Discussion

A. wardii, which belongs to the Athyriaceae family, is a popu-
ar perennial plant and a type of fern that grows in fascicles. This
ern has suitable features for phytostabilization, such as a well
eveloped root system, high biomass and the ability to maintain
high content of Pb in its root tissue. Although there has been

ome research conducted to evaluate the use of plants such as
olium perenne [28], Atriplex lentiformis [29], Atriplex canescens [30]
nd Pistacia terebinthus Bieberstein [31] for phytostabilization and
evegetation of polluted soils, there has been little research on the
hytostabilization of Pb polluted soil, which is difficult to reclaim.
owever, the results of the present study indicate that the ME of A.
ardii may be suitable for stabilizing Pb.

The increase in lead concentration was greater in ME than in
ME under stress conditions. In addition, an increasing uptake of
b in both ecotypes was observed with increasing Pb concentration
Fig. 2). Specifically, the roots absorbed lead from soil and there was
imited translocation to the shoots. It has also been shown that Pb
s unevenly distributed in roots, where different root tissues act as
arriers to apoplastic and symplastic Pb transport, thereby restrict-

ng Pb transport to the shoot [32]. In a survey of the three growth
tages, the ME with the highest tolerance took-up the smallest pro-
ortion of total soil Pb and had the lowest Pb contents in the shoots.
dditionally, both ecotypes of A. wardii in the pot experiment accu-
ulated low concentration in the shoots, with shoot/root ratios

f 0.01–0.03 and 0.007–0.020 being observed for ME and NME,
espectively. Comparison of the Pb concentration of the two eco-
ypes revealed a decrease in the Pb concentration in the shoots after
00 mg kg−1 in ME and 600 mg kg−1 in NME. These findings indi-
ated that ME had significantly higher tolerance than NME owing
o the high induction of oxidative stress by Pb, which elevated the
ctivity of antioxidative enzymes that may serve as important com-
onents of the antioxidative defense mechanism against oxidative

njury. Due to the high Pb concentration in the roots of ME, our
tudy indicated that the A. wardii of ME had the ability to uptake
ore Pb in the roots under high Pb stress conditions. Compare with

slam’s study [2] that Pb concentration in the roots of ME was as
igh as 40,000 mg kg−1 and in the stem was 1720 mg kg−1 at a Pb

evel of 200 �M, our study showed that A. wardii may be suitable for
hytostabilization since it had low Pb concentrations in the shoots
nd could stabilize Pb in the roots to prevent it from entering the
ood chain via water and wind erosion. Therefore, using tolerant
lants that can accumulate metals in their root tissues or aid in
heir precipitation in the root zone is being encouraged for the phy-

ostabilization of soils contaminated with high levels of metals from

ining.
Pb stress in the present study resulted in a significant decrease

n the shoot biomass of both ecotypes that were studied. In the
ot experiment, a sharp decrease in the shoot biomass of both eco-
aterials 186 (2011) 683–689

types was observed with increasing Pb treatment. These findings
correspond to those of other published reports [2,33]. A possi-
ble explanation for the reduction of plant biomass in response to
high Pb levels may be related to its high Pb accumulation. Ferns
may use energy to cope with the high Pb concentration in the
tissues [34]. The shoot biomass of ME was higher than that of
NME with increasing soil Pb. This might suggest that the inhibiting
effect on the plant growth of NME was more prominent. The ME
showed better growth and tolerance to higher Pb concentration in
soil.

Since photosynthesis is highly sensitive to Pb toxicity, the phys-
iological characteristics of the leaves of A. wardii were investigated
under different soil Pb concentrations. In this study, a decrease
in chlorophyll a and chlorophyll b was observed as the soil Pb
concentration increased, and the decrease was lower in ME than
in NME. The strong relationship between Pb application and the
decrease in photosynthesis of the entire plant was comparable
to scenarios using Ceratophyllum demersum L. [35] and Raphanus
sativus [4]. Reduction of the chlorophyll content may be attributed
to reduced chlorophyll synthesis caused by Pb, impaired uptake
of essential elements such as Mn and Fe, damage to the pho-
tosynthetic apparatus or chlorophyll degradation in response to
increased chlorophyllase activity [36].

In many plant species, heavy metals have been reported to cause
oxidative damage due to the production of ROS [37]. This study
showed that Pb toxicity caused the production of lipid peroxides,
and membrane damage and that it induced some key enzymes of
the antioxidant defense system in A. wardii.

Lipid peroxidation and membrane permeability are important
indices for determination of free radical mediated injury [17]. In
this study, MDA content and membrane permeability increased
significantly (p < 0.05) in the leaves of the NME with increasing Pb
concentration, while the ME decreased in response to higher Pb
levels. The reduction of MDA concentration and membrane per-
meability were due to increased antioxidative enzyme activities,
which reduced the H2O2 levels and membrane damage. The MDA
and membrane permeability in the NME was higher than that of
the ME under Pb stress. These findings imply that the endurance
capability of ME of A. wardii under high Pb stress was stronger
than that of NME, and that it can rapidly regulate the antioxidative
system.

Plants have evolved complex antioxidant systems to repair ROS
induced damage. Generally, various antioxidant enzymes exhibit
different responses, showing an increase in response to lower con-
centrations followed by a decline in response to higher stress,
which was consistent with the results of this study.

As shown in Fig. 5A, increased SOD activity was observed in the
leaves of both ecotypes in response to 800 mg Pb kg−1. This was
attributed to an increase in the superoxide radical concentration,
which then decreased in response to the highest concentration of
soil Pb. The reason for the decrease may have been inactivation
of the enzyme by H2O2 [38] or binding of the metal to the active
centers of the enzyme [39], in which case this decrease would indi-
cate that the oxygen scavenging function of SOD was impaired. The
SOD activity in the leaves of the ME was lower than that of NME
under Pb stress, which was not consistent with the results of the
study conducted by Islam et al. [2]. The activity of CAT and POD sig-
nificantly increased (p < 0.05) in both ecotypes in response to low
concentrations of Pb and declined in response to the highest con-
centration. The ME of A. wardii was able to maintain high levels of
POD and CAT activities at higher concentrations of Pb. There was

also a significant difference in the POD and CAT activities between
ME and NME. These findings demonstrate the effectiveness with
which the scavenging mechanism removed H2O2 from oxidative
damage. Therefore, ME can be presumed to have a better system of
antioxidant enzymes than NME.



dous M

5

r
d
P
a
i
d
o
w
O
s
t
a
s

A

S
d
g
R
t
Z
T
s
H
l

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

T. Zou et al. / Journal of Hazar

. Conclusion

To date, no plant species for phytostabilization of Pb have been
eported in China, although some investigations have been con-
ucted. In our survey of tailings from a Pb/Zn mine in Sichuan
rovince of China, a mining ecotype of A. wardii was found to
ccumulate 15,542 mg kg−1 Pb in its roots. Additionally, pot exper-
ments in this study revealed that the response of ME was quite
ifferent from that of the NME. The extent of the decline in biomass
f the NME was greater than that of the ME after Pb treatment. A.
ardii had a higher Pb concentration in the roots of both ecotypes.
wing to the stronger activity of the antioxidant enzymes, high Pb

tress caused less damage in the ME than the NME. The results of
his study show that A. wardii can be a basic material which is suit-
ble for phytostabilization strategy. Future studies will include a
mall-scale field experiment of A. wardii for Pb phytostabilization.
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