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Abstract Athyrium wardii is one of the dominant plant spe-
cies flourishing on the Pb–Zn mine tailings in Sichuan
Province, China. A greenhouse pot experiment was conducted
to evaluate the chemical forms, subcellular distribution, and
thiol compounds in A. wardii under different Pb treatments.
The results showed that plants of the mining ecotype (ME) of
A. wardii were more tolerant to Pb than those of the non-
mining ecotype (NME) in spite of accumulation of higher
Pb concentrations. The Pb concentrations in shoots and roots
of the ME were 3.2∼8.6 times and 3.0∼24.6 times higher than
those of the NME, respectively. The MEwas more efficient in
Pb uptake than the NME. Moreover, 27.8∼39.0 % of the total
Pb in ME was sodium chloride (NaCl) extractable and
38.0∼48.5 % was acetic acid (HAc) extractable, whereas only
a minority of total Pb was in ethanol and H2O extractable. In
subcellular level, 77.4∼88.8 % of total Pb was stored in the
cell walls of ME and 9.0∼18.9 % in soluble fractions.
Increasing Pb concentrations enhanced sequestration of Pb
into the cell walls and soluble fractions of ME tissues to pro-
tect organelles against Pb. Synthesis of non-protein thiols
(NP-SH) and phytochelatins (PCs) in roots of ME significant-
ly enhanced in response to Pb stress, and significant increases
in glutathione (GSH) were observed in shoots of ME. Higher
levels of NP-SH, GSH, and PCs were observed in roots of the
ME comparing with NME, especially under high Pb treat-
ments. The results indicated that Pb was localized mainly in

cell wall and soluble fraction ofME plants with low biological
activity by cell wall deposition and vacuolar compartmental-
ization, which might be the important adapted Pb detoxifica-
tion mechanisms of ME.

Keywords Detoxification . Chemical form . Subcellular
distribution . PCs . GSH

Introduction

Pb is one of the most abundant and ubiquitously distributed
toxic metals that originate from continuous exploitation of
mineral resources, electronic wastes, and the disposal of sew-
age sludge (Alvarenga et al. 2008; Sharma and Dubey 2005).
Pb mining tailing was an important source of Pb pollution,
which brought many potential environment problems and
had been a serious threat to human health and food safety
(Nouri et al. 2011; Machado-Estrada et al. 2013). Many stud-
ies had demonstrated that phytostabilization was a suitable
remediation strategy for such sites, which mainly used native
plants creating a vegetative cap to reduce eolian dispersion
and soil erosion and to sequester metals within the roots or
rhizosphere (Mendez and Maier 2008; Sarah et al. 2012). This
strategy has great practical materiality and flexibility in the
ecological restoration of mining tailings and in the remediation
of soil polluted by heavy metals (Claudia et al. 2008). Tolerant
plants that can accumulate metals in their root tissues are en-
couraged to be used for the phytostabilization of soils contam-
inated with high levels of metals (Zou et al. 2012). However,
the detoxification mechanisms of potential phytostabilizer for
Pb stabilization and tolerance are still poorly understood.

In general, metal detoxification and tolerance in plants can be
achieved by different strategies, including subcellular compart-
mentalization, chelation by metal-binding compounds, and
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synthesis of stress metabolites (Florence et al. 2013; Liana et al.
2012; Vogel-Mikuš et al. 2010). The avoidance of metal buildup
at sensitive sites within cells is considered as the prime impor-
tance for the detoxification and survival of plants (Mishra et al.
2006a). Some evidence showed that chemical forms and sub-
cellular distribution of heavy metals were associated with metal
accumulation and detoxification in plants (Wang et al. 2008;
Weng et al. 2012). Chemical forms of heavymetals were closely
related to their biotoxicity and migration capability (Zhang et al.
2014a, b). Heavy metal taken up by plants existed in different
chemical forms. Heavy metals in the protoplasm are not in the
form of metal ions but combined with ligands and formatted
compounds with low biological activity to reduce the toxicity
(He et al. 2013; Tian et al. 2010). Metal compartmentalized in
the cell wall or vacuoles could sequester metal into a limited
space, thus reducing the concentration in cytosol and decreasing
the interference with organelles (Bhargava et al. 2012). As the
first barrier protecting the protoplast from metal toxicity, plant
cell walls can bind and restrict the transportation of metal ions
across the cytomembrane (Fu et al. 2011). In case of Sedum
alfredii, large fractions of Pb were retained in the cell walls
during transportation in plants (Tian et al. 2010).

Of the various detoxification pathways in plants, complex-
ation of Pb by particular ligands and sequestration of these
complexes in vacuoles are important for dealing with intracel-
lular metal stress (Bhargava et al. 2012; Mishra et al. 2009;
Zeng et al. 2009). An increased synthesis of thiol compounds
in response to heavy metal has been observed in Bacopa
monnieri and Najas indica (Mishra et al. 2006b; Ragini
et al. 2010). The formation of glutathione (GSH)–metal and
phytochelatin (PC)–metal complexes has been well demon-
strated in literatures (Mishra et al. 2008; Yadav 2010).
Nevertheless, not all studies have supported the role of these
compounds in metal tolerance and detoxification. Gupta et al.
(2010) found that the detoxification of Pb in S. alfredii is not
related to PCs but mainly to GSH. According to Zeng et al.
(2009), the synthesis of PCs was not important for Cd detox-
ification in the shoot of Arabis paniculata. Thus, the function
of these compounds on metal detoxification is unclear.

Athyrium wardii (Hook.) is a common perennial plant, spe-
cifically a type of fern that grows in fascicles. It was found to
be a promising material for Pb and Cd phytostabilization with
a fast growth rate and large amount of biomass (Zhang et al.
2012; Zou et al. 2012). Zou et al. (2011) have provided evi-
dences that the mining ecotype had a greater tolerance to Pb
than the non-mining ecotype owing to the stronger activity of
the antioxidant enzymes. Zhang et al. (2014a) found that Cd
integrated with undissolved Cd–phosphate complexes in the
cell wall or compartmentalization in the vacuole might be
responsible for the adaptation of the mining ecotypes of
A. wardii to Cd stress. However, little information was avail-
able on detoxification strategies in A. wardii under Pb stress.
Therefore, the objective of this study is to analyze the change

in chemical forms, subcellular distribution, and thiol com-
pounds under different Pb treatments and their roles in Pb
detoxification and accumulation in A. wardii.

Material and methods

Plant material

Seedlings for the mining ecotype (ME) were obtained from the
Sanhe Pb–Zn mine tailings, Yingjing County, Ya’an, Sichuan
Province, China (102° 31′ E, 29° 47′ N), where the average
concentration of total Pb was about 7.62 %. Seedlings for non-
mining ecotype (NME) were from uncontaminated agricultural
soils in Yucheng District, Ya’an, Sichuan Province, China (103°
12′ E, 29° 40′ N) in April of 2013 (Fig. 1). The seedlings were
separated into similar size plant segments composed of four∼five
fronds and cultured in quartz sand for 2 weeks with 1/10
Hoagland nutrient solution (every 3 days) and deionized water
during the growing season when necessary. After 2 weeks,
healthy and uniform seedlings were chosen for the pot experi-
ment at the rate of two seedlings per pot.

Pb treatment condition

A pot experiment was set up and designed as five Pb treatments
(0, 200, 400, 600 and 800 mg Pb kg−1 soil) supplying as
Pb(C2H3O2)2·3H2O with five replicates. The control was the
treatment without Pb application. The pot experiment of
A. wardii was conducted in 10-L plastic pots filled with 5 kg
air-dried soil which consisted of 3 kg calcareous alluvial soil and
2 kg humus. The calcareous alluvial soil was collected from an
uncontaminated farmland in Dujiangyan, Chengdu, Sichuan
Province, China (Fig. 1). We set up five quadrats as an S-
shaped sampling method on the farmland site. Each quadrat
measured 1 m×1 m. The soil sample was obtained from
0∼20 cm surface layer of each quadrat, mixed thoroughly, air-
dried. and sieved through a 2-mm mesh screen. The humus was
collected at a flower market in Dujiangyan. Pot soil was homog-
enized for 4weekswith the additive Pb before the transplantation
of seedlings to simulate the Pb-impacted soil. The basic charac-
teristics of the soil after homogenization are presented in Table 1.

The pot experiment was conducted in a greenhouse with
natural light, day/night temperature of 30/25 °C, and day/night
humidity of 70/90 %. To maintain the suitable water-holding
capacity of filled soil in pots, 400∼500 mL deionized water
was applied every 3 days during the plant growth. After
40 days exposure to Pb, plants were harvested and separated
into shoots and roots (including entire belowground parts).
The roots were soaked in 20 mmol L−1 Na2–EDTA for
15 min to remove Pb adhering to the root surface, and the
whole plants were washed with deionized water for the study
of various parameters (Huang et al. 2008).
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Analysis of plant and soil

Dry plant samples (100 mg) were powdered and digested in
HNO3:HClO4 (5:1, v/v) at 170 °C in closed Teflon vessels
until the tissues were pellucid. Digested materials were then
cooled to room temperature and diluted with deionized water
(Zou et al. 2011); 1 g soil was extracted with 20 mL extractant
containing 5 mmol L−1 diethylene triamine pentaacetic acid
(DTPA), 0.1 mol L−1 triethanolamine, and 0.01 mol L−1

CaCl2; shaken at 180 rpm min−1 for 2 h at room temperature;
and extracted supernatant fluid after filtration for the determi-
nation of soil available Pb. All chemicals used were of guar-
antee reagent grade. The concentrations of Pb in the plants and
soils were determined by atomic absorption spectrometry
(AA6300, Shimadzu, Japan). The instrument working condi-
tions were wavelength 283.3 nm, slit 0.7 nm, atomization
2000 °C, read time 3 s, sample volume 10 μL, and modifier
volume 20 μL (Zou et al. 2011). Working standard solutions
were prepared by dilution of standard solutions. Moreover,
analytical procedure control was synchronously performed
10 times by measuring the reference materials GBW10015
with Pb content of 11.1 mg kg−1 purchased from the
National Center for Certificate Reference Materials, China.
Each batch included reagent blank and reference materials.
The mean recoveries of Pb concentration in reference mate-
rials were 92.74 %.

Extraction of Pb in different chemical forms

Six chemical forms of Pb were differentiated between Pb in
ethanol extractable (F1), H2O extractable (F2), NaCl extract-
able (F3), HAc extractable (F4), HCl extractable (F5), and

residual fractions (F6) in plant tissues by the method of
Wang et al. (2008). The sequential extraction procedure and
the corresponding chemical forms are showed in Table 2. A
0.3 g fresh and frozen plant sample was first powdered in
20 mL extraction solution with a mortar and a pestle,
transported in a 25-mL centrifuge tube, and shook for 22 h
at 25 °C. After being shaken, the samples were centrifuged at
4000 rpm min−1 for 15 min, and the supernatant was collected
and put in a 100-mL conical flask. The sedimentation was then
re-extracted twice with the same 20 mL extraction solution by
shaking for 2 h at 25 °C, centrifuging at 4000 rpm min−1 for
15 min and collecting the supernatants. All the three superna-
tants in conical flasks were evaporated, digested with
HNO3:HClO4 (5:1, v/v), and then diluted with deionized water
for the determination of corresponding Pb form. Then, the
sedimentations were extracted step-by-step using a sequence
of designated extractants in the order of 80 % ethanol, deion-
ized water, 1 mol L−1 NaCl, 2 % CH3COOH, and 0.6 mol L−1

HCl. After extracted by five extraction solutions, the residue in
centrifuge tube was digested with HNO3:HClO4 (5:1, v/v) and
then diluted with deionized water. Pb concentration in the
digests associated with different chemical forms was deter-
mined by atomic absorption spectrometry.

Extraction of Pb subcellular distribution

The fresh samples were quickly frozen in liquid nitrogen and
stored at −75 °C. A heavy metal extraction procedure was
carried out to determine what proportion of the metal was
bound to according to the method described by Zhang et al.
(2014a). Pb subcellular distribution of shoots and roots in both
ecotypes of A. wardii was divided into cell wall, organelle

Fig. 1 Map of study location and
sampling sites of two ecotypes of
A. wardii and soil. ME mining
ecotype, NME non-mining
ecotype
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fraction, and soluble fraction, respectively. The fractions, ex-
cept for the soluble fraction, were evaporated separately and
digested with HNO3:HClO4 (5:1, v/v) until the liquid was
clear and then diluted with deionized water. Pb concentration
after digesting was determined by atomic absorption spec-
trometry (AA6300, Shimadzu, Japan).

Determination of non-protein thiols and GSH

The determination of non-protein thiols (NP-SH) was mea-
sured according to the method of Ellman (1959) using GSH
as standard. NP-SH concentration was measured in the super-
natant by reaction with Ellman reagent, and absorbance was
recorded at 412 nm. Level of GSH (reduced) was determined
fluorometrically following Hissin and Hilf (1976).

Statistical analysis and calculation

Data were statistically analyzed by one-way ANOVA test be-
tween treatments and ecotypes using a statistical package,
SPSS version 13.0. Least significant difference (LSD) was
used for multiple comparisons between treatments and eco-
types. A level of p<0.05 was considered to indicate statistical
significance. PCs were calculated as NP-SH content
subtracted from GSH content (Chandra et al. 2008).

Results

Plant growth and Pb concentration

As shown in Fig. 2, a significant decrease (p<0.05) was ob-
served in shoot and root biomass of both ecotypes of A. wardii
with increasing Pb treatments. The shoot biomass of ME de-
clined by 26.5 % at 800 mg Pb kg−1 and was less greatly
affected than that of NME which declined by 44.4 % com-
pared to the plants in control. The root biomass of ME and
NME declined by 24.0 and 48.0 % at 800 mg Pb kg−1 com-
pared to plants in control, respectively. The shoot and root
biomass of ME were up to 1.2∼1.7 times and 1.5∼2.4 times
higher than those of NME.

Increasing Pb accumulations in both ecotypes of A. wardii
was observed with increasing soil Pb levels (Fig. 3). The
highest Pb concentration was 4048 mg kg−1 (DW) in shoots
of ME and 51,412 mg kg−1 (DW) in roots of ME grown in
800 mg Pb kg−1 soil, which were 21.6 times and 7.5 times
higher than that grown in the control treatment, respectively.
The Pb concentrations in shoots and roots ofMEwere 3.2∼8.6
times and 3.0∼24.6 times higher than those of NME, respec-
tively. It is observed that theME had a greater ability to endure
high Pb stress and uptake more Pb from Pb-contaminated
soils.T
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Pb accumulation

Increasing Pb accumulations in both ecotypes of A. wardii
was observed with increasing soil Pb levels (Fig. 4). The

highest Pb accumulation was 8.66 mg plant−1 DW in shoots
of ME and 175.45 mg plant−1 DW in roots of ME grown in
800 mg Pb kg−1 soil, which was 15.92 times and 5.73 times
higher than that grown in the control. The Pb accumulations in
shoots and roots of ME were 3.9∼13.7 times and 6.8∼36.0

Table 2 Sequential extraction procedure and the corresponding chemical forms

Steps Chemical forms Extractant Corresponding Pb extractive

1 Ethanol extractable (F1) 80 % ethanol Inorganic and aminophenol Pb, which include nitrate/nitrite, chloride

2 H2O extractable (F2) Deionized water Water-soluble Pb of organic acid complexes and Pb (H2PO4)2
3 NaCl extractable (F3) 1 mol L−1 NaCl Pectate and protein-integrated Pb

4 HAc extractable (F4) 2 % HAc Insoluble PbHPO4 and Pb3 (PO4)2 and other Pb–phosphate complexes

5 HCl extractable (F5) 0.6 mol L−1 HCl Oxalate acid-bound Pb

6 Residual fractions (F6) HNO3:HClO4 (5:1, v/v) Pb in the residual form
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Fig. 2 Effects of Pb treatments on shoot (a) and root (b) biomasses of
two ecotypes of A. wardii. ME mining ecotype, NME non-mining eco-
type, DW dry weight. Each value was the mean of five independent
determinations. Error bars represent SD. Different letters represent sig-
nificant difference (p<0.05) between Pb treatments within each ecotype.
An asterisk indicates a significant difference (p<0.05) between ecotypes
within each Pb treatment
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Fig. 3 Effects of Pb treatments on Pb concentration in shoot (a) and root
(b) of two ecotypes of A. wardii. ME mining ecotype, NME non-mining
ecotype, DW dry weight. Each value was the mean of five independent
determinations. Error bars represent SD. Different letters represent sig-
nificant difference (p<0.05) between Pb treatments within each ecotype
An asterisk indicates a significant difference (p<0.05) between ecotypes
within each Pb treatment
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times higher than those of NME, respectively. It was observed
that the ME had a greater ability to endure high Pb stress and
can uptake more Pb from Pb-contaminated soils.

Pb chemical forms

The Pb concentrations of different chemical forms in both
ecotypes of A. wadii significantly increased with increasing
Pb treatments (Tables 3 and 4). Pb concentrations of each
chemical form in roots of ME were significantly higher than
those of NME (p<0.05), while no significant differences
showed on residual form in shoots of both ecotypes at
200∼400 mg Pb kg−1 soil. In shoots and roots of ME, the
highest concentration of Pb was found in HAc extractable,
followed by NaCl extractable, and the concentrations of Pb

in H2O extractable and ethanol extractable were relatively
lower. However, in shoots and roots of NME, the highest
concentration of Pb was found in NaCl extractable following
by HAc extractable.

The proportions of HAc extractable and NaCl extractable
in shoots of ME represented 72.6∼85.1 % of the total amount,
while the forms in H2O extractable and ethanol extractable
occupied 6.5∼11.5 %. In shoots of NME, proportions of
H2O extractable and ethanol extractable represented
14.0∼21.9 %, which were higher than those of ME. The pro-
portions of HAc extractable and NaCl extractable in shoots of
ME increased with increasing Pb treatments in soil, and the
proportions of H2O extractable and ethanol extractable de-
creased, whereas an opposite trend appeared in shoots of
NME (Fig. 5a). In roots of ME, HAc extractable and NaCl
extractable occupied 67.5∼76.1% of total Pb, and 7.5∼15.6%
was HCl extractable. The proportion of Pb in H2O extractable
and ethanol extractable occupied 10.6∼14.8 % in roots of ME,
which was higher than that of NME. The proportions of HAc
extractable and NaCl extractable in roots of NME represented
78.8∼87.1 % of the total amount, while the forms in H2O
extractable and ethanol extractable occupied 6.9∼12.7 %
(Fig. 5b).

Pb subcellular distribution

The order of Pb concentrations in both ecotypes of A.wadii
tissues was cell wall> soluble fraction>cell organelle
(Table 5). Pb concentrations of all subcellular fractions in ME
significantly increased with increasing Pb treatments (p<0.05).
Pb concentrations of cell wall in shoots and roots of ME were
significantly higher than those of NME (p<0.05), while no
significant differences showed on Pb concentrations of soluble
fraction and cell organelle in shoots of both ecotypes at
200 mg Pb kg−1 soil and on Pb concentrations of organelle
fraction in roots of both ecotypes at 800 mg Pb kg−1 soil.

As shown in Fig. 6, 78.1∼83.6 % of total Pb in shoots of
ME was found in the cell wall, and 12.4∼18.9 % was present-
ed in soluble fraction, while only a small portion was found in
organelle fraction. In roots of ME, 77.4∼88.8 and 9.0∼18.4 %
of total Pb was in cell wall and soluble fraction, respectively.
The same trend appeared in shoots and roots of NME, where
most of Pb was found in cell wall and soluble fraction of
NME. With increasing Pb treatments, the proportion of Pb in
soluble fraction increased followed by a decrease in cell wall.
The proportion of Pb in organelle fraction remained fairly
constant in shoots and roots of ME, while increased in NME
with increasing Pb supply in soil.

Thiol compounds

As shown in Table 6, NP-SH contents in shoots and roots of
ME increased steadily in response to increasing Pb treatments
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Fig. 4 Effects of Pb treatments on Pb accumulation in shoot (a) and root
(b) of two ecotypes of A. wardii. ME mining ecotype, NME non-mining
ecotype, DW dry weight. Each value was the mean of five independent
determinations. Error bars represent SD. Different letters represent sig-
nificant difference (p<0.05) between Pb treatments within each ecotype.
An asterisk indicates a significant difference (p<0.05) between ecotypes
within each Pb treatment
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(Table 3). The maximum NP-SH contents in shoots and roots
of ME were 1.68 and 1.75 times higher than in NME, respec-
tively. GSH contents in shoot of ME showed a significant
increase (p<0.05) with increasing Pb treatments. The maxi-
mum in shoot of ME was 1.03 nmol g−1 FW at
800 mg Pb kg−1, which enhanced 1.6 times comparing with
CK and was significantly higher than that of NME (p<0.05).
The GSH contents in roots of ME were significantly higher
than those of NME. PC contents in shoots of ME had no
significant change as compared to CK. At 800 mg Pb kg−1,
PC content in shoots of ME was 2.6 times higher than that of
NME. Meanwhile, a steady increase of PC content in roots of
ME was found with increase in Pb treatments.

Discussion

Plant growth and Pb accumulation

It has been reported that plants always accumulate higher con-
centrations of Pb in roots and lower in shoots due to long-
distance translocation from roots to shoots (Estrella-Gómez
et al. 2009; Weng et al. 2012). This Pb distribution system
may indicate roots serving as a partial barrier to prevent Pb
transporting to the shoots (Sharma and Dubey 2005). In our
study, Pb concentration in shoots of ME had reached
4048 mg kg−1 DW at 800 mg Pb kg−1, which was 7.3 times
higher than the result of Zou et al. (2011), who found that Pb

Table 3 Chemical forms of Pb in the shoot of A. wardii under different Pb treatments

Ecotype Treatment Pb chemical forms (mg kg−1 FW)

F1 F2 F3 F4 F5 F6

ME CK 0.58±0.09d 0.89±0.12d* 4.05±0.59e 6.54±0.69d* 1.90±0.11d* 0.62±0.11c

Pb200 1.90±0.24c* 2.43±0.18d* 13.28±0.9d* 16.77±1.68d* 3.53±0.13d* 0.92±0.15c

Pb400 4.67±0.63b* 5.98±0.16c* 35.62±1.08c* 38.10±2.03c* 7.20±0.64c* 1.48±0.31c

Pb600 8.37±0.49a* 9.01±0.49b* 81.95±1.63b* 96.77±8.29b* 11.20±0.77b* 2.75±0.24b*

Pb800 6.63±0.34ab* 21.69±1.16a* 158.61±6.05a* 210.00±9.29a* 29.24±2.07a* 6.83±0.75a*

NME CK 0.41±0.10c 0.48±0.09d 2.73±0.13d 1.85±0.19b 0.45±0.06c 0.37±0.08c

Pb200 0.56±0.05c 1.09±0.11cd 5.33±0.26cd 3.53±0.23b 0.67±0.17c 0.56±0.09c

Pb400 0.96±0.19c 1.74±0.11c 6.57±0.23c 4.60±0.17b 0.76±0.11c 0.70±0.07bc

Pb600 3.26±0.23b 3.87±0.51b 12.30±0.75b 13.52±0.24a 1.67±0.17b 1.23±0.25ab

Pb800 4.53±0.33a 6.03±0.33a 18.68±2.30a 13.85±1.91a 3.79±0.49a 1.34±0.31a

Data are mean±SD of five individual replicates. F1, F2, F3, F4, F5, and F6 represent Pb forms in ethanol extractable, H2O extractable, NaCl extractable,
HAc extractable, HCl extractable, and residual fractions, respectively. Different letters represent significant difference (p<0.05) between Pb treatments
within each ecotype. An asterisk (*) indicates a significant difference (p<0.05) between ecotypes within each Pb treatment

FW fresh weight, ME mining ecotype, NME non-mining ecotype

Table 4 Chemical forms of Pb in the root of A. wardii under different Pb treatments

Ecotype Treatment Pb chemical forms (mg kg−1 FW)

F1 F2 F3 F4 F5 F6

ME CK 18.37±3.37d* 19.16±1.10d* 121.07±13.87d* 129.17±33.78e* 34.78±1.80d* 6.32±0.41c*

Pb200 31.24±5.07d* 127.84±6.81c* 318.83±53.6 cd* 409.55±30.67d* 168.20±9.01c* 22.72±1.71c*

Pb400 52.71±3.06c* 105.98±3.49c* 397.50±34.00c* 626.21±49.13c* 200.23±15.86c* 33.05±1.53c*

Pb600 172.71±7.70b* 154.64±12.78b* 904.17±34.67b* 1046.21±42.14b* 268.20±12.13b* 146.05±21.86b*

Pb800 266.83±7.15a* 269.05±10.18a* 1456.61±147.01a* 2361.60±76.33a* 378.60±13.77a* 303.24±5.56a*

NME CK 1.13±0.12d 0.97±0.21e 14.59±1.59e 11.77±0.85d 0.90±0.01e 0.90±0.13e

Pb200 3.31±1.48d 13.47±0.83d 88.48±6.54d 91.71±5.59d 16.06±2.57d 5.89±1.13d

Pb400 22.27±2.36c 36.01±4.58c 316.46±12.96c 235.50±20.96c 49.93±3.97c 10.14±0.38c

Pb600 55.47±3.00b 65.96±5.17b 760.47±24.81b 344.79±44.88b 76.53±4.22b 15.04±1.13b

Pb800 95.28±6.85a 127.13±4.63a 934.99±32.66a 447.21±37.27a 131.03±8.28a 19.33±0.66a

Data are mean±SD of five individual replicates. F1, F2, F3, F4, F5, and F6 represent Pb forms in ethanol extractable, H2O extractable, NaCl extractable,
HAc extractable, HCl extractable, and residual fractions, respectively. Different letters represent significant difference (p<0.05) between Pb treatments
within each ecotype. An asterisk (*) indicates a significant difference (p<0.05) between ecotypes within each Pb treatment

FW fresh weight, ME mining ecotype, NME non-mining ecotype
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concentration in shoots of ME was as high as 556 mg kg−1

DWat 800 mg Pb kg−1. This may be relative to a higher level
of Pb availability in soil in our study. To supply adequate
nutrients, we added 2 kg humus in each pot. Humus supplied
large amount of organic matter to soils that can serve as che-
lates and increase metal availability to plants (Antoniadis et al.
2008). It had been reported that organic matter content was pos-
itively correlated with extractable Cr contents in soils and Cr
concentrations in rice tissues(Zeng et al. 2011), which was in line
with our study. At 800 mg Pb kg−1, Pb accumulation in root of
ME was 6.8 times higher than that of NME and Pb uptake in
shoot of MEwas much higher as compared to the NME (Fig. 4),
which suggested that ME plants had extraordinary capacity to
take up and transport Pb from roots to shoots as compared to the
NME. We also found that after 40 days of treatment with Pb,
approximately 95 % of the total Pb uptake was retained in the
roots. Justin et al. (2011) indicated that Cu was highly concen-
trated in the roots of Acacia mangium when grown in heavy

metal-contaminated soils.Waranusantigul et al. (2011) found that
Eucalyptus camaldulensis, one of the ideal candidates for reha-
bilitation of heavy metal-contaminated areas, accumulated Pb
dominantly in roots rather than shoots. Other reports also con-
firmed that roots are the most important part for Pisum sativum
and Sorghum halepense plants to accumulate Pb (Małecka et al.
2008; Salazar and Pignata 2014). This indicated that plant roots
played an important role in heavy metal accumulation and stor-
age and prevented metal transporting to shoot to endure high
metal stress.

Pb chemical forms

Chemical forms of heavy metals were closely related to their
toxicity and migration in plants (Wu et al. 2011; Zhang et al.
2014b). For instance, ethanol-extractable and water-soluble
Pb had the highest activity, followed by NaCl extractable,
while HAc and HCl extractable showed the weakest migration
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Fig. 5 Change in Pb chemical forms in shoot (a) and root (b) of two
ecotypes of A. wardii as affected by different Pb treatments. ME mining
ecotype, NME non-mining ecotype. F1, F2, F3, F4, F5, and F6 represent
Pb forms in ethanol extractable, H2O extractable, NaCl extractable, HAc
extractable, HCl extractable, and residual fractions, respectively

CK Pb200 Pb400 Pb600 Pb800 CK Pb200 Pb400 Pb600 Pb800
0

25

50

75

100

Pe
rc

en
ta

ge
 (%

)

Treatment

 Cell wall  Organelle fraction  Soluble fraction(A)

ME NME

CK Pb200 Pb400 Pb600 Pb800 CK Pb200 Pb400 Pb600 Pb800
0

25

50

75

100

Pe
rc

en
ta

ge
 (%

)

Treatment

 Cell wall  Organelle fraction  Soluble fraction(B)

ME NME

Fig. 6 Change in Pb subcellular fraction in shoot (a) and root (b) of two
ecotypes of A. wardii as affected by different Pb treatments. ME mining
ecotype, NME non-mining ecotype

Environ Sci Pollut Res (2015) 22:12676–12688 12683



activity (Xu et al. 2012). For plants containing high concen-
tration of metal that showed low toxicity, metal ions should be
in chemical forms that cause low phytotoxicity (Fu et al.
2011).

In our study, the HAc and NaCl extractable were dominant
in the shoots and roots of ME under various Pb treatments,
while only minority of total Pb was in ethanol and H2O ex-
tractable (Fig. 5), which suggests that larger proportion of Pb
in low phytotoxicity was responsible for the lower toxicity of
Pb in ME. NaCl extractable was found to bind to proteins and
pectic acids, and 2 % HAc extracted insoluble Pb–phosphate
complexes (Wang et al. 2008). Pb integrated to these chemical
forms in cell walls or vacuoles might be crucial for Pb detox-
ification and accumulation in ME under Pb stress. This result

was in line with the study of He et al. (2013), who found that
NaCl and HAc extractable was the dominating form of Pb in
shoots of Lolium perenne. Previous studies in maize and
Kandelia obovata also showed that a majority of Cd associat-
ed with pectates and proteins, and Cd–phosphate complexes
led to the detoxification in plants (Wang et al. 2008; Weng
et al. 2012). Moreover, Pb proportions of ethanol and H2O
extractable in roots of ME were higher than those of NME.
Pb extracted by ethanol and H2O had higher ability to migrate,
which were mainly combined with nitrate ions, chlorides, or-
ganic acids, and dihydric phosphates (He et al. 2013; Zhang
et al. 2014a). These forms in roots of ME suggested a higher
capacity transferring Pb to the aboveground. This might be
contributed to the higher Pb accumulation in shoots of ME.

Table 6 Effects of Pb treatments on NP-SH, GSH, and PC contents in shoot and root of two ecotypes of A. wardii

Tissue Treatment NP-SH (nmol g−1) GSH (nmol g−1) PCs (nmol g−1)

ME NME ME NME ME NME

Shoot CK 0.89±0.07b 0.84±0.06b 0.66±0.03c 0.60±0.06b 0.24±0.10a 0.24±0.06ab

Pb200 1.23±0.09a 1.39±0.02a 0.88±0.04b* 1.13±0.05a 0.35±0.06a 0.26±0.06ab

Pb400 1.26±0.18a 1.36±0.06a 0.92±0.08b 1.08±0.09a 0.34±0.11a 0.29±0.05a

Pb600 1.17±0.08ab 0.91±0.09b 0.84±0.01b 0.77±0.11b 0.33±0.08a 0.14±0.02b

Pb800 1.37±0.06a* 0.81±0.08b 1.03±0.05a* 0.68±0.06b 0.34±0.04a* 0.13±0.02b

Root CK 1.45±0.07c 1.17±0.07ab 1.10±0.05a* 0.85±0.03ab 0.35±0.07b 0.32±0.08ab

Pb200 1.64±0.07bc* 1.25±0.11a 1.09±0.02a* 0.88±0.03a 0.55±0.06ab 0.37±0.10ab

Pb400 1.65±0.07bc* 1.32±0.03a 1.10±0.03a* 0.85±0.03ab 0.55±0.09ab 0.46±0.05a

Pb600 1.75±0.09ab* 1.10±0.08ab 1.08±0.03a* 0.84±0.04ab 0.68±0.10a* 0.26±0.05ab

Pb800 1.68±0.05ab* 0.96±0.03b 0.99±0.05a* 0.76±0.03b 0.69±0.04a* 0.20±0.01b

Data are means±SD of five individual replicates. Different letters represent significant difference (p<0.05) between Pb treatments within each ecotype.
An asterisk (*) indicates a significant difference (p<0.05) between ecotypes within each Pb treatment

ME mining ecotype, NME non-mining ecotype

Table 5 Subcellular distribution of Pb in both ecotypes of A. wardii under different Pb treatments

Treatment Cell wall (mg kg−1 FW) Soluble fraction (mg kg−1 FW) Organelle fraction (mg kg−1 FW)

ME NME ME NME ME NME

Shoot CK 8.48±0.81d* 3.50±0.19d 1.27±0.10d 1.76±0.12e 0.38±0.14d 0.16±0.04d

Pb200 22.14±0.79d* 7.41±0.32c 3.31±0.71d 2.86±0.11d 1.21±0.28d 0.83±0.21c

Pb400 71.83±5.34c* 8.07±0.49c 16.54±1.55c* 5.01±0.25c 3.51±0.21c* 0.67±0.09cd

Pb600 161.30±7.46b* 20.12±0.22b 31.34±3.73b* 14.17±0.34b 10.24±0.19b* 1.86±0.22b

Pb800 305.70±6.73a* 27.03±0.76a 73.94±3.01a* 18.19±0.57a 11.77±0.72a* 4.08±0.19a

Root CK 527.48±16.63e* 13.51±0.61e 53.56±6.38e* 4.66±0.51e 12.92±4.33c* 0.42±0.15e

Pb200 1417.70±40.47d* 144.27±7.15d 207.11±5.91d* 50.75±0.72d 58.03±14.16bc* 12.22±1.27d

Pb400 1807.78±78.26c* 491.93±12.17c 325.86±8.86c* 207.65±5.10c 89.56±19.88ab* 42.34±1.38c

Pb600 2777.62±48.54b* 622.22±10.08b 657.70±6.78b* 316.09±10.61b 151.59±24.51a* 71.64±2.07b

Pb800 3975.17±41.21a* 924.93±18.24a 888.15±14.27a* 432.62±5.83a 152.77±18.18a 138.37±8.81a

Data are mean±SD of five individual replicates. Different letters represent significant difference (p<0.05) between Pb treatments within each ecotype.
An asterisk (*) indicates a significant difference (p<0.05) between ecotypes within each Pb treatment

FW means fresh weight, ME mining ecotype, NME non-mining ecotype
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Pb Subcellular distribution

The compartmentalization of metals at cellular and subcellular
levels is extremely important for the detoxification and accu-
mulation of metals in plants (Zhou et al. 2010). Cell walls
were considered as the first barrier to protect the protoplast
from heavy metal poisoning. The cell wall usually includes
protein and polyoses, which have a lot of potential ligands
such as hydroxyl, carboxyl, amino group, aldehyde group,
phosphate, and thiol (Wang et al. 2008; Xin et al. 2013).
These ligands can participate in a variety of reactions leading
to sequestration of the metals in a cellular compartment with
low metabolic activity and prevent Pb from entering into the
cell interior (Lux et al. 2011; Weng et al. 2012).

In this study, 77.4∼88.8% of Pb was stored in the cell walls
in shoots and roots of the ME (Fig. 6). Wang et al. (2008)
found that immobilization of Pb in the cell walls was impor-
tant to maintain normal physiological activities in ramie.
Małecka et al. (2008) found that binding of Pb into the cell
walls is one of the defense mechanisms of P. sativum, which
plants developed against the toxic effect of heavy metals.
Similar results had been observed in Phytolacca americana
and Boehmeria nivea (Fu et al. 2011; Zhu et al. 2013). It
suggested that, as the primary subcellular fraction for Pb stor-
age, binding Pb in the cell walls is both an effective and im-
portant mechanism for Pb detoxification in ME. A larger por-
tion of Pb in the cell walls was contributed to lower Pb accu-
mulations in organelles and solution fractions implying a
higher capacity for Pb biologically detoxify in ME.

However, the capability of the cell walls to bind Pb is not
unlimited. When cell wall binding sites reached saturation,
most intracellular metal ions were transported to vacuoles so
that metal compartmentation was achieved (Krämer 2000). In
the present study, 9.0∼18.9 % of total Pb was found in soluble
fraction including cell vacuoles in shoots and roots of ME.
Plant vacuoles principally composed of sulfur-rich peptides
and organic acids, which can reduce toxicity via complexation
of metal with organic ligands (Vogel-Mikuš et al. 2010).
Sequestration of heavy metal into vacuoles could further pre-
vent metal ions from interfering with organelle function (Lux
et al. 2011; Xin et al. 2013). Fu et al. (2011) found that
53.7∼68.3 % of Cd was stored in the soluble fraction, which
is the major storage site of Cd in pokeweed. As reported by
Ma et al. (2005), 91 % of Zn in the protoplast was found in the
vacuoles of Thlaspi caerulescens leaves, which indicated that
vacuoles were involved in metal tolerance mechanisms. It was
suggested that sequestration of Pb into vacuoles could further
reduce Pb toxicity in the cytoplasm and further avoid Pb
buildup at organelle fraction in ME. In root of pea, Pb was
localized mainly in the cell wall, vacuoles, or cell voids; how-
ever, Pb was also localized in plant cell organelles under
higher Pb stress (Małecka et al. 2008). In our study, the pro-
portion of Pb in organelle fraction increased in shoots and

roots of NME, while remained fairly constant in ME with
increasing Pb supply in soil. Moreover, the biomass of NME
significantly decreased at 200 mg Pb kg−1 soil, and the bio-
mass of ME declined at 400∼600 mg Pb kg−1 soil. These
results indicated that the ME being more tolerant to Pb might
be attributed to cell wall deposition and vacuolar compartmen-
talization, which avoided Pb buildup at organelle fraction and
protected organelles against Pb.

Thiol compounds

It has been well documented that one of the important strate-
gies for the heavy metal detoxification in plants is the com-
plexation with strong ligands such as NP-SH and PCs (Isaure
et al. 2006; Vogel-Mikuš et al. 2010). The plant exhibiting
high content of NP-SH under metal stress indicated its ability
to tolerate cellular metal load (Chandra et al. 2008). In our
study, NP-SH content in shoots and roots of ME showed a
significant increase in response to Pb and was higher than that
of NME, particularly in root (Table 6). It was suggested that
ME had a greater ability to tolerate cellular Pb load. Moreover,
the content of NP-SH increased at lower Pb stress but de-
creased at higher Pb stress both in shoots and roots of NME
plants, which was not observed inME plants. The synthesis of
NP-SH could be attributed to increased activity of enzymes of
sulfate reduction pathway and assimilate into GSH, PCs, and
cysteine and possibly also reflects a defense reaction to en-
hanced production of reactive oxygen species (ROS) (Michael
et al. 2006; Mishra et al. 2006a). However, some physiologi-
cal functions of plants might be damaged under high Pb stress,
which impacted the synthesis of NP-SH. This observation was
in agreement with the previous studies in Ceratophyllum
demersum and N. indica (Mishra et al. 2009; Ragini et al.
2010).

As the most important low molecular weight peptides in
plants, GSH took part in a plethora of cellular detoxification
processes (Rouhier et al. 2008; Yadav 2010). Besides its func-
tion in defense against ROS and protecting the membrane,
GSH acts as a powerful detoxifier of heavy metals by com-
plexation and it can serve as a precursor of PCs (Amalia et al.
2011; Weng et al. 2012). It had been reported that a significant
increase in the GSH concentration was also found in roots and
shoots of Salvinia minima and in roots of Melilotus alba and
Melilotus officinalis in short- and long-term Pb treatments,
respectively (Estrella-Gómez et al. 2012; Fernández et al.
2012). In our study, GSH content in shoots of ME conspicu-
ously enhanced following increasing Pb treatments and was
notably higher than that of NME at 800 mg Pb kg−1. GSH
content in root of ME was 1.3 times higher than that of NME,
although no significant change was observed in roots of both
ecotypes of A. wardii in response to Pb. The increasing GSH
content may be relative to that Pb-stimulated GSH biosynthe-
sis gene transcription and the synthesis of glutathione
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synthetase, glutathione reductase, and other enzymes (Maserti
et al. 2005). Depletion of GSH in the shoots of NMEmight be
thus a consequence of its participation in oxidative stress
quenching, but this assumption needs further thorough inves-
tigations. The higher GSH content might play an important
role in protecting shoots of ME from the detrimental effects of
Pb by counteracting the effect of free radicals and lead to the
Pb detoxification. The change of GSH in roots being not in
line with the shoots of ME might be the result of the fact that
GSH was metabolized as a precursor for PCs ensuring the
production of this tripeptide as the main mechanism of Pb
detoxification operating in roots (Gupta et al. 2010).
Estrella-Gómez et al. (2012) found that GSH and PCs partic-
ipated in a complex and coordinated mechanism of Pb detox-
ification in S. minima, PCs being relatively more important in
roots while GSH appears to be more important in leaves. It
suggested that GSH and PCs play different roles in the Pb
detoxification in different tissues of plants. In our study,
GSH might be relatively more crucial in shoots of ME. A
higher level of GSH in root ofME than NME provides a better
condition for the synthesis of PCs.

PC binds to Pb ions leading to sequestration of Pb in plants
and thus serves as an important component of the detoxifica-
tion mechanism in plants (Gupta et al. 2013). Estrella-Gómez
et al. (2009) found that the accumulation of PCs in S. minima
was a direct response to Pb accumulation. PC contents in roots
of ME enhanced following the increasing Pb treatments and
were markedly higher than that of NME at 600 and
800 mg Pb kg−1 (Table 6). Formation of PC–metal complex
in response to heavy metal was also well documented in liter-
ature (Yadav 2010). PCs formed complexes with metal ions in
the cytoplasm, thus reducing metal toxicity in this metaboli-
cally active cellular compartment; subsequently, such com-
plexes were transferred into the vacuole and vacuolar com-
partmentalization was achieved (Zhang et al. 2014b; Yadav
2010). The presence of PC–Pb complexes was shown in vivo
in, e.g., M. alba and M. officinalis (Fernández et al. 2012) or
vetiver grass (Andra et al. 2010), suggesting their role in Pb
tolerance. According to Wójcik and Tukiendorf (2014), Pb
treatment induced synthesis of PCs only in the roots of
Dianthus carthusianorum, with significantly higher concen-
trations thereof detected in the NME. In this study, the PC
content in roots of ME significantly higher than NME at high
Pb conditions indicated that the ME might possess a superior
capacity to formation of PC–Pb complexes for the cleanup
and alleviation of Pb toxicity in roots. Similar to the present
finding, synthesis of PCs in response to heavy metal stress had
been well documented inK. obovata and Vetiver grass (Andra
et al. 2010; Weng et al. 2012). These PC–Pb complexes mi-
grating into vacuoles might contribute to the compartmental-
ization and the higher Pb concentration in soluble fraction of
ME tissues. However, the determination method of PCs used
in this study is rough. It cannot distinguish between PCs, γ-

EC, and cysteine precisely. Hence, further thorough investiga-
tions by a quantity HPLC analysis of thiol compounds were
needed to confirm the exact role of theses thiols in elevated Pb
tolerance.

Conclusions

In the present research, there was a notable difference in
growth inhibition for Pb among both ecotypes of A. wardii.
The MEwas more efficient in Pb accumulation than the NME
and had a greater Pb accumulation in roots than in shoots. The
majority of Pb in the ME was extracted by HAc and NaCl,
suggesting that larger proportion of Pb was in low phytotox-
icity. Larger percentage of Pb was bound to the cell wall frac-
tion and soluble fraction at the subcellular level of the ME.
Furthermore, theMEwas able to inducemore thiol compound
synthesis to further avoid Pb buildup at organelle fraction
under Pb stress.

These characteristics indicated that cell wall deposition and
vacuolar compartmentalization might be the important
adapted Pb detoxification mechanisms of the ME, which en-
sured it adapt well to growing in extremely Pb-polluted hab-
itats as a good candidate for phytostabilization.
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