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Abstract The effects of increasing concentrations of lead
(Pb) on Pb accumulation, subcellular distribution, ultrastruc-
ture, photosynthetic characteristics, antioxidative enzyme ac-
tivity, malondialdehyde content, and phytochelatin contents
were investigated in Neyraudia reynaudiana seedlings after
a 21-day exposure. A Pb analysis at the subcellular level
showed that the majority of Pb in the roots was associated
with the cell wall fraction, followed by the soluble fraction.
In contrast, the majority of the Pb in the leaves was located in
the soluble fraction based on transmission electron microsco-
py and energy dispersive X-ray analyses. Furthermore, high
Pb concentrations adversely affected N. reynaudiana cellular
structure. The changes in enzyme activity suggested that the
antioxidant system plays an important role in eliminating or
alleviating Pb toxicity, both in the roots and leaves of
N. reynaudiana. Additionally, the phytochelatin contents in
the roots and leaves differed significantly between Pb-spiked
treatments and control plants. Our results provide strong evi-
dence that cell walls restrict Pb uptake into the protoplasm and
establish an important protective barrier. Subsequent vacuolar
compartmentalization in leaves could isolate Pb from other
substances in the cell and minimize Pb toxicity in other organ-
elles over time. These results also demonstrated that the levels
of antioxidant enzymes and phytochelatin in leaves and roots

are correlated with Pb toxicity. These detoxification mecha-
nisms promote Pb tolerance in N. reynaudiana.
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Introduction

A large number of high-quality lead (Pb), zinc (Zn), and man-
ganese (Mn) mines are distributed in the major heavy metal
mining area in South China. Owing to outdated mining tech-
nology and poor long-term management, serious heavy metal
pollution has occurred in the soil around mining areas; specif-
ically, massive mining, wastewater discharge, and tailing ac-
cumulation have resulted in high levels of soil Pb (Cheng and
Hu, 2010). As a consequence, the surrounding ecological en-
vironment is deteriorating and land has become barren. Pb
pollution has become the main restrictive environmental fac-
tor with respect to vegetation restoration in Pb/Zn mining
areas. Numerous studies have confirmed that Pb is one of
the most highly toxic metals in the environment for plants,
animals, and humans (Wang and Zhang. 2006; Zhou et al.,
2014). In our previous studies on the soil characteristics of an
abandoned rare earth ore mine, we found that Neyraudia
reynaudiana is an excellent green plant for soil and water
conservation, soil reinforcement, and as a windbreak in
South China; it not only grows well in the abandoned rare
earth ore mining area but also maintains a relatively high
biomass. It shows high adaptability in the harsh environment
of the abandoned rare earth mine area and is resistant to
drought, poor soil, acid, heavy metal pollution, etc. It is char-
acterized by a well-developed root system (with root lengths
up to 300 cm), strong stems, tillering ability, rapid growth, and
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high biomass (heights up to approximately 300 cm and diam-
eter approximately 1 cm) and can adapt to a variety of harsh
environments. These unique features make N. reynaudiana
one of several plants that is able to grow in Pb/Zn mining
areas. Furthermore, previous studies have shown that
N. reynaudiana exhibits high Pb accumulation in metal-
enriched soil, i.e., 345–773 mg/kg in its aboveground portion,
which is close to the critical concentration standard for Pb in
hyperaccumulator plan ts (1000 mg/kg) , and i ts
bioconcentration coefficient is 0.19–1.69. The transfer coeffi-
cient of N. reynaudiana is 3.1–21.2 (Dai and Ning 2008).
Studies have indicated that Pb bioaccumulation in the above-
ground portion of N. reynaudiana can reach 11,008 mg/kg by
adding EDTA as a chelating agent, and this was 16.5 times
greater than the levels observed in a control group (Dai and
Ning 2008). Owing to these characteristics, N. reynaudiana is
highly suitable for bioremediation to decrease Pb pollution in
mining areas. However, the heavy metal tolerance mechanism
of N. reynaudiana is not clear, and this limits the use of
N. reynaudiana in phytoremediation applications to treat
abandoned soils contaminated with heavy metals, such as Pb
and Cd.

In general, the mechanisms of Pb tolerance and detoxifica-
tion in plants can be divided into two categories: external
exclusion and internal tolerance. External exclusion is the
mechanism by which plants prevent Pb ions from entering
cells to avoid accumulation at sensitive sites or pump excess
Pb ions out of cells (Bibi and Hussain 2005; Sharma and
Dubey 2005). In the internal tolerance mechanism, Pb in the
cell is transformed into less toxic forms via the synthesis of
organic ligands of Pb ions, such as cysteine, glutathione
(GSH), phytochelatin, and metallothionein, to ease the toxic
effects of Pb on the plant (Verma and Dubey, 2003; Pourrut
et al. 2011). However, as exogenous Pb increases, Pb accu-
mulation in the plant increases. Pb causes oxidative stress in
plants via the production of large amounts of reactive oxygen
species (ROS), such as O2

·− and OH·, which seriously affect
the function of plant membrane systems.When environmental
conditions are optimal and plant metabolism functions effi-
ciently, a dynamic equilibrium can be achieved between the
generation and quenching of ROS. In plants, complex antiox-
idant systems typically limit active hydroxyl damage to cells;
these systems include enzymes, such as superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), as well as non-
enzyme active oxygen scavengers, such as ascorbic acid,
GSH, and phenolic compounds. Antioxidant enzymes are
key factors in plant resistance to oxidative stress, which in-
duces an increase in antioxidant enzyme activity and, conse-
quently, resistance (Sharma and Dubey 2005). However, re-
search has shown that when antioxidant enzyme activity is
inhibited in cells, ROS become excessive and oxidative dam-
age to membrane systems occurs. Furthermore, Pb can dam-
age various organs and tissues of plants, as well as the

ultrastructure of subcellular fractions, such as chloroplasts,
mitochondria, nuclei, and cell wall membranes. This damage
affects organelle functions and, ultimately, photosynthesis,
respiration, protein synthesis, cell division, and other normal
physiological functions (Huang et al. 1997; Salazar and
Pignata, 2014), resulting in plant physiological and biochem-
ical dysfunction and damage. Plant resistance to Pb occurs via
two routes, i.e., exclusion and enrichment. The former refers
to the discharge of Pb after it is already absorbed by plants or
the blockage of Pb transportation within plants. The latter
mainly refers to the promotion of non-bioactive, non-toxic
forms of Pb, such as Pb bound to the cell wall, vacuolar Pb,
or complexes with organic acids or proteins, such as GSH and
phytochelatin (Wu et al. 2013). After absorption and transpor-
tation, Pb can exist in various cell structures and can form
chemical bonds, limiting its movement in plants and reducing
toxicity (Qiao et al. 2015).

Therefore, studies of physiological and biochemical in-
dexes of N. reynaudiana under heavy metal stress, and
particularly its Pb absorption properties, subcellular Pb
distribution, antioxidant indexes, cell membrane integrity,
membrane lipid peroxidation, phytochelatin content, and
ultrastructural changes, will greatly improve the under-
standing of the heavy metal tolerance and stress responses
in N. reynaudiana. The purpose of this study was to (1)
determine the toxicity of Pb on N. reynaudiana, (2) char-
acterize the absorption and transportation mechanisms of
Pb in N. reynaudiana, and (3) identify the key mechanism
mediating detoxification in N. reynaudiana. These results
provide a basis for the phytoremediation of soil polluted
by Pb.

Methods

Plant material and growth conditions

N. reynaudiana seed was collected from a mountain in
FuZhou, Fujian province, China. After 30 days, healthy and
equally sized shoots of N. reynaudiana were grown in 2.5-L
pots for 1 week in distilled water to initiate new roots. Then,
the seedlings were treated with 0, 25, 50, 100, or 200 μM Pb
supplied as Pb(NO3)2 in Hoagland’s solution for 21 days (cor-
responding to actual concentrations of 0, 20.6, 38.7, 72.3, or
145 μM Pb). To prevent the precipitation of Pb, the KH2PO4

concentration was adjusted to 0.025 mM (Gupta et al. 2010).
The pH of the nutrient medium was adjusted to 5.5 using
0.1MNaOH or 0.1MHCl and was continuously aerated with
an aquarium pump and renewed every third day during the
experiment. Each treatment was replicated in four different
vessels using a randomized block design in a light-proof glass
container.
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Lead content in plants

N. reynaudiana plants treated with 0, 25, 50, 100, or 200 μM
Pb for 3, 7, 14, and 21 days were harvested to measure Pb
accumulation. Roots of intact plants were washed with dis-
tilled water for a metal analysis and immersed in 20 mM Na-
EDTA for 15–20 min to remove adsorbed Pb adhering to the
root surface. Then, N. reynaudiana plants were dried at
105 °C and digested with an acid solution containing 13 M
HNO3 and 1 M HClO4. For quality control, ten repeated mea-
surements were carried out with a standard Pb solution pro-
vided by the Institute of Geophysical and Geochemical
Exploration, China (Qiao et al. 2015). The Pb concentration
was determined using an atomic absorption spectrophotome-
ter (TAS-990: Pgeneral, China) after digestion with HNO3 and
HClO4. The heavy metal estimates were checked using certi-
fied standard reference material (SRM 1547, peach leaves)
obtained from the National Institute of Standards and
Technology (Gaithersburg, MD, USA) (Zhou et al. 2015).

Subcellular distribution of Pb in N. reynaudiana roots
and leaves

N. reynaudiana plants treated with 0, 25, or 200 μM Pb for 3,
7, 14, and 21 days were harvested to measure the Pb subcel-
lular fractions in leaves and roots, respectively. Subcellular
fractions were isolated as described by Li et al. (2016).
Frozen plants (0.5000 g) were homogenized using a chilled
mortar and a pestle with 20mL of pre-chilled extraction buffer
(containing 50 mM Tris–HCl (pH 7.5), 250 mM sucrose, and
1.0 mM dithioerythritol). The homogenate was transferred to
a 50-mL centrifuge tube and centrifuged at 300×g for 10 min
at 4 °C. The pellet was considered the cell wall fraction (F1).
The filtrate was centrifuged at 2000×g for 10 min, and the
pellet was the nucleus-rich fraction (F2). The supernatant
was then centrifuged at 10,000×g for 30 min. The pellet was
designated the mitochondrial fraction (F3) and the supernatant
was the soluble fraction (F4). All homogenizations and sub-
sequent fractionations were performed at 4 °C (Nishizono
et al. 1987). Pb concentrations in the fractions were deter-
mined by atomic absorption spectrophotometry using atomic
absorption spectrometry (TAS-990, Pgeneral) after digestion
with HNO3 and HClO4.

Transmission electron microscopy and energy dispersive
X-ray analysis

N. reynaudiana plants treated with 0, 25, and 200 μM Pb for
21 days were selected for transmission electron microscopy
(TEM). Small sections (1–3 mm long) from the middle of the
third leaf from the top of the plant were fixed in 4 % glutaral-
dehyde (v/v) in 0.2M sodium phosphate buffer (pH 7.2) for 6–
8 h and post-fixed in 1 % OsO4 for 1 h and in 0.2 M sodium

phosphate buffer for 1–2 h. Dehydration was performed in a
graded ethanol series (50, 70, 85, 90, and 95 %) followed by
acetone, and then samples were infiltrated and embedded in
Spurr’s resin (Basile et al. 1994). Ultra-thin sections (80 nm)
were prepared and mounted on copper grids for viewing using
a transmission electron microscope (Tecnai G2 Spirit) at an
accelerating voltage of 60.0 kV. Subsequently, the energy
spectra of the prepared sections were measured using the
JEM-2100 transmission electron microscope equipped with
the Oxford IE250 Energy Dispersive Spectroscopy system
(EDS; Abingdon, UK). The acceleration voltage was
150 kV, the removal angle was 25°, and the measurement time
was 60 s. A qualitative elemental analysis was conducted with
the electron beam fixed in the high electron density area of the
sample (Basile et al. 1994).

Photosynthetic characteristics

Total chlorophyll content and the Chl a and Chl b contents
from young shoots were estimated after extraction using 80 %
methanol following previously described methods
(Lichtenthaler and Buschmann 2001).

Determination of antioxidative enzyme activity and MDA
content

Prior to biochemical analyses, wet leaf and root samples were
homogenized with an extraction buffer containing 100 mM
potassium phosphate buffer (pH 7.0), 0.5 % TritonX-100, and
1 % polyvinylpyrrolidone using a pre-chilled mortar and pes-
tle (Zhou et al. 2013). The homogenate was centrifuged at
15,000×g for 20 min at 4 °C. The supernatant obtained after
centrifugation was used to determine SOD, CAT, and POD
activity. SOD activity was assayed using the xanthine–xan-
thine oxidase and nitroblue tetrazolium system. One unit of
SOD was defined as the amount of protein that inhibited the
rate of nitroblue tetrazolium reduction by 50 % (Zhou et al.
2014). The POD reaction solution contained 50 mM phos-
phate buffer (pH 7.8), 25 mM guaiacol, 200 mM H2O2, and
the enzyme extract. Changes in the absorbance of the reaction
solution were determined at 470 nm (Li et al. 2012). CAT
activity was assayed immediately after centrifugation of the
homogenates according to previously described methods
(Aebi 1984). One unit of enzyme was defined as the amount
necessary to decompose 1 mmol H2O2 min−1 at 25 °C. Lipid
peroxidation (asMDA) was estimated according to previously
established methods (Islam et al. 2008). Four milliliters of
0.5 % tert-butyl alcohol in 20 % trichloroacetic acid was
added to a 1-mL aliquot of the supernatant, and the mixture
was incubated in boiling water for 30 min. The MDA content
was then determined spectrophotometrically at 532 nm and
corrected for nonspecific turbidity at 600 nm.

21796 Environ Sci Pollut Res (2016) 23:21794–21804



Measurements of non-protein sulfhydryl, glutathione,
and phytochelatin concentrations

Non-protein sulfhydryl (NPSH), GSH, and phytochelatin con-
centrations were determined in acidified leaf and root extracts
prepared as described by De Vos et al. (1992). The NPSH
content was measured spectrophotometrically with Ellman’s
reagent (5,5′-dithiobis-2-nitrobenzoicacid, DTNB). The su-
pernatant (300 μL) was mixed with 630 μL of 0.5 M
K2HPO4 solution, and absorbance at 412 nm was measured
after 2 min. Two minutes after the addition of 26.6 μL of
DTNB solution (6 mM DTNB, 0.143 M K2HPO4, 6.3 mM
DTPA, pH 7.5), absorbance was measured again at 412 nm
(Zhou et al. 2015). Reduced GSH was estimated according to
previously described methods (Andersen et al. 1997).
Phosphate buffer (60 μL, 100 mM, pH 7.0) and 40 μL of
DTNB were added to 500 μL of the supernatant, and absor-
bance was read at 412 nm after 2 min. Total NPSH, GSH, and
individual phytochelatin species concentrations are expressed
as micromole SH per gram fresh weight. Total phytochelatin
concentrations (μmol) were estimated by subtracting GSH
from NPSH (Zhou et al. 2015).

Statistical analysis

All statistical analyses were implemented in SPSS 19.0 for
Windows (SPSS Inc., Chicago, IL, USA). Values are reported
as the means of four replicates, except for TEM and EDS data.
One-way ANOVA was applied to assess the differences be-
tween groups, and significant differences (p < 0.05) were then
evaluated by post hoc SNK multiple range tests; statistical
significance was assessed at α = 0.05.

Results

Effects of Pb on plant growth and photosynthesis

N. reynaudiana was exposed to solutions with various con-
centrations of Pb for 21 days. Compared with the control,
when the Pb concentration was greater than 100 μM, the
growth of the underground portion of N. reynaudiana was
significantly inhibited (p < 0.05). When the Pb concentration
was greater than 200 μM, the growth of the aboveground
portion of N. reynaudiana was significantly inhibited
(p < 0.05). These results indicated that as the Pb concentration
in the solution increased slightly, the growth of the root system
of N. reynaudiana, but not the aboveground portion, was ini-
tially inhibited. However, as the concentration of Pb continued
to increase, the inhibition of aboveground growth was detect-
ed (Fig. S1). However, chloroplast pigments (Chl a, Chl b,
and total Chl) did not differ significantly between the treat-
ments and the control (Fig. S2).

Pb accumulation in the roots and shoots ofN. reynaudiana
at various time points

Based on water culture experiments (Fig. 1a), the Pb contents
in the roots and the aboveground portions of N. reynaudiana
increased significantly as the Pb concentration in the treatment
solution increased. After 21 days, the Pb contents in roots in-
creased significantly from 0 to 577.9, 1157.8, 4053.2, and
5349.2 mg kg−1 for increasing Pb concentrations (Fig. 1a),
while those in the leaves increased from 0 to 85.3, 98.2,
180.3, and 222.5 mg kg−1 (Fig. 1b). Different from the above-
ground part, as the treatment time and Pb concentration in-
creased, the amount of Pb absorbed by roots continued to in-
crease and Pb contents were far higher than those observed in
the aboveground plant parts (Fig. 1).

Subcellular distribution of Pb in roots and leaves
for different exposure times

To study the subcellular distribution of Pb in different parts of
N. reynaudiana and changes in the distribution over time, we
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compared two treatment groups, i.e., a low Pb concentration
of 25 μM and a high Pb concentration of 200 μM. At 25 μM
Pb, the overall Pb contents in the subcellular structures of the
aboveground parts of N. reynaudiana were as follows (in de-
creasing order): F4 (soluble component), F3 (mitochondria),
F2 (nuclei and chloroplasts), F1 (cell wall) (Fig. 2). At 25 μM
Pb, there was little variation in Pb contents in each subcellular
structure over time. At 200 μM Pb, the Pb contents in the
subcellular structure of the aboveground parts of
N. reynaudiana showed the following pattern (in decreasing
order): F4 > F3 > F1 > F2. In the leaves, Pb was primarily
distributed in the soluble components of F4. As exposure time
increased, Pb contents in each component did not change sig-
nificantly. In root cells, the overall pattern of Pb in organelles
was as follows: F1 > F2 > F4 > F3; these results indicated that
root Pb was primarily distributed in the cell wall. As exposure
time increased, Pb contents in organelles continued to increase
and the relative Pb contents in different organelles changed.
Specifically, the relative Pb content in F1 decreased, while the
proportion of Pb in F4 increased, suggesting that the treat-
ments reduced the retention effect of cell walls on Pb, while
the compartmentalization effect of the soluble fraction on Pb
increased.

Transmission electron microscopy and energy dispersive
X-ray analysis

The effects of stress on the subcellular structure of various
organs and tissues of N. reynaudiana were visualized directly
using TEM (Figs. 3 and 4). Based on TEM observations of
N. reynaudiana root cells in the blank control group, root-tip
cells were structurally normal; the cell wall showed smooth
and continuous characteristics and the endoplasmic reticulum

and plasmodesmata were clearly visible (Fig. 3a, b).
Additionally, the toxic effects of 25 and 200 μMPb treatments
on the subcellular structures of the root-tip tissues could be
directly visualized (Fig. 3c–f); in particular, the cell wall color
deepened, possibly reflecting an increase in brittleness,
resulting in fracturing or roughening in some areas. At the
break points of the plasmodesmata, loose materials at the edge
of the cell wall were visible, and they drifted toward the cell
cavity. Additionally, some Pb particles were deposited in the
vicinity of the inner cell wall. However, the damage to mem-
brane structures attached to the cell walls was more serious.
Compared with cells shown in Fig. 3a, b, the cells shown in
Fig. 3c–f had a large amount of black materials deposited at
the inside and outside of the cell wall. These black materials
were insoluble compounds containing Pb based on an energy
spectrum analysis (Fig. S3). The cell wall deposits differed
among location, wherein the deposits in root cell walls were
dots or granular in structure, while the deposits in the center of
the root cells were granular.

Based on observations of the leaf structure (Fig. 4a–c), the
cell plasma membrane and the cell wall were closely connect-
ed in the plant leaves in the control group. The double layers
of the nuclear membrane were clearly visible with prominent
nucleoli. The chloroplast membranes were complete; the gra-
na thylakoids were tightly stacked with numerous layers; and
the cavities of the grana thylakoids were small and flat, were
arranged parallel to the long axis in the same direction, and
were connected with the stroma thylakoids to form a contin-
uous membrane system. The mitochondrial morphology was
normal. Chloroplasts in the control group were oval with dis-
tinct structures. The double-layer membranes were complete.
The grana and stroma lamella were arranged neatly and
contained starch grains and osmiophilic granules, and they
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were arranged along the cell edge to facilitate light absorption
and the rapid transportation of photosynthetic products.
However, Pb stress significantly changed the cell structure in
N. reynaudiana leaf cells (Fig. 4d–h). After Pb stress, the
common features observed included a damaged chloroplast,
a decreased ratio of the long axis to the short axis, and in some
cases, expansion into a spherical shape. The high-
concentration Pb treatment resulted in significant damage to
parts of the chloroplasts, which showed incomplete structures.
The double-layer membranes were broken or the structures
disappeared, the internal grana lamella were disordered, and
the remaining grana and stroma thylakoids were loose and

exhibited increased swelling. Owing to the uneven expansion,
the grana appeared wavy and were in a dissociative state.

After treatments with 25 and 200 μM Pb, large amounts of
black materials were deposited at the cell walls, cell gaps, and
inside cell walls in the roots and leaves of N. reynaudiana
(Fig. 3c, d). These deposits were granular. Based on EDS
analysis (Fig. S3), the black deposits had similar element com-
positions, i.e., mainly Pb, C, O, and Si. The areas with black
spots contained Pb, and a denser distribution of black spots
and greater particle number were associated with more Pb
deposition in the area. Therefore, the cell walls, cell gaps,
and vacuoles were the main sites of Pb accumulation in the

Pb 

Fig. 3 Ultrastructure of
N. reynaudiana root cells for
different Pb treatments (a, b
N. reynaudiana exposed to 0 μM
Pb for 21 days; c, d
N. reynaudiana exposed to
25 μM Pb for 21 days; e, f
representN. reynaudiana exposed
to 200 μM Pb for 21 days).
Labels: CW cell wall, IS
intercellular space, M
mitochondrion. N nucleus, NUE
nucleolus, OP osmiophilic
particles, V vacuoles. Images
were obtained using a JEM-2100
transmission electron microscope
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roots and leaves of N. reynaudiana, which is consistent with
the results shown in Fig. 2.

Effects of Pb on antioxidant enzyme activity and MDA
content

Compared with the control group, 21 days after exposure to
the Pb solution, SOD, CAT, and POD activity in the leaves
and the root system of N. reynaudiana increased significantly
(p < 0.05) (Fig. 5a–c), and the SOD, CAT, and POD contents
in the roots were higher than those in the leaves. These results
suggest that Pb stress promoted an oxidative stress reaction in
the roots and leaves ofN. reynaudiana, and the roots showed a
stronger antioxidant capacity. In addition, exposure to Pb re-
sulted in a significant increase in malondialdehyde (MDA) in
a dose-dependent manner in the roots and the leaves.
Collectively, these results indicate that Pb exposure resulted
in cell membrane damage and lipid peroxidation in roots and
leaves (Fig. 5d).

Effect of Pb on non-protein sulfhydryls, glutathione,
and phytochelatins

Under Pb stress, the overall changes in the GSH content in the
roots and leaves of N. reynaudiana were not significant, but
the changes in non-protein thiols (NPSH) and phytochelatin
were significant. NPSH and phytochelatin contents in the
roots of N. reynaudiana increased initially as the Pb concen-
tration increased, but then gradually decreased. In the leaves,
NPSH and phytochelatin contents increased significantly as

the Pb concentration increased (p < 0.01), indicating that
phytochelatin in the leaves of N. reynaudiana plays an impor-
tant role in the process of detoxification (Fig. 6).

Discussion

Many studies have shown that in a hydroponic system, Pb
concentrations exceeding 0.5 μM inhibit the growth of plants
(Patra et al. 1994). In our experiment, N. reynaudiana showed
no phenotypic abnormalities for all Pb treatments compared
with the control plants, except for a Pb concentration of great-
er than 100 μM, for which root growth was inhibited. This
indicated that N. reynaudiana had very strong Pb resistance,
as well as very high capacity to cope with drastic changes in
the external environment via a series of stress responses. Pb
accumulation in N. reynaudiana under hydroponic conditions
was greater in roots than in leaves, which was similar to the
patterns found in studies of other hyperaccumulator plants,
such as Lepidium sativum L. (Gill et al. 2012), Eichhornia
crassipes (Srinivasan et al. 2014), and Sedum alfredii
(Huang et al., 2012). The Pb concentration in the roots of
N. reynaudiana increased significantly as the Pb concentration
in solution increased, and showed an obvious dose–response
relationship. This could indicate a protective measure initiated
by N. reynaudiana, i.e., by detaining Pb in the roots, Pb trans-
port to aboveground parts was limited, thus reducing Pb-
induced interference and damage to photosynthesis in plant
leaves and other important physiological and biochemical pro-
cesses (Fig. 2) (Mingorance et al. 2012). Therefore, we

Pb 

Pb 

Fig. 4 Ultrastructure of leaf cells of N. reynaudiana plants exposed to
different Pb treatments for 21 days (a–c the results for N. reynaudiana
exposed to 0 μM Pb for 21 days; d, e N. reynaudiana exposed to 25 μM
Pb for 21 days; f–h N. reynaudiana exposed to 200 μM Pb for 21 days).

Labels: Ch chloroplast, CW cell wall; Gr granum grain, IS intercellular
space, M mitochondrion. N nucleus, NUE nucleolus, OP osmiophilic
particles, Th thylakoid, V vacuoles. Images were obtained with a JEM-
2100 transmission electron microscope
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speculated that two main mechanisms may be involved in
obstructing Pb transportation to aboveground plant parts: (1)
the endodermis Casparian strips in the roots blocked further
Pb transport and (2) endothelial cells of the root tissue played a
role in lateral retention, which blocked transportation of Pb to
the aboveground parts (Sharma and Dubey 2005; Kopittke
et al. 2008).

The subcellular distribution and accumulation mechanisms
determine the tolerance of plants to Pb and their detoxification
ability (Islam et al. 2008). We found that Pb accumulation in
the subcellular structures of N. reynaudiana increased as the
Pb concentration increased. In roots, the majority of Pb was
distributed in the cell wall. TEM analyses confirmed that Pb
particles existed in the cell walls. Previous studies have indi-
cated that Pb sediment in the form of particles is structurally
stable and is often difficult to transport aboveground (Islam
et al. 2008). These sediments were likely phosphate precipi-
tates, such as Pb5(PO4)3OH, Pb3(PO4)2, Pb(H2PO4)2, and
Pb5(PO4)3Cl (Islam et al. 2008; Kopittke et al. 2008). The cell

wall distribution of Pb in N. reynaudiana could be explained
as follows: (1) Pb2+ ions are positively charged and accord-
ingly are easily adsorbed and deposited in large quantities in
the negatively charged cell wall (Verma and Dubey, 2003) and
(2) plant cell walls contain proteins and polysaccharides, such
as cellulose, hemicellulose, and lignin, as well as a large num-
ber of coordinating groups, such as hydroxyl, carboxyl, alde-
hyde groups, and amino acids that easily adsorb Pb2+ ions
(Islam et al. 2008; Pourrut et al. 2011). The non-protoplast
parts of the cells, mainly the cell wall, have low physiological
and metabolic activities and, as Bdead tissues,^ are the first
barrier to the entry of heavy metals in plant cells (Wu et al.
2013). Thus, reduced metal ion transport across the membrane
and a decreased plasma concentration of metal ions may be
associated with the distribution of Pb in tissues that lack met-
abolic activity, and this could mitigate or avoid damage to
functional structural units of cells, i.e., protoplasts, as well as
the disruption of metabolic processes. These results were con-
sistent with those of previous studies (Liu et al. 2015; Qiao
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et al., 2015). In addition, in a study of the subcellular distri-
bution of Cd in the tissues of Phytolacca americana L., Fu
et al. (2011) found that Cd was mainly distributed in the cell
wall. In our previous studies, we found that at a low concen-
tration, nearly 100 % of Pb is blocked by cell walls in the root
system of Conyza canadensis, and Pb does not enter proto-
plasts. However, Islam et al. (2008) studied the toxic effect of
Pb on two ecotypes of Elsholtzia argyi in mining and the non-
mining areas by TEM and found that cell walls are the main
sites of Pb accumulation in the roots of both ecotypes.
Kopittke et al. (2008) found that Pb initially accumulates in
the cytoplasm of the epidermal and cortical cells ofBrachiaria
decumbens and is eventually transferred to the cell wall and
precipitated in the form of Pb5(PO4)3Cl. Using synchrotron
radiation X-ray absorption spectroscopy techniques, Tian
et al. (2010) found that cell wall-bound Pb is the primary form
of Pb in the hyperaccumulator ecotype S. alfredii Hance. As
the primary subcellular fraction for Pb storage, Pb binding to
cell walls is both an effective and important mechanism for Pb
detoxification in N. arundinacea. A larger portion of Pb in the
cell walls contributed to lower Pb accumulation in organelles
and solution fractions, implying a higher capacity for biolog-
ical Pb detoxification in N. arundinacea. However, this cell
wall interception function had some limitations. For example,
as the Pb exposure concentration increased, the Pb content in
cell walls increased. Although the interception function of the
cell wall still played an important role, the relative Pb content
in the cell wall was significantly reduced (Fig. 2c, d). This
might be explained by the saturation of heavy metals bound
to the root cell wall. Alternatively, the increased toxic effects
may result in damage to normal metabolic functions of
N. reynaudiana cells, resulting in increased permeability of
cell walls and plasma membranes and increased oxidative
stress (Fig. 5); thereby, increased Pb may severely damage
the interception capability of root cell walls (Sharma and
Dubey 2005). A large number of Pb ions were allowed to
enter the cell, which was confirmed by TEM and energy spec-
trum analyses (Fig. 4c–f). Additionally, as time increased, the
proportion of Pb in the soluble components of F4 increased,
indicating that most of the heavy metal ions that entered the
cells were transported to and stored in the vacuoles for com-
partmentalization and to reduce Pb damage to other organ-
elles. This reduces damage to chlorophyll or maintains its
synthesis (Fig. S2), thereby enhancing plant resistance to
heavy metals. In total, 6.0–20.1 and 31.2–41.3 % of total Pb
was found in the soluble fraction including cell vacuoles in the
shoots and roots of N. arundinacea, respectively. Plant vacu-
oles are principally composed of sulfur-rich peptides and or-
ganic acids, which can reduce toxicity via the complexation of
metal with organic ligands. The sequestration of heavy metals
in vacuoles could further prevent metal ions from interfering
with organelle function (Zhao et al. 2015). Approximately
91 % of Zn in the protoplast is stored in the vacuoles of

Thlaspi caerulescens leaves, which indicates that vacuoles
are involved in metal tolerance (Ma et al. 2005). In addition,
72 % of Ni is distributed in the vacuoles of the
hyperaccumulator Alyssum serpyllifolium. Wu et al. (2013)
showed that vacuoles are the second major sites of Pb accu-
mulation in Brassica chinensis, after the cell wall, based on
differential centrifugation and synchrotron radiation X-ray
fluorescence spectroscopy; the Pb contents in the vacuoles
of the roots and aboveground tissues were as high as 26.9
and 38.0 %, respectively. This suggests that Pb sequestration
in vacuoles could further reduce Pb toxicity in the cytoplasm
and minimize Pb buildup in organelle fractions in
N. arundinacea. However, our results indicated that Pb was
localized in plant cell organelles under higher Pb stress, con-
sistent with the results of Małecka et al. (2008). Accordingly,
increased tolerance of N. arundinacea to Pb might be attrib-
uted to cell wall deposition and vacuolar compartmentaliza-
tion, which minimize Pb accumulation in the organelle frac-
tion and protect organelles from the negative effects of Pb
(Patra et al. 1994).

Under normal conditions, active oxygen metabolism in
plants is in a balanced state (Kosobrukhov et al. 2004; Bibi
and Hussain 2005). Heavy metals react as lipid peroxidation-
inducing agents and disrupt the balance between the produc-
tion of free radicals and their clearance in cells, resulting in the
production of large amounts of ROS and free radicals, such as
O2

·−, OH··, NO, RO·, ROO·, H2O2, and ROOH (Sytar et al.
2013). This can lead to the denaturation of proteins and
biomacromolecules and intensify cell membrane lipid perox-
idation (Islam et al. 2008). The high level of ROS in plants
could be a signal that triggers oxidative stress and pro-
grammed cell death. However, plants also have antioxidant
protective enzymes, such as SOD, POD, and CAT, which
are able to maintain a dynamic equilibrium between the pro-
duction and removal of free radicals. Generally, it is thought
that maintaining and improving the activities of SOD, POD,
and CAT are important for plant tolerance to heavy metals
(Sytar et al. 2013). We detected significant increases in the
activities of SOD, POD, and CAT in the roots and leaves of
N. reynaudiana. The increase in SOD enzymatic activity in
N. reynaudiana resulted in O2

·− removal. The activities of
POD and CAT increased gradually to remove H2O2, which
was generated by SOD dismutation and was further converted
into non-toxic H2O and O2 to mitigate cell damage. This in-
dicates that SOD, POD, and CAT played key roles in
N. reynaudiana tolerance to Pb stress. Similar heavy metal
detoxification mechanisms have been observed in L. sativum
L. (Gill et al. 2012), E. crassipes (Srinivasan et al. 2014), and
S. alfredii (Huang et al. 2012). MDA is a lipid peroxidation
product of the biomembrane system, and it can react with the
free amino group in proteins, resulting in intramolecular and
intermolecular cross-linking and cell damage. MDA content
plays an important role as an indicator of peroxidation

21802 Environ Sci Pollut Res (2016) 23:21794–21804



intensity and the extent of the membrane system damage.
Generally, it is believed that cell membrane permeability in-
creases with increasing concentrations of Pb. The plant cell
membrane system is the material exchange interface between
the plant and the environment, and its stability is the basis for
normal physiological functions of cells (Sharma and Dubey
2005; Islam et al. 2008; Mingorance et al. 2012; Sytar et al.
2013). We found that under Pb stress, the MDA content in
roots was significantly higher than that of the control group
because Pb entered the cells (Fig. 2) and excessive oxygen
free radicals accumulated, leading to lipid peroxidation.
These results indicated that the regulatory capacity of anti-
oxidation enzymes in roots was limited; the excess free radi-
cals attacked unsaturated fatty acids on the cell membrane,
weakening the cell membrane structure, and the permeability
of the root cell membranes increased, which increases extrav-
asation (Sytar et al. 2013).

S is an essential nutrient for animals and plants. Inorganic
sulfur absorbed by plants can be converted into a variety of
SH-containing compounds, such as GSH, phytochelatin, and
thioredoxin, which play important roles in plant heavy metal
tolerance. In particular, phytochelatin are SH-containing pep-
tides composed of cysteine, glutamic acid, and glycine; they
are induced by heavy metals in plants and play dual roles in
resistance to heavy metal pollution. They not only chelate
heavy metal ions but also function as important antioxidants.
The H2O2 clearance abilities of phytochelatin are usually four
to five times higher than those of GSH and AsA (Mishra et al.
2006). In our study, compared with the control group, the
phytochela t in levels in the leaves and roots of
N. reynaudiana were significantly higher. These results indi-
cate that under Pb stress, N. reynaudiana can synthesize more
phytochelatin in order to reduce Pb toxicity (Fig. 6). The for-
mation of phytochelatin–metal complexes in response to Pb is
well documented. Estrella-Gómez et al. (2009) found that the
accumulation of phytochelatin in Salvinia minima is a direct
response to Pb accumulation. The synthesis of NPSH and
phytochelatin in the roots of the mining ecotype Athyrium
wardii is significantly enhanced in response to Pb stress
(Zhao et al. 2015). In addition, we found that phytochelatin
formed complexes with Pb2+ in the cytoplasm, thus reducing
Pb2+ toxicity in the metabolically active cellular compartment.
Subsequently, such complexes were transferred to the vacuole
and vacuolar compartmentalization was achieved (Figs. 3f
and 4g showed extensive Pb depositions in vacuoles). These
phytochelatin–Pb complexes that migrate into vacuoles might
contribute to the compartmentalization and increased Pb con-
centration in the soluble fraction of tissues. The presence of
phytochelatin–Pb complexes has been shown in vivo in vari-
ous taxa, e.g., S. minima (Estrella-Gómez et al. 2009), Vetiver
grasses (Andra et al. 2010), Melilotus officinalis, and
Melilotus alba (Wu et al. 2013), suggesting their role in Pb
tolerance.

Conclusions

Our results demonstrated that N. reynaudiana has strong Pb
tolerance and a high Pb accumulation capacity. A high per-
centage of Pb was bound to the cell wall fraction and soluble
fraction at the subcellular level in N. reynaudiana.
Furthermore, N. reynaudiana increased phytochelatin com-
pound synthesis to avoid Pb buildup in the organelle fraction
under Pb stress. These characteristics indicated that cell wall
deposition and vacuolar compartmentalization might be im-
portant Pb detoxification mechanisms in N. reynaudiana.
Moreover, N. reynaudiana exhibited strong Pb resistance via
its antioxidant capacity and phytochelatin synthesis to reduce
Pb damage. These properties enabled it to grow in extremely
Pb-polluted habitats and make it a good candidate for
phytostabilization.
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