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Chelate-assisted phytoextraction by high biomass producing plant species enhances the removal of heavy
metals from polluted environments. In this regard, Juncus effusus a wetland plant has great potential.
This study evaluated the effects of elevated levels of manganese (Mn) on the vegetative growth, Mn
uptake and antioxidant enzymes in J. effusus. We also studied the role of citric acid and EDTA on improv-
ing metal accumulation, plant growth and Mn toxicity stress alleviation. Three-week-old plantlets of J.
effusus were subjected to various treatments in the hydroponics as: Mn (50, 100 and 500 �M) alone, Mn
(500 �M) + citric acid (5 mM), and Mn (500 �M) + EDTA (5 mM). After 2 weeks of treatment, higher Mn
concentrations significantly reduced the plant biomass and height. Both citric acid and EDTA restored the
plant height as it was reduced at the highest Mn level. Only the citric acid (but not EDTA) was able to
recover the plant biomass weight, which was also obvious from the microscopic visualization of meso-
phyll cells. There was a concentration dependent increase in Mn uptake in J. effusus plants, and relatively
more deposition in roots compared to aerial parts. Although both EDTA and citric acid caused significant
increase in Mn accumulation; however, the Mn translocation was enhanced markedly by EDTA. Elevated
levels of Mn augmented the oxidative stress, which was evident from changes in the activities of antiox-

idative enzymes in plant shoots. Raised levels of lipid peroxidation and variable changes in the activities
of antioxidant enzymes were recorded under Mn stress. Electron microscopic images revealed several
modifications in the plants at cellular and sub-cellular level due to the oxidative damage induced by Mn.
Changes in cell shape and size, chloroplast swelling, increased number of plastoglobuli and disruption
of thylakoid were noticed. However, these plants showed a high degree of tolerance against Mn toxicity

stant
itric
stress, and it removed sub
and translocation, while c

. Introduction

Phytoextraction, the use of plants to transport the metals from
oils to the harvestable parts, is an environment-friendly and
heaper technology for the remediation of metal polluted soils [1].
owever, most of the plant species experience low bioavailabil-

ty and limited translocation of some heavy metals to the shoots,
nd it poses a major constraint in the phytoextraction process.
helate-induced phytoextraction can be used for enhancing the

ptake and translocation of metals in plants [2,3]. Synthetic chela-
ors and low molecular weight organic acids (LMWOA) have the
bility to enhance heavy metals bioavailability in soils. Ethylene
iamine tetraacetic acid (EDTA) is although an efficient synthetic

∗ Corresponding author. Tel.: +92 51 9062241; fax: +92 51 9290160.
∗∗ Corresponding author. Tel.: +86 571 86971 770; fax: +86 571 86971 117.
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.084
ial amounts of Mn from the media. The EDTA best enhanced the Mn uptake
acid best recovered the plant growth.

© 2009 Elsevier B.V. All rights reserved.

chelator [3,4]; however, its slow degradation rate and long per-
sistence in soil increase its leaching risk making it unsuitable for
practical use. On the other hand, LMWOA e.g. citric acid is good
alternatives to EDTA for the phytoextraction of heavy metals [5,6].
The LMWOA are easily biodegradable as the natural products of
root exudates, microbial secretions, and plant and animal residues
decompose in soils [7].

Manganese (Mn) is an essential micronutrient for plants for
various metabolic processes and is involved in redox reactions as
a cofactor for different enzymes [8]. However, excessive use of
acidic fertilizer results in lowering down the pH of soils, which
increases the Mn availability [9] and its toxicity to plants [10]. High
levels of Mn in the soil as well as in water can cause oxidative

stress by accelerating the production of reactive oxygen species and
lipid peroxidation [10]. The antioxidant defense system of plants
mainly includes antioxidative enzymes such as superoxide dismu-
tase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase
(APX) and glutathione reductase (GR), and non-enzymatic antiox-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jilani@uaar.edu.pk
mailto:wjzhou@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.05.084
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dant compounds such as glutathione (GSH), ascorbic acid (AsA),
arotenoids and cysteine. The SOD catalyzes the dismutation of
ighly reactive O2− to O2 and H2O2 that is further decomposed
o H2O and O2 either by APX of the ascorbate–glutathione cycle
r by GPX and CAT localized in the cytoplasm and other cellu-

ar compartments. The GR is also a complementary enzyme of the
scorbate–glutathione cycle, maintaining a high GSH/oxidized glu-
athione (GSSG) ratio for protection against oxidative damage [11].

Wetland plants have great potential for phytoremediation due
o their ability to tolerate stressful conditions [12]. Several wetland
lants have been reported to accumulate heavy metals in their tis-
ues, such as salix (Salix phylicifolia L. and S. borealis Fr.) [13], cattail
Typha latifolia L.) and common reed (Phragmites australis L.) [14].
igh tolerance and phytoextraction ability of Juncus effusus to Mn
as already been documented. Ghaly et al. [15] found higher Mn
emoval efficiency of J. effusus, while Groudeva et al. [16] treated
he waters contaminated with crude oil and toxic heavy metals (e.g.

n) by some wetland plants including J. effusus. It has broad tol-
rance to wet, acidic, nutrient-poor conditions, good reproductive
otential, persistent seed bank and clonal growth of tussocks [17].

t produces shoots continuously whole the year, with an extremely
igh production rates averagely 0.7 kg ash-free dry mass/m2/year
18], which is among the highest biomass production rates in the
lant community. Selection of the crops with characteristics such
s, fast growing, deep-rooted, easily propagated, a high biomass
roduction rate and a high accumulation of the target metals are
ssential for phytoremediation [5,6,19]. J. effusus is widely used for
stablishing and restoring the wetlands, metal accumulation [12],
astewater treatment [20], and microbial activity enhancement

21]. Its stem serves as raw material for the woven products like
traw mats, seats, hats, baskets, thatching and weaving mats [22].

Earlier studies with J. effusus focused mainly on the accumula-
ion and transportation mechanism of different heavy metals [23],
owever, there is little work on the use of chelators to enhance
etal phytoextraction, especially that of Mn in this plant. Further-
ore, the role of citric acid in alleviating the Mn toxicity stress

hrough ultrastructural modification at cell and sub-cellular level
as rarely been studied. The objectives of this study were to explore
he potential of J. effusus for the phytoextraction of Mn and to
ompare the effects of citric acid and EDTA on the uptake and
ranslocation of Mn and plant growth. We studied the toxic effect
f elevated levels of Mn alone or in conjunction with citric acid and
DTA on plant biomass and shoot ultrastructure of J. effusus. The
echanism of Mn tolerance and antioxidative defense system in J.

ffusus plants were also investigated.

. Material and methods

.1. Plant material and cultural conditions

A commercial cultivar of mat rush (J. effusus L.), Nonglin-4 was
sed in this study. Seeds were collected from Ningbo city of Zhejiang
rovince, China, and were kindly supplied by W.Q. Shen, University
f Nottingham at Ningbo. All seeds, upon receipt in Zhejiang Univer-
ity, Hangzhou, China, were stored in the dark at 4 ◦C until use. Seeds
ere surface-sterilized for 72 h in 80 mL sterile water with 0.05 g
MnO4. Then were transferred in 70% ethanol for 60 min prior to
ashing three times with sterile water. It was followed by continu-

us agitation in 1.0% sodium hypochlorite with 2 drops of Tween-20
efore rinsing another three times with sterile water [24]. These

terilized seeds were placed in glass growth vessels containing
0 mL hormone-free MS medium [25] solidified with 0.8% agar
or germination and growth. Two-week-old seedlings were then
re-cultured for 1 week in a basic nutrient solution containing (in
mol L−1) Ca(NO3)2·4H2O, 2.00; KH2PO4, 0.10; MgSO4·7H2O, 0.50;
aterials 170 (2009) 1156–1163 1157

KCl, 0.10, K2SO4, 0.70; and (in �mol L−1) H3BO3, 10.00; MnSO4·H2O,
0.50; ZnSO4·7H2O, 1.0; CuSO4·5H2O, 0.20; (NH4)6 Mo7O24·4H2O,
0.01; Fe–ethylene diamine tetraacetic acid (EDTA), 100. The pH of
nutrient solution was adjusted to 5.8 daily by 0.1 mM NaOH or HCl.
Plants were grown in the glasshouse under natural light, day/night
temperature of 19–20 ◦C and relative air humidity of 70–85%. The
nutrient solution was renewed after every 3 days.

2.2. Mn treatments, and sample preparation

After pre-culturing for 2 weeks on the basic medium, well grown
and uniform size seedlings were selected for various Mn treat-
ments. Manganese was applied as MnSO4 and the plants were
exposed to different Mn concentrations viz. 50, 100 and 500 �M.
Based on the previous findings, each of citric acid and EDTA (5 mM)
was applied as amendment to the highest level of Mn treatment
(500 �M). While control plants were grown on the basic nutrient
solution (containing 0.5 �M Mn). Three biological replicates were
used. Plants were harvested after 14 days of treatment. At the time
of harvest, roots were soaked in 20 mM Na–EDTA for 15 min to
remove excess metal ions adhering to the root surfaces. Fresh sam-
ples of shoots were immediately frozen in liquid nitrogen and stored
at −80 ◦C for analysis of antioxidants and malondialdehyde (MDA)
contents, with three technical replicates.

2.3. Mn determination

For quantification of Mn, the plants were separated into roots
and shoots, and dried at 70 ◦C for 48 h. Dried plant samples (0.1 g)
were digested with 5 mL HNO3 and 1 mL HClO4 in closed Teflon
vessels until transparent. The digested material was washed into a
50 mL flask and made to volume using de-ionized water. Manganese
concentration in plant samples was determined on the Induc-
tively Coupled Plasma Mass Spectrophotometer (Agilent 7500a).
The amount of Mn taken up by plants was expressed as mg kg−1

dry weight. Quality control and quality assurance (QA/QC) for
Mn in plants were met by using the standard reference material
GBW10010 (GSB-1) from Institute of Geophysical and Geochemical
of Earth (IGGE), China.

2.4. Determination of biochemical components

The samples were washed with distilled water and ground with
a mortar and pestle under the chilled condition in the homogeniza-
tion buffer specific for each enzyme. The activities of antioxidative
enzymes such as SOD and POD and MDA content were simultane-
ously determined according to Leul and Zhou [26] as the following.

Superoxide dismutase (SOD) activity was assayed by using the
photochemical nitro blue tetrazolium (NBT) method. The samples
(0.5 g) were homogenized in 5 mL extraction buffer consisting of
50 mM phosphate (pH 7.8). The assay mixture in 3 mL contained
50 mM phosphate buffer, pH 7.8, 26 mM l-methionine, 750 �M
NBT, 1 �M EDTA, and 20 �M riboflavin. The photoreduction of NBT
(formation of purple formazan) was measured at 560 nm and an
inhibition curve was made against different volumes of extract. One
unit of SOD is defined as being present in the volume of extract that
causes inhibition of the photoreduction of NBT by 50%.

Peroxidase (POD) activity was measured with guaiacol as the
substrate in a total volume of 3 mL. The reaction mixture consisted
of 50 mM potassium phosphate buffer (pH 6.1), 1% guaiacol, 0.4%
H2O2 and plant extract. Increase in the absorbance due to oxidation

of guaiacol was measured at 470 nm. Enzyme activity was calcu-
lated in terms of �mol of guaiacol oxidized min−1 g−1 fresh weight
at 25 ± 2 ◦C.

The level of lipid peroxidation was expressed as malondialde-
hyde (MDA) content and was determined as 2-thiobarbituric acid
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Table 1
Biomass and height of Juncus effusus L. plants under the effects of Mn alone and with
chelators.

Treatment Shoot length (cm) Dry weight (mg plant−1)

Shoot Root

CK 16.93 a 35.12 ab 26.61 a
Mn 50 �M 16.15 a 37.84 a 18.44 c
Mn 100 �M 15.51 ab 35.52 ab 19.29 b
Mn 500 �M 13.51 c 33.42 b 18.41 c
Mn 500 �M + 5 mM CA 14.42 b 35.12 ab 21.58 b
Mn 500 �M + 5 mM EDTA 14.11 b 31.44 c 20.38 bc
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TBA) reactive metabolites. Plant fresh tissues (0.2 g) were homog-
nized extracted in 10 mL of 0.25% TBA made in 10% trichloroacetic
cid (TCA). Extract was heated at 95 ◦C for 30 min and then quickly
ooled on ice. After centrifugation at 5000 × g for 10 min, the
bsorbance of the supernatant was measured at 532 nm. Correction
f non-specific turbidity was made by subtracting the absorbance
alue taken at 600 nm. The level of lipid peroxidation was expressed
s �mol g−1 fresh weight by using an extinction coefficient of
55 mM cm−1.

The assay for ascorbate peroxidase (APX) activity was carried
ut in a reaction mixture of 3 mL containing 100 mM phosphate
pH 7.0), 0.1 mM Na–EDTA, 0.3 mM ascorbic acid, 0.06 mM H2O2
nd 100 �L plant extract. The change in absorption at 290 nm was
ecorded 30 sec after addition of H2O2 [27].

Glutathione reductase (GR) was assayed following the method of
oyer and Halliwell [28] by monitoring the decrease in absorbance
t 340 nm caused by NADPH oxidation (E = 6.2 mM−1 cm−1). The
eaction mixture contained 25 mM potassium phosphate buffer (pH
.8, containing 0.2 mM EDTA), 0.5 mM GSSG, 0.12 mM NADPH, and
he plant extract aliquot.

.5. Transmission electron microscopy

Shoot segments (2–3 mm in length) of selected plants treated
ith Mn (500 �M), Mn (500 �M) + citric acid (5 mM), and Mn

500 �M) + EDTA (5 mM)) were obtained and fixed in 2.5% glu-
araldehyde (v/v) in 0.1 M of PBS (sodium phosphate buffer, pH 7.4)
t room temperature and washed three times with same PBS. The
amples were post fixed in 1% OsO4 (osmium (VIII) oxide) for 1 h,
hen washed three times in 0.1 M PBS (pH 7.4) with 10 min inter-
al between each washing. Later, they were dehydrated in a graded
thanol series (50, 60, 70, 80, 90, 95, and 100%) with 15–20 min
nterval and finally by absolute acetone for 20 min. The samples

ere infiltrated and embedded in Spurrs’ resin overnight. After
eating the specimens at 70 ◦C for 9 h, ultra-thin sections (80 nm)
ere prepared and mounted on copper grids for viewing by a trans-
ission electron microscope (JEOL TEM-1230EX) at an accelerating

oltage of 60.0 kV. Data for cells and sub-cellular organelles were
ecorded using software JeDa 801D Morphology Image Analysis
ystems. Data for cell and sub-cellular organelles were recorded
rom at least 30 cell samples and were averaged.

.6. Data analysis

One-way analysis of variance (ANOVA) was performed for plant

rowth, biomass and biochemical parameters. Data were analyzed
sing SAS v.9 software. All results were expressed as mean ± SE

rom three replications. Least significant difference (LSD) test was
pplied at 5% level of probability to separate the means with statis-
ically significant difference.

able 2
anganese uptake and translocation by Juncus effusus L. under the effects of Mn alone an

reatment Mn content (�g plant−1)

Shoot Root

K 2.27 e 2.20 d
n 50 �M 4.54 d 2.51 d
n 100 �M 4.82 d 3.61 c
n 500 �M 5.86 c 5.74 b
n 500 �M + 5 mM CA 7.84 b 5.72 b
n 500 �M + 5 mM EDTA 9.28 a 9.77 a

ach value is the mean of three individual replicates. Means followed by the same letter a
utrient media. CA = citric acid. TF (translocation factor) value is the ratio of metal concen
Each value is the mean of three individual replicates. Means followed by the same
letter are not significantly different at P < 0.05. CK is the control plants grown in the
basic nutrient media. CA = citric acid.

3. Results

3.1. Plant growth attributes

Manganese toxicity to J. effusus plants was appraised by its influ-
ence on dry biomass and height (Table 1). Although there was
a reduction in plant dry biomass and height at the higher levels
of Mn, however, the plants did not show any visible phytotoxic
symptoms. Only the Mn (500 mM) treatment caused significant
decrease in plant height. Shoot weight was changed variably but
non-significantly with Mn treatments, and there was a significant
linear reduction in root weight at increased Mn levels. Compared to
the plants treated with Mn (500 �M) alone, addition of chelators,
both citric acid and EDTA significantly increased the shoot length.
The EDTA in Mn (500 �M) treated plants significantly reduced the
shoot dry weight. However, addition of citric acid along with Mn
(500 �M) caused significant increase in root and non-significant in
shoot biomass.

3.2. Uptake and translocation of Mn

Manganese contents were examined in the roots and shoots of
J. effusus plants after 14 days of treatments. There was an increase
in Mn contents per plant with increasing Mn concentration in the
medium, and it was further enhanced with the addition of chelators,
especially with EDTA (Table 2). Relatively higher Mn contents were
found in the shoots compared to roots on per plant basis in J. effusus.
Similarly, there was a concentration-dependent increase in Mn con-
tents in J. effusus plants with increasing levels of Mn in the growth
medium. However, higher amounts of Mn were accumulated in the
roots compared to that in shoots. A significant enhancement in Mn
accumulation was recorded under the combined application of Mn

(500 �M) with citric acid or EDTA. Translocation factor (TF) value
expressed as the ratio of Mn concentration in shoot and root had a
consistent reduction with increasing levels of Mn, however, it was
improved with the addition of chelators along with Mn (500 �M).

d with chelators.

Mn concentration (mg kg−1) TF value

Shoot Root

64.70 e 82.91 f 0.78 b
120.21 d 136.41 e 0.88 a
137.03 d 187.37 d 0.73 b
175.98 c 310.04 c 0.56 d
195.26 b 328.97 b 0.59 cd
295.21 a 452.89 a 0.65 c

re not significantly different at P < 0.05. CK is the control plants grown in the basic
trations in shoots and roots of the plant.
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Table 3
The MDA contents and antioxidative enzyme activity in Juncus effusus L. shoots under the effects of Mn alone and with chelators.

Treatment MDA content
(nmol g−1 FW)

SOD activity
(Ug g−1 FW)

APX activity
(Ug g−1 FW)

POD activity
(OD470 g−1 FW min−1)

GR activity
(�mol mg−1 protein min−1)

CK 33.97 c 231.21 c 165.21 c 18.55 bc 8.87 c
Mn 50 �M 35.68 c 255.91 bc 226.18 a 20.56 ab 21.28 b
Mn 100 �M 42.35 b 288.51 b 188.89 b 10.24 d 23.95 b
Mn 500 �M 47.33 a 316.75 a 181.87 b 7.62 e 31.41 a
M 212
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n 500 �M + 5 mM CA 44.44 ab 307.10 ab
n 500 �M + 5 mM EDTA 48.59 a 271.80 b

ach value is the mean of three individual replicates. Means followed by the same l
utrient media. CA = citric acid.

.3. Lipid peroxidation and antioxidant enzymes

Lipid peroxidation was measured in the shoots of treated J.
ffusus plants in terms of MDA content (Table 3). Under Mn treat-
ents, elevated levels of lipid peroxides were recorded compared to

he control plants. Although a low concentration of Mn (50 �M) had
o significant effect on MDA contents, a concomitant increase in

ipid peroxides was recorded with increasing levels of Mn (Table 3).
here was non-significant effect of adding citric acid and EDTA to
n (500 �M) treatment on MDA contents.

Activities of antioxidative enzymes in J. effusus plant shoots were
xhibited variably with different treatments of Mn alone and in
ombination with citric acid or EDTA (Table 3). The SOD activity
howed marked increase in response to Mn stress with a non-
ignificant increase at low Mn but a significant rise at the highest
n level. Addition of citric acid caused non-significant decrease

n the SOD activity; however, it was significantly reduced by the
ddition of EDTA.

The APX activity significantly increased with the lowest Mn level
50 �M) and then decreased gradually by increasing Mn concen-
rations, however, still significantly greater compared to untreated
lants (Table 3). It was again increased sharply under citric acid or
DTA treatments in combination with Mn (500 �M). Changes in the
OD activity of J. effusus shoots followed a similar pattern as was
bserved in case of APX activity. It increased non-significantly at the
rst treatment and then decreased sharply with increasing Mn con-
entrations. Compared to the highest level of Mn (500 �M) alone,
here was a significant enhancement in POD activity with the addi-
ion of citric acid as well EDTA with Mn (500 �M). The GR activity
as increased significantly under elevated levels of Mn. Addition

f citric acid as well as EDTA to Mn (500 �M) treatment caused
on-significant reduction in GR activity compared to Mn (500 �M)
lone.

.4. Morphometric cellular changes
Electron microscopic images of mesophyll cells revealed sev-
ral changes in the size of cells and sub-cellular organelles of the
reated plants (Table 4). Compared to that in control, the plants
xposed to the highest concentration of Mn (500 �M) alone and
n combination with citric acid or EDTA showed non-significant

able 4
he size of cell and sub-cellular organelles of Juncus effusus L. shoots under the effects of

orphometric parameter (�m) CK Mn 500 �M

ell size 50.66 ab 48.98 ab
ell diameter 16.17 a 15.83 a
ucleus size 10.96 b 14.49 a
hloroplast size 12.84 b 16.04 a
hloroplast length 5.19 b 6.91 a
hloroplast width 3.30 b 4.87 a

ach value is the mean of three individual replicates. Means followed by the same letter a
utrient media. CA = citric acid.
.09 ab 21.95 a 28.05 ab

.28 ab 16.99 c 27.61 ab

re not significantly different at P < 0.05. CK is the control plants grown in the basic

change in cell size. The cell diameter was reduced significantly
with Mn + EDTA over other treatments. Nucleus size was increased
with Mn treatment significantly over control, but the increase was
non-significant if chelators were added to Mn treatment. Com-
pared to the control plants significant increase in chloroplast size
and width was observed in the plants treated with Mn (500 �M)
alone and along with EDTA. However, the chloroplast length was
increased significantly only in the plants treated with Mn alone.
Addition of citric acid to Mn treated plants reduced their chloroplast
size although none significantly compared to that in Mn treatment
alone.

3.5. Ultrastructural modifications

Transmission electron micrographs (TEM) of the shoot meso-
phyll cells of the control and the plants treated with Mn (500 �M)
alone and in combination with citric acid or EDTA are shown
in Fig. 1. In the control plants, typical mature cells with well
defined cell wall, containing nucleus and chloroplast were present
(Fig. 1A). The cell wall was thick and compact, and the intercellu-
lar spaces were nearly absent Moreover, lens-shaped chloroplasts
with thylakoid membrane system forming well-organized grana in
heterogeneous stroma and a few dense plastogobuli were also seen
in the control treatment cells (Figs. 1A and 2A). Mesophyll cells of
plants treated with Mn (500 �M), and Mn (500 �M) with citric acid
or EDTA showed some structural modifications. Cell wall became
thin, contracted and deformed (Fig. 1B–D) that resulted alteration
in cell shape.

3.6. Damage to chloroplast

Ultrastructural images revealed that chloroplast was the obvi-
ous site of damage caused by Mn treatments. Although differential
modifications in chloroplasts were noticeable, the disorganization
of chloroplasts was more common i.e. swelling of chloroplasts and
appearance of large number of plastoglobuli (Figs. 2 and 3[B–D]).

Uneven swelling and structural alteration of chloroplast as well
as increased amount of plastoglobuli were observed in the plants
exposed to Mn (500 �M) alone (Figs. 2 and 3B). Swollen chloro-
plasts and loose thylakoid membranes were also observed in the
plants under the combined treatment of citric acid and Mn, however

Mn alone and with chelators.

Mn 500 �M + CA 5 mM Mn 500 �M + EDTA 5 mM

55.76 a 44.12 b
13.86 ab 11.90 b
11.29 ab 12.84 ab
14.45 ab 18.11 a

5.87 b 6.25 ab
4.14 ab 4.91 a

re not significantly different at P < 0.05. CK is the control plants grown in the basic
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Fig. 1. A whole mesophyll cell of mat rush (Juncus effusus) under: (A) control; (B) 500 �M Mn alone; (C) 500 �M Mn + 5 mM citric acid; (D) 500 �M Mn + 5 mM EDTA. Reduction
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n cell wall thickness and chloroplast swelling is obvious in cells exposed to Mn (50
reated with Mn + citric acid, and their size further increased when exposed to Mn +

n treated plant cells. CH, chloroplast; CW, cell wall; ICS, inter-cellular spaces; N, n

mount of plastoglobuli was relatively lower. No starch accumula-
ion was noticed in the chloroplast of plants treated either with

n alone or in combination with citric acid (Figs. 2 and 3B and C).
lants exposed to Mn with EDTA showed chloroplast swelling, thy-

akoid disintegration, and the appearance of increased numbers of
lastogobuli and starch grains (Figs. 2 and 3D). Higher magnifica-
ion revealed that thylakoid system forming grana was present in
hloroplasts of all the plants irrespective of the treatment, however,
he arrangement and amount of thylakoid system was disrupted.

. Discussion

Plant biomass and height serve as indicators of metal toxicity
29]. Manganese toxicity is well known in plants, and the knowl-
dge of its toxic effects on plant biometry may contribute to better
nderstand the toxicity mechanism and plant responses [30]. Cur-
ent investigations on J. effusus divulged that higher level of Mn
500 �M) reduced the plant biomass and shoot length. Growth inhi-
ition could be a consequence of metal interference with a number
f metabolic processes such as proteins synthesis [31], enzyme
ctivities [32], impairment of cell and sub-cellular organelles, and

eduction of photosynthesis [33]. Interestingly, both the chelators
iz. citric acid and EDTA impoverished the toxic effects of Mn on
hoot length. The reduced toxicity of Mn due to chelation can be
xplained by free ion activity model (FIAM) introduced by Morel
34], which suggests that metal toxicity is related to uptake of spe-
alone. A large number of plastoglobuli is clearly visible in the chloroplast of plants
. Chloroplast swelling and scattering of thylakoids in the stroma are also visible in

s; Vac, vacuole. Bars A–D = 2 �m.

cific metal species at the organism-solution interface. According to
FIAM, the ability of plant to take up metals has a direct relationship
with their bioavailability [35]. Markich et al. [36] also reported that
biological response of V. angasi exposed to Mn was directly propor-
tional to the activity of Mn2+. Tandy et al. [37] suggested that the
decrease in Cu and Zn toxicity symptoms in the presence of chela-
tor was the result of reduction in the free metal concentration in
solution, therefore agreeing with FIAM.

Our findings revealed that although both EDTA and citric acid
caused significant increase in Mn accumulation; however, the
Mn translocation was enhanced markedly by EDTA. The chelator-
boosted Mn translocation from roots to the shoots was obvious from
the increased TF value. This was mainly due the activation of ATPase
in the plasma membrane producing charges that are responsible for
the translocation of both essential and non-essential metals [38].
The EDTA caused significant reduction in shoot biomass; whereas,
addition of citric acid in the media with Mn had growth restoring
effect on plant. The EDTA-enhanced phytoextraction of metals is
an intensively studied method; however, its poor biodegradability
[39] results increased risk of leaching [40] and impairment of plant
growth. Muhammad et al. [41] described that EDTA significantly

reduced plant height and biomass of Typha angustifolia L., whereas
citric acid caused significant increases in root dry weight. Evan-
gelou et al. [42] also found similar results from EDTA, which caused
plant growth reduction, while citric acid had no adverse effects
on plant growth. Therefore, EDTA being recalcitrant to biodegrada-
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ion as well as showing obvious phytotoxicity cannot be a preferred
hoice for phytoremediation.

Metal uptake in plants is positively related with metal concen-
ration in the growing media [43], and it was also true for Mn
n the present study. However, the decreased value of TF under
ncreasing levels of Mn showed that plants stored higher amounts
f the metal in their roots. The lowering of Mn transport in J. effusus
uggests a reduction in the mobility of Mn from roots that con-
ributes to the metal stress tolerance [29,44] or avoiding metal
tress [45]. Different factors like decrease in pH, reduction of MnO2
nd Mn complex formation affect the Mn availability. Hocking
t al. [46] reported an increased availability of Mn in the rhi-
osphere due to the presence of LMWOA. Citric acid and other
MWOA provide protons and electrons for reduction of metals in
he rhizosphere coupled with oxidation of organic acid [47]. Reduc-
ion of Mn(IV) to Mn(II) increases the solubility of MnO2 in soil,
nd consequently enhances its accumulation by the plants [48].
etland plants species including J. effusus growing in metal con-

aminated soils have strong tendency to store metals in their roots
12]. Such plants remove metals through immobilization in the
oots and oxygenated rhizosphere [14]. These plants are suitable
s phyto-stabilizers for re-vegetation of waterlogged mine tailings
nd metal-contaminated lands [12].

In acidic soils, Mn toxicity is one of the important abiotic stresses

49] that affects different physiological and biochemical processes
ssociated with plant growth and development by producing reac-
ive oxygen species [10,33]. These toxic species enhance lipid
eroxidation, protein denaturation, DNA mutation, and destruction
f membranes. The Mn concentration-dependent increase in the
s) under: (A) control; (B) 500 �M Mn alone; (C) 500 �M Mn + 5 mM citric acid; (D)
uli; TH, thylakoid membranes. Bars A–D = 0.5 �m.

lipid peroxidation in J. effusus plants in the present study indicated
that Mn caused oxidative stress. Elevated MDA contents were also
reported in Cucumis sativus with Mn [10], and in soybean under Cd
stress [50].

Antioxidant enzymes and certain metabolites play an important
role in adaptation and ultimate survival of plants during stress.
Oxidative stress modifies the activities of antioxidative enzymes,
which reflects a general strategy required to overcome this stress
[50]. Increased activity of SOD under Mn stressed plants was
observed that was a function of Mn concentration in the plant tis-
sues. The SOD is an essential component of plants antioxidative
defense system as it dismutates O2− to H2O2 and O2. Similarly,
POD and APX are important enzymes and cause break down of
H2O2 [51]. A decrease in the activity of these enzymes under higher
Mn concentration, suggested a possible delay in the removal of
H2O2 and toxic peroxides mediated by POD and APX. Enhanced
activities of some antioxidative enzymes under combined appli-
cation of Mn and chelators indicate an increased resistance to
Mn-induced oxidative burst in J. effusus plants. We observed a sig-
nificant increase in the activity of GR in response to Mn stress.
The GR is also an important element of antioxidative system in a
plant cell that catalyzes the reduction of GSSG to GSH in a NADPH-
dependent reaction [11]. Our results showed that chelators in the
presence of high concentration of Mn lowered down the GR activity,

but increased the activities of APX and POD.

Electron micrographs reflected that ultrastructural alterations in
shoot cells were mainly concentrated in the membranes, cell wall
and chloroplasts (Figs. 1 and 2). Swelling of chloroplasts, increased
number of plastoglobuli, and disruption of thylakoid membrane
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ystems were seen under elevated levels of Mn alone as well as in
ombination with EDTA. A reduction in the number of plastoglobuli
n the chloroplast of plants treated with citric acid and Mn indi-
ated that citric acid might have played a role in alleviation of toxic
ffects of Mn in J. effusus plants. Thylakoid swelling along with lipid
roplets is a general symptom of different stresses [52]. Forma-
ion of plastoglobuli is linked with the break down of thylakoids
53], and it indicates disturbed lipid metabolism [54]. Damage to
hloroplast was the result of Mn-induced oxidative stress. Chloro-
last is highly susceptible to oxidative stress caused by elevated
xygen levels, electron flux, and the presence of metal ions in their
icroenvironment [55]. Heavy metal stress was reported to change

he morphology of chloroplast, increase the number and size of
tarch grains as well as plastoglobuli in plants [56]. The positive role
f citric acid in the alleviation of Mn toxicity was, therefore, obvi-
us from the reduced number of plastoglobuli in the chloroplast of
itric acid treated plants.

. Conclusion

J. effusus plants tolerated higher Mn concentration stress with-
ut visible symptoms of phytotoxicity. Substantial amounts of Mn

ere accumulated by plants with more storage in the roots. Reten-

ion of toxic metal in the roots and less translocation to the aerial
arts can be regarded as a positive feature in wetland plants. These
lants may have the ability to increase antioxidant protection for
ombating negative consequences of Mn-induced oxidative stress.
l; (B) 500 �M Mn alone; (C) 500 �M Mn + 5 mM citric acid; (D) 500 �M Mn + 5 mM
s exposed to Mn alone as well as with citric acid or EDTA. Starch granules are viewed
G, starch grains; Pb, plastoglobuli; TH, thylakoid membranes. Bars A–D = 1 �m.

Decline in some antioxidant activities could be responsible for
the growth reduction after plant exposure to Mn toxicity stress.
Chelators increase the accumulation of Mn in plant, especially the
uptake and translocation of Mn is enhanced markedly. Ultrastruc-
tural examination of shoot cells is helpful in understanding the
mechanism of Mn stress tolerance. The study explores the prospects
of using citric acid for enhancing the accumulation of Mn, and
restoring the plant growth under Mn stress.
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