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Abstract Lead (Pb) has been highlighted as a major pollutant
of both terrestrial and aquatic ecosystems, causing negative
impacts to these environments. The concentration of Pb in
plants has increased in recent decades, mainly due to anthro-
pogenic activities. This study has as a hypothesis that the
species Oxycaryum cubense (Poep. & Kunth) Palla, abundant
in aquatic environments, has the potential to be used a
phytoremediator. The plants were grown in a hydroponic
system with Pb in increasing concentrations (0, 4, 8, 16 and
32 mg1™") for 15 days. Inductively coupled mass spectrometer
(ICP OES) was used to determine the concentration of mineral
nutrients and lead. Optical and transmission electron micros-
copy were used for the analysis of cellular damage induced by
lead in roots and leaves. Ultrastructural alterations were ob-
served as disorganization of thylakoids in the chloroplast and
disruption of mitochondrial membranes in cells of leaf tissues
of plants subjected to increasing Pb concentrations. There was
accumulation of Pb, especially in the root system, affecting the
absorption and translocation of some mineral nutrients
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analysed. In roots, there was reduction in the thickness of
the epidermis in plants treated with Pb. This species was
shown to be tolerant to the Pb concentrations evaluated,
compartmentalizing and accumulating Pb mainly in roots.
Due to these results, it may be considered a species with
phytoremediation capacity for Pb, with potential rizofiltration
of this metallic element in contaminated watersheds.

Keywords Phytoremediation - Lead - Internal morphology -
Oxycarium cubense - Cell ultrastructure - Heavy metals

Introduction

Lead has been highlighted as one of the greatest pollutants of
both terrestrial and aquatic ecosystems, and is considered an
important environmental pollutant (Kabata-Pendias and
Pendias 2000; Shen et al. 2002; Almeida et al. 2007, 2011).
The recovery of these Pb contaminated areas can be made
through the use of plants, phytoremediation, that are able to
accumulate this metal element in their tissues, especially in
shoots (Almeida et al. 2007, 2011). Phytoremediation is con-
sidered a technique with low cost and high efficiency in situ
decontamination and with less disturbance to the environment
(Santos and Lenzi 2000; Meuleman et al. 2004). Therefore, it
is necessary to use plants that have a good absorption capacity,
accelerated growth rate, easy to harvest and high resistance to
pollutants (Coutinho and Barbosa 2007). Phytoremediation of
contaminated water can be carried out using the rhizofiltration
mechanism. This technique is defined as the use of plants to
absorb, concentrate and precipitate contaminants in their roots
in polluted aqueous sources with low concentration of con-
taminants (Ghosh and Singh 2005). Rhizofiltration is
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considered an emerging technology that can provide solutions
that are environmentally safe and economically feasible to
remediate environments contaminated with Pb (Verma and
Dubey 2003).

Plants have several mechanisms at the cellular and tissue
level, which may be involved in detoxification and adaptation
of the same in environments contaminated by toxic metals,
such as the translocation to shoots, root exudation of sub-
stances capable of chelating metals; metals' connections to
cell walls, production of intracellular compounds and storage
in the vacuole and other subcellular compartments to reduce
the effects of stress and increase the internal resistance to the
toxicity of metals (Almeida et al. 2011).

Herbaceous plants are generally more tolerant to excessive
toxic metals than woody species (Eltrop et al. 1991) for
presenting more effective physiological and biochemical
mechanisms for reducing the toxicity of heavy metals in their
tissues. However, with respect to Pb, more studies are needed
to better understand the mechanisms of tolerance, uptake,
translocation and accumulation by plants. The Cyperaceae
family has several species that are tolerant to toxic metals
(Kabata-Pendias and Pendias 2000), so it is important to study
the tolerance of species belonging to this family. The species
Oxycaryum cubense (Poep. & Kunth) Palla, of this family
occurs in riparian zones, water courses and wetlands. It is
characterized as a perennial species, among species of epi-
phytic such as floating Salvinia sp., Pistia stratiotes and
Eichhornia crassipes, whose roots use absorbent hairs to affix
to locations, facilitating their attachment and support (Tur
1971; Neves et al. 2006; Leite et al. 2009), and besides being
an amphibious species, it may, in the dry season, settle in the
riparian zone (Pott and Pott 2000). The aim of this study was
to evaluate the changes caused by Pb in anatomy, ultrastruc-
ture of leaf tissue and root and concentration of mineral
nutrients in O. cubense plants grown hydroponically with
different concentrations of Pb, as well as its phytoremediation
capacity for Pb removal in solution.

Material and methods
Plant material and experimental design

Plants of O. cubense of approximately the same size were
collected at the “Lagoa Encantada,” a non-impacted region,
located in the city of Ilheus, Bahia, Brazil, at 14°46'8"S and
39°01'6"W. After harvest, the plants were transported in plas-
tic buckets with roots immersed in water, until arrival at
greenhouse of the Universidade Estadual de Santa Cruz
(UESC), where they were placed in plastic trays with a capac-
ity of 30 I, containing nutrient solution (NS) prepared in
accordance with Hoagland and Arnon (1950). The plants
remained in the NS initially for a period of 30 days.

Subsequently, we performed the exchange of NS, maintaining
the same concentration, and established the treatment with
different concentrations of Pb (0, 4, 8, 16 and 32 mg ") in
the form of Pb (NOs),, for a period of 15 days. During this
period, the NS were monitored for pH and adjusted to pH 5.8
using NaOH or HCI and maintained under constant aeration.
The daily level of NS was also maintained by replacing the
volume with deionized water.

Anatomical analysis

For anatomical analysis, samples were collected from the
middle portion of mature leaves and root tips of a plant per
experimental unit, totaling five plants per treatment. Samples
were fixed in 2.5 % glutaraldehyde in sodium cacodylate
buffer 0.1 M, pH 6.8, for 4 h, and dehydrated in an ethanol
series (75 %, 85 % and 95 %) and alcohol 1 h each. Later, we
started the process of pre-infiltration (historesin+alcohol) and
infiltration (historesin pure), 7 days in each case, and finally,
samples were included in a historesin Leica Historesin
Embedding Kit. Further using RM 2145 Leica microtome,
slices of 7 mm thickness were obtained, which were then
mounted on glass slides and stained with 1 % toluidine blue.
Slides were observed and photographed under an inverted
microscope Leica DMI 3000 B, for subsequent measurement
of leaf tissues (upper and lower epidermis, mesophyll and
aerenchyma) and root (epidermis, exodermis and endodermis)
through software Leica Application Suite V3.

Transmission electron microscope (TEM) analysis

The samples were then washed in the same buffer six times,
for 10 min and post-fixed in 1 % osmium tetroxide diluted in
the same buffer for 2 h and then washed again in the same
buffer for the same time period. Dehydration of samples was
conducted in order of increasing ethanol concentrations
(30 %, 50 %, 70 %, 80 %, 90 % and 100 %) for 15 min at
each concentration, and twice in 100 % ethanol. The steps of
dehydration and inclusion of samples were done under slow
agitation, using proportions of ethanol/LR White of 3:1 for
2 h, 1:1, 3:1 for 2 h overnight. In the samples, we used resin
which was changed every 4 h and finally included in LR
White in gelatin capsules and placed in an oven at 60 °C for
8 h. Subsequently, ultrathin sections were obtained using an
80-nm-thick, Leica UC6 ultramicrotome. Then, the sections
were deposited on copper grids, contrasted with uranyl acetate
aqueous solution for 25 min and lead citrate for 30 min.
Analyses were performed using Morgani™ 268D TEM (FEI
Company), with acceleration voltage of 80 kV, equipped with
a CCD camera and controlled by software running under
Windows OS. At least four grids with three to five sections
for each treatment were observed and photographed. Images
where selected that best represented the changes in the
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ultrastructure of leaf mesophyll cells and of O. cubense root
cells, after application of different concentrations of Pb.

Energy dispersive X-ray spectrometry (EDS)

EDS was performed on unstained ultra-thin sections of leaf
and root samples prepared as described above for TEM. The
ultrathin sections were collected on carbon-coated copper
grids. The EDS spectra in these materials were taken in
nanoprobe mode that allows the creation of probes in nano-
meter scale, in this specific case the probe that analyzes the
sample was 200 nm in diameter. To test if the Cu signal came
from the grid or not we moved the beam along the sample,
leaving the region of interest. We found that the peak of
copper disappeared, except when we were very close to the
edge of the grid. However, in regions distant from the edges,
as was the case for our sample, a signal was not found from
Cu, except where there is contamination. The EDS spectra
was taken from an Si—Li detector mounted in an FEI Tecnai G
20 microscope in Electron Microscopy Center of
Universidade Federal de Minas Gerais operating at 80 kV in
nanoprobe mode; the probe size was around 0.5 pm diameter.

Inductively coupled plasma mass spectrometer (ICP OES)
analysis

At the end of the experimental period, the plants were washed
once with deionized water, once with solution of 3 % HCI, and
twice with deionized water. Then, the plants were divided into
parts (roots and shoots) and placed in an oven at 70 °C until
constant mass. Subsequently, the plant parts were ground
using a Willy-type mill and placed separately in polypropyl-
ene vials for subsequent acid digestion. For this, each sample
was weighed in triplicate and placed in 50-ml tubes.
Thereafter, 3 ml of concentrated nitric acid (A.P.) was added
to each sample. The tubes were then heated using a TECNAL
digester block (Model TE-007MP) at 50 °C for 30 min and at
80 °C for 1 h. Soon after, the temperature of the block was
adjusted to 130 °C and 1 ml of H,O, was added three con-
secutive times at intervals of 20 min. After digestion, the
samples were transferred to Falcon tubes and increased in
volume to 14 ml with milli-Q water. The analyses of nutrients
(P, K, Ca, Mg, S, Mn, Zn and Fe) and Pb in the digested
samples were performed by optical emission spectrometry
with ICP OES (Varian 710 — ES).

Statistical analysis

A completely randomized experimental design was used with
five treatments (4 Pb concentrations+control [no Pb]), five
replicates of eight plants per experimental unit (tray), making
a total of 200 plants. Results were subjected to analysis of
variance (ANOVA) and the regression equations were fitted to
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the data, in order to relate the various concentrations of Pb and
mineral nutrients in plant dry biomass. The choice of the
equation that best fitted the data was based on the significance
of the effect of regression, the deviations of the regression
tested by F'test at 5 % probability, and the highest coefficient
of determination (R).

Results
Symptoms of lead toxicity

The species O. cubense showed chlorosis and brown spots at
leaf level after 7 days of treatment with Pb, whose symptoms
intensified until the plant harvest period (15 days after treat-
ment application). At the end of the experimental period,
plants exposed to 8, 16 and 32 mg Pb "' showed signs of
necrosis, which were more evident in plants exposed to 16 mg
Pb 1! (Fig. 1).

Anatomical alterations

In leaves of plants subjected to treatment with Pb, reduction in
leaf mesophyll thickness (Fig. 2) was observed with increas-
ing concentrations of Pb in NS. In roots, there was reduction in
the thickness of the epidermis in plants treated with Pb
(Fig. 3). Increased thickness could also be demonstrated in
the exodermis, possibly through an increase in cell wall thick-
ening (Fig. 3). There was no significant difference (P<0.05)
between the thickness of the endoderm of Pb-treated plants.

Ultrastructural alterations

The cells in the leaf tissue of the control plant showed normal
ultrastructural features with intact organelles, as well as the
presence of plastoglobule and starch grains (Fig. 4a,b).
Ultrastructural characteristics similar to the control were ob-
served in plants subjected to Pb concentration of 4 mg 1!
(Fig. 4c). The cells of the leaf tissue of plants treated with 8 mg
Pb "' showed an increase in the formation of plastoglobules
(Fig. 4d), disorganization of thylakoids in the chloroplast
(Fig. 4d-f) and disruption of mitochondrial membranes
(Fig. 4e,f). But, the leaf tissue cells of plants treated with
16 mg Pb 1" showed disorganization of thylakoids in the
chloroplast (Fig. 5a), deposits of electro-dense material in
the vacuole (Fig. 5b), deposits of electro-dense material in
the cell wall and retraction of the cytoplasm (Fig. 5c), disrup-
tion of mitochondrial membranes (Fig. 5d), increase in the
formation of plastoglobules (Fig. 5a and e) and deposits of
electro-dense material in the intercellular spaces (Fig. 5f). The
leaf tissue cells of plants treated with 32 mg Pb "' showed an
increase in the formation of plastoglobules (Fig. 5g), disorga-
nization of thylakoids in the chloroplast and disruption of



Environ Sci Pollut Res (2014) 21:6558-6570

Fig. 1 a, b Chlorosis and brown
spots at leaf level after 7 days of
treatment with Pb. At the end of
the experimental period, plants
exposed to 8, 16 and 32 mg Pb 1™
showed signs of necrosis in which
were more evident in plants
exposed to 16 mg Pb ™!

mitochondrial membranes (Fig. 5h). The cells in the root
tissue showed normal ultrastructural features with intact or-
ganelles (Fig. 6).

In addition, electro-material deposits were found in the
dense vacuoles in the cell wall and intercellular spaces in leaf
tissues and presence of Pb was confirmed in these electro-
dense material deposits by EDS (Fig. 7a—d). The presence of
Pb was observed in root vacuoles and cell walls of plants
treated with Pb, confirmed by EDS (Fig. 8a—d).

Absorption of Pb, Mg, Ca, P, S and K

At 15 days of application of Pb, it was observed that this metal
element mainly accumulated in the root system, whose accu-
mulation increased proportionally to the concentration of met-
al in NS (Fig. 9). The accumulation of Pb in roots represented
93 % of total Pb uptake by plants. At the root, the concentra-
tion of Mg, Ca, P, S and K decreased by 47 %, 58 %, 22 %,
16 % and 67 %, respectively, until concentration of 16 mg Pb
1!, and 34 %, 38 %, 16 %, 3 %, and 36 % in concentration
corresponding to 32 mg Pb I"! (Fig. 10a—¢). In the shoots, the
concentrations of Mg and Ca decreased by 5 % and 11 %,
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Fig. 2 Variations of thickness of the plants leaf mesophyll of O. cubense
exposed to increased concentrations of Pb in nutritive solution for 15
days, n=3. Regression equation: y=205.12—1.01x (*=0.57)

respectively, with increasing concentration of Pb in solution
(Fig. 10a,b). Moreover, both the concentration of P and the
concentration of S reduced 4 % to a concentration of 16 mg Pb
"' and increased by 15 % and 6 %, respectively, at the
concentration of 32 mg Pb I"' (Fig. 10c,d). The concentration
of K decreased by 5 % until the concentration of 16 mg Pb 1™
and 1 % in the concentration corresponding to 32 mg Pb 1™
(Fig. 10e).

Absorption and translocation of micronutrients Fe, Zn and Mn

At the root, there was a 17 % increase in the concentration of
Fe until the concentration of 16 mg Pb 1", then decreasing by
27 % in plants subjected to concentration of 32 mg Pb 1"
(Fig. 11a). A reduction could be shown for the concentrations
of Zn and Mn at 60 % and 80 %, respectively, at the concen-
tration of 16 mg Pb "', and 30 % to 70 %, respectively, at a
concentration corresponding to 32 mg Pb 17! of NS
(Fig. 11b,c). In the shoots, Fe and Zn concentrations
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Fig. 3 Variations of thickness of exodermis (empty square), epidermis
(empty triangle) and endodermis (empty circle) evidenced in transversal
sections of plant roots of O. cubense exposed to increased concentrations
of Pb in nutritive solution for 15 days (n=3). Regression equations: y=
10.56+0.06x (#*=0.72) for the exodermis, y=10.72—0.07x (*=0.66)
epidermis and y=8.83 for the endodermis
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Fig. 4 Electron micrograph of
mesophyll cells from plants of
O. cubense exposed to increased
concentrations of Pb in nutritive
solution for 15 days. a, b Control
evidencing a normal ultra-
structural aspect. ¢ Treatment of
4 mg Pb 1" that, same as with the
control, shows normal ultra-
structural characteristics. d-f
Treatment of 8 mg Pb 17",
evidencing the increase in
numbers of plastoglobule (d),
disorganized thylakoids in the
chloroplast (d-f) and rupture of
the mitochondrial membranes (e,
f). Ch chloroplast, M
mitochondria, N nucleus, Sg
starch granule; thin arrow:
plastoglobule; wide arrow:
rupture of the mitochondrial
membranes. Bars: a—¢, f1 um; d
0.5 um, e 2 pm

decreased, 14 % and 9 %, respectively, with increasing con-
centration of Pb in NS (Fig. 11a,b).

Discussion
Symptoms of lead toxicity

The visual symptoms of toxicity presented by the species
O. cubense are common in plants exposed to toxic metals
(Kabata-Pendias and Pendias 2000; Souza et al. 2011;
Santana et al. 2012), and can is related to a nutritional imbal-
ance, as lead can change the selectivity of the plasma mem-
brane toward root tissue cells, affecting the absorption, trans-
port and allocation of nutrients in various parts of plants,
resulting in an imbalance of mineral nutrition due to the
disturbed uptake of cations such as K, Ca, Mg, Zn, Cu and
Fe in the root system (Kerbauy 2004; Sharma and Dubey
2005).

@ Springer

Anatomical alterations in O. cubense

Thickness reduction in the abaxial epidermis in plants
O. cubense has also been demonstrated in Plantago major
plants treated with Pb (Kosobrukhov et al. 2004). The toler-
ance to Pb presented by O. cubense may be related to the root
anatomy; in particular the presence of exodermis, which ac-
cording to Ranathunge et al. (2011), is a major apoplastic
barrier. In plant species in which the exodermis is present,
ionic selectivity occurs much closer to the periphery of the
root, preventing the concentration of potentially toxic sub-
stances in the cortex (Enstone et al. 2003). Deng et al.
(2009) assessed the tolerance of ten aquatic species to Pb,
Zn and Fe, and observed that the most tolerant species had
more suberin and lignin in root tissues, and had sclerenchyma
fibers with thick walls and dense cells in the outer layers of the
cortex. Therefore, the thick root exodermis of O. cubense may
constitute a barrier to the transport of Pb and to a possible site
of accumulation of the metal, because its thickness increases
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Fig. 5 Electron micrograph of
mesophyll cells in leaf of plants
O. cubense subjected to Pb
concentration of 16 and 32 mg 17!
in nutrient solution for 15 days. a
Chloroplast showing
disorganized thylakoids,
numerous starch grains and
presence of plastoglobule. b
Deposit of electro-dense material
in the vacuole. ¢ Cell with a
cytoplasm retracted, and the
presence of electro-dense deposits
in cell walls, inter-cellular spaces
and plasmodesm. d Disruption of
mitochondria. e Increasing in size
and number of plastoglobule. f
Deposit of electro-dense material
in cell walls, inter-cellular spaces
and plasmodesm. g Chloroplast
with many starch grains and
presence of plastoglobule. h
Degradation of mitochondria and
chloroplast showing disorganized
thylakoids. Ch chloroplast, M
mitochondria, N nucleus, Sg
starch granule; thin arrow:
plastoglobule; wide arrow:
disruption of mitochondrial
membranes; white arrow. deposit
of electro-dense material; dotted
arrow. plasmodesm. Bars: a, b

2 um; c-h 1 um

with increasing Pb concentration to which the species is
subjected. Gomes et al. (2011) suggested that the thickening
of the exodermis and endodermis in Brachiaria decumbens
could be a strategy of the plant to minimize the translocation
of metals. The thickening of the cell wall protects the plant
cells from the harmful effects of toxic metals (Krzestowska
2011), providing greater retention area of these metal elements

and thus decreasing its translocation into the shoot (Gomes
etal. 2011).

Ultrastructural alterations

Lead caused damage at the chloroplast level in the mesophyll
cells of O. cubense plants treated with concentrations from
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Fig. 6 Electron micrograph of
roots cells of O. cubense plants
treatments (control, 4, 8, 16 mg
Pb I"") showing normal
ultrastructural features with intact
organelles, nucleus, cell walls and
mitochondria (a-h)

8 mg Pb I"'. Damage caused by Pb to the chloroplasts was electro-dense material in the intercellular spaces, cell wall and
also observed in Potamogaton crispus (Hu et al. 2007) and  the vacuole of leaf mesophyll cells of plants subjected to
Solanum licopersicum (Zhao et al. 2011). The deposition of  higher Pb concentration was also observed in Lemna minor
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Fig. 7 Evidence of Pb [ 730 7000 T T T : - . - -
accumulation of the mesophyll - i A Leaf Pb 32 mg

cells of leaves of plants O.
cubense subjected to Pb
concentration of 32 mg I in
nutrient solution for 15 days. a
Electron micrograph showing the
presence of deposit of electro-
dense material in the cell wall and
intercellular spaces. Bars: 1 pm. b
EDS spectra from leaf cell wall
taking at 80 kV in nanoprobe
mode. This result shows clearly
the presence of Pb. ¢ Electron
micrograph showing the presence
of deposit of electro-dense
material in the vacuole. Bars: 0.5
pum. Ch chloroplast, M
mitochondria, V' vacuole; white
arrow deposit of electro-dense
material. d EDS spectra from leaf
(vacuolo) taking at 80 kV in
nanoprobe mode. This result
shows clearly the presence of Pb

Fig. 8 Evidence of Pb
accumulation in root tissue of O.
cubense subjected to Pb
concentration of 32 mg I”" in
nutrient solution for 15 days. a
Electron micrograph analysis in
TEM microscope FEI-TECNAI-
G2 showing the presence of
deposit of electro-dense material
in the cell wall and intercellular
spaces. Bars: 1 pm. b EDS spectra
from root cell wall taking at 80 kV
in nanoprobe mode. This result
shows clearly the presence of Pb.
¢ Electron micrograph analysis in
TEM microscope FEI-TECNAI-
G2 showing the presence of
deposit of electro-dense material
in the vacuole. Bars: 0.5 um. M
mitochondria, V' vacuole; white
arrow deposit of electro-dense
material. d EDS spectra from root
(vacuolo) taking at 80 kV in
nanoprobe mode. This result
shows clearly the presence of Pb
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Fig. 9 Variations in the concentration of Pb in roots (filled circle) and
shoot (empty circle) of plants O. cubense exposed to increasing concen-
trations of Pb in nutrient solution for 15 days, n=3, mean+SE (p<0.05, by
#test). Regression equations: y=3560.98 (1—exp(—0.22x) (*=0.92) for
root and y=28.36+6.69x—0.11x* (*=0.65) to shoot

plants subjected to treatment with Pb (Samardakiewicz and
Wozny 2000). This electro-dense material deposition in inter-
cellular spaces and cell walls may result from increased
apoplastic transport of Pb (Tung and Temple 1996).
According to Sharma and Dubey (2005), Pb is accumulated
mainly in the intercellular spaces, cell wall and vacuoles of
leaf mesophyll cells. Moreover, deposition and accumulation
in the cell wall is considered as the main strategy for resistance
of plants to Pb (Piechalak et al. 2002). Therefore, the immo-
bilization of Pb in the cell wall and its detoxification by

Fig. 10 Variations in the 41 (A)
concentration of Mg, Ca, P, S and
K in roots (filled circle) and shoot 3

H
(empty circle) of plants O. cubense %'
exposed to increasing "o 21
concentrations of Pb in nutrient ;
solution for 15 days, n=3, mean=+ =
SE (P<0.05, +test). Regression =

immobilization in vacuoles are important processes that influ-
ence plant tolerance and protects cell metabolism against toxic
effects of this metal (Seregin and Ivanov 2001).

The plastoglobule are existing structures within the chlo-
roplasts that are attached to thylakoids (Austin et al. 2006),
functioning as a reservoir of lipids (Kessler et al. 1999), and
serving as an active site of synthesis and recycling proteins
under stress conditions (Ytterberg et al. 2006). Therefore, the
increased formation of plastoglobules in leaf mesophyll cell
chloroplasts of the plants treated from 8 mg Pb 1! could be a
plant response to the toxicity of this metal. According to
Bréhélin and Kessler (2008), the plastoglobules are related
to plant responses to stress. The increase in size and number of
these structures is common in plants subjected to environmen-
tal conditions that cause oxidative stress to the photosynthetic
apparatus (Austin et al. 2006), like Pb (Verma and Dubey
2003). Oxidative stress is related to the excessive formation
of reactive oxygen species (ROS) such as superoxide (O, ),
hydrogen peroxide (H,O,) and hydroxyl radicals (OH )
(Zimmermann and Zentgraf 2005), which, in turn, may be
derived from normal cellular metabolism or also by disrupting
the electron transport system in chloroplasts and mitochondria
during stress conditions (Breusegem et al. 2001). Moraes
(2011) observed increased plastoglobules with increasing Pb
concentrations in seedlings of Solanum lycopersicon and sug-
gested that this increase may represent a defence mechanism
to prevent possible damage to the photosynthetic apparatus. A
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Fig. 11 Variations in the concentration of Fe, Zn and Mn in roots (filled
circle) and shoot (empty circle) of plants O. cubense exposed to increasing
concentrations of Pb in nutrient solution for 15 days, n=3, mean+SE (P<
0.05, #test). Regression equations: a y=1,402.84+41.94x—1.68¢ (*=
0.56) for root and y=194.87—0.81x (**=0.72) for shoot; b j=56.07—
3.64x+0.09% (=0.84) for root and y=78.30—0.22x (*=0.64) for shoot;
¢ y=221.91-17.45x+0.39x* (*=0.90) for root and y=380.66 for the
shoot

similar effect was also observed in Glycine max treated with
Pb (Weryszko-Chmielewska and Chwill 2005) and Zea mays
treated with Cd (Rascio et al. 1993).

Absorption of Pb and nutrients

The highest accumulation of Pb in the roots occurred due to
the presence of exodermis which is a major apoplastic barrier
(Ranathunge et al. 2011), minimizing the translocation of
toxic metals (Gomes et al. 2011) and establishing a possible

retention site of the metal, which consequently prevents its
translocation to the shoot. Moreover, the endodermis acts as
an additional barrier for the translocation of this metallic
element (Jones et al. 1973; Verma and Dubey 2003), also
helping to reduce its translocation from roots to shoots
(Kabata-Pendias and Pendias 2000). Therefore, the roots can
sequester metals, preventing or reducing translocation to the
leaves (Patra et al. 2004). Similar results were also observed in
Oryza sativa (Kim et al. 2002) and Brassica oleracea (Sinha
et al. 2000).

Lead is absorbed by the roots via cation transporters (Kim
et al. 2002), and absorption by the plant increases as levels of
exogenous Pb are raised (Patra et al. 2004). This statement is
consistent with the results for O. cubense. The increase in P
concentrations in plant shoots exposed to higher concentra-
tions of Pb, may be due to direct interference of Pb in the
metabolism of P (Gopal and Rizvi 2008), or may be related to
Zn deficiency which promotes the loss of membrane integrity,
consequently, contributing to the absorption and transport of P
to the shoot (Kerbauy 2004). In addition, Zn deficiency also
inhibits the redistribution of P from roots to shoots (Kerbauy
2004), which explains the fact that this element decreases its
concentration in roots of plants treated with Pb as compared to
the control. Moreover, the increased concentration of P in
shoots may favour the precipitation of Pb as lead phosphate.
This Pb precipitation occurs mainly in the cell wall and in the
vacuole of plants and constitutes a strategy for Pb detoxifica-
tion (Zheng et al. 2012). These same authors reported the
presence of P with all Pb deposits in cell walls and vacuoles
in the cytoplasm Lespedeza chinensis and L. davidii subjected
to treatment with Pb and, in some cases, also noted the
presence of Ca and S in these sites. With respect to K concen-
trations, reduction in root cation concentrations may possibly
be explained by competitive inhibition between K and diva-
lent cations present in high concentrations in nutrient solution
(Walker et al. 1977).

The Ca concentration decreased both in the shoots and in
roots of plants treated with Pb. This result was also found by
Kibria et al. (2009), where the concentration of Ca decreased
in shoots and roots of Amaranthus gangeticus and roots of the
species A. oleracea exposed to different concentrations of Pb.
Similar results were found in Zea mays treated with Pb (Huang
and Cunninghan 1996). A transport route of Pb to root tissue
cell’s interior through the communication channels of the
membrane, such as Ca channels (Huang and Cunningham
1996; Kim et al. 2002). This implies an inhibition in absorp-
tion of Ca due to blockage of the channels by Pb or by
competitive transport with Pb with Ca through these channels
(Huang and Cunningham 1996). Kim et al. (2002) observed in
roots of Oryza sativa treated with Pb that the presence of
competing cations such as Ca could change the amount of
Pb absorbed from the roots. The highest concentration of Ca
in the roots when subjected to 32 mg Pb 1! compared to plants
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in 16 mg Pb "' may be a strategy of the plant to try to reduce
the phytotoxicity and increase the plant's tolerance to the
metal. Antosiewicz (1995) noted that in populations of
Silene, Pb tolerance was associated with high concentrations
of Ca and high tolerance to Ca deficit. Malkowski et al. (2002)
also observed an increase in Ca concentration with increasing
NS with Pb concentrations with Zea mays seedlings and
linked this increase to the constitutional tolerance of the
species to Pb. According to Antosiewicz (1995), Ca regulates
plant tolerance to Pb because this ion is involved in the
immobilization of Pb in the cell wall, being an important
factor in decreasing the toxicity of this metal. But, this is an
additional factor in the regulation of Pb toxicity and is not a
common regulating mechanism. The results for Mg showed
that the addition of Pb to the NS reduced the concentration of
Mg in shoots and roots. Kim et al. (2002) proposed that toxic
metals can enter cells through root tissue Mg>* transporters,
and can therefore compete for the same carriers. The higher
concentration of S in roots subjected to 32 mg Pb I"' com-
pared to 16 mg Pb 1!, as well as increasing the concentration
of this element in shoots of plants under higher concentration
of Pb, can be related to the detoxification process of Pb, since
S is a glutathione precursor which, in turn, is a precursor of
phytochelatins, which function in the detoxification of toxic
metals (Kerbauy 2004). Therefore, Pb induces the biosynthe-
sis of phytochelatins (Grill et al. 1987). According to
Piechalak et al. (2002), plants of Vicia faba, Pisum sativum
and Phaseolus vulgaris treated with Pb in NS were induced to
synthesize glutathione. Metal ions are accumulated and de-
toxified by phytochelatins, which are synthesized from gluta-
thione during their exposure to toxic metals (Yadav 2010).
According to Nascimento and Xing (2006) compartmentali-
zation in vacuoles and in the cytoplasm and chelation are
among the most significant proposed mechanisms related to
accumulation of metals in plants. Furthermore, phytochelatins
are associated with precipitation of intracellular and extracel-
lular Pb as phosphates, carbonates and sulfates (Salt et al.
1998). According to Zheng et al. (2012) S may favour the
sequestration of Pb in the form of PbSO,4. The decrease in the
concentration of Zn in roots and shoots treated with Pb, is
consistent with the results found by Kibria et al. (2009), for
A. gangeticus where Zn decreased with increasing concentra-
tion of Pb in the shoots and roots. With respect to Mn, the
reduction in the concentration of this element in roots is in
agreement with the results found by Sinha et al. (2006) in
Brassica oleracea and by Kibria et al. (2009) in roots of
A. oleracea and A. gangeticus. This reduction in the concen-
tration of Mn as a function of increasing concentrations of Pb
in NS, demonstrates the existence of antagonism between
these two elements (Kabata-Pendias and Pendias 2000). Iron
concentrations in shoots decreased with increasing Pb con-
centrations in NS. Similar results were found by Huang and
Cuningham (1996) in Zea mays. The root already showed an
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increase in the concentration of Fe up to 16 mg Pb 1!, later
decreasing by 32 mg Pb I, This reduction in the concentra-
tion of Fe in roots exposed to higher concentrations of Pb in
solution is probably due to its blocking the entry of cations in
the plant's root system (Sharma and Dubey 2005). In studies
conducted by Sinha et al. (2006), a decrease in the Fe con-
centration was found in B. Oleracea roots.

Conclusion

In summary, the increase in thickness of exodermis in roots,
forming plastoglobules in chloroplasts and changes in the
concentration of mineral nutrients, especially P, S and Ca
may be considered important strategies developed in
O. cubense plants to reduce the toxic effect of Pb. Thus, the
species can be characterized as tolerant to the concentrations
of Pb evaluated. In addition, Pb is compartmentalized and
accumulated primarily in the roots. Therefore, it can be con-
sidered a species with phytoremediation capacity for Pb, with
potential rizofiltration of this metallic element in contaminated
watersheds. To better understand the influence of Pb on cel-
lular metabolism, further research into molecular analysis and
oxidative stress will need to be conducted in the future.
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