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ABSTRACT: Strong chelating agents are reported to enhance
Cu translocation in plants; however, the mechanisms
responsible have not yet been fully established. In this study,
both ethylenediaminetetraacetic acid (EDTA) and diethylene-
triamine pentaacetic acid (DTPA) were found to increase Cu
translocation to shoot tissue, while citric acid did not. Although
all three amendments decreased Cu sorption to roots, which
should cause greater Cu mobility within plants, this did not
correspond with translocation. Energy-dispersive X-ray analysis
of root cell walls showed that the endodermis presented a
barrier (albeit partial) to the movement of free Cu ions, but
this effect was negated by amendment addition. With EDTA,
Cu levels in the stele were higher than those in the cortex after
1 week of exposure. Using Si deposition as an indicator, the presence of free Cu increased endodermal development, while
amendments prevented this effect. Confocal microscopy and lipid peroxidation observations show that Cu and citric acid
increased membrane damage, while EDTA and DTPA had transient effects. Strong chelating agents are less damaging alone than
when present in conjunction with elevated Cu levels. Chelating amendments are proposed to enhance Cu phytoextraction by
facilitating transport across the endodermis, ostensibly by influencing both membrane integrity and endodermal development.

1. INTRODUCTION

Chemical amendments, such as chelating agents, have been
proposed for enhancing phytoextraction of metals.1,2 While
they have often been found to be effective for increasing
translocation to aerial tissues,3−5 the mechanisms for this effect
are unclear, with support found for chelate enhancement of
metal transport by both the apoplastic6,7 and symplastic8,9

transport pathways. Solutes transported via the symplastic
pathway can cross the endodermis, while those transported in
the apoplast meet resistance at the hydrophobic barriers
between endodermal cells.
Symplastic transport requires metal transport into cells,

potentially as a result of plasma membrane permeabilization.
Increased membrane permeability to solutes may be caused by
peroxidative damage,10−13 which changes the structure and
orientation of membrane lipids.14 High Cu levels have been
found to increase lipid peroxidation and the permeability of
membranes in Avena sativa leaves.15 Cu-induced membrane
damage increased the leakiness of cell membranes in Mimulus
guttatus and allowed higher rates of diffusive K efflux and Cu
influx.16 The chelation of free Cu ions by amendments would
be expected to reduce lipid peroxidation, decreasing membrane
permeabilization and favoring apoplastic transport. However,
amendments themselves may influence membrane integrity.
Although ethylenediaminetetraacetic acid (EDTA) and dieth-
ylenetriamine pentaacetic acid (DTPA) are hydrophilic, they
are known to be capable of crossing the plasma membrane,17,18

with EDTA well-established as a permeabilizing agent for cell
membranes in bacteria.19−22 DTPA has a similar structure to
EDTA, and although in some cases is thought to be cell-
impermeant,23,24 it could be expected to have similar effects to
EDTA in increasing membrane permeability. EDTA chelates
have been shown to initiate the production of HO•,18 causing
membrane damage via lipid peroxidation.
Because chelation is well-known to enhance metal

mobilization in soils,25−27 it could be expected that similar
effects would occur in plant tissue, where exposed functional
groups of cell wall components provide negatively charged sites
for cation retention.28 By reducing Cu sorption to the root
apoplast, chelation may facilitate Cu transport toward the stele
for translocation to aerial tissue. However, this would still
require a means for chelated Cu to cross the endodermal
barrier, which may involve apoplastic bypass (caused by
incomplete or altered endodermal development) or a sym-
plastic transport step (resulting from membrane permeabiliza-
tion).
Because of the conflicting support found in the literature for

chelate enhancement of different transport pathways,7,8,29−32

the intent of this research is to use a combination of
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experimental approaches to identify dominant mechanisms.
This paper investigates the influence of amendments on Cu
translocation, sorption, and distribution within plant tissues and
the integrity of the plasma membrane and the endodermis.
Translocation and sorption experiments quantified the effects
of amendments on Cu distribution between root and shoot
tissue and between root tissue and solution. Scanning electron
microscopy (SEM) was used in conjunction with energy-
dispersive X-ray (EDX) analysis to assess elemental levels in
cell walls over the root radius. Membrane damage was
visualized using confocal laser scanning microscopy (CLSM)
to identify cells with compromised membranes. Lipid
peroxidation assays measured the accumulation of malondial-
dehyde (MDA), a decomposition product of polyunsaturated
fatty acids and a commonly used indicator of oxidative stress in
plants.33,34 The objectives of this research were to determine
the effects of amendments on Cu localization in plant tissues
and the contributory mechanisms.

2. EXPERIMENTAL SECTION
2.1. Hydroponic Culture. Seeds (0.5 g per container) of

Lolium perenne SR4500 (Burnetts Seeds, Ltd., Auckland, NZ)
were sown on nylon mesh with modified Hoagland’s nutrient
solution (HNS), replaced weekly, with a 12 h photoperiod.35

After 30 days (20 days for CLSM imaging), the nutrient
solution was replaced by treatment solutions consisting of HNS
+ 0.157 mM (10 mg/L) Cu, to which was added 0.157 mM
citric acid or EDTA. The initial pH was adjusted to 6.0. In some
experiments, DTPA was included for comparison to EDTA to
determine if its comparable chemical properties would result in
similar effects on Cu uptake and distribution and the integrity
of cell membranes. Speciation modeling (VisualMINTEQ
v2.53)36 shows that in the HNS + Cu treatment around 69%
of Cu exists as free ions (with complexed Cu primarily
occurring as phosphates). In the EDTA and DTPA treatments,
practically none (<1%) of the Cu remains uncomplexed in
solution, while this value is 20% in the citric + Cu treatment.
Total Cu in HNS is 0.32 μM.
2.2. Phytoextraction. Root and shoot tissues were sampled

after 8, 15, 22, and 30 days of exposure to the treatment
solutions (HNS + Cu, citric + Cu, EDTA + Cu, and DTPA +
Cu) and processed as previously described.4,35 Duplicate
samples of 10 plants each were rinsed with deionized water,
oven-dried (104 °C for 24 h), weighed, ashed (550 °C for 4 h),
and dissolved in 2 M nitric acid. Diluted samples were analyzed
for Cu using graphite furnace atomic absorption spectropho-
tometry (GF-AAS; GTA-110/SpectrAA50, Varian, Inc., Palo
Alto, CA).
2.3. Elemental Distribution. After 1 and 3 weeks of

exposure, 5 plants per treatment (HNS + Cu, citric + Cu, and
EDTA + Cu) were harvested and individually suspended in
vented containers with polytetrafluoroethylene (PTFE) tape.
The thinness of the tissues allowed them to be dehydrated by
sublimation (−20 °C for 16 h, followed by 1 °C and 60%
relative humidity for 24 h). Sections were mounted vertically on
aluminum stubs (using double-sided carbon tape) and sputter-
coated with platinum (Pt) (Polaron SC7640, 1 kV). After SEM
imaging (FEI Quanta 200F), EDX analysis was employed using
reduced area scans to systematically build up representative
distribution patterns for each treatment. The small beam size
reduced sample deformation, with scanning predominantly
restricted to oblique cell wall sections. X-ray microanalysis
(EDAX Genesis Quant) was performed to determine elemental

content (expressed as a weight fraction of the sum of major
elements). Typical working conditions included an accelerating
voltage of 20 kV, a pressure of 0.08 Torr, a working distance of
11.2 mm, and an EDX live detector time of 100 s. Scan data
were compiled by an identifiable anatomical feature rather than
radial distance or cell layer number because these parameters
vary with root age.

2.4. Membrane Integrity. CLSM was employed to
identify cell membrane damage within intact tissue, using
fluorescent stains as an indicator of cell viability. The
fluorescent cell-impermeant nucleic acid stain SYTOX green
was used to indicate cells that have lost plasma membrane
integrity.37 Propidium iodide was used as a counterstain to
outline cells. Plants were exposed to treatments (HNS + Cu,
Cu + citric, and Cu + EDTA) for 4 days before sampling. Roots
of 10 plants were excised underwater and stained intact with
250 nM SYTOX green (Molecular Probes, Eugene, OR) and
10 nM propidium iodide (Molecular Probes) for 30 min to
ensure complete permeation of the stain into inner parts of the
root.37 For longitudinal views of root tips, imaging was carried
out immediately following staining. Cross-sectional images
were taken of fresh, stained tissue immobilized in 1% agarose
gel (Sigma-Aldrich) and sectioned immediately prior to
imaging. Images of labeled root tips were collected for each
amendment treatment. Because root cap cells die naturally
during growth, the loss of membrane integrity allows these cells
to be stained by both SYTOX green and propidium iodide,
providing a basis for comparison to cells in the meristematic
and elongation zones to identify treatment effects. Roots were
imaged using a Leica TCS SP2 upright confocal microscope
with a Leica HCX APO L 40.0×/0.80 objective for water
immersion. Overlay projections were compiled using the LCS
Lite v2.61 software (Leica Microsystems Heidelberg GmbH,
Heidelberg, Germany). For SYTOX green, an excitation
wavelength of 488 nm was used, with emissions collected in
the 500−535 nm range. For propidium iodide, the excitation
and collection wavelengths were 561 and 575−704 nm,
respectively.

2.5. Lipid Peroxidation. Lipid peroxidation assays
compared the influence of Cu and amendments on lipid
peroxidation in root and shoot tissues of ryegrass. The assay
based on the widely used protocol by Heath and Packer38

quantifies thiobarbituric acid-reactive substances (TBAR) as
MDA to evaluate lipid peroxidation.39,40 After 24 h of exposure
to amendment treatments both with and without additional Cu,
triplicate samples were prepared from the root and shoot
tissues of 15 entire plants, rinsed, and cut to 1 cm lengths. To
each sample was added solution containing 0.5% (w/v) 2-
thiobarbituric acid (TBA) (Sigma-Aldrich) and 20% trichloro-
acetic acid (TCA) (Sigma-Aldrich). Glass beads were applied,
and samples were placed in a cell disruptor (Disruptor Genie,
Scientific Industries, Inc.) for 5 min, heated (90 °C for 30 min),
cooled, and centrifuged (20 min at 12000g). TBAR levels were
quantified spectrophotometrically, with absorbance measured at
532 nm and corrected for non-specific turbidity by subtracting
absorbance at 600 nm (with the TBA/TCA solution used for
blanks). The TBAR concentration was calculated with Beer’s
law assuming a molar absorptivity of 155 mM/cm.41,42

Statistical analyses [one-way analysis of variation (ANOVA)
with Tukey’s honestly significant difference (HSD) post-hoc
tests] were performed using SPSS, version 20 (IBM, New York,
NY), with significance determined at p < 0.05.
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3. RESULTS AND DISCUSSION

3.1. Phytoextraction. Biomass production is presented in
panels A and B of Figure 1 as the dry mass of 10 plants. Root
growth in the chelator treatments soon began to outpace that in
HNS + Cu and citric + Cu treatments. After 30 days, plants
treated with EDTA or DTPA in addition to Cu had
approximately 4.5 times the root mass of the HNS + Cu
treatment. Trends for shoot growth are generally similar to
those observed for root growth. In both chelator treatments,
shoot mass increased by a factor of 10 during the 30 day
exposure period compared to a factor of 5 for HNS + Cu and
citric + Cu treatments. The effects of amendments are clear,
with biomass production in chelator treatments exceeding that
observed in both the HNS + Cu and citric + Cu treatments by a
factor of 2. Visibly stunted growth and chlorosis were evident in
both the HNS + Cu treatment and the citric + Cu treatment,

while plants in both chelator treatments (EDTA + Cu and
DTPA + Cu) appeared to suffer no ill effects (see Figure S1 of
the Supporting Information). Previously, chelators, such as
EDTA and DTPA, have been reported to cause toxicity in
plants. Toxicity was observed with DTPA additions of 1.3
mmol/kg of soil48 and EDTA at levels of 1.7 mmol/kg of
soil,43,44 6.8 mmol/kg of soil,43 and 10 mmol/kg of soil.45

However, the chelator concentration used in this study (0.157
mmol/L) did not cause toxicity and appeared to protect L.
perenne from the toxic effects of free Cu in the treatment
solution. From these results, chelator addition appeared
beneficial for plant growth.
The phytoextraction capability of a plant-amendment

combination can be measured as the total mass of metal that
is captured by the plant but more specifically as the total metal
mass sequestered in aerial tissues. Figure 1C presents the effects

Figure 1. Influence of Cu and amendment treatments on dry biomass (A and B) and Cu mass (C and D) of root (A and C) and shoot (B and D)
tissue (10 plants). Bars represent standard deviations.

Figure 2. Influence of Cu and amendment treatments on radial distribution of Cu (A and B) and Si (C and D) in L. perenne root tissue after 1 week
(A and C) and 3 weeks (B and D) of exposure. Bars represent 95% confidence intervals.
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of amendments on the mass of Cu stored in root tissues, where
it can be seen that root Cu levels are greater in the HNS + Cu
and citric + Cu treatments than with EDTA or DTPA. In shoot
tissue (Figure 1D), the trends are reversed, with Cu retention
in shoots increased by the application of chelators. Phytoex-
traction enhancement factors of up to 16 and 10 are seen for
EDTA and DTPA, respectively, during the exposure period.
Both EDTA and DTPA greatly increased Cu translocation into
shoot tissues compared to HNS + Cu, while citric acid did not
(see Figure S2 of the Supporting Information). Translocation
indices, dimensionless coefficients comparing the mass of Cu in
the shoot tissue to the total mass of Cu in the plant,46 for
EDTA + Cu, DTPA + Cu, HNS + Cu, and citric + Cu after 30
days were 0.52, 0.47, 0.097 and 0.050, respectively, indicating
an approximately 5-fold increase resulting from EDTA and
DTPA application. Linear sorption parameters (4.4, 1.9, 0.19,
and 0.17 L/g for HNS + Cu, citric + Cu, EDTA + Cu, and
DTPA + Cu treatments, respectively) do not correspond to
translocation indices, implying that Cu mobilization by
amendments is not solely responsible for enhanced trans-
location. Additional mechanisms (such as membrane perme-
abilization and endodermal damage) are implicated to fully
explain the observed phytoextraction enhancement resulting
from chelator addition.
3.2. Elemental Distribution. SEM imaging of root

sections allowed the identification of structural features that
have a direct bearing on solute transport. Suberization in the
endodermis results in the formation of characteristic lamellae in
the inner tangential walls, visible using electron microscopy.47

These features and the possible development of thick cellulosic
tertiary walls48 were observed for all treatments (see Figure S3A
of the Supporting Information), in addition to connective pits47

(0.5−2 μm) in the inner tangential walls of endodermal cells
(see Figure S3B of the Supporting Information). Chelate
addition did not alter the appearance of the endodermis or cell
wall pits.
EDX was used to investigate Cu and Si distribution in cell

walls across the root (Figure 2A). Silicon (Si) was included in
EDX analysis to investigate deposition patterns and any
influence on Cu distribution. Si was not included as a
component of the nutrient solution, but its accumulation in
plants has been widely reported, attributable to leaching from
plasticware (where Si is introduced in various forms during
manufacture) and borosilicate glassware.49,50 All treatments in
this experiment were conducted using plasticware and solutions
from the same batch. Si has been found to increase suberization
in root tissue51 and is known to preferentially accumulate in the
endodermis.52−56 Reduced apoplastic bypass flow of sodium
(Na) has been observed in Oryza sativa with the addition of
Si,57 with this mechanism capable of reducing metal uptake and
translocation.58,59 Because of Si localization in the endodermis
and the link between Si and endodermal suberization,53 Si
levels are used here as an indicator of endodermal development.
In the HNS + Cu treatment, Cu is found deposited mainly in

cortical cell walls (Figure 2A). The barrier effect of the
endodermis is apparent, with a distinction evident between
cortical and stelar Cu levels. This pattern has previously been
observed for Cd distributions in Lupinus albus L. cv. Multolupa
(white lupin).60 In the HNS + Cu treatment, levels of Cu in the
stele are roughly twice those in the HNS treatment, showing
that the endodermis is not a perfect barrier to metal ingress.
Amendments altered radial distribution patterns and levels of
Cu in root cell walls. In particular, EDTA appeared to facilitate

Cu movement into the stele, with no obvious obstruction
presented by the endodermis as seen in the HNS + Cu
treatment. The same trend was seen for the root in the EDTA
+ Cu treatment without a developed endodermis (see Figure
S4 of the Supporting Information). With EDTA, Cu levels in
the stele were higher than those in the cortex, indicating that
EDTA facilitates Cu movement into the root (Figure 2A).
Similar effects of EDTA have previously been observed; the
distribution of Pb in root and stem tissue mapped using
synchrotron microbeam X-ray fluorescence showed that EDTA
reduced Pb accumulation in the outer parts of the root while
enhancing levels in the stele.61 In treatments with amendments,
low Cu levels in the outer regions of the root suggest reduced
sorption. Citric acid reduced Cu levels throughout the root
apoplast. As previously discussed, Si has been linked to
endodermal maturation in roots. After 1 week of exposure,
there was little discernible difference between treatments in Si
levels across the root (Figure 2C), and a pattern of increased Si
in the inner endodermal wall was common to all.
After 3 weeks, Cu levels across the entire radius increased in

the HNS + Cu treatment (Figure 2B), decreased for EDTA +
Cu, and remained unchanged for the other amended treatments
(these changes are compared directly in Figure S5 of the
Supporting Information). In the citric + Cu treatment, Cu
levels were consistent across the root, with no evident influence
of the endodermis. The mobilizing effect of EDTA diminished
over time, with initially high Cu levels in the stele (3.1%)
returning to a level more consistent with those initially
observed in the HNS + Cu treatment (1.1%). In both the
Cu and Si results, there appears to be little difference between
DTPA and EDTA. Over time, the presence of free Cu
stimulated endodermal development (as indicated by Si
deposition53), while amendments prevented this effect (Figure
2D). Increased endodermal development is likely a protective
measure to prevent metal entry to the stele, as observed in O.
sativa exposed to high Na levels.62 Increased endodermal
development is not seen in amended treatments, where Cu may
be masked by coordination with organic ligands.
Distributions of Cu and Si in roots without a fully developed

endodermis are shown in Figure S6 of the Supporting
Information. In these cases, for all treatments, endodermal Si
levels are low (<0.12%) compared to those in more developed
roots (4−12%). Overall, Si levels are substantially higher
throughout HNS + Cu treatments than those in citric + Cu or
EDTA + Cu treatment (see Figure S6B of the Supporting
Information), a trend also seen after 3 weeks (Figure 2D). In
the HNS + Cu treatment, Cu is distributed at high levels
throughout the tissue (see Figure S6A of the Supporting
Information), with levels similar in magnitude to those in the
outer cortex of HNS + Cu roots with a developed endodermis
(Figure 2B). This shows that, in the absence of the endodermis,
Cu can move freely through the root. Low Cu levels at the
inner wall of the endodermis in the HNS + Cu treatment
initially appear to be an outlier. However, because this
represents measurements from four separate regions, it may
indicate that Cu does not accumulate in the inner wall of the
endodermis. Although developing, this region is expected to
contain higher levels of the polymer suberin,63 which is highly
hydrophobic and, therefore, unlikely to present binding or
cation-exchange sites for Cu retention. In other treatments at
both 1 and 3 weeks, Cu levels at the inner wall of the
endodermis do not exceed 2.1%. As seen in citric + Cu and
EDTA + Cu treatments, applications of chelating agents appear

Environmental Science & Technology Article
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to negate the barrier effect of the endodermis, with little
distinction in levels and patterns of Cu distribution observed
between roots with varying degrees of endodermal develop-
ment. This could be due to increased apoplastic bypass
transport or a higher proportion of transport in the symplast.
3.3. Membrane Integrity. In the HNS, citric, and EDTA

treatments without additional Cu, little internal cell staining is
observed other than in root hairs and the cells of the lateral root
cap (see Figure S7 of the Supporting Information). Cells are
stained in Cu treatments, indicating compromised membranes
(Figure 3). In the citric + Cu treatment, staining indicates a

large number of damaged membranes (Figure 3B). Root tissue
is relatively unaffected by the EDTA alone (see Figure S7C of
the Supporting Information); however, in the presence of Cu,
EDTA appears to greatly increase membrane damage, with
virtually the entire elongation zone labeled with SYTOX green
and many cells co-labeled with propidium iodide (Figure 3C).
By itself, DTPA (see Figure S8A of the Supporting
Information) does not appear to increase labeling; however,
like EDTA, it increases nuclear staining in the presence of Cu
(see Figure S8B of the Supporting Information). These results
combined with those seen for EDTA show that the Cu chelates
are more damaging to cell membranes than the ligands
themselves. After 2 weeks, recovery (reduced staining) was seen
for the EDTA + Cu treatment but not in Cu and citric + Cu
treatments. The large increase in labeling in the EDTA + Cu
treatment compared to both the EDTA and HNS + Cu
treatments indicated that the chelated ion (predominantly
CuEDTA2−) may be more effective in permeabilizing
membranes than either of its component ions. Although it is
not clear if this would result in chelate transport through the
membrane, this effect has been observed previously at higher
concentrations.18 EDTA has previously been found to influence
membrane integrity.64−66 The related chelating agent ethyl-
enediamine-N,N′-disuccinic acid (EDDS) has also been found
to significantly increase both membrane permeability and

cytoplasmic Cu levels, resulting in higher Cu accumulation in
the shoot tissue.8 Organic acids, including citric acid, have
previously been found to increase plasma membrane
permeability to a greater extent than inorganic acids,67

indicating that factors other than solution acidity are
responsible for membrane permeabilization. Chelating agents
could indirectly have a permeabilizing influence on cell
membranes by preventing repair of the plasma membrane.30

Divalent cations, such as Ca2+ and Zn2+, act to close pores
formed by cytotoxic agents.68−70 It may be expected that strong
chelating agents (log K[CaHDTPA2−] = 19.65 and log
K[CaHEDTA−] = 15.97)71 might bind to and mask these
ions, reducing the stimulus for membrane repair. However,
speciation modeling showed that, because of the high ratio of
Ca to chelating agents in solution, these ligands do not
appreciably alter levels of Ca2+, which are in the range of 85.3−
88.1% for all treatments.
Strong chelating agents, such as EDTA, can destabilize

membranes by chelating divalent metals from lipopolysacchar-
ides and membrane-associated proteins,72−75 resulting in a loss
of material from the membrane and increased permeability.22,76

The permeability of membranes exposed to 0.18 mM EDTA (a
similar concentration to that used in this research) was found to
be 27-fold higher than control treatments, while 1.2 mM citrate
had no permeabilizing effect.77 Vassil et al.30 noted the higher
damaging effect of free EDTA compared to EDTA chelates,
with the finding that the addition of equimolar Pb2+ resulted in
lower foliar necrosis than that induced by EDTA alone. They
speculated that toxicity was due to binding of membrane-
stabilizing divalent cations by uncoordinated EDTA.30 This
contrasts with the findings presented here, where chelating
agents appear to be less damaging when applied alone than
with equimolar Cu.

3.4. Lipid Peroxidation. Lipid peroxidation damages the
structure of membranes and, hence, their ability to maintain ion
homeostasis in the cytoplasm. Consequently, it could be
anticipated that treatments found to increase nuclear labeling
by cell impermeant stains would also be found to cause
peroxidative damage. However, as shown in Figure 4, EDTA

Figure 3. Longitudinal and cross-sectional CLSM images of L. perenne
root tissue after 4 days of exposure to Cu and amendment treatment
solutions. Stained nuclei representing cells with compromised
membranes are indicated with arrowheads, and an extensively stained
elongation zone is indicated with a brace (white scale bar = 75 μm).

Figure 4. Influence of Cu and amendment treatments on lipid
peroxidation in L. perenne after 24 h of exposure. Means indicated by
the same letter are not statistically different for the same exposure
duration at p < 0.05 (Tukey’s HSD).
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did not increase TBAR levels in either root or shoot tissues
compared to HNS or HNS + Cu treatments. Instead, citric acid
was seen to amplify lipid peroxidation when applied in
conjunction with Cu but not when applied alone. The citric
+ Cu treatment resulted in significantly higher levels of lipid
peroxidation than the HNS + Cu treatment. In shoot tissues,
no treatments had a significant effect after 1 day of treatment
exposure.
Of the amendments tested, citric acid appears to be the most

damaging for plant membranes. It caused increased lipid
peroxidation in both root and shoot tissues when applied alone
and in the presence of Cu. Both EDTA and DTPA appeared to
ameliorate the effects of Cu in both root and shoot tissues.
Metals complexed with ligands, such as organic acids and
peptides (such as phytochelatins), have been previously seen to
exhibit reduced phytotoxicity compared to the free metal
ions.75 It could therefore be expected that similar phytotoxicity
reductions would result from chelate complexation of metals.3

Chelator strength and persistence may be critical for trans-
location of Cu in plants. Both EDTA and DTPA are strong
chelators and are more resistant to degradation than citric
acid,78,79 which is a relatively weak Cu chelator that can be
degraded within plant cells.80 This may enable EDTA and
DTPA to persist within tissues, keeping Cu mobile for
translocation and reducing its toxicity in the cytoplasm, while
the Cu−citric acid complex degrades, leaving the lower mobility
Cu ion within the cell. The differing observations between
CLSM and lipid peroxidation experiments indicate that
membrane permeabilization in EDTA + Cu and DTPA + Cu
treatments is due to mechanisms other than peroxidative
damage.
In this study, strong chelating agents were found to have

distinct effects, not only of reducing Cu toxicity and increasing
both Cu mobility and translocation to shoots but also of
altering endodermal development and membrane integrity.
These influences may be the result and cause, respectively, of
changes to Cu transport pathways within plant roots.
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