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Abstract To study the mechanism of chelant-metal
complexes to be absorbed into plant roots in the
presence of different concentration chelating agents,
the sites, pathways, and mechanism of absorption of
Cu-EDDS complex ([S, S’]-ethylene diamine disuc-
cinic acid) in maize (Zea mays L.) primary roots were
systematically studied. The results showed that, at
low concentrations of the Cu-EDDS complex
(<200 pmol L") in hydroponic culture, the complex
was passively absorbed mainly from the apoplastic
spaces where lateral roots penetrate the endodermis
and the cortical region into the root xylem, the lateral
root zone were the main absorption sites. At higher
concentrations (<3,000 pumol L"), under hydroponic
culture and soil culture conditions, the passage cells,
which form a physiological barrier controlling ion
absorption, were either injured or killed, and the
complex could enter the root xylem. Injury to the
physiological barrier was a key factor in the complex
being absorbed by roots in substantially larger

Responsible Editor: Juan Barcelo.

L. Niu * Z. Shen - C. Wang
College of Life Sciences, Nanjing Agricultural University,
Nanjing 210095, China

L. Niu (B)

Experiment Center,

Henan Institute of Science and Technology,
Xinxiang 453003, China

e-mail: nly1962@163.com

quantities. In addition, the histochemical analysis of
rubeanic acid can also be used for other researches
involving Cu, and the negative—pressure measuring
device provides a new research tool for studying the
apoplastic absorption of other metal-chelating com-
plexes, molecules, and ions.
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Introduction

Synthetic chelates have been used to supply plants
with micronutrients in both soil culture and hydro-
ponic culture for more than 50 years (Evangelou et al.
2007). Chelate-induced phytoextraction has received
increasing attention in the last decade, which uses
high-biomass plants with tolerant to metals to extract
heavy metals from soil to decrease their concentration
in the soil (Salt et al. 1995). Adding chelating agents
such as ethylene diamine tetra acetic acid (EDTA) and
[S, S’]-ethylene diamine disuccinic acid (EDDS) can
significantly increase the accumulation of heavy
metals (Pb, Cu, Zn, etc.) in the shoots in maize (Zea
mays L.), mustard (Brassica juncea L.), and a few
other plants (Vassil et al. 1998; Luo et al. 2005, 2006;
Evangelou et al. 2007; Hernandez-Allica et al. 2007).
Metal-EDTA or metal-EDDS complexes have been
detected in several species including mustard, bean
(Phaseolus vulgaris L.), barley (Hordeum vulgare L.),
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and potato (Solanum tuberosum L.). These complexes
can be absorbed by roots and translocated intact to
shoots (Vassil et al. 1998; Sarret et al. 2001; Collins et
al. 2002; Bell et al. 2003; Tandy et al. 2000).
However, the mechanism through which such metal-
chelating complexes are absorbed by the root system
has not been fully understood so far. Several
hypotheses have been proposed, which are summa-
rized below. Tanton and Crowdy (1971, 1972) believe
that the metal-chelating complex (Pb-EDTA) is
absorbed from free space within cell walls whereas
Bell et al. (2003), Luo et al. (2005, 2006), and Tandy
et al. (2006) suggest that it is absorbed passively and
non-selectively from the apoplastic pathway, entering
the plant from the root tip without Casparian strips
and/or the places where lateral roots penetrated the
endodermis into the root xylem. Vassil et al. (1998)
claim that the absorption follows damage to the trans-
membrane ion transport mechanism due to the high
concentrations of the chelate treatments, and that
accumulation of Pb in shoots in significant quantities
requires a certain minimum EDTA concentration.
Collins et al. (2002) propose two absorption mecha-
nisms for the complex (Zn-EDTA), namely that
following physiological damage to the root system,
as in mustard, and through the apoplastic pathway, as
in barley and potato. However, these hypotheses,
although based on experimental results, lack any
support based on direct, systematic, and quantitative
experiments, nor do they account for absorption of the
Cu-EDDS complex.

Cu-EDDS complex, which has an UV absorption
characteristics and with negative charge, can be deter-
mined by using an ion-exchange high-performance
liquid chromatography (Collins et al. 2001; Adrian
2002; Knepper et al. 2005; Bakkaus et al. 2006; Niu
and Shen 2009). Rubeanic acid (C,H4N,S,) (also
known as Dithiooxamide) can react with divalent
Cu®" ions to form dark green Cu- rubeanic acid
complex precipitation. It has been used for histochem-
ical detection of the Wilson disease Cu deposition in
liver tissue until now, has a higher sensitivity and
specificity (Okinaka et al. 1954; Green 1955; Yang et
al. 2006)

We investigated the sites, pathways, and the
mechanism of absorption of Cu-EDDS complex in
primary roots of maize (Zea mays L.) to provide
experimental evidences for furthering the understand-
ing of the role of chelating agents in enhancing
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absorption of micronutrients and in phytoremediation.
The content of the Cu-EDDS complex and the rate at
which it is absorbed in segments of primary roots
were determined using anion chromatography and a
negative pressure-type measuring device respectively.
The absorption pathways and mechanism of Cu-
EDDS complex were studied by using rubeanic acid
histochemical analysis.

Material and methods
Hydroponic experiments

Seeds of maize (Zea mays L. ‘Zhengdan 958”) were
soaked in deionized water (DIW) for 12 h and
germinated on wet filter paper for 4 d in the dark.
The seedlings were transferred to 3.5 L plastic boxes
filled with the nutrient solution. Copper was excluded
from its composition to avoid the effect of its
background values on the experimental results. The
nutrient solution contained (a) macronutrients (in
mmol L") 0.54 KH,PO,, 2.50 KNO;, 2.50 Ca
(NO3),, 1.00 MgSO,, and 0.02 FeSO, and (b)
micronutrients (in pmol L") 46.02 H;BO;, 9.81
MnSOy, 0.76 ZnSOy, and 0.11 HyMoO,, pH 5.6. The
solution was renewed every 2 d. The seedlings were
grown in a growth chamber with a 14 h (30°C)/10 h
(25°C) cycle, relative humidity of 60%, and light
intensity of 300 umol s ' m 2 After 10-12 d, the
seedlings were used for the Cu-EDDS absorption
experiments.

To test and compare the absorption by the plants
for Cu®" ions at low and high concentrations in the
Cu-EDDS complex, experiments were set up
100 pumol L' Cu (as CuSO4), 200 pumol L' and
3,000 umol L™ Cu-EDDS complex three treatments.
Experimental solution was prepared with the Cu-free
nutrient solution, composition of nutrient solution as
above, pH 5.6. EDDS (C;oH;3N,Na30g, Fluka, CAS
178949-82-1) molar concentrations in the solution
were 10% more than those of CuSO, to reduce the
effect of Cu®" absorption on the impact of Cu-EDDS
complex absorption.

Pot experiments

For pot culture, the soil and seedlings were prepared
by following the methods described by Luo et al.
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(2006). Air-dried soil was supplemented with Cu, as
CuCOs, at 500 mg kg ' soil. The experiments were
conducted in a greenhouse. The temperature was
about 20°C at night and 25°C at day. After 3 w,
EDDS was applied to the soil surface as a solution
(50 ml for each pot, or 3,000 pumol kg ™' of soil), the
EDDS solution was prepared with DIW, pH 7.5. Pots
watered with DIW served as a control.

Analysis of Cu and Cu-EDDS complex contents
in root segments

The seedlings were harvested 2 d after they had been
treated with the Cu-EDDS complex. Primary roots,
after removing secondary roots, were rinsed in DIW
and cut into six segments the lengths of which, in
centimetres, measured from the root tips, were as
follows: root tips, 0-0.5; mature zone, 0.5-2.5; lateral
root formation zone, 2.5-5.0; lateral root zone 1, 5.0—
7.5; lateral root zone 2, 7.5-10.0; and lateral root zone
3, 10.0-12.5. The root segments were ground to a
slurry using a glass grinder, centrifuged at 10 000g
for 20 min, the supernatant filtered through a 0.45 um
membrane, and stored in a refrigerator at —40°C.
Cu-EDDS complex content of the root segments
was determined by using a Finnigan LCQ DecaXP
MAX high-performance liquid chromatography mass
spectrometer (Niu and Shen 2009). The Cu-EDDS
complex separation were carried out on a Dionex Ion
Pac AS11-HC column (250x4.2 mm, 5 um) with pH
6.5, 0.05 mol L' NH,NO; as mobile phase at a flow
rate of 1.2 mL min ', and detected at 260 nm. The
limit of detection was 0.18 um L™'. The recovery was
97.9-103.2%. The Cu content was determined by
inductively coupled plasma atomic emission spec-
trometry (ICP-AES) (Perkin-Elmer Optima 2100DV).

Determination of absorption rates of Cu-EDDS
complex in different root segments

The rate at which Cu-EDDS complex was absorbed in
different root regions was determined using a
negative-pressure measuring device. The device uses
the negative pressure generated by a vacuum pump to
simulate the pull exerted by transpiration. The device
(Fig. 1) comprises a multi-compartment root segment
absorption box and a negative-pressure control-xylem
sap collection unit. The absorption box was made,
using PVC, along the lines described by Kawasaki

Fig. 1 The negative-pressure measuring device for root
segment absorption. a multi-compartment root segment absorp-
tion box, b negative pressure control and xylem sap collection
unit, ¢ root segment absorption compartments, d negative
pressure room, e screw clip, f screw, g root grooves

and Moritsugu (1987) and the collection unit was
made using plexiglass, which is divided into upper
and lower two parts.

Seedlings that were 10—12 d old were exposed to
solutions of Cu-EDDS complex at 200 umol L™ and
3,000 pumol L™" for 48 h. Primary roots, 16-20 cm in
length and about 0.1 cm in diameter, and secondary
lateral roots 0.2-0.5 cm in length, were used for
determining the rate at which Cu-EDDS complex is
absorbed by different root segments. The measure-
ment procedure was as follows. (1) Primary roots
(eight primary roots) were excised from the kernel
while under water. (2) Basal parts of primary roots
were fixed in the negative pressure room with white
petroleum jelly. (3) Segments of the roots corresponding
to the apical zone, mature zone, and lateral root zone
were fixed in their respective absorption compartments.
(4) The four screws of the negative pressure room were
tightened. (5) 200 pumol L™' Cu-EDDS complex
solution was added to each of the three compartments
and 3 ml DIW was added in the negative pressure
room. (6) The vacuum pump was started; the screw
clip on the negative pressure room was adjusted to
maintain the negative pressure in the chamber at
—0.03 MPa; and the pumping was continued for 15—
20 min. (7) The screw clip was released and the
solution in the negative pressure chamber was sucked
out with a syringe.

The Cu-EDDS complex solution in the three
compartments corresponding to the apical, mature,
and lateral root zones was replaced by DIW, taking
each compartment in turn, to collect the xylem sap
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absorbed from all the three zones together (total
primary root), only from the mature and lateral roots
zones, or only from the lateral root zone. Cu
concentrations of the solutions were determined by
using an ICP-AES and the rate at which Cu-EDDS
complex was absorbed from the different zones was
calculated.

Surface area of the root segments was determined
using the root analysis software WinRHIZO Pro
(Regent Instruments, Inc., Canada).

Histochemical analysis of Cu-EDDS complex
absorption pathways

Primary roots of hydroponic seedlings exposed to
3,000 pumol L™" Cu-EDDS complex for 6 d and soil-
grown seedlings exposed to 3,000 pumol L™' EDDS
for 2 w were used for histochemical analysis of
rubeanic acid, and primary roots of 14—16-d-old
hydroponic seedlings without EDDS or Cu-EDDS
complex treatments were used for root microstructure
observations. Cryostat sections were prepared as
described by Liu et al. (2006). Fluorescence staining
of sections was based on methods described by Steudle
and Peterson (1998) and Xu et al. (2004). Rubeanic
acid staining of root sections followed the method of
Yang et al. (2006) and Pen and Li (2001). Rubeanic
acid (0.05 g) was first dissolved with 5 mL anhydrous
ethanol, diluted to 100 mL with 10% (w/v) sodium
acetate solution. Cryostat sections in Petri dish were
stained with a 0.05% rubeanic acid (CoH4N,S,, Fluka,
CAS: 79-40-3) in an incubator at 37°C for 24 h. The
sections were transferred to slides, wash 3 times with
DIW and mounted in 50% (v/v) glycerol. The samples
were observed and photographed using a multi-
function microscope (Nikon 80i).

Statistical analysis

The data reported in this paper are means of three
replicates and were analysed using SPSS 13.0.
Results

Observations of the microstructure of primary roots

Cross-sections of primary roots stained with berberine—
aniline blue are shown in Fig. 2.
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As can be seen in Fig. 2, cells in the root tip were
packed closely together (Fig. 2a, b) and the epidermal
and endodermal layers were well grown in the mature
zone (Fig. 2c, d). Lateral roots originated from
division of pericycle cells, and cracks (or breaks) are
clearly visible in the figure at points where lateral
roots have penetrated the endodermis and the cortex.
The cracks probably served as a channel for large
molecules such as those of the Cu-EDDS complex to
enter the root xylem (Fig. 2e). The endodermis of the
lateral root zone had some cells that were yet to form
suberized lamellae and cellulosic walls (passage cells)
(Fig. 2f). Typical Casparian strips were also seen in
the exodermis (70 mm from the apex). Root segments
in the region beyond 70 mm from the apex had the
same microstructure as that of root segments 50—
70 mm from the apex, but the aerenchyma were more
developed in the latter region.

Contents of Cu and Cu-EDDS complex in different
root segments

The contents of Cu and Cu-EDDS complex in
different root segments that had been exposed to
Cu-EDDS complex solutions of different strengths
(100 pmol L™ Cu, 200 pmol L™" or 3,000 umol L")
for 48 h are shown in Fig. 3.

Cu content of roots from the 100 pmol L' Cu
treatment decreased gradually from the mature zone
to the lateral root zone, there being a significant
difference in Cu content of different root segments
(»<0.001) (Fig. 3a). Cu-EDDS complex contents of
root segments from the 200 pmol L' and
3,000 pumol L' Cu-EDDS complex treatments fol-
lowed a similar tendency. The complex content was the
highest (7.38-129.32 pg g') in the lateral root zone,
followed by the apical part (6.25-58.44 ug g ') and
the lowest (2.50—46.30 ug g ') in the mature zone. The
content was higher in the zone with fresh lateral roots
than that in the zone with mature lateral roots. The
difference in Cu-EDDS complex contents of different
root segments was significant (p<0.001) (Fig. 3b).
Total Cu in root segments from the 200 pmol L™ Cu-
EDDS complex treatment was significantly greater
than chelated Cu (as Cu-EDDS complex) from the
apical zone to the lateral roots formation zone (Fig. 3c)
whereas the difference between the two forms in
different root zones was not significant in the
3,000 pmol L™ Cu-EDDS complex treatment (Fig. 3d).
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Fig. 2 Microstructure of
maize primary roots grown
hydroponically for 1214 d.
Transverse sections were
photographed under
UV/violet light (wavelength
of 330-380 nm) after stain-
ing with the berberine—
aniline blue. a root tip (up to
2 mm from apex), b mature
zone 5 mm from the apex,
¢ mature zone 20 mm from
apex, d mature zone 40 mm
from apex, e lateral root
zone 70 mm from apex, and
f lateral root zone beyond
70 mm from apex. Co:
cortex, En: endodermis, Ep:
epidermis, Ex: exodermis,
Em: early metaxylem, Lm:
secondary xylem, Lr: lateral
root, P: passage cells.
Bar=100 um

Absorption of Cu-EDDS complex from different
zones

Differences in the ability to absorb Cu-EDDS
complex of different root zones can be assessed using
both the rate of absorption (in micrograms per square
centimetre of surface area per hour) and the capacity
(in micrograms for each root segment per hour). Both
the measurements are shown in Fig. 4.

The rate of absorption of Cu-EDDS complex by
different zones of the roots showed a similar tendency
for both concentrations of Cu-EDDS complex. Ab-
sorption from the lateral root zone was the fastest
(22.11 — 1240 pg cm 2h"), followed by that from
the apical zone (9.66 — 9.64 ng cm 2h™') and the
mature zone (6.61 — 5.79 pg cm 2.h ') in that order
(Fig. 4a). The surface areas of laterals root zone,
mature zone, and apical zone accounted for 72.51—
83.09%, 22.16 — 10.70%, and 5.34-6.22% of the total
surface area of primary roots, respectively. The
tendency was the same for absorption capacity: the

lateral root zone was the highest (it accounted for
89.00-90.35% of the total mass absorbed by the
roots), followed by the mature zone (8.13 — 5.43%)
and apical zone (2.86-5.26%) in that order (Fig. 4b).

Histochemical analysis of absorption sites of Cu
and Cu-EDDS complex

Rubeanic acid can react with Cu-EDDS complex in
transverse sections of the roots to form a dark green
precipitate of Cu-rubeanic acid complex. Sections of
primary root segments stained with 0.05% rubeanic
acid are shown in Fig. 5.

Histochemical analysis using rubeanic acid showed
that the different zones differed significantly in their
capacity to absorb Cu-EDDS complex. Cells in the
root tips were plasmolysed and the plasmalemmata
were stained light green by rubeanic acid (Fig. 5a).
The mature zone (5-25 mm from the apex) showed
the precipitation at a few points, and the number of
such sites reduced gradually from the epidermis to the
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Fig. 3 The change of Cu, Cu-EDDS complex and chelated Cu
contents in different segments of primary roots. Seedlings were
exposed to 100 pmol L' Cu or 200-3,000 pmol L' Cu-
EDDS complex solutions for 48 h. a Cu in root segments from
the 100 umol L™ Cu treatment, b Cu-EDDS complex in root
segments from the 200 pmol L™' Cu-EDDS and the
3,000 umol L™ Cu-EDDS treatments, ¢ total and chelated Cu
(as Cu-EDDS complex) in root segments from the

inside of the cortex (Fig. 5b). In the lateral root zone
(50-100 mm from the apex), lateral roots emerging
from the pericycle created a discontinuity (crack)
from the endodermis to the exodermis (dark green
precipitates of Cu-rubeanic acid complex can be seen
in the region in Fig. 5c and d). Besides these sites, in
the 3,000 pumol L' Cu-EDDS complex treatment in

Fig. 4 Rate and capacity to
absorb Cu-EDDS complex

200 pumol L' Cu-EDDS complex treatment, d total and
chelated Cu in root segments from the 3,000 umol L' Cu-
EDDS complex treatment. Values are means + SD (n=3).
Primary root segments (in centimetres, measured from the root
tips): root tips, 0-0.5; mature zone, 0.5-2.5; lateral root
formation zone, 2.5-5.0; lateral root zone 1, 5.0-7.5 (fresh
lateral root zone); lateral root zone 2, 7.5-10.0; and lateral root
zone 3, 10.0-12.5

pot culture, the precipitates were formed in passage
cells and adjacent to early metaxylem (Fig. 5e), and
the precipitates were more than those at the same Cu-
EDDS complex concentration in the hydroponics
treatment (Fig. 51).

In addition, the root absorption sites of Cu®" ions
were also observed. At lateral root zone, some
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Fig. 5 Transverse sections
of primary roots stained
with 0.05% (w/v) rubeanic
acid. Rubeanic acid reacted
with Cu-EDDS complex in
the sections to form a dark
green precipitate of Cu-
rubeanic acid complex,
which was used for tracking
the route of Cu-EDDS
complex along the root xy-
lem. a — e: sections of
primary roots from the
3,000 pmol L' Cu-EDDS
hydroponic treatment. a root
tip (up to 2 mm from apex),
b mature zone (10 mm from
apex), ¢ lateral root zone
(70 mm from apex), d lat-
eral root zone (beyond

70 mm from apex). e —f:
sections of lateral root zone
(70 mm from apex) from the
3,000 pmol L' Cu-EDDS
soil culture treatment.

g-h Cryostat sections of
lateral root zone with

100 umol L™ Cu hydro-
ponic treatment (70 mm
from the apex) Co: cortex,
Ep: epidermis, En: endoder-
mis, Em: primary xylem,
Lm: secondary xylem, Lr:
lateral root, S: stele. Arrows
show the sites of precipita-
tion. Bar=100 um

endodermis cells and the passage cells were stained
dark-green, but the places where lateral root penetrat-
ed from the endodermis and cortex were stained light
green (Fig. 5g, h). The results indicated the places
from the apex to the lateral root formation zone were
main absorption regions for Cu® * ions, Casparian
strips were the main barriers of apoplastic Cu” * ions
flow, high concentrations of Cu® " ions could lead to
cell death or injury and thus to enter the xylem.

Discussion

Histochemical analysis using rubeanic acid
and measurement of the rate of absorption
of Cu-EDDS complex

Under heating condition, rubeanic acid can slowly

react with Cu-EDDS complex to form a dark green
precipitate and thus can be used for histochemical
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analysis of Cu-EDDS complex at the sites of its
absorption. To minimize or eliminate the interference
of background Cu, We adopted two measures in the
experiment. (1) To select “seedlings grown in Cu-free
nutrient solution” as experimental material, Cu con-
tent in primary roots was below 20 ug g~' DW. (2) To
increase the ratio of EDDS and CuSOy in treatment
solutions, the Cu®" ion activity in Cu-EDDS complex
solutions was below 1E-17.

The main advantages of the negative-pressure
measuring device for measuring absorption are that
the device is simple and can determine absorption
rates from different parts of the roots. Therefore, it
can reduce the bias caused by material difference. For
accurate results, it is necessary to select intact and
representative roots and to repeat the experiment 3—5
times. In addition, to eliminate the effect of absorption
by secondary lateral roots on apoplastic absorption in
the lateral root zone, we selected 12—14-d-old primary
roots and the secondary lateral roots shorter than
0.5 cm as the experimental material. Because soil
culture maize primary roots’ tip zone, mature zone are
short and there are a large number of lateral roots, only
hydroponic maize root segments’ absorption rate for
Cu-EDDS complex was measured using the negative
pressure measuring device in this experiment.

The main absorption sites of Cu-EDDS complex
in primary roots

The results obtained from Cu-EDDS content of root
segments provided direct evidence that the lateral root
zone was the main site of absorption of Cu-EDDS
complex. At Cu-EDDS complex concentrations of
200 umol L™" and 3,000 pumol L', the lateral root
zone recorded the highest content of the Cu-EDDS
complex, followed, in that order, by root tips and the
mature zone. The Cu-EDDS complex content in the
zone of fresh lateral roots was higher than that in the
zone of old lateral roots because as lateral roots
mature, cracks in the endodermis and Casparian strips
heal and are no longer open (Peterson et al. 1981;
Ranathunge et al. 2005). The different root segments
differed significantly in their Cu-EDDS complex
contents. These results indicate that the lateral root
zone and the apical zone are the main sites of
absorption of Cu-EDDS complex. In addition, the
higher content of total Cu compared to that of
chelated Cu from the apical zone to the lateral root
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formation zone (Fig. 3c) was due to the absorption of
free Cu®" ions present in traces in the solution. These
Cu" ions were produced by competitive binding of
Fe* ions with EDDS of the Cu-EDDS complex (log
K 18.4 for Cu®’; log K 22.0 for Fe’") (Orama et al.
2002).

The rate of absorption provided another direct
evidence for the lateral root zone being the main site
of absorption of Cu-EDDS complex. Ranking the
segments by the rate at which they absorbed Cu-
EDDS complex yielded the same order as that of the
Cu-EDDS content of roots, with the lateral root zone
being the fastest, followed by the apical zone and the
mature zone in that order. Surface area of the lateral
root zone accounted for 72.51-83.09% of the total
surface area of the roots, making it the main site of
absorption (89.00-90.35% of the total quantity
absorbed). At higher concentration (3,000 umol L™
as against 200 pumol L"), due to lower permeability
of the cell membrane, absorption was slower in all the
zones, although, in relative terms, it was faster in the
apical zone because of destruction of the apical
organization. These rates of absorption of Cu-EDDS
complex matched its content in different parts of the
primary roots, confirming that the lateral root zone
was the main site of absorption.

The main absorption pathways and mechanism
of Cu-EDDS complex of primary roots

Many researchers believe that Pb-EDTA or Cu-EDDS
complexes are absorbed by diffusion across the
apoplastic spaces in the apical zone and the lateral
root zone into the root xylem (Bell et al. 2003; Luo et
al. 2005, 2006; Tandy et al. 2006), and the results of
rubeanic acid histochemical analysis that we obtained
provided direct confirmatory evidence. The apical
cells were plasmolysed, and the condensed cytoplasm
was stained light green with rubeanic acid, suggesting
that Cu-EDDS complex can enter the apical parts and
cause cell injury. Substantial quantities of the dark
green precipitate of Cu-EDDS complex accumulated
in the cracks where lateral roots penetrate the
endodermis and the cortex, pointing to the cracks as
major parts of entry to the root xylem for Cu-EDDS
complex. On the other hand, the precipitate accumu-
lated only to a limited extent in the mature zone, the
quantity accumulated reducing gradually from the
epidermis to the inside of the cortical region. Also,
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deposits of the precipitate were significantly greater
along cell walls and in the intercellular region than in
the cytoplasm, which showed that Cu-EDDS complex
had entered the cortical region through gaps between
epidermal cells. These results confirmed the hypoth-
esis that Pb-EDTA or Cu-EDDS complex enters the
root xylem by diffusion across the apoplastic spaces
in lateral roots (Bell et al. 2003; Luo et al. 2005,
2006; Tandy et al. 2006). Because surface area of the
apical zone was only 5.34-6.22% of the total surface
area of the primary roots, apoplastic spaces of the
lateral root zones were the main absorption pathway
of Cu-EDDS complex into the root xylem.

The apoplastic spaces, however, are not the only
pathway. In the process of chelate-induced accumu-
lation, heavy metal contents in shoots increase slowly
at first along with the concentration of the chelating
agent; when the concentration exceeds a certain
threshold, heavy metal contents increase more rapidly
with the concentration, a phenomenon referred to as
biphasic absorption (Vassil et al. 1998; Epstein et al.
1999; Luo et al. 2005, 2006; Schaider et al. 2000).
The apoplastic bypass cannot explain the phenome-
non nor can it account for the existence of a threshold
value. However, both can be explained by the
hypothesis of trans-membrane ion transport mecha-
nism damage (Vassil et al. 1998). High EDDS
concentrations result in injury to passage cells and
the sites of injury serve as points of entry to the root
xylem for Cu-EDDS complex (Fig. 5f).

The main absorption sites, pathways, and the
mechanism of absorption of Cu-EDDS complex are
ultimately determined by chemical properties of Cu-
EDDS complex and the root structure. Because most
metal-chelate complexes are large, carry charges, and
have no known specific transporters, it was thought
unlikely that they could pass through the cell
membrane to enter the root xylem (Tandy et al.
2006). Although there is no Casparian strips in the
apical zone, cells in the zone are tightly packed, and
the maturation zone possesses a fully developed
epidermis, cortex, and endodermis—therefore, neither
of the zones contains significant apoplastic spaces.
Only the contiguous cracks formed by lateral roots
may provide the required apoplastic spaces for Cu-
EDDS complex to enter the root xylem, considering
that the lateral root zone accounted for 72.51-83.09%
of the total surface area of primary roots. Therefore,
the lateral root zone was the main absorption site and

the apoplastic spaces of lateral zone were the main
channels for the entry of Cu-EDDS complex into the
root xylem. At the high concentrations of the Cu-
EDDS complex, the injured passage cells may have
served as potential channels.

For primary roots of maize, absorption of Cu-
EDDS complex depends on the concentration of
EDDS or Cu-EDDS complex. The mechanism of
absorption of the metal-chelate complex may vary
with the plant species, however, and the absorption
mechanism in other species requires further research.

The absorption characteristics of Cu** ions were
obviously different from Cu-EDDS complex. The
primary root parts from the apex to the lateral root
formation zones were main absorption regions for
Cu”" ions, Casparian strips were the main barriers of
Cu®" apoplastic pathways, high concentrations of
Cu? " ions could lead to passage cell death or injury
and thus to enter the xylem.

Conclusions

From the above results, we can draw the following
conclusions. Cu-EDDS complex enters the root xylem
passively, mainly through apoplastic spaces in lateral
roots, which serve as the main site of absorption. The
absorption pathway depends on the concentration of
EDDS or Cu-EDDS complex. At low concentrations
(<200 pmol L"), the absorption is mainly by
diffusion across the root apoplastic spaces into the
root xylem, and the places where lateral roots
penetrate the endodermis and the cortex are the main
pathways of entry, whereas Casparian strips form the
main physical barrier. At high concentrations
(<3,000 umol L"), whether under hydroponic culture
or in soil, passage cells—physiological barriers that
control ion absorption—are injured or killed, and,
along with the adjacent early metaxylem vessels, offer
additional channels of entry to the root xylem for the
complex.
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