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The ultrastructural investigation of the root cells of Allium cepa L. exposed to 1 mM and 10 mM cadmium (Cd) for
48 and 72 h was carried out. The results indicated that Cd induced several obvious ultrastructural changes such
as increased vacuolation, condensed cytoplasm with increased density of the matrix, reduction of mitochondrial
cristae, severe plasmolysis and highly condensed nuclear chromatin. Electron dense granules appeared between
the cell wall and plasmalemma. In vacuoles, electron dense granules encircled by the membrane were aggre-
gated and formed into larger precipitates, which increase in number and volume as a consequence of excessive Cd
exposure. Data from electron energy loss spectroscopy (EELS) confirmed that these granules contained Cd and
showed that significantly higher level of Cd in vacuoles existed in the vacuolar precipitates of meristematic or
cortical parenchyma cells of the differentiating and mature roots treated with 1 mM and 10 mM Cd. High levels
of Cd were aso observed in the crowded electron dense granules of nucleoli. However, no Cd was found in cell
walls or in cells of the vascular cylinder. A positive Gomori-Swift reaction showed that small metallic silver
grains were abundantly localized in the vesicles, which were distributed in the cytoplasm aong the cell wall.

[Liu D and Kottke | 2004 Subcellular localization of cadmium in the root cells of Allium cepa by electron energy loss spectroscopy and
cytochemistry; J. Biosci. 29 329-335]

1. Introduction poses a major environmental and human health problem

(Schiitzrndiibel et al 2001). It was reported that Cd is accu-

It is well known that Cd is a widespread heavy metal and
is released into the environment by power stations, heat-
ing systems, metd-working industries, waste incinerators,
urban traffic, cement factories and as a by-product of phos-
phate fertilizers (Sanita and Gabbrielli 1999). Cd has been
considered as an extremely significant pollutant affecting
al life forms because of its high toxicity and great solu-
bility in soil and water. It has been demonstrated that the
level of Cd in the soil appears to be increasing over time
(Jones et al 1992). Cd accumulation in soil and water now
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mulated by many cereals, potatoes, vegetables and fruits
and that humans take up at least 70% of the Cd which
originates from plant food (Wagner 1993). Studies on Cd
toxicity in plants are well documented. Cd can induce low
mitotic index and pycnosis, inhibit cell division and cell
proliferation, and has toxic effects on chromosome morpho-
logy including c-mitosis, anaphase bridges, chromosome
stickiness (Liu et al 1992). Cd has toxic effect on nucleoli
in the root tip cells of Alliumcepa L. (Liu et al 1995) and
alters the synthesis of RNA and impedes ribonuclease acti-
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Abbreviations used: CW, Cell wall; C, cytoplasm; CM, cytoplasmic membrane; D, dictyosome; DM, double membrane; EDG,
electron dense granules; ER, endoplasmic reticulum; M, mitochondria; NM, nuclear membrane; N, nucleus; Nu, nucleoli; V, vacu-

oles; Ve, vesicle.
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vity in rice (Shah and Dubey 1995). Although the toxicity
and tolerance mechanisms of Cd in plants have been widely
discussed at the biochemical and cell physiology levels
over the last decade (Zenk 1996; Sanita and Gabbrielli 1999;
Rauser 1999; Kamnev and Lelie 2000), only a few investi-
gations have been carried out using electron energy loss
spectroscopy (EELS) and cytochemical tests to localize
intracellular Cd. The objectives of this investigation were
to increase our understanding of the effects on root ultra-
structure and Cd accumulation sites at subcellular level in
the root cells of A. cepa grown in different concentrations
of Cd solutions, using EEL S and cytochemical tests.

2. Materials and methods
2.1 Plant material and Cd treatments

Healthy and equal-sized onion cloves were chosen from
A. cepa. The bulbs were germinated and grown in plastic
containers by dipping the base in half Hoagland's nutrient
solution (Stephan and Prochazka 1989). The pH of the
solution was adjusted to 5%. The culture room was equip-
ped with supplementary light 15 h light/9 h dark at 20°C.
When the roots reached a length of 1 cm, 6 seedlings per
treatment were selected, transferred and exposed to diffe-
rent concentrations of Cd solutions for 48 and 72 h, respec-
tively. Cd was applied as cadmium chloride (CdCl,2H,0)
at concentrations of 1 mM and 10 mM in Hoagland solu-
tion. The Hoagland nutrient solution was used as the con-
trol. The solutions were continuously aerated with an
aquarium air pump and changed every 2 days until root
preparations were made.

2.2 Ultrastructure investigations

2.2a Chemical fixation: The treated roots were rinsed in
distilled water and cut into segments of 1 mm length at two
regions from the root tips — 0—1 mm from root tip meris-
tem and 2-3 mm from the root tip which is considered as
mature tissue. The samples were fixed in 3% glutaralde-
hyde in 024 M Hepes buffer (pH 7.2) for 4 h and washed
with the same buffer three times. They were post-fixed with
1% osmium tetroxide in the same buffer for 2 h following
which the samples were dehydrated in graded acetone and
embedded in ERL epoxy resin (Spurr 1969).

Ultrathin sections (80 nm thick) were cut on an ultra-
microtome (Ultracut E; Leica, Germany) by a diamond
knife. The sections were mounted on copper grids, and
stained with 1% uranyl acetate for 1 h and lead citrate for
15 min. Observations and photography were accomplished
on transmission electron microscope (TEM 902; Zeiss,
Germany).
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2.3 EELSanalysis

Sections of 40 nm thickness from fixed material were cut
and mounted on 600 mesh copper grids without formvar
coating. ldentification and localization of Cd were carried
out using EELS connected to the TEM 902 (Zeiss, type
Castaing-Ottensemyer, serial energy-loss spectrum). The
energy loss spectra of selected areas was 380-550 eV for
Cd-Mys (E = 403). An acceleration voltage of 80 kV and
50,000-85,000 time magnifications was operated corre-
sponding to an area diameter of 08 nm and 0X.8 mm, res-
pectively. Objective aperture of 30 mm and a spectrometer
entrance aperture of 100 nm were used.

The beam current was 50 mA at an energy-selecting slit
width of 2 eV, with a step size of 0%6 eV, and a dwell time
of 0% s per channel.

2.4 Cytochemical tests

2.4a Gomori-Swift reaction to detect cysteine-rich protein:
Sections of 100 nm thickness from fixed material were cut
and mounted on gold grids.

Solution A containing 5ml of 5% silver nitrate and
100 ml of 3% hexamethylenetetramine and solution B con-
sisting of 10 ml 1>44% boric acid and 100 ml 1% borax
were prepared. The final stain was obtained by mixing
25ml of A, 5ml of B and 25 ml of distilled water. The
grids were floated in the silver methenamine solution for
90 min at 45°C in the dark, and were then washed four
times for 2 min. The grids were then floated on 10% sodium
thiosul phate solution for 1 h at room temperature to dis-
solve metallic silver and rinsed in deionized water four
times for 2 min. The sections were continuously stained
with uranyl acetate and lead citrate (Swift 1968).

Controls were carried out to block S-H group and S-S
group by the reduction of disulfide bonds in benzylmer-
captan followed by akylation of S-H groups in iodacetate/
boric acid. The procedures were described by Swift (1969).

3. Results
3.1 Ultrastructure observation

The root cells of control plants had a typical ultrastructure.
Large amounts of ribosomes, dictyosomes and endoplasmic
reticulum (ER) were present in the dense cytoplasm. The
mitochondria were oval with well-developed cristae (fig-
ure 1a). Severa small vacuoles in the meristem or one large
vacuole were found in mature root cells.

Root cells exposed to concentrations of 1 mM and 10 mM
of Cd exhibited pronounced changes. In contrast to the
control, the increased vacuolation was the first visible effect
of metal toxicity on the meristematic cells treated with
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Ultrastructural investigation of the root cells of A. cepa

Figure 1. TEM micrographs showing toxic effects of Cd on ultrastructure of the root tip
cells of A. cepa. (a) Control cells showing well developed root tip cells. (b—f) The ultra-
structural changes of root tip cells treated with 1 mM-10 mM Cd for 48 and 72 h. (b) A
highly condensed cytoplasm lining the cell wall and around the nucleus in most of cortical
cells, and electron dense granules with membrane distributed in vacuoles (1 mM Cd, 48 h).
(c) Reduction of mitochondrial cristae and accumulation of some electron dense granules
(10 mM Cd, 48 h). (d) The amount of electron dense granules in between cell wall and
plasmalemma and plasmolysis of cortical cells (1 mM Cd, 72 h). (e) Treated cells at high
magnification showing electron dense granules enclosed within membranous structures and
distributed in vesicles (10 mM Cd, 72 h). (f) Electron dense granules scattered in nucleoli
(10 mM Cd, 48 h). Bar = 0.2 mm (c); Bar =0.25 nm (d, €); Bar =0.5mm (a, f); Bar =1 nm
(b). Arrows showing electron dense granules.
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1 mM Cd. Condensed cytoplasm with increased density
of the matrix was observed in most of cortical cells, with
only a little cytoplasm lining the cell wall and around the
nucleus (1 mM Cd, 48 h; figure 1b). Reduction in the
number of mitochondrial cristae was often found (figure
1c). Severe plasmolysis occurred in cortical cells (figure
1b, d). The nuclear chromatin appeared highly condensed
(figure 1b). These structural alternations led to death of
most cells treated with 10 mM Cd for 72 h.

The amounts of electron dense granules were also obser-
ved between the cell wall and plasmalemma (figure 1d).
In vacuoles, electron dense granules were aggregated and
formed into larger precipitates with circular or amorphic
shape, which were encircled by the membrane (figure 1b,
d, €). These appeared to increase in number and volume in
vacuoles and cytoplasm as a consequence of excessive Cd-
exposure from 1 mM Cd to 10 mM Cd.

Electron dense granules were also found to be scatte-
red in nucleoli (figure 1b, f), trace amounts were noticed
in the mitochondrial matrix (figure 1c) as well as in cell
walls of meristematic and cortical parenchyma cells after
Cd stressfor 48 and 72 h.

3.2 Cytochemistry (Gomori-Swift reaction)

Histochemical test by Gomori-Swift reaction is highly
sensitive and allows the detection of cysteine-rich proteins
which might play an important role in element detoxifica-
tion. In the present investigation, control root cells did not
react to the Gomori-Swift treatment (figure 2a). Gomori-
Swift reaction exhibited the presence of cysteine-rich pro-
teins in different regions of Cd-treated cells. Small metallic
silver grains as a result of positive reaction were abun-
dantly localized in the vesicles, which were distributed in
cytoplasm aong the cell walls (figure 2b). Usually, the
vesicles with metallic silver grains are encircled by the
double membrane (figure 2c) in cytoplasm. Trace amounts
of silver grains were found in bigger precipitates loca-
lized in the vacuoles or in the cell walls of cortical cells.
However, in the nuclei, Gomori-Swift reaction was not obvi-
ous even though such metallic silver grains were present
near the nuclear membrane (figure 2d).

3.3 Electron energy loss spectroscopic analysis

EEL -spectra of the Cd-M,s edge gave clear indications that
Cd was localized in the electron dense granules deposited
in various cell regions at 1 and 10 mM Cd stress for 48 h
or 72 h. These electron dense granules appeared bright
when observed at 250 eV. A significantly higher level of
Cd in vacuoles was found in the vacuolar precipitates of
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meristematic or cortical parenchyma cells of the diffe-
rentiating and mature roots treated with 1 mM and 10 mM
Cd, where the typical Cd peak was fully confirmed by
EELS (figure 3). Low levels of Cd was detected in some
vesicles lining plasmalemma or mitochondria matrix when
compared with vacuolar precipitates. A high level of Cd
was also noticed in the crowded electron dense granules of
nucleoli. However, the nucleoplasm contained dispersed
electron dense granules indicating that only trace amounts
of Cd existed in it. No Cd was found in cell walls or in
cells of the vascular cylinder.

4. Discussion

Identification of sites of localization of heavy metals at
the subcellular level in cell organelles, cytoplasm or cell
walls, would help to clarify the process involved in their
uptake, transport and deposition or detoxification in plant
cells. EEL S is a good method with many advantages. EELS
can present a better energetic resolution and a higher sensi-
tivity than X-ray microanalysis (Castaing 1987) and EELS
can determine the oxidation states of ionized elements (Man-
sot et al 1994). EELS is more sensitive than both energy-
dispersive X-ray microanalysis (EDX) and secondary-ion
mass-spectrometry (SIMS) (Huxham et al 1999).

4.1 Effects of Cd onroot cell structure of A. cepa

The results from the present investigation showed that in
A. cepa the Cd toxicity is realized at two levels: (i) low
Cd concentration can induce morphological alterations and
lead to increased vacuolation and formation of small cyto-
plasmic vesicles, which is a common feature induced by
heavy metals at low concentration (Smith 1983; Nassiri
et al 1997a, b; Sresty et al 1999). Sanita and Gabbrielli
(1999) indicated that vacuolar compartmentalization plays
a very significant role in Cd detoxification and tolerance,
which prevents the circulation of free Cd ions in the cyto-
sol and forces them into a limited area. Recent investiga-
tions have shown that low Cd concentrations do not affect
plant growth (Barceld and Poschenrieder 1999). Our ear-
lier study showed that Cd stimulated root length at lower
concentrations (10°-107° M) significantly (P < 0%05) (Jiang
et al 2001). The changes in morphology mentioned above
do not affect plant growth obviously. (ii) At high concen-
tration of Cd (1 mM and 10 mM), the membrane system
of the cell is damaged, leading to condensed cytoplasm,
reduction in the number of mitochondrial cristae, severe
plasmolysis and decrease in number of ribosomes. These
structura alterations ultimately lead to death of most cells
and obviously affect plant root growth.
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4.2 Localization of Cd intheroot tip cells of A. cepa

EELS can accurately show the route of transport and sto-
rage sites of Cd at ultrastructural level. Data from EELS
generated during this study confirm that Cd exists in the
electron dense granules. Vacuoles are main storage sites
of Cd in the root tip cells of A. cepa, which support the
findings of Nassiri et al (1997a, b). The electron dense
granules are a morphological index of Cd in the cells and
were seen enclosed in vesicles. These were formed on the
cell wall, enclosed by membrane and were then transported
from cytoplasm into vacuoles. These granules containing
Cd can be thought to be a mechanism for detoxification

of Cd. Nucleoli were found to be another storage site of
Cd in the cells according to the results in the present
investigation.

It was reported that cell wall can play a role in meta
tolerance as its volume may be high compared to the cyto-
sol and vacuole (Neumann et al 1997). According to the
reports on subcellular localization of Cd in the cell walls,
the results are quite conflicting. Some studies showed that
Cd is mainly accumulated in cell walls when its content
is high (Lindsey and Lineberger 1981; Khan et al 1984;
Kupper et al 2000) while others indicated that Cd mainly
found within vacuoles and nuclei (Rauser and Ackerley
1987). In the present work using EELS analytical tech-

Figure 2. Cytochemical test of the root tip cells of A. cepa. (a) Without showing Gomori-Swift reaction
in the cell of control. (b) Metallic silver grains with Gomori-Swift positive reaction localized in the cyto-
plasmic vesicles along the cell walls (10 mM Cd, 48 h). (c) Small vesicles with metallic silver grains encir-
cled by double membrane in the cytoplasm (10 mM Cd, 72 h). (d) Metallic silver grains with Gomori-Swift
reaction localized in nuclear membrane (1 mM Cd, 72 h). Bar = 0.1 nm (d); Bar = 0.2 nm (a, b, ¢). Arrows
showing electron dense granules.
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Figure 3. EELS. (A) Cadmium spectrum obtained from vacuo-
lar precipitates of cortical parenchyma cells in the roots of A.
cepa treated with 1 mM Cd. (B) ‘Stripped’ spectrum obtained
from vacuolar precipitates containing cadmium.

nology, no Cd was detected in the cell wall. The conflict-
ing results can be due to differences between the plant
species and their capacities to accumulate and sequester
toxic metals, as well as to differences in the experimental
methods and conditions (Turnau et al 1996). However,
Gomori-Swift reaction showed that trace amounts of sil-
ver grains were found in the cell walls of cortical cells,
indirectly suggesting that Cd may be distributed in the
cell walls due to existence of cysteine-rich proteins (phy-
tochelatins, PCs) in the cell walls.
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The observation by TEM and cytochemical reaction
confirmed that the vesicles and some mitochondria con-
tain cysteine-rich proteins. However, the bigger precipi-
tates containing Cd in the vacuoles only exhibited a weak
Gomori-Swift positive reaction, suggesting that after Cd
ions enter the cytosol, sulphur metabolism is promptly acti-
vated resulting in the production of cysteine-rich pro-
teins, phytochelatins (Sanita and Gabbrielli 1999). Cd ions
bind phytochelatins and form stable PC/Cd complexes.
These are transported across the tonoplast and sequestered
in the plant vacuoles (Saxena et al 1999). After the com-
plexes enter the vacuole, Cd is released from the phyto-
chelatins, which are then returned to the cytoplasm (Greger
1999). Cd can be complexed by vacuolar organic acids
(Krotz et al 1989). These may explain why Gomori-Swift
shows aweak positive reaction in the vacuol es.
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