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ABSTRACT:  Different copper concentrations, as well as different exposure times, were applied to investi-
gate both cytogenetical and ultrastructural alterations in garlic (Allium sativum L.) meristem cells. Results
showed that the mitotic index decreased progressively when either copper concentration or exposure time
increased. C-mitosis, anaphase bridges, chromosome stickiness and broken nuclei were observed in the cop-
per treated root tip cells. Some particulates containing the argyrophilic NOR-associated proteins were dis-
tributed in the nucleus of the root-tip cells and the amount of this particulate material progressively increased
with increasing exposure time. Finally, the nucleolar material was extruded from the nucleus into the cyto-
plasm. Also, increased dictyosome vesicles in number, formation of cytoplasmic vesicles containing electron
dense granules, altered mitochondrial shape, disruption of nuclear membranes, condensation of chromatin
material, disintegration of organelles were observed. The mechanisms of detoxification and tolerance of
copper are briefly discussed.
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Introduction

Copper is an essential nutrient for plants; it plays
an irreplaceable role in the function of a large number
of enzymes catalyzing oxidative reactions in a variety
of metabolic pathways (Lolkema and Vooijs, 1986;
Marschner, 1995; Quartacci et al., 2000). Plants respond
to both the deficiency and the excess of metals (Kukkola
et al., 2000). Various copper sources, including indus-
trial and domestic wastes, agricultural practices, cop-
per mine drainage, copper-based pesticides, and anti-
fouling paints, have contributed to a progressive increase
in copper concentrations in several environments
(Andrade et al., 2004). High copper levels in soil can

be phytotoxic, causing deleterious effects both morpho-
logically and physiologically (Liu et al., 1995; Ke et
al., 2007; Meng et al., 2007; Tanyolaç et al., 2007).
Copper can lower the mitotic index, inhibit cell divi-
sion and induce chromosomal aberrations (Liu et al.,
1994; Jiang et al., 2001). Studies on the accumulation
and subcellular localization of heavy metals in plants
have been reported recently by energy dispersive X-ray
spectroscopy (Kupper et al., 2000; Monni et al., 2002;
Liu et al., 2007; Sahi et al., 2007), synchrotron radia-
tion X-ray fluorescence spectroscopy (Shi et al., 2004)
and electron energy loss spectroscopy (Liu and Kottke,
2004a; Rau et al. 2006). These techniques can provide
essential information on subcellular localization and
accurate elemental analysis of heavy metals. However,
few investigations on toxic effects of Cu2+ on cell divi-
sion, nucleolus, and on ultrastructural alterations in con-
structing anti-copper system in cells under copper stress
have been reported.
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Allium sativum L. is a potentially useful plant to
study the absorption and accumulation of heavy metals
(Jiang and Liu, 2001; Liu and Kottke, 2003). In the cur-
rent work we combined both cytogenetical and ultra-
structural effects of the different copper concentrations
on the root meristem cells of A. sativum, and to provide
essential information on mechanisms of detoxification
and tolerance.

Materials and Methods

Plant material, growth conditions and metal treatments

Healthy and equal-sized garlic cloves (Allium
sativum L.) were chosen from bulbs showing no growth
of either green leaves or roots. The experimental set up
was similar to that of Fiskesjö (1988): 12 garlic cloves
with the dry scales removed were used in each series,
and were washed and rooted in tap water for 36 h. Af-
terwards, 10 of these rooted cloves were selected and
directly placed in a container with either 10-5 M, 10-4 M
or 10-3 M copper solution (provided as copper sulfate,
CuSO

4
 · 5H

2
O), respectively. Controls were grown on

tap water. The test liquids were changed regularly every
24 h, seedlings were grown in a greenhouse equipped
with supplementary 15-h light/9-h dark at 18-20ºC di-
urnal cycle.

Cytogenetical assay

Twenty root tips in each treatment group were
washed with tap water and distilled water, and cut at
24, 48 and 72 h, respectively. They were fixed in etha-
nol + acetic acid (3:2) for 4 to 5 h and hydrolysed in 1
M hydrochloric acid + 95% ethanol + acetic acid (5:3:2)
for 6 min at 60°C. For the observation of chromosomal
morphology, 10 root tips were squashed in a carbol-fuch-
sin solution (Li, 1982) and for the observation of nucleo-
lus changes, the others were squashed in 45% acetic
acid, drying, and on day 2 staining with silver nitrate
(Li et al., 1990; Liu and Jiang, 1991). Data for root
length were analysed with standard statistical software
(SigmaPlot 9.0).

Ultrastructure

For transmission electron microscopy observation,
according to the results from cytogenetic investigation,
seedlings treated at 10-4 M copper for 1 h, 2 h, 4 h, 8 h,
12 h, 24 h, 36 h, 48 h and 72 h.

The terminal 1–3 mm portion from each root in
both the control and treated groups was fixed in a mix-
ture of 2% formaldehyde and 2.5% glutaraldehyde in
0.2 M phosphate buffer (pH 7.2) for 2 h and, and then
thoroughly washed in the same buffer, before post-fixa-
tion in 2% osmium tetroxide in the same buffer for 2 h.

TABLE 1.

Effect of CuSO
4
 on cell division in the root tip cells of A. sativum

Normal dividing cells (%) Anomalous dividing cell (%)
Time Concentration Mitotic Number

index Chromosome Chromosome Rate of
(h) (M) (‰) of cells metaphases Anaphases c-mitosis anomalous

bridge stickiness cells

Control 342 500 60.0 34.4 0 4.0 1.6 5.6
24 10-5 283 500 58.0 24.0 8.0 0.8 9.2 18.0

10-4 179 500 21.0 35.0 15.4 0.6 28.0 44.0
10-3 120 500 30.2 25.6 11.6 0.2 32.4 44.2

Control 406 500 56.2 40.4 0 3.0 0.4 3.4
48 10-5 131 500 49.0 21.0 9.4 0.6 20.0 30.0

10-4 127 500 36.6 18.0 7.4 1.0 37.0 45.4
10-3 64 500 32.6 8.6 18.2 0.4 40.2 58.8

Control 349 500 44.0 51.4 0 3.4 1.2 4.6
72 10-5 60 500 42.6 11.8 5.6 0 40.0 45.6

10-4 61 500 22.0 18.8 8.0 0.4 50.8 59.2
10-3 40 500 30.0 7.0 2.0 0 61.0 63.0



27EFFECTS OF CU ON Allium sativum

They were then dehydrated in an acetone series and
embedded in Spurr’s resin. For ultrastructural observa-
tions, ultrathin sections of 75 nm thickness were cut on
an ultramicrotome (Leica EM UC6, Germany) with a
diamond knife, and were mounted on copper grids with
300 square mesh. The sections were stained with 2%
uranyl acetate for 50 min and lead citrate for 15 min.
They were examined under a transmission electron mi-
croscope (JEM-1230, Joel Ltd., Tokyo, Japan).

Cytochemical tests

The Gomori-Swift reaction was used to detect cys-
teine-rich proteins. For such purpose, 100 nm thick sec-
tions of roots prepared as described above, were cut and
mounted on gold grids.

Solution A containing 5 ml of 5% silver nitrate and
100 ml of 3% hexamethylenetetramine and solution B
consisting of 10 ml 1∞ 44% boric acid and 100 ml 1∞
9% borax were prepared. The final stain was obtained
by mixing 25 ml of A, 5 ml of B and 25 ml of distilled
water. The grids were floated in the silver methenamine
solution for 90 min at 45ºC in the dark, and were then
washed four times for 2 min. The grids were then floated
on 10% sodium thiosulphate solution for 1 h at room
temperature to dissolve metallic silver and rinsed in
deionized water four times for 2 min. Finally, the sec-

tions were 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
benzylmercaptan followed by alkylation of S-H groups
in iodacetate boric acid. The procedures were described
by Swift (1969) and Liu and Kottke (2004b).

Results

Cytogenetical investigation

Observations of roots treated with different levels
of Cu2+ revealed structural damage that were not ob-
served in the root cells of control plants.

Mitotic index: The mitotic index reflects the fre-
quency of cell division and it is regarded as an impor-
tant parameter. The mitotic index decreased progres-
sively as a function of increased copper concentration
and exposure time (Table 1).

Chromosomal aberrations: C-mitosis was ob-
served in the root tip cells of all treated groups after
treatment with Cu2+ (Fig. 1a). Anaphase bridges in-
volving one or more chromosomes (Fig. 1b-c) were
found after the Cu treatment. Anaphase bridges ex-
hibiting stickiness were observed only in the treatment

Figure1. The effects of Cu2+ on cell division in root tips of Allium sativum. a: C-metaphase

(10-4 M Cu2+, 24 h); b-d: Chromosome bridges (b, 10-4 M Cu2+, 24 h; c, 10-3 M Cu2+, 24 h; d,

10-3 M Cu2+, 48 h); e: Chromosome stickiness (10-3 M Cu2+, 48 h ); f: Nucleus disintegra-

tion (10-3 M Cu2+, 72 h ). Scale = 10 μm.
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with 10-3 M Cu (Fig. 1d). This type of toxic effect is
most likely irreversible. The cells with chromosome
stickiness were noted (Fig. 1e), and the frequency of
cells progressively increased with increasing Cu2+ con-
centration. Some broken nuclei in the root tip cells
treated with Cu (10-3 M) were observed (Fig. 1f).

Nucleolar organiser regions (NORs) are defined as
nucleolar components containing a set of argyrophilic
proteins, which are selectively stained by silver meth-
ods. After silver-staining, the NORs can be easily iden-
tified as black dots exclusively localized throughout the
nucleolar area, and are called “AgNOR proteins” (Trerè,
2000). Normally, the diploid nucleus of A. sativum con-
tains one or two nucleoli (Fig. 2a). The effects of cop-
per on nucleoli varied with the different concentrations
of copper sulfate solutions used. Two phenomena were
observed after these treatments. Firstly, after 48 h treat-
ment with 10-4 M copper, some particulates containing
the argyrophilic NOR-associated proteins were observed
together with the main nucleolus/nucleoli in the nucleus
of some root-tip cells (Fig. 2b). The amount of the par-
ticulates increased progressively and nearly occupied
the whole nucleus when the copper concentration in-
creased to 10-3 M (Fig. 2c). Secondly, in concentrations
of 10-3 M copper, the AgNOR proteins were extruded
from the nucleus into the cytoplasm (Fig. 2d). The nucle-

olar proteins in the cytoplasm increase progressively
(Fig. 2e) and aggregate into irregular shapes with longer
duration of the treatment (Fig. 2f).

Ultrastructural investigation

A typical ultrastructure was exhibited in control
cells. Plasma membrane was unfoled with a uniform
shape in all parts. The numerous organelles were im-
mersed in cytoplasm. Endoplasmic reticulum is mostly
composed of parallel cisternae. Dictyosomes were also
found in cytoplasm (Fig. 3a). The nucleus with well-
stained nucleoplasm and distinct nucleolus was located
in the center of cells, whereas a large vacuole or several
vacuoles are distributed in root meristem cells.

Root tip cells exposed to 10-4 M copper solutions
showed several ultrastructural alterations. Visible symp-
tom of copper toxicity was noted after copper treatment
for 1 h. The dictyosome vesicles markedly increased,
which seems as a compact mass of vesicles in the cyto-
plasm (Fig. 3b). Endoplasmic reticulum with dilation
of flattened cisternae appeared in cytoplasm after 2 h
copper treatment, and these flattened cisternae were
broken up into small closed vesicles (Fig. 3c), in which
electron dense granules were occasionally observed in
it when root cells exposed to 10-4 M copper for 4 h (Fig.

Figure 2. Effects of Cu2+ on

nucleoli in root tip cells of

Allium sativum. a: Control

cell (48 h); b: Some particu-

late containing the argyro-

philic NOR-associated pro-

teins scattered in the nuclei

(10-4 M Cu2+, 48 h); c: More

and more particles occupied

the whole nucleus (10-3 M

Cu2+, 48 h); d-f: The particles

scattered in the cytoplasm (d,

10-3 M Cu2+, 48 h; e, 10-3 M

Cu2+, 48 h; f, 10-3 M Cu2+, 72

h). Scale = 10 μm
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3d). Any degenerative changes were not showed in the
other organelles in relation to control cells. However,
after 8 h copper treatment, larger vacuoles were rapidly
formed by migrating to and fusing small vesicles de-
rived from endoplasmic reticulum, and more electron
dense granules in the vacuoles were accumulated (Fig.
4a). This tendency was more pronounced in the cells
with prolonging copper treatment time. After 12 h cop-
per treatment, abundance of parallel arrays of rough
endoplasmic reticulum with regularly cisternae was also
observed in cytoplasm (Fig. 4b). Due to an extension of
cisternae and a loss of matrix density, alterations of
mitochondria shapes were gradually showed in figure
4c. Electron-dense granules were taken into cells by
means of invaginations of the plasma membrane. The
invaginations form small vesicles that are pinched off
the plasma membrane and carried, with their enclosed
the material, into the cytoplasm, which appeared after

24 h treatment (Fig. 4c). The most significant ultrastruc-
tural changes were noted after 36-72 h of root cells treat-
ment, revealing disruption of nuclear membranes, a
highly condensed chromatin material and disintegration
of organelles, which led to death of some copper treated
cells after 72 h.

Cytochemical test

Cytochemical test were conducted to discover Cu2+

localization in root cells using the Gomori-Swift reac-
tion which is highly sensitive and allows the detection
of cysteine-rich proteins. In control root cells metallic
silver grains as a result of positive reaction were not
found (Fig. 4d). Swift reaction showed the presence of
cysteine-rich proteins in root cells exposed to 10-4 M
copper. Traced amounts of silver grains were, at early
stage, noted in the cell walls of root cells at copper treat-

Figure 3. TEM micrographs

showing toxic effects of Cu

on ultrastructure of the root

meristematic cells of Allium

sativum. a: Control cells

showing well developed

root tip cells. b-d: The ultra-

structural changes of root

meristematic cells treated

with 10-4 M Cu from 1 h - 72

h. b: Dictysome vesicles

obviously increased in the

root meristematic cells ex-

posed to 10-4 M Cu for 1 h.

c: Vesiculated ER was dis-

tributed in cytoplasm near

cell wall (10-4 M Cu, 4 h). d:

The electron dense gran-

ules were accumulated in

vacuoles (10-4 M Cu, 4 h).

C = cytoplasm, CM = cyto-

plasm membrane, CW =

cell wall, D = dictyosome,

ER = endoplasmic reticu-

lum, EDG = electron dense

granules, M = mitochondria,

N = nucleus, V = vacuole,

Ve = vesicle. Bar = 0.25 μm.
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ment for 2 h, and then they appeared in cytoplasm and
small vesicles near the cell walls (Fig. 4e). In vesicles
and cytoplasm, the number of cysteine-rich protein in-
creased as a consequence of excessive copper-exposure
time from 4 h to 72 h, whereas, metallic silver grains in
cell walls do not increased remarkably (Fig. 4f).

Discussion

The results in the present investigation indicated
that copper affects Allium sativum at concentrations from
10-5 to 10-3 M. These are in agreement with the findings
of Liu et al. (1994) for the effect of Cu2+ on tip cells of
A. cepa. However, this results were with a few differ-
ences when comparison with the findings of Jiang et
al. (2001) for the effect of Cu2+ on Zea mays. For in-
stance, 1) there is not so many nucleolar particles scat-
tered in the nuclei and so much nucleolar material re-
leased from nuclei into cytoplasm in Z. mays; 2) Copper
toxicity on the nucleoli in root tip cells of A. sativum is
stronger than those of Z. mays, which shows that A.
sativum and A. cepa is more sensitive to copper com-
pared with Z. mays.

Some reports revealed that copper caused the in-
hibition of root elongation by metal interference with
cell division, including inducement of chromosomal
aberrations and abnormal mitosis (Agarwal et al.,
1987; Kahle, 1993; Jiang et al., 2001). Quzounidou
(1994) stated that copper accumulation influences the
tissue distribution of Ca, Mg, Fe and K. Jensén and
Adalsteinsson (1989) also indicated that copper ions
tend to displace Ca2+ ions from exchange sites and are
strongly bound in root-free space. It is well known that
the nucleolus is the metabolic center of RNA. The in-
tegrity of the nucleolus depends on the existence of
Ca2+ (Wang, 1988). Because of the low level of free
Ca2+ in the cells, calmodulin does not activate Ca-AT-
Pase (Xu, 1985), which leads to failure in regulation
of calcium concentration and disturbance or inhibition
of various cellular metabolic processes.

The results from the present investigation revealed
that excess copper caused adverse effects on garlic mer-
istem cells. The plasma membrane and main organelles
participated the establishment of anti-heavy metal toxic
systems in the cells. The response to Cu2+ toxicity oc-
curs in 1 h after copper treatment, resulting in an en-
largement of dictyosomes. Usually, cisternae of endo-
plasmic reticulum are arranged in parallel in control
cells. However, vesiculated endoplasmic reticulum could
be observed markedly in cytoplasm. The vesicles de-
rived from dictysomes and endoplasmic reticulum were
formed into bigger vacuoles by fusing from each other.
The feature of vacuolar compartmentation is the most
obvious ultrastructure evidence of cells when cells re-
sist heavy metals toxicity, which is in agreement with
the work reported by Ouzounidou et al. (1995), Sresty
and Madhava Rao (1999). It is very interesting that at
copper treatment for 12 h, a large amount of endoplas-

Figure 4. TEM micrographs showing toxic effects of Cu on

ultrastructure of the root meristematic cells of Allium sativum.

a: The vacuole increased by fusing small vesicles from ER

and dictysomes in cytoplasm. b: Abundance of parallel ar-

rays of rough ER with regularly cisternae exhibited in cyto-

plasm (10-4 M Cu, 12 h). c: Endocytosis of plasma membranes

appeared. Arrow shows reduction of mitochondria. (10-4 M

Cu, 24 h). d-f: Cytochemical test of the root meristematic cells

of A. strvum. d: Without showing Gomori-Swift reaction in

the cell of control. e: Metallic silver grains with Gomori-Swift

positive reaction localized in the cytoplasm and vesicles (10-

4 M Cu, 4 h). f: Showing metallic silver grains distribution in

cell wall, in cytoplasm as well as vesicles (10-4 M Cu, 8 h).

CM = cytoplasm membrane, CW = cell wall, D = dictyosme, ER

= endoplasmic reticulum, EDG = electron dense granules, M =

mitochondria, MSG = metallic silver granules, MT = microtu-

bule, N = nucleus, V = vacuole, Ve = vesicle. Bar = 0.25 μm.
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mic reticulum with regular cisternae again appeared in
the cytoplasm, similar to that in the control cells. One
possible explanation is that target of toxic copper is at
the molecular level and effects are always reflected in
the structure of the cell and its organelles. Once excess
Cu2+ ions entered cytosol, the synthesis of new proteins
of endoplasmic reticulum involved in heavy metal tol-
erance is stimulated. Then, the vesicles from endoplas-
mic reticulum carried the proteins, which bind copper
by formation of stable metal-phytochelatin complexes.
In this way, free metal ions in cytosol decreased. Be-
sides, some vesicles from endoplasmic reticulum car-
ried polysaccharide and they were transferred to the dic-
tyosomes where they are modified prior to secretion
(Raven et al., 1986). Secretory vescles derived from
cisternae of dictyosomes migrate to the plasma mem-
brane and repair the damaged plasma membrane and
discharging their contents in the region of the wall.
Plants have a range of potential mechanisms at the cel-
lular level that might be involved in the detoxification
and thus tolerance to heavy metal stress (Hall, 2002).
The results from the present investigation suggest that
endoplasmic reticulum and dictysomes may participate
in heavy metal detoxification in cells.

In this context, it is interesting that cysteine-rich pro-
teins were found localized both in the cytoplasm and in
cell walls and vesicles of copper treated cells (Fig. 4f).
Rau et al. (2006) indicated that electron energy loss spec-
tra demonstrated copper chelation by SH-groups of glu-
tathione in the cytoplasm and the copper-binding as phos-
phates in vacuoles. Copper accumulation was associated
with a reduced sulfur level in the electron-dense-precipi-
tates of the cytoplasm and an increasing phosphorus level
in the vacuole. Morelli and Scarano (2004) reported that
phytochelatin synthesis started in the marine diatom P.
tricornutum after copper exposure for 15 min, and
phytochelatin accumulation in the cell reached a maxi-
mum rate at the treatment for 7 h. Data from size exclu-
sion chromatography analyzed that an amount close to
60% of the total intracellular copper was bound to
phytochelatin at seventh hour of exposure.

The evidence reviewed in this investigation and
formed works strongly suggest that 1. Cell walls, a first
barrier against copper stress, can immobilize some cop-
per ions, therefore prevent contact with the sensitive
plasmalemma and cytoplasmic components. The results
here exhibited that the presence of cysteine-rich pro-
teins were identified in cell walls exposed to copper. 2.
Active endocytosis of plasma membrane and active
secetory of vesicles from dictyosomes and endoplas-
mic reticulum appear at low concentration of heavy

metals, which reflects the morphological feature dur-
ing detoxification and tolerance to heavy metals. 3. At
first stage, electron dense granules containing copper
distribute in the cytoplasm and vesicles (Liu and Kottke,
2004b). However, vacuoles finally are one of main stor-
age sites of heavy metals. 4. With the increased level of
heavy metal ions in cytosol, cell and its organelle were
seriously injured and lost their functions of anti-heavy
metal toxicity, leading to some cells death.

Acknowledgements

This project was supported by the National Natural
Science Foundation of China. The authors wish to ex-
press their appreciation to the reviewers for this paper.

References

Agarwal K, Sharma A, Talukder G (1987). Copper toxicity in plant
cellular systems. Nucleus 30: 131-158.

Andrade LR, Farina M, Amado Filho GM (2004). Effects of cop-
per on Enteromorpha flexuosa (Chlorophyta) in vitro.
Ecotoxicology and Environmental Safety 58: 117-125.

Fiskesjö G (1988). The Allium test – an alternative in environmen-
tal studies: the relative toxicity of metal ions. Mutation Re-
search 197: 243-260.

Hall JL (2002). Cellular mechanisms for heavy metal detoxifica-
tion and tolerance. Journal of Experimental Botany. 53: 1-11.

Jensén P, Adalsteinsson S (1989). Effects of copper on active and
passive Rb+ influx in roots of winter wheat. Physiologia
Plantarum 75: 195-200.

Jiang W, Liu D, Liu X (2001). Effects of copper on root growth,
cell division, and nucleolus of Zea mays. Biologia Plantarum
44: 105-109.

Jiang WS, Liu DH (2001). Hyperaccumulation of cadmium by roots,
bulbs and shoots of Allium sativum L. Bioresource Technol-
ogy 76: 9-13.

Ke WS, Xiong ZT, Xie MG (2007). Accumulation, subcellular lo-
calization and ecophysiological responses to copper stress in
two Daucus carota L. popularions. Plant and Soil 292: 291-
304.

Kukkola E, Rautio P, Huttune S (2000). Stress indications in cop-
per- and nickel-exposed Scots pine seedlings. Environmental
and Experimental Botany. 43: 197-210.

Kupper H, Lombi E, Zhao FJ McGrath SP (2000). Cellular
compartmentation of cadmium and zinc in relation to other
elements in the hyperaccumulator Arabidopsis halleri. Planta
221: 75-84.

Li MX (1982). Introducing a good stain used for nuclei and chro-
mosome. Biological Bulletin 5: 53.

Li MX, Zhang ZP, Yuan JS, Pu XL (1990). An improved method
for Ag-NOR staining and its application to plant chromo-
somes. Chinese Bullin of Botany 7: 56-59.

Liu D, Kottke I, Adam D (2007). Localization of cadmium in the
root cells of Allium cepa by energy dispersive X-ray analysis.
Biologia Plantarum 51: 363-366.



DONGHUA LIU et al.32

Liu DH, Jiang WS (1991). Effects of Al3+ on the nucleolus of Al-
lium cepa root-tip cells. Hereditas 115: 213-219.

Liu DH, Jiang WS, Lu C, Zhao FM, Hao YQ, Guo L (1994) Effects
of copper sulfate on the nucleolus of Allium cepa root-tip cells.
Hereditas 120: 87-90.

Liu DH, Jiang WS, Wang W, Zhai L (1995). Evaluation of metal
ion toxicity on root tip cells by the Allium test. Israel Journal
of Plant Sciences 43:125-133.

Liu DH, Kottke I (2003) Subcellular localization of Cd in the root
cells of Allium sativum by electron energy loss spectroscopy.
Journal of Biosciences 28: 471-478.

Liu DH, Kottke I (2004a). Subcellular localization of copper in the
root cells of Allium sativum by electron energy loss spectros-
copy (EELS). Bioresource Technology 94: 153-158.

Liu DH, Kottke I (2004b). Subcellular localization of cadmium in
the root cells of Allium cepa by electron energy loss spectros-
copy and cytochemistry. Journal of Biosciences 29: 330-335.

Lolkema PC, Vooijs P (1986). Copper tolerance in Silene cucubalus:
subcellular distribution of copper and its effects on chloro-
plasts and plastocyanin synthesis. Planta 167: 30-36.

Marschner H (1995). Mineral nutrition of higher plants. 2ed Edi-
tion. Academic Press, London.

Meng QM, Zou J, Zou JH, Jiang WS, Liu DH (2007). Effect of
Cu2+ concentration on growth, antioxidant enzyme activity and
malondialdehyde content in Garlic (Allium sativum L.). Acta
Biologica Cracoviensia Series Botanica 49: 95-101.

Monni S, Bucking H, Kottke I (2002). Ultrastructural element lo-
calization by EDXS in Empetrum nigrum. Micron 33: 339-
351.

Morelli E, Scarano G (2004). Copper-induced changes of non-pro-
tein thiols and antioxidant enzymes in the marine microalga
Phaeodactylum tricornutum. Plant Science 167: 289-296.

Quzounidou G, Èiamporová M, Moustakas M, Karataglis S (1995).
responses of maize (Zea mays L.) plants to copper stress – I.
Growth, mineral content and ultrastructure of roots. Environ-
mental and Experimental Botany 35: 167-176.

Quartacci MF, Pinzino C, Sgherri CLM, Vecchia FD, Navari-Izzo
F (2000). Growth in excess copper induces changes in the
lipid composition and fluidity of PSII-enriched membranes
in wheat. Physiologia Plantarum 108: 87-93.

Rau S, Miersch J, Neumann D, Weber E, Krauss GJ (2006). Bio-
chemical responses of the aquatic moss Fontinalis antipyretica
to Cd, Cu, Pb and Zn determined by chlorophyll fluorescence
and protein levels. Environmental and Experimental Botany
59: 299-306.

Raven PH, Evert RF, Eichhorn SE (1986). Biology of plants. Worth
Publishers, Inc., New York, pp. 28-29.

Sahi SV, Israr M, Srivastava AK, Gardea-Torresdey JL, Parsons JG
(2007). Accumulation, speciation and cellular localization of
copper in Sesbania drummondii. Chemosphere 67: 2257-2266.

Shi J Y, Chen Y X, Huang Y Y, He W (2004). SRXRF microprobe
as a technique for studying elements distribution in Elsholtzia
splendens. Micron 35: 557-564.

Sresty TVS, Madhava Rao KV (1999). Ultrastructural alterations in
response to zinc and nickel stress in the root cells of pigeonpea.
Environmental and Experimental Botany 41: 3-13.

Swift JA (1968). The electron histochemistry of cysteine-contain-
ing proteins in thin transverse sections of human hair. Jour-
nal Royal Microscopical Society 88: 449-460.

Swift JA (1969). The electron histochemical demonstration of cys-
tine-containing proteins in the guinea pig hair follicle.
Histochemie 19: 88-98.

Tanyolaç D, Ekmekçi Y, Ûnalan ª (2007). Changes in photochemi-
cal and antioxidant emzyme activities in maize (Zea mays L.)
leaves exposed to excess copper. Chemosphere 67: 89-98.

Trerè D (2000). AgNOR staining and quantification. Micron 31:
127–131.

Wang Y (1988). General Cell Biology. - Shanghai Scientific and
Technical Publishing House, Shanghai, P. R. of China, p.
301-308.

Xu Y (1985). Structure and function of calmodulin (I). Acta
Biochimica et Biophysica Sinica 1: 22-27.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


