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Abstract 
From flora of North West of Iran, four contrasting species in term of frequency 

and coverage on heavy metal rich soils were selected to study physiological 
mechanisms for different tolerance of Zn and Cu toxicity in a hydroponic culture 
experiment. For study of Zn toxicity, Dactylis glomerata and Secale monatum and 
for Cu, Cichorium intybus and Astragalus echinops were selected. A clear 
difference was observed between S. monatum and D. glomerata for tolerance to 
Zn toxicity and between C. intybus and A. echinops for Cu toxicity. Higher 
sensitivity to Zn and Cu toxicity in D. glomerata and C. intybus was associated 
with higher Zn and Cu accumulation in root and shoot. In order to determine the 
possible role of chelating/detoxifying molecules, changes in the content of amino 
and organic acids in response to metal treatment were studied. A relative high 
citrate and malate content in D. glomerata in comparison with S. monatum, was 
not the reason of higher Zn tolerance. In contrast, endogenous malate content in A. 
echinops was accompanied by higher Cu tolerance in this species. Cysteine was 
the only possible chelating/detoxifying molecule for Cu, but not for Zn. Our 
results showed that a high Cu tolerance in A. echinops was associated with higher 
endogenous and inducible cysteine content of shoot. Activity of peroxidase 
decreased under Cu toxicity, interestingly, this reduction was much higher in C. 
intybus (susceptible) when compared with A. echinops (tolerant). Because of 
possible role of lignin in establishing an apoplasmic transport barrier, higher 
uptake and transport of Cu into shoot in C. intybus could be due to the result of 
stronger inhibition of guiacol peroxisdase i.e. inhibition of lignin formation, in 
this species under Cu toxicity. 
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Introduction 

Environmental pollution by heavy metals occurs as a 
consequence of mining, manufacture and disposal of 
mineral ores, metal products and waste [4]. Heavy 

metals are present in the soils as free metal ions, soluble 
metal complexes (sequestered to ligands), exchangeable 
metal ions, organically bound metals, precipitated or 
insoluble compounds such as oxides, carbonates and 
hydroxides, or they may constitute a part of the structure 
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of silicate materials (indigenous soil content) [61]. 
Adaptation to high concentrations of heavy metals 

may be achieved in principle by exclusion of the 
elements from uptake in the roots or, after uptake, by 
specific compartmentation and detoxification [17]. 
Effects of elevated Zn concentrations on growth and 
physiological characteristics of leaves have been 
investigated [10,15,39,42,44,59,67]. Of particular 
importance for Zn tolerance is the subcellular 
localization of Zn [69]. 

The physiological causes of the phytotoxic effects of 
Cu have also been the subject of numerous studies 
[1,52-54,60]. The response of plants to Cu may depend 
on how the ions are distributed between shoot and root 
and between tissues within organs. A large proportion 
of the Cu absorbed by the plants is retained in the roots 
[26], therefore, while roots reflect Cu concentrations in 
the soil, Cu levels in the shoot do not show significant 
changes in response to change in soil Cu concentration 
[35]. 

Phytochelatins (PCs) are induced by a wide range of 
metal ions, the best activators are Cd followed by silver 
(Ag), bismuth (Bi), lead (Pb), zinc (Zn), copper (Cu), 
mercury (Hg) and gold (Au) cations [19]. However, 
accumulation of PCs is not necessarily associated with 
heavy metal tolerance. The mechanism of metal 
detoxification is more complex than simply chelation of 
metal ion by PCs. The metal ion must activate PC 
syntheses, be chelated by the PCs and then be 
transported to the vacuole and form a more complex 
aggregation in the vacuole. Although PCs appear to be 
induced by Cu and also chelate Cu in vitro, it is 
unknown whether PCs effectively chelate Cu in vivo or 
PCs-Cu complexes (if formed) can be sequestered in the 
vacuole. Mutants deficient in PCs, display only slightly 
elevated sensitivity to Cu [29]. On the other hand, 
induction of PCs synthesis results in consumption and 
therefore depletion of the glutathione pool [48], 
therefore leads to oxidative damage of the cells [24]. 
Such an effect was observed in Cu-sensitive populations 
of Silene cucubalus versus tolerant populations with 
lower PCs synthesis [24].Binding to PCs plays no role 
in Zn tolerance based on several studies and 
observations [32,39]. 

Due to the reactivity of metal ions with S, N and O, 
carboxylic and amino acids can act as potential ligands. 
Citrate, malate and oxalate have been implicated in a 
range of processes, including differential metal 
tolerance, metal transport through the xylem and 
vacuolar metal sequestration [62]. Citric acid, for 
instance, has been hypothesized to be a major Cd2+ 
ligand at low Cd2+ concentrations [70] and has been 
shown to form complexes with Ni2+ in Ni-

hyperaccumulating plants [64]. In Zn-tolerant species, a 
Zn-malate shuttle has been proposed, in which Zn is 
more efficiently transported to the vacuole due to a 
higher concentration of malate in the cytosol [39,47,63]. 
However, the malate concentrations in roots of tolerant 
and sensitive Silene vulgaris were not consistently 
different and were not affected when plants were 
exposed to Zn [33]. In contrast, Godbold [27] 
demonstrated a high correlation between citrate content 
and Zn accumulation in Deschamsia caespitosa and 
argued that citrate may play a role in Zn tolerance. 
Moreover, Wang et al. [71] concluded that citrate has a 
high potential for complexing Zn, and that cytosolic 
citrate more likely play a role as a shuttle for 
transporting Zn into the vacuole. It appears that Zn is 
complexed mainly with histidine in the roots, whereas 
citrate is involved in binding about 20-40% of the total 
Zn in the xylem sap and leaves. Once Zn delivered to 
the shoots, it is preferentially sequestered in the 
vacuoles [39,40,68] and soluble Zn reaches a 
concentration of 385 mM in this compartment [40]. 

Evidence on the chelation of Cu with some low 
molecular weight organic compounds such as 
nicotianamine was obtained in nutritional range of 
supply [59]. However, for Cu at toxic levels, there is no 
direct evidence either for accumulation of organic and 
amino acids or any role in chelation or detoxification of 
this metal. with the exception of Al tolerance [23], 
unequivocal evidence for a function of organic acids in 
plant metal tolerance has been difficult to obtain, clear 
correlations between the concentration of a particular 
organic acid and the degree of exposure to a particular 
metal which have to be postulated in the light of metal 
specificity of most homeostatic and tolerance 
mechanisms, have not been observed [18]. 

Plant communities growing over Cu/Pb/Zn (base 
metal) deposits are called Zn-flora. In many cases it 
cannot be established whether or not the 
characterization flora is due to the presence of one or all 
of the three base metals mentioned above since all three 
are usually found together in areas of sulphide 
mineralization [9]. 

Hyperaccumulators are endemic to metalliferous 
soils, and metal concentrations in their aerial parts are 
one to three orders of magnitude greater than the non-
accumulating species growing under the same 
environment [9]. Eighteen Zn hyperaccumulators have 
been reported and are defined as being able to accu-
mulate more than 10,000 µg Zn g−1 in the above-ground 
parts on a dry weight basis in their natural habitat [2]. 
Zn hyperaccumulator plants are found in Zn/Pb rich 
soils, which are either developed for Zn/Pb mineral 
deposits or contaminated by industrial activities [72]. 
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Flora of Cu rich soils has been described by some 
authors [6-8]. They have reported the presence of over 
50 species endemic to Cu/Co deposits including several 
individual plants that have been used for geobotanical 
prospecting [9]. 

Our previous work on the flora of heavy-metal rich 
soils in North West Iran [30] showed that, there is a 
clear difference among some plant species in terms of 
coverage and frequency on metal-rich soils. While some 
species present with a high frequency and coverage on 
metal-rich soils and grow directly on mining areas, 
some other species are absent from these soils or 
restricted to marginal areas. From these two contrasting 
species Secale monatum and Astragalus echinops were 
from important elements of Zn and Cu -rich soils 
respectively, while Dactylis glomerata and Cichorium 
intybus were either absent or restricted to marginal areas 
of soils rich from these metals. 

The investigation of Zn and Cu uptake, transport and 
chelation in four selected species, were the main 
objectives of this work. 

Materials and Methods 

Plant Materials 

Two species were used in this work to study the Zn 
toxicity including Secale monatum and Dactylis 
glomerata. To study the Cu toxicity, Astragalus 
echinops and Chicorium intybus were selected. Seeds 
were collected from Zn rich areas near Khoy (West 
Azarbaijan Province, Iran) and Cu rich areas near Ahar 
(Mazraeh, East Azarbaijan Province, Iran). 

Plant Culture 

The experiments were conducted in a growth 
chamber with temperature programs of 25°/18°C 
day/night, 14/10 h light/dark period, a relative humidity 
of 70/80% and at a light intensity of 300 μmol m−2s−1 
(PPFD). Surface-sterilized seeds were germinated in the 
dark on vermiculite or filter paper, moistened with 
distilled water and 0.05 mM CaSO4. The 7-12 days old 
seedlings with uniform size were transferred to 
hydroponic culture in plastic containers with 2L of 
nutrient solution (25%) and pre-cultured for 3 days. 
Metal treatments were started when plants were 10-15 
days old. Five levels of ZnSO4 or CuSO4 at 0 (control), 
25, 50, 75 and 100 µM were used. The composition of 
nutrient solutions for Secale and Dactylis was selected 
according to the nutrient solution applied for wheat [11] 
and contained (mM): Ca(NO3)2 2.0, MgSO4 1.0, K2SO4 
0.9, KH2PO4 0.25, KCl 0.1 and (µM): H3BO3 2.0, 

MnSO4 0.4, ZnSO4 1.0, CuSO4 0.4 and (NH4)6Mo7O24 
0.04 (pH=7.0). The composition of nutrient solutions for 
Astragalus plants was selected according to the 
composition applied for lupine [51] and contained 
(mM): Ca(NO3)2 5.0, MgSO4 1.25, K2SO4 1.75, 
KH2PO4 0.25, KCl 0.25 and (µM): H3BO3 25, MnSO4 
1.5, ZnSO4 1.5, CuSO4 0.5 and (NH4)6Mo7O24 0.025 
(pH=7). The composition of nutrient solution for 
Chicorium was selected according to the method 
applied for sunflower [21] and contaied (mM): 
Ca(NO3)2 2.0, MgSO4 0.5, K2SO4 0.1, KH2PO4 0.1, KCl 
0.1 and (µM): H3BO3 0.1, MnSO4 0.5, ZnSO4 0.5, 
CuSO4 0.2 and (NH4)6Mo7O24 0.01 (pH=6.5). Iron was 
supplied as Fe(III)-EDTA (Ethylenediamine tetraacetic 
acid) at 100 μM (Secale, Dactylis and Chicorium) or 20 
μM (Astragalus). 

Nutrient solutions were changed every 4 days and pH 
of nutrient solutions were adjusted every day. 

Harvest 

Twelve days after treatment, plants were harvested. 
For removing of the Zn and Cu from root apoplasm, 
plants were placed for 1h in 5 mM CaCl2+25% nutrient 
solution. Then, roots were washed with distilled water, 
plants were divided into shoots and roots, weighed and 
blotted dry on filter paper and dried at 70 °C for 2 days 
to determine dry weight. For determination of Zn and 
Cu content, oven-dried samples were ashed in a muffle 
furnace at 500°C for 8h and then digested in 1:3 (V/V) 
HNO3. The digested samples were dried on a heating 
plate and subsequently ashed at 500°C for another 3h. 
Samples were resuspended in 2 ml 10% HCl and made 
up to volume by double-distilled water. Zn and Cu 
concentration was determined by atomic absorption 
spectrophotometry (Shimadzu, AA 6500). 

Thin Layer Chromatography (TLC) 

Fresh tissue samples were extracted in 20 mM Tris-
HCl (pH=8.0) (5:1 buffer volume:fresh mass). The 
crude extract was centrifuged and applied to the plates 
based on the method of Oven et al. [55]. 

For the investigation of organic acids, 20 μl of tissue 
extract was applied to a cellulose plate (20×20 cm, 
Merck). The plate was placed in a glass chamber 
containing the mobile phase formic acid/ethanol/water 
(48.8:48.8:2.4, v/v/v). Following resolution, the plate 
was thoroughly dried for 1 day at room temperature and 
sprayed with a dichlorophenol-indophenol reagent (100 
mg 2,6-dichlorophenol-indophenol in 100 ml ethanol). 
Blue spots on the plate indicate the presence of organic 
acids. The standard solutions of citric and malic acid 
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were applied simultaneously to the plates. 
TLC for amino acids analysis was performed by 

resolving 20 μl of supernatant on a silica gel plate 
(20×20 cm, Merck). The plate was placed in a glass 
chamber containing the mobile phase chloroform/ 
methanol/25%ammonium hydroxide/water (40:40:10: 
10, v/v/v/v). Another TLC experiment was conducted 
for a better resolution using the mobile phase 
isobuthanol/acetic acid/water (50:25:25, v/v/v). Follo-
wing separation, the plate was air dried and sprayed 
with a ninhydrin reagent (200 mg nin-hydrin in 100 ml 
ethanol). Red spots indicate the presence of amino 
acids. The standard solutions of histidine, cysteine, 
glutamine and asparagines were applied simultaneously 
to the plates. 

Quantification of organic acids and amino acids were 
estimated by modified densitometric thin-layer 
chromatography [45]. In this method, after visualizing 
of spots under UV chamber and determination of 
suitable wavelength, the plates were scanned by 
Shimadzu CS-9000 densitometer. The presence or 
absence as well as relative amount of each compound 
were reported using − or + characters. Each TLC 
experiment was conducted in triplicate. 

Cysteine Assay 

Cystein was extracted from fresh tissue in 20 mM 
Tris-HCl (pH=8.0) (5:1 v/w). Cysteine content was 
determined using a spectrophotometric method [28]. 
Sixty microliters of 50 mM DTT were added to 60 μl of 
tissue extracts. The sample was incubated at room 
temperature for 15 min, then 120 μl acetic acid and 120 
μl acid-ninhydrin reagent (250 mg ninhydrin with 6 ml 
acetic acid and 4 ml HCl) were added to the sample. 
The assay mixture was incubated at 95°C for 10 min, 
after which cold ethanol (840 μl) was added. The 
mixture was then chilled on ice and the absorbance was 
determined at 560 nm. 

Assay of Enzymes Activity 

Activity of enzymes was assayed only in Cu treated 
plants. 

Catalase: Catalase (EC 1.11.1.6) activity was 
assayed spectrophotometrically by monitoring the 
decrease of absorbance at 240 nm [46,66]. The enzyme 
was extracted in 50 mM phosphate buffer (pH=7.0). The 
assay solution contained 50 mM phosphate buffer and 
10 mM H2O2. The reaction was started by addition of 
enzyme aliquot to the reaction mixture and the change 
in absorbance was followed for 2 min. Unit activity was 
taken as the amount of enzyme which decomposes 1 M 

of H2O2 per min. 
Peroxidase: Peroxidase (EC 1.11.1.7) activity was 

determined using the guaiacol test [12]. The 
tetraguaiacol formed in the reaction has an absorption 
maximum at 470 nm, and thus the reaction can be 
readily measured photometrically. The enzyme was 
extracted by 10 mM phosphate buffer (pH=7.0), and 
assayed in a solution contained 10 mM phosphate 
buffer, 5 mM H2O2 and 4 mM guaiacol. The reaction 
was started by addition of the enzyme extract at 25°C 
and was followed for 3 min. The enzyme unit was 
calculated as enzyme protein required for the formation 
of 1 µM tetraguaiacol for 1 min. 

Polyphenoloxidase: Polyphenoloxidase (EC 1.10.31) 
activity was assayed spectrophotometrically by 
monitoring the absorbance at 430 nm [31]. The enzyme 
was extracted by 10 mM phosphate buffer (pH=7.0), 
and assayed in a solution contained 200 mM phosphate 
buffer and 20 mM pyrogallol. The reaction was started 
by addition of the enzyme extract at 28°C and was 
followed for 3 min. The enzyme unit was calculated as 
enzyme protein required for color change for 1 min. 

Discontinuous sodium dodecyl-sulfate polyacrylamid 
gel electrophoresis (SDS-PAGE) was performed 
according to Laemmli [41] with 12 % acrylamide gels 
and 50 μg of protein per lane was loaded. For detection 
of proteins, gel was stained with 0.03 % Coomassie 
Brilliant Blue G250. 

Native gel electrophoresis (non-denaturing 
conditions) for isoenzyme assay was carried out 
according to modified method of Davis [22] with a 10% 
acrylamide gel at 4°C and 100 μg of protein per lane 
was loaded. A vertical electrophoresis apparatus (model 
LKB, Bromma, Stockholm, Sweden) was used. The 
electrophoresis run was carried out with 120 mV (30 
mA) per plate towards the cathode. Determination of 
protein in tissue extracts for calculation of enzyme 
activities were carried out according to Bradford [5]. 

Experiments were conducted in a randomized 
complete block design using four replications. 
Statistical analyses were carried out using Sigma Stat 
software (3.02). 

Results 

Plants Growth and Accumulation of Cu and Zn in 
Shoots and Roots 

Toxic concentrations of Zn did not affect shoot and 
root growth of S. monatum based on shoot and root dry 
weight. Root growth of this species was rather promoted 
up to 51% in response to 100 μM Zn and shoot growth 
was promoted at lower concentrations (50 μM) and was 
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not affected at high (100 μM) concentrations of Zn 
(Table 1). 

Zn accumulation in shoot was higher in D. glomerata 
than S. monatum. In D. glomerata up to 0.7 mg g−1 
(d.w.) and in roots 4 mg g−1 (d.w.) Zn was accumulated 
in plants treated with 100 μM Zn. Zinc accumulation in 
dry matter of shoot and root in S. monatum was 
approximately 50% less than that in D. glomerata 
(Table 1). 

Copper toxicity effect was also different between two 
species studied. C. intybus showed a high sensitivity to 
toxic concentrations of Cu in both shoot and root but A. 
echinops demonstrated a relatively high tolerance. The 
growth reduction in shoot was 81% and 58% and in root 
70% and 49% in C. intybus and A. echinops respectively 
(Table 2). 

Copper accumulation in shoot and root was also 
different between two species. A higheraccumulation 
was observed in shoot and roots of C. intybus than A. 
echinops. Copper accumulation was much higher in 
roots than shoots, so that up to 17 (C. intybus) and 10 
(A. echinops) mg Cu per g (d.w.) of root was accu-
mulated in plants treated with 100 μM Cu (Table 2). 

As expected, uptake and transport of Zn increased 
with increasing Zn concentrations in medium. The 
percentage of transport of total Zn taken up was similar 
between two species (data not shown). However, the 
absolute values of Zn taken up and transported into 
shoot were higher in D. glomerata than S. monatum 
(Fig. 1). 

A clear difference was shown between two species 
studied in the absolute values of Cu taken up and 
transported into shoot. Copper uptake and transport 
were higher in C.intybus than A. echinops. Comparison 
between two heavy metals showed that, the percentage 
of transport of Cu into shoot was much higher than that 
of Zn. The highest Zn transport was 25%, (e.g. in D. 
glomerata), while the transported Cu into shoot was up 
to 75% (in C. intybus) at the same concentration (100 
μM) of metals (Fig. 2). 

Accumulation of Organic Acids, Amino Acids and 
Amides 

Malic and citric acid was not found in detectable 
amounts in shoot of S. monatum. In D. glomerata a 
relatively high endogenous organic acids was found, but 
no change in response to Zn treatment was observed. In 
response to Zn treatment, malate of roots rather 
decreased and citrate level decreased (D. glomerata) or 
remained unchanged (S. monatum) (Table 3). 

Endogenous malate concentration was much higher 
in A. echinops than C. intybus in all Cu treatments. A 

slight reduction of malate in shoot and increase in roots 
in response to Cu treatments was observed in A. 
echinops treated with 100 μM Cu. Citrate was not 
detected in A. echinops, neither in shoot nor in roots 
(Table 4). 

Histidine and asparagines were not detectable by 
TLC. Detectable amounts of glutamine were observed 
in S. monatum and only cysteine content responded to 
Zn treatments, which either increased in D. glomerata 
or decreased in S. monatum (Table 5). 

Histidine and asparagine were not found in C. 
intybus and glutamine was not found in A. echinops. 
Similar to Zn treatments, only cysteine content 
responded to Cu treatment in C. intybus but not in A. 
echinops. However, the endogenous content of cysteine 
was much higher in A. echinops than C. intybus. The 
cysteine content increased in response to 50 μM Cu and 
decreased with increasing Cu concentration in the 
medium (Table 6). 

Measured Cysteine concentration showed that in A. 
echinops a significant increase in response to 100 μM 
Cu occurred in shoots. In contrast, Cu treatment of 
roots, did not result the same response as shoots (Table 7). 

Alteration in Proteins and Enzymes Activity in 
Response to Cu Treatment 

Analysis of proteins by SDS-PAGE did not showed 
any significant changes. According to both 
spectrophotometric and PAGE analysis of enzymes, 
activity of catalase and polyphenol oxidase [unit 
mg−1(protein)] did not change under Cu treatment in 
both of species. However, peroxidase activity [unit 
mg−1(protein)] decreased under Cu toxicity. Reduction 
of peroxidase activity was much higher in C. intybus 
than A. echinops in both shoot and root. In C. intybus 
the reduction of peroxidase activity in comparison with 
control was 47% and 39% and in A. echinops was 10% 
and 28% in shoot and root respectively (Table 8). 

Discussion 

Growth and Accumulation of Zn 

A clear difference between two species studied was 
observed in response to toxic concentrations of Zn. S. 
monatum showed to be a high Zn tolerant species, but 
the shoot and root growth of D. glomerata were 
inhibited in Zn concentration at 25 μM. Growth 
improvement in Zn concentrations of 100 μM for root 
and at 50 μM for shoot, indicated that S. monatum could 
be classified as a high tolerant species to Zn. For other 
species such as Arabidopsis halleri, plants growth was 
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Table 1.  Growth and concentration of Zn in Shoot and roots of Dactylis glomerata and Secale monatum grown at toxic levels of this 
metal in the nutrient solution. Values in each column within each plant species followed by the same letter are not significantly 
different (P<0.05) 

 Zn (μM)  Dry weight [mg (plant)−1]  Zn concentration [μg g−1 (d.w.)] 
   Shoot Root  Shoot Root 
D. glomerata 0  25.2±5.0a 8.7±2.1a  165±43 b 457±71 b 
 25  20.4±1.1ab 6.8±1.2a  632±146 a 2586±990 ab 
 50  16.9±3.6b 7.3±2.0a  619±154 a 3192±1949 ab 
 75  16.0±3.7b 6.4±1.9a  709±162 a 3963±1269 a 
 100  16.2±2.4b 6.5±2.1a  548±413 a 4039±2457 a 
S. monatum 0  43.7±3.9b 10.1±1.6c  88±7 c 850±140 b 
 25  52.8±3.3ab 17.2±5.5ab  305±38 ab 1289±99 ab 
 50  55.0±6.5a 18.2±1.2a  280±51 b 1640±127 ab 
 75  45.1±7.4ab 12.8±1.2bc  358±17 a 1898±301 a 
 100  43.5±6.9b 15.3±2.9abc  338±35 ab 2061±658 a 

 
Table 2.  Growth and concentration of Cu in Shoot and roots of Chicorium intybus and Astragalus echinops grown at toxic levels of 
this metal in the nutrient solution. Values in each column within each plant species followed by the same letter are not significantly 
different (P<0.05) 

 Zn (μM)  Dry weight [mg (plant)−1]  Cu concentration [μg g−1 (d.w.)] 
   Shoot Root  Shoot Root 
C. intybus 0  125.0±40.1a 44.3±7.9b  748±102 c 2078±523 b 
 25  113.2±23.6a 62.3±3.1a  1598±458 bc 5289±313 b 
 50  135.1±30.6a 65.7±14.1a  2070±902 ab 7398±994 b 
 75  73.7±17.3b 49.0±8.6b  2160±168 ab 14721±742 ab 
 100  23.7±7.3c 13.3±2.1c  3159±144 a 17642±8471 a 
A. echinops 0  27.2±7.5a 56.2±3.5a  18±1 c 117±11 e 
 25  13.5±4.6b 49.0±4.2b  29±4 c 2642±112 d 
 50  8.3±1.0b 52.8±1.3a  552±43 b 5783±612 c 
 75  6.2±2.3b 23.9±1.8b  616±28 b 9374±111 b 
 100  11.3±2.9b 28.6±2.3b  882±61 a 10748±113 a 

 
 

also not negatively affected by 100 μM Zn [72]. 
A high sensitivity to Zn toxicity was associated with 

high Zn accumulation in shoot and root. The Zn 
concentration in D. glomerata was an order of 
magnitude higher than S. monatum. Therefore, D. 
glomerata could be considered as an includer plant with 
a high sensitivity to Zn toxicity. Zn hyperaccumulators 
are defined as being able to accumulate more than 
10,000 μg Zn in the above ground parts on a dry weight 
basis [9]. The Zn concentration of leaves in samples of 
S. monatum collected from Zn rich soils of North West 
Iran was in the range of 100-300 μg g−1 DW, which was 
similar to Zn concentrations of plants in the present 
hydroponic experiment. Therefore, S. monatum could be 

ranked as an includer, tolerant but non-accumulator 
species. Presence of D. glomerata on Zn-rich soils, was 
restricted to marginal areas [30], obviously because of a 
high sensitivity to Zn toxicity as was also documented 
in this hydroponic experiment. 

Growth and Accumulation of Cu 

Like Zn, two species studied showed a clear 
difference in growth response to toxic concentrations of 
Cu. C. intybus demonstrated a high sensitivity, 
particularly at high Cu concentrations. A high suscep-
tibility to Cu in C. intybus was associated with a high 
Cu accumulation in shoot and roots. It means that, C. 
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Figure 1.  Uptake [mg g−1 (d.w.)] and transport [mg g−1 (d.w.)] of Zn in D. glomerata and S. monatum in response to toxic 
concentrations of Zn in medium. 
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Figure 2.  Uptake [mg g−1 (d.w.)] and transport [mg g−1 (d.w.)] of Cu in C. intybus and A. echinops in response to toxic 
concentrations of Cu in medium. 

 
intybus is an includer and sensitive species to Cu 
toxicity. The Cu concentration in samples of A. 
echinops collected from Cu rich soils of North West 
Iran was in the range of 50-500 μg g−1 DW, which was 
similar to Cu concentrations of plants in the present 
hydroponic experiment. Therefore, according to the 
definition of Cu hyperaccumulator and accumulator 
species [9], A. echinops could be ranked as an 
accumulator species. C. intybus was absent from these 
highly Cu-rich areas [30], most likely because of a high 
susceptibility to Cu toxicity. 

Accumulation of Potential Chelating Molecules 

In roots of S. monatum a high endogenous malate 
and citrate concentration may be one of the causes of 
higher tolerance of this species to Zn, considering 
particularly that, root growth of this species improved in 
response to all toxic Zn concentrations applied. In a 
study on tobacco suspension cells, metal-dependent 
stimulation of malic acid and citric acid was not 

observed. However, it was proved that, even at very 
high growth-inhibiting levels of Zn, sufficient organic 
acid is present in the vacuole [39]. 

However, in shoot, organic acids had no determining 
role in tolerance of S. monatum. Though low 
concentration of organic acids, concomitant with high 
tolerance, an improvement in growth was observed at 
50 μM Zn concentration. 

In contrast to organic acids in roots, accumulation of 
amino acids was not in association with growth 
response of two species studied either in root or shoot. 
Cysteine concentration did not only increase but a 
reduction was also detected in shoots of S. monatum. 
Other investigations showed that, low molecular weight 
compounds have no distinct effect on detoxicfication of 
Zn [33]. One of the important mechanisms for Zn 
detoxification in Zn tolerant populations of Silene 
vulgaris, is the sequestration of Zn in vacuoles [69]. On 
the other hand, the difference between hyperaccu-
mulator and non-accumulator species of genus Thlaspi 
was attributed to the higher Vmax values in the 
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Table 3.  Detection of organic acids by TLC in tissue extract of  Dactylis glomerata  and Secale monatum grown at toxic levels of Zn 
in the nutrient solution 

 Zn (μM)  Shoot  Root 
   Malic acid Citric acid  Malic acid Citric acid 
D. glomerata 0  ++ ++  ++ ++ 
 50  ++ ++  + + 
 100  ++ ++  + + 
S. monatum 0  – –  +++ ++ 
 50  – –  ++ ++ 
 100  – –  ++ ++ 
Key: The number of + signs is correlated with the concentration. 

 
Table 4.  Detection of organic acids by TLC in tissue extract of Chicorium intybus and Astragalus echinops grown at toxic levels of 
Cu in the nutrient solution 

 Cu (μM)  Shoot  Root 
   Malic acid Citric acid  Malic acid Citric acid 
C. intybus 0  + ++  + + 
 50  + +  + + 
 100  + +  + + 
A. echinops 0  +++ –  ++ – 
 50  +++ –  +++ – 
 100  ++ –  +++ – 
Key: The number of + signs is correlated with the concentration. 

 
Table 5.  Detection of amino acids by TLC in tissue extract of Dactylis glomerata and Secale monatum grown at toxic levels of Zn in 
the nutrient solution 

 Zn (μM)  Shoot Root 
   Cysteine Histidine Glutamine Asparagine Cysteine Histidine Glutamine Asparagine
D. glomerata 0  + – + – + – + – 
 50  ++ – + – + – + – 
 100  + – + – + – + – 
S. monatum 0  ++ – – – + – – – 
 50  + – – – + – – – 
 100  + – – – + – – – 
Key: The number of + signs is correlated with the concentration. 

 
Table 6.  Detection of the amino acids by TLC in tissue extract of Chicorium intybus  and  Astragalus echinops grown at toxic levels 
of Cu in the nutrient solution 

 Cu (μM)  Shoot Root 
   Cysteine Histidine Glutamine Asparagine Cysteine Histidine Glutamine Asparagine
C. intybus 0  ++ – + – + – + – 
 50  +++ – + – + – + – 
 100  + – + – + – + – 
A. echinops 0  +++ + – + + + – + 
 50  +++ + – + + + – + 
 100  +++ + – + + + – + 
Key: The number of + signs is correlated with the concentration. 
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Table 7.  The concentration of cysteine [μg g−1(f.w.)] in tissue extract of Chicorium intybus and Astragalus echinops grown at toxic 
levels of Cu in the nutrient solution. Values in each column followed by the same letter are not significantly different (P<0.05) 

Cu (μM)  Chicorium intybus  Astragalus echinops 
  Shoot Root  Shoot Root 
0  313±112 a 109±28 a  703±46 b 262±67a 
50  370±93 a 87±12 a  127±57 c 9±1c 
100  264±129 a 104±21 a  903±35 a 133±2b 

 
Table 8.  Activity of peroxidase (POD), catalase (CAT) and polyphenoloxidase (PPO) [unit mg−1(protein)] in tissue extract of 
Chicorium intybus and Astragalus echinops grown at toxic levels of Cu in the nutrient solution. Values in each column followed by 
the same letter are not significantly different (P<0.05) 

 Cu (μM)  Chicorium intybus  Astragalus echinops 
   Shoot Root  Shoot Root 
POD 0  87.31±0.87a 3.28±0.06a  109.22±1.2a 2.85±0.02a 
 50  46.54±1.38b 2.01±0.07b  98.03±1.9b 2.04±0.01b 
CAT 0  1014.6±7.35a 1230.7±3.2a  995.1±12.11a 1011.4±5.8a 
 50  1071.1±56.04 a 1275.5±16.0a  983.7±10.91 a 1041.8±12.9 a 
PPO 0  5.85±0.19a 0.34±0.02a  12.13±0.37a 0.48±0.02a 
 50  5.99±0.41a 0.33±0.1a  11.97±0.24a 0.52±0.02a 

 
 

hyperaccumulator species [42]. We observed a clear 
difference in Zn uptake and transport in this study. 

A considerable difference in malate accumulation in 
shoot and root between two species studied for Cu 
toxicity was observed. This difference was most likely 
the main cause of Cu tolerance in A. echinops compared 
to C. intybus. It was shown that, malate could act as a 
potent chelating molecule for Ni in many plant species 
[56,57]. Although there is no report on Cu chelation by 
malate, regarding stability constants [34], it is possible 
that excess Cu was chelated by malate in A. echinops. 
Although we did not observe inductive effect of Cu on 
malate accumulation in A. echinops, a constitutive 
higher malate concentration in A. echinops, could be 
due to Cu tolerance in this species. 

Like malate, the concentration of cysteine was also 
higher in A. echinops in comparison with C. intybus, 
documented by both TLC and spectrophotometry. On 
the other hand, histidine was absent in shoot and root 
extract of C. intybus, while it was detected in trace 
amount by TLC in A. echinops. Although inductive 
effect of Cu on the histidine amounts was not observed, 
its presence in detectable amounts could be another 
reason for the tolerance of A. echinops to Cu toxicity. 
Chelating effect of histidine for Ni, so called histidine 
effect is well documented [34,38]. 

Induction of oxidative stress is one of the main 
causes of heavy metal toxicity in plants. Reduction in 

the activity of antioxidant enzymes including peroxidase 
was reported under Cr [61] Cd [16] Ni [3] and Cu [36] 
toxicity. The extent of changes in the activity of 
antioxidant enzymes under metal toxicity could be one 
of the most important factors determining responses of 
two tested species to Cu toxicity. Accordingly, in this 
work, a higher inhibition in the activity of peroxidase in 
C. intybus was in association with higher susceptibility 
to excess Cu. Therefore, reduction of activity of 
enzymes could be assumed as a biochemical symptom 
of Cu, which is strongly expressed in sensitive rather 
tolerant species. However, the activity of catalase and 
polyphenol oxidase remained unchanged under Cu 
treatment. 

Guaiacol peroxidase, which was assayed in this 
work, is involved in the lignification of cell wall. A 
lower lignification capacity of cell wall under Cu 
toxicity could be one of the reasons for stronger root 
growth inhibition in C. intybus. The Cu induced 
membrane damages and leakage of solutes from roots is 
well documented [50]. Therefore, lignification could 
prevent leakage of solutes from roots. Induction of 
lignification under excess Cu stress was reported by 
other investigators [13,14,25]. A possible role for 
lignification in establishing an apoplastic transport 
barrier in roots was hypothesized under Cu and Zn 
toxicity [20]. 

There have been some physiological studies on the 
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uptake and translocation of metals by metal hyper-
accumulators, but a few investigations have been 
published to identify the mechanisms of metal tolerance 
[18]. Studies on the mechanisms involved in Zn 
hyperaccumulation showed that, the Zn hyperaccu-
mulation is not associated with rhizosphere acidification 
[37,48], but with a Zn uptake velocity (Vmax) 4-5 times 
more than a non-accumulating species [42]. This plant 
also possesses highly efficient mechanisms for transport 
of Zn from roots to shoots [43,65]. 
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