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Abstract 
 
The alleviative effects of exogenous calcium on copper phytotoxicity were investigated in Elodea canadensis plants. 
There was a significant accumulation of Cu in the plants after their exposure to 0.01 mM Cu accompanied by many 
symptoms of toxicity. Increased uptake of Cu severely reduced content of photosynthetic pigments, soluble proteins, 
and free proline. The total antioxidant capacity (T-AOC), reduced glutathione (GSH), and non-protein thiol (NP-SH) 
were severely suppressed in Cu-stressed plants resulting in a rapid increase in content of superoxide anion (O2

•−), 
hydrogen peroxide, lipid peroxidation, and cell death. Simultaneous application of Ca markedly increased the content of 
photosynthetic pigments, soluble proteins, free proline, T-AOC, GSH, and NP-SH, and reduced oxidative damage as 
indicated by lowered content of MDA, O2

•−, and H2O2; and decreased cell death. Furthermore, application of Ca 
reduced Cu uptake and effectively reversed the Cu-induced nutrient imbalance.  

Additional key words: alleviation, antioxidants, carotenoids, chlorophyll, glutathione, H2O2, mineral nutrition, O2
•−, proline, proteins. 

 
⎯⎯⎯⎯ 
 
The contamination of aquatic ecosystems by heavy 
metals has attracted considerable concern around the 
world due to their toxic effects on plant metabolism and 
public health (Nagajyoti et al. 2010). Copper is an 
essential trace element needed for growth and 
development of plants. It acts as a co-factor in regulatory 
proteins and participates in photosynthetic electron 
transport, mitochondrial respiration, oxidative reactions, 
cell wall metabolism, and hormone signaling (Flemming 
and Trevors 1989, Maksymiec 1997). However, previous 
studies have suggested that Cu could be highly toxic to 
plants at the supraoptimal amount. For example, Cu can 
inhibit growth, cause physiological and biochemical 
disturbances, and induce symptoms of plant senescence 
(Flemming and Trevors 1989, Maksymiec 1997). More-
over, Cu catalyzes the Fenton/Haber-Weiss reaction and 
is directly involved in the generation of oxidative stress 

due to overproduction of reactive oxygen species (ROS), 
such as superoxide anion (O2

•−), hydrogen peroxide 
(H2O2), singlet oxygen (1O2 ), etc. (Stohs and Bagchi 
1995).  
 As an essential macronutrient, calcium is a crucial 
regulator of growth and development in plants (Hepler 
2005) and has been shown to stabilize cell membranes, 
change the pH of cells, and prevent solute leakage from 
the cytoplasm (Hirschi 2004). Furthermore, there is a 
considerable body of research that shows that Ca is 
involved in the signal transduction of environmental 
stimuli and related gene expression (McAinsh et al. 1996, 
He et al. 2005). Recent findings have revealed that Ca 
could increase plant tolerance to abiotic stresses such as 
salinity (Bonilla et al. 2004), water stress (Nayyar and 
Kaushal 2002), and heat stress (Larkindale and Knight 
2002). Increased Ca concentration in growth media have  
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also been reported to protect algae and terrestrial plants 
against heavy metal toxicity by precipitation, complex 
formation, reduced metal accumulation, enhancement of 
antioxidants, and increased metabolism (Ouzounidou  
et al. 2006, Drażkiewicz and Baszyński 2008, Wang and 
Song 2009, Fan et al. 2012, Le et al. 2012). A commonly 
proposed mechanism is the restoration of Ca content 
(Rengel 1992). There have also been reports on the 
protective role of Ca against the inhibition of 
photosystem II by Cu and Cd (Maksymiec and Baszyński 
1999, Drażkiewicz and Baszyński 2008).  
 Elodea canadensis, a common submerged macro-
phyte, is widely distributed around the world and has a 
rapid growth rate. It is also a potential accumulator of 
heavy metals and these accumulated metals have been 
shown to induce several biochemical, physiological and 
cellular changes within the plant (Mal et al. 2002, Fritioff 
and Greger 2007, Dogan et al. 2009). However, as far as 
can be ascertained, there have been few reports on the 
role of Ca in response to heavy metal stress in aquatic 
plants. In this study, E. canadensis was chosen as the 
experimental material to investigate whether exogenous 
Ca confers protection against Cu toxicity. This study will 
be helpful in understanding the physiological and 
biochemical detoxification strategies that aquatic plants 
adopt against heavy metal stress when Ca is added. 
 Elodea canadensis Michx. plants were obtained from 
unpolluted pond in Nanjing, China and were grown for  
3 months in large hydroponic tubes filled to 1/4 with soil. 
Before treatment, the growing shoots (top 10 cm of the 
plant) were separated from the mother plant, washed 
three times with running tap water and acclimatized in 
1/10 Hoagland solution under laboratory conditions  
(114 μmol m-2 s-1 irradiance, a 14-h photoperiod and 
day/night temperature of 25/20°C ). There were three 
treatments: control (1/10 Hoagland solution), 0.01 mM 
Cu (the sublethal concentration of Cu for E. canadensis) 
and 0.01 mM Cu + 20 mM Ca. The concentrations were 
chosen on the basis of preliminary experiments (data not 
shown). The plants were grown in aquaria under the 
above-mentioned laboratory conditions for 4 d. All the 
solutions were refreshed every 2 d. All experiments were 
carried out in triplicate and each replicate contained  
20 plants. After harvesting, the plants were washed with 
double distilled water, blotted, frozen in liquid nitrogen, 
and stored at -80 °C until analysis. 
 Cu and other nutrients were analyzed by inductively 
coupled plasma - atomic emission spectrometry (ICP-AES, 
Leeman Labs, Prodigy, USA). Chlorophyll (Chl) and 
carotenoid (Car) content was determined according to the 
method used by Lichtenthaler (1987). The rate of O2

•− 
generation was determined following the method used by 
Elstner and Heupel (1976). H2O2 content was measured 
according to Pick (1986) with some modifications. Lipid 
peroxidation was determined by estimation of the 
malondialdehyde (MDA) content using the thiobarbituric 
acid (TBA) method as described by Heath and Packer 

(1968). Cell death was measured using the Evans blue 
staining method as described by Baker and Mock (1994). 
The protein content was estimated following the method 
of Bradford (1976). The level of T-AOC was determined 
using a T-AOC testing kit (Nanjing Jiancheng Bioengi-
neering Institute). GSH content was determined according 
to the method used by Anderson (1985). NP-SH 
compounds were extracted and assayed according to  
Ellman (1959) and the proline content was estimated 
using ninhydrine acid reagent according to Bates et al. 
(1973).  
 All values presented are expressed as means ± standard 
deviations (SD; n = 3). Significant differences between 
treatments were analyzed statistically using one-way 
ANOVA followed by multiple comparison tests (LSD). 
Different letters indicate significantly different values  
at P < 0.05. 
 A substantial accumulation of Cu was observed in  
E. canadensis plants after 0.01 mM Cu treatment over 4 d 
(Table 1). This confirmed the results reported by 
Giampaoli et al. (2012). Cu has the ability to bind thiol 
groups and disrupt the redox status of a cell, thereby 
enhancing the production of ROS which can induce lipid 
peroxidation (Stohs and Bagchi 1995). In this study, Cu 
accumulation stimulated ROS generation and lipid 
peroxidation which suggested that Cu can cause oxidative 
stress in E. canadensis plants. A sharp increase in content 
of O2

•−, H2O2, and MDA (Table 2) may have caused 
membrane damage, leading to accelerated cell death 
(Table 2). In previous studies, the accumulation of Cu 
and other toxic metals in plants resulted in significant 
reduction in the uptake of a number of nutrients 
(Ouzounidou et al. 2006, Xu et al. 2010). A similar result 
was also observed in relation to the contents of P, K, Mg, 
Na, and B in Cu-treated E. canadensis (Table 1). These 
nutrient deficiencies might be also the result of reduced 
energy availability (which the membrane transport 
systems require in order to function) caused by possible 
damage to chloroplasts and mitochondria. In addition, a 
slight increase in Ca was seen in the Cu-treated plants 
(Table 1) which could be attributed to the fact that Cu 
causes an influx of Ca through the plasma membrane 
Ca2+ channels (Inoue et al. 2005). These results suggested 
that Cu disrupted selective mineral uptake in the cells of  
E. canadensis plants and disturbed the internal nutrient 
balance. However, application of Ca had a negative effect 
on Cu accumulation (Table 1). The results of this study 
are consistent with previous studies that the addition of 
Ca decreased Cu content (Zaki and Fathi 2004, Fan et al. 
2012). The decline in the accumulation of Cu after Ca 
treatment suggested an antagonistic interaction between 
Cu and Ca due to their similar ionic form (Maksymiec 
and Baszyński 1998). Ca2+ stabilizes lipid bilayers by 
binding to phospholipids and thus provides structural 
integrity to cellular membranes (Hepler 2005). The 
decrease in ROS, lipid peroxidation, and Evans blue 
uptake could also explain the alleviative effects of Ca on  
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Table 1. Effects of exogenous Ca on the content of Cu and other elements [μg g-1(f.m.)] in E. canadensis plants exposed to 0.01 mM 
Cu for 4 d. Means ± SD (n = 3). Effects of treatments not sharing common letters are significantly different at P < 0.05 as determined 
using one-way ANOVA followed by LSD.  
 

Content  Control Cu Cu + Ca 

Copper      5.2 ± 1.8 c     89.8 ± 5.7 a     47.6 ± 5.7 b 
Calcium 1116.7 ± 64.3 b 1246.7 ± 94.5 b 1673.3 ± 47.3 a 
Phosphorus 1417.7 ± 158.3 a   565.3 ± 69.0 c   877.7 ± 81.1 b 
Potassium 4113.3 ± 328.1 a 2190.0 ± 278.4 c 2950.0 ± 216.6 b 
Magnesium   374.0 ± 26.5 a   234.0 ± 65.0 b   324.7 ± 16.9 a 
Iron     32.3 ± 2.6 a     41.1 ± 5.7 a     35.3 ± 5.3 a 
Boron       2.7 ± 0.4 a       1.5 ± 0.4 b       2.4 ± 0.5 a 
Sodium   955.3 ± 59.4 a   481.3 ± 23.4 c   693.7 ± 17.0 b 

 
 
Table 2. Effects of exogenous Ca on the levels of Chl a, Chl b, Car, O2

•−, H2O2, MDA, cell death, soluble protein, T-AOC, GSH,  
NP-SH, and proline in E. canadensis plants exposed to 0.01 mM Cu for 4 d. Means ± SD (n = 3). Effects of treatments not sharing 
common letters are significantly different at P < 0.05 as determined using one-way ANOVA followed by LSD. 
 

Parameters Control Cu Cu + Ca 

Chl a [mg g-1(f.m.)]   0.50 ± 0.05 a   0.25 ± 0.02 b   0.45 ± 0.04 a 
Chl b [μg g-1(f.m.)]   0.19 ± 0.02 a   0.14 ± 0.01 b   0.20 ± 0.01 a 
Car [μmg g-1(f.m.)]   0.13 ± 0.02 a   0.05 ± 0.003 c   0.10 ± 0.002 b 
O2

•− [nmol g-1(f.m.) min-1]   2.68 ± 0.16 c   9.38 ± 0.48 a   4.71 ± 0.21 b 
H2O2 [nmol g-1(f.m.)]   3.24 ± 0.28 c   6.29 ± 0.13 a   4.75 ± 0.42 b 
MDA [nmol g-1(f.m.)] 13.03 ± 0.91 c 23.03 ± 1.92 a 14.16 ± 0.41 b 
Cell death [A600]   0.31 ± 0.02 c   0.74 ± 0.01 a   0.47 ± 0.04 b 
Soluble protein [mg g-1(f.m.)]   2.92 ± 0.23 a   1.72 ± 0.04 c   2.35 ± 0.20 b 
T-AOC [U g-1(f.m.)] 27.44 ± 3.28 a   8.06 ± 2.43 c 19.61 ± 2.52 b 
GSH [mg g-1(f.m.)] 10.16 ± 1.17 a   2.47 ± 0.44 c   6.48 ± 0.73 b 
NP-SH (μmol g−1(f.m.)) 46.87 ± 1.99 a 28.75 ± 1.76 c 35.28 ± 3.54 b 
Proline [μg g-1(f.m.)] 50.29 ± 4.81 a 32.48 ± 1.53 b 45.54 ± 1.71 a 

 
Cu-induced membrane damage. Hence, the imbalance of 
nutrient elements in E. canadensis plants under Cu stress 
could be greatly alleviated by the application of Ca 
(Table 1) due to decreased membrane damage. 
 Redox cycling between Cu+ and Cu2+ can catalyze the 
production of highly toxic free radicals through the 
Haber-Weiss reaction which causes damage to the 
photosynthetic apparatus and catalyzes the degradation of 
proteins through oxidative modification and increased 
proteolytic activity (Srivastava et al. 2006). Content of 
Chl a, Chl b, Car and soluble protein decreased 
significantly in E. canadensis plants treated with Cu 
alone (Table 2). The addition of Ca significantly 
counteracted the inhibition of pigment and protein 
biosynthesis caused by Cu. It is suggested that this is due 
to the efficient control of Cu-induced oxidative damage 
and a major increase in  antioxidant capacity due to the 
Cu + Ca treatment which effectively mitigated Cu 
toxicity. 
 Cu led to a significant inhibition of T-AOC (Table 2). 
This was possibly due to the overproduction of ROS, 

which would induce oxidative damage. It is evident from 
these results that the equilibrium between the production 
of ROS and protective antioxidants became unbalanced. 
The addition of Ca caused a significant increase in the 
content of T-AOC and thus mitigated oxidative damage 
induced by Cu stress. A significant increase in the 
activity of antioxidative enzymes has also been reported 
in Ca + Cd treated Trifolium repens by Wang and Song 
(2009). Ca could regulate the activities of target proteins 
directly or via calmodulin which after binding to Ca2+ 
activates a number of protein kinases (Wang and Song 
2009). This may explain one of the roles of Ca in 
improving the antioxidant capacity of plants under Cu 
stress.  
 Cu stress generated a sharp reduction in GSH and  
NP-SH concent (Table 2). Sulfate assimilation and GSH 
biosynthesis take place in chloroplasts, so damage to 
chloroplast ultrastructure and membrane integrity by Cu 
may affect the sulfur metabolism in plants (Srivastava  
et al. 2006). The results of this study were in agreement 
with the earlier findings of Singh et al. (2010) in 
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chickpea. The decreased content of NP-SH could be due 
to its consumption during the synthesis of phytochelatins 
(PCs) which require GSH as precursor (De Vos et al. 
1992). The fact that GSH became depleted during PCs 
synthesis suggested the possibility of PCs synthesis in  
E. canadensis under Cu stress but no evidence for the 
induction of PCs was found in this study. However, Ca 
application significantly enhanced the content of NP-SH 
and GSH (Table 2). It has been shown that NP-SH 
compounds, in particular GSH, play a prominent role in 
the detoxification of free radicals in plants (De Vos et al. 
1992). Extensive investigation is required to elucidate the 
roles of PCs in Cu and Ca + Cu-treated E. canadensis. 
 Dhir et al. (2004) demonstrated that hydrophytes 
(Ceratophyllum, Wolffia and Hydrilla), unlike meso-
phytes, exhibited a decline in proline content in response 
to Cd pollution. These results are in accordance with this 
study which showed a Cu concentration-dependent 
decline in proline content (Table 2) in the opposite to the 

findings of Ku et al. (2012). However, the plants 
subjected to the Cu + Ca treatment showed a higher 
proline content compared to the plants subjected to the 
Cu alone. Proline has been shown to be involved in the  
protection of enzyme activity, the maintenance of cellular 
osmoticum, the NADPH/NADP+ ratio, cytosolic pH, as 
well as helping to scavenge ROS (Mehta and Gaur 1999). 
The increase in proline content induced by exogenous Ca 
indicated that proline was involved in the adaptation of E. 
canadensis to Cu stress when additional Ca was supplied.  
 In conclusion, these results have shown that 
application of 20 mM Ca together with 0.01 mM Cu 
significantly decreased the excessive accumulation of Cu, 
maintained cellular nutrient balance, reduced the 
degradation of pigments and soluble proteins, promoted 
the synthesis of proline, alleviated oxidative damage, 
maintained high antioxidant capacity (T-AOC, GSH, and 
NP-SH), and effectively ameliorated the phytotoxicity of 
Cu in E. canadensis. 
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