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Abstract The rare earth elements are increasingly being

used as trace supplements in different fields. In this study,

subcellular distribution, the chemical forms and toxicity of

cerium (Ce) were evaluated for Elodea canadensis. The

effect of Ce (5–20 mg L-1) applied for 7 days was asses-

sed by measuring changes in the nutrient elements, pho-

tosynthetic pigments, malondialdehyde and antioxidant

systems. Ce accumulation was greatest in the cell walls,

followed by the organelles and the soluble fraction. Ce

levels were higher in cellulose and pectin than in other

biomacromolecules. The toxic effects caused by Ce were

shown by a reduction in photosynthetic pigments, disrup-

tion of nutrient elements, and increases in MDA content. E.

canadensis shows Ce-induced oxidative stress by modu-

lating antioxidant enzymes, such as guaiacol peroxidase

and catalase. Elevated Ce levels may represent a potential

risk for aquatic ecosystems.

Keywords Cerium � Elodea canadensis � Subcellular

distribution � Chemical form � Toxicity

Introduction

The rare earth elements (REEs) comprise a group of 15

trivalent metallic elements with similar chemical proper-

ties. REEs have been widely used in industry (electronics,

petrochemical, metallurgy, machinery, energy, light

industry, etc.) because of their diverse physical and

chemical effects and fertilizers containing REEs (mainly

La and Ce) have been used to improve crop production

since the early 1990s in China. As a result, increasing

quantities of REEs are discharged into the environment,

which may then threaten environmental safety (Zhu et al.

1997). Although REEs are less toxic than other metals and

their compounds, the long-term hazardous effect of REEs

on human health is still serious (Zhu et al. 1996). REEs

have also been classified as main environmental pollutants

in China (National Natural Science Foundation of China

1996). Thus, it is imperative that we understand the envi-

ronmental and ecological effects of REEs. Unfortunately,

the results from limited laboratory studies on the effects of

REEs on higher plants are inconsistent. For example, the

addition of cerium nitrate (0.5–10 lM) or lanthanum

nitrate (0.5–10 lM) to the culture medium significantly

increased the primary root lengths of Arabidopsis thaliana

(He and Loh 2000), although the mechanism behind

its beneficial effects has not yet been clarified. In con-

trast, REEs in nutrient solutions at concentrations of

0.1–2 mg L-1 reduced root elongation in corn and mung-

bean (Diatloff and Smith 1995) and Hu et al. (2002)

reported that 0.5–20 mg L-1 La or Ce inhibited primary

root elongation in Triticum aestivum. This may due to Ce

being a Ca2? channel antagonist (Kobayashi et al. 2007).

This might be attributed to plant species, growth medium,

the distinct REEs and concentrations and time of action.

Increased concentrations of REEs have been detected in

aquatic environments as a consequence of weathering,

leaching and uncontrolled contrived release (Dia et al.

2000; Protano and Riccobono 2002; Zhang and Liu 2004).

Therefore, more research emphasis needs to be placed on

the distribution, bioavailability, bioaccumulation and
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environmental toxicity of REEs in aquatic organisms

(Yang et al. 1999; Barry and Meehan 2000). However, as

far as can be ascertained, very little information is available

on the potential effects of REEs on aquatic plants (Yang

et al. 1999; Wang et al. 2007; Xu et al. 2012).

Elodea canadensis (Waterweed), a submerged aquatic

plant, is considered a model experimental system for metal

accumulation and has been successfully used for pollution

monitoring and phytotoxicity tests (Mal et al. 2002; Dalla

Vecchia et al. 2005; Fritioff and Greger 2007; Thiébaut

et al. 2010) because it is a widely distributed, well-studied

species and there is evidence that it accumulates high

levels of pollutants (Cd, Cu, Zn, and so on) from water and

sediments (Kähkönen et al. 1997; Nyquist and Greger

2007; Mal et al. 2002). At present, no information is

available on the accumulation capacity and environmental

toxicity of REEs in E. canadensis. However, the acquisi-

tion of such information is essential if strategies are to be

developed for the environmentally sustainable application

of REES (Barry and Meehan 2000). In this study, the

response of E. canadensis to cerium (Ce) was systemati-

cally investigated with reference to: (1) bioaccumulation of

Ce; (2) the pattern of Ce subcellular distribution using

tissue fractionation; (3) chemical forms, using sequential

extraction with different solutions and (4) physiological

responses to Ce-induced stress, particularly concerning

oxidative stress protection and nutrient balance. The

objective of this study was to elucidate the mechanisms

behind Ce toxicity and to determine the potential hazards

associated with the discharge of REEs into aquatic

ecosystems.

Materials and methods

Plant material and experimental setup

Elodea canadensis Michaux. is native to the continental

United States and Canada (Bowmer et al. 1995) and was

introduced into China in the 1990s. Following its intro-

duction, E. canadensis became widely distributed in lakes,

ponds, springs and quiet streams throughout China.

Elodea canadensis was collected from Lake PiPa,

Nanjing, China. Before metal treatment, plants were

acclimatized for 10 day under laboratory conditions

(114 lmol m-2 s-1 light irradiance, 14 h photoperiod and

25 �C/20 �C day/night) in 1/10 Hoagland solution. During

exposure, eight 10-cm-long shoots without roots were kept

in 2-L beakers containing different concentrations of Ce (5,

10, 15 and 20 mg L-1). The Ce solution was prepared from

Ce(NO3)3�6H2O in 1/10 Hoagland solution (without KH2-

PO4 to avoid Ce3? precipitation). KH2PO4 was replaced

with an equivalent molar concentration of KCl (Wang et al.

2007; Hu et al. 2002). The levels of cerium nitrate selected

in the present experiment were set according to the results

of He and Loh (2000), Hu et al. (2002) and Wang et al.

(2007). The control plants were grown in the same medium

with neither Ce3? nor PO4
3-, thus both experimental and

control plants experienced the similar changes due to the

lack of phosphates. Each treatment had three replicates (20

plants per replicate), and all of the solutions were changed

every 2 days to maintain a rather constant Ce concentration

directly available to the shoots and the plant nutrition

requirements during the 7-day culture period. After har-

vesting, plants were washed with distilled water, and used

for study of various parameters.

Tissue fractionation and Ce quantification

The subcellular distribution of Ce within the leaves was

determined according to the method described by Xiong

et al. (2009). In brief, plant tissues (2.0 g) were homoge-

nized in pre-chilled extraction buffer containing 50 mM

Hepes (pH 7.5), 500 mM sucrose, 1 mM dithiothreitol,

5 mM ascorbate and 1 % polyvinylpolypyrrolidone. The

homogenate was centrifuged at 500g for 5 min to isolate

the cell wall fraction. The supernatant of the first centri-

fugation step was then centrifuged at 20,000g for 45 min to

sediment cell organelles and the resultant supernatant

solution was referred to as soluble fraction. All steps were

performed at 4 �C. The fractions of the samples were

digested in a mixture of HNO3 and HClO4 (4:1 v/v) at

120 �C for at least 3 h. Concentrations of Ce in the frac-

tions were determined by inductively coupled plasma

atomic emission spectrometry (ICP-AES, Leeman labs,

Prodigy, USA) after digestion with HNO3 and HClO4. The

liquid standard reference material of Ce (GSB 04-1775-

2004) was diluted and analyzed directly when assessing Ce

content in leaves with the same conditions under strict

control.

Chemical form extraction

The biomacromolecules were separated through chemical

sequence extraction followed by ICP-AES analysis

according to Lai et al. (2006). The first step involved

grinding 2.0 g of dry plants to powder and extracting them

with ether for 8 h (Soxhlet extraction) to provide a crude

lipid fraction (F1). The second step involved extracting the

residue generated with 30 mL boiling water for 3.5 h, and

centrifuging the mixture at 800g for 10 min. The process

was repeated twice and the supernatant solutions were

combined after they were concentrated with a rotary

evaporator under reduced pressure to generate the crude

polysaccharide fraction (F2). The third step involved

extracting the residue obtained from the second step with
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20 mL of 0.1 M NaOH at 80 �C for 2 h, and centrifuging

the mixture at 10,000g for 10 min. The process was repe-

ated two times, and all of the supernatant solutions were

combined. The supernatant solution generated is a crude

protein extract (F3), and the residue comprises cellulose

and pectin (F4). The concentrations of Ce in the biomac-

romolecules were determined using ICP-AES.

Mineral nutrient content determinations

After 7 days of treatment, leaves were washed thoroughly

with 10 mmol L-1 EDTA solution at 4 �C for 30 min with

stirring, followed by washing with double distilled water to

remove superficial metal and nutrient ions. The contents of

Ca, Mg, Fe, K and Mn were analyzed by ICP-AES.

Pigments’ concentration measurement

Chlorophylls (Chl) and carotenoids (Car) were extracted

with 80 % acetone and absorbances at 470, 647, 663 and

740 nm recorded on a spectrophotometer (Thermo GENE-

SYS 10). The contents of Chl a, Chl b and Car were

estimated according to the equation 12:25 �
A663�2:79 � A647; 21:50 � A647�5:10 � A663 and

1; 000ð � A470�1:82 � Chl a�85:02 � Chl bÞ=198,

based on Lichtenthaler coefficients (Lichtenthaler 1987),

respectively.

ROS (H2O2 and O2
�-) content assay

The rate of O2
�-generation was measured as described by

Wang and Luo (1990). In brief, fresh shoots (0.5 g) were

ground with potassium phosphate buffer solution (pH 7.8,

50 mM). The extracts were centrifuged at 10,000g for

20 min at 4 �C. The supernatant (0.5 mL) was mixed with

0.5 mL 50 mM potassium phosphate buffer solution (pH

7.8) and 0.1 mL 10 mM hydroxylamine hydrochloride, and

incubated at 25 �C for 1 h. 17 mM sulfanilamide and

7 mM naphthylamine were then added to the mixture,

followed by 20 min incubation at 25 �C. The absorbance

was measured at 530 nm with spectrophotometer (Thermo

GENESYS 10). The level of H2O2 was determined using a

H2O2 testing kit purchased from Nanjing Jiancheng Bio-

engineering Institute of Jiangsu Province, China.

Lipid peroxidation

Lipid peroxidation was estimated by determining the

malondialdehyde (MDA) content according to Heath and

Packer (1968). The amount of MDA present was calculated

using an extinction coefficient of 155 mM cm-1. The

concentration of MDA was expressed in nmol g-1 FW.

Enzyme measurement

After treatment, plant material (1 g) was put in a pre-

cooled mortar, in which 0.05 M PBS buffer was added.

After a grinding in ice bath, solid phase was centrifuged at

12,000g for 20 min at 4 �C. Supernatant was used to

measure the activities of enzymes.

Superoxide dismutase (SOD) (EC 1.15.1.1) was mea-

sured by the modified nitrite method (Ōyanagui 1984).

Superoxide anion generated by hypoxanthine and xanthine

oxidase was changed to nitrite ion by hydroxylamine. The

nitrite ion was measured by color densitometry at 550 nm

with the aid of a coloring reagent. The degree of reduction

in superoxide anion was used to represent SOD activity.

50 % inhibition of superoxide production was represented

as 1 unit of SOD activity.

The guaiacol peroxidase (GPX) (EC 1.11.1.7) activity

was determined using the guaiacol and hydrogen peroxide

method (extinction coefficient 26.6 mM-1 cm-1) (Kraus

and Fletcher 1994). The reaction mixture contained 1 mL

of 200 mM NaH2PO4/Na2HPO4 buffer (pH 6.5), 25 lL of

plant extract and 10 lL of 10 % (w/v) hydrogen peroxide.

The increase in A 470 was followed for 2 min.

Catalase (CAT) (EC 1.11.1.6) activity was measured by

assaying the H2O2-forming stable complex with ammo-

nium molybdate (Góth 1991). One volume of extract was

incubated in five volumes of reaction mixture containing

65 mM hydrogen peroxide in a 60-mM sodium–potassium

phosphate buffer, pH 7.4 at 25 �C for 4 min. The enzy-

matic reaction was stopped with one volume of 32.4 mM

ammonium molybdate and the dose of the yellow complex

of molybdate and hydrogen peroxide was measured at

405 nm. One unit of CAT activity was defined as the

amount of enzyme needed to decompose 1 lmol hydrogen

peroxide per minute per gram fresh weight.

The activity of ascorbate peroxidase (APX) (EC

1.11.1.11) was determined according to the method of

Nakano and Asada (1981) by estimating the decrease in

absorbance at 290 nm (an absorbance coefficient of

2.8 mM-1 cm-1) as ascorbate was oxidized. The reaction

mixture contained 50 mM potassium phosphate buffer (pH

7.0), 0.5 mM ascorbate, 0.1 mM H2O2 and 0.1 mM EDTA

and 0.1 mL of enzyme extract in a total volume of 1 mL,

and the enzyme at 25 �C. One unit of enzyme activity was

defined as 1 mmol of ascorbate oxidized min-1 g-1 fresh

weight.

Glutathione reductase (GR) (EC 1.1.4.2) activity was

measured spectrophotometrically by monitoring the

decrease in absorbance caused by NADPH oxidation

(E = 6.2 mM-1 cm-1) at 340 nm (Tanaka et al. 1994).

The reaction mixture contained 25 mM potassium phos-

phate buffer (pH 7.8, having 0.2 mM EDTA), 0.5 mM
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glutathione disulfide (GSSG), 0.12 mM NADPH and the

plant extract aliquot.

Statistical analyses

All values presented were expressed as means of three

replications and their standard deviations (SD). One-way

analysis of variance (ANOVA) was performed with SPSS

17.0 to determine the significance of differences among

means. Different letters indicate significantly different

values at P \ 0.05. Multiple comparisons were based on

Fisher’s least significant difference (LSD) procedure.

Results

Subcellular distribution of Ce

The Ce contents of the different subcellular fractions

increased significantly as the levels of Ce in the medium

rose, except in the organelle fraction, which had the lowest

Ce levels at the highest concentrations of exogenous Ce

(Table 1). A large amount of Ce (75–81 %) was associated

with the cell wall. The proportions of the total Ce found in

the organelle fraction and in the soluble fraction were about

13–20 % and about 4–6 %, respectively.

Ce content in various biomolecules

As shown in Table 2, the highest Ce contents were bound

to cellulose and pectin. As exogenous Ce levels rose from 5

to 20 mg L-1, the Ce contents in crude lipid, crude poly-

saccharides, cellulose and pectin increased significantly

(PF1 \ 0.01; PF2 \ 0.05; PF4 \ 0.05). The amount of Ce in

cellulose and pectin accounted for about 84–98 % of the

total Ce, which was much higher than that found in the

other fractions. However, the Ce content in crude protein

peaked at 10 mg L-1 and then declined gradually to levels

that were lower than the control.

Nutrient elements

Increasing Ce levels in the nutrient medium led to signif-

icant reductions in Ca and Mg contents (PCa \ 0.05;

PMg \ 0.05), with a maximum decrease of 43 and 34 %,

respectively, when the plants were exposed to 20 mg L-1

Ce for 7 days (Table 3). Fe content tended to decline in

response to increasing external Ce levels and the maximum

decline was 35 % in plant leaves when they were exposed

to 10 mg L-1. However, K and Mn concentrations slightly

decreased up to 10 mg L-1, which were then followed by

significant increases at higher concentrations, when com-

pared to the controls.

Photosynthetic pigments

Exposure to all levels of Ce caused a sharp reduction in the

contents of both chlorophyll a (Chl a) and chlorophyll

b (Chl b) (Fig. 1). When the Ce concentration was

20 mg L-1, the contents of Chl a and Chl b were 21 and

29 % of that in the control plants, respectively. In addition,

the carotenoids (Car) content peaked at 5 mg L-1 Ce and

then showed a linear decline at higher Ce concentrations.

Statistical analysis showed highly significant negative

correlations between chlorophyll levels and Ce concentra-

tions (PChl a \ 0.01; PChl b \ 0.01).

Levels of ROS (O2
�- and H2O2)

At all Ce concentrations, the rate of O2
�- generation was

substantially higher than the value for the control treatment

(Fig. 2a), with the maximum rate of O2
�- generation being

850 % higher than the value under the control conditions.

Statistical analysis showed a high significant positive cor-

relation between the rate of O2
�- generation and the Ce

concentrations (P \ 0.01). The H2O2 content increased

gradually as the Ce concentration rose and peaked at

15 mg L-1 Ce (Fig. 2b). Although the H2O2 content ten-

ded to decrease at the highest concentration tested, it was

still higher than the levels seen in the controls.

Lipid peroxidation

The MDA content in E. canadensis increased as the Ce

levels rose (Fig. 3). When the Ce concentration reached

20 mg L-1, the MDA content was 85 % higher than under

Table 1 Subcellular distribution of cerium (Ce) in leaves of E.

canadensis

Ce

concentration

(mg L-1)

Ce in subcellular fractions (mg kg-1 fw)

Cell wall (% of

total)

Cell organelles

(% of total)

Soluble

fraction (% of

total)

0 N.D. N.D. N.D.

5 621.7d ± 3.4

(80)

126.2e ± 1.6

(16)

28.5d ± 1.5 (4)

10 1,130.9e ± 6.4

(75)

305.5a ± 5.8

(21)

63.8e ± 1.7 (4)

15 1,373.9b ± 6.9

(78)

313.6a ± 9.3

(18)

77.1b ± 3.0 (4)

20 1,635.3a ± 8.9

(81)

260.3b ± 8.6

(13)

113.0a ± 7.5

(6)

Data are mean ± SD (n = 3)

Different letters in a column indicate significantly different values at

P \ 0.05
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the control conditions. There was a positive linear corre-

lation between MDA content and Ce concentration in the

medium (R = 0.97, P \ 0.01).

Antioxidant enzymes

The antioxidant enzymes examined in this study were:

SOD, GPX, APX, CAT and GR. Enzyme activity in Ce-

treated plants exhibited different responses when exposed

to different levels of Ce (Table 4).

A significant concentration-dependent decline was

observed in the activity of SOD, APX and GR in the leaves

of E. canadensis at all concentrations after exposure for

7 days, with the maximum inhibition (44, 51 and 74 %,

respectively), compared to their respective controls,

occurring when the plants were exposed to 20 mg L-1 Ce

(PSOD \ 0.01; PAPX \ 0.01; PGR \ 0.05).

In contrast to SOD, APX and GR activities, the activity

of GPX and CAT increased progressively, compared to

their respective controls, as the Ce levels rose in the culture

medium (PGPX \ 0.01; PCAT \ 0.01). The maximum

increase was recorded as 41 and 11 %, respectively, when

the plants were treated with 20 mg L-1 Ce for 7 days.

Discussion

The bioaccumulation of REEs in aquatic plants is often

accompanied by the induction of a variety of cellular and

physiological changes, some of which directly contribute to

metal tolerance capacity of the plants (Wang et al. 2007;

Ippolito et al. 2010; Xu et al. 2012). In this study, Ce

accumulation in E. canadensis also resulted in considerable

plant physiological changes, which were observed using

several biomarkers.

Due to a very thin cuticle, E. canadensis, which is a

plant that remains completely submerged, can effectively

absorb metals directly from the aquatic medium through its

wide leaf surfaces (Dalla Vecchia et al. 2005). According

to Thiébaut et al. (2010), the bioconcentration factor pro-

vides an index of a plant’s ability to accumulate a metal

with respect to the metal concentration in the substrate. The

calculated ratio of the accumulated Ce content in dry

weight to the initial metal concentration in the water ran-

ged from 840 (at an initial Ce concentration of 20 mg L-1)

to 1,450 (at an initial Ce concentration of 5 mg L-1) in this

study, which confirmed that, in the observed concentration

ranges, Ce could accumulate to significant levels in E.

canadensis. According to Cho et al. (1994), a fast metab-

olism-independent surface reaction and a slow metabolism-

dependent cellular uptake are associated with the separa-

tion of dissolved metals from water using aquatic plant

biomass. The former has been modeled as a diffusionT
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process that ends when the soluble metal ions bind to the

outer cell wall of the biomass and can separate significant

amounts of metal within minutes, whereas the latter has

modeled as a mass transfer process from the outer cell wall

to the cell or cell wall interior, which may take hours or

days (Axtell et al. 2003). Guo et al. (2007) find that Ce(III)

can penetrate cell membranes and enter into the cells via

apoplastic and symplastic channels in the leaf or via

plasmodesmata, and both extra- and intracellular deposi-

tion occurs. In the present study, the proportion of Ce in

different subcellular fractions remains fairly constant for

all treatments, which suggests that both diffusion process

and mass transfer process probably play major roles in the

uptake of Ce by E. canadensis. Bioaccumulation and bio-

availability of REEs are dependent on the quantities of

REEs applied, the mode of application, their propensity to

migrate or leach from soils and their movement in water

(Barry and Meehan 2000).

In Elodea, more than half of the accumulated Cd has

been reported to be in the cell wall fraction (Nyquist and

Greger 2007; Dalla Vecchia et al. 2005). In the present

study, the distribution patterns of Ce in the subcellular

components indicated that the Ce was primarily located in

the cell walls (75–81 %) (Table 1), which suggested that

the cell wall played an important role in Ce accumulation

and metal stress avoidance, a finding consistent with those

of previous studies by Shan et al. (2003) and Lai et al.

(2006), and the uptake of Ce was largely expected to be

passive due to high cell wall accumulation (Lai et al. 2006;

Fritioff and Greger 2007). It is well known that the cell

wall can afford functional groups such as carboxylic

(galacturonic acids in pectin) and hydroxyl (in cellulose)

which can strongly bind metal cations in aqueous solution

(Iqbal et al. 2009; Rakhshaee et al. 2009) through com-

plexation, co-ordination, chelation and ion exchange, etc.

Table 3 The effect of cerium (Ce) supply on nutrient elements contents in leaves of E. canadensis

Ce concentrations (mg L-1) Element content (mg kg–1 fw)

Calcium Magnesium Potassium Manganese Iron

0 1,070.0a ± 6.1 235.1a ± 8.8 4,069.1c ± 12.3 18.7a ± 1.6 79.8a ± 8.5

5 833.4b ± 3.1 191.1b ± 5.1 3,973.5e ± 5.1 18.6ab ± 0.8 77.8a ± 3.2

10 652.7c ± 1.2 164.2c ± 4.5 3,996.1d ± 5.1 17.3b ± 0.7 51.8d ± 1.1

15 618.4d ± 3.4 155.7d ± 3.8 4,333.9b ± 4.8 19.7a ± l.l 64.3c ± 4.0

20 613.9d ± 2.9 155.5d ± 4.6 4,482.6a ± 3.4 19.8a ± 0.4 71.0b ± 4.5

Data are mean ± SD (n = 3)

Different letters in a line indicate significantly different values at P \ 0.05

Fig. 1 Pigment content in leaves of E. canadensis in response to

various levels of cerium (Ce). The results are given as the mean ± SD

(n = 3). Letters a–d denote significant differences between treat-

ments for each parameter

Fig. 2 The effect of cerium

(Ce) on the rate of O2
�-

generation (a) and H2O2 content

(b) in leaves of E. canadensis.

Each value is the mean ± SD

(n = 3). Values designated over

the bars in different letters are

significantly different at

P \ 0.05

2496 Acta Physiol Plant (2014) 36:2491–2499

123



(Keskinkan et al. 2003). In fact, the results of cytochemical

tests have confirmed that the cell wall of E. canadensis was

rich in hydrophilic matrix polysaccharides with high

acidity degree and, in particular, in pectic substances (Dalla

Vecchia et al. 2005). In leaves of E. canadensis, these

chemical features of the cell walls explain the possibility to

bind high amounts of Ce cations to the negative charges.

Consistently, our investigation showed that cellulose and

pectin had a much higher propensity to accumulate Ce than

other compounds (Table 2). In addition, it has also been

found that a small amount of Ce (20–25 %) can reach the

cytoplasm via active transport by competing with other

metals for the membrane transporters and ion channels

(such as Ca2?) (Hu et al. 2002), which leads to the dis-

turbance of a number of metabolic processes, as shown by

increased lipid peroxidation (Fig. 3) and decreased Ca and

Mg content (Table 3), and these responses might also result

from Ce-induced P deficiency as well (Ruı́z-Herrera et al.

2012).

In this study, Ce exposure resulted in a significant drop

in Ca and Mg content (Table 3), which confirmed the

results of Hu et al. (2002), who reported that Ca and Mg

decreased with increasing concentrations of Ce in Triticum

aestivum seedlings. In a previous study, La treatment also

caused a decreased uptake of Ca and Mg in Hydrocharis

dubia (Xu et al. 2012). The inhibition may result from the

destruction of membrane stability (Hu et al. 2004) and the

inhibition of H?-ATPase and Ca2?-ATPase activities in the

plasma membrane in the presence of elevated concentra-

tions of exogenous Ce (Li et al. 2003; Wang et al. 2008).

With regard to Ca, because Ce has a similar ionic radius to

Ca and a higher valence, Ce could have become bound to

superficially located Ca absorption sites in a less reversible

manner than Ca (Hu et al. 2002). As a consequence of this,

Ce may interact with many Ca-dependent biological sys-

tems, resulting in toxicity or impaired function (Barry and

Meehan 2000).

In this study, after 7 days of exposure to various con-

centrations of Ce, chlorotic areas were observed on E.

canadensis leaves, which were associated with a reduction

in chlorophyll content (Fig. 1). Loss of photosynthetic

pigments is a common response by aquatic plants to REE

treatment, which has been observed in several aquatic

plants, such as Hydrilla verticillata (Wang et al. 2007),

Lemna minor (Ippolito et al. 2010) and Hydrocharis dubia

(Xu et al. 2012). They attributed the reduction in the

chlorophyll content to the REE-induced changes in chlo-

roplast ultrastructure (Xu et al. 2012) and the disturbance

in chlorophyll biosynthesis or degradation caused by lipid

peroxidation (Wang et al. 2007; Xu et al. 2012). These

results were also confirmed by the results obtained in this

study. They showed that Ce treatment resulted in a sig-

nificant Mg2? deficiency (Table 3), which is required for

the synthesis of chlorophylls and lipid peroxidation

(Fig. 3). The dose-dependent relationship between chloro-

phyll and heavy metals has been used to determine the

50 % effective concentration (EC50) and the maximum

permissible concentration (MPC) of a given toxicant

(Mohan and Hosetti 2006). In this investigation, the

Fig. 3 MDA content in leaves of E. canadensis in response to

various levels of cerium (Ce). Data are mean ± SD (n = 3), values

designated over the bars in different letters are significantly different

at P \ 0.05

Table 4 Effect of different concentrations of cerium (Ce) on the activity of SOD, POD, APX, CAT and GR in E. canadensis

Ce concentration (mg L-1) Levels of antioxidant enzymes

SOD (U g-1 fw) GPX (DOD470 nm min-1 g-1 fw) APX (U g-1 fw) CAT (U g-1 fw) GR (U g-1 fw)

0 383.2a ± 3.0 74.3c ± 0.8 10.2a ± 0.1 18.7c ± 0.2 2.0a ± 0.2

5 374.2b ± 1.5 73.2c ± 0.6 8.3b ± 0.2 19.8b ± 0.1 1.0b ± 0.1

10 316.7c ± 2.6 92.4b ± l.l 5.4c ± 0.1 20.3a ± 0.0 0.8c ± 0.1

15 282.8d ± 1.0 94.2b ± 0.2 5.2c ± 0.1 20.5a ± 0.3 0.6cd ± 0.1

20 216.0e ± 10.0 105.1a ± 4.9 5.0d ± 0.2 20.8a ± 0.6 0.5d ± 0.0

Values are reported as mean ± SD (n = 3)

Different letters in a line indicate significantly different values at P \ 0.05
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calculated EC50 and MPC of Ce, with regard to E.

canadensis, were 3.6 and 0.36 mg L-1, respectively, after

7 days of exposure.

Malondialdehyde, a decomposition product of polyun-

saturated fatty acids, has been utilized as a suitable bio-

marker for lipid peroxidation (Mittler 2002). In this study,

the significant increase in MDA content indicated that Ce

had initiated lipid peroxidation in the leaves of E. canad-

ensis (Fig. 3). As Ce is not a redox transition metal that

leads to oxidative damage directly (such as Cu, Zn and Fe),

the oxidative stress induced by Ce in the leaves of E.

canadensis could be an indirect result of the over-produc-

tion of ROS levels (Fig. 2) and the inhibition of antioxidant

enzymes (SOD, APX and GR) (Table 4). These results are

in agreement with those observed in Hydrilla verticillata

(Wang et al. 2007), Lemna minor (Ippolito et al. 2010) and

Hydrocharis dubia (Xu et al. 2012).

In the present study, various antioxidant enzymes

showed different change in their activity. A remarkable

increase in GPX and CAT was evident in E. canadensis

plants at all Ce concentrations, which was in contrast to the

significant inhibition of SOD, APX and GR, which might

be attributed to the inhibition or/and even damage of APX

and SOD (probably the Cu/Zn and Fe-SOD) protein by

ROS in high concentration of Ce. The stimulation of some

antioxidants (e.g., GPX, GR or CAT) has been noted in

several aquatic plants subjected to REEs and is commonly

considered as a stress marker without any positive physi-

ological role in the stress responses (Wang et al. 2007;

Ippolito et al. 2010; Xu et al. 2012). Indeed, Ce did cause

significant oxidative damage, according to some stress

indicator levels, such as increased lipid peroxidation levels

(Fig. 3) and lower chlorophyll contents (Fig. 1). These

results suggest that the tolerance capacity of E. canadensis

to the toxic metals depends on the equilibrium between the

production of ROS and the quenching activity of the

antioxidants. However, in the case of ROS, our results are

much higher than that of earlier studies by Wang et al.

(2007) and Ippolito et al. (2010), which can be attributed to

the different methods used by different researchers.

In summary, the results of this study suggested that Ce

could enter into the cytoplasm of E. canadensis via the

plasma membrane. This subsequently causes a series of

alterations to different metabolic pathways, such as pho-

tosynthesis, nutrient balance or oxidative mechanisms. Ce

bioaccumulation in E. canadensis resulted in significant

oxidative stress (increase in MDA) and nutrient imbalance

(Ca and Mg). This indicated that the toxic effects of REEs

were similar to those of other trace metals. In the present

study, the MPC of Ce for E. canadensis relative to envi-

ronmental safety was suggested to be 0.36 mg L-1 in

aquatic environment.
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