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Abstract Extensive agriculture application of rare earth

elements (REEs) in Far East countries might cause

spreading of these metals in aquatic and terrestrial eco-

systems, thus inducing a growing concern about their

environmental impact. In this work the effects of a mix of

different REE nitrate (RE) and of lanthanum nitrate (LA)

on catalase and antioxidant systems involved in the

ascorbate–glutathione cycle were investigated in common

duckweed Lemna minor L. The results indicated that

L. minor shows an overall good tolerance to the presence of

REEs in the media. Treatments at concentrations up to

5 mM RE and 5 mM LA did not cause either visible

symptoms on plants or significant effects on reactive

oxygen species (ROS) production, chlorophyll content, and

lipid peroxidation. Toxic effects were observed after

5 days of exposition to 10 mM RE and 10 mM LA. A

remarkable increase in glutathione content as well as in

enzymatic antioxidants was observed before the appear-

ance of the stress symptoms in treated plants. Duckweed

plants pretreated with RE and LA were also exposed to

chilling stress to verify whether antioxidants variations

induced by RE and LA improve plant resistance to the

chilling stress. In pretreated plants, a decrease in ascorbate

and glutathione redox state and in chlorophyll content and

an increase in lipid peroxidation and ROS production

levels were observed. The use of antioxidant levels as a

stress marker for monitoring REE toxicity in aquatic eco-

systems by means of common duckweed is discussed.

Rare earth elements (REEs) include 15 elements in the

periodic table [lanthanum (La), cerium (Ce), praseodym-

ium (Pr), neodymium (Nd), promethium (Pm), samarium

(Sm), europium (Eu), gadolinium (Gd), terbium (Tb),

dysprosium (Dy), holmium (Ho), erbium (Er), thulium

(Tm), ytterbium (Yb), lutetium (Lu)], also known as lan-

thanides, plus yttrium (Y) and scandium (Sc), that share

chemical properties related to a similar external electronic

configuration. La, Ce, Pr, Nd, Sm, and Eu are also indi-

cated as light REEs because of their atomic mass lower

than 153 amu, whereas Gd, Tb, Dy, Ho, Er, Tm, Yb, and

Lu are also indicated as heavy REEs because of their

atomic mass greater than 153 amu. REEs are naturally

present in the environment and some, mainly La and Ce,

are fairly abundant in nature despite their name, but they

occur only in trace amounts in biological systems. The

entry of REEs in the biological environment is increasing

because of their utilization in agriculture in Far East

countries to increase growth of plants and animals, thus

inducing a growing concern about the possible environ-

mental impact both in terrestrial and aquatic ecosystems.

The application of about 5200 tons of REEs over millions

of hectares of cultivated lands in China in 2002 has been

reported by the China Rare Earth Information Center of

Baotou (Inner Mongolia, China) (Anonymous 2003), but

other authors estimated that 50–100 million tons of REE

oxides entered the Chinese agricultural systems every year
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(Xiong et al. 2001 as cited by Liang et al. 2005). In

addition, REEs might also reach soil systems through

animal dejections due to the use of lanthanides as a feed

supplement to improve animal growth (He et al. 2001).

REEs’ effect on plants is still far from being clarified:

Some authors report positive effects on crop production,

such as faster development, greener foliage, larger roots,

and better fruit color in different species (Hu et al. 2004),

but negative effects, including disturbed mineral nutrition

and seedling damages, have also been reported (d’Aquino

et al. 2009; Hu et al. 2002). Furthermore, even though

many steps forward have been made during the last dec-

ades in investigating physiological and biochemical effects

induced by lanthanides on plant metabolism, yield, and

quality of crops, the results of field trials and laboratory

studies are still contradictory and sometimes inconsistent,

and many questions about the mechanisms of REE effects,

accumulation, and toxicity are still open, suggesting a more

careful use of such elements in crop management. Accu-

mulation in plants, both in underground and aerial parts,

following REE application to soils has also been demon-

strated (Xu et al. 2002; Zhang and Shan 2001) as well as in

ectomycorrhizal fungi (Aruguete et al. 1998). Data from

literature report total REE concentrations in soil surface up

to 100–200 mg/kg (Liang et al. 2005; Tyler 2004; Wyt-

tenbach et al. 1996; Xu et al. 2002; Zhang and Shan 2001),

but accumulation in soils can take place following soil

dressing with REE-enriched fertilizers or contamination

phenomena, because of the overall low mobility of these

elements in soils (Cao et al. 2000; Zhang and Shan 2001).

Although some authors postulate that the use of REE

enriched mineral or organic fertilizers, at the actual rate of

application, will not cause a significant soil contamination

in the near future (Liang et al. 2005; von Tucher and

Schmidhalter 2005), these elements might affect the

growth of important microorganisms in the soil microbial

community (d’Aquino et al. 2004; Nardi et al. 2005).

Despite their widespread and growing use in agriculture,

little information is available about the effects of REE on

aquatic organisms (Alibo and Nozaki 2004; Chua 1998;

Weltje et al. 2002a, b). REEs have been detected in runoff

and waste water and in aquatic ecosystems as a conse-

quence of industrial and agricultural practices (Protano and

Riccobono 2002), thus suggesting that lanthanides can

reach the groundwater and migrate into rivers and lakes.

From an ecotoxicological point of view, REEs have largely

been considered of minor environmental concern because

they are considered only slightly toxic to mammals (Haley

1979). Nevertheless, lanthanides interact with Ca-depen-

dent biological systems and remarkably interfere with cell

metabolism and could also have pathogenic potential

(Ippolito et al. 2007; Wang et al. 1999). A stimulation of

the antioxidant systems [i.e., molecules and enzymes

involved in the reactions able to control reactive oxygen

species (ROS) levels in plants] has been reported following

REE treatment of plants (Ippolito et al. 2007; Jia et al.

2005; Zhang et al. 2003).

The antioxidant systems consist of enzymes (superoxide

dismutase, catalase, peroxidases), redox metabolites such

as ascorbate (ASC) and the tripeptide glutathione (GSH),

and enzymes involved in their metabolism that control

ROS production. ASC and GSH are characterized by a

plethora of crucial roles in plant cell physiology (Noctor

and Foyer 1998) and can protect plant cells against ROS-

induced damages either by reacting directly with these

species or taking part in some reactions such as those

composing the ASC–GSH cycle, a pathway that is known

to be carried out in the cytoplasm, in chloroplasts, and in

mitochondria and peroxisomes and that is involved in ROS

scavenging (Arora et al. 2002; Asada 1999). In this cycle,

ascorbate peroxidase (APX) removes H2O2 using ASC as

an electron donor and this reaction generates the ascorbic

free radicals or monodehydroascorbate (MDHA) that can

produce ASC and dehydroascorbate (DHA) or can be

enzymatically reduced in ASC by monodehydroascorbate

reductase (MDHAR) using NAD(P)H as a reducing

equivalents donor. DHA can be reduced in ASC by dehy-

droascorbate reductase (DHAR) in a reaction that involves

reduced GSH as an electron donor, generating oxidized

GSH (GSSG), which is reconverted in its reduced form by

NADPH-dependent glutathione reductase (GR).

Over the last years, interest has grown about the effects

of REEs in increasing plant resistance to environmental

stresses, as some works suggest that La3?, at suitable

concentrations, promotes higher resistance to drought

stress (Diatloff et al. 1995) and alleviates injury to bio-

logical membranes caused by osmotic stress in wheat

plants (Zeng et al. 1999). Some works report that La3?

reduces cellular damage induced by chilling in maize

culture cells (Chen and Li 2001) and that La is also able to

make wheat leaves less susceptible to oxidative stress by

stimulating enzymes involved in ROS removal (Zhang

et al. 2003). Although the increase in the activity of anti-

oxidant enzymes has also been proposed as an explanation

for beneficial effects induced by lanthanides on aged seed

germination (Fashui 2002), the increase in antioxidant

levels could also be interpreted only as an indicator of

stress, as it is well known that many abiotic stressors

induce an increase in antioxidant systems that might not be

able to counteract the negative effects on plant growth and/

or metabolism (Ippolito et al. 2007; Mittler 2002).

The aim of this work was to investigate the effect of

treatments with La nitrate and a mixture of different REEs

on antioxidant systems in common duckweed (Lemna

minor L.), a floating macrophyte frequently used as model

species in biomonitoring and in ecotoxicological studies
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(Cascone et al. 2004; Ince et al. 1999). Because the chill-

ing, defined as the range of temperatures between 0 and

15�C characterized by the absence of ice nucleation in the

plant cell (Kocsy et al. 2001), could result in an increased

generation of ROS in plants (Okuda et al. 1991; Prasad

et al. 1994) and the antioxidants are involved in the tol-

erance responses (Prasad et al. 1994), we exposed plants

pretreated with REEs and La to chilling with the aim to

clarify the role of lanthanides in chilling stress tolerance.

Materials and Methods

Rare Earth Elements

A lanthanide nitrate form was used in this study because

this is the elemental form present in REE-enriched fertil-

izers. In order to obtain a REE nitrate stock solution (RE)

whose composition was somewhat similar to a REE-enri-

ched fertilizer, a REE-enriched chloride mixture (supplied

by Inner Mongolia Sanjili Rare Earth Materials Co. Ltd.,

Huhehaote, Inner Mongolia, China) was exposed to a

concentrated nitric acid solution and kept at 70–80�C until

fully dried, and the partially converted nitrate salt was

dissolved in MilliQ water. Ion concentrations were deter-

mined by using an IRIS optical inductively coupled plasma

(ICP) spectrometer (Thermo Jarrel-Ash, Waltham, MA,

USA) and an ED40-GP40-LC30 ionic chromatographer

(Dionex, Sunnyvale, CA, USA). Final concentrations were

100.07 mM La, 327.57 mM Ce, 25.76 mM Pr, 0.14 mM

Nd, 0.006 mM Gd, pH 3; NO3
–/Cl– ratio 7:1. A La nitrate

solution (LA) was prepared by dissolving a commercial

reagent (C 98%; Prosintex, Settimo Milanese, Italy) in

MilliQ water. A potassium nitrate (K) solution was pre-

pared by dissolving a commercial reagent (C99%; Sigma,

St. Louis, MO, USA) in MilliQ water. Solutions were fil-

tered, sterilized, and stored at room temperature.

Plant Material and Treatments

Lemna minor plants were maintained in 20-L-capacity

trays and fed with Knop’s solution under glasshouse con-

ditions. Fresh Knop solution was added every 3 days to

maintain the solution level. Four days before experiments

were started, plants were placed in plastic Petri dishes

containing MilliQ water, washed, and transferred in Knop

solution at 24�C under white light (14-h photoperiod,

20 lmol/m2/s) to acclimatize. Batches of plants (20 g)

were washed and incubated for 2 and 5 days with 20 mL of

1, 5, and 10 mM La and 1, 5, and 10 mM RE. MilliQ water

and 3, 15, and 30 mM K were used as controls, in order to

evaluate the osmotic effect in addition to the lanthanides

effect. Plant material (20 g) treated for 2 days 10 mM LA

and RE and with 5 mM LA and RE for 5 days was washed

with distilled water, transferred in 20 mL of MilliQ water,

and incubated at 4�C for 24 h under white light (14-h

photoperiod, 20 lmol/m2/s) before being used for the fol-

lowing assays.

Total Chlorophyll Assay

Plant samples (2 g) were ground at 4�C with 8 vol acetone

80% (w/v) and the total chlorophyll content was deter-

mined as described by Harborne (1973) with minor

modifications.

Biomass Yield Determination

Dry weights were gravimetrically estimated on the basis of

fresh weight on 0.100-g plant samples using a Mettler

infrared drier LP 16-M (Tommasi et al. 2001).

ROS Visualization and Quantitative Assay

The histochemical staining of H2O2 in duckweed leaves

was performed as described by Paradiso et al. (2008) and

the histochemical staining of the anion superoxide was

performed as described by Song et al. (2005). The H2O2

production was estimated as H2O2 released in the incuba-

tion medium as reported by Bellicampi et al. (2000) on

1 mL of the incubation medium.

Lipid Peroxidation Assay

Plant material (2 g) was homogenized with 4 vol trichlo-

roacetic acid 0.1% (w/v) and then centrifuged for 15 min at

12,000 g. The supernatant (1 mL) was mixed with 1 vol

trichloroacetic acid 20% containing 0.5% (w/v) thiobarbi-

turic acid. The level of lipid peroxidation was estimated as

malondialdehyde (MDA) content determined by the thio-

barbituric acid reaction as described by Zhang and Kirk-

ham (1996).

Ascorbate and Glutathione Pool Determination

Plant samples (2 g) were ground at 4�C with 3 vol meta-

phosphoric acid 5% (w/v) and centrifuged for 15 min at

20,000 g and the supernatant was used for ASC and GSH

pool content determination as described by Zhang and

Kirkham (1996).

Enzymatic Analysis

Plant samples (5 g) were homogenized at 4�C in 3 vol of

50 mM Tris-HCl, pH 7.8, containing 0.3 mM mannitol,
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10 mM MgCl2, 1 mM EDTA, and cysteine 0.05% (w/v)

and the homogenate was centrifuged for 15 min at

25,000 g. The supernatant was dialyzed against 50 mM

Tris-HCl, pH 7.8, and then used for spectrophotometric and

electrophoretic analysis. The total protein content was

determined as indicated by Bradford (1976), using bovine

serum albumin as a standard. APX (EC 1.11.1.11), DHAR

(EC 1.8.5.1), MDHAR (EC 1.6.5.4), GR (EC 1.6.4.2), and

catalase (CAT) (EC 1.11.1.6) activity assays were per-

formed as described by Paciolla et al. (2008). Native

polyacrylamide gel electrophoresis (PAGE) of APX and

DHAR were performed in accordance with the method of

Tommasi et al. (2001). Native-PAGE of CAT was tested as

reported by De Gara et al. (2003).

Statistical Analysis

All reported values are the average of five replicates ± SD

and the differences were evaluated following the Student’s

t-test.

Results

Effect of Lanthanides on Plant Growth, ROS

Production, Chlorophyll Content, and Lipid

Peroxidation

Treatments with 1 mM and 5 mM LA and with 1 mM and

5 mM RE did not induced any visible symptom of suf-

fering in treated plants or significant variation in ROS

production, chlorophyll content, and lipid peroxidation,

even after 5 days of exposure (data not shown). Following

the 5-day exposure to 10 mM LA and 10 mM RE, chlo-

rotic areas were observed on L. minor leaves associated

with the reduction in total chlorophyll content and an

increase in H2O2 production, as well as in lipid peroxida-

tion (Table 1). No difference in dry weights was recorded

in comparison to untreated plants (data not shown).

Effect of Lanthanides on Antioxidant Molecules and

Enzymes

Treatments with 1 mM LA and 1 mM RE did not cause

any significant effect in the levels of all the antioxidants

analyzed, even after the longer exposures times. An

increase in total GSH content, with an unchanged redox

ratio GSH/GSH ? GSSG, was revealed after 5 days of

exposure to 5 mM LA and 5 mM RE, whereas the treat-

ment with 10 mM LA and 10 mM RE led to an increase in

the GSH pool starting at 2 days with a statistically signif-

icant reduction in its redox ratio at 5 days [i.e., a shift

towards its oxidized forms (GSSG)] (Table 2). The total

ASC content grew in treated plants compared to the control

plants after 5 days of exposure to 10 mM LA and 10 mM

RE, with a reduced ASC redox state (ASC/ASC ? DHA)

(i.e., a shift toward the DHA) (Table 3). Treatments with

5 mM LA and 5 mM RE induced a significant increment in

APX activity at both exposure times, whereas DHAR,

MDHAR, and GR enzymatic activity increased only after

5 days of exposure (Table 4).Treatments with 10 mM LA

and 10 mM RE induced a relevant increase in the enzymes

mentioned earlier starting at 2 days of exposure, as con-

firmed by the more intense bands in the electrophoretic

profile of APX and DHAR (Fig. 1). Native-PAGE of APX

showed a single band of activity after 10 mM LA and

10 mM RE treatments (Fig. 1a). The DHAR electropho-

retic profile showed the presence of three bands in the

control plants, which became more intense in the samples

treated for 2 days with 10 mM RE and 10 mM LA, and

with the appearance of two additional bands slightly evi-

dent (Fig. 1b).

Effect of Chilling on Plants Pretreated with REEs

Plant samples treated with LA and RE at concentration of

10 mM for 2 days were chosen to test the response of

treated plants to chilling stress. Spectrophotometric anal-

ysis results indicated that pretreatments with LA and RE

did not cause any significant change in either H2O2

Table 1 MDA concentration, H2O2 production and chlorophylls content in control plants (H2O, K) and plants treated with LA and RE 10 mM

for 5 days

Treatments nmol MDA/g FW H2O2 extracellular level (lM) Total chlorophyll content (mg/g DW)

H2O 9.18 ± 0.72 1.92 ± 0.22 0.77 ± 0.06

30 mM K 9.35 ± 0.8 2.13 ± 0.17 0.75 ± 0.04

10 mM LA 11.14 ± 0.58•m 3.17 ± 0.25••m 0.52 ± 0.07•m

10 mM RE 11.37 ± 0.66•m 3.21 ± 0.35••m 0.54 ± 0.08•m

Note: The results are given as the mean values of at least 5 experiments ± SD; • and •• indicate values that are significantly different compared

to the control in water (with p \ 0.05 and 0.01, respectively); m indicates values significantly different respect to the control treated with K with

p \ 0.05

FW fresh weight, DW dry weight
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released from plants or in MDA levels compared to control

plants (Fig. 2a and b). Following exposure to low tem-

peratures, an increase in MDA and in extracellular H2O2

was observed (Fig. 2c and d). In the plants treated with

10 mM LA and 10 mM RE for 2 days and then exposed to

cooling, the histochemical staining of both hydrogen per-

oxide and superoxide anion increased significantly, com-

pared to non-pretreated plants subjected to chilling (Fig. 3a

and b vs. Fig. 3c and d). In fact, the H2O2-dependent green

fluorescence increased remarkably in the REE pretreated

samples compared to the controls, as well as the blue color

due to the NBT reaction with superoxide anion (Fig. 3a and

b vs. Fig. 3c and d). The total chlorophyll content, which

was similar in pretreated and control plants initially

(Fig. 4a), then decreased as a consequence of the exposure

to low temperatures (Fig. 4b). The exposure to the low

temperatures in plants pretreated with LA and RE caused a

sharp reduction in both the ASC and GSH total pool, with a

statistically significant reduction in their redox state

(Fig. 5). The same effect occurred also in APX, which

showed a lower activity after chilling compared to the

controls (Fig. 6a), as indicated also by the native-PAGE

analysis for the pretreatment at the highest concentration

(Fig. 6b). The CAT activity pattern was similar to that of

APX, significantly higher than the controls in plants pre-

treated with LA and RE (Fig. 7a) and decreasing after

Table 2 Total GSH content and GSH redox ratio content in control plants (H2O, K) and plants treated with LA and RE at different

concentrations

Treatments Total GSH (lmoles/g DW) GSH/GSH ? GSSG

2 days 5 days 2 days 5 days

H2O 17.99 ± 1.42 19.50 ± 1.29 0.98 ± 0.07 0.99 ± 0.07

3 mM K 18.46 ± 1.02 19.20 ± 0.82 0.97 ± 0.03 0.97 ± 0.02

1 mM LA 18.95 ± 0.96 19.45 ± 1.12 0.98 ± 0.06 0.98 ± 0.05

1 mM RE 1808 ± 1.56 20.20 ± 1.22 0.98 ± 0.05 0.97 ± 0.05

15 mM K 17.88 ± 0.99 22.79 ± 0.99 0.97 ± 0.05 0.98 ± 0.02

5 mM LA 18.15 ± 1.10 29.72 ± 1.11••m 0.98 ± 0.06 0.97 ± 0.05

5 mM RE 18.80 ± 1.22 28.71 ± 1.42••m 0.97 ± 0.04 0.96 ± 0.05

30 mM K 19.34 ± 1.05 21.28 ± 1.08 0.97 ± 0.05 0.97 ± 0.01

10 mM LA 24.85 ± 0.94•m 24.000 ± 1.12••m 0.95 ± 0.06 0.93 ± 0.01•m

10 mM RE 25.40 ± 1.00•m 27.20 ± 1.45••mm 0.96 ± 0.04 0.94 ± 0.01•

Note: The results are given as the mean values of at least five experiments ± SD; • and •• indicate values significantly different compared to the

control in water (p \ 0.05 and 0.01 respectively); m and mm indicate values significantly different compared to the control treated with K

(p \ 0.05 and 0.01, respectively)

DW dry weight

Table 3 Total ASC content and ASC redox state in control plants (H2O, K) and plants treated with LA and RE at different concentrations

Treatments Total ASC (lmoles/g DW) ASC/ASC ? DHA

2 days 5 days 2 days 5 days

H2O 11.88 ± 0.95 10.56 ± 0.73 0.76 ± 0.07 0.78 ± 0.05

3 mM K 11.05 ± 0.10 9.61 ± 0.80 0.77 ± 0.04 0.79 ± 0.02

1 mM LA 10.80 ± 0.83 9.89 ± 0.54 0.76 ± 0.06 0.77 ± 0.05

1 mM RE 11.45 ± 0.80 9.33 ± 0.90 0.77 ± 0.05 0.78 ± 0.05

15 mM K 10.97 ± 1.37 11.45 ± 0.80 0.74 ± 0.08 0.80 ± 0.09

5 mM LA 11.86 ± 1.25 12.76 ± 1.23 0.75 ± 0.10 0.79 ± 0.10

5 mM RE 12.26 ± 1.41 13.14 ± 1.44 0.76 ± 0.11 0.79 ± 0.11

30 mM K 12.75 ± 1.08 12.38 ± 1.78 0.74 ± 0.09 0.75 ± 0.04

10 mM LA 13.50 ± 1.23 34.69 ± 2.34••mm 0.73 ± 0.11 0.65 ± 0.07•m

10 mM RE 13.20 ± 1.42 42.66 ± 1.23••mm 0.74 ± 0.12 0.63 ± 0.08•m

Note: The results are given as the mean values of at least five experiments ± SD; • and •• indicate values significantly different compared to the

control in water (p \ 0.05 and 0.01, respectively); m and mm indicate values significantly different compared to the control treated with K

(p \ 0.05 and 0.01, respectively)

DW dry weight
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exposure to low temperatures (Fig. 7b), as also confirmed

by electrophoretic analysis on the activity gel at the highest

concentration (Fig. 7c and d). In contrast, the enzymatic

activity of DHAR, MDHAR, and GR, as a consequence of

the exposure to the low temperature for 24 h, remained at

values similar to the controls (data not shown).

Discussion

Effect of Lanthanides on Plant Growth, ROS

Production, Chlorophyll Content, and Lipid

Peroxidation

Lemna minor has been extensively used as a model organism

to study lanthanide toxicity in aquatic systems (Weltje

2002a), and although no effects were reported on Lemna

growth at nanomolar concentrations, the bioaccumulation

factor warrants carefully monitoring lanthanide emissions in

water (Weltje 2002a). Our findings about chlorophyll con-

tent, dry weight, and ROS production suggest that L. minor

plants tolerate millimolar concentrations of REEs and La

nitrates, also following a few days of treatments, whereas

toxic effects occur at the highest concentrations utilized and

after longer exposures. Although REEs seem to be less toxic

to L. minor plants than metals such as cadmium and mercury,

which exert their toxicity toward duckweed at micromolar

concentrations, and also less toxic than lead, which is tol-

erated by duckweed plants at concentrations up to 0.25 mM

(Mohan and Hosetti 1997), our data on L. minor response to

REEs indicate that these elements might represent a poten-

tial risk for the aquatic ecosystems. Little information are

available on the actual REE concentrations in the aquatic

environments; some data report the occurrence of micro-

molar concentrations in stream water (Protano and Riccob-

ono 2002), but few data are available about the presence and

the mobility of REEs in the effluents and their accumulation

in aquatic ecosystems. Therefore, more studies are needed to

monitor the risks of REE toxicity in waters, as already

reported for the terrestrial environment (d’Aquino et al.

2009). The toxicity of REEs at millimolar concentrations

observed in this study could be interpreted as a potential risk

for the utilization of REE fertilizers in water cultures.

Effect of Lanthanides on Antioxidant Molecules

and Enzymes

Indeed, data reported in this work show that a remarkable

increase in some antioxidant systems was evident in

Table 4 Enzymatic activity of the cytosolic components of APX, DHAR, MDHAR, and GR in control plants (H2O, K) and plants treated with

lanthanides at different concentrations

Treatments APX (U/mg prot) DHAR (U/mg prot) MDHR (U/mg prot) GR (U/mg prot)

2 days 5 days 2 days 5 days 2 days 5 days 2 days 5 days

H2O 696 ± 88 776 ± 49 32 ± 6 56 ± 7 429 ± 35 442 ± 44 303 ± 32 228 ± 50

3 mM K 650 ± 96 756 ± 59 33 ± 9 59 ± 8 423 ± 54 467 ± 28 271 ± 22 278 ± 14

1 mM LA 686 ± 55 735 ± 99 37 ± 4 51 ± 4 390 ± 27 430 ± 51 264 ± 56 250 ± 29

1 mM RE 688 ± 47 722 ± 103 35 ± 10 61 ± 5 434 ± 46 471 ± 30 314 ± 28 277 ± 41

15 mM K 607 ± 22 830 ± 21 30 ± 10 48 ± 12 450 ± 54 550 ± 40 321 ± 40 202 ± 43

5 mM LA 878 ± 25•* 1669 ± 39••** 35 ± 5 146 ± 8••** 525 ± 45 700 ± 41••** 378 ± 33 417 ± 39••**

5 mM RE 858 ± 24•* 1755 ± 38••** 36 ± 8 167 ± 11••** 550 ± 60 768 ± 34••** 386 ± 42 389 ± 42••**

30 mM K 721 ± 49 890 ± 51 30 ± 4 60 ± 7 523 ± 47 485 ± 35 347 ± 33 233 ± 33

10 mM LA 1085 ± 45•* 1210 ± 50•* 64 ± 5••* 164 ± 9••** 1081 ± 48••** 1324 ± 58••** 503 ± 41•* 388 ± 45••**

10 mM RE 1150 ± 40•* 1280 ± 45•* 75 ± 6••* 186 ± 8••** 1188 ± 38••** 1485 ± 63••** 521 ± 39•* 397 ± 28••**

Note: 1 U = 1 nanomole of substrate metabolized per minute. The results are given as the mean values of at least five experiments ± SD; • and

•• indicate values significantly different compared to the control in water (p \ 0.05 and 0.01, respectively); * and ** indicate values significantly

different compared to the control treated with K (p \ 0.05 and 0.01, respectively)

Fig. 1 Native-PAGE of the cytosolic isoenzymes of APX (a) and

DHAR (b) in plants treated with water (A), 30 mM K (B), 10 mM

LA, (C), and 10 mM RE, (D) for 2 days. One hundred micrograms of

total proteins were loaded per each well
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duckweed plants before the appearance of lanthanide-

induced toxicity symptoms. This increment could be

interpreted as an early symptom of abiotic stress because

the increase in antioxidants observed after REE treatments

could be interpreted as a typical stress response finalized to

counteract and control the ROS production, as already

proposed (Mittler 2002). It is well known that oxidative

stress and consequent increasing levels in antioxidants are

induced by exposure to metals (Noctor and Foyer 1998).

Moreover, the metals toxicity in terms of antioxidant

responses (i.e., increase in the antioxidant levels) has been

suggested as a marker of toxicity, as treatments of L. minor

for 24 h at micromolar concentrations of copper were

associated to an increase of the antioxidant enzymes GR,

GSH peroxidase and CAT (Razinger et al. 2007).

Effect of Chilling on Plants Pretreated with REE

On the other hand, many data suggest that the increase of

antioxidants induced by lanthanides is a mechanism to

Fig. 2 H2O2 production (a) and

MDA level (b) in duckweed

plants pretreated with water (A),

15 mM K (B0), 5 mM LA (C0),
and 5 mM RE (D0) for 5 days

and with water (A), 30 mM K

(B), 10 mM LA (C), and

10 mM RE (D) for 2 days;

effect of chilling on H2O2

production (c) and MDA level

(d) in plants pretreated with

lanthanides as indicated and

subjected to chilling (d). The

results are given as the mean

values of at least five

experiments ± SD; • and ••
indicate values significantly

different compared to the

control in water (p \ 0.05 and

0.01, respectively); m and mm

indicate values significantly

different compared to the

control treated with K (p \ 0.05

and 0.01, respectively)

Fig. 3 Histochemical staining

of hydrogen peroxide (a) and

superoxide anion (b) in plants

pretreated for 2 days with water

(A), 30 mM K (B), 10 mM LA

(C), and10 mM RE (D) and then

exposed to chilling
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Fig. 4 Total chlorophylls content in plants pretreated with water (A),

15 mM K (B0), 5 mM LA (C0), and 5 mM RE (D0) for 5 days and

with water (A), 30 mM K (B), 10 mM LA (C), and 10 mM RE (D)

for 2 days (a); total chlorophyll content in plants pretreated as

indicated and subjected to chilling (b). The results are given as the

mean values of at least five experiments ± SD; • indicates values that

are significantly different compared to the control in water with

p \ 0.05; m indicates values significantly different compared to the

control treated with K with p \ 0.05

Fig 5 Effect of chilling on ASC (a) and GSH redox state (b) in plants

pretreated with water (A), 15 mM K (B0), 5 mM LA (C0), and 5 mM

RE (D0) for 5 days and with water (A), 30 mM K (B), 10 mM LA (C),

and 10 mM RE (D) for 2 days and subjected to chilling. The results are

given as the mean values of at least five experiments ± SD; • and ••
indicate values significantly different compared to the control in water

(p \ 0.05 and 0.01, respectively); m indicates values significantly

different compared to the control treated with K with p \ 0.05

Fig. 6 Effect of chilling on the

APX activity (a) and native-

PAGE (b) in plants pretreated

with water (A), 15 mM K (B0),
5 mM LA (C0), and 5 mM RE

(D0) for 5 days and with water

(A), 30 mM K (B), 10 mM LA

(C), and 10 mM RE (D) for

2 days and subjected to chilling.

The results are given as the

mean values of at least five

experiments ± SD; • indicates

values significantly different

compared to the control in water

with p \ 0.05; m indicates

values significantly different

compared to the control treated

with K with p \ 0.05
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improve the responses of plants to the stress induced by

chemicals (Jia et al. 2005). Our results indicate that

although L. minor is tolerant to cold (Landolt 1986), pre-

treatments with lanthanides reduce its tolerance to chilling.

Indeed, pretreatment of plants resulted in individuals being

more susceptible to chilling than controls, as demonstrated

by some stress indicator levels such as the lower total

chlorophylls content, lipid peroxidation level, and ROS

production. Therefore, the treatments with lanthanides did

not increase plant ability in ROS quenching, in contrast

with data already reported by Jia et al. (2005). Pretreated

plants also showed a remarkable alteration in the redox

state of both ASC and GSH, as well as in APX and CAT

activities. The redox ratio of ASC and GSH contributes to

the control of the redox state in different cell compartments

that is essential for the integrity of cell structures and for

proper function of various metabolic pathways (Kocsy

et al. 2001). The GSH redox state resulted in being tightly

dependent on the GR changes, whereas the ASC redox

state was dependent on the variations of DHAR and

MDHAR. In samples treated with 5 mM LA and 5 mM RE

for 5 days and with 10 mM LA and 10 mM RE for 2 days,

these enzymes showed a notably higher activity that

contributed to maintain a GSH and ASC redox state similar

to treated and control plants. On the contrary, in the plants

pretreated with REEs, after chilling, a significant decrease

both in GSH and ASC redox ratio was evident, as well as

an increase in H2O2 production in the incubation medium.

After chilling, the enzymatic antioxidants involved in the

ASC–GSH cycle were no longer able to control the redox

ratio of ASC and GSH; additionally, the main H2O2-

removing enzymes, APX and CAT (Mittler 2002), did not

regulate H2O2 levels properly. Particularly, the drop in

CAT activity after chilling treatment can be considered a

relevant sign of cellular dysfunction because CAT has been

shown to be induced by low temperature and to be an

essential enzyme for protecting mitochondria against

chilling stress in maize (Prasad et al. 1994). These effects

of REEs on chilling tolerance could be explained on the

basis of the effects of La on membrane integrity and sta-

bilization. La alters membrane structure and properties: it

is known that this element blocks the ability of alfalfa to

acclimate to cold, inhibiting cold-induced influx of calcium

and thus resulting in the decreased expression of the cold-

inducible Cas 15 gene (Monroy and Dhindsa 1995). It has

also been reported that La induces cell membrane

Fig. 7 CAT activity (a) and

native-PAGE (c) in duckweed

plants pretreated with water (A),

15 mM K (B0), 5 mM LA (C0),
and 5 mM RE (D0) for 5 days

and with water (A), 30 mM K

(B), 10 mM LA (C), and

10 mM RE (D) for 2 days; CAT

activity (b) and native-PAGE

(d) in plants pretreated as

indicated and subjected to

chilling. The results are given as

the mean values of at least five

experiments ± SD; • and ••
indicate values significantly

different compared to the

control in water (p \ 0.05 and

0.01, respectively); m and mm

indicate values significantly

different compared to the

control treated with K (p \ 0.05

and 0.01, respectively)
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perforation, and this effect is concentration dependent

(Wang et al. 1999). In addition, treatments with La and

H2O2 inhibit lipid peroxidation, whereas pretreatments

with La alone enhance lipid peroxidation because La dis-

turbs the orderly assembly of membrane, which becomes

more sensitive to the oxidative stress (Wang et al. 1999).

The similarity between lanthanides and calcium could

explain the dose-dependent effect of REE activity/toxicity

(Wang et al. 1999). The reduced tolerance to chilling can

be explained as an altered physiological response to this

stress. In fact, considering that it is well known that cal-

cium and antioxidants are involved in stress tolerance

(Mahajan and Tuteja 2005) and that La displaces calcium

from extracellular binding sites of the plasma membrane

(Hu et al. 2004), we suggest that lanthanides unbalance the

antioxidant systems by altering calcium fluxes, so causing a

reduction in tolerance to chilling, although more data are

needed to support this hypothesis.

In conclusion, RE and LA treatments induced evident

symptoms of toxicity only at the highest concentrations

after the longest exposure times utilized. The increase in

the antioxidants is a stress marker without any positive

physiological role in the stress responses. The alteration in

antioxidants before the appearance of toxicity symptoms

could be utilized in monitoring REE toxicity in aquatic

ecosystems, as suggested for other metals.
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(Lemnaceae). Veröffentlichungen des Geobotanischen Institutes
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