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Abstract A hydroponic experiment was carried out to

investigate possible hormetic response induced by cadmium

(Cd) in a potential hyperaccumulator-Lonicera japonica

Thunb. The results showed that Cd at low concentrations

induced a significant increase in plant growth, leaf water

content and content of photosynthetic pigments in L. japon-

ica, but decreased them at high concentrations, displayed

inverted U-shaped dose response curves, confirming a typi-

cal biphasic hormetic response. The U-shaped dose response

curves were displayed in malondialdehyde (MDA) and

electrolyte leakage in leaves at low doses of Cd, indicating

reduce oxidative stress and toxic effect. The increase of

superoxide dismutase (SOD) and catalase (CAT) activities

was observed along with the increased Cd concentration,

indicative of increase in anti-oxidative capacity that ensures

redox homeostasis is maintained. After 28 days exposure to

10 mg L-1 Cd, stem and leaf Cd concentrations reached

502.96 ± 28.90 and 103.22 ± 5.62 mg kg-1 DW, respec-

tively and the plant had high bioaccumulation coefficient

(BC) and translocation factor (TF0). Moreover, the maximum

TF value was found at 2.5 mg L-1 Cd treatment, implying

that low Cd treatment improved the ability to transfer Cd

from medium via roots to aerial structures. Taking together,

L. japonica could be considered as a new plant to investigate

the underlying mechanisms of hormesis and Cd tolerance.

Our results suggest that hormetic effects should be taken into

consideration in phytoremediation of Cd-contaminated soil.

Keywords Lonicera japonica Thunb � Cadmium �
Hormesis � Phytoremediation � Oxidative stress

Introduction

Heavy metals are environmental contaminants emanating

from industrial and agricultural activities such as mining

and smelting of metalliferous ores, wastewater irrigation

and abuse of chemical fertilizers and pesticides (Wu et al.

2006; Sun et al. 2009). Among them, Cd has attracted the

most attention due to its great toxicity and high mobility

from soil to plants and further down the food chain (Vig

et al. 2003). Although there is no known biological func-

tion of Cd in plants, this metal is readily taken up by roots

and translocated into aerial organs where it can accumulate

to high levels (Baryla et al. 2001). Excessive amount of Cd

to plants has long been known to suppress growth, reduce

chlorophyll content (Chen et al. 2011), damage cell

membrane integrity (Skórzyńska-Polit et al. 2010) and

perturb water homeostasis (Poschenrieder et al. 1989). Cd

toxicity also easily cause oxidative stress in plant cells,

because Cd can effectively trigger the synthesis/accumu-

lation of reactive oxygen species (ROS), which can cause

cellular damage or lipid peroxidation and inhibit the

activities of antioxidant enzymes involved in the oxidative

defense system (Shah et al. 2001). These adverse effects of

Cd on organisms are often reported at relatively higher
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doses and show linear or nearly linear dose–response

relationship.

However, some chemicals, although toxic at higher doses,

can be stimulatory at low doses. This biphasic dose–response

phenomenon has been termed as hormesis or hormetic effect

by many authors (de la Rosa et al. 2004), which are always

characterized by J- or inverted U- shaped dose response

curve, depending on the different endpoints measured. For

example, in the cases of normal physiological functions, such

as growth, cell proliferation, memory and longevity, hor-

metic responses have typically been graphed as an inverted

U-shaped dose–response curve, which represents an increase

above the control at low doses followed by a decrease at

higher doses. On the contrary, if the endpoints denote some

dysfunction such as disease incidence, carcinogenesis,

mutagenesis, hormetic effects are typically graphed as a

J-shaped dose response, which represents a decrease com-

pared with the control at low doses followed by an increase at

higher doses (Calabrese and Baldwin 2003a, b).

Some investigations suggest that hormesis is a rule rather

than an exception, which represents an evolutionary-based

adaptive response to environmentally induced disruption in

homeostasis (Stebbing 1998; Calabrese and Baldwin 2001;

Calabrese et al. 2006, 2008, 2010). Though the biphasic

dose–response is a common result of experiments, the low-

dose data have been largely ignored, and the prevailing view

is that it is important to reduce level of toxins as much as

possible (Mattson and Calabrese 2010). Potential stimula-

tion at low concentrations has received little attention. Cd as

one of the most hazardous heavy metals in soil, much lower

than concentrations of other common heavy metals such as

lead, copper, zinc, nickel. During the past decades, although

Cd has been found induces hormetic responses in a number

of organisms (Calabrese and Baldwin 1999), most of the

studies are more concerned about the toxic effects of Cd at

high concentrations. Therefore, much less information is

available about the effect of Cd at low concentrations.

Japanese honeysuckle (Lonicera japonica Thunb), a

popular ornamental, has become established in temperate

and tropical regions worldwide in the past 150 years, and it is

also widely used in Asian medicine (Larson et al. 2007). In

our previous work, it was shown L. japonica had strong

tolerance to Cd and strong accumulation capability in its

stem, and could be seen as a potential Cd-hyperaccumulator.

When exposed to low concentrations, the plants did not show

any visual symptoms, even the plant growth seemed to be

improved (Liu et al. 2009; Jia et al. 2012), like the hormetic

effect described by many authors. But the evidence was not

very strong. Thus, the present study was aimed to retest the

possible hormetic effect in L. japonica at low Cd concen-

trations with various endpoints. Furthermore it may provide

an enlightenment of consider the hormetic effect in the

phytoremediation Cd-contaminated soil.

Materials and methods

Plant culture and Cd exposure

Cuttings of L. japonica were collected from a non-contam-

inated field–Shenyang Arboretum of Chinese Academy of

Sciences and propagated in perlite in the laboratory. After

2 months, plants were transformed to slightly modified

Hoagland solution (Hoagland and Arnon 1950) containing

the following ingredients (mmol l-1): Ca (NO3)2�4H2O

5.00, MgSO4�7H2O 2.00, KNO3 5.00, KH2PO4 1.00, H3BO3

0.05, ZnSO4�7H2O 0.80 9 10-3, MnCl2�4H2O 9.00 9 10-3,

CuSO4�5H2O 0.30 9 10-3 (NH4)6Mo7O24�4H2O 0.02 9

10-3, Fe-EDTA 0.10. Uniform plants were cultivated in black

plastic boxes (15 plants per box) containing the culture med-

ium with continual aeration; the volume of solution in each

box was 1.5 L. The experiment was performed in a growth

chamber under controlled conditions: 14 h illumination per

day (5.00 a.m. to 7.00 p.m.), 800 lmolm-2 s-1 PPFD, with a

25 8C/18 8C day/night temperature and a relative humidity of

60 %. Solutions were renewed once every 3 days to prevent

nutrient depletion, and the pH was daily adjusted to 5.8 ± 0.1

with 0.1 M HCl or 0.1 M NaOH. Plants, which had been

cultivated hydroponically there for 2 weeks, were trans-

formed into similar solutions but containing 0, 0.5, 2.5, 5, 10

and 25 mg L-1 Cd2? (added in the form of CdCl2�2.5H2O),

respectively. The experiment was repeated three times. After

2 and 4 weeks exposure, the plants were harvested for

analysis.

Growth analysis

At the beginning and the end of the exposure, three plants

were dried in an oven at 80 �C for 48 h and weighed.

Plants used for dry mass measurement had not been used

for other measurements, in order to avoid damage that

might have affected the final biomass. The relative growth

rate (RGR) of whole plants was calculated using the fol-

lowing formula (Susana et al. 2010): RGR = (ln W1 - ln

W0) D-1 (mg g-1 day-1). W1 is the final dry mass, W0 is

the initial dry mass (an average of the plants dried at the

beginning of the experiment) and D is the duration of

exposure (days).

Determination of chlorophyll and carotenoid contents

The extraction procedure was similar to Booker and Fiscus

(2005) with small modification. Tissue leaf samples (0.2 g)

were soaked in 25 ml 95 % (v/v) ethanol at 4 �C in dark-

ness until the tissues became white. Extract was used to

measure the absorbance at 649, 665 and 470 nm. Chloro-

phyll and carotenoid contents were calculated according to

Lichtenthaler and Wellburn (1983).
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Determination of relative water content (RWC)

Fully expanded third function leaf was sampled, and fresh

weight (FW) was determined right after excision, and the

leaves were immersed into double distilled water to satu-

rate them in the dark for at least 18 h to determine the

weight of leaves with saturated water (TW). Dry weight

(DW) was weighed after drying the leaves to a constant

weight in an oven at 80 �C. RWC was calculated using the

following formula (Smart and Bingham 1974): RWC

(%) = (FW - DW)/(TW - DW) 9 100 %.

Determination of cell membrane permeability

Membrane permeability was estimated by measuring

electrolyte leakage (EL). For electrolyte leakage measure-

ment, twenty leaf discs (0.8 cm diameter) or 0.2 g root tips

were cut off and rinsed with distilled water, put into 20 ml

distilled water, and incubated at 25 �C for 6 h using shaker

to measure the initial electric conductance of the water

(S1). Then, the samples were heated in water bath in

80–90 �C for 30 min to kill the cells and determine the

final electric conductance (S2). The electrolyte leakage was

calculated as: EL (%) = S1/S2 9 100 %.

Determination of lipid peroxidation (MDA content)

and antioxidant enzymes’ activities

Fresh tissue (0.2 g) was ground under liquid nitrogen and

homogenized in 5.0 ml 50 mmol l-1 cold Na-phosphate

buffer (pH 7.8), with 0.1 mM EDTA and 1 % (w/v) poly-

vinylpyrrolidone (PVP). After centrifuging at 13,0009g for

30 min at 4 �C, the supernatant was used for MDA and SOD

assays.

The level of lipid peroxidation in the plant tissues was

estimated by measuring the concentration of malondial-

dehyde (MDA), the major thiobarbituric acid (TBA)-

reactive material, as described by Bowler et al. (1992).

Absorbance of the supernatant was measured at 532 nm

and corrected for nonspecific turbidity by subtracting the

absorbance at 600 and 450 nm. The concentration of MDA

was calculated as: MDA (lM) = 6.45(A532-A600)-

0.56A450. SOD activity was determined according to the

method of Krivosheeva et al. (1996). One enzyme unit of

SOD activity was defined as the amount of enzyme

required to cause 50 % inhibition in the rate of nitro-blue-

tetrazolium (NBT) reduction at 560 nm. For APX activity

assay, fresh tissues (0.2 g) were ground under liquid

nitrogen and then homogenized in 3.5 ml of 50 mM

50 mmol l-1 cold Na-phosphate buffer (pH 7.6) containing

1 mM EDTA, 1 mM ascorbate, 2 % (w/v) PVP. Then

1.5 ml saturated (NH4)2SO4 in the same buffer was added

and stirred well. After centrifugation at 4 �C and

13,0009g for 20 min, the supernatant was prepared for

APX activity assay. APX activity was estimated by the rate

of AsA oxidation, monitored by the change in absorbance

at 290 nm (Krivosheeva et al. 1996).

Determination of Cd content in plant tissue

At the end of the experiment, the harvested leaves were rinsed

with tap water, and the roots were immersed in 20 mM

Na2-EDTA for 15 min to remove Cd adhered to the root

surface, and then rinsed with distilled water. The leaf, stem

and root samples were divided and dried at 80 �C for 48 h.

Dried plant materials were weighed and ground to fine pow-

der, and digested with a concentrated acid mixture of HNO3/

HClO4 (3:1, v/v). Cd concentration was determined with

atomic absorption spectrophotometer (Perkin-Elmer, USA).

The translocation factor (TF) indicated the ability of

plants to translocate heavy metals from roots to shoots

(Mattina et al. 2003). Translocation factor was related to

cadmium concentration and calculated as Liu et al. (2009):

TF = the cadmium concentration in shoots/the cadmium

concentration in roots; TF was also related to cadmium

accumulation (TF0) = the cadmium accumulation in

shoots/the cadmium accumulation in roots.

The bioaccumulation coefficient (BC), or enrich factor,

was described as Liu et al. (2009) and Tanhan et al. (2007):

BC = the cadmium concentration in the whole plant/the

cadmium concentration in the soil.

Statistical analyses

All measurements were replicated three times. Average

values and standard deviations (SD) were calculated by the

Microsoft Office Excel 2007 for all the data in this paper.

One-way analysis of variance was carried out with

SPSS13.0 for windows. LSD test was used to determine the

difference (p \ 0.05) among samples.

Results

Effects of Cd on plant growth

The effect of Cd on L. japonica growth varied with different

Cd concentrations in the medium. After 28 days Cd expo-

sure, the DW of plants was higher than that of control plants

when exposure to the lower Cd concentrations from 0.5 to

5 mg L-1, but showed significantly decreased at 25 mg L-1

Cd (Table 1). The RGR of the whole plant, roots, stems and

leaves were all increased in comparison with the control at

Cd concentration from 0.5 to 5 mg L-1, and then turned to

decrease from 10 to 25 mg L-1, displaying an inverted

U-shaped dose–response curve, which confirmed that the
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positive effect of low Cd levels occurred (Fig. 1). The fastest

growth rate of roots and stems occurred at 0.5 and

2.5 mg L-1 Cd treatment, respectively. The leaves lagged in

response to Cd and the fastest growth rate occurred at

5 mg L-1 Cd treatment, but had no significant difference

compared with control. Low Cd-concentrations

(B5 mg L-1) markedly stimulated growth of the plants, so

that the whole plant biomass was increased by 6.62, 14.74

and 7.83 % compared with the control, respectively.

Effects of Cd on chlorophyll and carotenoid contents

Table 2 shows that the total chlorophyll, chlorophylla and

carotenoid contents were significantly increased by 0.5 and

2.5 mg L-1 Cd, chlorophyll b content was significantly

increased by 5 mg L-1 Cd, but all of the photosynthetic

pigments contents dramatically decreased by exposure to

higher concentrations Cd, which indicated that low dosage

of Cd may be beneficial to plants but high dosage produced

toxic effects. The maximum increase of total chlorophyll,

chlorophylla, chlorophyllb and carotenoid content was 9.33,

12.95, 10.00 and 45.24 % of the control, respectively.

Among all the Cd treatments, the carotenoid content

increased the most obviously and only decreased by the

highest Cd concentration tested (25 mg L-1). The highest

chlorophyll and carotenoid content occurred at

2.5 mg L-1Cd treatment. This was consistent with the

whole plant DW.

Table 1 Effects of Cd concentrations in medium on roots, stems and foliage dry weight of L. japonica

Cd concentration in medium (mg L-1) Dry weight (mg plant-1)

Roots Stems Foliage Whole plant

0 46.43 ± 3.11bc 673.53 ± 20.934cd 293.40 ± 17.57a 1,013.37 ± 39.22c

0.5 67.83 ± 2.40a 700.13 ± 17.35bc 312.50 ± 11.58a 1,080.47 ± 27.57b

2.5 52.23 ± 2.31b 791.00 ± 24.58a 320.03 ± 8.59a 1,162.77 ± 32.14a

5 35.60 ± 3.66cd 726.80 ± 26.74b 322.67 ± 11.75a 1,092.70 ± 16.14b

10 31.3 ± 3.32de 634.83 ± 27.15d 296.48 ± 15.76a 966.92 ± 25.63c

25 15.13 ± 3.15e 631.60 ± 34.06d 229.73 ± 10.00b 892.63 ± 22.14d

Data are mean ± SD (n = 3). Different letters within the columns indicate significant differences at the 5 % level according to the LSD test

Fig. 1 Effects of Cd

concentrations in culture

medium on relative growth rate

of the whole plant, roots, stems

and leaves of L. japonica after

28 days exposure. Values

represent mean ± SD, n = 3.

Different letters indicate

significant difference at the 5 %

level according to the LSD test
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Effects of Cd on the RWC of leaves

After 28 days Cd exposure, the RWC of leaves was

increased by the low concentrations of Cd (\2.5 mg L-1)

(Fig. 2). Significant increase was observed at 0.5 mg L-1,

the highest increase was 3.04 % higher than the control.

When Cd concentration in the medium was higher than

2.5 mg L-1, the RWC of leaves decreased with increasing

Cd concentrations. A significant (6.85 %) decrease was

detected at 25 mg L-1 Cd, compared to the control. An

inverted U-shaped dose–response curve was observed in

this feature.

Effects of Cd on MDA content and electrolyte leakage

The MDA content in leaves declined with the increase of

Cd from 0 to 2.5 mg L-1 after 14 days exposure and then

enhanced, indicating a U-shaped curve of MDA levels

along with the increase of Cd in medium (Fig. 3a). With

the prolongation of exposure time to 28 days, both in

leaves and roots the MDA content were not significantly

affected by low Cd concentration (\5 mg L-1), but

increased dramatically and reached their maximum,

168.49 % for roots at 10 mg L-1 and 143.52 % for leaves

at 25 mg L-1 Cd, compared to the control (Fig. 3a, b). The

extent of cell membrane damage estimated on the basis of

electrolyte leakage of leaves and roots was similar to the

changes in MDA content. The ion leakage in leaves was

slightly declined at 0.5 and 2.5 mg L-1 Cd after 14 days

exposure, but no significant difference compared with the

control (Fig. 4a). After 28 days exposure, both in leaves

and roots the ion leakage were not significantly affected by

low Cd concentration (\5 mg L-1), but increased along

with the increase of Cd in medium, which suggested that

low concentrations of Cd (\5 mg L-1) did not cause lipid

peroxidation and membrane damage in L. japonica

(Fig. 4a, b).

Effects of Cd on the activities of antioxidant enzymes

In our study, increased SOD and APX activity in leaves

and roots were observed along with the increased Cd

concentration in the medium (Figs. 5 and 6). In roots, SOD

activity increased with the increase in Cd concentration till

10 mg L-1 and then sharply decrease when at the highest

tested Cd concentration after 28 days exposure (Fig. 5b),

which might be related to the cell damage as indicated by

high ion leakage. The APX activity in leaves was slightly

declined at low Cd concentrations below 10 mg L-1, but

increased about 1.6-fold of the control at 25 mg L-1 Cd

after 28 days exposure (Fig. 6a). In roots, APX activity

sharply increased at concentrations from 0.5 to 10 mg L-1

Cd, then decreased at higher concentrations at both 14 and

28 days exposure (Fig. 6b). The SOD and APX activities

in roots seemed to respond to Cd more rapidly than that in

leaves, which might be explained by the fact that roots is

the first organ coming in direct contact with Cd and more

Cd was accumulated in roots rather than in leaves.

Cd accumulation in L. japonica

After 28 days Cd-exposure, Cd concentrations in leaves,

stems and roots of L. japonica all increased significantly

with increasing Cd concentrations in the medium

(Table 3). The highest Cd concentrations in leaves, stems

and roots were 128.52, 603.97 and 1,575.64 mg kg-1 DW,

respectively, when L. japonica was exposed to 25 mg L-1

Cd in the medium. The BC of L. japonica exposed to

Table 2 Effects of Cd

concentrations in medium on

chlorophyll and carotenoid

contents (mg g-1 FW) in leaves

of L. japonica

Data are mean ± SD (n = 3).

Different letters within the

columns indicate significant

differences at the 5 % level

according to the LSD test

Cd concentration in

the medium (mg L-1)

Chlorophyll a Chlorophyll b Carotenoid Total Chlorophyll

0 2.24 ± 0.08c 1.20 ± 0.01b 0.42 ± 0.01b 3.43 ± 0.04bc

0.5 2.53 ± 0.04a 1.21 ± 0.03b 0.60 ± 0.05a 3.74 ± 0.06a

2.5 2.52 ± 0.07ab 1.22 ± 0.02b 0.61 ± 0.03a 3.75 ± 0.07a

5 2.32 ± 0.02bc 1.32 ± 0.02a 0.45 ± 0.01b 3.62 ± 0.02ab

10 2.00 ± 0.06d 1.25 ± 0.03b 0.40 ± 0.04b 3.26 ± 0.08c

25 1.37 ± 0.09e 0.72 ± 0.08ac 0.31 ± 0.03c 2.09 ± 0.05d

Fig. 2 Effects of Cd concentrations in medium on RWC for leaves of

L. japonica after 28 days exposure. Values represent mean ± SD,

n = 3. Different letters indicate significant difference at the 5 % level

according to the LSD test
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various Cd concentrations were always much higher than 1,

but the value decreased along with the increase Cd con-

centration in the medium. Although the Cd concentrations

in roots were much higher than that in aerial parts and the

TFs were between 0.36 and 0.72, the TF0s were always

higher than 1 and the TF0s were between 3.04 and 9.47.

The highest TF and TF0 were found at a low (2.5 mg L-1),

Cd concentration and then decreased with the increase of

Cd concentrations in the medium.

Discussion

Hormesis is any stimulatory effect induced by low doses of

toxicant that cannot be predicted by the extrapolation of

detrimental or lethal effects induced by high doses of the

same toxicant (Calabrese and Baldwin 2003a, b). The

present study demonstrated clearly that Cd induced sig-

nificant increase in plant growth (Fig. 1; Table 1), leaf

water content (Fig. 2) and photosynthetic pigments

(Table 2) in L. japonica at lower concentrations

(\5 mg L-1) but inhibited at higher concentrations, which

coincided with the definition of hormesis in toxicology.

Multiple hormetic effects in L. japonica induced by Cd

were investigated in this present study. The U-shaped

dose–response curve of MDA content in leaves was

observed after 14 days exposure indicated that reduced

oxidative stress occurred at suitable spacing of Cd doses.

Regarding MDA (Fig. 3) content and cell membrane per-

meability (Fig. 4) both in roots and leaves of L. japonica

Fig. 3 Effects of Cd

concentrations in medium on

malondialdehyde (MDA)

content in leaves (a) and roots

(b) of L. japonica after 14 and

28 days exposure. Values

represent mean ± SD, n = 3.

Different letters indicate

significant difference at the 5 %

level according to the LSD test

Fig. 4 Effects of Cd

concentrations in medium on

electrolyte leakage in leaves

(a) and roots (b) of L. japonica
after 14 and 28 days exposure.

Values represent mean ± SD,

n = 3. Different letters indicate

significant difference at the 5 %

level according to the LSD test

Fig. 5 Effects of Cd

concentrations in medium on

the activity of superoxide

dismutase (SOD) in leaves

(a) and roots (b) of L. japonica
after 14 and 28 days exposure.

Values represent mean ± SD,

n = 3. Different letters indicate

significant difference at the 5 %

level according to the LSD test
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with the prolongation of exposure time to 28 days, the

results indicated that severe oxidative damage occurred

only at the highest concentration but not at low concen-

trations Cd.

Cadmium is most commonly found metal in soil, as we

all know that it is a non-essential and toxic element for

plant. Elevating Cd level usually leads to growth inhibition

as this metal tend to accumulate within plant tissues and

negatively interfere with essential physiological processes

(di Toppi and Gabbrielli 1999). In this research, Cd

enhanced L. japonica growth up to 5 mg L-1 and signifi-

cantly decreased it at 25 mg L-1. Relative growth rates

showed that Cd stimulated growth of all plant parts at

different extent. The RGR of roots only stimulated by 0.5

and 2.5 mg L-1 Cd, and dramatically decreased by 10 and

25 mg L-1 Cd, indicating that the roots more susceptible

to Cd than aerial parts. At the end of exposure, the maxi-

mum increase in DW of roots, stems and leaves were

46.09 %, 17.44 and 9.98 % compared with the control,

respectively when the plants was exposed to 0.5, 2.5 and

5 mg L-1 Cd. With further increase of Cd concentration in

the medium, the growth decreased. The maximum

reductions in DWs of roots, stems and leaves were 32.59,

6.22 and 21.70 %, respectively when the plants was

exposed to 25 mg L-1 Cd (Table 1). Similar biphasic dose

responses were also found in RWC (Fig. 2), chlorophylls

and carotenoids contents of leaves (Table 2) in L. japonica

within this study. The results confirmed our previous

finding that there is some potentially positive effect of

lower concentration Cd on plant growth (Liu et al. 2009).

Chlorophyll is vital for photosynthesis and carotenoids play

an important role in protecting the photosynthetic appara-

tus against various harmful environmental factors (Strzałka

et al. 2003). In this study, low Cd concentration resulted in

an increase of chlorophyll and carotenoids contents in

L. japonica, demonstrating that low dosage of Cd induced

some beneficial effect on photosynthetic system, which

might explains the increase in plant growth rate. The same

phenomenon has been found in Sedum alfredii H. under Cd

stress by Zhou and Qiu (2005), and the main explanation of

the increase of chlorophyll contents could be a result of

Cd-induced increase of Fe uptake. Our previous studies

also revealed that there is a synergistic interaction in

accumulation and translocation between Cd and Fe in

Fig. 6 Effects of Cd

concentrations in medium on

the activity of ascorbate

peroxidase (APX) in leaves

(a) and roots (b) of L. japonica
after 14 and 28 days exposure.

Values represent mean ± SD,

n = 3. Different letters indicate

significant difference at the 5 %

level according to the LSD test

Table 3 Effects of Cd stress on Cd concentration and Cd accumulation in leaves, stems and roots of L. japonica

Cd concentration in the medium (mg L-1) Leaves Stems Roots BC TF TF0

Cd concentration (mg kg-1 DW)

0 4.27 ± 0.57 1.26 ± 0.20 6.47 ± 0.23

0.5 26.08 ± 5.63d 56.93 ± 5.28e 233.70 ± 2.56e 127.99 0.36

2.5 64.19 ± 7.59c 237.49 ± 8.61d 421.09 ± 9.84d 76.71 0.72

5 76.31 ± 8.98bc 443.97 ± 57.48c 911.59 ± 57.41c 75.84 0.57

10 103.22 ± 5.62ab 502.96 ± 28.90b 1,254.95 ± 27.16b 35.37 0.48

25 128.52 ± 11.20a 603.97 ± 9.28a 1,575.64 ± 82.15a 18.18 0.46

Cd accumulation (lg plant-1)

0 1.25 ± 0.16 0.85 ± 0.03 0.30 ± 0.02

0.5 8.15 ± 0.56d 39.86 ± 1.99d 15.81 ± 0.56c 3.04

2.5 20.54 ± 2.03c 187.74 ± 4.58c 21.99 ± 1.97c 9.47

5 24.62 ± 1.90b 322.68 ± 11.87b 39.41 ± 3.69b 8.81

10 30.60 ± 3.59a 319.30 ± 13.65b 44.67 ± 4.59ab 7.83

25 29.53 ± 2.24a 381.47 ± 20.57a 51.82 ± 5.23a 7.93

Data are mean ± SD (n = 3). Different letters within the columns indicate significant differences at the 5 % level according to the LSD test
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L. japonica, and the uptake of Zn and Mn in leaves has

been improved at low concentrations of Cd exposure (Liu

et al. 2011). However, the interactions between Cd and

nutrient trace elements, and the linkage between Cd treat-

ment and the increase of chlorophyll content need for

further investigated.

Some physiological responses related with the hormetic

effect were also investigated in this present study. The

accumulation of malondialdehyde (MDA) is the most

widely accepted indicator of potential oxidative damage,

which is a breakdown product of lipid peroxidation

(Smirnoff 1993). The plant cell membranes are also gen-

erally considered as primary sites of metal injury (Belkhadi

et al. 2010). In the present study, the levels of MDA and

ion leakage in leaves declined below their respective

controls at 0.5–2.5 mg L-1 Cd after 14 days Cd exposure,

indicating reduced oxidative stress and enhanced beneficial

effect in leaves. Similar results were reported in roots of

Vicia faba seedlings under Pb stress (Wang et al. 2010). At

the end of the experiment, the MDA content and leakage of

ions both in leaves and roots were only increased upon

addition of Cd at higher concentrations, demonstrating that

the structure and functions of cell membranes did not

affected by low levels of Cd stress (Figs. 3, 4). The data of

MDA content combined with ion leakage indicated that the

capabilities of the plant to adapt to lower concentration of

Cd might be related to a low degree of lipid peroxidation

and thus an improved growth was maintained.

Cadmium toxicity can disturb the balance between the

ROS generation and removal, and cause MDA accumula-

tion in plants which results in oxidative damage (Scebba

et al. 2006; Lin et al. 2007; Shan et al. 2012). As a

defensive mechanism, antioxidative enzymes, such as SOD

and APX, play an important role in scavenging ROS pro-

tecting cells in higher plants (Gill and Tuteja 2010). SOD

dismutates O2
- into O2 and H2O2 and H2O2 then is reduced

by POD, APX and others. After 4 weeks, the MDA and ion

leakage did not affected by low Cd concentration

(\5 mg L-1), whereas the SOD and APX activities in roots

increased above their respective controls, implying

enhanced oxidative stress and adverse effect. In other

words, enhanced defense response was induced by low

doses of Cd, indicating that the antioxidant enzyme defense

system might be dominate at low Cd concentrations that

ensures redox homeostasis is maintained. Biological sys-

tems adapt for Cd oxidative stress. Nonetheless, the overall

net positive effect was observed at low concentrations of

Cd in medium. This is consistent with the findings of

Scebba et al. (2006) who found a positive effect of Cd on

plant growth at low Cd concentrations. Parson (2003)

reported that the induction of defense systems that can

ameliorate the effect of toxic chemicals in an organism has

also been proposed to be a cause of hormetic responses.

This hypothesis was also supported by Kovalchuk et al.

(2003), who proposed that the defense mechanisms

induced by oxygen free radicals can lead to increased

growth in the presence of low doses of phytotoxic chemi-

cals. Toxicants could induce beneficial homeostatic

responses at suitable spacing of doses and are responsible

for enhanced defense ability to repair damaged cells in

organisms (Calabrese and Baldwin 2003a, b). But the

reason for the hormesis phenomenon is not completely

understood, which also might be regulated by multiple

mechanisms such as metabolism homeostatic regulation

(i.e. allosteric regulation of enzyme activities, translation

of accumulated mRNAs, protein turnover) and the trigger

of specific genetic programs with new protein synthesis.

The underlying mechanism of hormesis needs to be further

investigated.

In the past decade, there has been considerable interest

in the area of soil remediation of contaminated sites.

Phytoremediation has become a promising soil remediation

technique where hyper-accumulators or accumulators are

used to take up large quantities of pollutant metals (Salt

et al. 1998; Roosens et al. 2003). Numerous studies in the

area have reported hormetic responses such that low levels

of site contamination have been associated with enhanced

plant growth and enhanced accumulation of Cd, by the

plant species employed (Calabrese and Blain 2009). In the

present study, after 28 days exposure to 10 mg L-1 Cd, Cd

concentrations got up to 502.96 ± 28.90 mg kg-1 DW in

stem and 103.22 ± 5.62 mg kg-1 DW in leaf (Table 2),

more than 100 mg kg-1 dry tissue, which is the threshold

value of Cd-hyperaccumulator (Baker and Brooks 1989;

Sun et al. 2008). Especially, the plant did not show any

significant damage, and the leaves, stems and total biomass

had no significant differences compared with the control

when exposed to 10 mg L-1. Phytoremediation efficiency

depends on plant biomass and the ability of metal to be

translocated to the shoots (Wu et al. 2010). Thus, transport

factor (TF0) could be better parameter in indicating metal

transport efficiency than TF. TF0 values of L. japonica were

always much higher than 1 at all the tested Cd concentra-

tions, which indicated that L. japonica could transport large

amount Cd from root to aerial structures. Based on higher

BC and TF0 values, the high Cd accumulation in the stems

and leaves indicated that L. japonica has the potential as a

hyperaccumulator in phytoremediation application for Cd-

contaminated soils. This is further confirmed our previous

study (Liu et al. 2009; 2011). Additionally, the highest TF

and TF0 values of L. japonica were 0.72 and 9.47 at

2.5 mg L-1 Cd, and then turn to decline with the increase

in Cd concentration in the nutrient solution, implying that

low Cd (2.5 mg L-1) improved the ability to transfer Cd

from roots to aerial structures, which might be related with

the mechanisms of Cd accumulation and translocation in
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L. japonica. The same phenomenon has been found in Cd-

accumulators Bidens pilosa L. (Sun et al. 2009). But the

underlying mechanisms needs to be further investigated.

The hormetic phenomenon induced by heavy metal in plant

was also observed in many other studies, especially in

some hyperaccumulators, such as Brassica juncea L. (Seth

et al. 2008) and Arabis paniculata F. (Qiu et al. 2008; Tang

et al. 2009). Because hormesis is ubiquitous, as a potential

Cd-hyperaccumulator, L. japonica may have a wider range

of low-dose stimulation effect than many other plants.

Taken together, the present study suggested that hormetic

effects should be taken into consideration in phytoreme-

diation of Cd-contaminated soil.

Conclusion

In our study, all the evidence points to the fact that plant

growth, leaf water content and photosynthetic pigments in

L. japonica were increased by Cd at low concentrations but

inhibited at high concentrations, which indicates the

occurrence of a hormetic phenomenon. The low level of

MDA content and membrane permeability observed in the

experiment indicating reduced oxidative stress and

enhanced beneficial effect in the plants. Rapidly enhanced

defense response in roots was induced by low doses of Cd,

implying that the antioxidant enzyme defense system might

be dominate at low Cd concentrations that ensures redox

homeostasis is maintained. The presence of hormesis

induced by Cd in L. japonica may be related with such

biological mechanisms as oxidative stress level. However,

the hormetic responses may occur as a result of numerous

mechanisms, depending on the cell type. Further work is

needed, L. japonica could be considered as a new plant to

investigate the underlying mechanisms of the hormesis. On

the other hand, L. japonica had a potential ability as phy-

toremediator of Cd-contaminated soils, and moreover, low

Cd treatments improved the ability to transfer Cd from

roots to aerial structures, therefore, our results suggest that

hormetic effects should be taken into consideration in

phytoremediation of Cd-contaminated soil.
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