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a b s t r a c t

Methyl jasmonate (MeJA) elicits protective effects as form of plant response to abiotic stress. However,
related studies on plant response to metal stress are insufficient. This study aimed to examine the effects
of MeJA on growth and physiological responses of Capsicum frutescens seedlings exposed to cadmium
(Cd) stress. The study was performed in an artificial climate chamber. Results showed that 50 mg L�1 Cd
significantly impaired the growth of the seedlings by increasing leaf MDA content and decreasing
chlorophyll b. These effects were significantly mitigated by MeJA at low concentrations (0.1 mmol L�1).
The dry weights of different plant parts, chlorophyll content, and leaf catalase and ascorbate peroxidase
activities were increased by a low MeJA concentration (0.1 mmol L�1) but were decreased by a high MeJA
concentration (1000 mmol L�1). Significant increases in endogenous jasmonic acid were observed at 48 h
after the samples were treated with Cd and 0.1 mmol L�1 MeJA. These results suggested that low
exogenous MeJA concentrations exhibited protective effects on the growth and physiology of C. frutescens
seedlings under Cd stress.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Metal pollution has become a serious problem as a result of
rapid developments in industrial and agricultural activities (Cheng,
2003). Metals likely cause damages on plant physiology when metal
concentrations in the environment exceed the maximum tolerable
amount, thereby resulting in photosynthetic output reduction and
growth degeneration (Prasad, 2004). Toxic metals such as lead (Pb),
cadmium (Cd), and mercury (Hg) are strongly phytotoxic partly
because reactive oxygen species (ROS) such as superoxide radical
(O��

2 ), hydroxyl radical (dOH), and hydrogen peroxide (H2O2) are
generated (Prasad, 2004). High levels of ROS usually damage
cellular components such as membranes, nucleic acids, and chlor-
oplast pigments, resulting in lipid peroxidation (Tewari et al., 2002).
Membrane lipid peroxidation produces lipid radicals and a complex
mixture of lipid degradation products, such as malondialdehyde
(MDA) (Knight and Voorhees 1990). As a result, plants have evolved
multiple mechanisms involving enzymatic antioxidants [such as
superoxide dismutases (SOD), peroxidases (POD), and catalase
(CAT)] and non-enzymatic scavengers (mainly glutathione, carote-
noids, and ascorbate), which help scavenge ROS, delay or inhibit the
oxidation of lipids or other molecules, and alleviate their deleter-
ious effects (Prasad, 2004). SOD, CAT, and POD are three groups of

important antioxidant enzymes (Vangronsveld and Clijsters, 1994).
SOD is the major O��

2 scavenger, and its enzymatic action yields
H2O2 and O2. CAT and several classes of peroxidases then scavenge
H2O2. POD decomposes H2O2 by oxidizing co-substrates such as
phenolic compounds and/or antioxidants (Blikhina et al., 2003).
Ascorbate peroxidase and glutathione reductase, as well as glu-
tathione, are important components of the ascorbate glutathione
cycle that removes H2O2 from different cellular compartments
(Jiménez et al., 1997).

Jasmonates (JAs), including jasmonic acid (JA) and methyl jasmo-
nate (MeJA) are a family of cyclopentanone compounds synthesized
from linolenic acid via the octadecanoic pathway; JAs exhibit
important functions in the signaling network of plants under various
biotic and abiotic stresses (Fujita et al., 2006). JA is involved in
NADPH oxidase activation, in which H2O2 functions as a second
messenger regulating the defense mechanism (Orozco-Cárdenas
et al., 2001). Higher levels of JAs destroy chlorophyll, inhibit growth
and photosynthetic activity, and intensify senescence processes
(Maksymiec and Krupa, 2002; He et al., 2002; Jung, 2004). However,
application of certain concentrations of JAs can significantly enhance
plant's tolerance. Exogenously applied JAs elicit different physiologi-
cal responses to stress and increase plant resistance (Walia et al.,
2007; Keramat et al., 2009). However, few studies have investigated
the mechanism of the toxic effects of MeJA on plants under metal
stress. Studies have mainly focused on model plants (Arabidopsis
thaliana) and herbaceous plants (Maksymiec and Krupa, 2002;
Piotrowska et al., 2009; Kováčik et al., 2011). MeJA at 10�6 and
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10�5 mol L�1 elicits protective effects against Cu and Cd ions in
Arabidopsis plants; by contrast, such protective effects are not
observed at 10�4 mol L�1 (Maksymiec and Krupa, 2002). Lower
MeJA concentrations (10�7 mol L�1 to 10�5 mol L�1 MeJA) also
exhibit stimulatory effects on the photosynthetic pigments of lower
aquatic plants, such as Scenedesmus quadricauda (Turp.) Bre´b
(Kováčik et al., 2011) and Wolffia arrhiza (Piotrowska et al., 2009).
The application of MeJA and Cd lessens damages caused by Cd by
reducing MDA and H2O2 content and by increasing antioxidant
enzyme activities in soybean plants (Glycine max L.) (Keramat et al.,
2009).

Abiotic stress such as metal stress stimulates endogenous JA in
herbaceous plants such as A. thaliana, Phaseolus coccineus, and
Oryza sativa L. (Koeduka et al., 2005; Maksymiec et al., 2005).
However, studies on the effect of exogenous MeJA treatment on
endogenous JA responses in metal-stressed plants are insufficient;
the mechanism by which low exogenous MeJA levels elicit protec-
tive effect has not been elucidated yet. The present study aimed to
(i) examine the effect of different levels of MeJA on the physiology
of toxic metal-induced plant stress and (ii) determine the time-
course responses of lipid peroxidation, H2O2, and endogenous JA
after MeJA and Cd treatment. Capsicum frutescens var. fasciculatum,
an annual perennial economical crop plant, was selected as a model
plant. Cd was selected as a model metal because it is highly
prevalent in the farmlands in China and has posed increasing risk
of pollution for several years (Niu et al., 2013).

2. Materials and methods

2.1. Experimental setup and sample collection

C. frutescens seeds were surface sterilized with 70% alcohol and then sown on
sand in plastic pots [24 cm (open top)�30 cm (height)�20 cm (flat bottom)] with
half-strength Japanese garden test nutrient solution (Hori 1966). The planted pots
were placed on a bench in an artificial climate chamber with daily temperatures of
25 1C, relative humidity of 70%, and light intensity of 800 mmol photons m�2 s�1.
The seedlings were irrigated with deionized water once every day until the third
pair of leaves completely unfolded. Afterward, the pots were randomly divided into
nine groups each in triplicate. Six groups were used to determine the effect of MeJA
on the responses of the seedlings under Cd treatments: (i) control treatment;
(ii) 50 mg L�1 Cd; (iii) 50 mg L�1 Cdþ0.1 mmol L�1 MeJA (MeJA1); (iv) 50 mg L�1

Cdþ1 mmol L�1 MeJA (MeJA2); (v) 50 mg L�1 Cdþ10 mmol L�1 MeJA (MeJA3); and
(vi) 50 mg L�1 Cdþ1000 mmol L�1 MeJA (MeJA4). According to the study of
Keramat et al. (2009), treatment with MeJA up to 10 μmol L�1 showed no effect
on MDA and chlorophyll contents in G. max L., and we do not intent to investigate
the solely effect of MeJA in the present study, hence we do not consider the positive
control set (controls with only MeJA at the used concentrations). For the
treatments, appropriate amounts of MeJA (sigma) was dissolved in 2 mL of ethanol
and diluted to obtain appropriate concentrations with half-strength Japanese
garden test nutrient solution containing 50 mg L�1 Cd (cadmium chloride, CdCl2).
One group without any treatment was used as the control. The seedlings were
irrigated with deionized water every day to compensate for water lost by
evaporation.

The leaf samples were collected from all of the treatments at the end of the
experiment (7 d). To determine the short-term changes in leaf MDA, endogenous
JA, and H2O2, we collected the leaves of the seedlings from the following treatment
groups at 0, 12, 24, 48 h after the treatment: (i) control group; (ii) 50 mg L�1 Cd;
and (iii) 50 mg L�1 Cdþ0.1 mmol L�1 MeJA. At each sampling time, two seedlings in
each pot were pulled carefully from the sediment and washed with deionized
water. The leaf of one seedling was collected, rapidly frozen in liquid nitrogen, and
stored at �80 1C. The different parts of another seedling were collected and dried
in an oven at 70 1C for 48 h. The dry weights of the different plant parts were
recorded.

2.2. Determinations

2.2.1. Chlorophyll concentration
Leaf chlorophylls were determined according to the method described by Wang

et al. (2009). In brief, 0.1 g of fresh leaf sample was cut from mature leaf and then
finely sliced with stainless steel scissors to increase the surface area of the tissue
exposed to the extractant. The sample was then placed in a 15 mL amber glass
screw-cap bottle containing 10 mL of a mixed solution of acetone, ethanol, and

distilled water (4.5:4.5:1 proportions, respectively) and stored in dark at 4 1C for
2 days. The absorbance readings of the extract were recorded at 645 and 663 nm,
and the concentrations (mg L�1) of chlorophyll a, chlorophyll b, and total
chlorophylls in the extract were calculated according to equations of Arnon (1949).

2.2.2. Determination of MDA
MDA in the leaf was determined according to the method of Wang and Jin

(2005) with slight modifications. In brief, 0.2 g of fresh plant sample was
homogenized in a mortar and pestle with 4 mL of 20% trichloroacetic acid (TCA)
(w/v). The homogenate was centrifuged at 9000� g for 5 min. Approximately 1 mL
of the supernatant was mixed with an equal volume of 0.6% (w/v) thiobarbituric
acid solution containing 10% TCA. The mixture was heated in boiling water for
30 min and then transferred to an ice bath to terminate the reaction. The cooled
mixture was centrifuged at 5000� g for 10 min at 25 1C, and the absorbance
readings of the supernatant at 450, 532, and 600 nm were recorded. The
concentration of MDA (CMDA) was calculated according to the following equation:

CMDA ¼ 6�45ðA532–A600Þ–0�56A450�

2.2.3. Determination of H2O2

H2O2 reacts with ammonium molybdate to form a stable yellowish complex
that exhibits the greatest absorbance at 405 nm. H2O2 concentration in the leaves
was determined according to the method of Góth (1991) with slight modifications.
In brief, 100 mg of leaf sample was homogenized with 3 mL of phosphate buffer
(50 mmol L�1, pH 7.4). The homogenate was centrifuged at 9000� g for 10 min.
To determine the H2O2 content, we mixed 0.5 mL of extracted solution with
50 mmol L�1 ammonium molybdate; the absorbance at 405 nmwas then recorded.
The unit of H2O2 concentration was expressed as mmol�1 H2O2 g�1 protein. The
H2O2 concentration was calculated using an H2O2 standard curve. Protein concen-
tration was determined using the Coomassie Brilliant Blue G-250 reagent according
to the method of Bradford (1976), in which bovine serum albumin was used as the
standard.

2.2.4. Determination of total glutathione (GSH)
Total GSH level was determined according to the method of Beutler et al.

(1963). The plant material (0.5 g of fresh weight) was homogenized with mortar
and pestle in 5 mL of cold extraction buffer containing 2% 5-sulfosalicylic acid
dehydrate, 1 mmol L�1 ethylenediaminetetraacetic acid disodium (EDTA–Na2), and
0.15% ascorbate. The homogenate was centrifuged for 10 min at 9000� g at 4 1C.
The reaction mixture containing 1 mL of supernatant, 2 mL of 1% Tris–HCl buffer
(pH 8.9), and 50 mL of 10 mmol L�1 5,5′-ditiobis (2-nitrobenzoic acid) (DTNB) was
maintained at room temperature for 5 min and the absorbance was obtained at
412 nm. The GSH concentration was calculated using a GSH standard curve.

2.2.5. Determination of endogenous JA concentration
Endogenous JA concentrations were determined using a commercial enzyme-

linked immunosorbent assay (ELISA) kit (Rapidbio, USA). Standards or samples are
added to the appropriate microtiter plate wells with horseradish peroxidase (HRP)-
conjugated JA and incubated, and a competitive inhibition reaction is launched
between JA (In standards or samples) and HRP-conjugated JA with the pre-coated
antibody specific for JA. All reagents, samples and standards were prepared
according to the manufacturer's instructions. The detection limit for the endogen-
ous JA is 80 pmol L�1.

2.2.6. Antioxidative enzyme activity
Approximately 0.3 g of fresh leaf sample was extracted in 4 mL of 50 mmol L�1 of

ice-cold sodium phosphate buffer (pH 7.4) combined with 1.0 mmol L�1 EDTA–Na2.
The homogenate was centrifuged at 9000� g at �4 1C for 10 min, and the supernatant
was used for the enzyme assay.

The SOD activity was determined by hydroxylamine assay developed from
xanthine oxidase assay according to the method of Elstner and Heupel (1976).
In brief, the homogenate was analyzed in a solution containing 0.037 U ml�1

xanthine oxidase, 0.375 mmol L�1 xanthine, and 0.1 mmol L�1 hydroxylamine and
enzyme extract. The reaction was initiated using xanthine, incubated at 37 1C for
30 min in a water bath, and terminated by adding 2.5 mmol L�1 sulfanilic acid. One
unit (U) of SOD activity is defined as the amount that results in a 50% decrease in the
rate of nitrite formation from hydroxylamine oxidation induced by O��

2 /mg of
protein. The O��

2 level was determined at 530 nm after 8 mmol L�1 α-
naphthylamine (in glacial acetic acid) was added.

CAT activity was determined according to the method of Beer and Sizer (1952)
with slight modifications. The reaction mixture (2.5 mL) consisted of 50 mmol L�1

phosphate buffer (pH 7.4), 0.1 mmol L�1 EDTA, 20 mmol L�1H2O2, and 500 mL of
enzyme extract. The reaction was initiated by adding the extract. The decrease in
H2O2 was monitored at 240 nm for 2 min and quantified based on its molar
extinction coefficient (36 mol L�1 cm�1). One unit (U) of CAT activity was defined
as a change in absorbance by 0.01 unit/min, and the activity was expressed as
U mg�1 protein�1.
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Guaiacol POD activity was determined according to guaiacol method (Fielding
and Hall, 1978). Approximately 100 mL of enzyme extract was mixed with 3 mL of
50 mmo L�1 phosphate buffer (pH 7.4) containing 0.2% guaiacol (v:v). The reaction
was initiated with 1 mL of 0.3% H2O2, and guaiacol oxidation was determined based
on an increase in the absorbance at 470 nm for 2 min. One unit of POD activity
(U) was defined as a change in absorbance by 0.01 unit/min, and the activity was
expressed as U mg�1 protein�1.

Ascorbate peroxidase (APx) activity was estimated according to the method of
Nakano and Asada (1981). Approximately 100 mL of enzyme extract was mixed with
2 mL of 50 mmol L�1 potassium phosphate buffer (pH 7.4) containing 0.5 mmol L�1

of ascorbate, 1 mmol L�1 EDTA–Na2, and 0.1 mmol L�1H2O2. Enzyme activity was
determined by monitoring the decrease in absorbance at 290 nm for 2 min. One unit
(U) of APx activity was defined as the change in absorbance by 0.01 unit/min, and the
activity was expressed as U mg�1 protein�1.

Glutathione peroxidase (GPx) activity was determined by monitoring the
decrease in GSH according to the method of Huang and Wu (1999). In brief, two
sets of tubes were prepared. Each tube was filled with 0.2 mL of enzyme extracts,
and one tube was heated at 70 1C to inactivate the enzyme. Approximately 0.4 mL
of 1.0 mmol L�1 GSH and 0.2 mL of 1.5 mmol L�1H2O2 were added in each tube and
incubated at 37 1C for 3 min. Afterward, 2 mL of 1.67% metaphosphoric acid was
added. The reaction mixture was centrifuged at 5000� g for 5 min. Two sets of
aliquots (2 mL) of the resulting supernatant were then transferred to two test
tubes; each test tube contained 2.5 mL of 0.32 mol L�1 Na2HPO4 and 0.5 mL of
10 mmol L�1 DTNB (w:v in 1% trisodium citrate). The test tubes were then stored at
room temperature for 5 min. and the absorbances were read at 412 nm. One unit
(U) of GPx was defined as 1 mmol of GSH oxidation per min per mg protein, and the
activity was expressed as U mg�1 protein�1.

2.3. Statistical analyses

The mean and standard deviation (SD) of the three replicates (one sample in
each replicate) were calculated. Parametric one-way ANOVA and post-hoc multiple
comparison (Tukey's test) was conducted to determine the significant differences
in the detected parameters among different levels of Cd treatments. Two-way
multivariate ANOVA (MANOVA), in which the treatment and the treatment time
were considered as two independent variables, was applied to examine the
significant interactive effects and differences between C. frutescens seedlings based
on different variables (i.e., the contents of H2O2, MDA, and endogenous JA in the
leaf). Statistical analyses were performed in SPSS version 16.0.

3. Results

3.1. Changes in growth and photosynthetic pigments

The growth and photosynthetic pigments showed significant
changes caused by different Cd treatments and increasing levels of
exogenous MeJA (Fig. 1). The treatment with 0.1 mmol L�1 MeJA
significantly enhanced chlorophyll b concentrations. The chloro-
phyll concentrations in the leaf also decreased as the concentration
of MeJA treatments increased (Fig. 1a). As the concentration of
exogenous MeJA increased, the ratio of chlorophyll a/b decreased
(Fig. 1b), suggesting that MeJA elicited greater inhibitory effects on
chlorophyll a. The treatment with 50 mg L�1 Cd induced significant
decreases in the dry weights of the roots, but no significant effects
were observed in the other parts of the seedlings. The treatment
with a lower concentration (0.1 mmol L�1) of MeJA possibly restored
the growth of the seedlings, although this restoration was not
significant. As exogenous MeJA increased, the dry weights of
different plant parts were gradually reduced particularly under
the highest concentrations of MeJA treatment (Fig. 1c). The treat-
ment with exogenous MeJA also resulted in a decrease in the root to
shoot (R/S) ratio (Fig. 1d).

3.2. Changes in H2O2, MDA, and endogenous JA concentrations

MANOVA, followed by Wilk's lambda test, showed that the
treatment time exhibited significant effects on H2O2 production in
the leaves of C. frutescens (Table S1 of supporting information).
H2O2 is a major component of the ROS and can be induced by
abiotic stress. The increase in endogenous H2O2 concentrations
and the different levels of exogenous MeJA was dose dependent,

in which the highest values were recorded at higher levels of
exogenous MeJA (10 and 1000 mmol L�1) in the leaves of
C. frutescens (Fig. 2a). Significant increases in leaf H2O2 were only
recorded at 50 mg L�1 Cd and 50 mg L�1 Cdþ0.1 μmol L�1 MeJA
at 48 h after the seedlings were treated with the Cd (Fig. 2b)
compared with the control. However, these increases were no
longer observed at 7 d (168 h).

Similar to H2O2, the increase in MDA concentration in the leaf
of C. frutescens as MeJA treatments were increased was dose
dependent (Fig. 3a). The treatment time and the interaction of
the treatments elicited significant effects on leaf MDA production
according to the MANOVA result (Table S1 of supporting informa-
tion). Leaf MDA content showed no changes in the first 48 h,
whereas significant changes were observed at 7 d (168 h) after the
treatment (Fig. 3b). At day 7, the treatment with 50 mg L�1 Cd
significantly induced the production of MDA in the leaves of
C. frutescens compared with that of the control group. By contrast,
the treatment with 50 mg L�1 Cdþ0.1 mmol L�1 MeJA significantly
mitigated the deleterious effect of Cd, and the leaf MDA was
reduced to a level comparable to that of the control group (Fig. 3a).

The treatment time and the interaction of the treatments
exhibited significant effects on leaf JA concentration according to
the MANOVA test result (Table S1 of supporting information).
Endogenous JA in the leaves of C. frutescens showed no significant
changes in the first 24 h after the samples were treated with Cd
(Fig. 4b). Significant increases in JA were only observed at 48 h
after the samples were treated with 50 mg L�1 Cd and 50 mg L�1

Cdþ0.1 mmol L�1 MeJA. Leaf JA concentrations showed no signifi-
cant changes as the treatments increased at 7 d (Fig. 4a).

3.3. Changes in GSH and antioxidative enzymes

The changes in the total GSH in the leaves of C. frutescens
showed a pattern similar to that of H2O2 and MDA; in particular, a
dose-dependent increasing pattern was observed (Fig. S1 of
supporting information).

CAT and APx are the two major H2O2 scavengers, which
decompose toxic H2O2 to non-toxic H2O. In the present study,
the lowest level (0.1 mmol L�1) of MeJA treatment stimulated CAT
and APx activities, and the highest values were observed at
50 mg L�1 Cdþ0.1 mmol L�1 MeJA (Fig. 5a and b). An increase in
MeJA treatment significantly decreased enzymatic activities, par-
ticularly CAT. Guaiacol POD and glutathione peroxidase (GPx) both
detoxify a large family of peroxides, including H2O2. In the present
study, POD and GPx increased as exogenous MeJA treatments
increased. Significant increases in POD and GPx were observed at
the highest levels of MeJA treatments (Fig. 5c and d). SOD
catalyzes the dismutation of a O��

2 to O2 and H2O2. This process
is an important antioxidant defense in almost all of the cells
exposed to O2. In the present study, 50 ppm Cd and exogenous
MeJA significantly affected SOD activity in 7 d of treatment
(Fig. 5e).

4. Discussion

Most plants are sensitive to low Cd concentrations, which inhibit
plant growth as a consequence of alterations in photosynthetic rate as
well as in the uptake and distribution of macronutrients and micro-
nutrients (Sandalio et al., 2001; Benavides et al., 2005; Rodríguez-
Serrano et al., 2009). These effects were also observed in the present
study. In particular, the roots of C. frutescenswas significantly inhibited
by 50mg L�1 Cd after 7 d of treatments, although the dry weights of
leaves and the chlorophyll concentrations did not show any significant
changes after the seedlings were treated with Cd. Plants, when
exposed to higher MeJA concentrations, usually show a substantial
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decrease in photosynthetic activities and chlorophyll concentrations as
well as a senescence-like yellowing (Saniewski et al., 1998; Jung,
2004). In a previous study, 100 mmol L�1 MeJA reduces the chlorophyll

content in the cotyledons of Cucurbita pepo (Ananieva et al., 2007)
andW. arrhiza (Piotrowska et al., 2009). However, lower MeJA concen-
trations usually stimulate an increase in chlorophyll concentration

Fig. 1. Changes of (a) chlorophyll a, chlorophyll b and total chlorophylls, (b) ratios of chlorophyll a/b, (c) dry weight of different plant parts and (d) ratios of root/shoot (R/S) in
leaf of C. frutescens seedlings after 7 days treatment of Cd (50 mg L�1) and different concentrations of MeJA (0.1, 1, 10 and 1000 μmol L�1 for MeJA 1, 2, 3 and 4, respectively;
values are mean and SD; data with different letters are significantly different at Pr0.05).
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(Keramat et al., 2009; Piotrowska et al., 2009; Kováčik et al., 2011).
Other studies also revealed similar findings in W. arrhiza exposed to
0.1 mmol L�1 JA and lead (Pb) (Piotrowska et al., 2009) as well as in
soybean plant treated with 10 mmol L�1 MeJA and Cd (Keramat et al.,
2009). In the present study, similar effects were observed. In particular,

0.1 mmol L�1 MeJA significantly restored the impairment induced by
Cd in leaf chlorophyll b, whereas the highest levels (1000 mmol L�1) of
MeJA significantly decreased the concentrations of the chlorophylls.
These results suggested that 0.1 mmol L�1 MeJA provided protection
during leaf photosynthesis under Cd stress. Leaf chlorophyll a/b of
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Fig. 5. Changes of activity of (a) CAT, (b) APx, (c) GPx, (d) POD and (e) SOD in leaf of C. frutescens seedlings after 7 days treatment of Cd (50 mg L�1) and different
concentrations of MeJA (0.1, 1, 10 and 1000 μmol L�1 for MeJA 1, 2, 3 and 4, respectively; values are mean and SD; bars with different letters are significantly different at
Pr0.05).
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C. frutescens also decreased as exogenous MeJA increased, suggesting
that high levels of MeJA exhibited greater deleterious effects on
chlorophyll a than chlorophyll b.

Cd does not participate in Fenton-type reactions but can
indirectly favor the production of different ROS, such as H2O2, O

��
2 ,

and dOH, resulting in oxidative burst (Olmos et al., 2003). In the
present study, although leaf H2O2 was not over-produced at
50 mg L�1 Cd treatment; significant increases in leaf MDA also
indicated the oxidative impairment in the leaves of C. frutescen
(Figs. 2 and 3). Previous studies suggested that increases in JA and
ROS production are common characteristics of senescence, and the
toxicity of Cd may accelerate senescence in plants (Rodríguez-
Serrano et al., 2009). Exogenous MeJA treatment also results in
lipid peroxidation and leaf senescence (Maksymiec, 2007). Hence,
the joint influence from MeJA and Cd may result in greater
destruction of the lipid membrane and higher yield of MDA
products than MeJA or Cd alone. In the present study, exogenous
MeJA (0.1–1000 mmol L�1) did not stimulate MDA production
compared with Cd treatment (Fig. 3). The MDA content in the
leaves treated with 50 mg L�1 Cdþ0.1 mmol L�1 MeJA was signifi-
cantly lower than that in the leaves treated with 50 mg L�1 Cd
alone. Therefore, the lowest MeJA concentration exhibited protec-
tive effects on the cell membrane lipid by alleviating lipid perox-
idation in C. frutescens seedlings under Cd stress.

Plants under toxic metal stress usually exhibit an increase in
endogenous stress hormones such as ABA, ethylene, and JA, which
usually function as signal molecules involved in regulating antiox-
idative and growth-related processes (Santner and Estelle, 2009). An
increase in endogenous JA is observed in A. thaliana treated with Cu
and Cd (Maksymiec and Krupa, 2002), pea plants treated with Cd
(Rodríguez-Serrano et al., 2009), and rice seedlings treated with Cu
(Koeduka et al., 2005). These results suggest that endogenous JA is
involved in the cellular response to metal toxicity. Hence, heavy
metals may stimulate the octadecenoic pathways leading to JA
synthesis (Maksymiec and Krupa, 2002). In the present study,
significant increases in endogenous JA were also found at 48 h after
the samples were treated with 50 mg L�1 Cd and 50 mg L�1

Cdþ0.1 mmol L�1 MeJA treatments (Fig. 4b). This result suggested
that JA may be involved in the cellular responses at the early stage of
Cd stress. As a stress hormone, JA is synthesized and becomes
accumulated in plants; such processes are considered transient and
dynamic. The maximum content is usually reached at 1–24 h after
abiotic stress is induced in A. thaliana; this content returns rapidly to
initial concentration when the stress time is further extended
(Maksymiec, 2007). Our previous study also revealed that significant
increases in endogenous JA are recorded at 1 d after Pb stress is
induced in the mangrove plant Kandelia obovata (Yan and Tam, 2013).

The mechanism of Cd toxicity may be a result of a side effect of
an increased endogenous JA (Maksymiec and Krupa, 2002). This
increase in endogenous JA can contribute to metal toxicity by
activating lipoxygenase activity, H2O2 production, and lipid per-
oxidation (Maksymiec, 2007). In the present study, an increase in
endogenous JA revealed a close relationship with an increase in
H2O2, in which JA and H2O2 increased at 48 h after the treatments.
However, the leaf MDA content did not show any significant
increase at 48 h after the samples were treated with 50 mg L�1

Cd and 50 mg L�1 Cdþ0.1 mmol L�1 MeJA treatments compared
with the control group. Therefore, the increases in endogenous JA
under the appropriate level of exogenous MeJA treatments did not
show any deleterious effects on the plant cells.

Evidence has indicated that MeJA can affect the activity and/or
pools of stress enzymes, thereby alleviating oxidative stress in plant
cells (Li et al., 1998; Wang, 1999; Jung, 2004). Previous reports
indicated that the foliage application of 100 mmol L�1 MeJA induces
CAT activity and mitigates ROS production in maize and strawberry
plants subjected to water stress (Li et al., 1998; Wang, 1999).

Increases in various antioxidant enzyme activities, including SOD,
CAT, and APx in the presence of 10–100 mmol L�1 MeJA have also
been observed in soybean plant (G. max L.) under Cd stress
(Keramat et al., 2009). Moreover, JA at 0.1 mmol L�1 activated
enzymatic (CAT, APx, and NADH peroxidase) and non-enzymatic
antioxidant (ascorbate and glutathione) systems in W. arrhiza
(Piotrowska et al., 2009). The present study also found that low
levels (0.1 mmol L�1) of MeJA increased the CAT and APx activities in
the leaves of C. frutescens and induced a low lipid peroxidation level
(indicated by low MDA production), high concentrations of chlor-
ophyll b, and high root biomass yield. These results suggested that
MeJA at lower concentrations, particularly at 0.1 mmol L�1, can
stimulate the plant to resist damage caused by Cd exposure. High
levels of exogenous MeJA also increased SOD, POD, and APx
activities, whereas the CAT and APx activities were inhibited.
Increases in POD and SOD activities and decreases in CAT activities
have also been observed during the senescence of G. max L. leaves
(Xu et al., 1997). One important function of such high levels of
exogenous MeJA is to induce leaf senescence. High doses of
exogenous MeJA treatment and leaf senescence possibly share the
same process of antioxidative enzyme induction and responses.

5. Conclusions

The present study revealed that the root dry weight and
chlorophyll b concentrations in C. frutescens leaves were signifi-
cantly inhibited by 50 mg L�1 Cd after 7 d of treatments. By
contrast, the shoots (leaf and stem) of C. frutescens were less
susceptible to Cd stress than the roots. Cd at 50 mg L�1 also elicited
deleterious effects on the leaves of C. frutescens as indicated by the
overproduction of MDA. Low MeJA concentrations (0.1 mmol L�1)
restored the root growth and chlorophyll b concentration of the
seedling leaves that were suppressed by 50 mg L�1 Cd. The MDA
content of the leaves treated with 50 mg L�1 Cdþ0.1 mmol L�1

MeJA was also significantly decreased compared with that treated
with 50 mg L�1 Cd only. Therefore, low MeJA concentrations may
help mitigate the deleterious effect of Cd. Significant increases in
endogenous JA were also observed at 48 h after the samples were
treated with 50 mg L�1 Cd and 50 mg L�1 Cdþ0.1 mmol L�1 MeJA,
suggesting that JA is mainly involved in the cellular responses at the
early stage of Cd stress. Low MeJA concentrations (0.1 mmol L�1)
also increased the CAT and POD activities in C. frutescens leaves.
These results suggested that lower MeJA concentrations, particu-
larly at 0.1 mmol L�1, could induce plants to resist damage upon Cd
exposure. High levels of exogenous MeJA also increased SOD, POD,
and APx activities, while inhibited CAT and APx activities.
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