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Abstract To study the exogenous salicylic acid (SA) to

alleviate the cadmium (Cd) toxicity in ryegrass (Lolium

perenne L.), ryegrass plants subjected to 100 lM CdCl2
exposure were treated with different concentrations of SA,

and Cd toxicity was evaluated by the decreases in plant

growth and chlorophyll content. In Cd-treated plants, the

activities of antioxidant enzymes, such as superoxide dis-

mutase, peroxidase and catalase, decreased dramatically in

both shoots and roots, whereas the accumulation of

superoxide anion (O2
�-), hydrogen peroxide (H2O2) and

malondialdehyde (MDA) increased significantly. Excess

Cd also decreased soluble protein and ascorbic acid (AsA)

contents, increased accumulation of Cd in both shoots and

roots; furthermore, the absorption of micronutrients was

inhibited. Addition of 200 lM SA had the most significant

alleviating effect against Cd toxicity while the addition of

400 lM SA had no significant effect with Cd treatment.

Addition of 100, 200, 300 lM SA considerably increased

chlorophyll content and the activities of antioxidant

enzymes, increased the uptake and translocation of mineral

elements, and decreased H2O2 and MDA accumulation in

both shoots and roots of Cd-stressed plants. Addition of

200 lM SA not only decreased the Cd uptake in ryegrass,

but also decreased the root-to-shoot translocation of Cd and

changed its subcellular distribution in plants. Addition of

200 lM SA increased Cd concentrations in soluble fraction

and cell wall in both shoots and roots markedly, with the

majority of Cd associated with the cell wall and the soluble

fraction and a minor part of Cd present in the cell orga-

nelle. Based on these results, we conclude that the optimal

concentrations of exogenous SA could alleviate Cd-

induced stress and promote ryegrass plant growth.
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Abbreviations

SA Salicylic acid

Cd Cadmium

SOD Superoxide dismutase

POD Peroxidase

CAT Catalase

O2
�- Superoxide anion radical

ROS Reactive oxygen species

MDA Malondialdehyde

AsA Ascorbic acid

PCs Phytochelatins

Introduction

Cadmium (Cd) is a widespread pollutant with a long bio-

logical half-life; it enters into the food chain and consti-

tutes a potential risk for both animals and humans (Wagner

1993). Cd is a potential environmental phytotoxicant, the

main sources in agricultural soils are from the use of

phosphate fertilizers, dispersal of sewage sludge, mining

and atmospheric deposition of industrial emission (Pinto
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et al. 2004). This metal is easily taken up by plant roots and

can be loaded into the xylem for its transport into leaves.

Furthermore, Cd induces complex changes in plants at

genetical, biochemical and physiological levels, leading to

phytotoxicity, the most obvious symptoms of which are:

reduction of tissue and organ growth, leaf chlorosis and

leaf and root necrosis (Hernandez and Cooke 1997). At

cellular level, Cd toxicity enhanced oxidative stress by

increased levels of reactive oxygen species (ROS) such as

the superoxide anion (O2
�-), hydroxyl (Sharma and Dietz

2009). Accumulation of ROS, including H2O2, causes

oxidative damage in plants because they oxidize organic

compounds and induce membrane lipid peroxidation in the

cellular environment (Schützendübel et al. 2002). How-

ever, plants have evolved a complex antioxidant system for

protecting potential cells against oxidative injury caused by

ROS. Mainly, the ROS-scavenging mechanisms are enzy-

matic consisting of peroxidase (POD), superoxide dismu-

tase (SOD), catalase (CAT), ascorbate peroxidase (APX)

and glutathione reductase (GR), and non-enzymatic system

consisting of glutathione (GSH) and ascorbic acid (Xu

et al. 2010). To avoid Cd toxicity, plants adopt various

defence strategies including phytochelatin-based seques-

tration and compartmentalization processes, as well as

additional defence mechanisms, based on cell wall immo-

bilization, plasma membrane exclusion, induction of stress

proteins, etc. Other detoxification mechanisms that plants

have developed to cope with damages caused by Cd are

related with some stress signalling molecules, such as

salicylic acid and nitric oxide.

Salicylic acid (SA) is an endogenous growth regulator of

phenolic nature, which participates in physiological pro-

cesses in plants, such as growth, photosynthesis, nitrate

metabolism, ethylene production and flowering (Hayat

et al. 2007). The effects of SA on abiotic stress tolerance in

plants were reported by many authors (Borsani et al. 2001;

Kang and Saltviet 2002). In the recent decades, an

increasing number of articles have reported the effects of

exogenous SA on alleviating heavy-metal toxicity in

plants, for example in rice (He et al. 2010), barley

(Metwally et al. 2003), soybean (Drazic and Mihailovic

2005) and pea (Popova et al. 2009). Guo et al. (2007)

reported that pretreatment with SA alleviated Cd-induced

inhibition of root growth and enhanced the antioxidant

defense activities in Cd-stressed rice, thus alleviating Cd-

induced oxidative damage and enhancing Cd tolerance. A

similar situation was described in Matricaria chamomilla

plants under Cd stress (Kováčik et al. 2009). Cd-induced

oxidative stress on rice and Arabidopsis thaliana was also

alleviated by the addition of SA (Chao et al. 2010;

Zawoznik et al. 2007). Similarly, Cd-induced oxidative

stress on bean plants was alleviated by supplementation

with SA (Saidi et al. 2013). All of these results indicated

the importance of SA in protection against deleterious

effects of heavy metals, and the mechanisms by which SA

might help plants resist heavy-metal stress also were pos-

tulated. First of all, SA could be an effective preventive

agent against certain compounds, which may induce oxi-

dative stress directly (Ananieva et al. 2002). Secondly, low

concentrations of SA might cause enhanced tolerance

toward most kinds of abiotic stresses due primarily to

enhanced antioxidative capacity (Horváth et al. 2007).

Thirdly, SA could function as a signaling molecule in the

induction genes responsible for protective mechanisms

(Horváth et al. 2007).

Perennial ryegrass is an important and widespread

perennial cool-season turf grass due to its massive root

system, superior regeneration and tillering ability (Hann-

away et al. 1999). As well, ryegrass was used since it

represented a kind of considerable important forage crop. It

can accumulate metals in its biomass, and commonly used

as a suitable species for revegetation of metalliferous

wastes (Arienzo et al. 2004). In addition, our previous

studies have demonstrated that perennial ryegrass has the

potential for rehabilitation of Cd stress (Wang et al. 2013).

Based on the above studies, we hypothesized that SA may

ameliorate Cd-induced toxic effects on perennial ryegrass.

Therefore, the influence of different concentrations of SA

on Cd-induced changes in growth and antioxidant system,

as well as on Cd content, Cd subcellular distribution and

micronutrient distribution in ryegrass seedlings has been

investigated. Furthermore, screened out the optimal con-

centrations of SA in alleviating Cd stress and illuminated

the physiological mechanism of SA on alleviating cad-

mium stress in perennial ryegrass.

Materials and methods

Plant material and culture conditions

Ryegrass seeds were first sterilized with 5 % sodium

hypochlorite for 15 min and washed extensively with dis-

tilled water, then germinated on moist filter paper in the

dark at 26� for 3 days. Initially, seedlings of uniform size

were transferred to plastic pots (volume 500 mL) filled

with perlite (50 plants per pot) and watered with half-

strength Hoagland nutrition solution for 7 days. The

seedlings were then watered with full-strength Hoagland

solution. Three-week-old uniform seedlings were trans-

ferred into 1,000 mL black plastic containers with 50

seedlings per container. The nutrient solution was renewed

every 2 days. These treatments contain: CK: Hoagland’s

solution; Cd: 100 lM Cd-treated nutrient solutions; T1:

100 lM SA added into 100 lM Cd-treated nutrient solu-

tions; T2: 200 lM SA added into 100 lM Cd-treated
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nutrient solutions; T3: 300 lM SA added into 100 lM Cd-

treated nutrient solutions; T4: 400 lM SA added into

100 lM Cd-treated nutrient solutions.

The treatments were arranged in a randomized block

design with three replicates. The experiment was carried out

under a controlled-environment chamber at 14/10 light/dark

photoperiod and photon flux density 150 lmol m-2 s-1 at

the leaf level, day/night temperature of 25/18 �C and

65 ± 5 % relative humidity. After 2 weeks of growth with

the above conditions, the plants were harvested and the roots

and leaves were separated and washed with 5 mM CaCl2
first and then repeatedly washed with deionized distilled

water. For the estimation of plant dry matter, Cd and mineral

nutrients content, the plants were dried at 80 �C for 48 h.

For the enzyme determination, fresh plant material was

frozen in liquid nitrogen and stored at -70 �C until use.

Determination of plant growth and root activity

Seedlings heights were determined immediately after har-

vesting. At harvest, the roots and leaves were separated and

oven-dried for 30 min at 105 �C, then at 70 �C till the

materials reach their constant weights. Plant height, fresh

weight and dry weight were measured. Root activity was

determined by TTC method according to Zhang and Di

(2003). It was expressed as absorbance per unit gram root

fresh weight.

Determination of chlorophyll content

The chlorophyll content was determined according to the

method of Knudson et al. (1977). Fresh ryegrass leaf

(0.5 g) was extracted in 2 mL 95 % ethanol for 24 h in the

dark, and the extracted solution was analyzed. The amounts

of chlorophyll a, b and carotenoid were determined using a

spectrophotometer (SHIMADZU UV-2450, Kyoto, Japan),

by reading the absorbance at 665, 649 and 470 nm. The

chlorophyll content results are expressed as unit’s mg per

gram-fresh weight (mg g-1 FW).

Determination of antioxidant enzyme activities

For extraction of antioxidative enzymes, leaves and roots

were homogenized with 50 mM Na2HPO4-NaH2PO4 buffer

(pH 7.8) containing 0.2 mM EDTA and 2 % insoluble pol-

yvinylpyrrolidone in a chilled pestle and mortar. The

homogenate was centrifuged at 12,0009g for 20 min and the

resulted supernatant was used for determination of enzyme

activities. The whole extraction procedure was carried out at

4 �C. All spectrophotometric analysis was conducted on a

SHIMADZU UV-2450 spectrophotometer (Kyoto, Japan).

SOD activity was assayed by measuring its ability to inhibit

the photochemical reduction of nitroblue tetrazolium

following the method of Stewart and Bewley (1980). CAT

activity was measured as the decline in absorbance at 240 nm

due to the decrease of extinction of H2O2 according to the

method of Patra et al. (1978). POD activity was measured by

the increase in absorbance at 470 nm due to guaiacol oxi-

dation (Nickel and Cunningham 1969).

Determination of O2
�- generation rate

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

Elstner and Heupel (1976). Fresh leaves (0.2 g) were

homogenized in 1 mL of 50 mM phosphate buffer (pH

7.8), and the homogenate was centrifuged at 10,0009g for

10 min. Then 0.5 mL of the supernatant was added to

0.5 mL 50 mM phosphate buffer (pH 7.8) and 0.1 mL of

10 mM hydroxylamine hydrochloride. After 1 h reaction at

25�, the mixture was added to 1 mL 17 mM sulfanilamide

and 1 mL 7 mM a-naphthylamine at 25� for 20 min. The

specific absorbance at 530 nm was determined. Sodium

nitrite was used as a standard solution to calculate the

production rate of O2
�-.

Determination of H2O2 concentration and lipid

peroxidation

Fresh samples (1.0 g) were homogenized in 2 mL ice-cold

acetone. Titanium reagent (2 % TiCl2 in conc. HCl) was

added to a known volume of extract supernatant to give a

Ti (IV) concentration of 2 %. The Ti–H2O2 complex,

together with unreacted Ti, was then precipitated by adding

0.2 mL 17 M ammonia solution for each 1 mL of extract.

The precipitate was washed five times with ice acetone by

resuspension, drained, and dissolved in 1 M H2SO4

(3 mL). The absorbance of the solution was measured at

410 nm against blanks, which had been prepared similarly

but without plant tissue (Patterson et al. 1984). The level of

lipid peroxidation in fresh leaf was measured in terms of

malondialdehyde (MDA) concentration by the thiobarbi-

turic acid reaction method (Heath and Packer 1968). MDA

concentration was expressed as nmol g-1 FW.

Determination of soluble protein and ascorbic acid

(AsA) content

Protein was estimated by the method of Bradford (1976).

Fresh leaves (0.5 g) were homogenized in 1 mL phosphate

buffer (pH 7.0). The crude homogenate was centrifuged at

5,0009g for 10 min. Half milliliter of freshly prepared

trichloroacetic acid (TCA) was added and centrifuged at

8,0009g for 15 min. The debris was dissolved in 1 mL of

0.1 N NaOH and 5 mL Bradford reagent was added.

Absorbance was recorded at 595 nm using a spectropho-

tometer (SHIMADZU UV-2450, Japan).
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Ascorbic acid (AsA) concentration was measured

according to Tonamura (1978). Fresh leaves (0.2 g) were

homogenized in ice-cold 2 mL 10 % metaphosphoric acid.

After centrifugation at 15,0009g for 10 min, to 0.5 mL of

supernatant was added 1 mL citric acid-phosphoric acid

buffer (pH 2.3) and 1 mL 2, 6-dichlorophenol indophenol

(30 mg L-1). After 30 s, the absorbance was determined at

524 nm. AsA concentration was expressed as mg g-1 FW.

Determination cadmium and mineral element

concentrations

The dried tissues were weighed and grinded into powder

for the determination of cadmium and mineral element

concentrations, which was measured by flame atomic

absorbance spectrometry (SHIMADZU AA-6300, Kyoto,

Japan) after digested with mixed acid [HNO3 ? HClO4

(3:1, v/v)] (Ali et al. 2002).

Subcellular distribution study

Leaf and root samples (0.2 g) were crushed into powder by

adding 10 ml of extraction solution containing 0.25 mM

sucrose, 50 mM Tris–HC1 buffer solution (pH 7.5), and

1.0 mM DL-dithioerythritol. According to the method of

Weigel and Jäger (1980) with some modification, cells were

separated with different centrifugation into three fractions, i.e.

the cell wall, the cell organelle, and the soluble fraction. All

operations were undertaken at 4 �C. The cell wall and cell

organelle fractions were transferred to 100 ml Erlenmeyer

conical flasks with deionized water, evaporated to dryness,

and digested with 5 ml of HNO3. Cd concentrations of the

soluble fraction and digested samples were analyzed by AAS.

Statistical analysis

The experiment was a completely random design with

three replications. Statistical analyses were carried out by

analysis of variance (ANOVA) using SAS software (SAS

Institute, Cary NC). Differences between treatments were

separated by the least significant difference (LSD) test at a

0.05 probability level.

Results

Plant growth and root activity

Cd exposure significantly decreased shoot height, root

length, fresh weight, dry weight, root/shoot ratio and root

activity of ryegrass seedlings (Table 1). However, this inhi-

bition was significantly alleviated by 100, 200 and 300 lM

SA, especially 200 lM SA. Compared with Cd treatment,

the shoot height, root length, fresh weight, dry weight and

root/shoot ratio of T2 treatment were increased by 17.20,

31.06, 34.08, 33.34 and 34.28 %, but T4 treatment had no

significant effect. Furthermore, the root activity of ryegrass

seedlings under Cd stress also increased markedly with the

addition of SA. Taken together, the alleviating effect of SA

was found in a general trend of T2 [ T3 [ T1[ T4.

Chlorophyll content

Table 2 showed that total chlorophyll, chl a, chl b, and car

contents were markedly decreased under Cd treatment

(41.94, 38.27, 51.42 and 52.71 % respect to CK). With

adding different concentrations of SA under Cd stress, the

chlorophyll content has different changes. The T1, T2, T3

and T4 treatments increased total chlorophyll by 34.51,

85.74, 33.02 and 29.67 % than Cd treatments. And the best

of alleviating effect on increasing total chlorophyll content

was T2 treatment. Similar findings were found for the chl

a, chl b and car contents.

Antioxidant enzymes

The effects of Cd and SA on activities of antioxidant

enzymes were found in Fig. 1. Cd inhibited in SOD

Table 1 Effects of different concentrations of SA on biomass production and root activity of 14 days treatment ryegrass plants under Cd stress

grown in nutrient solutions

Treatments Shoot height

(cm/plant)

Root length

(cm/plant)

Fresh weight

(g/50 plant)

Dry weight

(g/50 plant)

Root/shoot ratio Root activity

[lg/(g h), FW]

CK 23.95 ± 0.14a 12.86 ± 0.10a 5.76 ± 0.03a 0.68 ± 0.00a 0.38 ± 0.00c 22.65 ± 0.71b

Cd 20.26 ± 0.48c 9.84 ± 0.23c 3.90 ± 0.04e 0.46 ± 0.01e 0.33 ± 0.02d 6.75 ± 0.62f

T1 22.21 ± 0.59b 10.91 ± 0.12b 4.27 ± 0.10d 0.56 ± 0.00c 0.47 ± 0.02a 20.55 ± 0.41c

T2 23.74 ± 0.25a 12.90 ± 0.14a 5.23 ± 0.12b 0.62 ± 0.01b 0.45 ± 0.02a 26.98 ± 0.72a

T3 20.65 ± 0.32c 10.74 ± 0.09b 4.49 ± 0.03c 0.49 ± 0.01d 0.42 ± 0.01b 14.46 ± 0.83d

T4 20.39 ± 0.65c 9.26 ± 0.50d 3.49 ± 0.01f 0.46 ± 0.00e 0.40 ± 0.01bc 10.84 ± 0.75e

Values are the mean of three replicates. Each replicate has 50 plants. Bars with different letters indicating significant differences of treatment

comparison at P \ 0.05
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activity, POD activity and CAT activity in both shoots and

roots compared with CK. SOD activity (Fig. 1a) of shoots

and roots decreased by 61.36 % and by 47.74 % under Cd

stress, whereas they were significantly increased in

Cd ? SA treatment, respectively. The T1, T2, T3 and T4

treatments increased SOD activity by 105.98, 135.17,

97.03, 81.73 % in shoots and by 86.18, 95.51, 71.73,

69.63 % in roots than Cd treatment. And the best of alle-

viating effect was T2 treatment. It was similar in activities

of POD (Fig. 1b) and CAT (Fig. 1c). The alleviating effect

of SA was found in a general trend of T2 [ T3 [ T1 [ T4.

O2
�- generation rate, H2O2 and MDA content

Compared with CK, Cd treatment increased O2
�- generation

rate (Fig. 2a) by 325.33 % in shoots and by 266.24 % in

roots significantly. However, addition of SA significantly

decreased O2
�- generation rate in both shoots and roots

under Cd stress. T1, T2, T3 and T4 treatments decreased

O2
�- generation rate by 42.82, 65.17, 60.62, 42.11 % in

shoots and by 25.14, 36.35, 19.44, 23.33 % in roots than

Cd treatment. T2 treatment had the lowest O2
�- generation

rate in both shoots and roots. Similar findings were found

for the H2O2 content (Fig. 2b).

Figure 2c showed the effects of SA treatment and Cd

exposure on the concentrations of MDA in ryegrass shoots

and roots. MDA levels in Cd-stressed plants elevated sig-

nificantly compared with CK. However, the addition of SA

markedly reduced MDA content compared with Cd treat-

ment alone. And the best of alleviating effect was T2

treatment.

Soluble protein and AsA content

Cd treatment decreased soluble protein content (Fig. 3a)

and AsA content (Fig. 3b) in shoots and roots dramatically.

However, these inhibitions were significantly alleviated by

100, 200 and 300 lM SA, especially 200 lM SA. Com-

pared with Cd treatment, the soluble protein and AsA

content of T2 treatment were increased by 49.58, 68.44 %

in shoots and by 124.09, 32.80 % in roots.

Cd concentrations

Figure 4a showed Cd accumulation was significantly

higher in roots than in shoots. However, Cd accumulation

was decreased not only in shoots but also in roots with

addition of SA, and T2 treatment had the lowest Cd content

both in shoots and roots. Moreover, T1, T2, T3 and T4

treatments decreased Cd content by 58.39, 67.42, 51.92,

21.46 % in shoots and by 4.25, 19.46, 7.95, 3.28 % in roots

than treatment with Cd. And the best of alleviating effect

was T2 treatment.

Cd subcellular distribution

In order to investigate the mechanisms of SA in alleviating

Cd toxicity, the subcellular distribution of Cd was exam-

ined carefully. In the shoots and roots of Cd-treated plants,

the majority of Cd accumulated in the cell wall (Fig. 4b, c).

Cd accumulation in the soluble fraction was less than in the

cell wall, and only a minority of Cd accumulation was in

cell organelles. The results indicated that the subcellular

distribution of Cd was quite different in lower concentra-

tions (100, 200 and 300 lM) of SA with Cd treatments.

Treatment with 200 lM SA increased Cd accumulation in

the cell walls of the ryegrass plant shoots and roots almost

by 36.27 and 30.80 %, and Cd accumulation in the

organelles of the shoots and root cells decreased signifi-

cantly, although Cd accumulation in the soluble fraction of

the shoots and roots increased almost by 47.27 and

50.22 %.

Ca, Fe, Mg, Cu, Zn and Mn contents

As shown in Table 3, Cd treatment significantly decreased

Ca, Fe, Mg, Cu, Zn and Mn contents in shoots and Ca, Fe,

Zn and Mn contents in roots. In contrast, Mg and Cu

Table 2 Effects of different concentrations of SA on the chlorophyll contents in leaves of ryegrass seedlings under Cd stress

Treatments Total chl contents Chl a (mg/g) Chl b (mg/g) Carotenoids x.c (mg/g)

CK 1.96 ± 0.11a 1.41 ± 0.03a 0.55 ± 0.10a 0.37 ± 0.02a

Cd 1.14 ± 0.08c 0.87 ± 0.08c 0.27 ± 0.01c 0.18 ± 0.01c

T1 1.53 ± 0.19b 1.15 ± 0.10b 0.38 ± 0.09b 0.24 ± 0.02b

T2 2.11 ± 0.20a 1.52 ± 0.15a 0.59 ± 0.05a 0.36 ± 0.3a

T3 1.51 ± 0.12b 1.13 ± 0.11b 0.38 ± 0.03b 0.27 ± 0.03b

T4 1.48 ± 0.05b 1.10 ± 0.06b 0.38 ± 0.00b 0.26 ± 0.01b

Values are the mean of three replicates. Each replicate has 50 plants. Bars with different letters indicating significant differences of treatment

comparison at P \ 0.05
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contents were significantly increased under Cd stress in

roots. The application of SA significantly increased Ca, Fe,

Mg, Cu, Zn and Mn contents in shoots, and 200 lM SA

had the most obvious promotion on mineral concentrations.

In addition, compared with Cd treatment, SA supplemen-

tation also increased mineral concentrations in root, but

with the increased concentration of SA, the absorption of

mineral contents also increased. So, it needed proper

concentration.

Discussion

Salicylic acid, a naturally occurring plant hormone, influ-

ences various physiological and biochemical functions in

plants, acts as an important signaling molecule and has

diverse effects on tolerance to biotic stress (Horváth et al.

2007). However, studies have shown that different con-

centrations of SA have both promotive and inhibitory

effects on germination, depending on the concentration

applied and the assay conditions (Guo et al. 2013). In the

present experiment, compared with CK, the growth of

ryegrass plants in the presence of Cd was delayed

significantly. However, the inhibitory effects were signifi-

cantly alleviated by low concentrations of SA (100, 200

and 300 lM). The mitigation effect of higher concentra-

tions of SA (400 lM) on ryegrass reduced significantly

(Table 1). These results demonstrated the dual nature of

SA on plants that were consistent with the results of Ma-

slenkova and Toncheva (1998). The optimum concentra-

tion of SA can increase root activity (Table 1) which can

reflect the situation of root growth and the level of

metabolite in plant, and directly affect the shoot growth,

nutrition status and production of plant. Therefore, the

alleviation of inhibitory growth by SA may depend on

increasing chlorophyll content, changing in mineral nutri-

tion, induction of antioxidant response and protective role

of membranes that increase the tolerance of plant to

damage.

Symptoms of Cd toxicity such as chlorosis and necrotic

spots were considerably visible in ryegrass plants treated

with Cd alone (Table 2). Several authors reported

decreased chlorophyll content in the leaves of Cd-treated

plants (Drazic and Mihailovic 2005; Djebali et al. 2005),

such chlorosis could result from Fe deficiency and the

inhibition of chlorophyll synthesis (Prasad et al. 1999).
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Fig. 1 Effects of different concentrations of SA on SOD (a), CAT

(b) and POD (c) content in leaves and roots of 14 days treatment

ryegrass plants under Cd stress grown in nutrient solutions. Values are

the mean of three replicates. Each replicate has 50 plants. Bars with

different letters are significantly different at P \ 0.05
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And this is primarily because Cd destroyed the structure of

chloroplast, inhibited synthesis of chlorophyll and

increased the rate of chlorophyll degradation (Djebali et al.

2005). The decrease in chlorophyll content may lead to the

reduced in dry biomass of shoot and root tissues. However,

the addition of SA increased chlorophyll content dramati-

cally, and the best of alleviating effect was T2 treatment.

Similar results were reported in Kentucky bluegrass leaves
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treatment ryegrass plants under Cd stress grown in nutrient solutions.

Values are the mean of three replicates. Each replicate has 50 plants.

Bars with different letters are significantly different at P \ 0.05
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(a) and AsA (b) content in leaves and roots of 14 days treatment

ryegrass plants under Cd stress grown in nutrient solutions. Values are

the mean of three replicates. Each replicate has 50 plants. Bars with

different letters are significantly different at P \ 0.05
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under Cd stress (Guo et al. 2013) and hemp leaves under

Cd stress (Shi et al. 2009). In this experiment, 100 lM SA,

300 lM SA, and especially 200 lM SA significantly

increased Fe concentration in both the shoots and roots of

ryegrass and then increased chlorophyll content. In addi-

tion, SA may effectively reduce the level of ROS generated

during stress resulting in alleviating the oxidative negative

effects of ROS on growth and chlorophyll content.

SOD, POD and CAT are all important enzymes involved

in antioxidation processes and are present in different

organelles in plants, protecting plants from oxidative stress.

In the present study, the presence of Cd reduced the

activities of these antioxidant enzymes (Fig. 1). This result

was in agreement with Guo et al. (2007) who reported that

exposure to 50 lL Cd significantly decreased activities of

SOD, CAT and POD. These enzymes contain Fe in their

structure. Since high concentrations of Cd may decrease Fe

content in plant tissues, it can be supposed that the

reduction in their activities in shoots and roots of ryegrass

plants subjected to excess Cd may result from deficiency of

Fe for the biosynthesis of these enzyme molecules.

However, when SA was applied to the nutrient solution,

SOD, POD and CAT activities (Fig. 1) increased, whereas

H2O2 content (Fig. 2b) and MDA content (Fig. 2c)

decreased. Similar results of increasing SOD, POD and

CAT activities by pretreatment with SA have been dem-

onstrated in Cd-stressed rice plants (Guo et al. 2007). In

addition, SA increased Fe uptake also can increase SOD,

POD and CAT activities. This suggested that stimulation of

antioxidant production might be achieved not only by SA-

induced protein synthesis, but also by SA had an amelio-

rating effect on heavy-metal toxicity and thus protected

against oxidative damage, then improved Cd tolerance.

Cd stress activates a common mechanism involving the

production of ROS like O2
�- and H2O2 in plant cells (Hsu

and Kao 2004; Laspina et al. 2005). MDA content was

measured as an index of lipid peroxidation. In this exper-

iment, the markedly increase in contents of O2
�-, H2O2 and

MDA under Cd stress were observed (Fig. 2). Similar

results have been observed in ryegrass and lettuce (Wang

et al. 2013; Xu et al. 2013). The growth inhibition might be

partly due to enhanced production and accumulation of
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Fig. 4 Effects of different concentrations of SA on Cd content (a) in

leaves and roots and Cd subcellular distribution in leaves (b) and

roots (c) of 14 days treatment ryegrass plants under Cd stress grown

in nutrient solutions. Values are the mean of three replicates. Each

replicate has 50 plants. Bars with different letters are significantly

different at P \ 0.05
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ROS. Furthermore, leaf MDA accumulation appeared to be

a suitable indicator of heavy-metal stress experienced by

plants and indicates oxidative damage to membranes (Guo

et al. 2007). However, SA-treated plants counteracted

oxidative damages and had protective effect against Cd

stress, which was concomitant with the decreased produc-

tion rate of O2
�- (Fig. 2a) and the concentration of H2O2

(Fig. 2b). This influence can protect cell membrane from

oxidative injury and alteration in cell structure, and then

decreased the accumulation of MDA (Fig. 2c). In particu-

lar, the best of alleviating effect was T2 treatment. This

could be SA inhibited the plants from oxidation damage by

the regulating general mechanisms for cellular redox

homeostasis and promoting the transformation of O2
�- to

H2O2 and O2 and also by enhancing the H2O2-scavenging

enzymes activities. Moreover, the chelating action of SA

on metals may be responsible for decreasing MDA content

in plants under heavy-metal stress.

It is well known that abiotic stress may inhibit a syn-

thesis of some proteins and promote others (Ericson and

Alfinito 1984) with a general trend of decline in the overall

content (Fig. 3a). This study coincided with Reinheckel

et al. (1998) who also reported that Cd stress caused a

decrease in soluble protein content in isolated mitochon-

dria. It is likely that heavy metals have induced lipid per-

oxidation and fragmentation of proteins due to the toxic

effects of ROS, which led to the reduction of protein

content (Davies et al. 1987). However, SA supplementation

improved Cd-decreased soluble protein content. The

probable reason was that the SA-induced protein kinases

may also function as central convergence points in stress

signaling in abiotic stresses (Jonak et al. 2002), accompa-

nied by the improvement of protein content. And T2

treatment had the highest soluble protein content. In

addition, ascorbate acid is an important antioxidant in

plants. In the present study, ryegrass plants responded to

Cd stress with decrease AsA content in both shoots and

roots (Fig. 3b). Mostofa and Fujita (2013) also demon-

strated Cu decreased AsA in rice leaves and roots. How-

ever, Cd-caused decrease of AsA content was reversed by

the addition of SA. This suggested SA mediated the

enhancement of AsA levels in ryegrass plants. Moreover,

AsA also might help the plant to cope with the Cd-induced

oxidative damage, and AsA can directly detoxify oxygen

free radicals, and then improved the tolerance of Cd

toxicity.

Plant root is the main part direct contact with Cd in soil

and the cell walls in roots plays a significant role in heavy

metal tolerance in plants (Xiong et al. 2009). As shown

in Fig. 4a, Cd concentrations in different ryegrass tissues

decreased following the order of roots [ shoots, which

implies that the translocation of Cd to the shoots part was

restricted by internal barriers to defend the above-ground

part. Shi et al. (2009) had also reported that most Cd was

Table 3 Effects of different concentrations of SA on mineral contents (mg kg-1) in shoots and roots of ryegrass seedlings under Cd stress

Items Treatments

CK Cd T1 T2 T3 T4

Ca

shoots 352.35 ± 2.96a 290.87 ± 6.41d 310.71 ± 9.91bc 354.19 ± 8.81a 322.23 ± 17.32bc 294.41 ± 5.68 cd

roots 104.97 ± 4.56a 22.22 ± 1.33d 14.70 ± 1.23d 33.46 ± 4.50c 80.15 ± 5.79b 98.43 ± 11.37a

Fe

shoots 400.15 ± 16.93a 347.68 ± 8.94c 370.18 ± 5.33b 387.17 ± 2.99a 365.76 ± 2.77b 354.01 ± 11.08bc

roots 1825.49 ± 60.76a 1343.00 ± 22.17c 1558.33 ± 39.06b 1574.94 ± 108.62b 1652.61 ± 44.18b 1794.28 ± 16.14a

Mg

shoots 1137.47 ± 33.34ab 801.56 ± 38.32d 983.83 ± 48.33c 1206.49 ± 83.00ab 1071.35 ± 72.85bc 1028.49 ± 56.49c

roots 575.64 ± 43.32d 718.68 ± 9.81c 764.88 ± 44.53c 1323.63 ± 27.53a 1272.88 ± 16.24ab 1230.56 ± 35.21b

Cu

shoots 36.72 ± 1.26a 20.61 ± 2.01d 25.84 ± 1.21c 29.83 ± 1.61b 25.21 ± 0.47c 20.91 ± 1.17d

roots 62.35 ± 0.44d 199.62 ± 9.54a 156.17 ± 2.64c 152.21 ± 7.19c 159.80 ± 5.25c 180.30 ± 8.06b

Zn

shoots 299.71 ± 12.47a 90.07 ± 0.24d 150.85 ± 16.80c 297.27 ± 10.95a 305.16 ± 10.93a 215.30 ± 16.98b

roots 420.07 ± 12.94bc 317.12 ± 2.51e 339.68 ± 19.44d 407.26 ± 10.31c 429.93 ± 5.32bc 513.61 ± 16.21a

Mn

shoots 138.26 ± 8.00ab 87.43 ± 7.27d 98.54 ± 1.51cd 124.30 ± 4.31b 109.71 ± 10.65c 100.52 ± 9.01 cd

roots 307.18 ± 13.62a 238.71 ± 27.74b 189.53 ± 2.20c 218.67 ± 2.85b 183.63 ± 2.82c 177.25 ± 2.94c

Values are the mean of three replicates. Each replicate has 50 plants. Bars with different letters indicating significant differences of treatment

comparison at P \ 0.05
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accumulated in roots of hemp plants. Therefore, higher Cd

concentration in root than in other tissues could be con-

sidered as an important tolerance mechanism of ryegrass.

As a non-essential element, Cd inside root cells by loading

from the symplasm into the xylem (Clemens 2006), but the

progress that Cd ions trapped inside cells by the formation

of metal-chelating molecules and transporter-mediated

vacuolar sequestration may restrict Cd delivery to the

xylem from the symplast, therefore contribute to the

change of Cd distribution between roots and shoots

observed in ryegrass. However, SA decreased the uptake of

Cd and the root-to-shoot translocation of Cd, thus resulting

in low Cd accumulation in shoots. Concurred to our find-

ing, exogenous SA decreased the root-to-shoot transloca-

tion of Cd of ryegrass plants under Cd stress (Wang et al.

2013). Raza and Shafiq (2013) also indicated that foliar

application of SA substantially retarded Cd uptake in rad-

ish plants thereby improved root vegetative characters

resulting in amelioration of Cd-toxicity. The reasons for

this result may be the high proportion of Cd in the soluble

fraction limited root-to-shoot translocation of Cd. Inte-

grated the findings, we conclude that, SA might play an

important role in reducing Cd uptake and root-to-shoot

translocation of Cd in ryegrass plants subjected to Cd

stress, thereby contributing to improve the resistance to Cd

stress and explaining the ameliorating effect of SA on the

growth.

Cd sequestration is one of the principle mechanisms

employed to avoid free Cd in plasmatic compartments. In

the present study, the distributions of Cd were different in

cells; the majority of Cd accumulated in the cell wall; Cd

accumulated in the soluble fraction was less than in the cell

wall, and a minority of Cd accumulated in cell organelle

(Fig. 4b, c). The distribution of Cd in these subcellular

fractions was considered a crucial mechanism for Cd tol-

erance (Gallego et al. 2012). Cd retention in cell wall might

be due to cross-linking of Cd to carboxyl groups of the cell

wall (Barceló and Poschenrieder 1990) and/or to an inter-

action with thiol residues of soluble proteins (Leita et al.

1993). This was in agreement with Ma et al. (2005) who

indicated Cd was mostly found in cell wall and in soluble

fractions. However, SA supply restricted Cd in cell orga-

nelle, but increased Cd in soluble fraction and cell wall

(Fig. 4b, c). This difference may be due to coupling to

components of cell wall and vacuole compartmentaliza-

tion. Plant cell walls are mainly composed of polyose

(including cellulose, hemicellulose and pectin) and protein

(Hayens 1980) which can bind Cd ions and restrict their

transportation across cytomembrane. Xiong et al. (2009)

also indicated that treatment with SNP increased Cd

accumulation in the cell walls of rice roots due to SNP

increased pectin and hemicellulose content and decreased

cellulose content significantly in the cell walls. In addition,

the cell wall is the main Ca2? store in plant cells and

addition of SA increased the uptake of Ca2?, so this can

protect the integrity of the cell function and the cell walls

may accumulate more Cd. Moreover, earlier studies

showed that the vacuole is the site for the accumulation of

a number of heavy metals, including Cd (De 2000; Ernst

et al. 1992), which acts as the subdominant site of prefer-

ential Cd binding in all test tissues. This result may be that

the prevailing part of cell Cd is bound to phytochelatins

(PCs) and transported into vacuole as PC-Cd-S complex

(Hall 2002). PCs may increase Cd content in soluble

fraction under Cd stress and increased plants resistance

under Cd stress. This strategy could further decrease the

amount of Cd interfering with the organelles. Moreover,

the reduction of Cd content in cell organelle fractions may

be an important mechanism of SA-induced Cd tolerance.

Based on these findings, we conclude that the inhibition of

Cd in the cell wall and compartmentalization of Cd in the

vacuole of both shoots and roots was responsible for SA-

increased Cd tolerance in ryegrass plants.

The beneficial effect of SA on plant growth could also

be attributed to the maintenance of optimal mineral nutri-

tion. In ryegrass plants, Cd toxicity inhibited the uptake of

Ca, Zn, Mn and Fe by plants, disturbing intracellular ion

homeostasis and exerting a toxic effect on plants, and SA

treatment was found to induce its transport from nutrient

solution to plants (Table 3). Changes of Ca, Fe, Mg and

Mn concentrations indicated that Cd significantly disturbed

ionic homeostasis, and that SA stimulated its maintenance,

especially in leaves. Positive effect of SA on the ion uptake

and inhibitory effect of SA on Cd uptake should also be

reliable for managing Cd of ryegrass plants and contrib-

uting to ionic homeostasis maintenance. In addition, it is

well known that H?-ATPase in plasma membrane plays an

important role in the transport of multiple ions (Palmgren

and Harper 1999), and there are investigations indicate that

SA-mediated could induce H?-ATPase activity (Gordon

et al. 2004), which might be responsible for SA increasing

absorption of Ca, Fe, Mg and Zn under Cd toxicity

(Table 3). These results indicated that SA could ameliorate

ion equilibrium in ryegrass cells under Cd stress.

Conclusion

In conclusions, Cd exposure alone depressed plant growth,

reflected by the inhibition of chlorophyll synthesis,

increase of oxidative stress and the inhibitory effect on

uptake of some mineral nutrient elements. 100, 200,

300 lM SA could attenuate Cd toxicity in ryegrass plants

exposed to Cd stress, which probably includes not only the

regulation of the chloroplast and antioxidant system, but

also the reduction of Cd uptake and translocation of Cd
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from roots to shoots and the improvement of mineral

nutrient absorption. And 200 lM SA had the best of alle-

viating effect against Cd toxicity. Furthermore, lower Cd-

induced stress in SA-treated plants may be related to lower

Cd levels in cell organelle due to the inhibition of the cell

wall, as well as the compartmentalization of the vacuole

that reduce Cd toxicity. This suggests that an appropriate

concentration of SA could be used as a potential growth

regulator to improve plant growth under Cd stress.
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