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Abstract In this study, the effect of cadmium (Cd) uptake

and concentration on some growth and biochemical

responses were investigated in Malva parviflora under Cd

treatments including 0, 10, 50 and 100 lM. The shoots and

roots were able to accumulate Cd. However, increased Cd

dose led to a considerable Cd content in the roots. Cd stress

decreased growth, increased lipid peroxidation and also

enhanced proline and ascorbic acid contents in both shoots

and roots. Chlorophyll and carotenoid contents decreased

in the plants with the increasing Cd concentration. While

the activities of catalase (CAT) and superoxide dismutase

(SOD) increased in the shoots under different Cd doses,

these activities decreased in the roots as compared to the

control. Both shoots and roots demonstrated a significant

increase in guaiacol peroxidase activity in response to Cd

stress. Contrary to the aboveground parts, the roots sub-

jected to Cd doses showed a rise in protein content. Despite

higher Cd content in the roots, it seems that CAT and SOD

do not play a key role in detoxification of Cd-induced

oxidative stress. These findings confirm that reduced bio-

mass and growth under Cd stress can be due to an increase

in oxidative stress and a decrease in photosynthetic pig-

ment content. The present study clearly indicates that the

shoots and roots exploit different tolerance behaviors to

alleviate Cd-induced oxidative stress in M. parviflora.
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Abbreviations

AsA Ascorbate

CAT Catalase

DHA Dehydroascorbate

DW Dry weight

FW Fresh weight

GPX Guaiacol peroxidase

H2O2 Hydrogen peroxide

TBARS Thiobarbituric acid reactive substances

POX Peroxidase

PSB Potassium phosphate buffer

ROS Reactive oxygen species

O2̇
2 Superoxide anion

SOD Superoxide dismutase

Introduction

Cadmium (Cd) is a highly toxic metal due to its reactivity

with S and N atoms of biomolecules. In addition, this metal

is not known as an essential element for normal growth and

metabolism in plants. Symptoms such as the reduction of

biomass, chlorosis, and the inhibition of shoot and root

elongation have been attributed to Cd phytotoxicity

(Milone et al. 2003; Vecchia et al. 2005; Gill et al. 2012;

Dong et al. 2016). The negative effect of Cd on the plant

functions is exerted through its impact on respiration,

photosynthesis, and water and nutrient uptake (Tran and

Popova 2013). Cd, as one of the most important pollutants,
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is primarily released into various environments by metal

smelting industries, cement factories, heating systems and

the application of phosphate fertilizers. This metal is finally

bioaccumulated in the food chains and can threaten the

health of consumers (Sun et al. 2009). Although Cd is not

an essential element, it can easily be absorbed by the roots

and transferred to the shoots. According to the recom-

mendation of the World Health Organization (2007), per-

missible limit of Cd content is 0.3 mg kg-1 dry weight

(DW) of the plant for pharmaceutical and food applica-

tions. However, hyperaccumulators can accumulate Cd

above 100 mg kg-1 DW of the shoots without any signs of

phytotoxicity (Baker et al. 1994). Some plant species such

as Thlaspi caerulescens (Baker et al. 1994), Arabis pan-

iculata (Qiu et al. 2008) and Ricinus communis (Zhang

et al. 2015) have been introduced as Cd hyperaccumula-

tors. As potent biological tools, these plants can be con-

sidered for remediating soils contaminated by Cd.

Cd exposure induces reactive oxygen species (ROS)

production and oxidative stress in plants. Oxidative stress

has been found to disrupt the structure and function of

lipids, proteins, nucleic acids, and pigments (Gill et al.

2012). Increased peroxidation of polyunsaturated fatty

acids leads to an interruption in the function of cell

membranes (Gill et al. 2012). Depending on the plant

species and Cd concentration, plants employ a range of

enzymatic antioxidants including Superoxide dismutase

(SOD, EC1.15.1.1), Catalase (CAT, EC1.11.1.6), peroxi-

dases (POXs, EC1.11.1.7) or non-enzymatic antioxidants

such as ascorbic acid (AsA), carotenoids, glutathione

(GSH), etc. In this way, plants can minimize the toxic

effects of Cd on the growth and function of cells, and

control the cellular redox status (Tran and Popova 2013).

SOD is responsible for dismuting superoxide (O2̇
2) anion

to hydrogen peroxide (H2O2) and O2 under heavy metal

stress. H2O2-reducing enzymes including CAT and POX

have a significant role in eliminating H2O2. These enzymes

can transfer electron to H2O2 and then produce H2O and

O2. POXs exploit a variety of substrates, as electron

donors, to reduce H2O2. For instance, POXs in the vacuoles

and apoplastic spaces fundamentally use substrate guaiacol

and are therefore called GPXs (EC1.11.1.7). It has been

reported that Cd induces lipid peroxidation and leads to an

increase in activities of antioxidant enzymes such as CAT,

SOD and POX in some plants (Gill et al. 2012; Wu et al.

2015; Rui et al. 2016). Free proline content and antioxidant

activity have been found to enhance under Cd stress in

some plants (Yılmaz and Parlak 2011; Zouari et al. 2016).

The studies suggest that proline accumulation under Cd

stress leads to improvement in the function of antioxidant

system and scavenge hydroxyl radicals by the enzymes.

Furthermore, it is supposed that proline not only inhibits

lipid peroxidation but it also maintains osmotic balance in

cells exposed to heavy metals (Xu et al. 2009). Ascorbic

acid, as an electron donor, is able to scavenge H2O2 by

function of ascorbate peroxidase in the ascorbate–glu-

tathione cycle; moreover, it can directly detoxify a range of

ROS (Jouili et al. 2011). In some plants, Cd-induced

oxidative stress has been found to increase ascorbic acid

pool (Mohamed et al. 2012; Deng et al. 2017).

Ahvaz, as the center of Khouzestan province in the

southwest of Iran, is an industrial city with a hot and arid

climate and an average annual temperature of 25 �C. This
city is located between 49�110 east longitude and 31�500
north latitude, typically in close proximity to regions with a

tropical and subtropical climate. This area tends to have hot

or extremely hot summers and warm to cool winters.Malva

parviflora L. (Malvaceae) is an annual or perennial herb.

This species widely grows in the area surrounding

Khouzestan Steel Company in Ahvaz (Zoufan et al. 2015),

where the industrial activities release metal particles into

the environment. Moreover, this plant is important in tra-

ditional medicine and food habits of local people. A field

survey showed that Cd accumulates in roots of M. parvi-

flora grown in industrial area of Khouzestan Steel Com-

pany (Zoufan et al. 2017). This accumulation can threaten

the health of people in this area. The main objective of the

present study was to investigate the relationship between

tissue Cd content and tolerance mechanism used by M.

parviflora against Cd stress. Therefore, this study was

conducted to evaluate the level of oxidative stress, Cd

concentration of the tissue, and the performance and effi-

ciency of some enzymatic and non-enzymatic antioxidants

in Malva parviflora when the metabolism is affected by Cd

stress. The results will probably be consequential to assess

some tolerance strategies against Cd stress in M. parviflora

grown in the area surrounding Khouzestan Steel Company.

Materials and methods

Plant materials, growth conditions and Cd

treatments

The seeds of M. parviflora L. were collected from the

industrial area of Khouzestan Steel Company, located in

Ahvaz, Iran, surface-sterilized with 20% (v/v) sodium

hypochlorite, and finally washed three times with distilled

water. The seeds were germinated in the pots filled with

commercial Peat Moss soil and maintained in plant growth

room under 8/16 h light/dark photoperiod and 25/20 �C
light/dark temperatures. The average light intensity was

adjusted to 150 lmol photons m-2 s-1 using fluorescent

lamps. The plants were irrigated three times a week with

tap water. Five weeks after germination (5-leaf stage), the

plants were transferred to nutrient solutions with 1/10
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strength modified Johnson’s formulation (Siddiqi et al.

1990) for acclimation. The composition of essential ele-

ments in the liquid medium was as follows (in lM): H3BO3

2.5, MnSO4.H2O 0.2, ZnSO4.7H2O 0.2, CuSO4. 5H2O

0.05, Na2MoO4 0.05, Fe-EDTA 2.0, Ca (NO3)2.4H2O

1000, CaSO4.2H2O 400, KH2PO4 200, K2SO4 400. The pH

of nutrient solution was adjusted to 6.0 ± 0.3 using 0.1 N

HCl or KOH. Aquarium pumps were used to aerate the

medium. The 42-day-old plants (7-leaf stage) were trans-

ferred to vessels containing 10 L of complete nutrient

solution with 0 (control), 10, 50 and 100 lM
Cd(NO3)2.4H2O. Three 10 L vessels, as 3 repetitions, were

used for each experimental treatment. This means that a

total of 12 vessels were prepared. Each vessel included 36

plants established on floating plastic plates. After being

supplemented with different Cd concentrations, the plants

were harvested on the tenth day (T10). Nutrient solutions

were renewed every 3 days. Plant length and fresh weight

(FW) were measured at harvest time. All 36 plants in each

container were used to measure the length and fresh weight

for Cd treatments. The plants were immediately separated

into the roots and shoots. A part of the plants was trans-

ferred to - 80� C immediately to measure some bio-

chemical parameters of the shoots and roots. The other part

was oven dried to assay the amount of Cd.

Determination of Cd concentration

The roots were incubated in 0.1 M EDTA- Na2 solution for

10 min, and then thoroughly rinsed in distilled water to

remove Cd adhered to external surfaces. Shoot and root

samples were oven-dried at 72 �C for 48 h. The acid

digestion method was chosen in consultation with the

laboratories of chemistry and soil sciences. Heavy metal

extraction was performed as previously explained by

Zoufan et al. (2015) using the method of Kovács et al.

(1996). A 1 g of dried and ground sample was extracted

using 10 mL of 65% HNO3 and 1 mL of 30% H2O2 at

85–120 �C on an electric heating plate. The digests were

filtered with Whatman paper (No. 42) and then the volume

was adjusted to 50 mL with deionized water. Cd analysis

of the plant samples was carried out using Flame Atomic

Absorption Spectrometer (GBC, Avanta model, Australia)

compared to Cd standard solutions. The efficiency of the

acid digestion method was not determined. Therefore, Cd

content in the roots and shoots was reported as an estimate.

Assay of pigment content

Fresh leaves (0.5 g) were extracted in 20 mL of 80% (v/v)

acetone under dark and ice-cold conditions by the method

of Lichtenthaler (1987). Subsequently, the samples were

filtered by Whatman paper (No. 1). Chl a, Chl b, total

chlorophyll, and carotenoid contents were assayed at 470,

663.2 and 646.8 nm using a UV–Visible spectrophotome-

ter (Optision 2120UV PLUS, Korea).

Assay of thiobarbituric acid reactive substances

(TBARS), proline and ascorbic acid contents

TBARS content, as a parameter of lipid peroxidation, was

measured using thiobarbituric acid (TBA) reaction as

described by Heath and Packer (1968). After homogeniz-

ing, 0.5 g of fresh root/leaf in 5 mL of 0.1% (w/v) tri-

chloroacetic acid (TCA), the mixture was centrifuged at

10,0009g for 15 min. The supernatant (1 mL) was mixed

with 4 mL of 20% (w/v) TCA containing 0.5% (w/v)

thiobarbituric acid (TBA) and heated at 95 �C for 30 min.

Then, the samples were immediately transferred on an ice

bath. Extracted samples were centrifuged at 10,0009g for

10 min. The supernatant was used to read the absorbance at

532 and 600 nm. The content of TBARS was determined

by an extinction coefficient (155 mM-1 cm-1).

To quantify free proline content, fresh root/leaf (0.5 g)

was mixed and ground in 10 mL of 3% (w/v) sulfosalisylic

acid on the ice bath as described by Bates (1973). The

homogenate was centrifuged at 10,0009g for 10 min at

4 �C. A mixture of 2 mL of ninhydrin and 2 mL of glacial

acetic acid were added to the supernatant. The samples

were transferred to a water bath for 1 h at 100� C; then
were rapidly incubated in the ice bath, and then combined

with 4 mL of toluene. After shaking for 1 min, the mixture

subsequently was kept constant to form two phases. The

supernatant including toluene and proline was used to

measure the absorbance at 520 nm using proline standards.

Ascorbic acid was assayed according to the method

reported by Mukherjee and Choudhuri (1983). Fresh

leaf/root (0.5 g) was homogenized in 10 mL of 5% (w/v)

metaphosphoric acid, and then centrifuged at 10,0009g for

10 min. To assay total ascorbate (AsA ? dehydroascor-

bate; DHA), the supernatant was mixed with 1 mL of

deionized water. Moreover, 0.5 mL of 3 M 2,

6-dichloroindophenol sodium solution was added to 1 mL

of the supernatant to measure DHA. All the samples were

mixed with 1 mL of 1% (w/v) thiourea solution. After

20 min, 1 mL of 10 mM 2, 4-dinitrophenylhydrazine was

added to the mixtures. The samples were heated at 50 �C
for 1 h and then quickly cooled in an ice bath for 20 min.

Under the ice bath, 2.5 mL of 85% (v/v) H2SO4 and 1 mL

of 20% (v/v) H2SO4 were slowly added to the mixtures.

Finally, the absorbance of the samples was measured

spectrophotometrically at 520 nm. The contents of total

AsA, DHA, and reduced AsA were determined using

L-ascorbic acid standard curve.
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Assay of enzyme activity

In order to extract soluble proteins in accordance with Qiu

et al. (2008), 5 mL of the extraction buffer containing

100 mMpotassiumphosphate (PSB, pH7.0), 0.1 mMEDTA,

and 1% (w/v) polyvinyl pyrrolidone was added to fresh root/

leaf (0.5 g) to homogenize using a pre-chilled mortar and

pestle under ice-cold conditions. After centrifugation

(15,0009g for 15 min) at 4 �C, the supernatant was used to

assay soluble proteins and enzyme activities as mg g-1 FW

and unit (U) mg-1 protein, respectively. The content of sol-

uble proteins was analyzed according to Bradford (1976)

using standard solutions of Bovine serum albumin.

CAT activity was determined as described by Aebi

(1984) and analyzed by the consumption of H2O2 at

240 nm for 2 min. The reaction was started by adding

80 ll of protein extract to 920 lL of the reaction mixture,

which contained 50 mM PSB (pH 7.8), deionized water,

and 100 mM H2O2. SOD activity was measured following

the procedure of Beauchamp and Fridovich (1971) and

analyzed by its ability to inhibit photochemical reduction

of nitroblue tetrazolium (NBT) at 560 nm. The reaction

mixture (3 mL) was provided as 50 mM PSB (pH 7.8),

130 mM methionine, 750 lM NBT, 0.1 mM EDTA-Na2,

deionized water, 20 lM riboflavin, and 100 lL of the

enzyme extract. This mixture was illuminated for 15 min,

and then assayed spectrophotometerically at 560 nm. One

unit of SOD activity was considered as the amount of

enzyme inhibiting 50% reduction of NBT under light

conditions compared with a dark control. GPX activity was

assayed using the method of Hemeda and Klein (1990) and

determined with guaiacol oxidation by H2O2 at 470 nm

within 2 min. The reaction mixture, with a total volume of

1.5 mL, contained 50 mM PSB (pH 6.0), 2% (v/v) H2O2,

50 mM guaiacol, and 70 lL of the protein extract.

Statistical analysis

All the assessments related to Cd treatments were repli-

cated three times. The analysis of data sets was carried out

using SPSS software (ver. 16). One-way analysis of vari-

ance (ANOVA) was followed by Duncan’s Multiple Range

Test to determine significant differences at P\ 0.05 con-

fidence level.

Results

Cd concentration, growth response and pigment

content

The content of Cd absorbed by the shoots and roots

showed a significant increase (P\ 0.05) with increasing

Cd doses in the solution as compared to the control

(Table 1). For 50 lM Cd treatment, shoot Cd concentra-

tion had not significant differences (P\ 0.05) as com-

pared to the plants exposed to 10 lM Cd, whereas the

root Cd content was 84% (P\ 0.05) higher than roots

treated with 10 lM Cd concentration. For all the treat-

ments, Cd concentration in the roots was always higher

(P\ 0.05) than that in the shoots. Compared to the

aboveground parts, the root Cd concentrations were 41,

90 and 90.4% higher under the 10, 50 and 100 lM
treatments, respectively. Growth parameters such as

length and biomass of M. parviflora plants were consid-

erably affected as the Cd concentration increased in the

nutrient solution (Table 2). Compared to the control, Cd

treatments led to a significant decline (P\ 0.05) in the

shoot and root length and fresh weight. The 100 lM Cd,

with the highest inhibitory effect, considerably reduced

the shoot and root length with the values of 58% and

58.6% as compared to the control group. As shown in

Table 2, compared to the control, fresh weight in shoots

and roots significantly (P\ 0.05) decreased under

100 lM Cd by 59% and 63%, respectively. According to

Table 3, under Cd stress, Chl a, Chl b, and the total

chlorophyll content displayed a significant reduction

(P\ 0.05) compared with the control leaves. Compared

with the control, Chl a and Chl b contents decreased by

34–35%, and 36–54% under Cd treatments, respectively.

The assessment of Chl a amounts revealed no significant

difference among the plants exposed to various Cd doses

(10–100 lM). The Chl a/b ratio showed a significant

increase (P\ 0.05) in comparison to the control due to a

sharp drop in Chl b content. Increased Cd concentration

in the solution reduced total Chl content by 35–39%

compared to the control. Cd treatments (10–100 lM)

resulted in a significant reduction in the carotenoids

contents with the values of 40, 37 and 30% as compared

to the control, respectively (Table 3). The application of

100 lM Cd increased (P\ 0.05) carotenoids contents

nearly by 10–14% compared with the 10 and 50 lM Cd

treatments.

Table 1 Cd concentrations (mg g-1 DW) in shoots and roots of M.

parviflora treated with 0 (control), 10, 50 and 100 lM Cd for 10 days

Cd treatment (lM) Cd concentration

Shoot Root

0 0.00c 0.00d

10 0.095 ± 0.006b 0.16 ± 0.006c

50 0.10 ± 0.014b 1.01 ± 0.01b

100 0.13 ± 0.004a 1.35 ± 0.03a

Data represent mean ± SD of three replicates; different letters indi-

cate significant differences at P\ 0.05
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TBARS, proline, and ascorbic acid contents

Increased Cd concentration significantly (P\ 0.05)

enhanced TBARS contents in both leaves and roots as

compared to the control plants (Fig. 1a, b). For different Cd

treatments, TBARS contents in the shoots were 1.8–3.7

folds higher than those in control plants. Under the treat-

ments of Cd (B 50 lM), the root TBARS contents showed

an increase by 1.7–3.0 folds compared to their control

(Fig. 1b). Moreover, 100 lM Cd exhibited the lowest

additive effect on the lipid peroxidation level in the roots

with the value 1.3 folds higher than that in the control.

As shown in Fig. 2a, b, the leaf and root proline content

was significantly (P\ 0.05) enhanced with increasing Cd

concentration in the medium. The plants treated with

100 lM Cd displayed the greatest proline content in the

leaves and roots with the levels of 2.8 and 2.3 folds com-

pared to the controls, respectively. For the 10 and 50 lM
Cd treatments, the proline contents increased 1.8 and 2.0

folds in the leaves and 1.7 and 1.8 folds in the roots

compared to the controls. Compared to the leaves, higher

levels of proline were assayed in the roots with the values

of 81, 80 and 78% in response to 10, 50 and 100 lM Cd,

respectively. The content of ascorbic acid pool in the

leaves and roots is presented in Fig. 3. Compared to the

control, total AsA contents increased (P\ 0.05) 1.2–1.6

folds in leaves and 1.3–1.7 folds in roots under different Cd

treatments. These treatments enhanced significantly

(P\ 0.05) the DHA contents with the values of 1.3–1.8

folds in leaves and 1.2–1.6 folds in roots as compared to

their control. The 50 lM Cd was found to accumulate the

highest total AsA and DHA contents, with the values 1.6

and 1.8 folds in leaves and 1.7 and 1.6 folds in roots as

compared to the control. Concentration of 100 lM Cd had

a negligible stimulatory effect on reduced AsA in the

leaves as compared to the control (Fig. 3c). Contrary to

shoot, the treatment of root with 100 lM Cd led to a

Table 2 Length (cm) and fresh

weight (g per plant) of shoots

and roots in M. parviflora

treated with 0 (control), 10, 50

and 100 lM Cd for 10 days

Cd treatment (lM) Length Fresh weight

Shoot Root Shoot Root

0 11.1 ± 0.53a 14.0 ± 0.96a 1.13 ± 0.03a 0.27 ± 0.01a

10 6.40 ± 0.30b 8.50 ± 0.66b 0.63 ± 0.04b 0.14 ± 0.00b

50 5.60 ± 0.26c 7.00 ± 0.92bc 0.58 ± 0.02b 0.12 ± 0.00c

100 4.67 ± 0.35d 5.80 ± 0.35c 0.46 ± 0.01c 0.10 ± 0.00d

Data represent mean ± SD of three replicates and each replicate includes 36 plants; different letters

indicate significant differences at P\ 0.05

Table 3 Leaf pigment contents

(mg g-1 FW) in M. parviflora

treated with 0 (control), 10, 50

and 100 lM Cd for 10 days

Cd treatment (lM) Chl a Chl b Chl a/b Total Chl Carotenoids

0 1.05 ± 0.006a 0.39 ± 0.02a 2.68 ± 0.11c 1.44 ± 0.02a 0.30 ± 0.007a

10 0.69 ± 0.03b 0.25 ± 0.02b 2.97 ± 0.17b 0.94 ± 0.02b 0.18 ± 0.005c

50 0.69 ± 0.04b 0.19 ± 0.005c 3.45 ± 0.09a 0.88 ± 0.03c 0.19 ± 0.007c

100 0.68 ± 0.03b 0.18 ± 0.005c 3.64 ± 0.2a 0.88 ± 0.01c 0.21 ± 0.003b

Data represent mean ± SD of three replicates; different letters indicate significant differences at P\ 0.05
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Fig. 1 TBARS contents in leaves (a) and roots (b) of M. parviflora

treated with 0 (control), 10, 50 and 100 lM Cd for 10 days. Values

represent mean ± SD of three replicates. Different letters indicate

significant differences at P\ 0.05
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marked increase (2.2 folds) in reduced AsA contents

compared to the control (Fig. 3f). The ascorbic acid pool

contents in the leaves were higher than those in the roots in

most cases (Fig. 3).

Antioxidant enzymes activity

On the tenth day, the leaf protein content showed a ten-

dency to decrease under different Cd treatments by

30–36% in comparison to the control (Fig. 4a). Under Cd

treatments, protein contents exhibited a significant eleva-

tion (P\ 0.05) in the roots with the levels of 1.1–1.4 folds

higher than those in the control, and the maximum value

was recorded at 50 lM Cd concentration (Fig. 4b). In the

plants exposed to Cd, leaf CAT activity was significantly

(P\ 0.05) higher with the levels of 1.2–1.7 folds as

compared to their respective controls (Fig. 5a). On the

contrary, according to Fig. 5d, with increasing Cd dose in

the medium, CAT activity in the roots significantly

(P\ 0.05) declined and was about 66–80% of the CAT

activity in the control, while the minimum activity was

found in the roots treated with 50 lM Cd for 10 days. For

leaves, Cd treatments significantly (P\ 0.05) increased

SOD activity with the values of 13–17 folds higher than the

control (Fig. 5b). There was a significant reduction

(P\ 0.05) in SOD activity by 11–33% in the roots

exposed to different Cd concentrations as compared to the

control group (Fig. 5e). The lowest SOD activity in the

roots was detected at 50 lM Cd. The treatments of Cd

markedly (P\ 0.05) enhanced GPX activity as 6.0–10.3

folds in leaves and 7.1–16 folds in roots compared to

untreated plants (Fig. 5c, f).

Discussion

Malva parviflora was chosen due to its application in tra-

ditional medicine and food habits of the people in

Khouzestan province, also due to its wide distribution in

the area. It is well known that the therapeutic effects of

Malva are mainly as the result of the presence of antioxi-

dants, especially phenolic compounds (Gasparetto et al.

2011). Therefore, it was expected that the antioxidant

mechanisms of M. parviflora would have a positive effect

on the detoxification of Cd stress. In the roots, Cd content

was approximately 1.5–10 folds higher than that in the

shoots (Table 1). Thus, it seems that Cd absorbed by this

plant is mainly maintained in the roots and a lower amount

is translocated to the shoots. Plants are able to accumulate

heavy metals according to physiological capacity. Contrary

to our findings, in M. sinesis, as a Cd-accumulator, the

aboveground parts showed a more ability to accumulate Cd

compared to the roots (Zhang et al. 2010). Lower Cd root-

to-shoot translocation is well known as a protective

mechanism to tolerate Cd stress by non-hyperaccumulator

plants and confirmed by many studies (for example, Sun

et al. 2007; Zhang et al. 2015; Rui et al. 2016). To alleviate

Cd toxicity, some plants restrict Cd root-to-shoot translo-

cation and this tactic is supported by metal accumulation in

the root apoplastic spaces, complex formation with organic

compounds, and retention in the vacuoles of root cells

(Hossain et al. 2012). Hence, the results of this experiment

are partly indicative of the ability of M. parviflora to avoid

Cd-caused stress through less metal translocation to the

shoots.

The results of present study showed that increased Cd

uptake led to a reduced growth in roots and shoots

(Table 2), while TBARS content increased with increasing

Cd doses from 10 to 100 lM (Fig. 1). The growth is used

as one of the most important indicators to evaluate Cd

toxicity in plants (Zhang et al. 2015). The inhibitory effect

of Cd on growth has been reported by other researchers (for

example, Sun et al. 2007; Gill et al. 2012; Dong et al. 2016;

Marzban et al. 2017). Cd-induced growth inhibition is

attributed to production of excess ROS, destruction of

ultrastructure in chloroplasts (Chen et al. 2010; Wu et al.

2015) and reduction of net photosynthesis rate (Gill et al.
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Fig. 2 Proline contents in leaves (a) and roots (b) of M. parviflora

treated with 0 (control), 10, 50 and 100 lM Cd for 10 days. Values

represent mean ± SD of three replicates. Different letters indicate

significant differences at P\ 0.05
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2012) as well as the deficiency of nutrient and the reduction

of turgor pressure (Irfan et al. 2014). Cd has been reported

to enhance membrane lipid peroxidation in many plants

(for example, Sun et al. 2009; Mohamed et al. 2012;

Tauqeer et al. 2016). Although Cd is not considered as a

redox-active metal, it indirectly causes the generation of

ROS by inhibiting electron transfer chains in chloroplast

and mitochondria, and ultimately induces oxidative stress

(Tran and Popova 2013). Extra ROS generation is con-

sidered as a key factor in inhibition of growth that can

promote lipid peroxidation of biomembranes in response to

Cd. (Chen et al. 2010; Wu et al. 2015). Increased elec-

trolyte leakage in M. parviflora exposed to Cd (unpub-

lished data) confirmed an increase in the lipid peroxidation

of membrane that probably disturbs the absorption of

essential elements and reduces the growth. The oxidative

stress caused by Cd can be determined by TBARS content.

Therefore, based on the present results, it is supposed that

growth reduction caused by Cd in M. parviflora may be

mainly due to an increase in lipid peroxidation and cell

TBARS content (Fig. 1) as well as a decrease in photo-

synthetic pigments (Table 3).
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Fig. 3 Total AsA, DHA, and reduced AsA contents in leaves (a, b, c) and roots (d, e, f) of M. parviflora treated with 0 (control), 10, 50 and

100 lM Cd for 10 days. Values represent mean ± SD of three replicates. Different letters indicate significant differences at P\ 0.05
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In this study, the levels of chlorophylls and carotenoids

decreased after treating with different Cd concentrations

(Table 3). Increased Chl a/b ratio in M. parviflora treated

with Cd could be due to a higher reduction in Chl b content

than in Chl a. Under Cd stress, higher Chl a/b ratio has

been attributed to changes in pigment composition as well

as a decline in light harvesting chlorophyll proteins to

acclimatize with Cd-induced oxidative stress (Gill et al.

2012). Chlorosis and reduced chlorophyll content are one

of the primary symptoms in plants when they are exposed

to Cd-contained mediums (Gill et al. 2012; Dong et al.

2016). In Capsicum annuum, it has been supposed that a

decrease in chlorophyll content is due to reduced Mg

uptake under Cd stress (Abdel Latef 2013). Increased

enzymatic degradation, disturbance in electron transport of

PSII and destruction of thylakoid membranes have been

found as some reasons for the reduction of chlorophyll

contents (Boonyapookana et al. 2002). Chloroplast mem-

branes, as rich sources of polyunsaturated fatty acids, are

one of the most important targets for peroxidation by Cd-

induced ROS (Hattab et al. 2009). In agreement with our

study, Cd treatments have been reported to reduce car-

otenoids contents (Hattab et al. 2009; Mohamed et al.

2012). Carotenoids, as non-enzymatic antioxidants, are

known to protect photosynthetic apparatus and chloro-

phylls against the damage caused by photooxidation, and

also prevent lipid peroxidation against stress conditions

including heavy metal contamination (Ünyayar et al.

2005). Hence, an increase in TBARS content (Fig. 1) can

be a main reason to reduce the contents of carotenoids and

chlorophylls in M. parviflora treated with Cd doses.

Additionally, according to the protective role of car-

otenoids, the results of this experiment suggest that a

decrease in carotenoids contents under Cd stress may lead

to ROS accumulation, biomembranes destruction such as

chloroplast membrane, and finally oxidative degradation of

chlorophylls.

As previously reported, heavy metals-induced oxidative

stress is mainly due to ROS overproduction or reduced

capacity of antioxidative responses (Hattab et al. 2009). To

understand the effect of proline and ascorbate contents on

modification of oxidative stress caused by Cd, these bio-

chemical parameters were measured in M. parviflora. Our

study showed an obvious increase in proline content of

plants treated with different Cd concentrations (Fig. 2).

Additionally, the roots exposed to Cd displayed a more

significant rise in proline content in comparison to the

leaves. In plants, de novo synthesis of proline has been

mentioned as a common adaptive mechanism to alleviate

the negative effects of abiotic stresses (Zouari et al. 2016).

In agreement with our work, increased proline content was

observed in response to Cd exposure in Arachis hypogaea

(Dinakar et al. 2008), Groenlandia densa (Yılmaz and

Parlak 2011). It has been suggested that proline functions

as osmolyte for water balance status (Zouari et al. 2016),

metal chelator and possibly ROS scavenger (Yılmaz and

Parlak 2011) under Cd stress, hence protecting the plant

cells against oxidative stress damage. Our results revealed

that as a result of increasing Cd concentration in the roots

and leaves, both proline content and lipid peroxidation

level showed a coordinated increase. Thus, this study

suggests that proline plays an effective role in reducing

oxidative stress caused by Cd. In roots, proline probably

reduces Cd stress by protecting proteins (Fig. 4b).

The role of ascorbate in the ascorbate–glutathione cycle

for H2O2 reduction (Jouili et al. 2011) is indicative of its

notable contribution in non-enzymatic antioxidant systems

to modulate adverse conditions. Cd was found to increase

ascorbate content in some plants such as Brassica juncea

(Mohamed et al. 2012) and Brassica napus (Wu et al.

2015). In the present study, the plants supplemented with

Cd treatments exhibited a rise in AsA pool (Fig. 3),

simultaneously with increasing TBARS content indicating

an important involvement of this metabolite in both ROS

removal mechanism and cellular redox homeostasis in

leaves and roots.
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Fig. 4 Protein contents in leaves (a) and roots (b) of M. parviflora

treated with 0 (control), 10, 50 and 100 lM Cd for 10 days. Values

represent mean ± SD of three replicates. Different letters indicate

significant differences at P\ 0.05
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Based on our findings, with increasing Cd concentration

in the solution, the level of leave soluble proteins showed a

noticeable decrease, whereas this parameter increased in

the roots (Fig. 4). Dinakar et al. (2008) postulated that a

decrease in soluble proteins in response to Cd treatment is

possibly due to degradation of proteins. In Alternanthera

bettzickiana, increased protein content has been attributed

to adaptation of this plant to Cd stress (Tauqeer et al.

2016). A well-known role of proline in the plants is the

protection and stabilization of protein structure under

adverse conditions (Zouari et al. 2016). In roots, these

results imply that an increase in the protein content might

be, at least in part, due to higher proline levels compared to

the leaves. This strategy possibly is used as an acclimati-

zation mechanism in the roots to overcome Cd-induced

oxidative stress.

It is noteworthy that the efficiency of enzymatic

antioxidants is evaluated to determine more precisely the

strategies of Cd tolerance in plants. The present study

indicates that the roots and leaves have different perfor-

mances in enzymatic antioxidants to overcome oxidative

stress when they are exposed to Cd treatments. Compared

to the control, a considerable increase was observed in

CAT, SOD, and GPX activities in the leaves as a result of

increasing Cd doses (Fig. 5a–c). In the roots, a decrease in

CAT and SOD activity was associated with increased GPX
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Fig. 5 CAT, SOD, and GPX activities in leaves (a, b, c) and roots (d, e, f) of M. parviflora treated with 0 (control), 10, 50 and 100 lM Cd for

10 days. Values represent mean ± SD of three replicates. Different letters indicate significant differences at P\ 0.05
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activity in response to Cd treatments (Fig. 5d–f). Under Cd

stress, the most common form of ROS is H2O2. On the

other hand, as already reported, the coordinated activities

of CAT and SOD showed a crucial contribution in modi-

fying oxidative stress in Cd-hyperaccumulators (Sun et al.

2007). Based on the results of the current study, it should

be noted that inhibited CAT and SOD activities in the roots

may be responsible for increasing ROS, especially H2O2.

Therefore, an increase in the level of GPX activity may be

effective in removing H2O2 when CAT and SOD are less

active in the roots. Various plant species and varieties

present different defensive responses in tolerating heavy

metal stress. The difference in antioxidant capacity can be

dependent on the plant species, type of tissue and organ,

content of Cd, and the duration of exposure to Cd (He et al.

2011). One study on Lepidium sativum illustrated that CAT

and SOD, as antioxidant enzymes, play an important role in

reducing the oxidative stress caused by Cd in the leaves

(Gill et al. 2012). In the leaves of A. bettzickiana, increased

CAT, SOD, and POX activity has been proposed as a part

of the defense mechanism to cope with Cd-induced

oxidative stress (Tauqeer et al. 2016) that was in agreement

with our work. Higher SOD activity in the shoots can

probably be the result of a further increase in O2̇
2 gener-

ation (Nahar et al. 2016) and also the de novo synthesis of

enzyme (Yılmaz and Parlak 2011). Based on present study,

increased CAT, GPX, and SOD activities in the leaves of

M. parviflora following Cd treatments indicate effective-

ness of enzymatic antioxidant system to protect presum-

ably photosynthetic parts against oxidative stress. In

agreement with our results, some studies showed that

increased Cd concentration in the medium led to a decline

in CAT activity as well as an increase in POX activity in

roots (Gopal and Nautiyal, 2011; Mohamed et al. 2012).

The control of H2O2 level in plant tissues has been

attributed to the activity of CAT and POX (Rui et al. 2016).

According to Rui et al. (2016), in the roots, higher par-

ticipation of GPX in H2O2 scavenging was associated with

increased wall lignifications which might contribute to

diminish Cd stress. Based on these results, it is suggested

that reduced CAT activity in the roots may be compensated

by substantial GPX activity, and also the reduced activity

of CAT and SOD enzymes can be explained by the fact that

Cd concentrations accumulated in the roots are probably

higher than the threshold level for the function of these

enzymes. In kenaf, low Cd concentration enhanced SOD

activity, while under high Cd concentration, this activity

was inhibited (Deng et al. 2017). It is well known that Cd is

a potent enzyme inhibitor, and that Cd-induced oxidative

stress reduces the activity of CAT possibly through dis-

abling the enzyme-linked heme group (Willekens et al.

1997). Totally, due to the increased phenolic compounds in

the roots of M. parviflora under Cd stress (unpublished

data), it is supposed that non-enzymatic antioxidants such

as phenolics, ascorbate as well as higher contents of proline

and protein may have a more significant role in removing

ROS when the roots are treated with Cd. Therefore, these

results imply that apart from enzymatic strategies, the other

mechanisms may also be exploited by the roots of M.

parviflora to reduce oxidative load in response to Cd stress.

In addition, it is suggested that the shoots and roots

approximately have an equivalent ability to reduce Cd-

induced oxidative stress, but with different mechanisms.

Conclusions

In summary, the results of this study revealed that

increased Cd concentration in the solution led to a decrease

in growth and pigment content as well as an increase in

lipid peroxidation of M. parviflora. As the Cd concentra-

tion increased in the nutrient solution, Cd content showed

an increase in the roots and shoots. Though, the concen-

tration of Cd in the roots was considerably higher than that

in the aboveground parts. It seems that Cd doses have

obvious toxic effects on biomembranes and induce oxida-

tive stress in this species. Therefore, to diminish Cd-in-

duced damages, it is supposed that this plant uses some

defense mechanisms such as the accumulation of proline

and ascorbic acid, and also the modification of CAT, GPX

and SOD activities as enzymatic antioxidants. Considering

these results, we suggest that higher Cd concentration in

the roots is possibly responsible for differences in the

behaviors exhibited by the leaves and roots to cope to Cd

stress in M. parviflora. In aboveground parts, activities of

CAT, GPX, and SOD, together with free proline and

ascorbic acid, appear to play a fundamental role to mitigate

oxidative stress following the addition of Cd. In the roots,

the data provides the evidence that CAT and SOD may be

less involved in detoxification of Cd-induced oxidative

stress due to the inhibitory effect of high Cd content on the

activity of these enzymes. Consequently, to remove H2O2

in the roots, GPX might present a greater performance.

Based on these results, increased proline, ascorbic acid, and

soluble proteins as well as Cd retention by the roots can be

mentioned as more effective mechanisms to alleviate Cd

toxic effects in the roots in comparison with enzymatic

antioxidants. Further research should be done to obtain

more detailed information about metabolic pathways that

lead to Cd tolerance in M. parviflora.
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