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Abstract Chromium (Cr) is considered to be one of the

major environmental hazards and poses a threat to both

plant and animal health. Selenium (Se), however, has been

recognized as an essential micronutrient in plants. To

understand the role of Se(VI) in oxidative stress manage-

ment and regulation of antioxidative defence mechanism

against heavy metal stress, the seedlings of Brassica juncea

L. were raised in Petri plates containing nutrient media

supplemented with only with Se(VI) and Cr(VI), or their

combination. It was observed that of Cr(VI) causes an

increase in reactive oxygen species (ROS) in the seedlings

leading to oxidative stress. Histological studies using

confocal and visible microscopy confirmed the biochemi-

cal results. Supplementation of up to 4 lM of Se(VI) to

media containing 300 lM of Cr(VI) reduced the contents

of ROS and increased enzymatic and non-enzymatic

antioxidants in the seedlings. At a concentration of 6 lM,

however, Se(VI) was toxic. The results suggested that at

appropriate concentrations, the exogenous application of

Se(VI) enabled the B. juncea seedlings to counteract the

effects of Cr(VI), thereby increasing the resistance of

plants.
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Introduction

The complex and unpredictable nature of environment

along with harmful anthropogenic activities are creating

adverse environmental conditions for living organisms

(Mittler and Blumwald 2010). Such exposure of plants and

animals to various abiotic and biotic stresses hampers their

normal growth and development. Plants, in particular, are

exposed to an array of environmental stresses like drought,

salinity, extreme temperatures, and heavy metal contami-

nation of soil and water. Out of these, heavy metals have

proven to be perilous to plants and other forms of life. The

contamination of food chain with heavy metals usually

occurs when heavy metal rich soils or water are used for

the production of crops. Upon entering the plant system,

these metals either undergo redox reactions and lead to the

formation of reactive oxygen species (ROS) by Haber–

Weiss and Fenton reactions, or may become toxic by

blocking the antioxidative defence system, increasing the

rate of lipid degradation or hindering electron transport

chain, thereby causing severe damage to membranes and

biomolecules (Schützendübel and Polle 2002; Gill 2014).

Chromium (Cr) is one such non-essential heavy metal,

which even at low doses shows severe phytotoxic effects.

Environmental contamination of Cr, caused due to various

industrial activities, has become a matter of serious con-

cern (Chanda and Parmar 2003; Schiavon et al. 2008).

Several studies have proved that Cr can inhibit physio-

logical and biochemical processes that negatively affect

structure and function of enzymes, proteins, membranes

and genome (Singh et al. 2013). Studies have also revealed

the involvement of Cr in generation of superoxide radicals,

hydrogen peroxide (H2O2) and reactive carbonyl groups,

thereby causing oxidative damage to the plants (Shanker

et al. 2004; Panda 2007; Gangwar and Singh 2011).

Communicated by NA Anjum.

& Renu Bhardwaj

renubhardwaj82@gmail.com

1 Department of Botanical and Environmental Sciences, Guru

Nanak Dev University, Amritsar, Punjab 143005, India

123

Acta Physiol Plant (2017) 39:51

DOI 10.1007/s11738-017-2352-6

http://orcid.org/0000-0002-5673-7533
http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-017-2352-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-017-2352-6&amp;domain=pdf


Scientific research pertaining to selenium (Se) as a

potent stress ameliorator has gained momentum since few

years. Se, which has a chemical similarity with sulphur (S),

is easily taken up by plants through S transporters and it

has an ability to replace S from biomolecules (Pilon-Smits

and Quinn 2010). The beneficial roles of Se related to

growth and development, including the ability to amelio-

rate oxidative damage caused by biotic and abiotic stresses,

have been demonstrated in various studies. The members

of the family Brassicaceae have been reported to take up

more S from growth medium than members of families like

Poaceae or Leguminosae (Marschner 1995). Therefore, it

can be assumed that uptake and assimilation of Se, if

supplied exogenously, will occur to a significant level as

compared to the species of other families. Hence, in the

present study, Brassica juncea seedlings were used as an

experimental material to understand the role of Se(VI) in

reducing the damage to the cells, and fortifying the defence

system of plants against Cr(VI) stress. The interactive

effect of Se(VI) and Cr(VI) on the working of Asada–

Halliwell pathway that involves both antioxidants and

antioxidative enzymes. The oxidative burst caused by

Cr(VI) application was studied by estimating the contents

of H2O2 and superoxide anions while damage was assessed

by the content of malondialdehyde (MDA).

Materials and methods

Raising of plant material

The study was conducted on the seedlings raised from

certified B. juncea (cv. RLC 1) seeds obtained from Punjab

Agricultural University, Ludhiana, India. The surface

sterilized seeds were soaked in distilled water for 2 h and

then made to germinate in autoclaved Petri dishes lined

with Whatman No. 1 filter paper. The seeds were supple-

mented with 2, 4 and 6 lM Na2SeO4 and 300 lM K2CrO4,

in different binary combinations. These solutions were

prepared in half strength Hoagland’s medium. The set of

seedlings raised only with Hoagland’s nutrient medium

was considered as control. The Petri dishes were kept in

seed germinator and the seedlings were provided with

25 ± 2 �C temperature with 16 h of photoperiod. After

15 days, the seedlings were harvested and analysed for

cellular damage, enzymatic and non-enzymatic antioxida-

tive defence systems.

Cellular damage

The oxidative damage was estimated spectrophotometri-

cally by estimating lipid peroxidation, superoxide anion

production and H2O2 content.

The extent of lipid peroxidation was determined by

estimating the content of MDA by the method of Heath and

Packer (1968). Fresh seedling samples were homogenised

in 0.1% trichloroacetic acid and centrifuged at

13,0009g for 20 min at 4 �C. To the supernatant, 0.5%

thiobarbituric acid and 20% trichloroacetic acid were

added and the mixture was heated at 95 �C for 30 min in

water bath. To stop the reaction, the mixture was cooled

quickly by placing the test tubes in an ice bath. The

absorbance of the reaction mixture was recorded at 532 and

600 nm and the extinction coefficient used for the calcu-

lation of MDA content was 155/mM/cm.

The content of superoxide anions was estimated by Wu

et al. (2010). Seedling extract was made in 50 mM potas-

sium phosphate buffer (pH 7.8) and supernatant was used

after centrifugation at 13,0009g at 4 �C. The reaction was

carried out by adding 0.5 ml potassium phosphate buffer and

0.1 ml of 10 mM hydroxylamine hydrochloride to 0.5 ml of

extract followed by incubation for 30 min at 25 �C. To the

above reaction mixture, equal volumes of 58 mM

3-aminobenzenesulphonic acid and 7 mM 1-naphthylamine

were added and incubated for another 20 min. The absor-

bance of the reaction mixture was recorded at 530 nm and

the content of superoxide anions was calculated using

standard curve obtained from NaNO2 as a standard.

To estimate the content of H2O2 in the seedling samples

of B. juncea, the method of Velikova et al. (2000) was

followed. For the preparation of plant extract, 100 mg of

fresh seedlings were homogenised in 1.5 ml of 0.1% tri-

chloroacetic acid and centrifuged at 12,0009g for 15 min.

The reaction was started by adding 10 mM potassium

phosphate buffer (400 ll) at pH 7 and 1 M potassium

iodide (800 ll) to the supernatant (400 ll) and the absor-

bance was recorded at 390 nm. The content was calculated

by a linear regression equation obtained from standard

curve using H2O2 at different concentrations.

Extract preparation and estimation of enzymatic

antioxidants

The enzyme extracts for the estimation of catalase (CAT),

ascorbate peroxidase (APOX), guaiacol peroxidase (POD),

glutathione peroxidase (GPOX), dehydroascorbate peroxi-

dase (DHAR) and glutathione reductase (GR) were pre-

pared in 50 mM phosphate buffer. One gram of fresh

seedling samples were homogenised in 3 ml of phosphate

buffer and the extracts were centrifuged at 13,0009g for

20 min. For estimation of superoxide dismutase (SOD), the

seedling extracts were prepared in sodium carbonate buffer

(50 mM; pH 10.2), while for monodehydroascorbate

reductase (MDHAR), 50 mM of Tris–HCl buffer (pH 7.4)

was used. The extracts were prepared in ice cold conditions

with 0–4 �C temperatures.
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The method given by Kono (1978) was used to estimate

the activity of SOD. The reaction mixture contained

50 mM sodium carbonate buffer, 24 lM nitroblue tetra-

zolium, 0.1 mM ethylenediaminetetraacetic acid (EDTA),

1 mM hydroxylamine hydrochloride (pH 6) and 0.03%

triton X-100 with 2 min of incubation and the addition of

plant extract. The absorbance was noted at 540 nm for

1 min.

CAT activity was estimated by following the protocol of

Aebi (1984). The reaction mixture contained plant extract,

potassium phosphate buffer (50 mM; pH 7) and 15 mM

H2O2. The decline on absorbance was noted for 1 min at

240 nm and activity was calculated using an extinction

coefficient of 39.4/mM/cm.

APOX activity was estimated using the method of

Nakano and Asada (1981). The reaction mixture consisted

of 50 mM potassium phosphate buffer (pH 7), 0.5 mM

ascorbate, 1 mM H2O2 and plant extract. The decrease in

absorbance was noted at 290 nm for 1 min and extinction

coefficient of 2.8/mM/cm was used to calculate the enzyme

activity.

The activity of POD was estimated by following the

method of Putter (1974). The reaction mixture consisted of

50 mM potassium phosphate buffer (pH 7), 20.1 mM

guaiacol solution, 12.3 mM H2O2 and plant extract. The

increase in the absorbance was observed at 436 nm for

1 min and the activity of the enzyme was estimated using

the extinction coefficient of 26.6/mM/cm.

GPOX was estimated according to the method given by

Flohe and Gunzler (1984). The reaction mixture was pre-

pared by adding 50 mM potassium phosphate buffer (pH

7), 0.5 mM EDTA, 1 mM reduced glutathione (GSH),

1 mM sodium azide, 0.15 mM reduced nicotinamide ade-

nine dinucleotide phosphate (NADPH), 0.15 mM H2O2

and the plant extract. Decrease in absorbance was observed

for 1 min at 340 nm and enzyme activity was calculated

using extinction coefficient of 6.22/mM/cm.

The method given by Dalton et al. (1986) was used to

determine the activity of DHAR. Estimation was done by

mixing 50 mM potassium phosphate buffer (pH 7),

0.2 mM dehydroascorbate, 0.1 mM EDTA, 1.5 mM GSH

and the plant extract. Change of absorbance was observed

for 1 min at 265 nm, and the value of extinction coefficient

used was 14/mM/cm.

MDHAR was estimated using the protocol given by

Hossain et al. (1984). The reaction was carried out by

adding 50 mM Tris–HCl (pH 7.6), 0.1 mM EDTA, 0.25%

triton X-100, 3 mM ascorbate, 0.3 mM reduced nicoti-

namide adenine dinucleotide (NADH), 0.14 units of

ascorbic acid oxidase to the plant extract. The decrease in

absorbance was noted at 340 nm for 1 min and the calcu-

lation of enzyme activity was done using 6.2/mM/cm

extinction coefficient.

GR activity was estimated using the protocol of Carl-

berg and Mannervik (1975). The reaction mixture consisted

of 50 mM potassium phosphate buffer, 1 mM glutathione

disulphide (GSSG), 1 mM EDTA, 0.1 mM NADPH and

the seedling extract. Decrease in absorbance of the reaction

mixture was noted for 1 min was noted at 340 nm and a

value of 6.22/mM/cm was used as extinction coefficient for

calculation of the activity of the enzyme.

Estimation of non-enzymatic antioxidants

GSH content was estimated by following the method of

Sedlak and Lindsay (1968). One gram of fresh seedling

samples were homogenised in Tris buffer (0.2 M, pH 8.2)

under ice cold conditions and centrifuged at 13,0009g for

20 min at 4 �C. The content was estimated using 100 ll of

supernatant, to which 0.2 M Tris buffer, 0.01 M 5,50-
dithiobis-(2-nitrobenzoic acid) and absolute methanol were

added and incubated at room temperature for 15 min. The

reaction mixture was centrifuged at 30009g for 15 min

and the absorbance of the supernatant was recorded at

412 nm.

The method of Roe and Kuether (1943) was used to

determine the content of ascorbic acid. The seedling extract

was prepared in 50 mM Tris buffer at pH 10. To estimate

ascorbic acid, the reaction mixture comprising of plant

extract, 50% trichloroacetic acid, distilled water and

100 mg activated charcoal was taken in test tubes. The

mixture was filtered with Whatman filter paper No. 1 and

2,4-dinitrophenyl hydrazine (DNPH) reagent [2 g DNPH,

250 mg thiourea, 30 mg copper sulphate pentahydrate

(CuSO4�5H2O) in 100 ml 9 N sulphuric acid (H2SO4)] was

added and incubated at 37 �C for 3 h. The reaction mixture

was then placed in ice bath and 65% cold H2SO4 was

added. A second incubation for 30 min was given at room

temperature and the absorbance was noted at 520 nm.

The content of tocopherol was determined by the

method of Martinek (1964). Seedling extracts prepared in

50 mM Tris buffer (pH 10) were mixed with distilled water

and 0.12% ethanolic ferric chloride hexahydrate (FeCl3-

6H2O). The precipitates were obtained by vigorous shak-

ing, and 0.5 ml of xylene was added followed by vortexing

for 30 s. The reaction mixture was then centrifuged at

30009g for 10 min. Two layers were formed and to the

upper layer of xylene, 12% of 2,4,6-tripyridyl-S-triazine

prepared in n-propanol was added. The absorbance of this

layer was recorded at 600 nm.

Histochemical studies

Histochemical analysis was carried out on the roots of

15 days old B. juncea seedlings. The response of GSH,

H2O2, membrane damage and nuclear damage to Cr(VI)
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and Se(VI), both alone and in binary combinations, were

studied using confocal laser scanning microscope (Nikon

A1R) with Plan Apo 20X objective lens, while MDA and

cell viability were studied using light microscope (Magnus

MLXi model).

The MDA was tagged by following the protocol of

Wang and Yang (2005). The 15 days old roots of B. juncea

were kept in Schiff’s reagent for 20 min and washed with

0.5% potassium metabisulphite prepared in 0.05 M HCl.

The samples mounted on glass slides were observed under

visible compound microscope.

The protocol of Ortega-Villasante et al. (2007) was

followed to detect H2O2 in the roots of B. juncea. Tagging

of H2O2 was done with 25 lM of 20,70-dichloroflourescien

diacetate (DCF-DA) and staining the roots for 30 min.

Staining was followed by washing of root samples thrice

by distilled water and mounting on the glass slides. The

observations were made at the excitation wavelength of

488 nm and emission wavelength of 530 nm.

The method given by Gutierréz-Alcala et al. (2000) was

followed to test the membrane damage. The 15 days old

root samples were treated with 50 lM of propidium iodide

for 15 min and then washed with distilled water and

mounted on glass slides. The excitation and emission

wavelengths of 535 and 617 nm, respectively, were used to

observe the samples under confocal laser scanning

microscope.

The nuclear damage in the roots of B. juncea was

assessed by the protocol proposed by Callard et al. (1996).

The dye, 4,6-diamino-2-phenylindole (DAPI) was pre-

pared by dissolving 0.1 mg in 100 ml phosphate buffer

saline. The roots of B. juncea were kept for 30 min in the

dye under dark conditions and then washed with phos-

phate buffer saline. The samples were mounted and

viewed with excitation and emission wavelengths of 358

and 461 nm, respectively, under confocal laser scanning

microscope.

The viability of cells was studied by the method given

by Romero-Puertas et al. (2004). The dead cells in the

roots of B. juncea were localized by 0.25% of aqueous

solution of Evan’s Blue. The roots were kept in the dye

for 10 min and washed many times with distilled water.

The slides were observed under visible compound

microscope.

GSH detection in the roots of B. juncea was done by the

method of Fricker and Meyer (2001). The roots were dip-

ped in monochlorobimane (MCB) dye at the concentration

of 25 lM for 15–20 min. The dye also contained 5 mM

sodium azide which prevented the sequestration of MCB-

GSH conjugate to the vacuoles by diminishing the adeno-

sine tri-phosphate (ATP) from the cells. The fluorescent

adduct was viewed at an excitation wavelength of

351–364 nm and emission wavelength of 477 nm.

Statistical analysis

The results were analysed by applying one-way analysis of

variance (ANOVA). Tukey’s honestly significant differ-

ence (HSD) was used to determine significance of differ-

ences among the mean values. The interaction between

Cr(VI) and Se(VI) was analysed using linear multiple

regression analysis (Sokal and Rholf 1981; Bailey 1995).

The model used for multiple regression for binary combi-

nation was:

Y ¼ a þ b1X1 þ b2X2;

where Y was the parameter under study, X1 and X2 corre-

sponded to Cr(VI) and Se(VI) in binary combinations, b1

and b2 were the partial regression coefficients due to the

effects of X1 and X2, respectively, b1 and b2 signified the b-

regression coefficients due to X1 and X2. The statistical

analysis was done using self-coded programs in Microsoft

Excel.

Results

Cellular damage

The stress caused by Cr(VI) resulted in loss of membrane

integrity and increased the production of ROS, which led to

oxidative stress. The effect of Cr(VI) and Se(VI) on cel-

lular damage and its recovery was studied using spectro-

scopic and microscopic methods.

Spectroscopic studies

The MDA content of the seedlings represents the level of

peroxidation occurring in membrane lipids. Cr(VI) stress

caused a significant increase (34.4%) in MDA accumula-

tion as compared to the untreated B. juncea seedlings. The

application of Se(VI) in binary combination with Cr(VI)

reduced MDA accumulation, and the maximum effect was

observed at 4 lM concentration of Se(VI) which caused a

reduction of 22.2% in MDA content as compared to Cr(VI)

treated seedlings (Table 1). The multiple regression anal-

ysis showed positive value of b-regression coefficient for

Cr(VI) which signified its role in enhancing the MDA

accumulation. The b-regression coefficient for Se(VI) was,

however, negative which implied reduction in accumula-

tion of MDA due to Se(VI) application (Table 1).

The oxidative damage to the plants cells was also

assessed by estimating the content of superoxide anions.

Seedlings raised in 300 lM Cr(VI) showed a significant

increase of 112.8% when compared to the control seed-

lings. Se(VI) supplementation helped in overcoming

Cr(VI) stress by reducing the production of superoxide
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anions. Se(VI) at 2 lM in combination with Cr(VI),

reduced the content of superoxide anions by 36.9%, to help

the plants to combat stress (Table 1). Multiple linear

regression analysis of the data also confirmed the protec-

tive effect of Se(VI) against Cr(VI). The b-regression

coefficient for Cr(VI) was positive, while that for Se(VI) it

was negative, thereby suggesting the stress ameliorative

role of Se(VI) (Table 1).

H2O2, which is one of the most potent ROS, also got

enhanced by significant levels (169.7%) due to the phyto-

toxic effects of Cr(VI). Addition of Se(VI) to the growth

medium resulted in decrease of H2O2, thereby reducing the

oxidative stress. As compared to Cr(VI) treated seedlings,

the binary combination of 2 lM Se(VI) with Cr(VI)

showed a significant reduction (31.5%) in the H2O2 con-

tent. The binary combination of the highest concentration

of Se(VI) (6 lM) with Cr(VI), however, was not effective

in reducing the H2O2 content, but enhanced its content to

significant levels (Table 1). Multiple regression analysis

revealed a significant correlation between the H2O2 content

of the seedlings and the concentrations of Cr(VI) and

Se(VI) treatments. The value of b-regression coefficient for

Cr(VI) was positive which showed its harmful effects. The

b-regression coefficient for Se(VI) was also positive, hence

suggesting that Se(VI) is effective at lower concentrations

but becomes harmful at higher concentrations (Table 1).

Microscopic studies

The results of spectroscopic studies on MDA were further

confirmed by its localization in the roots of B. juncea

seedlings by Schiff’s reagent. The Cr(VI) stressed roots

showed a high intensity of pink colour in comparison to the

roots of control seedlings. The binary combination of 4 lM

Se(VI) and Cr(VI) showed reduced intensity of the dye due

to lesser MDA content in comparison to Cr(VI) treated

seedlings (Fig. 1).

The localization of H2O2 by DCF-DA produced green

fluorescence when viewed under confocal laser scanning

microscope. The intensity of fluorescence was higher in

Cr(VI) treated roots. Se(VI) application at 2 lM concen-

tration to stressed seedlings caused reduction in fluores-

cence intensity which further confirmed the spectroscopic

estimation of H2O2 (Fig. 2).

The damage to the membrane was studied by propidium

iodide. The dye has affinity for nucleotides, and hence

binds them. But the membranes are impermeable to pro-

pidium iodide. Therefore, high intensity of red fluorescence

confirms the damaged membranes. The Cr(VI) treated

seedlings showed darkly stained cells of the roots, while

addition of Se(VI) at 4 lM in combination with Cr(VI)

resulted in lowering the red fluorescence which signified

reduced membrane damage (Fig. 3). Similar effect was

Table 1 Contents of MDA,

superoxide anions and H2O2 in

the presence of Cr(VI), Se(VI)

and their combinations in

15 day old B. juncea seedlings

Concentration (lM) MDA (lM/g FW) Superoxide anions (lg/g FW) H2O2 (lM/g FW)

Cr(VI) Se(VI)

0 0 4.06 ± 0.052a 10.05 ± 0.598a 0.409 ± 0.0917a

0 2 3.75 ± 0.019b 10.24 ± 1.444ad 0.485 ± 0.0519a

0 4 3.98 ± 0.042bf 11.78 ± 1.081ab 0.533 ± 0.0554ab

0 6 4.40 ± 0.035cg 14.09 ± 0.707be 0.707 ± 0.0675bd

300 0 5.46 ± 0.227d 21.39 ± 0.540c 1.103 ± 0.0727c

300 2 4.77 ± 0.079e 13.48 ± 1.623bde 0.756 ± 0.0519d

300 4 4.25 ± 0.113acf 14.88 ± 0.778be 0.818 ± 0.0675d

300 6 4.56 ± 0.078 g 15.73 ± 1.744e 1.290 ± 0.0727c

F-ratio(df 7,16) 88.404** 29.932** 61.608**

HSD 0.279 3.269 0.191

Multiple regression analysis

Parameter Multiple regression equations r b1 b2

MDA Y ¼ 4:195 þ 0:0024X1� 0:049X2 0.729*** 0.697 -0.217

Superoxide anions Y ¼ 11:681 þ 0:0161X1� 0:047X2 0.682*** 0.681 -0.029

H2O2 Y ¼ 0:416 þ 0:0015X1 þ 0:039X2 0.842*** 0.786 0.301

Data presented in mean ± SD of three replicates. Means superscribed by the same letter are not signifi-

cantly different from each other using one-way analysis of variance (ANOVA) and Tukey’s honestly

significant difference (HSD). Significant at *** p B 0.001, ** p B 0.01. Y = Parameter under study;

X1 = lM Cr(VI); X2 = lM Se(VI); r = correlation coefficient; b1 = b-regression coefficient for Cr(VI);

b2 = b-regression coefficient for Se(VI)

MDA malondialdehyde, H2O2 hydrogen peroxide, lg microgram, lM micromoles, g gram, FW fresh weight
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Fig. 1 Visualization of MDA accumulation in the roots of 15 days old B. juncea seedlings. a Control, b 4 lM Se(VI), c 300 lM Cr(VI),

d 300 lM Cr(VI) with 4 lM Se(VI)

Fig. 2 Localization of H2O2 in

the roots of 15 days old B.

juncea seedlings. a Control,

b 2 lM Se(VI), c 300 lM

Cr(VI), d 300 lM Cr(VI) with

2 lM Se(VI)
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also observed for nuclear damage which was studied using

DAPI. The blue fluorescence was maximum in roots trea-

ted with Cr(VI) while the roots from seedlings raised in

solution containing 4 lM Se(VI) and 300 lM Cr(VI)

showed relatively reduced intensity of blue fluorescence

(Fig. 4). The damaging effect of Cr(VI) was also revealed

by lesser viability of the cells in Cr(VI) stressed roots

which showed highly stained blue colour with Evan’s Blue

dye. The cell viability, however, was observed to improve

under the influence of 4 lM Se(VI) which showed lightly

stained cells, and thus proved protective effect of Se(VI)

(Fig. 5).

Enzymatic antioxidants

The seedlings of B. juncea raised in 300 lM of Cr(VI)

showed a significant increase (100.8%) in the activity of

SOD as compared to the control seedlings. The binary

combination of Se(VI) and Cr(VI), however, resulted in

further increase in the activity of SOD, with maximum

effect being observed when 4 lM Se(VI) was given along

with 300 lM Cr(VI) (Table 2). Statistical analysis revealed

significant effect of the treatments on the activity of SOD.

The multiple regression analysis also showed positive

values of b-regression coefficients for both Cr(VI) and

Se(VI), which suggested that both the elements served to

increase the enzyme activity (Table 2).

Cr(VI) application had similar effect on the activity of

CAT in B. juncea seedlings. When compared to the

untreated controls, an increase of 60.3% in the enzyme

activity was observed in the seedlings grown in 300 lM

Cr(VI). Se(VI) application in binary combination further

enhanced the enzyme activity. Se(VI) at the concentration

of 4 lM with 300 lM Cr(VI) showed maximum increase

(25.5%) in the activity of CAT (Table 2). The statistical

analysis by linear model of multiple regression showed

significant correlation between treatments and CAT activ-

ity. The values for b-regression coefficients for both Cr(VI)

and Se(VI) were positive which signified that both ele-

ments had positive influence on the activity of CAT

(Table 2).

The activity of APOX, however, was decreased in

response to Cr(VI) application in 15 days old B. juncea

seedlings. A significant fall in its activity (41.9%) was

observed in Cr(VI) treated seedlings as compared to the

control seedlings. The application of Se(VI), both alone

Fig. 3 Visualization of

membrane damage in the roots

of 15 days old B. juncea

seedlings. a Control, b 4 lM

Se(VI), c 300 lM Cr(VI),

d 300 lM Cr(VI) with 4 lM

Se(VI)
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and in binary combinations, caused a significant improve-

ment in the APOX activity. Supplementation of 4 lM

Se(VI) with 300 lM Cr(VI) increased the enzyme activity

by 61.8% as compared to the seedlings given only Cr(VI)

treatment (Table 2). The correlation coefficient for the

multiple linear regression between treatments and enzyme

activity was significant. The harmful effect of Cr(VI) is

also indicated by its negative b-regression coefficient

value, while for Se(VI), the b-regression coefficient was

positive which showed its stress protective ability

(Table 2).

Similar effect was also observed for POD, which showed

a considerable decline (22.9%) in its activity with Cr(VI)

treatment. Se(VI) application aided in significantly improv-

ing the activity of POD, both alone and in combination with

Cr(VI), which showed its stress alleviation property. Maxi-

mum improvement (18.6%) was observed at 4 lM Se(VI) in

combination with Cr(VI) when compared to seedlings trea-

ted with only Cr(VI) (Table 2). Statistical analysis by mul-

tiple regression supported the observations. b-regression

coefficient for Cr(VI) was negative that proved its deleteri-

ous effect on enzyme activity. Se(VI), on the other hand,

showed positive value for b-regression coefficient that sug-

gested its stress promoting property (Table 2).

The activity of GPOX in B. juncea seedlings was also

observed to decline with the application of Cr(VI) which

caused a decrease of 41.9% in the enzyme activity. The

Se(VI) supplementation in binary combination with Cr(VI)

caused the enzyme activity to enhance. The most effective

concentration of Se(VI) was 2 lM, which in combination

with 300 lM Cr(VI) resulted in 65.3% increase in enzyme

activity (Table 2). The negative value of b-regression

coefficient for Cr(VI) also confirmed its inhibitory effect,

while Se(VI) showed a positive value for b-regression

coefficient (Table 2).

The activities of DHAR and MDHAR also decreased

significantly in response to Cr(VI) application. As com-

pared to the control seedlings, Cr(VI) caused decline of

35.2 and 26.4% in DHAR and MDHAR activities,

respectively. Se(VI) application, however, aided in reduc-

ing the oxidative stress caused by Cr(VI). The activities of

both the enzymes showed a considerable increase when

Se(VI) was supplemented along with Cr(VI). In binary

combination with 300 lM Cr(VI), the activity of DHAR

showed an increase of 125.2% at 2 lM Se(VI), while the

activity of MDHAR showed an enhancement of 34.8% at

4 lM Se(VI) (Table 2). The correlation coefficients

obtained from linear model of multiple regression

Fig. 4 Visualization of nuclear

damage in the roots of 15 days

old B. juncea seedlings.

a Control, b 4 lM Se(VI),

c 300 lM Cr(VI), d 300 lM

Cr(VI) with 4 lM Se(VI)
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supported the above results. The b-regression coefficients

for Cr(VI) for both DHAR and MDHAR were negative,

which signified its inhibitory effects on the enzyme activ-

ity. Se(VI), in contrast, showed positive values for b-re-

gression coefficients for both enzymes, thereby suggesting

its ameliorative property (Table 2).

The activity of GR suffered a significant decrease

(50.6%) in response to Cr(VI) application when compared to

the control seedlings. Se(VI) treatment at 4 lM in combi-

nation with Cr(VI) caused an increase in GR activity by

82.6% as compared to Cr(VI) treated seedlings (Table 2).

This protective effect of Se(VI) against Cr(VI) for GR

activity was also supported by multiple regression analysis

which showed negative b-regression coefficient for Cr(VI),

while a positive coefficient for Se(VI) (Table 2).

Non-enzymatic antioxidants

The non-enzymatic antioxidants involved in oxidative

stress management showed a decrease in their contents

with the application of 300 lM Cr(VI). The content of

GSH declined significantly (25.9%) in the seedlings of B.

juncea, while Se(VI) in combination with Cr(VI) decreased

the effect of Cr(VI) stress and helped in enhancing the

GSH content. Maximum effect was observed at 4 lM

Se(VI) that caused 76.3% increase in the content of GSH

(Table 3). The correlation coefficient derived from multi-

ple linear regression showed a significant correlation

between the treatments and GSH content (Table 3). The

results from spectroscopic analysis are also in conformity

with the microscopic analysis of GSH. The dye, MCB

showed less intensity of blue fluorescence in the roots of

Cr(VI) stressed B. juncea seedlings which signified the

reduced content of GSH. However, Se(VI) application

enhanced the GSH production which further led to higher

intensity of the blue colour in root samples (Fig. 6).

Ascorbic acid is an important reductant in Asada–Hal-

liwell pathway, and hence plays a key role in ROS scav-

enging. The content of ascorbic acid was observed to fall

significantly by 54.7% in response to Cr(VI) treatment.

Application of Se(VI) resulted in overcoming the Cr(VI)

stress by significantly enhancing the content of ascorbic

acid. Maximum increase (108.3%) occurred when Se(VI)

at 6 lM was supplemented with 300 lM Cr(VI) (Table 3).

The multiple regression analysis of the data further sup-

ported the results. The phytotoxic effect of Cr(VI) was

revealed by the negative value of its b-regression coeffi-

cient. The protective effect of Se(VI) was verified by

positive value of b-regression coefficient for Se(VI)

(Table 3).

Fig. 5 Visualization of cell viability in the roots of 15 days old B. juncea seedlings. a Control, b 4 lM Se(VI), c 300 lM Cr(VI), d 300 lM

Cr(VI) with 4 lM Se(VI)
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The content of tocopherol was also reduced significantly

(21.2%) in 15 days old seedlings of B. juncea with 300 lM

Cr(VI). Se(VI) application reduced the toxic effect of

Cr(VI) and aided in enhancing the tocopherol content by

51.7% at a concentration of 4 lM (Table 3). The results

were supported by multiple regression analysis that showed

negative value of b-regression coefficient for Cr(VI) while

positive value for Se(VI) (Table 3).

Discussion

Exposure of plants to heavy metals leads to enhanced

production of ROS which further causes oxidative stress in

plants. In the present study, Cr(VI) application resulted in

enhanced accumulation of MDA, superoxide anions and

H2O2. The participation of Cr in Fenton type reactions has

been reported previously by Shi and Dalal (1989). In

addition, Cr is known to have the ability to obstruct elec-

tron transport by binding to heme group of cytochrome

which causes redox changes in Cu/Fe carriers (Dixit et al.

2002). These can lead to increased ROS which is respon-

sible for oxidative damage. High levels of MDA accumu-

lation also suggests that Cr(VI) stress led to enhanced

leakiness in the membranes, damaged the membrane pro-

teins, channels and enzymes (Garg and Manchanda 2009).

Histological studies conducted on the roots of B. juncea

also supported the observations on spectroscopic studies

and confirmed the increase of MDA and H2O2 due to

Cr(VI). Further, the increased membrane and nuclear

damage along with loss in cell viability caused by oxidative

stress by these damaging compounds, also strengthened the

spectroscopic analysis of cellular damage by Cr(VI). The

results of the present study are in conformity with the

previous studies conducted on Vigna radiata, Ocimum

tenuiflorum, Zea mays and Catharanthus roseus (Shanker

et al. 2004; Rai et al. 2004, 2014; Zou et al. 2009; Maiti

et al. 2012). Se(VI) application (up to 4 lM) to B. juncea,

however, resulted in reduced MDA, superoxide anions and

H2O2, and hence aided in minimising the effect of Cr(VI)

stress. The concentration of 6 lM Se(VI), however, was

observed to enhance the MDA, superoxide anions and

H2O2 contents, whether alone or in combination with

Cr(VI). The role of Se as an essential micronutrient and

subsequently its biological activity is suggested to depend

on the concentration used in plants. Three levels of bio-

logical activity were enumerated by Hamilton (2004)

which included trace amounts for normal growth and

development, moderate amounts for maintaining homeo-

static functions and elevated concentrations leading to

toxicity in plants. Microscopic studies also showed that

Se(VI) reduced MDA, H2O2 contents and damage to the

Table 3 Contents of non-

enzymatic antioxidants in the

presence of Cr(VI), Se(VI) and

their combinations in 15 days

old B. juncea seedlings

Concentrations (lM) Glutathione (mg/g FW) Ascorbic acid (mg/g FW) Tocopherol (mg/g FW)

Cr(VI) Se(VI)

0 0 0.502 ± 0.027ad 0.0053 ± 0.0005ab 1.89 ± 0.098a

0 2 0.459 ± 0.019ab 0.0058 ± 0.0005ad 1.80 ± 0.090ab

0 4 0.509 ± 0.035ad 0.0061 ± 0.0004a 1.98 ± 0.083ac

0 6 0.428 ± 0.024ab 0.0039 ± 0.0009bc 1.91 ± 0.113a

300 0 0.372 ± 0.023b 0.0024 ± 0.0004c 1.49 ± 0.054b

300 2 0.472 ± 0.004a 0.0038 ± 0.0004bc 1.85 ± 0.187a

300 4 0.656 ± 0.019c 0.0043 ± 0.0005bd 2.26 ± 0.161c

300 6 0.561 ± 0.062d 0.0050 ± 0.0005ab 1.80 ± 0.083ab

F-ratio (df 7,16) 23.228** 15.359** 9.784**

HSD 0.0878 0.0015 0.330

Multiple regression analysis

Parameter Multiple regression equations r b1 b2

Glutathione Y ¼ 0:431 þ 0:00013X1 þ 0:0145X2 0.452* 0.238 0.384

Ascorbic acid Y ¼ 0:0049� 4:21E � 06X1 þ 0:0001X2 0.565** -0.521 0.219

Tocopherol Y ¼ 1:782� 0:00016X1 þ 0:0386X2 0.408 -0.106 0.394

Data presented in mean ± SD of three replicates. Means superscribed by the same letter are not signifi-

cantly different from each other using one-way analysis of variance (ANOVA) and Tukey’s honestly

significant difference (HSD). Significant at ** p B 0.01, * p B 0.05. Y = Parameter under study;

X1 = lM Cr(VI); X2 = lM Se(VI); r = correlation coefficient; b1 = b-regression coefficient for Cr(VI);

b2 = b-regression coefficient for Se(VI)

lM micromoles, mg milligram, g gram, FW fresh weight
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membranes and nucleus. This might be due to the potential

of Se(VI) to stimulate the antioxidative defence system of

the plants, thereby alleviating the oxidative stress. Reduced

levels of MDA and H2O2 due to Se application have also

been reported in Cd stressed Brassica napus plants (Filek

et al. 2008). Similar effect of Se was also reported in Cd

stressed Brassica oleracea which showed reduction in

MDA with Se treatment (Pedrero et al. 2008). The plants of

Phaseolus aureus subjected to As stress were also reported

to show reduced contents of MDA and H2O2 in response to

Se by Malik et al. (2012).

The enzymatic and non-enzymatic antioxidative

defence systems in plants help in alleviating the oxidative

stress. The application of Cr(VI), in the present study, led

to enhanced activities of SOD and CAT in B. juncea

seedlings. Superoxide anions undergo dismutation and get

converted to H2O2 in a reaction catalysed by SOD. Fur-

ther, CAT reduces H2O2 to H2O. Hence, both SOD and

CAT form the first line of defence against the oxidative

stress. The enhanced production of ROS might also

enhance the tolerance mechanism in plants (Apel and Hirt

2004). Asada–Halliwell pathway, with the co-ordination

of enzymatic and non-enzymatic antioxidants, also plays

an instrumental role in the removal of H2O2. Cr(VI)

caused a decrease in the activities of APOX, POD, GPOX,

DHAR, MDHAR and GR. The contents of GSH, ascorbic

acid and tocopherol were also observed to decrease with

Cr(VI). The microscopic study of GSH also showed

similar results. Such a decline of the defence system

might be due to the susceptibility of plants to Cr(VI)

stress that further reduced the ROS scavenging leading to

oxidative damage (Tang et al. 2012). In addition, heavy

metals can alter the active sites of the enzymes, thus

rendering them nonfunctional (Sobolev and Begonia

2008). These results are in coherence with earlier studies

carried out on several plant species. In a study conducted

on Cr stressed Sorghum bicolor plants, a reduced content

of GSH was reported by Shanker and Pathmanabhan

(2004). Another study conducted by Panda (2007) on

Oryza sativa showed an increase in SOD activity, while

GPOX and GR activities declined in response to Cr(VI)

application. Similar results were also reported in Cr(VI)

stressed Triticum aestivum, which showed enhanced

activity of SOD and reduced activities of CAT, APOX

and GR (Subrahmanyam 2008). Cr(VI) stress in the plants

of Pisum sativum also caused a reduction in the activities

of CAT, GR and DHAR in roots as well as shoots. In the

same study, reduction in the contents of ascorbic acid and

Fig. 6 Visualization of GSH in

the roots of 15 days old B.

juncea seedlings. a Control,

b 4 lM Se(VI), c 300 lM

Cr(VI), d 300 lM Cr(VI) with

4 lM Se(VI)

51 Page 12 of 15 Acta Physiol Plant (2017) 39:51

123



GSH due to Cr(VI) was also reported (Gangwar et al.

2011).

Se(VI) application resulted in the fortification of the

overall defence system of the B. juncea seedlings, hence it

helped to reduce the effect of Cr(VI) stress. Both enzy-

matic and non-enzymatic antioxidants showed a significant

increase on Se(VI) application to the Cr(VI) stressed

seedlings. The enhanced activity of SOD in response to

Se(VI) might be due to the potential of Se to alter its

transcript levels (Djanaguiraman et al. 2010). The activity

of CAT is also enhanced with Se(VI) addition which plays

an imperative role in H2O2 scavenging. Scavenging of

H2O2 also occurs via Asada–Halliwell pathway which uses

both enzymes and antioxidants. APOX, however, is a pri-

mary enzyme of Asada–Halliwell pathway which uses

ascorbate as a reductant (Asada 1994). The enzymes

APOX and POD simultaneously work to scavenge H2O2

and convert it into H2O, with APOX having higher affinity

for H2O2 (Apel and Hirt 2004). Se(VI) application to

Cr(VI) stressed B. juncea seedlings, in the present work,

caused enhanced activity of APOX. This might be also be

the reason for reduced H2O2 content and increased content

of ascorbic acid (Hasanuzzaman and Fujita 2011). The

oxidised form of ascorbic acid requires DHAR, MDHAR

and GSH for its regeneration. In the present study, Se(VI)

application caused an increase in the activities of DHAR

and MDHAR, as well as increased the content of GSH,

which helped in maintaining the pool of ascorbic acid

(Hasanuzzaman et al. 2012). Se(VI) also resulted in

enhanced activity of GPOX which is a sulphur-containing

enzyme. Se(VI) can get incorporated into this enzyme by

replacing sulphur, and the selenoenzyme thus formed can

scavenge H2O2 in the presence of GSH and cause reduction

of organic and lipid hydroperoxides (Flohe 1982; Flohe and

Gunzler 1984). GPOX also has the ability to repair lipid

peroxidation in the membranes (Kühn and Borchert 2002)

and is capable of managing oxidative damage caused by

metal stress. The activity of GR in Cr(VI) stressed B.

juncea seedlings was observed to increase in response to

Se(VI). The enzyme GR is involved in the reduction of

GSSG to GSH that increases the GSH/GSSG ratio (Cha-

lapathi Rao and Reddy 2008). This high GSH/GSSG ratio

further ensures the scavenging of H2O2 by Asada–Halli-

well pathway, thereby strengthening the defence system of

the plants (Pang and Wang 2010). Tocopherol content was

also enhanced with Se(VI) supplementation to the Cr(VI)

stressed plants. Tocopherols are important antioxidants that

can scavenge singlet oxygen in chloroplasts, thereby

enhancing the tolerance of plants to stress (Munné-Bosch

and Alegre 2002; Munné-Bosch 2005). The observation is

well supported by previous reports on many species. In a

study by Filek et al. (2008), application of Se to Cd stressed

B. napus plants was found to increase the activities of

SOD, CAT and GPOX. Similarly, Se addition also

enhanced the activities of SOD, CAT and peroxidase in S.

bicolor plants subjected to heat stress, thereby reducing

the effect of oxidative stress (Djanaguiraman et al. 2010).

The Cd treated plants of B. oleracea, when treated with

Se, showed increased contents of tocopherol (Pedrero

et al. 2008). In another study on B. napus, Se aided in

reducing the Cd stress by enhancing the activities of

GPOX, MDHAR, DHAR and GR, as well as the contents

of antioxidants (Hasanuzzaman et al. 2012). The plants of

Lycopersicon esculentum subjected to salinity also

showed increased activities of SOD, GPOX, DHAR,

MDHAR and GR in response to Se. The contents of

ascorbate and GSH also got enhanced on Se application

(Diao et al. 2014).

Conclusion

The results of the study suggest the importance of Se(VI) in

the regulation of physiological responses of B. juncea

against Cr(VI) stress. The application of Se(VI) at low

concentrations significantly reduced the level of oxidative

damage caused by Cr(VI) application. The defence system

of B. juncea seedlings got suppressed under the effect of

Cr(VI) that led to enhanced ROS production and mem-

brane damage. The study confirms the potential of Se(VI)

in counteracting the toxicity of Cr(VI) by making the

defence system more effective. Hence, the use of Se(VI) at

appropriate levels can become a tool to protect the crops

against environmental stresses.
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